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Abstract

The multicar elevator system (MCE) is a revolutionary new technology for
highrise buildings, promising outstanding economic benefits, but also
requiring new technology for propulsion, safety, and control. In this thesis,
new components for linear motor—driven multi-car elevators have been
analysed and experimented successfully. It is shown that linear motors with
optimized design and a new presented safety and control system can be
considered as core components of a new generation elevator systems. The
obtained results concern the development of a safety system integrated into
the propulsion system, the design of a linear motor optimized for the
multi-car elevator task, and the motion control system that is expected to be

usable for extra high-rise buildings.
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Chapter 1

Introduction

Multi-car elevator systems (MCE) with independently moving elevator cars
in the same hoistway hold the promise of large improvements in the space uti-
lization of urban buildings. There exist a two—car elevator system on the
market, implemented by using conventional traction drive elevator technol-
ogy. However, for obtaining substantial improvements over single—car sys-
tems, multi—car elevators should convert three, four or more banks of zoned
single-car systems into integrated multi-car systems. To do this, there is
need to use three or more cars in hoistways spanning several hundred me-
ters [6], [7], [14], [26]. For huge scale multi-car systems, a new technology
is needed, which can be realized by linear motors [16]. Although design of
linear motors have been studied as general purpose actuators in industrial
applications [13], their use in elevators pose new challenges.

Linear motor elevators have been studied for several decades. One major
topic in this research area is the design of linear motors with a high ratio of
payload to self-weight. We used permanent magnet linear synchronous motors
in our project, as they appear to be the best solution so far [30], [27], [21].

In this research, our aim is to find a safety system which is still an un-
solved problem in multi-car elevator systems. At the same time, we need to
ensure that cost of a proposed propulsion system with a safety device is still

acceptable.



The work done in this thesis is given as follows. First, a summary of related
work and background information about multi-car elevators and their types
are included in Chapter 2. The characteristics and functional requirements
of linear motors to be used in elevators are described in the beginning of
Chapter 3. Later in the same chapter, the design decisions compatible with
the requirements are explained and discussed by showing simulations on each
step. Based on the safety device with its control method described in Chapter
4 and the optimization method given in Chapter 3, two linear motors are
designed and implemented to test their functionality and performance on the
requirements. By the simulation results given in Chapter 5 and experimental
results given in Chapter 6, the proposed concepts in this thesis have all been

validated.



Chapter 2

Literature Survey

Multi-Car Elevator (MCE) systems correspond to multiple cars in the same
hoistway moving independently. These systems have been implemented in the
past but only as simple systems. There have been problems regarding the
transportation length and the number of cars that could move in the same
hoistway was too few. For example, currently a German elevator manufacturer
company is using the rope-driven method in the TWIN multi-car system (i.e.
two elevator cars built in the same shaft) [18]. However, multi—car elevators
should convert three, four or more banks of zoned single—car systems into
integrated multi-car systems.

For noticeable improvements in MCE systems, rope-driven method, used
in conventional elevators, should not be used [32], [4]. On the contrary, the
rope-less method, which implements the installation of linear motors [17], [24]
should be used as this method has the advantage of unlimited transportation
lengths and allows the implementation of many independently moving cars in
the same hoistway.

Recent studies shows that the idea of MCE systems is getting popular
because their efficiency could be increased by improving linear motors and
scheduling algorithms for multi-mobile systems. Therefore, in order to improve
MCE systems, studies focusing on scheduling algorithms and linear motors (i.e.

core component of the propulsion system) should be done.



On scheduling of MCE systems, considerable amount of research related
to the driving and control are being performed. For example, Suzuki et al.
have proposed an optimization method for MCE driving control rules using
Genetic Algorithm (GA) [26], [5]. Markon et al. have proposed a control
algorithm which uses a continuously running real-time GA method [22]. Tkeda
et al. have proposed an application for traffic-sensitive MCE controller [8].
Suzuki has a study about intra-shaft operating methods for MCE systems [25].
Shiraishi et al. have proposed an autonomous distributed control method [9].
When the simulation results of these studies are analysed, it can be seen
that MCE system, when implemented in an efficient way, provide substantial
improvements over single-car elevator systems.

There have been some studies on realizing MCE systems as well. For
example, Chevailler et al. presents the results of the multi criteria design
procedure that determines a technical solution for linear motors [1]. However,
in general, there are more studies related to the vertical transportation of MCE
systems, but these approaches are still single-car systems. For example, Cruise
et al. have proposed a rope-less lifting as a solution for mining applications
where efficiency of conventional hoisting systems is not sufficient after a certain
depth [3]. Another interesting research by Thornton shows that linear motors
that are used for the Japanese high speed Maglev Project can be also used for
vertical transportation [2]. In the same way, in some research rope-less lifting
is introduced to be used for elevators [11], [29].

There have been more studies on how to improve the linear motors in terms
of power consumption, controllability, initial and running costs which are very
important in case of rope-less elevator system. First, to reduce the initial cost,
linear switched reluctance motors (LSRM) are introduced as a solution for
ropeless lifting [11], [12]. Then, to improve the costs and efficiency by utilizing
the advances in magnet technology, permanent magnet linear synchronous

motors (PMLSM) are introduced [31], [28], [19], [2], [1]. While some of these



works have been done to improve PMLSMs, the others show the advantage of
PMLSMs in ropeless lifting. In [31] and [20], methods for reducing cogging,
leakage, and end effect of linear motors are proposed. In [19], the authors
present several optimization methods for increasing the efficiency of PMLSMs
in addition to the usage of a Halbach array which a new magnet alignment
method. The multi objective optimization design on PMLSMs is also given
in [28] to increase the thrust while decreasing the magnet volume.

The methods introduced in [11] and [12] can not be used for elevators in
spite of the reduced initial cost, because LSRMs have very high force ripple
characteristics. The problem in [31] is that the design of PMLSM is single
sided where large attractive forces between the PM mover and the iron stator
exist and the linear bearing system must carry all this force. However, with
two-sided design like in [1], the force can be balanced out. There could be
also an improvement in [1] as an alternative to iron cored stator to reduce the
construction cost.

Although solutions are presented for controllability and cost issues, there is
another problem that must be solved for MCE systems. An unsolved problem
is how to prevent elevator cars from falling in case of all failure modes, and
how to prevent collision of independently moving cars in the same hoistway.
Although [3] and [29] introduced that when a power failure interruption occurs,
short circuiting of the coils in the motor can be used to create generative
counter force that slows down the elevator, there is need for a better solution
that can be operational in all failure modes and a solution for the collision
problem that has not yet been introduced.

In our research, we are introducing a PMLSM, that is the harmony of
previously given methods, optimized to be used in elevator. We also add a
safety device into the structure of the PMLSM, which can handle all failure
modes. This feature makes our approach unique when compared to the other

methods introduced so far.



Chapter 3

Selection and Design of the Motor

Since the propulsion method is the core component of new multi-car eleva-
tor (MCE) systems, it needs to be purpose designed to hande not only lifting
the elevator car, but also several other requirements. Therefore, care must be
taken in selection and design of the linear motor such that the correct type

can be selected and designed to meet each requirement.

3.1 Functionality Requirements

It is important to determine the requirements clearly to have a sufficient
design for the purpose. In our project, motor will be used not just as an
actuator but also as the working machine of the overall system. Therefore,
other than the major properties such as torque, power consumption and size
additional requirements related to mechanical and control properties, need to
be included as design criteria.

A linear motor that will be used for MCE applications should have the
following properties;

High thrust force - To get rid of all ropes and cables, there will be
no counterweight in the system. This leads to necessity of trust force which
is high enough to lift the elevator cage including payload without help of
counterweight.

Low force ripple - Although closed-loop control can compensate up to



a certain amount of force ripple, it is important to have low force ripple for
accurate control on position to reduce the vibration in the motion even with
open-loop control.

Brake Operation - As there is movement and gravitational force, there
must be a brake device capable of mechanically stopping and holding the car
at any position. For safety, it should also be independent of power and control
issues.

Spanning whole hoistway - Removing ropes causes another disadvan-
tage that it is not possible to transfer lifting force through the hoistway. There-
fore, the motor has to span the whole hoistway.

Independent Control of Sections - As the key point of MCE, there
must be at least one actuator for each elevator car on the hoistway to have
independent control over all of them. As it is not feasible to build different
actuators or linear motors for each car, the motor can be divided into different
sections electrically. In this way, each car can be controlled independently by
using the sections which are currently assigned to different cars.

Unlimited Length - Since MCE systems will be used in extremely high
buildings, the motor needs to be designed in such a way that it should not
limit the height of the building; on the contrary it should be used for any
length.

Modularity - It is not possible to construct the motor in length of hun-
dreds of meters at once. Therefore, the motor must be in a modular fashion
to be constructed part by part to be assembled into each other within the
hoistway. Similarly, when there is need for replacement of a section in the
motor, the related module can be replaced instead of whole motor.

Position Sensing - For accurate control there is need for feedback from
the system. Since the length of movement is assumed as unlimited and any
cable traveling with car is undesirable, using conventional position encoders is

not suitable for position sensing. The motor itself should be able to measure



the position of the car.

Power and Signal Transfer - Similar to removing all the ropes from the
system, any cable for power or signal transfer to elevator car must also be
removed. Since there is still need for signal and power transfer for the car, the
motor itself should also be available to be used for power and signal transfer

between the building and elevator car.

3.2 Selected Motor Type

The conventional lifting method of an elevator depends on a mechanical
connection i.e ropes between the actuator motor and the elevator cage to trans-
fer the lifting force along the whole hoistway. In multi-car elevator systems,
availability of the lifting force at any position along the hoistway is also needed
for each car. By a suitable mechanical alignment, same method which depends
on ropes or pistons could still be used for lifting a small number of elevators
on the same hositway. However, this new system with just a few elevator cars
may not give substantial improvement over a single-car system. Therefore,
to obtain more efficient MCE system with many cars, there is need for an
alternative solution which will get rid of the alignment problem between the
actuator and the car. One solution can be having a propulsion system which
is available through the whole way instead of having it at a single point and
transferring to other locations. This limitation leads us to use linear motors
as the propulsion method. In this way, the lifting force is available at any
location on the hoistway and no additional mechanical connection is needed
to transfer the lifting force to other locations.

To meet the requirements given in Section 3.1, Permanent Magnet Syn-
chronous Linear Motor is selected as the motor type, and it is explained more

in the following Sections 3.2.1 and 3.2.2.



3.2.1 Comparison of Motor Types

As it is the case for all of electric motors, linear motors can be also di-
vided into two groups as alternating current (AC) supplied or direct current
(DC) supplied types. The advantage of brushed DC (BDC) motors is the
convenience of driving; but the disadvantage is short lifespan because of un-
avoidable wear on brushes during operation and comparatively low efficiency.
Since lifespan is very important criterion in industrial applications like eleva-
tors, it is not suitable to use BDC linear motors. In this sense, the AC motors
should be used with their brushless structures.

