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ABSTRACT

Linear switched reluctance motor (LSRM) drives ameestigated and proved as an
alternative actuator for vertical linear transptiota applications such as a linear elevator. A one-
tenth scaled prototype elevator focused on a holeeater with LSRMs is designed and
extensive experimental correlation is presentedhfefirst time.

The proposed LSRM has twin stators and a set n§lator poles without back-iron. The
translators are placed between the two statorsdébign procedures and features of the LSRM
and the prototype elevator are described. The dedid.SRM is validated through a finite
element analysis (FEA) and experimental measureandairthermore, a control strategy for the
prototype elevator is introduced consisting of foantrol loops, viz., current, force, velocity, and
position feedback control loops. For force conteolnovel force distribution function (FDF) is
proposed and compared with conventional FDFs. petzaidal velocity profile is introduced to
control vertical travel position smoothly duringetblevator's ascent, descent, and halt operations.
Conventional proportional plus integral (Pl) cotigpnis used for the current and velocity control
loops and their designs are described. The proposadol strategy is dynamically simulated and
experimentally correlated. Analytical and experitaénesults of this research prove that LSRMs
are one of the strong candidates for ropelessrliglezator applications.

However, the proposed FDF is assuming that thdbfsek current signals are ideal
currents indicating actual phase currents withawt measurement disturbances mainly arising
from sensor noise, DC-link voltage ripple, measweimoffset, and variations in the plant
model. Meanwhile, real control systems in indudtawe measurement disturbance problems.

Phase current corrupted by measurement disturbamcesases torque or force ripple, acoustic



noise and EMI. Therefore, this dissertation also presents a novel current control method to
suppress measurement disturbances without extra hardware.

The controller is based on an extended state observer (ESO) and a nonlinear P controller
(NLP). The proposed method does not require an accurate mathematical model of system and can
be implemented on a low-cost DSP controller. The proposed ESO is exploited to estimate the
measurement disturbances on measured phase currents, and the proposed NLP compensates for
the measurement disturbances estimated by the ESO. The performance of the proposed current
control is validated through extensive dynamic simulations and experiments. Moreover, this
rejection of measurement disturbances results in a reduction of force ripple and acoustic
noise. Due to superior and robust current control performance, it is believed that the proposed
method can be successfully applied into other motor drive systems to suppress measurement

disturbances with the same promising results without extra hardware.
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Trust in the Lord with your all heart
And do not lean on your own understanding.
In all your ways acknowledge Him,
And He will make your paths straight.
(Proverbs 3:5-6)
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CHAPTER 1

CHAPTER 1
INTRODUCTION

1.1 Introduction

Linear motion with rotary motors and linear mechanical interfaces has backlash due to
gears and problems such as hysteresis [2]. Linear motors eliminate the need for rotary to linear
mechanical interfaces resulting in simpler and robust conversion of electrical input into linear
motion [7]. With linear motors additional benefits of quietness and reliability are obtained.
Consequently, linear motors have been gaining considerable interests and have been applied in
conveyor systems, people mover, sliding doors, and air port baggage handling, to mention a few
[3].

The linear technologies with different motors have been also explored for the vertical
applications such as an elevator application [13]-[19] because conventional traction geared rope
elevators have many drawbacks in case of the skyscrapers of 200-400 meters high. With
conventional elevators, the space occupancy of the total floor space would be more than 30
percent in 250 meters-high building [4]. Furthermore, the rope is mostly steel wire and causes
control problems for the much higher building of more than 500 meters due to its mass and
vertical vibration and so on. In this respect, linear electric motors are suitable for the vertical

applications with less limitation on height of building and space occupancy.

In recent years, linear switched reluctance motors (LSRM) have been introduced as an
attractive alternative to other linear motors such as linear induction motors and linear
synchronous motors because of their simple and robust construction with concentric windings on
only one side, stator or translator, and consequently less thermal problem and easy maintenance,
and finally low cost. Moreover, the windings are always in series with a switch so that, in case of
a shoot through fault, the inductance of the winding can limit the rate of change of rising current
and provide enough time to initiate protective relaying to isolate the faults. Further, the phases of
the LSRM are independent and even in case of one winding failure, uninterrupted operation of



CHAPTER 1

the motor drives is possible although with reduced power output. In other words, a failure in one
phase in LSRM or in the converter typically affects only the damaged phase and the other phases
can continue to run independently. It shows that LSRM has a high-grade fault tolerance. With
these advantages, LSRMs have been emerging in various linear applications recently [5]-[12].
For instance, a horizontal linear transportation system is presented with a new converter topology
and force control method using force distribution functions (FDFs) in [5], and a high precision
position application such as precision manufacturing automation is introduced with a proposed
robust position control strategy in [6]. Reference [7] describes a cylindrical type linear actuator
using an LSRM. Lee et al. presented a ‘MegLev’ application using LSRM technology in [8] and
[11]. Liu et al. [12] introduced a micro-LSRM focusing on a microelectromechanical (MEMS)

system application.

Furthermore, LSRM technologies have been coupled with various design procedures of
LSRMs for each different application [8]-[10]. For a horizontal moving system with levitation
actuators, the design procedure of the presented LSRM topology is detailed in [8]. For an
manufacturing automation application, a 3-D modeling of an LSRM with magnetic-flux
decoupled windings is described in [9]. Moreover, a new LSRM topology focused on a high-
force density is presented in [10] and it is a double-sided and double-translator without back iron
on the translators and on stator in the middle.

However, up to this point, vertical propulsion applications such as an elevator using
LSRMs have remained largely unexplored until a possibility of the vertical transportation system
using LSRMs has been researched by the author ef al. in [1]. The author investigated and proved
that LSRM would be an attractive alternative for a full scale ship elevator with a payload of
10,0001b using a suitable LSRM topology as well as an effective force control strategy with a
novel FDF method. The LSRM topology proposed in [1] consists of twin stators and no back
iron on translators to reduce the mass of translators on a vertical moving vehicle. Meanwhile,
linear induction motors and synchronous motors have been already presented in [13]-[14] and
[15]-[18], respectively, as primary propulsion of vertical transportation systems. Linear
synchronous motors have to use the amateur coil on stator side and permanent magnet on the

moving vehicle. Thus, linear synchronous motor is expected to be more expensive and also cause
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discomfort of passengers due to the strong permanent magnet on the vehicle. In addition, to
reduce the high temperature on the permanent magnet below its operating temperature, the
vehicle needs to carry a cooling system which increases the mass of the vehicle. Linear Induction
motor are also not suitable for elevator applications due to their low efficiency [4]. Linear
induction motors have a large air gap and hence sufficient thrust can only be generated with a
high current in a secondary conductor. Thus, metallic plates may overheat, even to the point of
melting. From these perspectives, LSRMs are very competitive for the vertical applications due
to absence of windings on one side, stator or translator. By these advantages, this research has

been motivated and successfully accomplished. It will be discussed in detail in this dissertation.

This chapter consists of several sections. In the next two sections, the operation principle
of a typical LSRM is described and various configurations of candidate LSRMs for vertical
travel applications are presented. Then, earlier research works on control strategies are reviewed,
and expected problems in applying LSRM technologies to a vertical propulsion vehicle such as
an elevator are defined. Finally, the objectives and contributions as well as the scope of this

research are summarized at the end of this chapter.

1.2 Operation Principle

The concept of an LSRM stems from its predecessor: the rotary switched reluctance
motor (RSRM). The only difference between the two configurations is that the RSRM produces
rotational torque and an LSRM produces linear force. In fact, one can assume an LSRM is

merely a “rolled out” version of a RSRM.

A reluctance motor is an electric motor in which translational force production occurs by
the tendency of the moving part to move towards a separate stationary point where the
inductance of the excited winding is maximized. The switched aspect describes the switching of
winding excitations at different phases to achieve a continual motion. The last and only
misleading term in LSRM is linear. By no means does an LSRM have any linear characteristics.
The only linear aspect of an LSRM s that its translator and stator is laid out in a straight and

parallel fashion. For a better understanding of the operation of an LSRM, consider Fig. 1.1 which
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Fig. 1.1 Longitudinal 8/6 LSRM [11]
(Used by permission of Dr. Krishnan Ramu)

depicts an 8/6 design. The numbers represent the number of poles on each rail. Therefore, an
8/6 design means there are 8 poles on the translator (bottom rail) and 6 poles on the stator (top
rail). In an LSRM system, the translator is the moving part and the stator is the stationary
part. The part that houses the windings is known as the intelligent piece. With the 8/6 design
shown, the intelligent piece would be the translator and the dummy piece would be the stator.

A phase constitutes a pair of opposite poles that will have its windings excited at the
same time. With an 8/6 design, there are four phases. Thus, using the motor shown in Fig. 1.1,
poles T1 and T5 represents the first phase (phase A), poles T2 and T6 is the second phase (phase
B), poles T3 and T7 is the third phase (phase C), and poles T4 and T8 is the fourth phase (phase
D). By having a phase switched on, the generated fluxes become additive and form a complete
flux loop. When a phase is said to be in an aligned position (or fully aligned), the translator poles
of that phase are perfectly aligned with the stator poles. In Fig. 1.1, the translator poles of phase
A (T1 and T5) is fully aligned with stator poles S1 and S4. The path of the flux during phase A
excitation is denoted as '¢a’. In the aligned position, the inductance is at its maximum because
the magnetic reluctance of the flux is at its lowest. On the other hand, when a phase is not in an

aligned position, it is known as unaligned position. From Fig. 1.1, phase B is an example of an



CHAPTER 1

unaligned position. If the windings of phase B were to be excited at the current state, the
translator will develop the tendency to move towards the right until it poles reaches an aligned

state. That is, T2 and T6 become aligned with S2 and S5, respectively.

