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ABSTRACT

Kim, Jaeyoung PhD, Purdue University, May 2019. A Study on a High Precision
Magnetic Levitation Transport System for Carrying Organic Light-Emitting Diode
Displays. Major Professor: Galen B. King, School of Mechanical Engineering.

High precision magnetic levitation control methodologies during the manufacture

of Organic light-emitting diode (OLED) displays are designed, manipulated, and ex-

perimentally validated in this thesis. OLED displays have many advantages over

conventional display technologies including thinner, lighter, lower power consump-

tion, higher resolutions, and greater brightness. However, OLED displays require

tighter environmental conditions of the manufacturing processes without the intro-

duction of vibration and contamination. For this reason, magnetic levitation is used

to transport the displays attached on the carrier during the manufacturing process.

This thesis addresses several critical problems related to implement the levitation

control performance of the carrier’s motion during the manufacturing process.

Attractive magnetic levitation requires measurement of the airgap between the

carrier and the levitation electromagnets. An algorithm for modeling the gap sensor

installation errors was developed and subsequently used for controller development.

A levitation controller only was initiated as the stationary point for optimal state

feedback controller-observer compensator developed in this study. This optimal state

feedback controller-observer compensator allows the carrier to be passed from support

fixtures without the introduction of vibration. This controller was designed, and

its levitation control performance confirmed with both simulation and experimental

validation. To implement the levitation control performance of the carrier’s motion,

a second order notch filter and a first order low pass filter are designed to minimize

the mechanical resonance and noise from the gap sensor, respectively. To reduce the

sudden change of the levitation forces owing to the discrete allocation of the levitation
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electromagnets, a section control algorithm is developed; the sum of the levitation

forces is equal to the weight of the carrier and the sum of the moment along the

propulsion axis is equal to zero.

Using the developed control strategies, the peak to peak variation of the carriers

motion at a standstill was 50 µm. This same motion at low-speed 30 mm/s was

250 µm. While at high speed 300 mm/s was 430 µm. The relative improvement

in the levitation control performance of optimal state feedback controller-observer

compensator over the levitation controller only was a peak to peak attenuation of 50

µm at low-speed and 270 µm at high-speed. Most significantly while using optimal

state feedback controller-observer compensator could be passed from support fixture

to support fixture, i.e., through the deadzone, without mechanical contact or other

manufacturing processes, inhibiting vibration.

Having comparative simulation and experimental validation, the proposed control

strategies were validated to improve the levitation control performance of the car-

rier under uncertain disturbance and sensor installation error, and it is expected to

manufacture OLED displays with high productivity and low defect rate.



1

1. INTRODUCTION

1.1 Motivations and Objectives

Magnetic levitation (Maglev) has been proposed as an innovative transport tech-

nology that is finding wide acceptance in many varied applications including, although

not limited to, maglev trains, magnetic bearings, magnetic elevators, and magnetic

suspensions, etc. [1 - 4]. Magnetic levitation systems are capable of rapid motion

and the elimination or reduction of vibration owing to the virtual elimination of fric-

tion. This emerging technology has found application in the precision transport of

displays during the manufacturing processes. Recently, a high precision magnetic lev-

itation transport system has been developed in the process of manufacturing organic

light-emitting diode (OLED) displays [5]. OLED displays have been introduced as

a next-generation display technology for high-resolution consumer products. It has

advantages over Liquid Crystal Displays (LCD) and Light Emitting Diode (LED) dis-

plays which include that it is thinner, lighter, brighter and lower power consumption.

In spite of these advantages, it is difficult to manufacture using the existing wheel-

based conveyor systems. This is because OLED displays being an organic thin film

is sensitive to the manufacturing environment, and must be protected from excessive

heat, vibration, dust, and exposed to air. Therefore, it is necessary to develop a

transport system which can carry the displays without the introduction of vibration

and contamination of the manufacturing environment as shown in Figure 1.1. To

satisfy these specifications, a high precision magnetic levitation transport system is

proposed for the transport of OLED displays during the manufacturing process. This

maglev system is capable of moving along the constrained path (railroad) without

any electrical components in the vacuum chamber, and this is a new paradigm of

the transport of these sensitive material-based displays. In this system, the carrier
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Figure 1.1. One of the manufacturing processes of OLED displays: evaporation
process. Having an evaporation heating sources, the organic compounds are deposited
on the glass-boards in the vacuum chamber. To avoid the dust, particles, and internal
heat sources in this process, transport system using magnetic levitation technology
should be developed to produce sensitive displays for high productivity and low defect
rate.

is required to have a precise motion on the transport of OLED displays so that the

system must guarantee levitation control performance for both robustness and stabil-

ity. Therefore, several issues must be addressed to implement the levitation control

performance as the carrier moves along the propulsion axis in this magnetic levitation

system. The objectives of our research with this application are as follows:

1) Development of an algorithm to estimate airgap sensor offset.

2) Modeling and designing levitation, roll and pitch controllers.

3) Development of section control algorithms which is to minimize the sudden

change of levitation forces as the carrier moves next to the influential zone of

the levitation electromagnets.
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4) Experimental verification of various scenarios such as a standstill, low-speed

level, high-speed level, and deadzone environment.

1) In the magnetic levitation transport system, 20 gap-sensors are installed on the

right and left sides to measure the vertical displacement of the carrier. Due to in-

evitable sensor installation errors, a fluctuated pitching motion of the carrier occurs at

high speed, and this has a negative effect on the transport of OLED displays. There-

fore, we have developed an algorithm to estimate this installation error and calibrate

for the sensor offset using measurements from gap sensors. In our research, we collect

raw measurement from gap sensors and truncated irrelevant measurements to cut off

fluctuated pitching motion periods. Using Fast Fourier Transform (FFT) analysis and

its properties, we then analyze the single-sided amplitude spectrum of the fluctuated

pitching motion periods and found the correlation between its amplitude and sensor

offset. Based on this correlation, we establish an initial linear equation between am-

plitude and sensor offset. Then, using an iterative method, we estimated the accurate

parameters in a linear equation and obtained the sensor offsets. We then modeled

the entire magnetic levitation transport system including levitation controllers and

algorithmic procedure using MATLAB/Simulink to verify the levitation performance

by applying random variables of sensor offset. After the levitation performance was

verified, measurements of the calibrated sensor offset were compared to measurements

with sensor offset.

2) The magnetic levitation system has been analyzed as a single-mass system in

which only the vertical (heave) motion of the carrier was considered in the design

of the levitation controller in previous research [5]. Because of external load distur-

bance and sensor installation errors, rotational movements of the carrier can occur

and affect the levitation stability of the magnetic levitation transport system. The

magnetic levitation transport is a six-degree of freedom system (DOF) but, the guid-

ance electromagnets constrain the lateral movement and yaw motion of the carrier.

Additionally, the translation movement in the propulsion axis is not considered in our
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current research to enable us to concentrate on the levitation of the carrier. Therefore,

we focus on developing a dynamic model for heave, roll, and pitch of the magnetic

levitation transport system and have designed a controller for levitation, roll, and

pitch. We determine the efficacy of this controller using an external load disturbance

along with the sensor installation errors.

3) The section control algorithm based on the position of the carrier is developed.

The levitation forces, exerted to the edges of the carrier, are reduced when the carrier

moves to the next influential zone. To generate desired levitation forces profile and

to minimize the fluctuations of the carrier’s motion, two criteria are satisfied; the

sum of the levitation forces generated by activated-levitation electromagnets should

be equal to the weight of the carrier and the sum of the moment along the propulsion

axis should be zero. The detailed derivation of the section control algorithms are

presented in Section 5.

4) Based on theoretical analysis and simulation results, experimental works are pre-

sented to verify the levitation control performance of the carrier. Having the experi-

mental setup, various scenarios such as levitation control performance at a standstill,

levitation control performance at low-speed level, levitation control performance at

high-speed level and levitation control performance at the deadzone (the levitation

electromagnets are disabled) are presented.

1.2 Literature Review

1.2.1 Magnetic Levitation Train

The principle of magnetic levitation is to maintain certain airgap between two

magnetized materials using repulsive or attractive forces. However, a collection of

point charges (electric charge at a mathematical point without dimensions) is im-

possible to maintain in an equilibrium state between two magnetized materials by
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Earnshaw’s theorem. Therefore, sustainable control is necessary to maintain a stable

airgap between two materials [6].

One of the representative applications using magnetic levitation technology is the

magnetic levitation trains. This new generation transportation system was first in-

vented as a conceptional model by Hermann Kemper of Germany in 1934 [7]. Then,

magnetic levitation trains were rapidly developed in the periods from the 1960s to

1980s, commercialized magnetic levitation trains were tested in the periods of the

1990s, and public service was released in the periods of the 2000s [8-11]. Com-

pared to wheel-based conventional automation, magnetic levitation train has many

advantages to satisfy with customer demands such as low maintenance, compact,

lightweight, elimination of dust, noise removal, etc. Thus, magnetic levitation train

was released as one of the innovative transportation technologies for future public

transportation. Despite these advanced merits, magnetic levitation trains were not

easy to be commercialized owing to the difficulty of operating sustainable control and

expensive costs of high-resolution sensors and high qualified controllers. Thanks to the

development of highly qualified sensors and controllers with low cost in modern tech-

nologies, it could be more accessible to develop appliances using magnetic levitation

technology. Having a long history of developing, testing and verifying the magnetic

levitation technology, magnetic levitation trains have been developed worldwide [12].

In Germany, magnetic levitation train, Transrapid (TR) has been developed since

1969 and commercialized the TR02 in 1971 [13]. Moreover, the construction and

operation of the Shanghai Maglev Line were developed, and it was commissioned in

2003 based on the control and propulsion system on the magnetic levitation trans-

port technology of Transrapid [14]. The 9th generation train, the TR09 (as shown in

Figure 1.2), could operate at a speed of 500 km/h (311 mph) and allow rapid acceler-

ation and deceleration [15,16]. For Transrapid (TR), the levitation was accomplished

using magnetic attraction force by controlled electromagnets on both sides along the
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Figure 1.2. Magnetic levitation train (Transrapid 09) by Germany [16].

propulsion axis, and the propulsion was operated using linear synchronized motor

(LSM).

In Japan, a high-speed maglev train was developed based on superconducting

magnet (SCM) type of electrodynamic suspension (EDS) levitation and LSM propul-

sion technologies. Unlike electromagnetic suspension (EMS), EDS uses repulsive force

between the magnetic field and the vehicle, and it is magnetically stable so that it is

not necessary to control the airgap. Therefore, EDS is suitable for high-speed opera-

tion, and this high-speed magnetic levitation train achieved the fastest of 603 km/h

in the operational test [17,18].

In South Korea, urban transit magnetic levitation train (UTM) has been devel-

oped since 1989 in Korea Institute of Machinery and Materials (KIMM). The first

and second generation of UTM were developed with EMS and linear induction motor
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(LIM) propulsion [19]. The public service version of UTM (110 km/h), Ecobee has

commissioned a 6.1 km urban maglev demonstration line at Incheon International

Airport by 2016 [20]. Compared to the specification of the previous version of UTMs,

ECOBEE has improved the nominal airgap of 8 mm with a fluctuation of 3 mm at

110 km/h. A new generation of magnetic levitation train with a maximum speed of

550 km/h, SUMA550, is currently under development [21] as shown in Figure 1.3.

Figure 1.3. Urban magnetic levitation train (Ecobee) and SUMA 550 by South
Korea [4].
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1.2.2 Magnetic Levitation Transport System

The historical development of magnetic levitation transport systems for carrying

displays and relevant research are presented in this section. C. Kim, et al. [22] de-

signed a maglev conveyor system for carrying LCD glass which is shown in Figure 1.4.

They used permanent magnets (PM) and electromagnets (EM) for lifting the vehicle.