When the rotor and stator parts of the motors are taken into account indi-
vidually, the motors can be further grouped as synchronous and asynchronous.
Induction motors (IM) as the most typical example of asynchronous motors
have different frequency of rotating rotor and rotating stator flux operation.
Just like the transformers, current on the rotor windings is created by elec-
tromagnetic induction given from stator windings. To be able to induce these
currents, the frequency of the drive current must be different than the rotation
of the field on the rotor. Although digital controllers enable good torque and
speed control even for asynchronous motors, there is need for speed and po-
sition feedback of rotor to calculate required inductive current on the stator.
Another disadvantage about induction motors is the need for very small air
gap to get sufficiently high magnetic field density. Maintaining the small air
gap require rigid guidance against the large attractive force between the IM
stator and mover. Also there is heat dissipation on the mover which is not
desirable when being close to the passengers. Therefore IM is not suitable to
be used for elevators. The synchronous motors can be further grouped as the
ones with windings on their rotors, and the ones with just permanent mag-
nets. The classical synchronous motors, which were more popular in the past,
have the windings instead of magnets on the rotor because of inefficiency of

old magnets and low initial cost of windings. But, continuous improvements



on magnet materials and magnetization techniques lead to permanent magnet
synchronous motors to be widely used because of their high efficiency and high
force capability. Another advantage is that there is no need for brush-type or
brushless exciters to supply current to the rotor. This advantage finally enables

lifting the elevator car without using any rope or any cable.

3.2.2 Why Air Core PMSLM?

Linear synchronous motors can be either iron core or air core (coreless)
design. Air core PMSLM was selected over cored once for several reasons.

First, there is an advantage on construction cost. The stator is by far the
dominant component of a linear motor elevator. With air core, there is no need
to provide iron core for the long stator all over the hoistway, only the windings
are still needed. This reduces costs, weight, makes construction easier.

Second, another disadvantage of an iron core is that attractive force be-
tween the PM mover and the iron stator is huge, typically on the order of 10
times the thrust. With single-sided design, the linear bearing system must
carry all this force. With two-sided design, the force can be balanced out, but
the construction is more complicated and delicate.

Lastly, with iron core, the slots produce harmonics in the thrust. This can
be reduced by slanting the slots or the magnets, but both will reduce the thrust
because of the angle between them (see Equation 3.5), and further increases

the construction costs.

3.3 Structure of the Motor

The selected motor type discussed in Section 3.2 is the permanent magnet
synchronous linear motor. It consists of two major parts: the stator, which
consists of coils and fixed to the ground and the moving part called 'mover’
where permanent magnets are assembled. Since the mover consists of an as-

sembly of magnets and possibly a yoke, the motor can also be called as moving

10



magnet synchronous linear motor. Both stator and mover can be designed in
many shapes and dimensions.

As the core priority of a motor, the structure of the motor should be
formed to get high thrust force with low power consumption. In this sense,
the general electromagnetic principles must be implemented carefully to obtain
high efficient motor which can also meet the requirements given in Section 3.1.
The design of the motor will be outlined next.

Force on a charged particle can be found by using Lorentz Rule,

F =quvxB (3.1)

where q is charge of the particle, v is the velocity of the particle, and B is the
magnetic induction. The force F is proportional to the value of the charge and
the vector cross product between v and B.

The rate of flow of charge (q) can be described as conventional current (/)
as in Equation 3.2. and the velocity (v) can be described as rate of distance

(1) traveled by the charge as in Equation 3.3,

I = dg/dt (3.2)
V =dl/dt (3.3)

Equations 3.1, 3.2 and 3.3 can be combined as follows,

dF = dq(v x B)
= Idt(v x B)
= I(dl x B) (3.4)

where dl vector is in the direction of the current.

11



To find the force perpendicular to current direction (also the [ direction)
Equation 3.4 can be simplified since the conductor of current can be taken as

straight for a linear motor:

F=BIIsind (3.5)

where 6 is the angle between the magnetic flux and the current.

Equation 3.5 shows that to get high force, there is need for high current
flow (I), high magnetic flux (B), or long current conductor which is wire (1)
and perpendicularity of magnetic flux over current direction (¢). Therefore, in
the design of motor structure, it is necessary to optimize these variables.

As described in Section 3.2.2, the stator is designed to be coreless, aka
air cored. It is also mentioned that the magnetic flux of coils in the stator
is caught by the magnets on the mover since it is an air core motor. As an
illustration, Figure 3.1 shows the cross section of an air core double sided
permanent magnet motor. The conductor where the conventional current (I)
flows is shown as the coil section in the figure. The magnetic flux (B) is
induced by permanent magnets. The omitted 3rd dimension in the figure,
which is depth (1), is the length of the conductor immersed in the uniform

magnetic field.

Magnetic Flux

Permanent
Magnets

Coil Section

SANE SENAN NN N NN

LI XX XX

Air Gap -+~ Py

Figure 3.1: Hlustration of air-core double sided permanent magnet motor

In this chapter, Section 3.3.1 discusses how to design the stator in order to
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maximize the current density within the space available between the magnets
of mover, and to solve the problem of mechanical strength of coreless structure
since there is no supporting iron core and it is surrounded by air. Next,
Section 3.3.2 shows how to design the mover in order to maximize the magnetic
flux induced by the permanent magnets, and to maximize the payload with
a low magnet volume. In addition to improving parameters that influence
the thrust force, it shows how to design each part of the motor to meet the

functional requirements given in Section 3.1.

3.3.1 Design of the Stator

Equation 3.5 states that the Force (F) is proportional to current (I), and
magnetic field (B). Since most of the magnetic field is generated using per-
manent magnets involved in a magnetic circuit, flux density within the circuit
has a large effect on the field produced across the air gap. In order to increase
the cross section of current conductor which is coil, the air gap shown in Fig-
ure 3.2 should be increased. On the other hand, to increase the magnetic
field strength by using the same volume of magnets, the air gap should be
decreased. Therefore, determining the distance of air gap is an optimization

problem in the design.

Magnetic Flux

3 Phase
Coil Sections

Air Gap

Space

Figure 3.2: Ilustration of PMLSM with 3 phase coils

The first step on reducing the air gap is to find a way to align the coils
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which are arranged at multiple of 120° electrical degrees in such a way that
the amount of space can be minimized to increase the flux density between the
magnets (Figure 3.2 where no wire inserted in the stator). Filling the air gap
space with wires is possible with aligning the coils in the same plane instead
of letting them lie on top of each other. Additionally, the cross section of the
coils should be suitable to align without leaving space between them. In this
sense, such a simple cross section can be a rectangle as shown in Figure 3.3.
The coils could have complex cross sections in sinusoidally slope for better
back-emf and force ripple harmonics. This problem, however, is attached as
a design problem of the mover rather than the stator. This is explained in
Section 3.3.2. The cross section of coils, and their alignment on the same

plane is shown in Figure 3.4.

[ 1/coil segment cross section

Figure 3.3: Cross section of a rectangular coil

mechanical interference problem
magnet

—
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|
. - = | Il - - - - — T - == . _ —

Figure 3.4: Alignment of 3 phase coils on the same frame

Aligning the coils on the same plane without leaving space is possible by
sliding coils within others. However, a simple form of rectangular coil, shown in
Figure 3.3, is not suitable to be aligned in the same frame of others, because
there will be a mechanical interference between the coils on their ends. A

solution to this problem can be to modify the form of coil by bending the end
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parts where the interference occurs. This bending is in fact the usual method
used in the manufacturing motors, even those with the windings placed in slots
of an iron core where the bent part is called the end winding’.

There can be several forms of coils depending on how they are bent. Three
example forms and their alignments that were considered are shown in Fig-
ure 3.5. The first alignment example uses two different forms of coils: one of
them is bent and the other remains planar. The second and third examples
need a single form which is an advantage in reducing design parameters and
manufacturing.

Remaining problems additional to interference are as follows: how to pre-
serve the form of winding against external forces, how to assemble coils with
each other mechanically, and how to mount them to a common base plate
with the linear bearings that support the mover. Omne of the solutions for
holding together and attaching the coils can be to use epoxy molding mostly
on end parts of the coils where bending is done. Using the flat surface in this
way where thrust force will be obtained, the bent end parts can be used for
mechanical assembly so that the air gap need not to be increased because of
thickness of coil and thickness of epoxy on flat the surface. Figure 3.6 shows
the cross section of the stator perpendicular to the direction of motion which
has the coils assembled by using the epoxy mold technique. The mold at one
side can be wider to mount on base plate by any connection like screws.

The minimum air gap must be slightly larger than the total of thicknesses
of coil and epoxy shield. Therefore, it is advantageous to get rid of the shield
that causes additional air gap. In this way, an improvement on mechanical
assembly can be achieved by winding stand-alone coils that do not need addi-
tional mechanical support as shield under certain external forces. There may
be no solution for this problem by using usual copper wires coated with enamel
for only electrical insulation since they have no structural strength. Instead,

a solution can be using bonded wire that is covered by an additional adhesive
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Figure 3.5: Different forms of coils and their alignment on the same plane
(a)Form 1 - two types of coils are used (b)Form 2 - one type of coil bent in

opposite directions (¢)Form 3 - one type of coil bent in the same direction.
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Figure 3.6: Cross section of the stator

material on its surface that can melt at high temperature and harden again
when cooled down. In this way, bonded wire has rigidity when it is winded as a
coil, heated and strands bonded together. This gives the advantage of produc-
ing tightly wound coils with no extra bonding material coating and reducing
the air gap where higher thrust forces can be obtained. The improvement in
using bonded wire can be seen by comparing the experimental results given in
Section 6.1 of two implemented motors where one of them has the coils with

standard wire, and other has the coils with bonded wire.

Lw

Ld

Lt w+

Figure 3.7: Dimensions of coils

Once the structure of the stator is determined as explained above, the
optimization of dimensions in the structure can be examined. The parameters
that can be used in design optimization are given in Figure 3.7 as thickness
of coils (L;), width of coils (L,,), and length of flat surface (Lg) on the stator.
The length L; does not stand for the length of the coil, but it stands for the
distance between the epoxy molds shown in Figure 3.6. As it can be seen

in the same figure, one side of the coils is floating because it is not mounted
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on a base. Therefore, the length Ly should be chosen short enough to have
sufficient mechanical strength against the side forces that can create moment
on the coils. Additionally, the parameter [ linear to force given in Equation 3.5
states that Ly should be chosen longer for higher forces. Therefore, Ly should
be icreased as much as possible provided that the mechanical strength of the
stator is sufficient. For 2D FEM analyses the dimension L, can be taken as
the depth of the problem and it is selected as 200mm for the simulations and
experiments shown in Chapters 5 and 6.