In order for the translator to keep continual motion, the windings of each phase must be
switched on and off at the correct intervals. Assuming the translator is currently situated as
shown in Fig. 1.1 and moving to the right, the correct order of phase excitation is phase B, C, D,
A, and repeat. In other words, because phase B in an unaligned state, its inductance is not at its
maximum. Therefore, the flux path of phase B (shown as a dashed line labeled as '¢b") will
move towards the direction in which maximum inductance can be attained. Once phase B
becomes fully aligned its windings get switched off and phase C gets switched on. Phase C will
then move towards the right to achieve maximum inductance and then get switched off, which
prompts phase D to switch on. The whole switching mechanism gets repeated until the translator
IS at its desired position.

The operation of LSRM is based on the inductance profile of the motor. The inductance
of the motor is related to motor dimensions such as the stator and translator pole and slot widths,
excitation currents and translator position. Assuming that the magnetic circuit is linear and
therefore the inductance characteristics are independent of stator current excitation, a relationship
between the motor dimensions and inductance, shown in Fig. 1.2, is derived. The inductance of a
phase winding is its self-inductance. Five translator positions are significant to derive the

inductance profile and they are given as

w.+w
X, =X AW, = £ 7
2
Wy — Wsp
Xy =X, + (w,p — wsp) =w, + (—2 (1.2
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Fig. 1.2 Inductance profile and propulsion force generation in LSRM [11]

(Used by permission of Dr. Krishnan Ramu)

_ _ Wis +Wsp
Xy =X3+W, =W, + T
W, —w
_ ts sp_
xs—x4+—2 =W, + W,

where wy, is the width of the translator pole, wy is the width of the translator slot, wy, is the width
of the stator pole, and wy, is the width of the stator slot as shown in Fig. 1.1. Between X, and X3,
there is complete overlap between stator and translator poles, and inductance during this interval
corresponds to the aligned value and is a maximum. As there is no change in the inductance in
this region, zero propulsion force is generated in this region with an excitation current in the

winding. The phase A propulsion force equation is given by,

F, =120kl (1.2)
2 ox
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But it is important to have this flat inductance region to give time to commutate the
current and hence to prevent the generation of a negative force. The unequal stator and translator
pole widths contribute to the flat-top inductance profile. On the other hand, the regions
corresponding to 0~x; and x,~xs have no overlap between stator and translator poles. These
positions have the minimum phase inductance known as unaligned inductance. The rate of
change of inductance is zero and hence these regions also do not contribute to propulsion force

production.

1.3 LSRM Topologies for Elevator Application

Since most research effort on SRMs has been focused on rotary SRMs, LSRMs have not
attracted considerable interests until 1990’s. Only a few literatures are available on the research
of LSRMs [1], [5]-[12], [19]-[21], [23]-[34], [37]-[40]. Moreover, LSRMs for vertical
applications have remained unexplored until the author ez al. [1] investigated the possibility of
applying LSRMs into vertical application as an alternative to conventional linear motors, such as
linear induction motors and linear synchronous motors [13]-[18]. For this reason, various

possible topologies for vertical applications are shown and discussed in this section.

First of all, earlier design works need to be classified and investigated so that several
possible types can be selected as candidates of an elevator application. According to the flux path
type, configurations of LSRM are divided into two categories: longitudinal type and transverse
type as shown in Fig. 1.3. As a common LSRM configuration, longitudinal flux path type
LSRMs have been prevalently selected for research in many literatures [1], [5]-[6], [8]-[12],
[19], [26]-[30], [33]-[34], [38]-[40]. Meanwhile, the transverse flux path type LSRMs have been
exploited by Takayama er al. [24]-[25] and Liu et al. [37]. In addition, cylindrical LSRM
configurations have been presented by Corda et al. [7], [31]-[32].

For vertical applications, however, all conventional LSRM topologies used for horizontal
applications are not suitable because vertical travel applications need more compact, lighter
moving parts (or translators), lower acceleration, and easier installation to the moving vehicle

than horizontal ones. Hence, with these design factors plus control strategies taken into
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consideration, several candidates for the vertical applications are proposed in this section as
shown Fig. 1.4. Among four LSRM configurations shown in Fig. 1.4, Type 1 in Fig. 1.4(a) is
most commonly used for linear motion applications as mentioned in the beginning. Type 3 in Fig.
1.4(c) has been designed and experimentally applied to another horizontal travel application [10].
Meanwhile, Type 2 in Fig. 1.4(b) is a configuration which combines two translators back-to-back
and needs one more stator and has not been tried yet in any applications.

Since translators are moving parts of the LSRM and have to be installed on a moving
vehicle, the weight of the translators has to be considered as an important design factor. As
discussed by the author et al. [1], the previous topologies from Type 1 to Type 3 cannot meet
specifications for vertical travel applications, such as an elevator: Type 1 is most robust
configuration, but it needs long stack (depth of translators) length and windings to produce a
required propulsion force. The long stack length increases the mass of translator and windings,
and decreases force density (propulsion force per mass). Hence, Type 1 is too heavy to be
applied to vertical moving parts. Type 2 is just like Type 1, but it is more compact configuration
than Type 1. Concerning Type 3, it needs more parts (translators and stators without back iron)
and causes much complicate construction work although it is high force density configuration.
For that reason, the author ez al. [1] proposed a new topology, Type 4, and it is verified as the
most suitable configuration for vertical applications in terms of force density, mass of translators
including windings and normal force generated between translators and stators, and requires
relatively simple construction work compared with Type 3. The more details about four different
candidates are discussed in [19]. As a result, Type 3 is chosen and exploited as the LSRM
configuration for an elevator application for this research.

1.4 State of the Art

LSRM Topology for Vertical Applications: In earlier works, LSRMs have been
commonly exploited for horizontal applications [5]-[8], [11]-[12], while other linear motors have
already been explored in vertical travel application [13]-[18]. However, conventional LSRM
configurations shown in literature [5]-[11], [24]-[34], [37]-[40] are not suitable for vertical

applications due to heavy mass of moving parts (translators), low force density
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(propulsion force per moving part mass) and complexity of construction [10], and hence a new
LSRM topology for vertical travel application is required. In addition, vertical travel applications
need only two-quadrant operation (motoring, positive breaking) due to the acceleration of gravity
while horizontal applications needs four-quadrant operation (motoring, regenerating or breaking)
without the effect of the acceleration of gravity. Two-quadrant operation needs to be considered
as one of important design factors and needs symmetric force profiles as presented by the author
et al. in [1].

Corda et al. [7] shows that LSRM has a very high normal force of attraction between
stator and translator poles while rotary SRMs have the normal force neutralized by same force
acting between the diametrically opposite pair of stator and rotor poles. The high normal force is
a serious mechanical problem to be considered at the design stage of LSRM construction
structure for vertical travel application so that the normal force might be significantly reduced or
cancelled by strong mechanical structure or symmetric normal force like rotary SRMs. In
addition, installation problem needs to be included in some ways that the flux path in translators
is not blocked and at a same time the total mass of translators is light since translators will be

mounted on the moving vehicle as active parts of LSRMs.

Force Control: From the literature of Ishii [4], one of serious problems in conventional
traction geared rope type elevator is vertical vibration which is mainly caused by torque ripples
of electric motors. Since LSRMs have been known for high force ripple, force ripple must be
suppressed to apply LSRMs to an elevator application. For this goal, several control strategies
have been proposed in [5], [6], [21], [36], and [41]-[45]. The basic idea is to distribute the
desired propulsion force to two adjacent phases during predetermined commutation interval
using the force distribution function (FDF). Based on inductance profiles, Schramm et al. [21]
proposed the phase current optimal profiling in the sense of minimum stator copper loss. Due to
the finite bandwidth of current control loop, significant torque ripple accompanied this control
scheme during commutation. Husain et al. [41] and Ilic-Spong et al. [42] introduced a sinusoidal
function and an exponential function as a torque (or force in LSRMs) distribution function,
respectively. Wallace et al. [43] and Gan et al. [6] used a simple function of linearly increasing

outgoing phase currents and linearly decreasing incoming phase currents during commutations
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accepting possible torque (or force) error. Kim et al. [44] proposed a torque distribution function,
which could minimize the rates of change of currents over commutation intervals. Recently, Bae
et al. [5] and [36] propose an efficient FDF using the rate of change of inductance and its
combination, and successfully applied the proposed FDF into a rotary SRM as well as LSRMs.
However, there is a problem in adopting Bae ef al.’s FDF because inductance of LSRMs for an
elevator application is too high to apply the proposed nonlinear FDF function. The FDF function
renders the phase current not to respond fast enough to track the current command. As a result, to
the contrast of the horizontal LSRM application presented in [5] and [11], force ripple in case of
vertical LSRM applications is very high when the FDF is used and the results are presented in
[1]. Therefore, the need of a new force control method has emerged to diminish the force ripple
during commutation, and hence to make LSRMs competitive and suitable primary propulsion

source of a linear elevator.

Current Control: Current control is very important because propulsion force is
generated directly by phase line currents as given in Eq. (1.2). Current controllers in LSRMs
have been developed with various control techniques [47]-[50]. Bae et al. [47] and [48] proposed
a new converter switching scheme to reduce the current (and force) ripple using a unipolar
converter switching method with the decoupling of the induced emf and a new dynamic FDF
model with mutual inductance considered, respectively. Lin et al. [49] proposed a high
performance current control using on-line parameter estimation to adjust the current control gain
according to the estimated inductance value. Wei et al. [45] introduced another current ripple
reducing methods called PSCC, 90-degree phase-shift current control. It is similar to Bae et al.
[48] in the sense of increasing the chopping frequency by double without increasing physical
converter switching frequency. The difference is that Wei et al. directly changed the DSP
register value according to the operation mode to make the switching strategy possible.
Meanwhile Bae et al. made a virtual opposite sign of voltage command to the actual voltage
command from the current error and effectively doubled the switching frequency. These current
control schemes, however, do not take into account uncertain or unmodeled parameters, such as
noise and offset of current sensors; switching noise of PWM converter; DC-link ripple; voltage
drop of switching devices; and variations in plant model parameters. These uncertain and

unmodeled parameters are called measurement disturbances in this research. Phase currents
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corrupted by measurement disturbances cause conventional current controllers to generate line
currents with large ripples, and hence to make undesirable force ripples as presented by the
author et al. [46]. Moreover, the noisy currents increase acoustic noise, which is one of main
drawbacks of (L)SRMs. Therefore, the effect of measurement disturbances on current control
should be analyzed by way of simulations and experiments. Based on the analysis, an effective
and robust current control method needs to be presented to compensate for undesirable
measurement disturbances so that LSRM actuation systems are more reliable and become

acceptable for propulsion applications.

