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Abstract
when commercializing a ropeless elevator. In this study, the implementation of the study of pilot systems in

This paper suggests a preceding study to introduce implementing problems and improving direction

order to produce the ropeless eclevator and also build a linear velocity sensor, this system is applied to the
speed control experiment was investigated through testing. Speed control test is carried out in all track including
a curved section. This study verified the feasibility of the ropeless elevator and its drive controller is good
enough to be accepted. This study also extracted many more problems that still need to be improved in the
future for commercializing such as the sensor, high-performance controller, precision structures, safety devices,
efficiency improvements and so on.
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1. Introduction of the number of the ropes per diameter of the rope and
administrative limits. Also, as the length of the rope

In recent years, there has been an increase in the increases, the modulus of elasticity decreases, causing

number of high-rise and large-scale buildings; however,
countless application problems exist on the rope elevators
in buildings that are more than 200m high. First of all,
occupancy rate of the elevator increases directly
proportional to the number of floors of the building, and

secondly, the building cannot go over than 800m because

vibration and a difficulty in control; the volume of the
drive must increase also due to the weight increase of the
rope. Third problem stems from the elevator waiting and
riding times. Also, methodological and technical solutions
for vertical,

as well as horizontal, transportation are

required [1].
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As a result, research on the ropeless elevators, a
transportation application that utilizes linear motor for
multiple elevator cars in one shaft, has been introduced as
an alternative to the conventional rope-type elevator
systems [2-9]. Earlier researches have only dealt with a
guide system that can keep a certain air-gap and the
applications of superconductivity [2-5]. However, most of
the researches on the ropeless elevators are focused on
designing linear motors and their drives [6-8]. Since linear
motor does not require a mechanical structure that
converts rotational drive to linear drive, it overcomes
performance degradation like friction and noise. It seems
to be the best drive motor that can perform vertical
movements, unlike the rotary motors. Based on previous
studies, there have been a numerous research articles on
linear drives for the ropeless elevators; however, there is
a lack of study on the solution of the linear drive system
considering the overall of the ropeless elevator system.

In this paper, the problem in perspective ropeless
elevator system can be a part of what the whole system
to investigate the a small prototype designed to perform
the test drive, and the future problems that may occur
during development the ropeless elevator technology
derived and requirements were It also provides direction
for the commercialization to improve the previous studies

were performed.

2. LSM design for the Ropeless
Elevator

2.1 Outline of the Ropeless Elevator

Fig. 1 demonstrates a basic structure of the ropeless
elevator. In this picture, multiples cages in one shaft can
not only move at the same time, but also travel vertically
and horizontally since there is no rope presented in the
system. On the wall of the shaft, a primary coil is
attached, and the cage with permanent magnets is in a
moving magnet form. In order to excite the primary coil
where the cage stands, it is structured so that the primary
coil is divided up into segments and the power is
supplied. In order to satisfy the design structure of the
elevator, linear motor was used,

ropeless allowing

multiple numbers of cages in one shaft. A circulatory
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drive and passing drive are also possible, and as a result,
the area of the elevator decreases, improving the spatial
efficiency and elevator riding time.

In order to realize the ropeless elevator system in
contrast with the existing one, following techniques
should be additionally employed.

First of all, since there is no counterweight in ropeless
elevators, there is too much energy consumption when
elevator ascends because the overall weight of the cage is
loaded. Therefore, drive

conservation device that can use the energy from the

a controller and energy
descending period for the ascending time should be
installed, and the weight of the cage should be decreased
maximally in order to reduce the energy loss. Secondly,
an accident of fall should be prevented through a
regenerative braking of the motor itself, other than just
using the mechanical brakes. Lastly, a contactless power
supply is needed to provide power (button, lamp, etc) to
the interior cage, and the information (speed, position,
floor elevator) of each cage should be delivered to the

main controller through wireless communications.
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[Fig. 11 The ropeless elevator block diagram

2.2 LSM Design

For the curved sections, the ropeless elevator needs a
drive that can perform a rotary drive, in which moving on
and between the horizontal and the vertical sections is
In this research, linear

the

continuous, as seen in Fig. 1.
(LSM),

investigated by differentiating the straight section and

synchronous motor drive motor, is

curved section. Since the straight section has already been
dealt with in other research studies, this paper will state

a conclusion for the straight section and mainly focus on
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the design and production processes of the curved section
that has not been mentioned in existing studies.