The width of coils (L,,) is equal to 1/6 of the length of one electrical phase
which can be chosen as any value by a designer. As an initial value, length of
one phase is selected as 120mm for the analysis and experiments. Therefore,
L,, is fixed as 20mm. On the other hand, L; should be chosen high in terms
of increasing mechanical strength and number of wires for higher current flow,
and also it should be chosen low in terms of decreasing the air gap and better
heat dissipation for better electrical overload toleration. Figure 3.8 shows
how payload capacity, and payload per amount of wire change with respect to

thickness of coil (L;) under the condition where rest of the variables are fixed.

Payload (kg) & Payload*10/Coil Thickness(kg/mm) Cost
60 - - 140

50 - - 120 =&=Payload

- 100

L 80 payload per
amount of wire

40 o=
30
20 == cost

10 A

0 2 4 6 8 10 12 14 16 18 20 22 24 26
Coil Thickness (mm)

Figure 3.8: Change of payload and cost vs thickness of coil

The payload (P) is continuously increasing when coil thickness (L;) in-
creases. Therefore, for higher payload, higher L, should be chosen. On the

other hand, payload per amount of wire, which is proportional to L; is contin-
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uously decreasing when L; increases. Therefore, for an efficient result in terms
of initial cost of stator, lower L; should be chosen. A simple cost function to

be minimized for thickness of coils (W;.) can be formed as,

Wtc = k?1W1 + k?QWQ (36)

where,
W, = 1/P (3.7)
W2 - Lt (38)

A designer can determine the coefficients k; and ko as the priority of pay-
load and cost of stator respectively. The cost graph given in Figure 3.8 shows
the result when &y = 500 and ks = 1. It can be seen that optimal coil width
(L) can be in a wide range from 6mm to 16mm where it has the minimum
cost value at L; = 10mm.

The performance with respect to Ly is straightforward in terms of payload
since it is a linear relationship. However, its relationship with mechanical
strength must be proven using experiments. This was not performed, since
the structural strength of the coils is not uniform within one coil, and may
show a variation between different coils in the small prototype production that
has been built for the experiments done. However, in the closely controlled
mass production environment, it will be more rewarding to perform structural
strength tests.

In conclusion, the dimensions of the stator are shown in Table 3.1 to be used

as reference dimensions of stator for optimization of mover in Section 3.3.2.

Table 3.1: Dimension of stator set for designing mover

L; | 10mm
L, | 20mm
Ly | 200mm
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3.3.2 Design of the Mover

As shown in Table 3.1, the dimensions of stator are determined before de-
signing the mover. The mover is studied for two different types. One of them is
named as Halbach-type where only magnets are used in alignment of Halbach
array [23]. The other one is named as yoke-type mover where iron or steel
plate is used to complete the magnetic flux circuit. Both types have multiple
free variables needed to be optimized against multiple design criteria. The
Halbach-type mover is optimized in the following Section 3.3.2.1 by using evo-
lution strategy (ES) method [23] and Pareto optimal solution is obtained. The
yoke-type mover is also analysed in Section 3.3.2.2 by creating multiple models
to be compared with the Halbach-type. The optimization by using ES method
in Section 3.3.2.1 and the comparison of yoke-type movers and Halbach-type
movers in Section 3.3.2.2 is a work of Prof. Norio Takahashi from Okayama
University, Japan who is a member of this research group [27], [19], [26]. This
work is included and discussed for the sake of completeness.

Additionally, an optimal yoke-type mover including brake feature is also
studied in Section 3.3.2.2 by introducing an optimization method with an

algorithm explained in detail to reduce the problem space to be solved.

3.3.2.1 Halbach—Type Mover

The model to be optimized can be designed using several dimensions held
as variables. As it is seen in Figure 3.9, there are two free variables (L;,Lo)
which are the dimensions of magnets. As a starting point, the distance between
a magnet and stator coils can be set as 4 mm, where air gap between magnets
becomes 14 mm in total. Since the half of alternating current phase is also set
to 60 mm in movement distance, the width of horizontally magnetized magnets

is calculated as 60 — Ly in mm. The final dimension parameter which is depth
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Figure 3.9: Halbach-type mover

of the motor is also fixed as 200 mm.

For the optimization, high thrust force, low magnet volume, and low force
ripple can be taken first. To be used in evolution strategy (ES) method [23],
the free variables can be limited as 0 < Ly < 50 and 0 < Ly < 60 in mm.

As the ES method, a child vector is generated from one parent vector
by comparing the objective functions of each vector. Once the most dominant
objective function is found, the respondent vector is assigned as a parent vector
of the next generation.

The objective function can be chosen as;

where,
Wy = 1/Frun (3.10)
W, = W, (3.11)
W3 = Tqg= (Fxmax - Fxmzn) /F:cave x 100 (312)

To get about equal weight from each function, the coefficients kq, ko, k3
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are also can be chosen as

]ﬁWl = k’zWQ - kgWg (313)

By minimizing the function given in Equation 3.9, the model can be con-
figured with high thrust force (Fyqpe), low magnet weight (W), and low force
ripple (r4). The Table 3.2 shows the comparison of initial shape and optimal
shape of the results with ES method. It can be seen that better F,,.., and 74

combination can be obtained by increasing the W, comparing to initial shape.

Table 3.2: Dimensions, Thrust, etc.

Initial shape | Optimal shape
Ly (mm) 10 30
Ly (mm) 30 20.9
Frove (kgf) 40 71.9
W, (kg) 6.3 18.1
rq (%) 4.83 0.2
n 0.343 1.867

Table 3.3: Thrust, Weight, etc. (Halbach—type, Ly = 20 mm)
L1 | Fkegf) | Q| W | P m | N Ci | Cr
10| 36.34 | 6 | 6 | 30.34 | 5.06 | 6.6 | 39.56 | 6.6
20 58.4 | 12112 | 46.4 | 3.87 | 4.3 | 51.73 | 4.3
30 | 71.63 | 18 | 18 | 53.63 | 2.98 | 3.7 | 67.12 | 3.7

The term 7 in Tables 3.2, and 3.3 refer to efficiency of the motor calculated

as,

mh = (Frave — (W, +20)) /W, (3.14)
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where 20kg payload is desired per mover. Therefore, if F},.. is high enough
to lift both weight of the magnets and the desired payload, n becomes larger
then 0.

When total required payload is set to 200kg as a design criterion, running
cost (C,) is taken as the number of needed movers (N), and initial cost (C;)

which is proportional to magnet weight are calculated as,

Cp = N =200/ (Fyape — W,) (3.15)
C; = 200/n (3.16)

There are also some result of Halbach-type mover in different dimensions
in Table (3.3) and it can be seen that running cost gets better while the ini-
tial cost is increasing. At this point, the optimum parameters are found by
using the equations Wi (1/F,q.) and Wy (Wy). It is possible to do true multi-
objective optimization, by requiring two or more of the objective functions to
simultaneously decrease until reaching non-dominated solution points. Fig-
ure 3.10 shows the graph of such a Pareto optimal solution for the objective
functions of weight and inverse thrust at around Point A from the viewpoint
of small W; (large thrust) and small W5 (light motor). The efficiency can be

also seen at Figure 3.11.

3.3.2.2 Yoke-Type Mover

One of the other alternatives for mover can be using yoke-type structure
seen in Figure 3.12 which has the advantage of simpler manufacturing and
reduced initial cost by decreasing magnet weight.

While Halbach-type mover is formed by using only permanent magnets,
the yoke-type mover is formed by permanent magnets together with iron or
steel plate which is the yoke. The yoke in the structure is for completing the

path of magnetic flux on the mover.
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Figure 3.11: Efficiency of Halbach-type motor

It is possible to design a yoke-type mover with complicated three dimen-
sional shape to reduce force ripple and sinusoidal back-emf harmonics. A better
back-emf harmonic is determined as future work, and not included as design
criterion for this study. Therefore, the simplified structure seen in Figure 3.12
is determined to be optimized.

Additional to free variables of magnet sizes (L1, Ls), a new dimension
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Figure 3.12: Yoke-type mover

which is the thickness of yoke (L3) is also a free variable for the optimization
problem. The optimal solution given in Table 3.2 shows that width of the
vertically magnetized magnets can be chosen as close to width of a single coil
section. Therefore, Ly can be fixed to 20mm for simplicity.

The efficiency (n7) of the motor can be chosen as,

= (F—Q) /W, (3.17)

where F refers to thrust per mover, and Q) refers to total weight of the mover
including the yoke, and W, is still the weight of magnets.

When the required payload is taken as 200 kg including the weight of the
cage and passengers, required number of units of movers (N) which is equal to

running cost (C,), and the initial cost (C;) can be found as,

C, = N =200/ (F — Q) (3.18)

Table 3.5 shows the thrust force, weight, efficiency, costs, etc. at Ly = 20
mm for the several combinations of L; and L3 given in Table 3.4.

Figure 3.13 shows the comparison of several examined models of both Hal-
bach and yoke-type movers. While Halbach-type mover is better in running
cost (C,.), yoke-type mover can be build with better initial cost (C;). Therefore,
when C; is in higher priority, one of the models in Table 3.5 with significant 7,
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Table 3.4: Examined Combination of L; and L3 (Ly = 20 mm)

Model 1 2 3 4 ) 6 7 8 9
Ly 10.0 | 10.0 | 10.0 | 20.0 | 20.0 | 20.0 | 30.0 | 30.0 | 30.0
Ls 5.0 | 10.0 [ 15.0 | 5.0 | 10.0 | 15.0 | 5.0 | 10.0 | 15.0

Table 3.5: Thrust, Weight, etc. (yoke-type, Ly = 20 mm)

Figure 3.13: Comparison of initial cost C; and running cost C,. (Ls = 20 mm)

can be selected. In this sense, Model 1 is the most appropriate one for initially
low cost movers. On the other hand, when large thrust and small running cost

is in higher priority, the optimal design given in Table 3.2 can be selected.
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Model [Fkef) | Q |W | P | m | N | G | G
1 26.38 | 5.4 | 242098 |874] 9.5 [ 2288 9.5
2 29 84 |24 206 | 858 | 9.7 | 233 | 9.7
3 29.33 | 114 124 | 1793 | 747 | 11.2 | 26.78 | 11.2
4 32.66 | 7.8 | 482486518 8 |[38.61| 8
5 35.58 | 10.8 | 4.8 |24.78 | 5.16 | 81 | 38.74 | 8.1
6 36.24 | 13.8 | 4.8 2244 | 4.68| 89 |42.77| 89
7 35.7 | 102 | 72| 255 | 3.54 | 7.8 | 56.46 | 7.8
8 3787 | 13.2 | 7.2 2467|343 | 81 | 5838 | 8.1
9 3855 | 16.2 | 7.212235| 3.1 | 89 | 6443 | 89
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3.4 Optimization of Air Core Yoke-Type Mover with Brake Fea-

ture
L3 I L9 _____—yoke
= 2 magnet
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w VvV + u -+ W + \" u W V +
T4mm
2Tmm

<

Figure 3.14: Model of the mover to be optimized

Although most of the design criteria are similar for most of the electric
motors, the linear motor with requirements explained in section 3.1 needs
additional important criterion for the proposed brake feature explained in
Chapter 4. It is also declared in section 4.1 that the currents used for actuating
brake mechanism should have negligible effect on thrust force of the motor.
Therefore, the motor needs to be designed so that the effect of brake currents
is minimized additional to high thrust, low weight, and low cost properties.