In addition, the current controllers described in [48] and [50] use a variable control gain
in proportional plus integral (PI) controller to achieve high performance SRM drives. Variable
control gains need accurate nonlinear motor parameters, such as inductance with respect to
position and current. Thus, if the stored or estimated motor parameters are not correct, the
controller cannot work properly and sometimes can cause high peak currents, resulting in
damage of control systems and motors. In case of elevator applications, this problem should be
avoided. In this respect, an efficient model-independent nonlinear controller needs to be taken

into account to achieve reliable control system as well as easy implementation.

1.5 Objectives and Contributions

A Prototype Ropeless LSRM Elevator Development: Earlier reviews provide that
many electrically propelled linear actuation systems normally use either linear induction or linear
synchronous motors. LSRMs, however, have many advantages over the conventional linear
motors: low manufacturing cost, more reliable, fault tolerant motor topology, less thermal
problem, and easy maintenance. These advantages make LSRMs very attractive alternative to the
other linear motors and hence very competitive candidates for vertical transportation applications
as well. Nonetheless, LSRMs have remained unexplored for vertical applications while there are
many literatures about horizontal transportation applications. In this regard, the design, analysis
and development of a prototype LSRM for a vertical application such as an elevator are very
valuable and hence are presented in this dissertation. This study is the first of its kind to propose

and investigate the feasibility of the linear elevator using LSRMs with a novel force control
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strategy.

Novel Measurement Disturbance Rejection Current Control: Conventional current
controllers do not consider the effect of corrupted phase currents due to the measurement
disturbances, mainly arising from noise and offset of current sensors, switching noise of PWM
converter, DC-link ripple, voltage drop of switching devices, and variations in plant model
parameters. Measurement disturbances, however, need to be seriously taken into account and
analyzed to enhance performance and robustness of current and force control, and hence to
improve reliability of LSRM actuation systems. Moreover, to achieve high performance current
control Pl current controllers use variable P gains which include variable nonlinear motor
parameter of self-inductance with respect to position and phase current. As discussed in previous
section, a model-dependent controller is not desirable in the sense of reliability and
implementation of control methods. Therefore, a new model-independent current control method
using an extended state observer (ESO) and a nonlinear P controller (NLP) is proposed to
estimate measurement disturbances and compensate for it. As a result, it is expected to enhance
current and force control performance. Furthermore, acoustic noise and EMI are expected to

decrease because of ripple reduction in force and current.

Research work in this dissertation makes the following contributions.

1) The most suitable four-phase (8/6) LSRMs with four 1.06-m-long stators and 1.5mm air gap
between stators and translators for a prototype elevator is chosen, designed and implemented.
The analyses on four candidates of the LSRM topology for this application are detailed in
[19]. Features of the designed LSRMs are also described according to each part: translator

and stator.

2) A prototype elevator with a size of 22 x 26 x 50 inches using the designed LSRMs is
developed and presented. It consists of two LSRMs whose windings are connected in series,
and the LSRM has been installed on each side to make the vertical moving system more
stable and tolerant compared with one side actuated system. Setup and structure for the
prototype elevator are described according to each part with pictures.
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3) A superior force control technique with a novel FDF method for the prototype elevator is

derived, implemented, and proved by way of dynamic simulations and experimentas.

4) PI controllers for the current control loop and velocity control loop are described, analyzed,
employed, and validated through dynamic simulations and experiments. For position control,

a trapezoidal velocity profile is applied during moving as well as halt.

5) A novel and model-independent current controller to reject measurement disturbances
contained in phase currents is proposed, analyzed and validated through dynamic simulations
and experiments. It is based on an extended state observer (ESO) and nonlinear P controller
(NLP). The convergence proof of the proposed current control is derived in the Appendix B.
It is believed that the proposed current control method can be successfully applied into other

motor drive systems in the presence of measurement disturbances.

6) The prototype LSRM elevator is demonstrated successfully at different velocities from
0.15m/s to 0.3m/s as well as with different payloads of 23kg and 32kg including the vehicle

mass. The correlation between dynamic simulations and experimental results is established.

7) A DSP-based control system has been realized to execute the control strategy for the
prototype LSRM elevator. An asymmetric half bridge power converter for each phase is used,

adopting a unipolar switching strategy presented in [47] and [48].

1.6 Scope and Organization

Scope of This Research
The present study has the following scope:
(a) The designed elevator is a prototype to validate that the LSRM technology is an attractive
alternative to conventional linear motors, such as linear induction and linear synchronous
motors for vertical applications. For the prototype elevator, any break systems at stop or

in case of failure of power supply are not provided because comparison and validation
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can be achieved during operation of ascent and descent. In the future study, safety tests
with break systems need to be explored for industrial applications.

(b) The surface of the stator poles is not perfectly flat due to welding of laminations. As a
result, the air gap between stators and translators is not constantly maintained at 1.5mm
in all travel position from bottom to top during ascent and descent of the vehicle. In this
research, the comparison between dynamic simulations and experimental results assumes

that the air gap is 1.5mm in all travel position.

(c) At the design stage of the LSRM, the normal force was not considered. Due to high
normal force, however, stators tend to bend inwardly toward translators. The air gap
between stators and translators is heavily affected by the normal force during operation.
The prototype LSRM uses metal pieces to connect four stators to rigid elevator structure
frames on each side so that the air gap can be maintained at 1.5mm during operation.

Thus, it is assumed that the air gap is not affected by the normal force in this study.

Organization of This Dissertation

This dissertation is organized as follows. Chapter 2 describes a design procedure of a
suitable LSRM topology for two different elevator applications, and shows correlation between
simulation results of finite element analysis (FEA) and measurement data of the LSRM in terms
of force and inductance. Chapter 3 presents control strategies for the prototype: Pl velocity
control with a velocity profile, force control with a novel FDF method and PI current control
with gain scheduling with respect to position. In addition, it explains converter topologies and a
unipolar switching strategy applied for the prototype LSRM elevator. Dynamic simulations with
the control strategies are presented at the end of the chapter. In Chapter 4, a novel and robust
current control algorithm is proposed to reject measurement disturbances contained in phase
feedback currents. It consists of a proposed extended state observer (ESO) and nonlinear P
controller (NLP). The proposed control method is verified by dynamic simulations and
experiments. In addition, FFT analysis results are provided to prove reduction of acoustic noise
and EMI effect. Chapter 5 provides a comprehensive summary of the major conclusions arising
from this research work. The chapter ends with some suggestions on possible areas of further

16



CHAPTER 1

research work. Appendix A describes the derivation of the proportional and integral gains of the
system presented in [47]. Appendix B derives the convergence proof of the proposed control
algorithm based on the proposed ESO and NLP. In Appendix C, the specifications of the

prototype LSRM elevator used in the research are given.
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CHAPTER 2
DESIGN OF A LINEAR SWITCHED RELUCTANCE MOTOR
FOR A ROPELESSELEVATOR

A design procedure for a double-sided and longiai flux-based linear switched
reluctance motor (LSRM) with no back-iron (yoke)tianslators shown in Fig. 2.1 is developed
for a prototype elevator in this chapter. The degigocedure introduced by Le al. [8] is
adopted to design the LSRM for the prototype elmvathe design procedure of Let al.
utilizes the rotating switched reluctance motor RS design by converting the specifications
of the linear motor into an equivalent rotating orotThe motor design is carried out in the
rotary domain, which then is transformed back thilinear domain. Such a procedure brings to
bear the knowledge base and familiarity of theryotaotor designers to design a linear motor
effectively. This chapter contains one illustratioh the given design procedure which was
applied for a LSRM design for a ship elevator pnésé by the authoet al. [1]. For a scaled-
down prototype elevator, the dimensions from th&gieed LSRM for a ship elevator are shrunk
and optimized into final dimensions of what is shoin this chapter. The designed LSRM is
verified with finite element analysis (FEA) priay tonstruction of the prototype. Experimental
correlation in the form of inductance vs. positian current and propulsion force vs. position vs.

current is given to validate the analysis and depigcedure in this chapter.

Stator

L L

__Translator

Stator

Flux Path _

A
1]
T

Fig. 2.1 Double-sided and longitudinal flux-bas#@ &§pe LSRM
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2.1 Introduction

As reviewed in Chapter 1, there are two distinctivenfigurations of LSRMSs:
longitudinal type and transverse type as showngnE3 of the previous chapter. As a common
LSRM configuration, longitudinal flux path type L8 have been prevalently selected for
research in many literatures [5]-[6], [8]-[12], [1926]-[30], [33]-[34], [38]-[40]. On the other
hand, the transverse flux path type LSRMs have lee@iored by Takayamet al. in [24] and
[25], and Liuet al. in [37]. In addition, cylindrical LSRM configuriains have been presented by
Cordaet al. in [7], [31], and [32].

For vertical applications, however, all conventiob&RM topologies used in horizontal
applications are not suitable because verticaletraypplications need more compact, lighter
moving parts (or translators), lower acceleratenmg easier installation to a moving vehicle than
horizontal ones. With these design factors plugrobstrategies taken into consideration, a four-
phase double-sided and longitudinal flux-based)(8$e LSRM with active translators is
proposed as the most suitable LSRM topology for teetical applications. The details
concerning the design and analysis and comparissuits of candidate LSRM topologies are
presented by Nimadt al. in [19]. The proposed LSRM is shown in Fig. 2.1 amas originally
presented by the authetral. in [1].