In designing the straight part, the secondary part
ambulator made by a permanent magnet is a quadrupole.
The primary stator is a 15 pole with a synchronous speed
of 0.25[m/s], efficiency 80[%], power factor 90[%], phase
voltage 10[V]. In these conditions the maximum weight
capability is 15[Kg], in other words to verify the
possibility to make a rope-less elevator with double-side
linear motors on the side with the specs of thrust of
100[N], rated output of 25[W].

The pole pitch is 30[mm], rated frequency is 4.17[Hz]
using a Nd-Fe-B type permanent magnet determining the
operating point, useful magnetic force per pole.
Determining of the number of turns and slots, size of the
tooth was based on general design methods of a
permanent magnet motor.

In designing the curved part it is different with
designing the straight part, as it can be seen in fig. 2 the
thrust generated in the effective section area of the
armature and the movement decreases. The armature
radius has to be determined in order to maintain the
effective section area. Depending on the type of the curve
part in the movement field, the center and the curved part
of the movement field’s armature matches as it passes
through the curved part. At the field resist side the
armature and the field magnetic flux density intersection
would be like a skew effect and show phase difference in
magnetic field density.

As a result this is directly related with the decrease in
the thrust. Seek how much the thrust decreases as the
radius of the curved part is changed and find the most
suitable radius.

The movement field and the curved parts armature
center have a mechanical twist angle of 6, then the twist
length is h-sin6,, from fig. 3. Regularly the skew angle,
called &, , and the skew factor can be converted by the
next equation.

0
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h .
—m + sinf,,,
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R

M

)

The n in equation (1) is the number of each magnet in
fig. 2.
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As a result in designing the straight part, using the
provided measurements of the movement field and
applying the constraint condition. The amount of thrust

decrease in a four pole is calculated like fig. 4.

—

h

/|

1

[«  Armature Pole
Pitch

Armature
Outer Radius

Primary
Inner Radius

[Fig. 2] A moving field magnet in the curve
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[Fig. 3] Unalignment between the moving field magnet
and the curve
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[Fig. 4] A decrease of thrust according to the radius of

curve

To much decrease in the thrust at the curved part is

not desirable and a big radius makes it difficult to install
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and assemble. So a suitable compromise was a number
near 320[mm], number of poles was 16, length of the
armature was 510[mm]. As a result considering the
manufacturing error the radius of the curved part was
readjusted to 326[mm]. The rest of the parameter was
determined like the plan sequence of the straight part.
Also the movement field is a four pole and the armature
is a 15~16 pole leaving the rest of the poles to make

some leakage inductance resulting a voltage drop.

3. LSM Implementation

3.1 Manufacturing the armature

In producing the straight part of the armature was
made by following the rules of making a general motor.
However when connecting after stacking, the back of the
armature core was bolted with rolled steel materials to
make it more rigid. Because the core of the straight part
was a lamination layer it was made by simply using a
molding press. However the curved part core’s inside and
outside circumference was different in order to make 120
sheets of metal pins milling finishing was used.

A curved shaped angle bracket, which fastens and
supports both cores on the outer side, was placed. The
cores were pilled in a 90° arc shaped form and were fixed
to the top of the dividing head of the machine, and they
were cut and manufactured based on the division of the
rotating angle. Because 120 pieces of thin tin sheet plate
are stacked together and cut out, the cores on the outer
space of both sides can be damaged easily; therefore, for
the safety issues, they must be welded together before the
manufacturing process.

Fig. 5 demonstrates the measurement of the teeth of
the comb and division angle of the core from the curved
sections. The teeth of the comb was divided based on the
cross section of the ‘A’, and the pitch of the teeth of the
comb was set out to be the division angle, which is 1°46’,
so that is can be equally divided in every 90°. The teeth
of a comb has a thickness of 5.50[mm], and the comb
structure split was designed so that the external diameter
of the slot is 5.44[mm], while the internal diameter of the
slot is 3.59[mm]. However, it was difficult to divide the

angles in a detailed manner with the end mill of the

milling. By reducing the processing time, lstroke slot was
manufactured in the direction of the central axis of its
circumference. As for the final product, the thickness of
the external diameter of the comb structure is 5.50[mm],
internal diameter of the comb structure is 3.65[mm]; the
depth of the comb structure split is 35.5[mm)].