As discussed in Section 4.1.1, the effect of brake currents can be minimized
by having special distributed field on the coils. Figure 3.15 shows the half of
the mover with the line of symmetry. When the brake currents are applied,
the coil sections of A and C are fed by additional negative current (—DC') but
coil section of B is fed by positive current (+DC'). Therefore, if total amount
of magnetic flux on coils A and C, and amount of magnetic flux on coil B
can be distributed equally, then the total thrust due to the brake current can
remain zero.

Since the flux distribution changes non-linearly with respect to the air gap

between magnets and the magnetic strength, finite element method analysis
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can be applied by checking the difference on the thrust force with and without
brake currents. During the analysis of this section, NdFeB-N45 magnet and
1018 type steel is used as described in Section 5.1. Similar to the determi-
nation of force ripple, multiple analysis over different positions on the motor
is necessary to find the effect of brake currents. This necessity slows down
the search for solution by increasing the number of analysis needed even for a
single point in the problem space. In order to find solutions in a faster way,
number of analysis can be reduced by an algorithm which reduces the space by
finding the solutions with highest payload first, and then examines the force

ripple and effect of brake currents over this reduced space.

line of symmetry |

Figure 3.15: Magnetic flux and brake current distribution

As the first step, the problem space can be reduced by looking at only
payload without concentrating on the force ripple and effect of brake currents.
The stator is fixed in Section 3.3.1, and there are three free variables left for
the air-core yoke-type mover to be optimized. The dimensions L, Lo, L3 seen
in Figure 3.14 should be limited first. After some initial simulations, it is seen
that magnet width (Ls) should be at least the width of one coil, and at most
when the distance between magnets becomes much less than the total air gap
(14mm). Also, the limits for thickness of magnet and yoke are also determined.

As the result of initial simulations, the limits of variables L, Lo, L3 are given
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in Table 3.6.

Table 3.6: Limitation of Design Variables

Design variable | Limitation(mm)

L 10 < L, <40
Ly 20 < Ly < 60
Ls 10 < L, <40

An additional improvement on reducing number of analysis can be done
by omitting one of the dimensions of the problem space. Instead of includ-
ing all steps by analysing each of them, an optimum point can be determined
faster if the non-linear behavior of that dimension can be estimated correctly.
From this point of view, behavior of one of these dimensions (e.g. thickness
of the yoke) can be estimated by looking at its effect on the system individu-
ally. Mostly, iron or steel with good magnetic properties are used as the core
material of the yoke. Although it is not a magnetized material like magnets,
it works as a low resistive magnetic conductor instead. The main problem of
these soft-magnetic materials is that they show saturation near a certain flux
density (mostly about 2 Tesla). This can be seen in the B-H curve of 1018
type steel which is used as the material of the yoke in our simulations. Above
the saturation value, the magnetic resistance increases rapidly, and causes the
flux to remain constant. The saturation problem occurs when the thickness
of the yoke is decreased in order to reduce the weight of the mover. The core

starts to be saturated below a certain thickness.

3.4.1 Optimization of Yoke Thickness

As given in Equation 3.5, change in magnetic flux is directly changes the
thrust force. Therefore, increasing or decreasing the thickness of yoke can be
thought as increasing or decreasing the thrust force respectively. Figure 3.17

shows a simulation result of the model given in Figure 3.14. To understand the
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Figure 3.16: B-H curve of 1018 steel
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Figure 3.17: Thrust force vs yoke thickness with different magnet widths

behavior of the result, all dimensions except the thickness of yoke are fixed.
It can be seen that thrust force is increasing while the thickness is increasing
because there is less saturation of flux with thicker yoke. Also, it can be seen
that the force remains same after a certain thickness of the yoke, because the
flux density is already out of the saturation region. Therefore, to get higher
flux density by using wider magnets (like 60mm width in Figure 3.17), there
is need for thicker yoke to to prevent the occurrence of saturation in the core.
On the other hand, thinner yoke can be used with narrower magnets because
the amount of total flux through the core cross section decreases.

If the weight of the mover was not a concern, the optimal thickness of the
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Figure 3.18: Payload vs yoke thickness with different magnet widths

yoke could have been determined by looking at the amount of flux saturation
in the yoke. However, as much as thrust force (Fipus), the weight of the
mover (Q) is important for a motor with higher payload (P = Fiprust — Q). In
this sense, there must be an optimal thickness for the yoke where the change
on weight equals to the change on thrust force. As it can be seen in Figure
3.18, there is an optimal yoke thickness where the payload becomes maximum
for each of the magnets with different widths. The result shown in Figure
3.18 shows us that although the effect of yoke thickness is non-linear with
respect to payload, the optimal thickness can be set at the point where payload
starts to decrease relative to the previous point. This behavior can reduce the
optimization time by eliminating the rest of the analysis once the decrease on

payload is determined. The flow chart of the algorithm is shown in Figure 3.19.
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Figure 3.20: Change on payload capacity with magnet dimensions
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Figure 3.21: Change on payload capacity with magnet thickness

3.4.2 Optimization with respect to Magnet Width

When the algorithm that finds the optimal yoke thickness with respect
to maximum payload is used, payload capacity of each magnet size with all
combinations of L; and L, can be obtained. This allows us to understand
how payload is changing within the limits of magnet dimensions. The result
of simulation on the payload capacity with respect to L; and Ly is plotted in
Figure 3.20. It can be seen that the graph is in smooth convex shape and we
can find the global maximum value without using complicated optimization
algorithms. The smooth convex surface shows that with a fixed dimension
of magnet there is a maximum payload result with only one value of the

remaining dimension. For example, when the magnet width is fixed during
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the analysis, there must be a unique solution for magnet thickness which gives
maximum payload with the fixed magnet width. Therefore, the algorithm that
searches for the convergence point to find the optimal yoke thickness can be
implemented to find the optimal magnet thickness as well, because increasing
magnet thickness with the optimal yoke thicknesses has the same effect on
payload as increasing yoke thickness case has. The same observation can be
also deducted from Figure 3.21 where the payload capacity with respect to
magnet thickness is plotted in 2D for varying values for magnet widths. It can
be seen that there is a convergence point where the increase on thrust force is
not more than the increase on the weight of the mover. In other words, the
payload stops increasing after a certain thickness of magnet and this is the
optimal point. Therefore, there is no need to continue to analyse the rest of
the thickness values. In this way, the same algorithm given in Figure 3.19 can
be also used for determining the optimal magnet thickness. The flow chart of
the expanded algorithm is given in Figure 3.22.

When the optimal yoke thickness with respect to different magnet sizes is
plotted as in Figure 3.23, similar to behavior of payload, yoke thickness has a
solution surface in smooth convex. Therefore, the algorithm shown in Figure

3.19 can be improved more to reduce the number of analysis.

3.4.3 Minimization of Force Ripple

Once the optimal thickness of each magnet and yoke that gives the maxi-
mum payload are found as shown in Table 3.7, and in Figure 3.24, the remain-
ing examination which is force ripple and effect of brake currents on thrust
force can be done by using these optimal values. In this way, the only vari-
able left is the width of magnets (Ls) where magnet thickness (L) and yoke
thickness (L3) are already fixed for highest payload result. This is also shown
in Figure 3.25.

During a movement of one electrical phase, the force obtained by the mover
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Figure 3.22: Optimal magnet thickness search

Table 3.7: Optimal values of L; and L3 with respect to Lo

Lo (mm) 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60
Ly (mm) 34 30 30 32 30 28 30 28 28 30 28 30 28 28 28 30 28 26 30 30 28
L3 (mm) 12 14 14 16 16 18 18 20 20 20 22 22 24 24 24 24 24 26 24 22 22

is not constant and varies with respect to the position of the mover. The reason
is that the change on the amount of electric current of a coil is not equal to
the change of the magnetic flux passing through the cross section of the coil.
Therefore, there is an unavoidable ripple on the thrust force. Since force ripple

is most sensitive to the magnet width, there is need for examining optimal
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Figure 3.24: Optimal thicknesses vs magnet width

magnet widths to get reduced force ripple. The force ripple is calculated as

follows:
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Figure 3.25: Payload vs magnet width

Tqa = ((Fxmaa: - Fxmin) /anve) X 100 (320)

where Fqe and Fp,in, are the maximum and minimum forces that are ob-
tained during the movement of one electrical phase. Fj... is the average of the
obtained forces at all stations where force calculation is made.

The thrust force with respect to position of a single mover linear motor
with three different magnet widths (20mm, 30mm, 40mm) are plotted in
Figure 3.26. As expected, the force is not constant at all phase locations and
a force ripple occurs during the movement. Also, it can be seen from Table 3.8
that the ripple does not remain same when magnet width is varied. While the
force ripple is about %4.3 with 20mm width magnets, it can be reduced to %1.1
with 30mm width magnets, but it gets worse again to %3.8 with 40mm width
magnets. Therefore, optimization for magnet width is needed for minimized

force ripple.

Table 3.8: Force ripples of 20mm, 30mm, 40mm width magnets

Loy T4

20 mm || %4.3
30 mm || %1.1
40 mm || %3.8

The result, given in Figure 3.26, shows that the thrust force changes in
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a period of 60 degrees and F,,q; and F,,.;, repeat around every 30 degrees.
Therefore, to reduce the number of analysis to calculate the ripple, the forces
at 30 and 60 degree phases can be examined directly to find Fj,,.. and Fiin
instead of spanning a complete electrical phase. However, the local max and
local min values may be slightly shifted. Therefore it is better to do multiple
analysis around these target phases. In this way, the F,,... and F,,.;, can be

found using Equation 3.22 where a can be limited as 0 < a <5 (deg).