The operation system consists of eight EMs which are placed at each corner of the

vehicle to levitate the vehicle and two linear induction motors (LIM) are installed on

the upper frame to thrust the vehicle by the electromagnetic induction force. They

also designed a position and levitation controller. The controller is designed as a

lead-lag compensator with zero-power control to balance the attraction force and to-

tal weight. Using this system, K.Kim, et al. [23] extended the work towards the use

of a multi-body dynamic model. They made a more realistic dynamic simulation for

the irregularities of guide rail which was used to design an airgap control system.

However, in this system, major parts (PM, EM, Linear Propulsion Motor, etc.) of

the magnetic levitation conveyor system for carrying LCD glass are installed on the

Figure 1.4. Magnetic levitation conveyor system for carrying LCD glass [22].
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Figure 1.5. First generation of a passive magnetic levitation transport system [24].

vehicle so that the load weight was increased and this was a potential for heating

sources. To compensate for these disadvantages, a first generation passive magnetic

levitation transport system was designed as shown in Figure 1.5. In this system,

the size and weight of the carrier are 1000 mm x 1000 mm and 150 kg, respectively.

The structure of the system was designed to install the levitation electromagnets

discontinuously. Major components were installed on the frame (not on the moving

platform) to reduce the possibility of the thermal loading and the load weight of

carrier compared to the magnetic levitation conveyor system for carrying LCD glass.

In spite of these advantages, this passive magnetic levitation system still needed to

be improved; the structure of the frame (made up of aluminum profile) caused an

unstable vibration mode and sensor interference. Moreover, this system has a poor

levitation control performance owing to the low-resolution sensor. To overcome these

weaknesses, the second generation of passive magnetic levitation transport system

was designed as shown in Figure 1.6. This passive magnetic levitation transport sys-

tem used attraction forces to levitate the carrier which was the same as the previous

generation, however, the size and weight of the carrier is increased to 2500 mm x

1000 mm and 350 kg, respectively. And, the structure of the frame is made up of
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Figure 1.6. Second generation of a passive magnetic levitation transport system
[26].

steel and aluminum so that the unstable vibration mode could be reduced. Using a

passive magnetic levitation transport system, some control strategies have been tried

including the following with varying degrees of success. The Taguchi method was

used to determine the optimal control parameters of levitation controller design in

the presence of noise and to achieve reliable performance [24]. J. W. Park, et al.

[25] utilized a Linear Quadratic Regulator (LQR) approach to design a levitation

controller based on a high fidelity model of the system. Throughout impact tests,

the levitation control performance was verified to achieve a high level of accuracy

and to reduce the risk of levitation failures. Y. Lee et al. [26] designed a levitation

controller and developed the algorithms to accommodate a pitching motion of the

carrier under the structural zones of levitation electromagnets and sensor installa-

tion errors. The levitation controller utilized a Proportional-Differential-Acceleration

(PDA) controller based on the single mass system, and algorithms for reducing the

pitching motion were approached using levitation forces and moment from levitation

electromagnets.
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1.3 Dissertation Outline

The thesis is organized as follows. The high precision magnetic levitation trans-

port system for carrying OLED displays and the levitation controller design using

cascade control strategy are described in Section 2. Section 3 presents the algorithms

to estimate sensor offset using data signal processing and iterative method. Section 4

presents dynamic modeling with a small perturbation approach and controller design

utilizing a LQR optimal state-feedback controller-observer compensator for roll and

pitch motion. Section 5 presents a section control algorithm and its detailed deriva-

tion. Section 6 shows the experimental setup and verification under several speed

levels and deadzone. Finally, the paper concludes with a summary of our work and

proposed research in section 7.

1.4 List of Publications

Portions of this research have been submitted to and published in academic articles

as follows:

1. Kim, J., King, G. B., Kim, C. H., & Ha, C. W. Deadzone Compensation of

A High Accuracy Maglev Transportation for Carrying OLED Displays. Under

review.

2. Kim, J., King, G. B., Ha, C. W., & Kim, C. H. An Experimental Implementation

of Levitation Control for a High Accuracy Maglev Transport System. Under

review.

3. Kim, J., King, G. B., Kim, C. H., & Ha, C. W. (2018). Modeling and design-

ing levitation, roll and pitch controller for high accuracy maglev tray system.

Mechatronics, 53, 181-191.

4. Kim, J., King, G. B., & Kim, C. H. (2018). Development of Algorithm to Esti-

mate Sensor Offset in Maglev Tray System. International Journal of Precision

Engineering and Manufacturing, 19(3), 349-358.
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2. SYSTEM DESIGN

In this section, a high precision magnetic levitation transport system and its major

parts are presented. A linearized dynamic analysis of heave motion using a small

perturbation approach and a levitation controller design utilizing a cascade control

strategy are also presented.

2.1 Magnetic Levitation Transport System

The high precision magnetic levitation transport system for carrying OLED dis-

plays is shown in Figure 2.1. In this system, the carrier is designed to carry 5th

generation glass-boards. The size and weight of the carrier are 1400 mm x 1300 mm

and 400 kg, respectively. The longitudinal length of the frame is approximately 4.0

m, and a carrier moving length is 2.6 m. The overall length of the system can be

extended with additional modules. When active, the carrier is levitated to a gap of

1 mm under feedback control. Major components of the system are levitation elec-

tromagnets, guidance electromagnets, gap sensors, propulsion linear motor and linear

encoder as shown in Figure 2.2. The guidance electromagnets are used to control the

transitional movement in the lateral axis and its rotational movement (yaw). Gap

sensors are used to measure the vertical displacement between carrier and levitation

electromagnets, and a propulsion linear motor generates a force along its length to

move the carrier. A linear encoder is used to determine the position of the carrier.

All major components are installed on the upper frame (outside of carrier) to elim-

inate heating of the carrier and the OLED displays. Levitation electromagnets are

installed on the upper frame discontinuously to levitate the carrier, and this causes

a fluctuation of the carrier’s motion as primary levitation forces switch from one set

of levitation electromagnets to the next. To minimize the fluctuation of the carrier,
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7 levitation electromagnets at the right and left sides are activated to support the

carrier at any position for stability.

Figure 2.1. High precision magnetic levitation transport system. Major compo-
nents (levitation electromagnets, gap sensors, linear motor, linear encoder and, etc)
of system are not located in the moving platform so that it can reduce the load weight
and the mechanical thermal expansion.
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Figure 2.2. The major components of a high precision magnetic levitation trans-
port system: the levitation electromagnets, propulsion linear motor, linear encoder,
guidance electromagnets and gap sensors.
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2.2 Levitation Controller Design

The purpose of the levitation controller design is to obtain the desired levitation

force controlled by the applied current so that the carrier can be levitated steadily

at the desired height. Therefore, the levitation controller design is one of the major

issues in a magnetic levitation transportation system. In this section, the heave

(vertical) motion of the carrier at the center of mass (CoM) is analyzed using each

airgap exerted by the levitation electromagnets. The levitation controller is designed

using a cascade control strategy, and it consists of the current controller (PI) and the

airgap controller (PID). The objective of the current controller, which is located in

the inner loop, is to obtain the desired levitation force and to minimize the inductive

induced phase shift effect from the levitation electromagnets. The levitation force is

directly proportional to the number of turns in the coil. As the number of turns in

coils increases, a higher inductance is generated and a corresponding response delay

between the voltage and the actual current occurs. Therefore, we design the current

controller to minimize this delayed response. The input of the current controller is the

difference between the reference current from the airgap controller and measurements

of applied current from the current sensor. The output of the current controller is the

applied voltage. The airgap controller, which is located at outer-loop, is then utilized

to control the vertical displacement between the carrier and gap sensors. The input

of the airgap controller is the difference between the desired gap and measurements

from gap sensors and the output of the airgap controller is the reference current.

Shown in Figure 2.3 is the x, y and z axis of configuration. These axes are the

propulsion, lateral and heave (vertical), respectively. In this Figure, fn,l and fn,r in-

dicate that levitation force exerted by each levitation electromagnet on the left and

right side. cn,l and cn,r indicate that airgap exerted by each levitation force on the

left and right side. Similarity, b and l are breadth (width) and length of the carrier,

respectively. The number of activate-levitation electromagnets at each side is n. The

dynamic models of the carrier are established based on the following assumptions;
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Figure 2.3. A configuration of the magnetic levitation transport system. The di-
rection of levitation force exerted by each levitation electromagnets is up, and that
of airgap is down. The carrier has six degrees of freedom.

the shape of the carrier is rectangular, it is flat, the mass of the carrier is equally

distributed, lateral movement and yaw motion are constrained to the guidance elec-

tromagnets, angles of roll and pitch are relatively small, the effect of eddy current

damping is relatively small and magnetic field of coils effect on each levitation elec-

tromagnet may be negligible.

2.2.1 Levitation Force and Voltage Equation

To control the vertical dynamics of magnetic levitation transport system, we an-

alyze the levitation force and the voltage equation exerted by each electromagnet

which are described by [27]

fk(t) = f(ik(t), ck(t)) =
µ0N

2A

4
(
ik(t)

ck(t)
)2, k = 1, 2, 3...2n (2.1)

vk(t) = R · ik(t) +
d(Lk(t) · ik(t))

dt
, k = 1, 2, 3...2n (2.2)
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where, fk(t) is the levitation force exerted by each electromagnet, N is number of

coil turns, A is cross-sectional area of electromagnet, ik is applied current which

flows through each electromagnet (ik(t) = i0 + ∆ik(t)), µ0 is the permeability of

the vacuum, ck(t) is airgap exerted by each levitation electromagnet (ck(t) = c0 +

∆ck(t)), the applied voltage is vk(t) for each electromagnet (vk(t) = v0 + ∆vk(t)),

small perturbation of variable is ∆, the total resistance is R, and Lk(t) is inductance

(µ0N
2A

2ck(t)
). Using a linear approximation with nominal equilibrium point (i0, c0), a small

perturbation linear equation for the levitation force exerted and the voltage equation

of each electromagnet can be re-written as

∆fk(t) = −µ0N
2Ai0

2c2
0

∆ik(t) +
µ0N

2Ai20
2c3

0

∆ck(t)

= −Ki∆ik(t) +Kc∆ck(t), k = 1, 2, 3...2n

(2.3)

∆i̇k(t) =
Kc

Ki

∆ċk(t)−
R

L0

∆ik(t) +
1

L0

∆vk(t), k = 1, 2, 3...2n (2.4)

where, Ki = µ0N2Ai0
2c20

, and Kc =
µ0N2Ai20

2c30
. Total resistance of the magnetic circuit con-

sists of the core reluctance (Rc) and the airgap reluctance (Rg). The core reluctance is

written as Rc = Lc/µ0µrA where, Lc is core path length and µr is the relative perme-

ability of ferromagnetic materials in the core of levitation electromagnet, respectively.

The airgap reluctance is written as Rg = ck/µ0A. Therefore, total resistance can be

written as R = Rc + Rg = Lc/µ0µrA + ck/µ0A = 1/µ0A(Lc/µr + ck). Since the

relative permeability is large, Lc/µr may be negligible and the airgap dominates total

resistance [4,28].