On the design procedure of LSRM, there had nenhlse standard design procedure for
LSRM [35] until Leeet al. proposed a new LSRM design procedure in [8]. A ddath or
classical design procedure begins with the powgsuitequation relating the motor dimensions
such as the bore diameter, lamination stack lersgibed, magnetic loading, and electric loading.
Further, the motor dimensions and their impact erfggmance are characterized by implicit
relationships and made available in a form to ematbtor design. Such a procedure allows an
insight into the scaling of designs and enablesi@cise of engineering judgment to select the
best design with least amount of computations. &redvantages are not feasible with finite
element analysis (FEA). Therefore, a standard depirgcedure is selected for the prototype
LSRM design.
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Recognizing that a standard design procedurevadable for a rotary SRM [51], the
design of a LSRM can proceed via a rotary SRM Higie specifications can be transformed
from linear to rotary domain. Then the design canrécovered in linear domain by simple
algebraic transformations from rotary domain t@én[8].

As discussed in the previous chapter, elevatptiGgiions, however, need a symmetric
force profile due to two-quadrant operation, matgrand breaking, which is not considered for
conventional horizontal travel applications. Intieal travel applications, the acceleration of
gravity is always present and it acts a negativeefgulling the moving vehicle down all the
time during operation. As a result, LSRMs havermdpce only positive force to run the moving
vehicle at desired speeds whether the vehicle dsdgositive velocity, motoring operation) and
descend (negative velocity, breaking operationke $tandard design procedure introduced by
Lee et al. does not consider this two-quadrant operationcetiecause it uses the conversion
method from RSRM to a conventional type of LSRMr Haus reason, The authet al. [1]
proposed a wider stator pole widtkvg' in Fig. 1.1) without changing other dimensionaitake
a propulsion force profile symmetric once convemiloLSRM dimensions are given by the

standard LSRM design procedure.

2.2 LSRM Design Procedure

It describes the standard LSRM design proceduesepted by Lee [11]. Design of
LSRM is achieved by first translating its specifioas into equivalent rotary SRM
specifications. Then a rotary SRM is designed fiwhich an LSRM dimensions and design
variables are recovered by inverse translation. désgn procedure is derived in this section

according to Lee’s work presented in [11].

2.2.1 Specifications of the L SRM

The LSRM is to be designed for a motor statogtlei;, with a maximum linear velocity

of vy and an acceleration timgrequired to reach the maximum velocity. The maxinmuass of
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the translator is restricted to.Mrig. 2.2 shows the required velocity profile loé tLSRM. If the

deceleration timéy = t,, the maximum acceleration is given by,

Vin 2.2)

a. =—
ta

a

and the maximum deceleratiap= —a,. The instantaneous acceleration forgéskjiven by,

F,.=M, [, +a,) (2.3)
whereay is the acceleration of gravity, 95> On the other hand, the instantaneous deceleration
force is given by,

Fqs =M, Wa, +a,) (2.4)
Assuming a zero instantaneous friction force, thd; = 0, the maximum power capacity of the
LSRM is given by,

P=F ¥ (2.5)
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Fig. 2.2 Velocity and required force profiles of REI for an elevator application.
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2.2.2 Design of Rotary SRM (RSRM)

An 8/6 RSRM is designed for a power capacity ioah to that of the LSRM. The
material is ASTM-A1011 for stator with laminatiornch CF1018 for translator without
lamination. The RSRM has a stator pole anglgaind a rotor pole angle gf. The speed of the
RSRM,N;, in rpm, is given by,

Y 50

— m

" Dj2 21

(2.6)

whereD is the bore diameter of RSRM. The power outputaéiqu of a RSRM in terms of key
physical variables [46], is described by,

P = k.kk.k,B,A,DLN, 2.7)

whereP is the power outpuf is the efficiencyky is the duty cycle determined by the current
conduction angle for each rising inductance prokje= 77/120, k; is a variable dependent on the
operating point and is determined by using aligreadurated inductance and unaligned
inductancepBy is the flux density in the air gap at the aligmpadition, A, is the specific electric
loading which is defined as ampere conductor paenad stator inner peripheri, is the stack
length of the magnetic core, ahl is the speed. Setting the stack length as a neiltip sub-

multiple of the bore diameter,
L =kD (2.8)

and converting the rotational angular velocityitear velocity,

0
P=kk.kkB A D?kD [ Vm 20
KekiloBy A EED/Z 2nj

= Kk, kikokB, A, D?v,,
T

(2.9)
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The bore diameter is obtained from the power ougpuition as,

D= P (2.10)
600k K, k,k,kB, AV,

The air gap of the LSRM is usually much larger thizat of the RSRM. In the aligned portion,
the B-H characteristic of the magnetic material is falimgar and the reluctance of the steel core

is small when compared to the reluctance of the@ar in the aligned position. The motor flux
linkage can be calculated as,

@=B,A, (2.11)

whereAy is the cross-section area of the air gap and galignment is approximately equal to,

A, :(%—gj(ﬂr ;ﬁst (2.12)

whereg is the length of the air gap. The magnetic figlgbmsity in the air gap can be calculated

as,

H =—9% (2.13)

Assuming the existence of a large air gap, the agappens required to produce the air gap
magnetic field intensity is given by,

T 1 =H, 2g (2.14)

ph™ p g
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where Ty, is the number of winding turns per phase &nib the peak phase winding current.
Assuming a value for the peak phase winding cumm#éatvable in the motor, the number of turns

per phase of the RSRM can be calculated as,

(2.15)

If Jis the maximum allowable current density in th@dung andm is the number of phases, the

cross-section area of a conductor is calculated as,

lP
&= (2.16)

Neglecting the leakage of flux linkages, the arkthe stator pole, the flux density in the stator
pole, the area of the stator yoke, and the heifjtiteostator pole can be calculated, respectively,

as,

A = D"Zﬂs (2.17)
B, =£ (2.18)
A=C 0= A;BS (2.19)
h, =%—%—cw (2.20)

whereCy is the thickness of the stator yoke ddglis the outer diameter of the stator lamination.

The rotor pole area is given by,

A =(9—gj LA (2.21)
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If the rotor yoke has a radius equal to the widtlthe rotor pole, the rotor yoke width and the

height of the rotor pole are sequentially calculas,

_A
Cy=- (2.22)

(2.23)

This completes the analytical relationships requfte the RSRM design.
2.2.3 Conversion of RSRM Dimensionsto L SRM Dimensions

The bore circumference of the RSRM forms the tlerad one sector of the LSRM. The
total number of sectors of the LSRM is given by,

N (2.24)

_

* D
For the number of poldss in the stator of the RSRM, the number of statdep@s obtained by,
n=N_.N (2.25)

S °SC

The width of stator pole and the width of statat sire given by,

_A_(D
W, = 3 _(Ej B. (2.26)
(7D = Nw,)
W =N— (2.27)

The translator pole width and the translator sladthvare converted from the rotor pole area

neglecting the air gap length and are given by,
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_(D
= D~ NW,) (2.29)
N

whereN; is the number of poles in the rotor of the RSRMw\the fill factor of the windings is

verified to see if the slot size is sufficient tol¢hthe windings. The fill factor is defined as,

Sator Winding Area

= (2.30)
Sator Sot Window Area
The diameter of the conductor is given by,
d = [% (2.31)

Assuming that a portion of the stator pole heightécupied by wedges to hold the windings in

place given byv, the number of vertical layers of winding is,

(h —w)

N, = f, (2.32)

c

wheref; is the form factor or packing factor. If the numlie a fraction, it is rounded off to a

lower integer. The number of horizontal layers dfiding is given by,

N, =& (2.33)

The stator winding area is given by,
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Sator Winding Area = 2% (2.34)

f

Finally, the fill factor is calculated as,

2acNth
Sator Winding Area  _ fo_ 2a.N,N,

= = = (2.35)
Sator Sot Window Area w (h,—w) f,wg(h,—w)

Consideration has to be given to keep the two phasgings in the slot separated also. Then the
normal range of the fill factor is in the rangegivby 0.2< FF < 0.7. The translator length for

an LSRM with 8 translator poles is then calculasd

L, =8w, + 7w, (2.36)

Since the core stack length of the LSRM equalssthtor stack length of the RSRM, the core

stack length is written as,
L, =L=kD (2.37)
Finally, the following condition has to be satisfje
N (W, +Wg) = N, (W, + W) (2.38)
The winding details of the RSRM and LSRM are ideadtin this design. This need not be the
case as the duty cycle of a winding in the fourggheSRM,1/(4Ns;) whereas that of the RSRM

winding it is1/4. Therefore, the windings in the LSRM can have mlogler copper volume but

taking more losses.
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2.3 Prototype Design Example

2.3.1 Four-phase LSRM Prototype for a Ship Elevator [1]

An LSRM prototype is designed for a ship elevawith a maximum linear velocity of
0.5m/s and acceleration time of 0.25s. The paytalle vehicle including translators’ assembly
is 200kg per LSRM. The ship elevator consists of. 3RMs carrying 4,536kg and hence 200kg
corresponds to the payload per LSRM. The accetaradithen given by,

The instantaneous acceleration force is calculased

F, =M, [{a, +a,) = 200[{2+ 98) = 2360N

The decelerationy = —2m/s? and the instantaneous deceleration force is gigen

F, =M, [{a, +a,) = 2000(-2+ 9.8) =1560N

The power capacity of the LSRM iB= Fv,= 23600.5 = 1,180W. The RSRM is assumed to
have a stator pole anglg = 18 = 0.314 rads and a rotor pole anffle= 22° = 0.384 rads. After
fine-tuning the parameters, the constants aressetilaws:ke = 0.5,kg= 1,ko = 0.7,B4 = 1.65 T,
As = 38000, and = 2.3. The bore diameter is obtained as,

D= Pt =1722mm
60Kk, k kKB, ALV,

The stack length of the RSRM is obtained as,

L =kD = 0.7[172=396mmL 400mm.
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The stator yoke thickness,@s given by,