Fomaz =mazF (ixk+2z), —a<z<a, keZ ie{60,90} (3.21)

Fomin=minF (i xk+zxz), —a<z<a, keZ ic{60,90} (3.22)
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Figure 3.26: Force ripple during movement

The result of change on force ripple with respect to magnet width is given
in Figure 3.27. It can be seen that there are two areas where force ripple
is minimized. These local minimum values are obtained when the width of
magnet is getting closer to 1.5 and 2.5 times the length of 1/6 of one electrical
phase, and it can be noted that the ripple is getting worst when width of
magnet is around 0, 1, and 2 times the same length. This result shows that
width of the magnet should not be close to a multiple of 1/6 of electrical phase

length which is 21mm for the examined motor.
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Figure 3.27: Force ripple vs magnet width

3.4.4 Minimization of Effect of Brake Currents

For actuating the safety brake, explained in Chapter 4, there are additional
currents called as brake currents fed into coils additional to normal drive cur-
rents. If the design of the motor does not include the criterion about reduced
distortion of brake current on thrust force, the effect of brake currents may
reach high levels where the driver of the motor may not compensate the differ-
ence. Figure 3.28 shows the result of brake current effect when these currents
are in amplitude of 1/3 of drive currents. As seen in Table 3.9, while brake
currents distort the thrust force about %17.2 with 20mm width magnets and
%9.4 with 30mm width magnets, the distortion decreases to %1.5 with 40mm
width magnets. Since it varies with the magnet width, the optimal width has
to be found in order to minimize the brake effect as well. As another obser-
vation, the thrust force is mostly distorted in period of 60 degrees because of
the brake currents. Therefore, similar to force ripple determination, a similar
method of looking only predetermined phase locations can be also applied to
find the effect of brake currents in order to reduce the number of analysis.
In this way, the effect of brake currents in percent (e;,) can be found using

Equation 3.23,
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Comaz = maz ((F' (90 x k+x) — F (90 x k+x)) /F (90 x k + x)) x 100
(3.23)
where F'is thrust force without brake currents, F” is thrust force with included
brake currents. The variable x can be chosen in the limits of (—a < z < a)

with 0 < a <5 (deg) and k € Z.
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250 :
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Position (deg)

Figure 3.28: Effect of brake currents during movement

Table 3.9: Brake effects of 20mm, 30mm, 40mm width magnets

Ly €p

20 mm || %17.2
30 mm || %9.4
40 mm || %1.5

The calculated change on brake effect with respect to magnet width is
given in Figure 3.29. It can be seen that there is a global minimum when
magnet width is equal to 42mm which is 2 times the length of 1/6 of one
electrical phase. If the only design criterion would be the effect of brake
currents, it would be straightforward to determine the optimal magnet width
which the length of 2/6 of one electrical phase. However, this length has a poor

performance in terms of the force ripple criterion. Therefore, there is need for
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an objective function to determine the final optimal design depending on the

application priorities.
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Figure 3.29: Effect of brake currents vs magnet width

By the search algorithm given in Figure 3.22, and Equations 3.20, 3.22,
3.23, the force ripple, brake current effects, and maximum payload capacity
for a given magnet width can be examined in a reduced number of analysis.

The result of the simulation is given in Figure 3.30.
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Figure 3.30: Change of design criteria vs magnet width
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The cost function can be defined as,

Wonw = kiWi + koWo + ksW3 + kyWy (3.24)
where,
Wi = e (3.25)
Wy = ry (3.26)
W; = 1/P (3.27)
Wy = @ (3.28)

The cost functions comprise the payload (P), weight of magnets (Q), force
ripple (r4), and effect of brake currents (e;). It is important to reduce the
(1/P) and Q in order to reduce the running and initial costs respectively. On
the other hand, it is also important to reduce the r4 and ¢,, because controller
of the motor may not be able to compensate high ripples and distortions on
the thrust force. Therefore, a designer can choose ky...k4 with respect to the
weights of cost and controllability of the motor.

Three example combinations of coefficients are given in Table 3.10. In
Model 1, priority of payload is set highest over the others by choosing high
value of k3 relative to kq, ko and k4. In this way, the optimal magnet width that
has minimum running costs can be obtained. On the other hand, in Model 2,
priority of reduced force ripple and effect of brake currents is increased over
initial and running costs. Also, the priority of effect of brake current is doubled
over force ripple. As another example, Model 3 is configured as about equally
weighted priorities except the initial cost which has slightly higher priority. A
designer can create a new model with different priority level depending on the
application.

The resultant total cost obtained by using the cost function given in Equa-
tion 3.24 and the coefficients given in Table 3.10 are plotted in Figure 3.31.

For better visualization, the secondary coefficients (a1, as, as) in Table 3.10
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Table 3.10: Examined combinations of ky, ko, k3, ky
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Figure 3.31: Change of total costs vs magnet width

are selected as 0.8a; = ay = 4asz to scale the graphs into same range. The
graph of Model 1, where payload has the highest priority, shows that around
50mm is the optimal width for the magnets. When Model 2, where controlla-
bility is important, is selected there is a distinct optimal magnet width which
is 42mm. Finally, Model 3 shows that when the costs of design criteria have
approximately equal weights, interval between 40mm and 48mm can be chosen

as optimal width of the magnet.
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3.4.5 Optimization with respect to Mover Array

The analysis of a single mover, which is in length of one phase, is given in
the above part of Section 3.4. To obtain higher payload capacities, n single
movers can be mechanically connected to each other to sum up their thrust
forces. An example mover array where four single movers are mechanically
connected is shown in Figure 3.32. It would be possible to connect the mover
yokes together instead of using additional mechanical connection, thus forming
a single long yoke. This would slightly reduce the magnetic resistance in
the path of the main flux, thus contributing to the thrust. However, the
calculations which are not included here show that the increase in the weight
due to the additional iron would be even greater, resulting in a net loss in
payload.

To get the same thrust from all of the movers, their phase locations are
equal to each other. Therefore, the spacing must be set such that they are
aligned at integer multiple of a complete electrical phases. To minimize the
total length of mover array, the spacing can be set to one times the complete
electrical phase. Total payload capacity (Pt ) of a mover array can be calcu-
lated as the number of movers connected (n) times the payload capacity (FP;)

of a single mover as seen in Equation 3.29.

mechanical
CTlL L L L LI L LIl T-T-0 1T I [-T-]connecton
Figure 3.32: Array of 4 movers
Ptotal = Z PZ (329)
=1

When the distance between each mover is set as one electrical phase (Lppase),

the distance between magnets of neighbor movers (Ly4) is calculated as,
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Ly = Lppase/2 — Lo (3.30)

where Ls is the width of the magnets.

Since the distance between the movers, L, depends on the magnet width
(Ls), the effect of Ly on design criteria should be also studied in finding the
optimal magnet width. The distance L4 can be thought as the air gap between
the magnets aligned in the direction of motion. Decreasing air gap means less
magnetic resistance for the magnetic flux, therefore with less distance between
the movers there will be more flux coupling between the magnets of neighbor
movers. On the other hand, the air gap between the magnets aligned in the
perpendicular direction does not change. Therefore, the leakage flux between
the neighbor movers may affect the flux that passes the coils vertically.

To see the effect of distance between the movers (L4) on maximum payload
capacity, the new optimal thickness of both magnet and yoke can be found
using the search algorithm given in Figure 3.22. Simulation results of different
magnet widths within a mover array is given in Figure 3.33. It can be seen
that maximum payload capacity of both single mover and a mover in an array
remains the same until certain width of magnet which is about 48mm because
the attraction between neighbor movers remains low. However, higher payload
capacities can be also obtained by wider magnets although there is leakage flux
between the movers.

Even though the payload capacity per mover can be increased more within
an array, the payload per volume of magnet decreases since the optimal thick-
ness of magnet needs to be increased when the mover is in an array instead of
operating alone. The initial cost which is weight of magnet and the payload
per the weight is compared in Figure 3.34 for single mover and a mover in an
array. It can be seen that the ratio is better when the mover is single except
at the width of magnet around 60mm where the motor has poor performance

on both force ripple and brake effect criteria (Figure 3.30). Since the optimal
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Figure 3.34: Comparison of payload per magnet weight when mover is single
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interval of magnet width found by using objective models given in Table 3.10
is between 40mm and 48mm, it can be seen that the optimized mover array
does not give better performance over single mover.

In the interval between 40mm and 48mm of magnet width, although the
optimized mover array does not perform better on payload per mover when

compared with the optimized single mover, there is need for examining the
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Figure 3.35: Comparison of force ripple and brake effect when mover is alone

and in an array with same dimensions

performance of a single mover when used in an array. In this way, it can
be understood if the optimization solved for a single mover gives satisfactory
result with mover array as well. In this sense, the optimal values found for
single mover as given in Table 3.7 are simulated within the mover array, and
the result is given in Figure 3.35. When the single mover is used in an array but
optimized as it operates alone, the force ripple and brake effect performance
of a mover show similar trend with a minor change in amplitude. Therefore,
even when there is need for a mover array, the method of optimization of a
single mover can be still used to design mover arrays.

A mover array can consist of any number of movers connected to each
other. Since magnetic flux of a mover affects the neighbor movers, the effect
of movers which are at the end of the array is distributed over others. However,
the mover in the middle is the least affected one from end movers, and the
amount of distribution depends on the number of movers in the array. The
results shown on Figures 3.33, 3.34, 3.35, are the simulation results of the

middle mover which is in array of three movers. The analysis could also have
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Figure 3.36: Flux density in an array of 3 movers (a)40mm width magnet

(b)50mm width magnet (c¢)60mm width magnet
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been done by using an array of more than three movers. The difference between
the results of the movers in the middle of three movers array, and five movers
array is examined with 42mm and 54mm width magnets. It has been seen that
the difference is %0.013 with 42mm width magnet, %0.287 with 54mm width
magnet. A designer can use array of three movers to shorten the analyse time

instead of using arrays of more movers.
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Chapter 4

Fail-Safe Design

There are two major problems to be solved for linear motor actuated multi-
car elevators in order to offer them as a viable alternative for conventional
elevator systems. The first one is how to prevent the elevator cars from falling
when there is a problem with the propulsion system. The second is how
to prevent the collision of the independently moving elevators in the same
hoistway.

Usually, elevators have electromechanical brakes installed at a stationary
position to stop the traction motor by locking the traction sheave in order to
hold the elevator car at a desired position, or to prevent the free fall because of
a failure in the power supply. However, for linear motor elevators since there
is no rope to be stopped by a brake system, a similar brake device needs to
span the whole hoistway to be capable of mechanically stopping and holding
the elevators at any position. This solution would not be feasible especially
in sense of cost compared to systems with single brake actuator. In contrast,
if the electromechanical brake is installed on the elevator car instead of whole
hoistway, then there would be need for transmission of signal and power to
the moving car for the brake actuator. This transmission is also not feasible
because it requires cables that need to travel with the car and it does not fit
with the ropeless and cableless design criterion.

One solution can be keeping the electrical part of the electromechanical
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brake that needs signal and power on the hoistway side and putting the me-
chanical part of the brake on the moving car. In this way, the problem of signal
and power transmission for brake actuation can be avoided. However, if the
electrical part is kept at hoistway side, it would be still not feasible because of
the cost of a separate, long actuator device along the hoistway. Instead, there
is already a long device spanning the hoistway which is the stator of the linear
motor used for propulsion (Section 3.2). Therefore, the long armature can be
also available to serve as the actuator for the brake device if it is designed in
this way.