2.2.2 Dynamic Equation of Heave Motion

The relationship between each airgap and the heave from the center of the mass

(CoM) is developed in this section. The airgap relationship can be expressed as [27]
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ccg(t) =

n∑
k=1

ck,r(t) +
n∑
k=1

ck,l(t)

2n
(2.5)

where, ccg(t) represents the heave motion of carrier at center of mass (CoM). We then

analyze the dynamics of heave motion as shown in Figure 2.4. The heave motion of

carrier at center of mass (CoM) can be expressed as

mc̈cg(t) = −
n∑
k=1

(fk,r(t) + fk,l(t)) +mg + fd(t) (2.6)

where, m is mass of the carrier, g is gravitational acceleration (9.81m/s2), and fd(t)

is a load disturbance force. This yields a linearized equation of the levitation force for

a small perturbation and the dynamic heave motion without load disturbance force

given by

Figure 2.4. Configuration of the carrier’s heave motion at center of mass. The
direction of levitation force at the right and left side are up and the direction of
airgap at the right and left side is down. The direction of both gravitational force
and a load disturbance force is down. The heave at CoM is expressed from the
relationship between each airgap.
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∆c̈cg(t) = −Ki

m

n∑
k=1

(∆ik,r(t) + ∆ik,l(t)) +
Kc

m

n∑
k=1

(∆ck,r(t) + ∆ck,l(t)) (2.7)

Using the airgap relationship from equation 2.5, dynamic equation of the heave motion

can be simplified as

∆c̈cg(t) = −Ki

m

n∑
k=1

(∆ik,r(t) + ∆ik,l(t)) +
2nKc

m
∆ccg(t) (2.8)

2.2.3 Current Controller Design

The objective of designing the current controller (inner-loop) is to control the ap-

plied current precisely so that the desired-levitation force can be obtained. Moreover,

the current controller is designed to reduce the inductance related effects from levita-

tion electromagnets. The input of the current controller is the difference between the

reference current (generated by airgap controller) and applied current (measured by

a current sensor). The output of the current controller is the applied voltage. In our

system, maximum applied voltage level setup is 150 V to obtain a fast response for the

current controller. From equation 2.4, the simplified voltage equation (∆ċk(t) = 0)

can be re-written as

∆i̇k(t) ' −
R

L0

∆ik(t) +
1

L0

∆vk(t), k = 1, 2, 3...2n (2.9)

The simplified voltage equation in the time domain can be converted into the s-domain

as

s∆Ik(s) ' −
R

L0

∆Ik(s) +
1

L0

∆Vk(s)

= − R
L0

∆Ik(s) +
Cc
L0

(∆Iref,k(s)−∆Ik(s)), k = 1, 2, 3...2n

(2.10)
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where, ∆Vk(s) = Cc(∆Iref,k(s)−∆Ik(s)) and Cc is the current controller. From this

simplified voltage equation in the s-domain, the open-loop and closed-loop transfer

functions of current system can be obtained as

Go
c(s) =

Cc
L0s+R

=
kpcs+ kic
s(L0s+R)

(2.11)

Gc
c(s) =

∆Ik(s)

∆Iref,k(s)
=

Cc
L0 +R + Cc

=
kpcs+ kic

L0s2 + (R + kpc)s+ kic
(2.12)

where, kpc and kic are current control gains, Go
c(s) is the open-loop transfer function

of inner-loop and Gc
c(s) is the closed-loop transfer function of inner-loop. The current

controllers are designed as a Proportional-Integral (PI) controller with gains chosen

as the same value for all current controllers. The characteristic equation of closed-

loop transfer function of current system is L0s
2 + (R + kpc)s + kic = 0. To obtain

desired gain of current controller, we use a pole-zero cancellation in the open-loop

transfer function. This is accomplished by setting the zero of Go
c(s) (−kic

kpc
) to the pole

of the system (−R
L0

), and thus these two components cancel and inductance effect from

levitation electromagnets are removed. In analysis of system type and steady-state

error, Go
c(s) is a type 1 system, which includes 1

s
and steady state error to a step input

is zero since the static error constant is infinity. Having the condition of kic
kpc

= R
L0

,

Go
c(s) and Gc

c(s) are re-written as

Go
c(s) =

kpc
L0s

(2.13)

Gc
c(s) =

kpc
L0s+ kpc

(2.14)

This is a first order response of Gc
c(s), where ωc is defined as the frequency at which

magnitude of the output attenuates to 0.707 of the peak. In Gc
c(s), ωc is kpc

L0
which

allows the response of current system to increase with the value of kpc. Choosing
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ωc = 2π × 300, the relationship between gains of current controllers and cut-off

frequency is written as

kpc = L0ωc

kic =
R

L0

kpc = Rωc
(2.15)

According to the equations above, the current control gains are related to L0 and

R. Therefore, accurate system characterization of the levitation electromagnets is a

critical factor in the performance of the current controller. Having determined the

optimal control gains of the current controller, Figure 2.5 shows that the applied

current signal has good performance to the track of the desired current signal (0.5 A

amplitude) at 300 Hz which represents the control bandwidth of the current control

loop.

Figure 2.5. The tracking performance utilizing designed current controller at 300Hz.
The blue line represents the reference current signal and the red line represents the
applied current signal with the optimal control gains of the current controller, respec-
tively.
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2.2.4 Airgap Controller Design

In the following section, the airgap controller (outer-loop) is designed to obtain

the desired airgap of 1 mm between the carrier and the levitation electromagnets.

The input of airgap controller is the difference between the reference airgap and mea-

surements from each gap sensor. The output of the airgap controller is the reference

current that flows into each current controller. With this approach and equation 2.8,

a linearized equation of the heave motion can be re-written in the s-domain as

s2∆Ccg(s) '
−14KiCL

m
∆Cref + (

14KiCL
m

+
14Kc

m
)∆Ccg(s) (2.16)

where, CL is the airgap controller, ∆Cref = 0 and ∆Ik(s) ' ∆Iref,k(s) = CL(∆Cref −

∆Ck(s)). From above equation, we obtain the open-loop and closed-loop transfer

functions of airgap feedback loop as

Go
L(s) =

−KiCL
m
14
s2 −Kc

=
−(KikdLs

2 +KikpLs+KikiL)

s(m
14
s2 −Kc)

(2.17)

Gc
L(s) =

∆Ccg(s)

∆Cref
=

−14KiCL
ms2 − 14KiCL − 14Kc

=
−KikdLs

2 −KikpLs−KikiL
m
14
s3 −KikdLs2 − (KikpL +Kc)s−KikiL

(2.18)

where, kpL, kdL and kiL are the airgap control gains, Go
L(s) is the open-loop transfer

function of outer-loop and Gc
L(s) is the closed-loop transfer function of outer-loop.

The form of the airgap controller is a Proportional-Integral-Derivative (PID) con-

troller to maintain the desired airgap. The system type and steady-state error of

Go
L(s) is type 1, which includes 1

s
so that steady state error at step input is zero. The

characteristic equation of the closed-loop transfer function of the airgap feedback loop

is written as

m

14
s3 −KikdLs

2 − (KikpL +Kc)s−KikiL = 0 (2.19)
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The characteristic equation of the closed-loop transfer function of airgap feedback

loop is third-order system and it compares to the desired characteristic equation,

(s + p1)(s2 + 2ζωns + ω2
n) = 0 to obtain appropriate airgap controller gains. The

airgap controller gains are formulated as

kpL =
−(Kc + m

14
(ω2

n + 2ζωnp1))

Ki

kiL =
−m

14
p1ω

2
n

Ki

kdL =
−m

14
(p1 + 2ζωn)

Ki

(2.20)

where, ζ is damping ratio of system (ζ = 0.707), ωn is natural frequency of system

(ωn = 2π × 30), and p1 is a selected-3rd pole in the desired characteristic equation

(p1 = 5ωn).

2.2.5 Levitation Controller Verification

The control block diagram for the entire feedback loop is shown in Figure 2.6.

We analyze the integrated inner- and outer-loop feedback of the system to verify the

stability of our designed controllers. Assuming response of the current feedback loop

is sufficiently faster than that of airgap feedback loop. To examine this assumption

and verify the cascade controller design, we first formulate the closed-loop transfer

function of the integrated inner- and outer-loop feedback without any assumptions.

The closed-loop transfer function of the integrated inner-loop and outer-loop feedback

in consideration of ∆ċk can be expressed as

Gc
CL(s) =

−KiCcCL
m
14
L0s3 + m

14
(R + Cc)s2 − (KiCcCL +KcR +KcCc)

= (2.21)

−KikpckdLs
3−(KikpckpL+KikickdL)s2−(KikpckiL+KikickpL)s−KikickiL

m
14
L0s5+( m

14
R+ m

14
kpc)s4+( m

14
kic−KikpckdL)s3−(KikpckpL+KikickdL+KcR+Kckpc)s2−(KikpckiL+KikickpL+Kckic)s−KikickiL

where, Gc
CL(s) is the closed-loop transfer function of the integrated inner-loop and

outer-loop feedback with ∆ċk 6= 0.
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Figure 2.6. The control strategy diagram for the entire levitation feedback loop.
The red and blue dash lines are the current control loop and the airgap control loop,
respectively. To reduce a mechanical resonance and a noise from gap sensors, a second
order notch filter, and a first order low pass filter are designed. The section control
algorithms are shown in section 5.

As shown in Figure 2.7, the response of Gc
L(s) and Gc

CL(s) are similar at low

frequencies. Therefore, the overall loop response is similar to the outer-loop response if

the bandwidth of inner-loop is sufficiently large. For stability analysis of the levitation

system, the bode plot of the open-loop transfer function of the overall levitation

system (Go
CL(s)) is shown in Figure 2.8. In our case, gain margin (GM), and phase

margin (PM) are -12.7 dB and 30.8 degrees, respectively. Since one pole of Go
CL

is located in the right-half plane (RHP), our system is non-minimum phase. For

stability analysis, the number of RHP poles in the open-loop transfer function of the

overall levitation system (= P ) is same as the number of counterclockwise (CCW)

encirclements of the point (−1, j0) (= −N) so that it is satisfied with the Nyquist

criterion (N = Z − P ); relative stability is guaranteed.
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Figure 2.7. Frequency response of Gc
L(s) and Gc

CL(s). Gc
L(s) is the closed-loop

transfer function of airgap feedback loop (∆ċk ≈ 0) and Gc
CL(s) is the closed-loop

transfer function of the entire levitation feedback loop (∆ċk 6= 0). The response of
these two closed-loop transfer function are similar at low frequencies (less than 30
Hz).



26

Figure 2.8. The bode plot of the open-loop transfer function of the overall levitation
system, Go

CL(s).
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In addition to designing the levitation controller, there are practical problems that

should be solved to implement the levitation control performance of the carrier. A

large oscillation occurs when the carrier is activated to levitate, which phenomenon is

called as resonance, and airgap measurement from gap sensors has noise in the high

frequency ranges. These systematic issues can be a negative impact on the levitation

control performance. To minimize a mechanical resonance of the carrier, a natural

frequency of the carrier is obtained by impact test. As shown in Figure 2.9, the

frequency of the carrier where it is excited to the vibration mode is about 180 Hz;

the notch filter attenuates it. A high order term of notch filter can be designed to

reduce excitation frequency. However, a phase shift can occur so that it causes a

negative impact on the stability of the levitation control system; magnetic levitation

transport system is required to guarantee the stability at desired airgap for a long

term. Therefore, a second order notch filter is the most suitable filter design to

reduce the excitation mode of the carrier in our case. To minimize the noise in the

Figure 2.9. The magnitude of the frequency response by impact test.
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high frequency ranges from the gap sensors, a first order low pass filter is used. Using

Fast Fourier Transform (FFT), the peak of the airgap measurement in the frequency

domain at around 30 Hz can be found. That is, levitation control loop performs under

30 Hz which is in the low-frequency range. Therefore, a low pass filter is designed

to reduce noise in the high-frequency ranges. A high order low pass filter is not

suitable because a time delay effect is increased; the levitation control performance is

worsened. The configurations of the notch filter and low pass filter are shown in the

levitation control block diagram.
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3. SENSOR OFFSET ESTIMATION

3.1 Sensor Characterization

The gap sensor, which is a non-contact measuring system, is used to measure the

vertical displacement between the carrier and the sensor. In the magnetic levitation

transport system, 20 gap sensors are installed on the right and left sides of the up-

per frame, and these sensors are located right next to the levitation electromagnets.

Therefore, it provides airgap measurements to the levitation control loop.