With D, = 2D=344 mm, the height of the stator pljean be calculated as,

w

h. = °—%—Cw: 44—%2—27:59mm

|

The rotor back-iron widtiC;, and the height of the rotor pdieare then calculated as,

C, = (Ej B = (ﬂzj 0.384=33mm
2 2

h, -D_ —Cry=1—72—1—33z52mm
2 2

The magnetic field intensity in the air gap is cédted as,

For a peak phase winding current of 8 A,

H.[2g
Ty = gl
p

= 328Turns/ phase

Assuming a current density of J = 4.86 A/faithe area of a conductor is calculated as,

a, = lp = 8
JJm 486/4

=0.823mm?
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In active translator and passive stator structfré SRM, the stator and rotor of RSRM
corresponds to the translator and stator of LSR¥pectively. The widths of stator pole and

stator slot are given by,

w,, =C,, =33mm
_(/D-6w,) (7m172-6033
W = =

< =57mm
6

The translator pole width and the translator sloltkvare calculated as,

w, =Cgy =27 mm
_ (7D -8w,) _ (7172-8(27)

W, =41mm
8

The total length of the translator is given by,

L, =8w, +7w, =8[27+7[21=503mm

The core stack width of the LSRM is obtained frdra stator stack length of the RSRM as,

L, =L =kD 0400mm

Now, the fill factor of the windings is verified teee if the slot size is sufficient to hold the

windings. The diameter of the conductor is given by

d. = \/4a° = \/4[0'823 =1.023mm
T T

The closet wire size with this diameter is AWG #lk$has 1.0237mm and selected for the phase

windings. Assuming the width of the wedges w = 1 aimd packing factor £ 0.7, the number

of vertical layers of winding and the number ofikontal layers of winding are given by,
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The stator winding area is given by,

. N, N
Stator Winding Area = 2% 0386 mm?

f

The fill factor is calculated as,

_ Sator Winding Area 386 — 0330
Sator Sot Window Area  (59/2-1)[#1

Note that the condition outlined in (2.35) is asstisfied with this design. Fig 2.3 and Table 2.1
show the final dimensions of the designed four-phBSRM for a ship elevator [1]. The

dimensions are fine tuned to be suitable for tegatbr application.

Table 2.1. Dimension of the designed LSRM for g ®ievator

Stator pole widthwg, 42mm Translator pole width, 26mm
Stator slot widthyvg 62mm Translator slot widthy, 52mm
Stator pole heightls 34mm Translator pole heigh, 28mm
Stator back-iron (yokels, 34mm Translator back-iron (yoke},, O0mm
Stack lengthl 400mm Air gap lengthg 1mm
Peak phase currerif, 8A Turns per phasdg, 840
Current density) 4.86A/Imnf  Wire size (AWG) #18
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Fig. 2.3 Dimension of the designed four-phase LSRM for a ship elevator

iR IE I E =
i = B B
= —1 TE £,
i —1 i =
L —1 ks ik
BT —1 = Eit
5 —1 | i
Elevator = = H H
vehicle
= —1 N I
-2 1 1l L
Translator set H H H -\ }] Stator Track
on the elevator je =] = = on the wall
= 1 £ [T
= = —1 S
% —1 — I
4] =y 1 —
=) = = =
e = T =
= - .-3. - -
- -

el e
I- ‘ Moving direction

Fig. 2.4 Designed four-phase LSRM for a ship elevator :

12 LSRMs are installed on one side of the vehicle
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Fig. 2.4 shows the installation of 24 LSRMs, stators and translators, on the ship elevator
which is designed to carry 4,536kg in total as the payload. Each side has 12 LSRMs equally to
share the required peak propulsion force, 55,000N at 0.5m/s with an acceleration of 1.98m/s’.
Hence, each LSRM is supposed to produce propulsion force of 2,300N. The stator track will be
extended from bottom to top of the floor and the length will be long but dependent on the
applications. The stator track will be constructed on the wall where the elevator will be placed.
The translators will be mounted on the moving vehicle of the elevator. The details about mass of
the translator and stator, the expected power loss as well as converter topology and control

strategies to control this elevator are referred to [1].
2.3.2 Four-phase LSRM Prototype for a Scaled-down Elevator [19]

Since the prototype LSRMs for an elevator are a scaled-down version by around 1/8 of
the ship elevator LSRM in terms of propulsion force, the dimension of the prototype LSRM can
be obtained by shrinking the LSRM dimensions of the ship elevator. Table 2.2 and 2.3 show the

specifications and dimensions of the prototype LSRM and elevator, respectively.

Table 2.2. Specifications of the prototype LSRM (8/6 type) and elevator

Number of LSRMs 2 Peak propulsion force 300N

Acceleration 1.96m/s? Peak phase current 12A

Air gap length 1.5mm Rated phase current 10A

Rated payload 24kg Rated voltage 170Vvdc

Stack length, L 90mm Cruising velocity 0.2m/s

Stator 1061mm Elevator travel length 0.6m

Translator + Winding  309mm Vehicle dimension 127(L)x12”(W)x14”(H)

Steel type - stators

ASTM-A1011 Steel type - translators

CF1018 (non-laminated)
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Table 2.3. Dimensions of the LSRM for the prototygbevator

Stator pole widthyVy, 21mm Translator pole widthi, 13mm
Stator slot width\Wg 31mm Translator slot widthys 26mm
Stator pole heightlg 30mm Translator pole heigh, 48mm
Stator back-iron (yokelzy, 35mm Translator back-iron (yoked,, Omm
Stack lengthl 90mm Air gap lengthg 1.5mm
Peak phase curren, 10A Turns per phas&p, 396
Current densityJ 6.07A/mnf  Wire size (AWG) #18

The prototype elevator is designed to carry 2dkfuding the vehicle weight at the rated
current of 10A. As shown in Table 2.3, the dimensud stator pole width and translator pole
width is scaled down to ¥ from the ship elevatoRMs The other dimensions are dependent on
wire turns Tpn) Which need to be adjusted to meet the requiregyssion force along with rated
phase current. Phase current tinTgs determines the magneto-motive force (MMF). For the

prototype elevator, phase current diglis set to 10A and 396 turns, respectively.

2.4 Design Verification

Design verification process, very much similartbt@ RSRM, includes finite element
analysis (FEA) and experimental verification of thwtor. FEA is made using one of the
commercial software and the design is fine-tuneth wtihese results. Based on the finalized
design, a prototype motor is usually built andadstA strong correlation between the FEA and
experimental results assures confidence in theneegng analysis and design methods adopted,
and enables confident scaling of the motor. A pmrelation of the results forces a designer to

revisit the design methodology.
2.4.1 FEA Verification
In this section, two-dimensional FEA is used ¢oify the design procedure of the LSRM

and the accuracy of the analytical method. The finkages and the inductances of the phase

windings, the propulsion and normal forces developy the motor for various excitation
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currents and translator positions are determingd\, fh general, provides more accurate results
than the magnetic analytical method with equivat@rduit method because it considers a large

number of flux paths compared to the magnetic edent circuit method.

The field solution is obtained using Mawell-20ita@re package of Ansoft Corporation.
The entire problem region is subdivided into trialag finite elements. The LSRM translator is
moved from an unaligned position with respect t® stator to an aligned position at different
excitation currents, and corresponding to eachstaéor position, inductance, propulsion force,

and normal force are obtained.

Fig. 2.5 shows the flux distributions inside tt&RM for the fully aligned position, one
intermediate position of 12mm shifted from the yullligned position, and the fully unaligned
position of 26mm. These plots are obtained at @&@learrent of 10A in one phase winding. It is
observed that the leakage flux lines cross th@rstdot air gap to the adjacent stator poles and
complete their path through the stator back-irdie proposed LSRM has two air gaps and the
translators without back-iron are placed in thediadf two stators. Thus, the translators act like
bridges between two stators, and the flux denséreshigher than stators. In addition, the flux
densities in the excited translator poles are fogla given excitation. The flux densities in other

parts of the motor are very low.

Fig. 2.6 shows the force, flux linkage and inducie profile at several different phase
currents with respect to various translator posgiolhe force in a given direction is obtained by
differentiating the magnetic co-energy of the systeith respect to a virtual displacement of the
translator in this direction using the calculatkd fdensities in each triangular element of FEA
simulation. Based on this approach, the propuldmne at various currents with respect to
various translator positions are calculated andvshio Fig. 2.6. The inductances are identical in
all different current because the designed LSRMahksge air gap of 1.5mm and does not have
any saturation problem. Hence, the experimentakoreament does not need all range of current
to collect different inductance data, but only gnease current are sufficient to show the

measurement vs. FEA simulations as described ingsstion.
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Fig. 2.5 Flux distribution of the four-phase LSRkb{otype at rated current, 10A
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Fig. 2.6 FEA simulation results: Force, flux linlklagnd inductance profile

2.4.2 Experimental Setup and M easur ements

2.4.2.1 Design Features of the proposed L SRM

The LSRM for the prototype elevator has uniquegifees as a vertical propulsion motor
compared with conventional horizontal LSRMs, anelytAre summarized below with respect to
translator and stator. Their details concerningt88&M design are described in [19]. The four-
phase LSRM with six stator poles and eight translpbles is selected for the prototype elevator.
The windings are on eight translator poles, remggtfe translator to be active component.
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A. Translator with no back-iron

An initiative study and a comparative evaluati@invarious topologies for a LSRM
elevator are discussed in references [1] and [&8pectively. Based on the studies, the no back-
iron configuration has been selected as the mottldes LSRM configuration for this vertical

application, an elevator. The main features ofttaeslator configuration are listed below:

» High propulsion force per translator
» Compact design as an attractive alternative faticarapplications
» Consideration for installation of translator paleshe vehicle

» Each pole machined from a single piece of mildI€E1018 )

B. Stator withwider pole width

Since an elevator is a vertical propulsion agian, only positive propulsion force is
required due to two-quadrant operation of motoramgl breaking modes, as discussed in
previous chapter. Thus, the positive propulsiorcdoshape needs to be symmetric. This is
discussed by the authet al. [1] and shown that it is possible to achieve syitmimgositive
force by making the stator pole width wider thanwentional ratio between stator and translator
pole width (vg = 1.2n) [20]. As for the prototype elevator, the ratiosist to approximately
1.62 vy = 21mm,wy, =13 mm). The ratio can be increased if more symméirce profile is

demanded, but it allows stator mass to increase.