The following Section 4.1 shows how the long armature can be used as the
actuator for the brake device. Then, in Section 4.2, working principle of the
mechanical part of the brake is shown. Finally, how the motor can be driven
including fail-safe device and how to avoid collision of independent cars by

using the same device is shown in Section 4.3.

4.1 Linear Motor Coils as Brake Actuators

As a general approach, linear motor coils are used only for obtaining thrust
force. As described in the beginning of Chapter 4, the long armature which is
the stator of the motor can be also a solution to avoid necessity of installing a
new long armature as actuator solenoid for brake device. In this way, the linear
motor coils which are already installed for propulsion can be used without
additional cost for brake device.

As a unique feature, coil top of the linear motor coils can be used as the
actuator solenoid of the brake device as discussed in Section 4.1.1. It is shown
in Figure 4.1 that while two flat sides of the coil section is used for generating
thrust force, one of coil top side of the same coil section can be also used
for generating a brake release force that can be used to actuate the brake
device. The idea is generating independent force vector components by the

same linear motor coil, as in e.g. the decoupled control method [10], since
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separate magnetic field structures are used for different tasks. Theoretical
analyses and experimental results of this approach are given in the following

Sections 4.1.1, 4.1.2, and Cahpter 6 respectively.

Brake Magnet m— . Brake

: Force

Thrust Brake
Force Force
Motor Magnet
Linear Motor
_I— Coil Section
/77777777 /777777777

(a) (b) (©

Figure 4.1: The safety system using coil sections as brake actuators (a) Thrust
force with motor magnets on sides (b) Brake force with brake magnets on coil

top (¢) Thrust and brake force together

4.1.1 Magnetic Field of the Linear Motor Coils

In Section 4.1, it is declared that separate magnetic field structures on
the stator are used for different tasks which are generating thrust force for
propulsion and generating brake force for actuating brake device. In order to
analyse the magnetic field around the stator, the magnetic field of a single coil
and the total of magnetic field on a coreless 3-phase coil assembly should be
considered.

The coils of the motor as shown in Figure 3.4 lie in the central symmetry
plane of the assembly and their shapes can be approximated as a rectangular
coil. For the case of a rectangular coil with its winding along the path L,
the magnetic field generated by the current I, at a point r in the absence of

magnetic material can be calculated directly from Biot-Savart’s law.:
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B(r):,uOIL/LdLX(r—X) (4.1)

A Ir —x|?

In [15] there is an explicit formula integrating Equation 4.1 for coplanar
rectangular coils, which is a good approximation of one segment of the 3-
phase coreless linear motor coil. By using these formulas, the magnetic field
distribution in the vicinity of the coil edge can be obtained.

For the case of identical DC currents injected into each coil where 7, =
1, = i. = const. in Figure 4.2, the field is shown in Fig. 4.3. As seen from
this illustrative example, the field distribution near the coil top is similar to
the field around a single long straight conductor. Therefore, if a permanent
magnet is placed in the vicinity of the coil, with one pole facing the coil top
surface, there will be predominantly a sideways force acting between the coil

and the magnet, which can be used for brake operation.

linearmotor _ — — — T — _
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Figure 4.2: The currents 1,, 2, ¢, injected into 3-phase coils

When the coils are fed balanced 3-phase currents, the force on a magnet
spanning at least one pole-pair will balance out, with the net force near zero.
When DC bias currents are superposed on each phase, their contribution will
add up to a net force, that can operate the brake. Thus this superposed DC
current is available as an independent control variable, that directly operates

the brake.
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4.1.2 The Effect of Winding Pattern

A problem may be encountered in implementing the brake actuator in
practice because the field distribution of a linear motor stator depends on
the actual winding pattern of the coils. The analyses given in Section 4.1.1
is applied for the case of identical coils arranged at 120° electrical degrees,
which can be called as “balanced winding”. This winding pattern is shown
schematically in Figure 4.4-b where i,, %, t. are the three phase currents.
Note that the actual coil shapes are different, e.g. the coil sides lay in the
same plane, and the top edges of the coils have complex 3 dimensional shapes.
The details of the physical shapes of the coils is given in Figure 3.5-c.

Different from balanced winding pattern, the common winding method for
linear motors has another composition as two phases are wound at 120° de-
grees, but the third phase is placed at the 60° position, and fed a reversed
current, as shown in Figure 4.4-a. The advantage of this arrangement, which
can be called as “segmented winding”, is the convenience in separating the
winding into sections, without causing end effects, thus simpler to manufac-
ture.

For the segmented winding, the total coil top field is non—zero during nor-
mal running when driven with balanced currents i,(t) + i,(t) 4 i.(t) = 0, since
the top field of the 60° coil will be opposite of the other two phases. It is pos-
sible to cancel the stator top field by supplying a special non—balanced current

vector satisfying,
iq(t) + iy (t) — i (t) = Inc (4.2)

where ¢/, is the current in the 60° coil, and Ip¢ is a constant current. One

simple solution to this is to set the new currents such that,

0 = () +2ic() + Ino (4.3)
iy(t) = ip(t) + 2i(t) + Ipc

i) = 3it)+ Ipc
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Figure 4.4: Winding patterns (a) segmented winding pattern (b) balanced

winding pattern
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Note that the non—balanced currents require that the neutral point of the
motor be tapped.

On the other hand, for balanced winding type stators during normal run-
ning with balanced currents, the average current generating the coil top field is
zero. If the neutral point of the motor winding is tapped to sink a DC current
component through all coils, which can be called as brake current Iy,qxe, SUp-
plied through the motor terminals, the average current vector now becomes
nonzero for any value of Iy.q1.. The current patterns on the straight parts of
the coils are the same for each type of stator, but the current has a DC offset.

Using this method, the brake currents can be created independently of
drive currents. The total brake current that creates magnetic field on the

stator top can be calculated as:
Iyrake = 1a(t) + Ipc + ib(t) + Ipc + ic(t) + Ipc (4.4)

where i,(t) + (t) + i.(t) = 0 are normal balanced drive currents. Therefore,
Tyrare is simply equal to 31pe.

The balanced winding is better suited for a safety brake operation on linear
motor elevators since generating a coil top field requires a special current
pattern. The segmented winding on the other hand will generate a zero coil
top field in one special case current. In case of emergency where the motor or
the motor driver is damaged or power is lost, there is a larger set of possible
failure modes in which the balanced winding will not be able to provide the
special current pattern and thus the brake will engage to arrest the fall of the
elevator car.

The effect of winding pattern on the coil top field can also be observed in
Figures 4.5 and 4.6 where the currents flowing through the top of segmented
and balanced motors are shown respectively. These figures denote the current
at the instant when the amplitude of |i.| is maximum (= 27) and those of |i,|
and |i,| are half(= I). During normal operation, a net virtual current vector

is present for the segmented winding, whereas it is zero for balanced winding
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Figure 4.5: Plan view of the segmented winding stator for one electrical phase

(Figure 4.4-a)

stators.

Calculated DC currents necessary for different brake operations are given in
Table 4.1. For balanced winding, since the system is set up in such a way that
brake is engaged for zero brake current and disengaged when brake current
exceeds a certain value, another advantage is that there is no need to supply

brake current when the elevator car must be stopped.

Table 4.1: DC currents for different operations

Elevator Driven Brake Segmented Balanced
(lifting) Active Winding Winding
Moves Yes No (41, — Ipc)/3 Tyrake
Yes No (41, — Ipc)/3 Tyrake
Stops Yes 4i' /3 0
No Yes 0 0
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4.2 Mechanical Part of the Brake Device

It has been shown in Section 4.1 that the coil top can be used as the actua-
tor solenoid of an electromechanical brake. It has been detailed in Section 4.1.2
that by applying suitable currents in addition to standard drive currents an
independent force vector component can be obtained apart from lifting force.
This additional force which is independently controllable can be used to drive
a mechanical brake that is capable of stopping and holding the elevator cage
at any position.

There are two ways to use the additional force for brake operation. One of
them is activating the brake operation in order to stop the car; on the contrary
the other one is releasing the brake operation in order to allow movement of
the car. The electromechanical brakes as a safety device in elevator systems

uses the force in the second way which is releasing the mechanical brake. In
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this way, it can be guaranteed that in case of power failure fall of the elevator
can be avoided by the self locked brake device since there will be no force to
release it which requires electrical power. Similar safety method can be also
applied for linear motor elevators where the brake device will be always locked
except when it is released with a continuous counter force. The illustration of
such a brake device is given in Figure 4.7. A brake shoe which is connected
to a prestressed spring creates friction on a brake plate, and it can be released

by the force on opposite direction obtained at the coil top.

—

Brake Release Thrust Brake Shoe

<P -
Thrust ] e
[ ] [ ]

Brake Release4 T Cage

Brake Active —

Coil Cross-section

Coil Section
Brake Plate

Figure 4.7: Illustration of mechanical part of the brake device

Amount of friction on brake shoes needs to be high enough to hold the
weights of cage and passengers safely. In this way, the brake shoes should be
highly prestressed in order to create enough friction force. However, releasing a
highly prestressed brake device may not be possible with a small force obtained
by brake magnets aligned at the edge of the coils. Therefore, there is need for
a mechanical gain to increase the actuation force for releasing. Furthermore,
since there is no counterweight in the system to balance out the weight of the
cage, there is always downwards loads that can be taken as an advantage in

designing the brake device.
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The brake system that has been tested as the proof of concept is given in
Figure 4.8. The special magnetic field produced at coil top moves the magnet
plate which is connected to the brake shoes which are designed as calipers.
The friction force between the brake shoes and brake plate can be increased
dramatically by using these calipers that can turn the weight of the cage as a
positive feedback, to friction, instead of the force obtained by the prestressed
spring. In other words, the main holding force of the system comes from the
weight of the motor sitting on the appropriately angled brake pads, producing
the friction. The coil top force only needs to begin engaging the brakes.

Brake actuator with Magnet Plate
/\ Calipers

Linkage

Figure 4.8: Implemented Brake Device

With this mechanical arrangement, when the weight of the elevator car
is sitting on the brake, the brake release force supplied by the brake magnet

will not be sufficient to release the brake. This is actually one more safety
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feature, preventing the inadvertent release of the brake when the car is not
supported by the linear motor thrust. Thus the normal sequence of operation
will follow the sequence, in both up and down directions; while the car is
supported mechanically by brake force, motor thrust is supplied to neutralize
car weight first. Then, motor moves car slightly up in order to disengage brake
and that time brake release current is supplied to open the brake. As a normal
operation, car starts and runs to next stop. When car is fully stopped at the
desired destination, brake release current is cut again. Car slowly descends to
fully engage the brake, therefore thrust can be removed, and car now supported
by mechanical brake again.

In designing such a brake device as given in Figure 4.8, two important
criteria are that length of the magnet plate should be an integer multiple
of the length of one electrical phase of the motor (see Section 4.1) and the
amount of the prestress force should less than brake force can be obtained by

the magnet plate but high enough to start the engaging the brake.