The operation of the gap sensor is shown in Figure 3.1. It includes a converter

operated by DC power supply then, a high-frequency current in the sensor coil is

generated by the converter. The magnetic field around the sensor coil produced by

high-frequency current induces small current (eddy-current) in the conductive mate-

rial (target). The eddy-current acts on changing the impedance of sensor coil as the

Figure 3.1. A simplified schematic structure of gap sensor.
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Figure 3.2. Output characteristics of gap sensor. Since the carrier is covered by
iron, accurate measurement can be obtained 1 mm of the desired gap.

distance between sensor and target changes. The output is produced as an analog

voltage which is proportional to change in the displacement between the sensor and

the target as shown in Figure 3.2. An analog output voltage is converted into the

displacement by the Analog-to-Digital Converters (ADC) of dSPACE. In our system,

we use PU-05 as the gap sensor and AEC-76 as the converter (manufactured by AEC)

as shown in Table 3.1 and Figure 3.3. There is no measurable linearity error in the

output characteristic, and thus accurate measurement is obtained under 1 mm levi-

tation state.
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Figure 3.3. Gap sensor (PU-05) and Converter (AEC-76). The unit of dimension
is mm.
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Table 3.1. Specifications of PU-05 and AEC-76. The measuring range of gap sensor
(Iron) is from 0 - 2 mm and its output voltage is ± 5 V. The resolution of gap
sensor has 0.5 µm - 0.8 µm and both gap sensor and converter can operate at room
temperature. The sampling frequency of the converter is 20 kHz so that the data can
be acquired with 0.00005 seconds of the sampling interval.

- PU-05 AEC-76
Measuring range(Iron) 0 - 2 mm (0:0.05 mm) N/A

Output voltage ± 5 V (0.02 mm/V) N/A
Resolution 0.5 µm - 0.8 µm N/A

Temperature range -20◦ to 180◦ -10◦ to 70◦

Frequency N/A DC to 20 kHz
Power supply N/A ± 11 V to 26 V
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3.2 Measurement Error

Measurement error from the gap sensor is one of the main causes of the carrier

motion instability. This leads to a negative effect on the transport of OLED displays.

The majority of the measurement errors are caused by vertical misalignment and

sensor head adjustment. When the gap sensors are installed on the upper body

frame, misalignment of the sensor installation in the vertical axis can occur. This

measurement error impacts the accuracy of the measurements. Moreover, the sensor

head may be adjusted by users so that the vertical position of each sensor head can

be varied. Besides, measurement errors can also occur owing to the resolution of

the sensor, levitation accuracy and tilt angle of each sensor. These causes, however,

are negligible in comparison. Therefore, misalignment in the vertical axis and sensor

head misadjustment are considered as the major sources of sensor installation error

[29].

Figure 3.4. Schematic view of the sensor installation error. As the carrier is levitated
from the railroad, the desired gap between the carrier and the gap sensor (Sn) is 1
mm. Due to sensor installation error, the carrier motion can fluctuate as it moves
along the propulsion axis.
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When the speed of the carrier is slow, the levitation controller has enough time to

settle, so that gap fluctuation is small. However, the levitation controller has a short

time to perform so that the measurement of the gap has more variations as the speed

of carrier increases. In consideration of the fact that sensor installation error affects

the motion of carrier, it is necessary to estimate this error and to calibrate sensor

offset in the magnetic levitation transport system. Sensor installation error is an

unknown variable, and it depends on the alignment shown in Figure 3.4. As vertical

displacement between the carrier and each sensor is measured at a non-levitation

state, it is noticed that the measurements from the first and last alignment of gap

sensors are around 2 mm within 10 µm so this alignment of these sensors is assumed

as the reference alignment (non-installation error). Even if it were possible to measure

all the sensor installation errors separately at the non-levitation state, it would be a

long sequence time and this process would be inefficient. Therefore, we develop an

algorithm to estimate installation error for all gap sensors simultaneously.

3.3 Analysis of truncated temporal measurement

Among the raw measurements at the various speeds of the carrier, the airgap

measurement at the highest speed of the carrier (500 mm/s) is chosen because it

is easy to observe and analyze the fluctuation of the carrier’s motion at this speed

throughout data signal processing. The raw measurement from one of the gap sensors

is shown in Figure 3.5. The initial state of the airgap measurement from 0 to 0.4 sec

is identified as the levitating condition in which the carrier levitates at the desired

airgap. After the carrier is levitated at a standstill, it begins to move, and the gap

sensors are activated until 3 sec. Then, the carrier moves to the next stage, and

the current gap sensors are deactivated. Since we need to find fluctuations caused

by sensor installation error in the moving period, we truncate the moving condition

of the raw measurement. After this truncation process, we analyze the single-sided

amplitude spectrum using a Fast Fourier Transformation (FFT) analysis.
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Sensor deactivated 

Levitating condition

Moving condition

Figure 3.5. The raw measurement at 500 mm/s speed from the gap sensor. The
levitating condition is from 0 to 0.4 sec where the carrier levitates at the desired gap.
The moving condition is from 0.4 to 3 sec where the carrier moves. The gap sensors
are deactivated, and the carrier moves to the next allocation after 3 sec.
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3.4 Fast Fourier Transform Analysis

Fourier transform converts a signal from time domain to frequency domain and

frequency domain to time domain. The Fourier transform can be computed using the

Discrete Fourier Transform (DFT) and its inverse. Fast Fourier transform (FFT) has

been widely used in data signal processing [30-32]. In our research, truncation mea-

surements from the gap sensor are used to compute FFT algorithms with MATLAB.

After performing FFT, we plot the single-sided amplitude spectrum to estimate the

peak of the truncation measurement over the frequencies. As shown in Figure 3.6, the

peak frequency occurs at 2.4414 Hz which represents about 6 fluctuations generated

in less than 3 seconds. Other high frequencies indicate the measurement noise from

the sensor itself and levitation accuracy of the carrier.

Peak owing to 

sensor installation error 

Figure 3.6. The single-sided amplitude spectrum of truncation measurement with
sensor offset. The peak occurs due to the fluctuation of the carrier, and other high
frequencies are the measurement noise and levitation accuracy.
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Amplitude spectrum using FFT is related to the number of measurements in the

time domain [33]. Therefore, we truncate the same number of measurements from

each sensor and compare its peak in the frequency domain as a change in sensor offsets.

The Fourier transform relates signals in the time domain and in the frequency domain.

The Fourier transform possesses the property of homogeneity [34]. Homogeneity is

that change of amplitude spectrum in the time domain produces an identical change

of amplitude in the frequency domain as shown in Figure 3.7.

Figure 3.7. Homogeneity of the Fourier transform. The amplitude modulation is
changed in the time domain as it produces an identical change in the frequency domain
[34].
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In our system, amplitude modulation of truncation measurements increases as

an increment of the sensor installation error in the time domain and the increase is

also shown in the frequency domain following homogeneity of the Fourier transform.

Therefore, we apply random variables of sensor offset in the range of -50 µm to 50 µm

[26] and analyze truncated measurements with it. After finding amplitude modulation

of measurement using FFT and analyzing the homogeneity of the Fourier transform,

a correlation between the sensor offset and the amplitude modulation is observed.

Then we develop an algorithm to estimate the parameters in a linear equation.

3.5 Correlation Between Amplitude and Sensor Offset

To estimate the correlation between amplitude modulation and the sensor offset,

we collect amplitudes of truncated measurement sets to change in the sensor offsets.

We then set up and simulate four conditions to estimate the minimum and maximum

values of parameters in the equation as follows:

Condition 1 : A random variable of one sensor offset in the range of -50 µm to 50 µm

and zeros of other sensor offsets.

Condition 2 : A random variable of one sensor offset in range of -50 µm to 50 µm and

-50 µm of other sensor offsets.

Condition 3 : A random variable of one sensor offset in range of -50 µm to 50 µm and

50 µm of other sensor offsets.

Condition 4 : A random variable of one sensor offset and static-arbitrary values of

other sensor offsets: both are in the range of -50 µm to 50 µm.

These four conditions are tested to estimate the mathematical relationship between

the amplitude modulation and the sensor offset. The fitted curves are produced as

shown in Figure 3.8.
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Figure 3.8. The fitted curves for each condition: (a) condition 1: a random variable
of one sensor offset and zeros of other sensor offsets. (b) condition 2: a random
variable of one sensor offset and the minimum value of other sensor offsets. (c)
condition 3: a random variable of one sensor offset and the maximum value of other
sensor offsets. (d) condition 4: random variable of one sensor offset and static-
arbitrary values of other sensor offsets.
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As seen in Figure 3.8, the fitted curves of all conditions show a linear model with

above 96 percent for R2 (coefficient of determination). Therefore, we establish a linear

equation of the amplitude modulation and the sensor offset as

y = ax+ b (3.1)

where, a and b are unknown parameters in a linear equation, respectively, y is the

amplitude modulation of fluctuation in the frequency domain, and x is the sensor

offset. Based on the parameters from the fitted curves in conditions 2 and 3, we

estimate parameter bounds as

min(a) ≤ a ≤ max(a) and min(b) ≤ b ≤ max(b) (3.2)

where, minimum and maximum values of a and b are 0.1386, 0.2686 and 0.0002,

0.0003, respectively.

3.6 Estimation of Parameters in Linear Equation Using Iteration Method

The iteration method is a mathematical process that produces a sequence of esti-

mates to approximate the solution, and it is called convergent if a sequence converges

to the approximation. One of the useful iterative methods is the Jacobi method

which is an algorithm to find the solutions using a diagonally dominant system of lin-

ear equations [35]. However, the Jacobi method is only valid for the specification that

parameters set up in linear systems. Therefore, we develop a novel algorithm based

on the iteration method to estimate parameters in a linear equation. The procedure

used in the iteration method to estimate sensor offset is described as follows:



41

Step 1. Set up an initial linear equation using minimum parameters min(a) = â0

and min(b) = b̂0 then calculate sensor offset (x̂k) using the amplitude modulation of

fluctuation (y).

Step 2. After calibrating the sensor offset from the truncated measurement, we

find the peak to peak values (which is the difference between the maximum and

minimum amplitude modulation of fluctuation). If the peak to peak value is less

than tolerance as 10 µm, we assume that calculated sensor offset (x̂k) from step 1 is

the true value.

Step 3. If the peak to peak value is equal or greater than tolerance as 10 µm,

we apply the combination of estimated parameters âi and b̂j into the linear equation,

where, âi and b̂j are computed to increase with rate of 0.0002 (δa) and 0.000002 (δb)

which are around 1 percent of each parameter. The combinations of âi and b̂j are

used to converge to the tolerance through the process of trial and error.

Step 4. After trial and error from step 3, we obtain the new sensor offset which is

less than the tolerance (10 µm).

Step 5. After estimating the true value of the sensor offset, the iteration process

stops. The process diagram is shown in Figure 3.9.
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Figure 3.9. The process diagram based on the iteration method. This process is
to converge to the tolerance (10 µm) based on updating the parameters in the linear
equation.
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3.7 Simulation Results

After estimating sensor offsets for all gap sensors using the iteration method,

the error, which is defined as the difference between peak to peak fluctuation after

calibration and peak to peak fluctuation when the sensor offsets are zero, is computed

to verify the iteration process. As shown in Table 3.2 and Table 3.3, we obtain the

maximum error among sensors around 1.5 µm. Therefore, the iteration method to

estimate parameters in a linear equation is satisfied to minimize the error which is

less than the tolerance (10 µm).
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Table 3.2. The results of the iteration method for the gap sensor at the right side.
The first and the last alignment of gap sensors has no sensor offset. Throughout the
iteration method, the maximum error is around 1.2976 µm, which is less than the
tolerance.

R: Right Computed Sensor offset (µm) Error (µm)
Sensor1R 0.0000 0.0000
Sensor2R 32.4550 0.0002
Sensor3R 14.8137 0.0023
Sensor4R 9.4475 0.0002
Sensor5R 9.1737 0.0019
Sensor6R -31.2847 0.0038
Sensor7R -5.2137 1.1574
Sensor8R -38.7866 0.0010
Sensor9R -21.7968 0.0039
Sensor10R 0.8536 1.2976
Sensor11R -25.4230 0.0027
Sensor12R 45.2900 0.0014
Sensor13R 45.6690 0.0069
Sensor14R 13.9250 0.0043
Sensor15R -47.8750 0.0021
Sensor16R -8.8887 1.0080
Sensor17R 24.2610 0.0077
Sensor18R 6.5457 0.5487
Sensor19R 45.7850 0.0021
Sensor20R 0.0000 0.0000
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Table 3.3. The results of the iteration method for the gap sensor at the left side.
The first and the last alignment of gap sensors has no sensor offset. Throughout the
iteration method, the maximum error is around 1.4663 µm, which is less than the
tolerance.