The fig. 6 represents the armature of the LSM
produced.
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[Fig. 5] The measurement of the teeth of the comb and
division angle of the core
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3.2. Producing of the movement field

Fig. 7 shows the manufacturing process of the mover,
which is the permanent magnet cage, and assembly
drawing. Aluminum, a nonmagnetic material, was used for
the permanent magnet cage.

Metal-to-metal adhesive was applied on the surface of
the metal pin, and permanent magnets were pressed
together and attached on top of it before inserting the
permanent magnets into the cage. Fig. 8 displays the
measurement of the mover that can be manufactured and
actually be used. As for the permanent magnets, 16 of
them were attached on both sides.

Based on the criteria stated above, fig. 9 represents the
cross-sectional diagram of the bi-directional linear motor
system. In this picture, the air-gap between the primary
motor and the secondary permanent magnets was set to be
3[mm], and the guide rail was installed to maintain the

air-gap.

fi
i

[Fig. 8] the measurement of the mover
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[Fig. 9] the cross-sectional diagram of the bi-directional
linear motor system
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4. Characteristics Testing of LSM
and Analysis Comparing

In order to verify the design value, a value that was
produced to test the basic characteristics of LSM, and the
experimental value, a test device for the lock test was
installed because it is hard to measure the thrust during
any movement, which is shown in fig. 10. A load cell
was used to measure the thrust, and finite element
analysis was performed for characteristics analysis of
LSM. Fig. 11 demonstrates the models of finite element
analysis of LSM.

First of all, the thrust was measured based on the
12

demonstrates the result of comparing the values of finite

different phase angles on current 4[A], and Fig.
element analysis. Considering the error of the test
apparatus and the measurement error, the values in the
figure match accordingly despite the small differences in
the thrust.

Secondly, by setting the maximum power angle gained
from fig. 12 as a constant value, the fig. 13 shows the
result and its comparison of the thrust on each different
current.

Likewise, the patterns correspond with one

another despite the thrust difference.

[Fig. 10] Thrust test device Figure

[Fig. 111 FEM Analysis model of LSM
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5. Driving test of pilot system

5.1 Speed Control Test

In this study, proto type small ropeless elevator
system’s drive, we need velocity, position, and magnetic
pole detecting sensor. It cannot be applied the primary
rotational position sensor. So new linear encoder was
designed and applied in this system. The design and
manufacture of sensor were stated in detail in [9]. In this
system, two inverters are connected to the primary LSM,
and only the primary sections where the mover stands is
driven. On the inverter sections, the current is controlled,
and one main controller will perform the speed calculation
and control speed.

In this paper, the small version of the ropeless elevator
system for the purpose of verification test. First tested the
performance of the speed control on the horizontal
section. Fig. 14 shows the test waveform of the speed
control based on the observer. Based on the test results,

the speed controller based on the observer was used
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because it did not have the overshoot than the PI speed
controller, and it took less time to reach the normal state.
the detailed speed control results were reported previously
in [9].
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[Fig. 14] Speed and current waveform with disturbance
observer according to step speed input

5.2 Structure of the System & Drive Test

An overall control structure of the ropeless elevator
pilot system is shown in fig. 15, and a connection
diagram of the primary LSM system is presented in fig.
16. As shown in fig. 16, a primary LSM consists six
straight sections and four curved sections, which sum up
to ten parts. Since the system needs to be performed by
two inverters, the relevant inverter was divided up into
segments so that the cage with mounted permanent
magnets, the section where the mover is, can receive
power. A position sensor, which can detect the starting
point and end point of each motor, was installed so that
the signal divided up into segments occurs at the drive
controller section of the main controller.

From each straight section, the linear encoder has an A
and a B pulse sensor which identifies the velocity of U,
V, and W phases that can detect the simulating location
of the mover; two position sensors are set up in all-in-one
form inside the PCB for the motors that are placed into
segments. Also, the length of one section is 480[mm], and
the PCB size of the encoder was designed to be similar
to a section of the linear motor for encoder mounting, in
which it came out to be 470[mm]. One PCB has a
detection sensor in every 120mm, which is the length of
the mover, so that when the mover moves nonstop, each

signal can output continuously as well.
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In the main controller, the speed and position are
calculated from the encoder, and a proper speed control is
performed, inputting the command value of the current,
the output, to the inverter. As for the current controller,
two inverters are divided up into segments on the relevant
primary, supplying the electric power.