4.3 Drive of the Motor and Fail-Safe Device

4.3.1 Modified Motor Drive for Brake Operation

Considering the balanced winding pattern, it becomes clear that using
conventional 3-phase motor drives with standard bridges and vector control,
it is not possible to supply Ipe currents to each coil since the motor neutral
point is isolated. One solution is using an additional switch for the common
point to ground or DC link shown in Figure 4.9. The basic idea is that different
parts of one PWM cycle will be used for lifting and braking.

A typical PWM period T" may be divided into the time intervals where
Voo currents are active (73), Voo currents are active (73) and no currents flow
(T). For the proposed brake operation, an extra time interval (7j) for brake
currents can be added as shown in Fig. 4.10. When T' is replaced by T" — Ty,

the general formulas for vector control can be still used without modification.

62



o G
Ki | o

L

KKk

Figure 4.9: Suggested motor driver for brake operation

The brake current timing 7 can be calculated as:
TO = Ibrak;e X T/Imaa: (45)

where [,,,4, is determined by the motor dynamics.
Using these equations, the generated PWM ratios and current patterns
can be seen in Figs. 4.11 and 4.12 respectively. They are familiar PWM and

current waveforms, except being shifted appropriately.

4.3.2 Position Control Method

Control systems for linear motor elevators can be designed by making use
of some specific properties of the problem.

First of all, in contrast with the traditional elevator systems, where the
unbalanced load of the elevator car and the counterweight could point either
upwards or downwards, there are always downwards loads in multi-car system
because of absence of the counterweight. The system thus operates only in
two quadrants, “motoring upwards” or “generating downwards”. Furthermore,
the weight of the elevator car together with the mover provides a substantial
base load, even with an empty car. This property provides the sufficiency of
using a simple position control loop, without considering the switching between
quadrants, as during one trip the system always operates in a single quadrant.

It is also important to make the system robust in the event of degraded
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Figure 4.13: Block diagram of the position control system

signal quality for the position signal, which might occur with any of the po-
sition sensing methods. Therefore, the phase of the armature current can be
dictated, similar the case of open-loop control, and control only the current
amplitude. In the case of deterioration of the position signal, the current am-
plitude command can latch up to the allowed maximum, and the elevator can
continue its trip under open-loop operation.

The schematic block diagram used in the experimental setups is shown in
Figure 4.13.

As it is seen in the diagram, the usual nested current and speed control

loops are disposed, and instead only the position is controlled, through the
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inverter voltage command. This kind of a setup has the advantage of imple-
mentation on a processor with relatively low computing capacity. Reduced
computational load is needed since there is also need for distributed control
system, discussed in Section 4.3.3, which also requires some computational
source of the processor.

The test results are given in Section 6.2 that this control system, in spite

of its simplicity, can still achieve sufficient performance levels.

4.3.3 Distributed Drive for Cars and Collision Problem

The linear motor is designed to be driven in a modular way such that an
arbitrary length of motor can be produced and multiple elevator cars manip-
ulated independently. The simplest method for driving such a motor is to
implement a centralized control scheme where each module is directly con-
nected to a central controller. However this approach can only be applied to
a limited number of movers in the system. Therefore, control of the movers
should be shared across local controllers instead of one master controller.

The motor modules must be driven separately, but with certain coordi-
nation. If a mover is going to traverse a certain part of the motor, relevant
segments along the way must be allocated and deallocated as necessary with a
predetermined timing to avoid collisions as well as allowing for high utilization
of segments. Such coordination can be either central or decentralized.

Although driving one module of the motor in isolation is not difficult, the
synchronization of the electrical phases of several modules can be problem-
atic in terms of timing requirements. By using a real-time computer network,
control of the movers can be coordinated by distributed control. During the
experiments, it is chosen to use a central coordination mechanism for sim-
plicity, however for scalability it can be switched to a distributed mechanism
having the architecture shown in Figure 4.14. Starting from the right column

in the figure, the motor which is physically one piece is electrically divided
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Figure 4.14: Linear motor control over a communication network.

into modules. Each module has its own driver and controller, communicating
over a network satisfying the timing requirements. To move an elevator car in
a multi elevator system, from one floor to another, first, segments of the motor
between these locations are checked to be available by a central coordinator,
then they are reserved for this motion, and finally the cage is moved by the
coordinated interaction of all of the controllers in the reserved region.
Reservation of modules to only one car by a central coordinator is an
important method to ensure that two cars are not accidentally driven into each
other. The brake device discussed in Section 4.2 can also be used to construct a
such safety system for the collision problem, by using the mechanical brakes on
each elevator and controlling the actuator force of each section of motor. In the
case of n coil segments, at most n zones along the motor can be set up where the
brake actuator force can be controlled independently. By suitable interlocks
between the bias currents supplied to adjacent zones, it can be assured that

there will always remain a “locked” zone between any two elevator cars. Since
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the mechanical brake will stop a car going down if it is not released by the
actuator force, and gravity will stop a car going up, no car can approach
another car closer than one zone distance. This property guarantees that

collisions cannot occur.
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Chapter 5

Performance Simulations of Designed Motors

The simulations have been run for three different motors for comparison
with each other and with experimental results. The first one, Motor 1, is
designed and manufactured with respect to initial optimized values given in
Section 3.3.2.2. The second one, Motor 2, is designed and manufactured with
improved stator structure in terms of higher current density and less air gap.
The mover design is kept the same for both Motor 1 and Motor 2. On the other
hand, the third one, Motor 3, is fully optimized with respect to availability of
better magnetic materials than the ones used for Motor 1 and Motor 2 but its
production is left as a future plan.

The simulation results of Motor 1 and Motor 2 are compared with each
other, and with their experimental results. The simulation results of Motor 3
are compared and discussed with the others to show the performance of the
optimization method given in Section 3.4.

Table 5.1 shows the structural differences between the three motors. As it
can be seen from the table, while Motor 1 has the same mover but different
stator with Motor 2, Motor 3 has the same stator but different mover design
compared to Motor 2. The reason of the differences is that Motor 1 is designed
and implemented first for the initial experiments to test requirements given in
Section 3.1. Then, by using bonded wire explained in Section 3.3.1 an improved

stator of Motor 2 is designed and implemented to get higher performance on
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Table 5.1: Structural differences of Motors 1,2 and 3
Motor 1 Motor 2 Motor 3

stator || air gap (mm) 17 14 14

# of windings 250 350 350

magnet size (mm) || 25x10x200 | 25x10x200 | 42x30x200

mover || magnet type N32* N32* N45
yoke size (mm) 90x10x200 | 90x10x200 | 107x22x200
yoke type 1006* Steel | 1006* Steel | 1018 Steel

*not exact but taken as equivalent

power characteristics. In order to see the change on performances of the first
and second stator, the design of the mover is fixed for Motor 1 and Motor 2. As
a final step, a new mover of Motor 3 is designed by assuming the availability

of stronger magnets and softer magnetic material with less flux saturation.

5.1 Magnetic Properties of Materials used in Simulations

The magnetic properties of the materials used in simulations and in imple-
mented motors are given in Figures 5.1 and 5.2. The B-H curves in Figure 5.1
shows that 1018 type steel has better permeability since it shows same satu-
ration when the field intensity (H) is about 4 times higher compared to 1006
type steel. In manufacturing the mover, a structural steel (ST37-2) which has
medium magnetic performance is used as the material of the yoke, but for the
simulations, 1006 type steel is chosen from the material list of the open-source
FEM program, FEMM, as an equivalent material. However, for designing Mo-
tor 3, 1018 steel is chosen because of its better magnetic property. Although
1018 steel is also not better than an ideal pure iron, it was chosen because of
its availability of access and to get more realistic results from the simulations
instead of using an ideal material.

A better permanent magnet material used for Motor 3 in order to see
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Figure 5.1: B-H curve of steels

the increase of performance with a higher quality magnet. Demagnetization
curve of different sintered NdFeB magnets are shown in Figure 5.2 as exam-
ples. Although most of the permanent magnets have nonlinear curves, NdFeB
magnets generally have linearity in low temperatures. Even if the magnet has
nonlinearity, it can be taken as linear if the coercive resistance of the model
that is being analysed is in the linear region of the curve. As it can be seen

from Figure 5.2 magnets with higher grades (32,..,52) can reach higher flux
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Figure 5.2: Demagnetization curves of permanent magnets at 20°C

density in case of the same magnetic resistance. Therefore, it would be better
to choose the magnet with highest grade in the market, however because of the
rising nonlinearity properties and costs, the NdFeB magnet with N45 grade is

selected as the material of the mover of Motor 3.
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Figure 5.3: Flux density of Motor 2

Additional to comparison of forces obtained in simulations and experi-
ments, the tangential magnetic flux density between the magnets found in

simulations and measurement done with a gauss meter is compared to see the
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consistency of the simulations. The flux density on the straight line shown
in Figure 5.3 is given in Figures 5.4 and 5.5 as simulated and measured data

respectively. It is seen that the simulation result is consistent with an error of

%3.5.
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Figure 5.4: Simulated flux density change between magnets of Motor 2
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Figure 5.5: Measured flux density change between magnets of Motor 2
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9.2  Simulation Results of Implemented Motor 1 and Motor 2

For all of the simulations, the driving bus current, 4., is set as 3A, and
the brake current, Ij,.qre is set as 1A unless otherwise mentioned.

In order to obtain the force ripple (r4) and the effect of brake current (e;) of
Motor 1 and Motor 2, the thrust force is analyzed within a complete electrical
phase where phase of the current is equal to the position phase of the mover.
Furthermore, to analyse the effect of brake currents, the distortion on thrust
force is obtained by including the brake currents, which is constant during
the motion, while the drive currents depend on the position. The resultant
graph is given in Figure 5.6 where higher thrust force of Motor 2 and high e,
for both motors can be seen easily. Since both Motor 1 and Motor 2 have the
same mover, it was expected that they get about equal r4 and e;,, however ry is
increased from %15.18 to %17.27, and ey, is increased from %0.97 to %1.6 with
Motor 2. This result shows that a mover can have different performance in

terms of r; and e, additional to thrust force when used with different stators.
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Figure 5.6: Force ripple and effect of brake currents on Motor 1 and Motor 2

The thrust forces that are obtained from Motor 1 and Motor 2 when current
phase is kept constant versus the position of the mover is given in Figure 5.7.
It can be seen that when the drive current is kept at a constant phase, the

thrust force depends on the position of the mover. Therefore, in the absence of
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position control, the payload on the motor will change the phase of the mover
until the thrust force becomes equal to weight of the mover and payload. This
property is also used in the experiments in order to find the maximum thrust

force of the Motor 1 which is vertically assembled.