L: Left Computed Sensor offset (µm) Error (µm)
Sensor1L 0.0000 0.0000
Sensor2L 47.9730 0.0018
Sensor3L 0.3355 1.4501
Sensor4L 46.6950 0.0047
Sensor5L -37.8960 0.0089
Sensor6L 19.6050 0.0064
Sensor7L -9.6423 1.0830
Sensor8L -3.0579 1.4663
Sensor9L 1.1361 1.1724
Sensor10L -41.1750 0.0017
Sensor11L -15.8570 0.0024
Sensor12L -3.1851 1.4628
Sensor13L 19.0750 0.0031
Sensor14L 39.7600 0.0002
Sensor15L 24.4870 0.0011
Sensor16L -32.3210 0.0050
Sensor17L 37.7250 0.0095
Sensor18L 33.9820 0.0027
Sensor19L -9.1330 1.0024
Sensor20L 0.0000 0.0000
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Once the iteration method is verified, we obtain airgap measurement after cali-

brating sensor offsets and compare it with the airgap measurement before calibrating

sensor offset as shown in Figure 3.10 and Figure 3.11. The fluctuation periods of the

measurements under moving conditions are around 0.4 to 5.6 sec. Compared to the

fluctuations before calibrating sensor offsets, the fluctuations after calibrating sensor

offsets are significantly reduced, and this will affect the pitching motion of the carrier.

From the methodology of computing the sensor offset from measurement, there is

still an estimation error. Based on the results of the iteration method as seen in Table

3.2 and Table 3,3, the estimation error becomes larger as sensor offset approaches to

zero. Since pitching motion of the carrier has fewer fluctuations with decreasing sensor

offset, it is not accurate to find the amplitude modulation of the fluctuation with a

small sensor offset in the frequency domain; it deviates from our mathematical model

(a linear equation) and the iteration method. Therefore, sensor offset calibration can

be implemented using accurate parameters with a smaller increment of parameter

range in the mathematical model.
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Pitching motion before calibration

Figure 3.10. Measurements of all gap sensors before calibrating sensor offset.

Pitching motion after calibration

Figure 3.11. Measurements of all gap sensors after calibrating sensor offset.
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4. ROLL AND PITCH CONTROLLERS DESIGN

The roll and pitch controllers aim to minimize the undesired level orientation of

the carrier from load disturbances and sensor installation error. To implement the

levitation control performance of the carrier, dynamic equations of roll and pitch

motion are established, and controllers are designed using the optimal state-feedback

controller-observer compensator. To verify the levitation control performance of the

carrier, three different conditions are tested under the existence of sensor installation

error and the external load disturbance [36].

4.1 Dynamic Equation of Roll Motion

In a similar approach used in section 2.2.2 for the relationship between each airgap

and the center of mass (CoM), the relationship between each airgap and roll motion

can be expressed as

φ(t) =

(
n∑
k=1

∆ck,r(t)−
n∑
k=1

∆ck,l(t))

bn
(4.1)

where, φ(t) and b are the roll motion and breadth (width) of the carrier, respectively.

According to the configuration of the carrier’s roll motion as shown in Figure 4.1,

the dynamic equation of roll motion is derived based on the difference between the

sum of the levitation forces at each side on the carrier as

Ixxφ̈(t) =
b

2
· (

n∑
k=1

∆fk,l(t)−
n∑
k=1

∆fk,r(t)) +Mφ,d(t) (4.2)

where, Ixx is mass moment of inertia about propulsion-axis (Ixx = 1
12
mb2) and Mφ,d(t)

is the disturbance moment of the roll motion. Using the linearized equation of the
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Figure 4.1. The configuration of the carrier’s roll motion. The difference between
the sum of the levitation forces with a small perturbation generates the roll motion
of the carrier along the propulsion axis.

levitation force with a small perturbation approach, the dynamic roll motion without

disturbance moment is re-written as

Ixxφ̈(t) =
b

2
[Kc · (

n∑
k=1

∆ck,l(t)−
n∑
k=1

∆ck,r(t))−Ki · (
n∑
k=1

∆ik,l(t)−
n∑
k=1

∆ik,r(t))]

(4.3)

4.2 Dynamic Equation of Pitch Motion

To determine the pitch motion of the carrier and establish its dynamic equation, it

is necessary to consider the influential zone of the levitation electromagnets. Since the

levitation electromagnets are discontinuously installed on the upper frame, pitching

motion of the carrier occurs as it moves along the propulsion axis; specifically, this

pitching motion fluctuates rapidly as the carrier moves from one’s influential zone to

the next of the levitation electromagnet. The analysis of the carrier’s motion along the

propulsion-axis is as shown in Figure 4.2. In the first stage of the magnetic levitation

transport system, it is assumed to be stable since the turning effect of the levitation
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Figure 4.2. The configuration of the carrier’s pitch motion. The carrier has a
stable pose at the first stage. As the carrier moves to the next influential zone of
the levitation electromagnet at the second stage, fluctuations inevitably occur. The
carrier has a stable pose again as the moment of levitation forces at each side is
balanced.

forces on one side at the center of mass balances the turning effect of the forces on the

other side at the center of mass. As the carrier moves to the next influential zone of

the levitation electromagnet, the zones where the levitation forces exert on the carrier

change. That is, the moment of levitation forces on each side at the CoM becomes

unbalanced so that a pitching motion can occur on the second stage. Once the carrier

moves completely to the next zone on the third stage, the moment of levitation forces

at each side is balanced again. The motion of the carrier repeats this process until it

stops at the last influential zone of the levitation electromagnet.

Based on the analysis of pitch motion of the carrier, dynamic equation of pitch motion
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can be derived in terms of levitation forces and influential zone of the levitation

electromagnets as

Iyyθ̈ =
n∑
k=1

(xk(t)− xcg(t)) ·∆fk,r,l(t) +Mθ,d(t) (4.4)

where, θ(t) is the pitch motion, Iyy is the mass moment of inertia about lateral-axis

(Iyy = 1
12
ml2), l is the length of the carrier, xk(t) is the influential zone of activated-

levitation electromagnets, xcg(t) is the location of the carrier at CoM along the propul-

sion axis, and Mθ,d(t) is the disturbance moment of pitch motion. (xk(t) − xcg(t))

is defined as ∆xk(t) for convenience. Using a linearized levitation force equation,

dynamic equation of pitching motion is re-written without a disturbance moment as

follows

Iyyθ̈(t) = Kc ·
n∑
k=1

∆xk(t) ·∆ck,r,l(t)−Ki ·
n∑
k=1

∆xk(t) ·∆ik,r,l(t) (4.5)

In a similar way to the relationship between each airgap and roll motion from equation

4.1, the proposed mathematical approximation between the pitch angle and airgaps

with the zones of activate-levitation electromagnets is formulated as

tan(θ(t)) ' θ(t) =
ck,l(t)− ccg(t)
xk,l(t)− xcg(t)

=
ck,r(t)− ccg(t)
xk,r(t)− xcg(t)

' (kl/n) sin(θ(t))

(kl/n) cos(θ(t))
' (kl/n)θ(t)

(kl/n)

(4.6)

4.3 State Space Representation of Linear Time Invariant System

The levitation controller was designed utilizing the cascade control strategy, and

its robustness and stability were verified based on the analysis of frequency response

and the Nyquist criterion of the system in section 2. Hence, to minimize the roll

and pitch motion of the carrier and to improve the levitation control performance,

a state space model for a linear time-invariant (LTI) system is developed. Applying

the airgap relationships from equation 4.1 and 4.6 into dynamic equations to the
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roll and pitch motions, the following state space representation is developed. The

dynamic equations of the roll and pitch motion using the airgap relationship (n = 7)

are re-written as

Ixxφ̈(t) =
b

2
[−7Kcbφ−Ki(

7∑
k=1

∆ik,l −
7∑

k=1

∆ik,r)] (4.7)

Iyyθ̈(t) =
20

7
Kcl

2θ − 1

7
Kil ·

7∑
k=1

k ·∆ik,r,l (4.8)

Having equations 4.7 and 4.8, state space representation for the roll and pitch is

expressed as

ẋ(t) = Ax(t) +Bu(t)

y(t) = Cx(t) +Du(t)

x(0) = x0

(4.9)

where,

A =


0 1 0 0

−7Kcb2

2Ixx
0 0 0

0 0 0 1

0 0 20Kcl2

7Iyy
0

B =


0 0

− Kib
2Ixx

0

0 0

0 − Kil
7Iyy



C =

1 0 0 0

0 0 1 0

D =

0 0

0 0

 . (4.10)

x =


φ(t)

φ̇(t)

θ(t)

θ̇(t)

u =


7∑

k=1

∆ik,l −
7∑

k=1

∆ik,r

7∑
k=1

k ·∆ik,r,l

 y =

φ(t)

θ(t)

 .
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Having a full rank of [B AB . . . An−1B] and [C CA . . . CAn−1]T , the system is

controllable and observable.

4.4 Optimal State-Feedback Controller-Observer Compensator

An optimal state feedback controller using a linear quadratic regulator (LQR)

approach to find a control law for the system to meet optimal criteria can be achieved

[37]; the appropriate Lyapunov function (V = xTPx) is used to minimize the equation

as follows

f(u) =
dV

dt
+ xTQx+ uTRu (4.11)

δ

δu
f(u) = 0T , u = u∗ (4.12)

where Q and R are symmetric positive semi-definite (P.S.D) and positive definite

(P.D), respectively. The optimal control law is generalized as

u∗ = −R−1BTPx = −Kox (4.13)

where Ko is optimal controller gain. Applying Ko into f(u), Algebraic Riccati Equa-

tion (ARE) can be derived find appropriate P as

ATP + PA+Q− PBR−1BTP = 0 (4.14)

The synthesis of Ko and f(u) then minimizes the performance index, J =
∫∞

0
(xTQx+

uTRu)dt. To select R and Q matrices in our case, Q = C ′ ∗ C and R = 0.00001I2 to

minimize the risk of a large control effort and output error. To check the stability of

the system, eigenvalues of (A − BKo) are negative real parts so that state feedback

system with a synthesis of the optimal controller is asymptotically stable.

In the magnetic levitation transport system, there are no sensors to measure the

rotational motion so the roll and pitching motions of the carrier cannot be measured.

Therefore, an observer design is proposed to estimate roll and pitch motion, and it
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provides the state estimate to control the rotational movement of the system. The

observer dynamic is written as

˙̃x(t) = Ax̃(t) +Bu+ L(y(t)− ỹ(t))

y = Cx(t)

x̃(0) = x̃0

(4.15)

where, x̃, ỹ and L are state estimate, output estimate and observer gain matrix,

respectively. The observer gain matrix L is selected such that the error, e = x− x̃, is

asymptotically stable. The error equation, ė = (A− LC)e, is the difference between

estimate state and actual state variables with any arbitrary initial error to zero. In

our case, the observer poles are chosen to be a factor of 3 times faster than the

optimal controller poles. Based on the observer poles, the observer gain matrix L can

be obtained.

Having an optimal controller and observer design, a combined optimal state-

feedback controller-observer compensator is designed, and the control block diagram

for roll and pitch motion is shown in Figure 4.3.

By applying a control law u = −Kox̃(t) + v(t) into the closed-loop system, state

space representation can be written asẋ
˙̃x

 =

 A −BKo

LC A− LC −BKo

x(t)

x̃(t)

+

B
B

 v(t) (4.16)

y =
[
C 0

]x(t)

x̃(t)


where, v(t) is external input and is denoted as v(t) = [φref θref ]

T = 0. Having the

transformation matrix Qt, the closed-loop system can be re-expressed as
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ẋ(t)

ė(t)

 =

A−BKo −BKo

O A− LC

x(t)

e(t)

+

B
O

 v(t) (4.17)

y =
[
C 0

]x(t)

e(t)


where, e = x̃(t)− x(t). The poles of the closed-loop system include individual eigen-

values of A − BKo and A − LC so that the control law does not affect the observer

(separation principle). Therefore, the closed-loop transfer function of the combined

controller-observer is the same as that of the actual control law. Based on the sta-

bility test with the optimal control law, the system with a combined optimal state

feedback controller-observer compensator is asymptotically stable. For security rea-

Figure 4.3. The control block diagram for roll and pitch feedback loop. Having a
state space representation of roll and pitch motion, the outputs are obtained. The
observer gain (L) helps to estimate the state variables and to approach the actual state
variables. The optimal controller gain (Ko) helps to minimize undesired deviations
of the roll and pitch motion.
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sons (Non-Disclosure Agreement), please be understood that control variables and

parameters such as the number of coil turns, the cross-sectional area of the levitation

electromagnet, the mass of the carrier, total resistance, etc. are veiled.