Fig. 17 presents an assembly drawing of the entire
pilot system of the ropeless elevator. The design model
was mapped out so that secondary mover can run
smoothly through a vertical, horizontal, and curved path
inside a vertical building. The cage of the secondary
mover is guided by the guide rail, and it was devised in
a simplified testing environment within the weight limits.
The guide rail was made by bending the 3.2[mm] thick
flat iron board in “71” shaped form so that it can be
installed at the stator, also putting ball-and-roller bearing
on one side of the board. The ball-and-roller bearing
maintains the airgap by rolling on the rear surface of the
guide rail. A caterpillar drive was used, and a curved
track was installed in a 90° fan-shaped form between the
horizontal and vertical path so that it can run
continuously.

Fig. 18 demonstrates the speed waveform of the drive
in the ropeless elevator pilot system. Fig. 18 (a) shows a
waveform of the drive when it starts from section IV and
stops at section IX. When the mover is overlapped with
section V as it accelerates, power is applied and is driven
with section V; section IV is cut off when it passes
v, \Y be

independently. When it overlaps with section VI, which is

section allowing  section to driven
a horizontal path, section VI is driven together with
switching drive. The drive sequence, current, and speed
waveform are shown in fig. 18. There is not much need
for the thrust current in section VI; however, during
section VI, VI, and IX, in which the horizontal and curved
sections descend, secondary thrust that opposes the
gravitational force is created, controlling the speed.

Fig. 18 (b) shows a waveform of the drive when it
starts from section IX and stops at section I. During
section IX, which is a descending horizontal path, the
system is driven by the secondary thrust, and the current
is decreased during the curved section X; the elevator is
driven with a small amount of current in section I.

Although fig. 18 demonstrates successful speed and

speed control from the current waveform, the irregular
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ripples are overall huge, showing how serious the
fluctuation of the thrust current is on the segments of the
system.

Because the system was not made accurately, the
friction between the rails and air-gap fluctuation might
have been severe enough to cause a large and irregular
disturbance. Also, the huge ripple might have occurred
due to the low speed resolution of the linear sensor.

Therefore for the commercialization of the ropeless
elevator, a development on a contactless suspension, such
as air suspension, is needed to gain low disturbance, as
well as an improved research on current, speed controller,

and a controller divided up into segments.
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6. Conclusion

This paper not only investigates the commercialization
of the ropeless elevators, but also builds a foundation and
suggests the necessary technology required for developing
the ropeless elevator system by implementing prototype in
a small scale. The paper also explores possible challenges

that may occur during the development process of the
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ropeless elevator and provide ways to improve as well.
For this research, a linear drive motor for the ropeless
elevator was designed and produced, and especially
curved linear motor, which is not widely studied, became
the primary focus. A cross connection system was used
for the operational control, and a disturbance observer and
linear speed sensor for the flawless speed control.

There are, however, a number of problems that need to
be solved for the purpose of the commercialization. The
first one is the speed control problem caused by the low
resolution of the linear speed sensor, in which a
development on improved velocity sensor is very much
desired for the higher resolution and commercialization. A
second problem stems from a disturbance observer.
Despite the effectiveness of the disturbance observer, the
speed controller should be enhanced in order to suppress
thrust ripple and vibration for a smoother ride. A third
problem is the severe rail friction that can negatively
affect the speed control and safety. Therefore, designing
and developing a detailed structure with contactless
suspension that can minimize the friction disturbance are
needed. Although the last problem is not considered in
this paper, rheostatic braking technique and various safety
devices should be developed to prevent free fall of the
elevator. Also, there should be a structural redesign to
minimize the power consumption and improve the
efficiency of the overall system through the reduction in
loss and application of regenerative energy, and a research
on having multiple cages in single shaft is needed for the
future.

The ropeless elevator is not ready to operate in the

field but complement and enhance technology
development are made, it is possible to utilize for
horizontal and vertical carrier systems within the
buildings, such as the hospitals.
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