2.4.2.2 Experimental Setup for the prototype elevator

The prototype elevator has two LSRMs whose wigsliare connected in series to reduce
input current. Each side of the prototype elevats one LSRM consisting of two stators and
one translator as shown in Fig. 2.7. An LSRM igdhed on each side of the prototype elevator
to make vertical transportation more stable andt talerant. Each LSRM has been designed to
carry the payload of 12kg at rated phase currdd,. The translator needs careful installation
because the poles of the translator are separadeddually due to no back-iron. Thus, a spacer
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is installed to ensure constant separation betvieerpoles. As shown in Fig. 2.7(c), spacer
aluminum bars are equipped to ensure the samesjmlevidth. Additionally, the air gap spacers

are provided to maintain the air gap between staod translators.

Fig. 2.8 shows the experimental setup for thesmesment of the propulsion force and
phase inductance. It is measured after lockingdimanin the air) the translator using the holding
plate and connectors at the desired position aedgering one phase winding with a constant
DC current through a PWM power converter. For thepplsion force test, when the current
reaches steady state, the load cell sensor owgpaticorded. This test procedure is repeated at
various currents and translator (vehicle) positioifse value is measured using an S-type load
cell, which is used where the load is pull or pusirea straight line without a side load. The
translator and its mechanical support are conneabtedgh the screws at each end of S-type load

cell to minimize any off-center pulling or pushing.

(a) Prototype elevator: Top view

Fig. 2.7 Prototype elevator setup and translateerably
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Trandator assembly

N"Ef‘-: — Pole slot spacer
Air gap spacer (1mm)

Translator

Windings

(c) Translator assembly: 8 poles

Fig. 2.7 Prototype elevator setup and translateerably (continued)
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Fig. 29 Equivalent circuit for the phase inductance mears@n
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Table 2.4. Parameters in Fig. 2.9

Vi 5~120Vac at 60 Hz ia  2A(rms)

V. AC Voltage across the inductancé,. Core loss current of phase A

R, 2.2 ohm, Resistance in Phase A i,, Magnetizing current

R. Core loss Resistance in Phase AL,, Phase inductance

Fig. 2.9 shows the equivalent circuit for the mgasent of phase winding inductance.
The measurement method using equivalent circuitaihigcadopted, which was used by éteal.
[52] and the symbols are explained in Table 2.4 etthl. did measurement using a special tool
of National Instrument to calculate the instantaneous power. Afterwand, dore loss power is
given by subtracting the resistive loss from thstantaneous power and hence the core loss
current can be found based on the literature. 8 @imple method is used without any special

measurement equipments for the inductance measoteme

First, power factor angl@, a time delay between input voltage and current &

obtained from an oscilloscope. Then AC voltag@s&the inductanc¥, is calculated as,

v, =Vv.06, =V, 00-1,R 06

. (2.39)
=V, —1,cos8[R |- jI, [E0sO[R,
From Eq. (2.39), core loss angle is calculated as,
g, = ta?| ——1aSNIR, (2.40)
V. —1,cosf[R,

Then, core loss power and core loss resistancgiveg as,
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P. =1V, cosé,
V2
R (2.41)
=P-1.'R,
=V_I cosf - 1R,
V2
OR =—°¢ — 2.42
R P_1 7R (2.42)

As a result, core loss current and inductance (mt&jng) current are obtained as,

i =1,.06. =£D@c (2.43)
R,
i,=1,06,=1,06-1_.06
T : (2.44)
:[Iacosé’— . cos@c]+ J[Iasme— Iacsch]
Therefore, the phase inductantg, is gained as,
L= Ve (2.45)
2 a,,

wheref is the frequency of input voltagé,.. In this casef, is 60Hz.

After the translator is locked mechanically te thesired position as shown in Fig. 2.8
for the propulsion force measurement, 60Hz volegstation is used to measure inductances at
2A (RMS). As mentioned earlier, the prototype LSRies a large air gap which causes no
saturation, and hence the phase inductances aeeaathfferent current up to rated current, 10A.
Beyond the rated current, the inductance is getshghtly deviated from the unsaturated
inductances due to the effect of saturation asviftdcle position gets close to the aligned
position. The test is repeated at different traosl@/ehicle) position at the same current of 2A
(RMS) with the alternating voltage changed duenghase inductance change according to the
vehicle position after isolating eddy current lasse
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Fig. 2.10 shows the correlation of the FEA and mesment data. Fig. 2.10(a) shows the
experimentally measured propulsion force and thrukited force using 2D FEA versus position
at different translator (vehicle) positions and ghaurrents. It is shown that there is high
correlation between the FEA and measured valuesight discrepancy between the two sets of

values is less than 5% which is ignorable.

Fig. 2.10(b) shows the measurement results and nigmates correlation to the FEA
results. The inductance profiles at phase currkmter than 10A as a rated value are almost
identical to the profile at rated current. It isedio the fact that the air gap is usually very dairg
the linear motor and hence motor does not satwvitén operating range of phase currents.
There is high correlation in the unaligned inductarnegion, but there are some discrepancies up
to 10% in the aligned inductance region. The eisarsually attributable to the end effects, and
the distortion of the magnetic properties of theeamaterial due to punching stresses, ineBact
H characteristics provided by the steel manufacsueerd non-uniformity of the air gap to a
smaller degree. In addition, end leakage effectsnaligned position are generally severe in the
fully unaligned position because the reluctancéhefend paths becomes comparable to that of
the air gap paths. However, the comparison resulsg. 2.10 (b) show that more discrepancies
occur around aligned position mainly due to theds@on-laminated) steel of translator poles
and the nature of the experimental setup causimgundormity of the air gap of 1.5mm. The
comparison data of force and inductance is summdiiz Table 2.5.

Table 2.5. Comparison of force and inductance wlue

Force (N) Inductance (mH)

At 10A FEA Measurement At2A (rms)FEA Measurement
Feamax 120 118 La. mex 57.2 52.5
Fer mx 116 110 La_ min 20.3 20.7

Ferr min 30 35 Max Error 4.7 (8.2%)
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2.5 Conclusions

The following are considered to be original cimittions out of this chapter:

1) A novel LSRM topology for a prototype ropeless eliew has been proposed and designed
using the current knowledge and design procedureotaiting switched reluctance motor
(RSRM) [8]. The proposed LSRM topology has no beiok-and non-laminated translator
poles.

2) The prototype LSRMs are scaled down from the desigship elevator presented by the
authoret al. [1], and optimized to be suitable for the prototygevator which can generate
the propulsion force of 300N.

3) 1.061m long, two four-phase prototype LSRMs foredgvator have been developed for the
first time based on the developed design procedure.

4) A prototype elevator with a size of 22 x 26 x 50x\WH) inches and a travel length of
0.68m has been built using two assembled LSRMaislasors are installed on the moving
vehicle whose size is 12 x 12 x 14 (WxLxH) inchesl aotal weight is 20.3 kg. The rate
velocity is set to 0.2m/s and the rated payloady2tkLOA including the vehicle weight.

5) The prototype elevator has been tested with comvaaitasymmetric half bridge converters
and proportional plus integral (PI) current corlenl

6) Experimental correlation of inductances and prdpul$orces to FEA simulation results has
confirmed the validity of the design procedurelsd t SRM.
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CHAPTER 3
CONTROL OF A ROPELESSPROTOTYPE LSRM ELEVATOR
WITH NOVEL FORCE CONTROL

In this chapter, control strategies for the prygte LSRM elevator are presented with a
novel force control. The control system of the ptgbe elevator contains four parts: velocity,
position, force, and current control. As mentiotgdshii [4], conventional rope elevators have
a serious problem with torque ripple generateddsry traction motors. Torque ripple renders
the cap of elevators oscillating vertically and ¢eeriorque control needs to be intensified to
avoid the undesirable behavior of elevators duropgeration. Switched reluctance motors
(SRM), however, have been known for high torquepldp and hence SRMs have not been
applied yet into vertical traverse applications.thns respect, force ripple generated in the
prototype LSRMs should be considered as the mgsbritant factor to control in order to apply
LSRM technology into vertical applications, such asopeless elevator. In this chapter, a
effective force control method using a novel fodistribution function (FDF) is presented to
suppress force ripple during commutation, an opgileg period between turn-off of one phase
and turn-on of the following phase. The proposeddaontrol has been discussed by the author
[1], and adopted in this research for an experialenélidation of successful force control

performance.

This chapter is organized as follows: The revieWv the previous control works
concerning force ripple reduction is described ayhamic LSRM mathematical model is
derived to draw control strategy. Then, controlesoh is presented, which consists of force,
current, velocity, and position control with a vaty profile. Converter topology and switching
strategy for the prototype LSRM elevator are presginand finally extensive dynamic control
simulations are correlated with experimental resfrtm the 1.27m-tall prototype elevator with
two sets of LSRMs installed on each side of vehacld structure as shown in Chapter 2.
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3.1 Introduction

Since LSRMs have been known that they have lamge ripple, force ripple needs to be
avoided in order to apply LSRMs into an elevatoplaation as a competitive candidate. For
force and torque ripple reduction in (L)SRMs, sale&ontrol strategies have been proposed in
[5]-[6], [21], [36], [41]-[45]. The basic idea itdistribute a desired propulsion force to two
adjacent phases during predetermined commutatienvad using a force distribution function
(FDF). FDF corresponds to TDF (torque distributionction) in rotating SRM (RSRM).