4.5 Simulation Results

In this section, the simulation results using the proposed control strategies are

presented. Three tests are set up to verify the robustness and stability of the levi-

tation control performance using MATLAB/SIMULINK. Moreover, the performance

of our proposed controllers is compared to that of the levitation controller only. For

simplicity, each controller is defined as

K1: The levitation controller which consists of current (PI) and airgap controllers

(PID). This controller was designed using a cascade control strategy based on the

dynamic analysis of a single mass system.

K2: In addition to the levitation controller, combined optimal controller (LQR)-

observer compensator is added to the control strategy. These controllers are designed

based on the dynamic analysis of the 3-dimensional system.

To illustrate the effectiveness of the roll and pitch control strategy, the following

tests are performed based on the desired maximum velocity (500 mm/s) as shown in

Figure 4.4.

Test 1: The first test is the ideal case which has no installation error in the gap

sensors so that the airgap measurement can be obtained precisely. Moreover, a load

disturbance is neglected as well.

Test 2: To test roll and pitch controllers performance in a more realistic situation,

random variation of sensor installation with an error range of -50 µm to 50 µm is

added.

Test 3: To verify robustness of levitation control performance in our system, external

load disturbance, Md = 3000Nm (from 2 to 3 sec) is added at the center of mass of

the carrier with sensor installation error.
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Figure 4.4. Desire velocity profile of the magnetic levitation transport system. The
slope indicates 500 mm/s velocity of the system.
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4.5.1 Test 1: Ideal Case

For Test 1, the roll and pitch motion trajectories are shown in Figure 4.5. As

seen in Figure 4.5, there is no observed roll motion in the ideal condition so that it is

enough to use K1 for the control roll angle. Pitch motion trajectories are obtained

when the carrier moves to the next influential zone of the levitation electromagnet.

As seen in the comparison between pitch angle with K1 and K2 in Table 4.1, it

becomes slightly attenuated as the carrier moves along the propulsion axis.

Roll

Pitch

Figure 4.5. Roll and pitch motion trajectories in Test 1. The red line represents
the roll and pitch angle with the levitation, roll and pitch controllers. The blue line
represents the roll and pitch angle with the levitation controller only.
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Table 4.1. The results for pitch angle in Test 1. The maximum and minimum
attenuation of pitch angles are 0.7 ∗ 10−3 deg and 0.61 ∗ 10−3 deg, respectively.

- Max (∗10−3 deg) Min (∗10−3 deg) Avg (∗10−3 deg)
Pitch with K1 2.100 -0.960 -0.023
Pitch with K2 1.400 -0.350 -0.019

Attenuation 0.700 0.610 0.004

The airgap measurements of each gap sensor are shown in Figure 4.6. As seen from

Figure 4.6, each line represents the airgap measurement from each gap sensor. In

non-levitation and stop state, the vertical displacement between the carrier and sen-

K1

K2

Figure 4.6. Airgap measurement from each sensor in Test 1: (a) airgap measure-
ment with K1 and (b) airgap measurement with K2. There are 13 switching patterns
between each gap sensor during the entire process.
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sor is 2 mm, and levitation displacement is designed as 1 mm while in operation. In

the range of 0 to 0.4 sec, the carrier starts to levitate. During the initial period of the

carrier translation from 0.4 to 5.6 sec at desired velocity (500 mm/s), 7 gap sensors on

the right and left sides are activated at the same time. When the carrier moves to the

next influential zone of sensors, the first zone of sensors are deactivated. Therefore,

there are 13 switching patterns between adjacent sensors during the entire process.

As seen from Figure 4.7, K2 clearly shows that fluctuating airgaps are attenuated

compared to K1.

K1

K2

K1

K2

Figure 4.7. Zoom-in view of airgap measurement in Test 1: (a) airgap measure-
ment with K1 and (b) airgap measurement with K2. The fluctuations of the airgap
measurement is a slightly attenuated with K2 around 2.2 seconds and 2.6 seconds.
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4.5.2 Test 2: Existence of Sensor Installation Error

In Test 2, both roll and pitch motion are tested, and an unbalanced carrier can

be generated owing to a sensor installation error in the range of -50 µm to 50 µm.

Other external load disturbances are not considered in this section.

As seen in Figure 4.8, red lines represent the measurement of roll and pitch angles

with the proposed levitation, roll and pitch controllers based on the dynamic analysis

of the 3-dimensional system and blue lines represent the measurement of roll and

pitch angles with the levitation controller only based on the dynamic analysis of the

single mass system. It is noticed that the fluctuations of both roll and pitch with

K2 are reduced compared to those with K1. The numerical results for roll and pitch

Roll

Pitch

Figure 4.8. Roll and pitch motion trajectories in Test 2. The red line is the roll
and pitch angle with the levitation, roll and pitch controller and the blue line is the
roll and pitch angle with the levitation controller only.
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Table 4.2. The results for roll and pitch angle in Test 2. The maximum and
minimum attenuation of the roll angles are 18.2 ∗ 10−3 deg and 13.8 ∗ 10−3 deg,
respectively. The maximum and minimum attenuation of the pitch angles are 10.3 ∗
10−3 deg and 30.1 ∗ 10−3 deg, respectively.

- Max (∗10−3 deg) Min (∗10−3 deg) Avg (∗10−3 deg)
Roll with K1 24.000 -17.200 -0.087
Roll with K2 5.800 -3.400 -0.083

Attenuation for roll 18.200 13.800 0.004
Pitch with K1 28.400 -37.700 0.059
Pitch with K2 18.100 -7.600 0.023

Attenuation for pitch 10.300 30.100 0.036

angle are seen in Table 4.2. As seen in Figure 4.9 and Figure 4.10, maximum and

minimum fluctuation of airgap measurement with K1 are about 1.6 × 10−3 m and

0.6×10−3m, respectively. Using the proposed control strategies (K2), maximum and

minimum fluctuation of airgap measurement are attenuated to about 1.2 × 10−3m

and 0.8× 10−3m, respectively.
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K1

K2

Figure 4.9. Airgap measurement from each sensor in Test 2: (a) airgap measure-
ment with K1 and (b) airgap measurement with K2.
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K1

K2

Figure 4.10. Zoom-in view of airgap measurement in Test 2: (a) airgap measure-
ment with K1 and (b) airgap measurement with K2.
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4.5.3 Test 3: Existence of Sensor Installation Error and External Load

Disturbance

The results of Test 3 are presented to show the stability and robustness of levita-

tion performance under external load disturbance and sensor installation error with

a period of 1 sec (from 2 to 3 sec).

As seen in Figure 4.11, roll and pitch angle trajectories with K1 rapidly fluctuate

so that the magnetic levitation transport system has a poor levitation control per-

formance. Using the controller K2 shows the fluctuations of the roll and pitching

Roll

Pitch

Figure 4.11. Roll and pitch motion trajectories from 2 to 3 sec in Test 3. The red
line indicates the roll and pitch angle with the levitation, roll and pitch controllers.
The blue line indicates the roll and pitch angle with the levitation controller only.
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Table 4.3. The results for roll and pitch angle in Test 3. The maximum and mini-
mum attenuation of the roll angles are 1.9∗10−3 deg and 10.9∗10−3 deg, respectively.
The maximum and minimum attenuation of the pitch angles are 20.2 ∗ 10−3 deg and
0.033 ∗ 10−3 deg, respectively.

- Max (∗10−3 deg) Min (∗10−3 deg) Avg (∗10−3 deg)
Roll with K1 8.900 -14.300 -0.171
Roll with K2 7.000 -3.400 -0.058

Attenuation for roll 1.900 10.900 0.113
Pitch with K1 40.900 -0.043 0.095
Pitch with K2 20.700 -0.010 0.073

Attenuation for pitch 20.200 0.033 0.022

motions are significantly reduced, and the rotational movement of the carrier can be

stabilized. The numerical result of roll and pitch angles in Test 3 is described in

Table 4.3.

As seen from Figure 4.12, about 14 fluctuations of airgap measurement with K1 oc-

cur from 2.2 to 2.7 sec. The maximum and minimum airgap measurement are about

1.5 × 10−3m and approximately 0.5 × 10−3m, respectively. Compared to these with

K1, the fluctuations of airgap measurement with K2 are significantly attenuated,

and its maximum and minimum values are reduced as about 1.3× 10−3m and about

0.6× 10−3m, respectively.



67

K1

K2

Figure 4.12. Airgap measurement of each sensor from 2 to 3 sec in Test 3: (a)
airgap measurement with K1 and (b) airgap measurement with K2.There are around
14 fluctuations of the airgap measurement with K1 that occur from 2.2 to 2.7 sec
and these fluctuations are significantly attenuated with K2.
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Figure 4.13 shows the current signals applied to the magnetic levitation transport

system with K2 in Test 3. The magnitude of the initial current signal is around 5 A

because a large amount of energy is necessary to levitate the carrier. Around 2 A of

each current signal is used to stabilize the levitation control performance under sensor

installation error. From 2 to 3 sec, the magnitude of the current signal increases up

to 3 A for stabilizing the levitation state under sensor installation error and external

load disturbance. It is shown that the amount of energy for stabilizing the levitation

state owing to various conditions is less than that of maximum energy (5 A).

Current signal

Figure 4.13. The current signals with K2 in Test 3. The initial current signal is
around 5 A to levitate the carrier. Around 2 A of the current signals are used to
stabilize the levitation control performance under sensor installation error. From 2
to 3 sec, around 3 A of the current signals are used to stabilize the levitation state
under sensor installation error and external load disturbance.
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From the results of Test 3, the combined levitation, roll and pitch controllers

proved the excellent control performance under a large load disturbance and randomly

distributed sensor installation error. All three tests demonstrate that our proposed

controllers can significantly attenuate roll and pitch motion of the carrier for both

stability and robustness of the levitation control performance under harsh conditions.
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5. SECTION CONTROL ALGORITHM

In our magnetic levitation transport system, the number of activated levitation elec-

tromagnets is determined by the position of the carrier. Owing to the fluctuation

of the carrier as it moves to the next influential zone, levitation forces should be

smoothly generated or dissipated in the range of the lateral gap between each levi-

tation electromagnet. Therefore, a section control algorithm is proposed to minimize

the sudden change of the levitation forces as the carrier moves to the next influential

zone [38,39]. To establish the mathematical strategies of the section control algo-

rithm, some specifications should be satisfied as follows:

1) The levitation forces are generated based on the position of the carrier.

2) The levitation forces, which exert on the edge of the carrier, are decreasing as the

carrier moves along the propulsion axis.

3) The sum of the levitation forces exerted by activated levitation electromagnets is

equal to the weight of the carrier.

4) The sum of the moment along the propulsion axis is equal to zero.

Based on the above specifications, the levitation forces exerted by activated levi-

tation electromagnets are described in Figure 5.1. The section control algorithm is

derived based on the number of activated levitation electromagnets (Na), the num-

ber of the levitation electromagnets in the switching zone (Ns) and the number of

effective levitation electromagnets (Ne). These variables are defined as

Na =
L

D
(5.1)

Ns = 2S, 1 ≤ S ≤ Na

2
(5.2)
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Ne = Na −
Ns

2
(5.3)

where D (= 200 mm) is the length of each levitation electromagnet and S is an

integer value, respectively. In our system, the carrier has a good levitation control

performance to support the carrier when S=1. Satisfying equation (5.1), (5.2), and

(5.3), the levitation force for each levitation electromagnets (fk,r,l) is as follows.

fk,r,l =


mg
2Ne

if |∆xk| ≤ r

mg
2Ne

(
NaD/2−|∆xk|

NsD/2

)
if r < |∆xk| ≤ NaD

2

0 else

(5.4)

where ∆xk is the difference between influential zone of the levitation electromagnet

(xk) and the position of the carrier at the CoM (xcg) and r = (Na −Ns)D/2.