B0 Jmmmm e oo

1 ey e

Thrust Force (kgF)

Position (deg)

Figure 5.7: Thrust force of Motor 1 and Motor 2 vs position under drive

current of constant phase

As a last simulation result for the motors, the back-EMF, induced when
the magnetic flux through the coil changes, is analyzed. Although it is not
taken as a criterion for the optimization done in Section 3.3, the performance
in back-EMF harmonics is also compared for the motors since the harmonics
on back-EMF waveform is not preferred for electric motors. In order to find the
back EMF waveform while mover travels in a constant speed, total flux across
a winding versus position of mover is analyzed. Note that this method also
gives the average normal (not tangential) magnetic flux density on the stator
when mover stops. The total magnetic flux on a single coil versus the mover
position for Motor 2 is given in Figure 5.8. In Section 6.3, the experimental
result of the back-EMF of Motor 2 given in Figure 6.10 verifies the simulation
result given in Figure 5.8 as the waveform is the same. Note that while the
experiments show the result of a single mover, the simulations show the results
of both single mover and mover array. It can be seen that the flux density

is symmetrical for the mover array case, but not for the single mover. The
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reason is that during the time interval while a single mover is passing the coil,
initially, one pole of magnets, then two, and then again one pole of magnets
are facing the coil. On the other hand, in the case of mover array, the coil is

always facing with two poles of magnets and this provides the symmetry.
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Figure 5.8: Integral of B on a single coil in Motor 2 vs mover position

5.3 Simulation Results of Motor 3 Optimized with Stronger Mag-

netic Materials

Motor 3, with optimized magnet dimensions (42mm, 30mm,200mm), is
also analyzed in terms of force ripple (r,), effect of brake currents (e;), payload
capacity, and back-EMF in simulations. As given in Section 3.4, Motor 3
is expected to have very low e, with slightly higher r;, and higher payload
compared to Motor 1 and Motor 2.

Figure 5.9 shows the thrust force of Motor 3 with respect to position of the
mover. It can be seen that Motor 3 has very low e, which is %0.18, and higher
rq with %3.9. It can be seen that the avarage thrust force (Fj,,) is about
64kgF. When the weight of mover consist of magnets and yoke is subtracted
from the F,,,, the payload capacity of Motor 3 is found as about 48kg.

The analyses on back-EMF is also performed for Motor 3 and the resultant
waveform is given in Figure 5.10. It can be seen that the flux density on a

single mover while a mover array is passing in a constant speed is sinusoidal.
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Figure 5.10: Integral of B on a single coil in Motor 3 vs mover position

In order to see how back-EMF waveforms of Motor 2 and Motor 3 is si-
nusoidal, the derivative of the waveforms is plotted in Figure 5.11 in order to
determine if the result is sinusoidal as well. It has been observed that Motor
2 does not have a good result, but Motor 3 has a result which closer to a
sinusoidal. More improvements can be still done on Motor 3 in order to get

better back-EMF characteristic.
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is traveling in a constant speed
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Chapter 6

Experimental Results

Three main elements of the multi-car elevator were validated through ex-
periments : the linear motor, safety device and drive electronics. Three differ-
ent linear motors have been used for the experiments where all of them are air
core permanent magnets synchronous linear motors (PMSLM, Section 3.2.2).
The primary difference of one of them, which is stationed at Ritsumeikan
University, Japan, is that it was built with segmented winding pattern while
the others, which are stationed at Sabanci University, Turkey were built with
balanced winding pattern which has fundamental effect on safety device (Sec-
tion 4.1.2). Since all of the components of the one in Sabanci University
(Motor 1 and Motor 2), are designed and manufactured according to analysis
and methods given in Chapters 3 and 4, they meet all of the design criteria
given in Section 3.1. Therefore, Motor 1 and Motor2 are used for the most of
the experiments instead of the other one with segmented winding pattern.

The first implementation of linear motor, Motor 1, with balanced winding
is shown in Figure 6.1. It has been divided into four parts elecronically where
each part has its own driver electronics in order to have multiple independently
controllable sections where multiple movers that can be operated. The safety
device is also tested on this motor.

The linear motor implemented second, Motor 2, shown in Figure 6.2 has

the same electrical structure as the first one, however it is improved in terms
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Figure 6.1: Motor 1, Designed and built
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Figure 6.2: Motor 2, Designed and built

of mechanical strength, number of windings, modularity, heat dissipation, and
the required air gap.

By comparing the experimental results of these motors, clarification of the
declarations given in Chapters 3 and 4 has been provided by showing the
improvements of balanced winding pattern over segmented one, magnets with
higher energy product (BH,,.) over lower ones, array of movers over single
mover, having higher current density over lower one, and having less air gap

OVer more air gap.
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6.1 Experiments on Thrust Force and Payload Capacity

As also shown in simulation results (Section 5.2), when drive current is
kept at a constant phase, the thrust force depends on the position of the
mover. Therefore, in the absence of position control, a payload on the motor
will change the position of the mover until the thrust force becomes equal to
the weight of the mover and payload. After measuring position at different
payload magnitudes, a sinusoid can be fit on this data. Using this sinusoid,
maximum payload capacity (i.e. the value at 90 deg.) can be found. This
property is used in the experiments in order to find the maximum payload
capacity of different movers on Motor 1 which is vertically assembled.

Figure 6.3 shows the payloads with respect to the positions of the three
movers with two types of NdFeB magnets under DC currents. The mover
made up of A-type magnets is capable of lifting a maximum of 8 kg. The only
difference between the movers in Figure 6.3-a and Figure 6.3-b is the type of
magnets. The latter, made up of stronger B-type magnets can lift up to 11
kg of payload. The dependence of the motor load capacity with respect to
magnet type can be clearly seen. It can be inferred from this result that the
operating costs of the system, mainly the electrical power requirement, can be
reduced by using a mover with stronger magnets.

The payload capacity can also be increased by mechanically coupling sev-
eral movers together, each separated by the distance of one electrical phase,
to add up their thrusts. This can be seen in Figure 6.3-¢c where two coupled
movers made up of A-type magnets are measured to lift up to 16.5 kg, which
is as expected, approximately double the capacity of a single A-type mover.
In the elevator application, enough movers can be connected in this manner to
obtain the required thrust, taking care to ensure the correct spacing between
movers. Using ten mover units, a payload of 97 kg was obtained during the
experiments, enough to support the weight of one person.

The thrust force of Motor 2 versus mover position when current phase is
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kept constant is shown in Figure 6.5. Also, the comparison of thrust forces of
two motors is given in Figure 6.4. The only differences between the Motor 1
and Motor 2 are number of windings in a coil and the air gap required between
the magnets of mover as given in Table 5.1. It has been seen that the thrust
force per current of Motor 2 is about 8kgF'/A while it is 5.6kgF /A for Motor
1. Therefore, it can be inferred that higher payload capacities can be obtained
by increasing the current density and decreasing the air gap. The thrust force
of Motor 3 that has same stator but different mover with stronger magnets

without considering initial cost is also given in Section 5.3 that the thrust is

about 21.3kgF/A.

6.2 Experiments on Motion

Some experiments were performed with the Motor 1 in motion in order to
measure the current waveforms in cases of traveling up or down, and with low
or high payloads. Figures 6.6 and 6.7 shows the position of the mover and a
current waveform of one of the phases versus time.

Figure 6.6 shows the difference on the current waveform when the mover
traveling up (a) and down (b) when current and position control given in
Section 4.3.2 is applied. It can be seen that although the amplitudes of the
current on different directions differs, the waveforms are similar. Thus, it
shows that the system operates only in two quadrants “motoring upwards” or
“generating downwards” as discussed in Section 4.3.2.

Another observation can be seen in Figure 6.7 that the rate of change on
position is low when the motor is loaded with 40kg payload even with higher
drive current when it is compared with zero payload case. Therefore, in case
of higher payloads to be lifted, there is need to drive the motor with higher
amplitude of current which may not be possible because of limits on power
supply or the possible overheating of the coils. However, instead of increas-

ing the drive currents, the motor can consist of enough movers mechanically
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coupled together with respect to allowed maximum payload.

6.3 Experiments on Motor Characteristics

The back-EMF voltage waveform of the Motor 2 is measured and given in
Figures 6.9 and 6.10 for feature analyses on speed limits with a certain power
supply, and short-circuit limit speed in case all other safety devices fail. The
simulation results on back-EMF of Motor 2 and Motor 3 is given and discussed
in Sections 5.2 and 5.3. It can be seen that the the experimental data of Motor
2 verifies the simulations. By using the method given in Section 5.2, back-EMF
waveform of a designed motor can be obtained to find the generative force due
to back-EMF. Note that in the case of the mover is dropped because of a
failure, it will fall at a controlled rate due to the opposing forces produced
during generation. Under such conditions, the coils of the stator can be short-
circuited, ensuring a current path. As the mover falls, the changing flux in the
coils induce an back-EMF which results in current flow. This current opposes
the original change in flux, hence producing a negative thrust. This property
can be used to calculate falling speed of an elevator cage carrying the full rated
load. However, the calculations of limits in traveling speed or falling of mover

in case all other safety devices fail is not included in this study.

6.4 Experiments on Brake Device

The uniformity of the force generated at the top of the stator for the brake
operation has been measured for Motor 1. A magnet plate with the length of
one electrical phase and with the width equal to the stator width was built
using A-type magnets. It was attached to the mover via a linear bearing
enabling motion perpendicular to the plane of the stator, and connected in such
a way that the generated force was applied to a strain gage. The terminals of
the motor were reconnected so that the same magnitude DC current could be

applied to each winding separately, creating the desired coil top magnetic field.
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The resulting sideways force on the magnet plate was measured. The results
can be seen in Figure 6.11. As the mover changes position, the generated force
is nearly constant, and therefore suitable for the brake operation.

The change in the brake force with respect to Ij..ze while the mover is
stopped at one location is shown in Figure 6.12. Since the force changes
almost linearly, it can be said that the brake actuation is independent of the
normal drive currents, and can be controlled by the DC current component
applied to the motor using a suitable motor driver, such as the one described
in Section 4.3.1.

As it is described in Section 4.1.2, for the case of segmented winding pat-
tern, the force generated by the stator top field of the motor can be obtained
by supplying the modified current i, + %, —i. = Ipc. The brake force has also
been measured for the segmented winding with respect to the motor position.
It can be seen in Figure 6.13 that when the precise currents are supplied, the

stator top magnetic field can be kept relatively constant.
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Chapter 7

Conclusion

In this thesis, design methodology for a linear motor for multi-car eleva-
tors that meets performance criteria such as payload, force ripple, initial and
running cost, and effect of safety device was given.

A novel safety device that is based on a magnetic field decoupled from
the thrust generating magnetic field of the linear motor was also introduced
together with its drive and control method.

The complete concept was extensively tested through simulations and de-
sign iterations to discover the most suitable mover and stator dimensions.

Finally, fully functional two linear motor prototypes were designed and

built and all of the proposed concepts have been experimentally validated.
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