Based on inductance profiles, Schraranal. [21] proposed the phase current optimal
profiling in the sense of minimum stator coppersloBue to the finite bandwidth of current
control loop, significant torque ripple accompaniéés control scheme during commutation.
Husainet al. [41] and llic-Spongget al. [42] proposed a sinusoidal function and an expaaknt
function as a TDF in RSRM, respectively. Since TiSRo distribute a desired torque to two
adjacent phases during predetermined commutati@nvad, the excitation interval of a phase
was increased to more than 15 degrees. These ssluaméde viewed as having TDFs given in

(3.4)-(3.7) such that the sum of the phase torgmencands are equal to the commanded torque.

T, =T, +T, (3.1)
where,
T, =T, f,(6)
. (3.2)
T, =T, f,(6)

The reference angled and®’, are the initial and the final angle of the comatiain region,
respectively. According to the approaches, the aghaif the reference angles depends on the
inductance profile of a specific motor. For ins@nehenT, > 0and0° <6 <15 for an 8/6
RSRM,

0 <<@ <06, <15 (3.3)
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Therefore, the excitation interval of a phase wagmnarrower than 30 degrees and all phases

were not fully utilized in their approaches. Husetial. [41] proposed following TDF.

1 for0"<0<86;
f (6)=1(1+cosk(6-8)))/2 for® <6<0,
0 for@; <0<15
(3.4)
0 for0°<6<6
(1-cosk(-6!))/2 for® <6<8,
1 for@, <06<15

where,

k=180/(0 -9!) (3.5)
On the other hand, llic-Sporggal. [42] proposed following TDF.

1 for0"<0<86;
e for®; <08 <0
0 for®; <0<15

(3.6)
0 for0° <6<6

1 for@ <0<60,

1 for@, <6<15

where,

k=(0,-0,)/5 (3.7)

The rates of change of phase current commands nedteed during commutation as expected
but by assuming an ideal inductance the resultmgrrect current commands caused torque

error and by choosing relatively short commutatiderval the changing rates of currents could
not be reduced significantly.

For a 6/4 RSRM, instead of defining a TDF, Wallateal. [43] linearly decreased the
leading phase current and increased the followimase current during commutation interval. By

neglecting the relationship between the output uergand the phase currents during
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commutation, the torque ripple was inevitable whsrihe rates of change of phase currents were
fixed for a given torque command. Kieb al. [44] proposed a TDF, which could minimize the
changing rates of currents over the commutatioerviad. With this approach, an extensive off-
line numerical calculation to obtain the optimadlusion was necessary for individual RSRM and
excessive memory was required to store the TDF.

Recently, Baest al. [5][36] has proposed an efficient FDF using th&e raf change of
inductance and its combination, and successfulpyliegh the FDF into a RSRM as well as a
horizontal LSRM. However, there is a problem in @ittty Baeet al.’'s FDF because the
inductance of LSRMs for an elevator applicatiortas high to apply the proposed nonlinear
FDF function. The FDF function causes the phaseentinot to respond fast enough to track the
current command. In contrast to results of theZzomtal LSRM application, force ripples of
vertical LSRMs are very high in using the Baieal.’s FDF and the results are presented by the
author in [1]. Therefore, a new force control meth® proposed in this chapter to reduce force
ripple during commutation and hence to make LSRMsmetitive and suitable primary

propulsion source of a ropeless linear elevator.
3.2 Dynamic Model of Linear Switched Reluctance M otor

Control starts with a system model to control sigetem properly, and thus the system
model has to contain good and extensive informasioowing the system’s characteristics. In
general, various kinds of electric motors have beedeled with different approaches, such as
mathematical nonlinear equation and artificial méuetworks. For this research, a mathematical
model derived in [20] and [36] is used, and sonméspare excerpted from [36].

3.2.1 Voltage Equationsfor Two-phase Excitation

With mutual inductance ignored, the voltage and flnokage equations for a four-phase

LSRM can be expressed in terms of both phase dsraarfollows.
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v, =Rji, +—2
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. dA
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. dA
v. = Ri_ +—°
C RS (o4 dt
. dA
Vd:ng+_a%
and
Aa = Laia
Ay = Lyl
/1(: = LCiC
Ay =Ly
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(3.8)

(3.9)

where R, is the winding resistance of a phase, apéndA, for k =a,b,c,andd are the phase

voltage and flux linkage, respectively.

If two adjacent phases are considered at a timerenghase currents of other two phases

are assumed to be zero, then four-phase equat@®naf®d (3.9) can be simplified as follows.

and

(3.10)

(3.11)

where the subscript are y are the phases in consideration and the>sg) is one of(a,b),

(b.c), (c,d), and(d,a). Either phasex or phasey is leading and the other phase is following

according to the direction of moving. For exampgdased is leading phasa in the first

excitation region when the output force and th@eiy are positive.
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The voltage equations can be expressed in termsitbér phase currents. In this
subsection, phase currents are chosen as stasbleari Differentiating (3.11) with respect to

timet yields,
=t g,
4 . (3.12)
Y = Y+ g wl
dt Yot e

wherea = dx/dt and g,and g, are the force functions defined as the rate ohghaof phase

inductance according to positiogl'—". Hence, substituting (3.12) into (3.10) and reariamg

dx
them yield,
di, .
dt = _ailx _aZw[ﬂx +a0Vx
g (3.13)
d_ty =-bi, —b,wl, +byyv,
where,
1 1
= b. =—
a, L b L,
3, = a,R; b, = bR, (3.14)
oL oL
a, = x| b, =h,| =L
2 ao( axj 2 0( OXJ

It can be noticed that there are a nonlinear badk Eerms in each equation in (3.13) and
the current as a state variable contains a nomlimeztor parameter of phase inductance. It
indicates that gain scheduling is required to aehieigh performance current control. In other
words, there is no need to change current conti®ligain if there is an alternative current
controller which is not highly dependent on the meatatical motor model. It will be discussed

in Chapter 4.
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3.2.2 Force Equation for Two-phase Excitation

Similarly, either phase currents can be assigagedtate variables to express an output
force equation. To express the output force in seofmphase currents and translator position, the

output force equation is derived from the coenaAfy From the definition of the coenergy and

the relationship given in (3.11), the differentalenergy is expressed as [53],

dW, (i,.,i,,x)= A,di, +A,di, +F,dx

= (Lyd, )i, +(L,i, )di, +F,dx (3.15)

\

Fig. 3.1 Integration path to obtaii, (ix,iy,x)

The coenergy can be found by integrating (3.16)@a path of integration. The most

convenient integration path is to integrate oxehnoldingi, andi, fixed at zero, integrate over

i, by holdingi, fixed at zero, and finally integrate ovgras shown in Fig. 3.1. In the first part
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of the integration, the integral is zero becabigeés zero when both, andi, are zeros. Thus,

the coenergy is calculated as,

<

2,(0,€,x)dé + TAX(f,iy,x)dE

0

W, i,.i,.x)

1
O t—

<

(Lyf)df+lf(|—xf)df (3.16)

o 1.
2 2
LI, +§Ly|y

I\Jll—‘ O —;

Where¢ is an integration variable. Then, the propulsiorcé F,is calculated as,

oW i, i,,X 1 ., 1 .
Fe =% =ng'x2 +§gy|)2/ (3.17)

i, iy fixed

Now F, is expressed in terms of state variabiesndi,, and the rate of change of phase

y 1
inductancegx andgy. The force equation in terms of the phase cusréntelatively simple
compared to voltage equation and hence it will §eduto derive the force distribution function

(FDF) described in the following section.
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3.3 Control Strategy for Prototype L SRM Elevator

Fr
x* Remaining P . f"e* Fe ! ¥ m i
—| Distance [ A (;c. v = > ) — - — -
Calculator - ) Ms+( |_,§_| -/
L Velocity Velocity Force and LSRM Position
Profile PI Controller ~ Current Mechanical
PI Controller Model

e Fr Iy = g Vi I I T, 2| F

i e, | FDF K| cCG Ge ; | Conv. N oy - | RS ol .

E i T Te f Lk _(Xk.."k)-S""R k 2¢‘ak k H F _F
Force Fk i Current Current PWM LSRM Phase Fi+ = 4
Distribution —»  Command Pl Controller ~ Converter Electrical Force SUSRI
Function Generator Model

where dLy
Force and Current PI Controller, n-phase machine gk = dx ,.:

Fig. 3.2 Control block diagram for the prototypeRI8 elevator.

For an elevator application, the prototype neggsecise control strategy consisting of
force, current, velocity, and position control &®wn in Fig. 3.2. Force control with a proposed
FDF is explained and verified by comparing the psmul force control method with
conventional ones in this section. A trapezoidabeity profile is presented for position control
to obtain a desired response with respect to posifA position feedback is used to give position
information to the velocity profile and it is regented as ‘Remaining Distance Calculator’ in
Fig. 3.2. In addition, current and velocity contvath the proportional plus integral (PI) control

for the prototype elevator are analyzed and expthin this section.

3.3.1 Force Control

Current control is the innermost loop followedthg force control. As shown in Fig. 3.2,
force control includes a current control loop WRBF applied to generate a demanding current
command. As mentioned earlier, LSRMs are knowrldage force ripple. However, force ripple
of LSRMs needs to be suppressed to control the myowehicle properly for a smooth ride in
vertical motion applications. Otherwise, mechanicakillations and vibrations are easily

instigated so that the vehicle cannot ascend ardede properly at the desired speed. For the
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prototype elevator, a novel FDF is implemented beeaof its superior performance even in
large scale (or high inductance) LSRM actuatiortesys [1]. The proposed FDF is compared
with conventional force control algorithms in tlsisction so that the advantages of using it can
be demonstrated. First, the LSRM’s dynamic equatorerms of force using (3.8) through
(3.11) is introduced to derive the FDF function.