With the specific values for Na = 7, Ns = 2 and Ne = 6 in our case, the levita-

tion forces exert about mg/12 when |∆xk| is less than or equal to 500 mm.

1x 2x 3x 4x 5x 6x 7x

Figure 5.1. Schematic diagram of the section control algorithm based on the position
of the carrier.
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For the range of 500 mm < |∆xk| ≤ 700 mm, the levitation forces can gener-

ate between 0 to mg/24 with slope of mg/2.4. Therefore, it is satisfied with the

given criteria such that sum of the levitation forces are same as the weight of car-

rier (2
n∑
k=1

fk,r,l = mg) and it is balanced at center of mass; sum of moment is zero

(2
n∑
k=1

∆xkfk,r,l = 0).

According to the simulation result as shown in Figure 5.2, the difference between

the weight of the carrier and the sum of the levitation forces exerted by activated

levitation electromagnets is close to zero. Moreover, the sum of the moments is close

to zero along the propulsion axis. Therefore, the section control algorithm is verified

to minimize the fluctuations of the carrier as it moves to the next influential zone.

Figure 5.2. Simulation result of sum of the levitation forces and sum of the moment
using section control algorithms.
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6. EXPERIMENTAL VERIFICATION

6.1 Experimental Setup

The manipulation of a high precision magnetic levitation transport system is ver-

ified in the following experimental setup. As shown in Figure 6.1, the Real-Time

Interface (RTI) in dSPACE is used to control the airgap of the carrier. The dSPACE

controller board is suitable for a high precision control as it has a flexible implementa-

tion using the MATLAB/Simulink blocks. Moreover, data acquisition and monitoring

in real-time can be done. For the current controller, it utilizes Junus (JSP-180-10 of

Copley Controls) units which modulate the applied current based on a reference

current (command) from the DS1104 R&D controller board (Simulator Full-Size of

dSPACE). The applied voltage for the levitation electromagnets (150 V) is supplied

through the Junus units. Each levitation electromagnet is connected to each cur-

rent amplifier which uses the same control gains from the PI controller for all Junus

units. The reference commands, which are desired applied currents from dSPACE,

are output through isolated differential amplifiers. These outputs from the isolated

differential amplifiers flow into each current amplifier. Therefore, applied current for

each levitation electromagnet is assumed to be the same value for all, and thus one

DS1104 controller board is used to control the airgap. In our system, there are a

power line (high voltage level), a control signal line (low and precise voltage level)

and a communication line (digital signal level). Isolated differential amplifier boards

are developed to separate the ground for power line and control signal line so that it

is expected to minimize the noise from the control signal line and a common mode

noise from the induction of magnetic field. The isolated differential amplifier boards

are connected between dSPACE and the Junus units.
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Figure 6.1. An experimental setup for a high precision magnetic levitation transport
system.
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6.2 Experimental Results

Based on the experimental setup, the levitation control performances of a high

precision magnetic levitation transport system are experimentally verified under sev-

eral scenarios as follows:

S1) The levitation control performance is verified at a standstill. The applied cur-

rents can be monitored to levitate the carrier, and the airgap measurements are

acquired at the desired value.

S2) The levitation control performance is verified at the speed of 30 mm/s. The

position of the carrier and the airgap measurement at low speed of movement

are verified, respectively.

S3) The levitation control performance is verified at the speed of 300 mm/s. The

position of the carrier and the airgap measurement at high speed of movement

are verified, respectively.

S4) The levitation control performance is verified in the range of the deadzone.

In practical application, the deadzone, where the levitation electromagnets are

not able to be installed, exists between each module so that the motion of the

carrier inevitably fluctuates as the carrier moves to the next module. Therefore,

the levitation control performance should be guaranteed for the stability and

robustness in this harsh condition.

6.2.1 Levitation Control Performance at a Standstill

For the verification of the levitation control performance at a standstill in S1), the

actual levitation control performance of the carrier at a standstill is shown in Figure

6.2. The carrier is smoothly levitated at the desired airgap once the applied current

flows into the levitation electromagnets. The total current flows into the levitation

electromagnet at a standstill as shown in Figure 6.3(a). About 3.1 A is required



76

to initially levitate the carrier, and it reduced to about 2.45 A at steady-state to

maintain the carrier at desired airgap. For airgap measurement at a standstill in

Figure 6.3(b), it is found that the desired airgap can be achieved with less than 50

µm peak to peak variation.

Levitation 
Electromagnet

Carrier

Airgap 1 mm 

Figure 6.2. Levitation control performance at a standstill before levitating the car-
rier (right) and after levitating the carrier (left).
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Levitation on

Levitation period

Levitation period

(a)

(b)

Figure 6.3. (a) Total current flows into the levitation electromagnet at a standstill
and (b) Airgap measurement at a standstill.
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6.2.2 Levitation Control Performance at Low Speed Level

In S2), there is a comparison between the levitation control performance using the

levitation controller only and the levitation control performance using the proposed

control strategies at low-speed level (30 mm/s).

Using the levitation controller only, the position of the carrier is shown in Figure

6.4(a). The carrier initially levitates and moves along the propulsion axis during the

time period from 30 to 70 secs. The moved length is about 1.2 m so that the linear

motor can generate the desired velocity and the position of the carrier is acquired by

the encoder precisely. From a zoom-in view of airgap measurement as shown in Figure

6.4(b), each line represents the airgap measurement from each gap sensor. There are

three switching zones at 35 to 55 secs where the carrier moves to the next influential

zone. The fluctuations of the carrier’s motion occur at these zones, and the peak to

peak variation of airgap measurement at low speed of the movement is about 300 µm.

Using the proposed control strategies, the carrier moves in the range of 1.15 m

from 10 to 50 secs as shown in Figure 6.5(a). As seen in Figure 6.5(b), there are three

switching zones from 28 to 48 secs in the airgap measurements, and the peak to peak

variation of airgap measurement is about 250 µm.

As a result, both cases maintain good stability and robustness of the levitation

control performance, and the fluctuations of the proposed control strategies at the

low-speed level are slightly attenuated compared to those of the levitation controller

only because it has enough time to control the motion of the carrier for both cases.
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Switching Zone

(a)

(b)

Figure 6.4. The levitation control performance using the levitation controller only
at moving speed of 30 mm/s: (a) Position of the carrier in the propulsion axis and
(b) Zoom-in plot of airgap measurement.
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Switching Zone

(a)

(b)

Figure 6.5. The levitation control performance using the proposed control strategies
at moving speed of 30 mm/s: (a) Position of the carrier in the propulsion axis and
(b) Zoom-in plot of airgap measurement.
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6.2.3 Levitation Control Performance at High Speed Level

In S3), the levitation control performance of the carrier’s motion using the levita-

tion controller only and the position of the carrier are shown in Figure 6.6. As seen in

Figure 6.6(a), the carrier is initially levitated, and it moves from 0 to 1.2 m from 15 to

20 secs with a rate of 300 mm/s. From the zoom-in view of the airgap measurement

in Figure 6.6(b), there are three switching zones from 16.5 to 18.5 secs. During switch

zones, the fluctuations of the carrier’s motion are increased compared to those of 30

mm/s since there is a delayed response of utilizing the levitation controller. The peak

to peak variation rises to about 700 µm.

For the levitation control performance of the carrier’s motion using the proposed

control strategies, the carrier moves from 0 to 1.2 m from 5 to 10 secs with 300 mm/s

along the propulsion axis as shown in Figure 6.7(a). The airgap measurement includes

three switching zones from 7.5 to 10.5 secs as shown in Figure 6.7(b); the fluctuations

during the switching zones are obtained around 430 µm with the proposed control

strategies. Compared to the fluctuations of the carrier’s motion using the levitation

controller only, it is attenuated to around 270 µm, and the levitation control perfor-

mance of the carrier’s motion becomes more robust and stable. The maximum peak

to peak variation of the airgap measurements for the levitation control performance

is summarized in Table 6.1.

Table 6.1. The maximum peak to peak variation of the airgap measurements.

- The levitation controller
only (µm)

The proposed control
strategies (µm)

At a standstill 50 µm 50 µm
At 30 mm/s of speed 300 µm 250 µm
At 300 mm/s of speed 700 µm 430 µm
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Switching Zone

(a)

(b)

Figure 6.6. The levitation control performance using the levitation controller only
at moving speed of 300 mm/s: (a) Position of the carrier in the propulsion axis and
(b) Zoom-in plot of airgap measurement.
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Switching Zone

(a)

(b)

Figure 6.7. The levitation control performance using the proposed control strategies
at moving speed of 300 mm/s: (a) Position of the carrier in the propulsion axis and
(b) Zoom-in plot of airgap measurement.
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6.2.4 Levitation Control Performance in the Deadzone

In practical application, the overall frames can be extended when the modules are

connected in series, and each module is located inside a vacuum chamber as shown

in Figure 6.8. The deadzone, where the levitation electromagnets are not able to

be installed, exists between each module so that the motion of the carrier inevitably

fluctuates as the carrier moves to the next module. The range of the deadzone is

approximately 1/3 of the length of the carrier. In this section, the levitation control

performance of the carrier’s motion in the deadzone is investigated. The stability

and robustness using the proposed control strategies which include the levitation

controller, roll and pitch controllers and, the section control algorithms are validated.

Figure 6.8. Schematic view of the deadzone. Each module can be extended in series
and, there is a later gap where the levitation electromagnets are disabled to install
owing to the screen door. The range of the deadzone is about 1/3 of the length of
the carrier.
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Figure 6.9. Experimental environment setup for the deadzone. To achieve the
similar environment of the deadzone, the two pairs of side levitation electromagnets
are disconnected, and the carrier passes into this zone supported by the 10-levitation
electromagnets only.
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The experimental environment of the deadzone set up is shown in Figure 6.9. The

two pairs of side levitation electromagnets are disconnected from the current amplifier

so that the carrier is levitated with 10-levitation electromagnets only in this zone. The

range of the deadzone is about 600 mm along the propulsion axis, and the velocity

of the carrier is generated at a low speed of movement to verify the levitation control

performance. Having the control strategies for the levitation, roll and pitch motions

and control section algorithms, the levitation control performance in the deadzone is

validated from the airgap measurements. The change of the bias currents is verified to

find how much current is required to maintain the carrier at levitating state without

the mechanical contact (the carrier contacts with support frame).

The conventional PID form of the levitation controller is used in the deadzone.

As the carrier moves with 30 mm/s of speed level into the deadzone as shown in

Figure 6.10(a), the carrier is attached to the levitation electromagnets around 20 secs

in Figure 6.10(b). Then, the motion of the carrier maintains the levitation control

performance at the desired airgap. However, it cannot move into the deadzone owing

to the mechanical contact between the carrier and levitation electromagnets.
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Attach point

Switching zone

Attach point

Deadzone range

Attach point

Deadzone range

(a)

(b)

Figure 6.10. Experimental results using the PID controller only: (a) Position of
the carrier at 30 mm/s of speed level. (b) The airgap measurement utilizing the
conventional PID levitation controller only in the deadzone at 30 mm/s of speed
level. The switching zones represent that the carrier moves to the next influential
zone. The carrier moves to the first and following switching zones under the desired
airgap. As it goes to the deadzone, the carrier fluctuates and attaches to the levitation
electromagnets on attach point.
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The proposed control strategies are now shown. The carrier operates at the same

speed level as 30 mm/s as shown in Figure 6.11(a) and the airgap measurements in the

deadzone are obtained to verify the levitation control performance as shown in Figure

6.11(b). The carrier moves into the deadzone after it passes after the second zone of

gap sensors and the range of the period in the effective deadzone is from 20 secs to

45 secs. During this period, the peak to peak variations of the airgap measurement

is about 850 µm. These measurements slowly converge to the desired airgap without

the mechanical contact between the carrier and the levitation electromagnets.

As shown in Fig. 6.12(a) and (b), the roll motion of the carrier is slightly affected

by the absence of the levitation electromagnets. However, the pitch angle of the

carrier varies from about - 0.007 degree to 0.0038 degrees. Using the proposed control

strategies, the fluctuations are slowly reduced and expected to converge to zero as

the carrier completely passes into the deadzone.
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Switching zone

Effective range of deadzone

(a)

(b)

Figure 6.11. Experimental results using the proposed control strategies: (a) Posi-
tion of the carrier at 30 mm/s of speed level. (b) Airgap measurement utilizing the
proposed control strategies in the deadzone at 30 mm/s of speed level.
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(a)

(b)

Figure 6.12. (a) Zoom in plot of the roll angle of the carrier in the deadzone at
30 mm/s of speed level. (b) Zoom in plot of the pitch angle of the carrier in the
deadzone at 30 mm/s of speed level.
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In consideration of the pitching moment about lateral-axis in the deadzone as

shown in Figure 6.13, there are four variations which correspond to the pitch angle of

the carrier. As the carrier rotates owing to the absence of the levitation electromag-

nets, the pitching moment has an opposite direction to minimize the pitch motion of

the carrier. As the carrier enters into the deadzone, peak to peak variation of the

pitching moment is about 277 Nm. This moment increases as the carrier moves into

the deadzone and the peak to peak variation of the pitching moment at 42 secs is

about 433 Nm. From an analysis of the pitching moment, it is clear that the pitch

controller in the proposed control strategies plays a critical role in reducing the pitch

motion of the carrier in the deadzone.

Figure 6.13. Zoom in view of the pitching moment in the deadzone.
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Based on the section control algorithms, the bias currents that flow into the levita-

tion electromagnets at the edge of the carrier are about 0.8 A and others are about 1.4

A before the carrier moves to the deadzone as shown in Figure 6.14. As carrier passes

into the deadzone, above 2 A of bias currents are necessary to activate the levitation

electromagnets to maintain good levitation control performance in the deadzone.

Figure 6.14. Zoom in plot of the bias currents in the deadzone. The bias currents
initially maintain about 0.8 A and 1.4 A based on the section control algorithms and
these are increased to about 2 A owing to the absence of the levitation electromagnets
in the deadzone.
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7. SUMMARY AND FUTURE DIRECTION

7.1 Summary and Conclusion

In this paper, a high precision magnetic levitation transport system for carrying

OLED displays is proposed. To implement the levitation control of our system, several

methodologies were developed as follows:

First, we developed the algorithm to estimate sensor installation error for gap

sensors. Sensor installation error in the magnetic levitation transport system causes

fluctuations of the carrier to occur which has an adverse effect on the transport of

OLED displays. To estimate sensor installation error, we obtained fluctuation periods

of raw measurement from the gap sensor at the highest speed of carrier (500 mm/s).

Then, a single-sided amplitude spectrum of fluctuations in the frequency domain was

obtained using a FFT analysis. The amplitudes with respect to the change in sensor

offset were collected and a linear equation between amplitude and the sensor offsets

was determined. An iterative method was used to estimate the parameters and to

find the accurate sensor offset. After the process of verifying our methodology, we

calibrated the sensor offset from measurement and showed successful performance

using our algorithms.

Second, a multi-degree of freedom dynamic model was used to design the levita-

tion, roll and pitch controller. The levitation controller, a cascade control strategy,

consisted of the current controller (inner-loop) and the airgap controller (outer-loop).

The current controller used PI control, which allowed the inductance effect from the

levitation electromagnets to be eliminated. The bandwidth of the current controller

was designed to be at least 10 times larger than that of the airgap controller so that

a fast response of the inner loop in the levitation control system could be obtained.

The airgap controller was designed as a PID controller to achieve the desired airgap
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between the carrier and the levitation electromagnets. Using frequency response anal-

ysis and the Nyquist criterion, the level of relative stability is satisfied. To improve

the stability and robustness of the levitation control performance, dynamic models

and controllers design for the roll and pitch motions are developed. From a state

space representation of the roll and pitch motion of the carrier, controllability and

observability tests are verified as controllable and observable. For the roll and pitch

controller, a combined optimal state feedback controller (LQR)-observer compensator

was utilized, and it achieved a good levitation control performance in the presence of

a large load disturbance and sensor installation error.

To minimize the mechanical resonance of the carrier and noise from the gap sen-

sors, a second order notch filter and, a first order low pass filter were designed using

an impact test and data signal processing, respectively. A section control algorithm

was developed to minimize the sudden change of the levitation forces as the carrier

moves along the propulsion axis. Based on the specifications such as sum of the lev-

itation forces should be equal to the weight of the carrier and sum of the moment

along the propulsion axis is equal to zero, a mathematical strategy of the section

control algorithm was established, and it was verified with simulation.

Based on the theoretical analysis and simulation, the levitation control perfor-

mance of a high precision magnetic levitation transport system was experimentally

validated. Based on the experimental setup using DS1104 R&D board of the dSPACE

and Junus units, fast response of the applied current loop was generated, and the real-

time output of systems from the levitation control structure was verified.

From the experimental tests, good levitation control performances of the carrier

were verified using the proposed control strategies. The peak to peak variation of

the carrier’s motion at a standstill was around 50 µm. Compared to the conventional

PID form of the levitation controller only, the peak to peak variations of the carrier’s

motion were attenuated to around 50 µm at a low speed of movement (30 mm/s)

and 270 µm at a high speed of movement (300 mm/s), respectively. Moreover, the

conventional PID form of the controller did not guarantee the robustness and stability
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of the system in the deadzone where two pairs of side levitation electromagnets were

disabled; the carrier was attached to the levitation electromagnets as it moved along

propulsion axis so that there was a mechanical contact. Using the proposed control

strategies, the carrier could pass into the deadzone without mechanical contact.

7.2 Future Work

Based on our current methodologies, it can extend the work towards several

promising and challenging research topics. To minimize uncertain factors of the sys-

tem such as modeling error and external disturbance from the linear motor, advanced

control strategies could be utilized such as Linear Matrix Inequalities (LMIs) based

optimal state-feedback controller-observer compensator or adaptive controller. Then,

the levitation control performance of the carrier using these control strategies will

compare to those using the currently proposed control strategies.

Another challenging issue is that the levitation control performance of the carrier

maintains a desired airgap of 1 mm. However, the optimal airgap with respect to

the applied current is not established. Therefore, it is future work to find the op-

timal airgap with respect to the minimal applied current, which is a cost-effective

methodology to optimize energy efficiency in the operation of the magnetic levitation

transport system.

Moreover, the airgap measurements are slowly converged to the desired airgap even

if there is no mechanical contact between the carrier and the levitation electromagnets

in the deadzone. Therefore, it is the future work to achieve a rapid convergence

of the desired airgap as the carrier passes the deadzone and to demonstrate the

implementation of the levitation control performance of the carrier utilizing the novel

control strategies.
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A. LINEARIZED EQUATION OF THE LEVITATION FORCE BY EACH

LEVITATION ELECTROMAGNET

The levitation force and the voltage equation exerted by each electromagnet which

are described by [27]

fk(t) = f(ik(t), ck(t)) =
µ0N

2A

4
(
ik(t)

ck(t)
)2, k = 1, 2, 3...2n (A.1)

vk(t) = R · ik(t) +
d(Lk(t) · ik(t))

dt
, k = 1, 2, 3...2n (A.2)

The 14-activate levitation electromagnets are equally distributed to lift the carrier so

that each activate-levitation electromagnet loads 1/14 of the carrier’s total weight. If

(i0, c0) denotes the equilibrium point then, The vertical dynamics of each levitation

force is derived without the load disturbance as

mec̈k(t) = −fk(t) +meg (A.3)

where, me is 1/14 of the carrier’s total mass (m), ck(t) = c0 + ∆ck(t) and ik(t) =

i0 + ∆ik(t).
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Having a small perturbation linear equation, the vertical dynamics of each levitation

force can be re-written as

me∆c̈k(t) = −µ0N
2A

4
(
i0 + ∆ik(t)

c0 + ∆ck(t)
)2 +meg

' −µ0N
2A

4
(
i0
c0

)2(
1 + ∆ik(t)

i0

1 + ∆ck(t)
c0

)2 +meg

= −µ0N
2A

4
(
i0
c0

)2(
(1 + ∆ik(t)

i0
)(1− ∆ck(t)

c0
)

(1 + ∆ck(t)
c0

)(1− ∆ck(t)
c0

)
)2 +meg

= −µ0N
2A

4
(
i0
c0

)2(
1− ∆ck(t)

c0
+ ∆ik(t)

i0
− ∆ck(t)∆ik(t)

c0i0

1− (∆ck(t)
c0

)2
)2 +meg

(A.4)

The second-order effects of above equation are negligible. Therefore, the small per-

turbation linear equation of each levitation force is

me∆c̈k(t) = −µ0N
2A

4
(
i0
c0

)2(1− ∆ck(t)

c0

+
∆ik(t)

i0
)2 +meg

' −µ0N
2A

4
(
i0
c0

)2 +
µ0N

2Ai0
2

2c0
3

∆ck(t)−
µ0N

2Ai0
2

2c0
2

∆ik(t) +meg

(A.5)

The equilibrium point and the vertical dynamics are used to find meg as

mec̈k(t) = −f(i0, c0)k +meg = 0

f(i0, c0)k = meg =
µ0N

2A

4
(
i0
c0

)2
(A.6)

From (A.6) to (A.5),

me∆c̈k(t) = ∆fk(t) =
µ0N

2Ai0
2

2c0
3

∆ck(t)−
µ0N

2Ai0
2

2c0
2

∆ik(t)

= Kc∆ck(t)−Ki∆ik(t)

(A.7)
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where, Ki = µ0N2Ai0
2c20

, and Kc =
µ0N2Ai20

2c30
.

The voltage equation can be linearized using small perturbation with the equilibrium

point and it is derived as

∆i̇k(t) =
Kc

Ki

∆ċk(t)−
R

L0

∆ik(t) +
1

L0

∆vk(t) (A.8)
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B. DERIVATION OF THE PITCHING MOTION OF THE CARRIER WITH

AIRGAP APPROXIMATION

According to the proposed mathematical approximation between the pitch angle and

airgaps with the zones of activate-levitation electromagnets as shown in equation 4.6,

it is noticed that ∆ck,r,l(t) and ∆xk(t) can be approximated based on relatively small

value of the pitch angle as

∆ck,r,l(t) =
kl

n
sin(θ(t)) ' kl

n
θ(t) (B.1)

∆xk(t) =
kl

n
cos(θ(t)) ' kl

n

where, n is a number of activate-levitation electromagnets at each side along the

propulsion axis.

Using (B.1), the linearized dynamic equation of the pitch motion (Equation 4.6)

is derived as

Iyyθ̈(t) = Kc

n∑
k=1

(
k

n
)
2

l2θ(t)−Ki

n∑
k=1

(
kl

n
)∆ik,r,l(t)

= Kcl
2θ(t)

n∑
k=1

(
k

n
)
2

−Kil
n∑
k=1

(
k

n
)∆ik,r,l(t)

= Kcl
2θ(t)(

12 + 22 + 32 · · ·n2

n2
)− Kil

n

n∑
k=1

k∆ik,r,l(t)

= Kcl
2θ(t)(

1/6n(n+ 1)(2n+ 1)

n2
)− Kil

n

n∑
k=1

k∆ik,r,l(t)

(B.2)
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Having n = 7 in our case, the linearized dynamic equation of the pitch motion is

re-written as

Iyyθ̈(t) =
20

7
Kcl

2θ(t)− 1

7
Kil

7∑
k=1

k∆ik,r,l(t) (B.3)
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