The applied voltagex, to a phase is equal to the sum of the resistdleage drop and

the rate of the flux linkages and is expresse@@j &s,

. d/]k(x,ik)= . oy diodxdl (X0
=R + qt Rs|k+(|-k(x’lk) ot 1 i dx j (3.18)

where the phase flux linkade(X.i,) = L (X,i,)i, and Ly is the phase inductance dependent on
positionx and phase curretit . k indicates phase a, b, ¢, andR4. is the phase resistance. From

(3.18), multiplying with phase current resultsnstantaneous phase input pow&r given by,

Pic = Vidy = R +ﬂnk Ry +'k(L (xuk)d'k -dXM]

1.2 dxdL, (%) v (3:19)
- L 2 OX X, Ik
=Rii,’ [ NeamIp J Sl dt—dx
The last term of (3.19) is the air gap power pexsgP., and is given as,
- 1i 2 dx dL (%) =1i 2 dLy (%) % (3.20)

T2 Gt dx 2% dx

The air gap power is the product of the electroretignforce per phases, , and translator

velocity given by,
Pa = XFy (3.21)
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From the above equation, the propulsion force perse is acquired by equating (3.20) with
(3.21) as,

L 2 dLy (%)
20Xl

Fo == 3.22
« o (3.22)

This result shows a single phase form of the ppnlforce compared to (3.17) which is for

two-phase excitation and is derived from the cognefrom (3.22), the phase current command

I, is calculated as,

2F,
Oy

(3.23)

I

where Fy is a propulsion force command per phase which &che excited andy =
dLk(x,i)/dx is the rate of change of phase inductance withe@sto position. Equation (3.23) is
called CCG which is shown in Fig. 3.2. In addititthe mechanical equation is represented as the

following,

d
= ZFek—M—+Cx+F (3.24)

=a

where,

F. = generated propulsion force, F, = Load force, M = mass
C = friction coefficient for k = a, b, ¢, d phase '

Equations (3.22) and (3.23) indicate that the neglipropulsion force needs to be controlled by
effectively generating demanding current commandugh a well-behaved FDF. Next section
discusses the concept of the force distributiorction (FDF) and compares conventional FDFs
presented by Baet al. [5][36] and by Schramnet al. [21] with a novel FDF proposed by the

author [1].
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3.3.1.1 Force Distribution Function (FDF)

The block diagram shown at the bottom of Fig.iBugtrates a force and current control
loop. It is composed of a force distribution functi(FDF), a current command generator (CCG),
a current controller, and propulsion force calauat Assuming that instantaneous phase
currents are controlled accurately, the force adrgtrategy is based on tracking the optimum
FDF of each phase, which is generated using a nejdorce command obtained from the
velocity control loop. In order to achieve the regd force command, the force distribution
function should satisfy the following condition:etlsum of the FDFs for all phases should be
equal to unity at all translator positions. Theateins between the force command and force

distribution function are given as,

Fo =F f, (3.25)
L9 A o ) )
Fe = éFEk = é(Fe fk)=|:e é(fk):Fe A= Fe (3.26)

whereF. is the required propulsion force command &rid a FDF fork=a,b,c,d phase. From

(3.23) and (3.25), provided that an effectivelytdisited phase forcEek* is given by using a

well-devised FDF method, an efficient phase curtemhmandik* can be generated from the

given phase force commarﬁgk* and hence high performance of force control caadieeved.

In the following section, two conventional FDFs aresented and compared with the proposed

FDF through dynamic simulations.
3.3.1.2 Conventional FDF: Single-phase Excitation

According to the allocation of FDF per phase,reéhexist two different force control
strategies: that is, single-phase excitation anutfihvase excitation. As one of the single-phase
excitation, Schramnet al. [21] is chosen due to phase current optimal prgfiin the sense of
minimum stator copper loss. In Table 3AE, 9mm, B=22mm, C=35mm, and D= 48mm based
on the prototype LSRM with a cycle of 52mm. The camation position, A through D, is based
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Table 3.1 Single-phase excitation

FDF Implementation Position

fazl,befC:fd:O 0<x< A4

f=lL fo=f.=f,=0 ALx< B
S

fo=1 f.=f=r=0 B<x<C

Jo=1 f, =/, =/.=0 C<x<D

on the optimal position where the minimum stator copper loss takes place according to Schramm

et al.’s method.

3.3.1.3 Conventional FDF: Two-phase Excitation

For the case of two-phase excitation, Bae ef al. [5,36] is selected because it is reported
that the FDF performs well in both case of LSRM [5] and RSRM [36]. In Table 3.2, A= 13mm,
B=26mm, C=38mm, and D= 52mm based on the prototype LSRM with a cycle of 52mm. The
commutation position, A through D, is given at the position where the phase propulsion force
profile starts producing a positive force. In the table, gx = dLi(x,ir)/dx, the rate of change of

inductance with respect to position.
3.3.1.4 Proposed Force Distribution Function

Since the conventional FDF [5] of two-phase excitation has a slow response due to a
heavy weight function of the FDF, a novel FDF is proposed by the author in [1] and shown in
Table 3.3. The only difference between the two FDFs is the weight function: The conventional

FDF uses f, = g, (x)* /(g, (x)* + g,.,(x)*). but the proposed one f, =|g, (x |/(|g) (x)|+|g,. (¥)]).

Based on the equation (3.23), the proposed FDF with a combination of absolute value of g
causes the current command to rise much quickly compared to the one of Bae et al. [3] for a

given phase propulsion force, Fy , and hence enables the actual phase current to be excited fast
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Table 3.2 Two-phase excitation of Bae et al. [5,36]
(Used by permission of Dr. Bae )

CHAPTER 3

FDF Implementation Position
fi=2,00/g,(x) + ,(x)). £, =2, /g, ()" +g,(x)’)
0<x<4
fo=71.=0
fo=2,00" g, () +,(x). £, =g,(0" g, (x)* +g,(x)’)
A<x<B
fc = fd =0
fk 2 2 2 2 2 2
=800 /g, (x) +2.(6)7), £ = g.(0) /g, (x)* + . (x)’)
B<x<C
fa = fd =0
£ =8 () g (0 +8,(0)), fi =g, () g (x)* + g,(x)?)
C<x<D
fa = f;) = 0
Table 3.3. The proposed FDF for the prototype LSRM elevator
FDF Implementation Position
o =lgax [Ny |+, @), £, =g, [y 0] +|g, ()])
0<x<4
Jy=1.=0
£ =l2.0e [/, )|+, @), £, =g, (x |12, (0] +]g, ()
A<x<B
fc = fd =0
e, =g, (x | /(2 0] +g. ), £, =]g.(x |12, ()| +[g.()])
B<x<C
fa = fd =0
1=l e [ 0] +|g, ), i =24 (e |12 ()] + |2, ()
C<x<D
Jo=1,=0

enough to tract the current command. Thus, the generated propulsion force, F,, for a quickly

excited phase current is able to successfully track the demanding force command, F.*, which is

coming out of velocity controller as shown in Fig. 3.2. The comparison results of the FDFs are

60



CHAPTER 3

presented in the next section. In Table 3.3, A= 13mm, B=26mm, C=38mm, and D=52mm based
on the prototype LSRM with a cycle of 52mm. The commutation position, A through D, is given
at the position where the phase propulsion force profile starts producing a positive force. In the

table, gx = dLy(x,ix)/dx, the rate of change of inductance according to position.

3.3.1.5 Comparison of the FDFs

Case 1: Single-phase Excitation [21] vs. the Proposed FDF

In Fig. 3.3, dynamic simulation results show the excellence of the proposed FDF
compared with a conventional single phase excitation called optimal single phase excitation [21].
For this simulation, specification of the prototype LSRM described in the previous chapter is
used. The conventional single-phase excitation with the FDF shown in Table 3.1 shows a large
force error during commutation while the proposed FDF presents a negligible force error. The
simulation results are summarized in Table 3.4. On the peak phase current, the phase currents are
limited to a certain maximum value because of converter ratings. Hence, high peak phase
currents increase the cost of converter. With the superior performance and lower current rating,

the proposed FDF is utilized for an efficient force control of the prototype elevator.

Table 3.4 Comparison between the proposed FDF and conventional single-phase excitation

Proposed FDF Conventional excitation

Peak Force Command 112N 158N
Peak Force Error -4N - 137N
Peak Phase Current 9.7A 12.8A

Case 2: Two-phase Excitation [5] vs. the Proposed FDF
For this simulation, the specification of the LSRM described in the previous chapter for

the ship elevator application is used [1]. The ship elevator as a high volume of application needs

a high propulsion force of 55kN. Fig.3.4 (a) shows the result of force control using THE
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conventional FDF [5]. As can be seen, fluctuatiohthe produced force are large from the force
command. It results in large force errors, up t®0-4N. According to the equation (3.25), the
distributed force is generated by using FDF, amahtthe current command is derived from the
distributed force as shown in (3.23). Thereforéehd FDF has a large weight function like Bte
al’s FDF, the distributed force has a slow respoAsea result, the current rises up slowly, and
the generated force is not able to track the condechrforce fast enough. Therefore, a large
force error is present. Fig. 3.4 (b) shows theltediforce control with the proposed FDF shown
in Table 3.3 and gives a superior result to the aferce control with the conventional FDF in
terms of force ripple and peak phase current. Dineeferror is reduced down to 55 N which is
roughly eight times less than the force error imgighe conventional FDF. The comparison

results are summarized in Table 3.5.
In summary, the simulation results from Fig. 3.8 &4 indicate that the proposed FDF
is a suitable method for the efficient force cohtrothe application of elevator which needs a

high propulsion force or small.

Table 3.5 Comparison between the proposed FDF ameeational two-phase excitation

Proposed FDF Conventional excitation

Peak Force Command 975N 1,112N
Peak Force Error 55N - 420N
Peak Phase Current A 7.9A

3.3.2 Current Control

From (3.18), the phase current equation is derasgd

Py = —ay i, —ay X, +ayV, (3.27)
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FDF
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(a) Force control with a conventional FDF [21]
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(b) Force control with the proposed FDF

Fig. 3.3 comparison of force control with a single-phase excitation FDF
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Fig. 3.4 comparison of force control with a two-pbaaxcitation FDF
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N * i
i Kpe(s+Kie) | _Vk Vk | _ 20k /N
= & stan 1
Current PWM LSRM
PI Controller Converter Electrical
Model

(a) Current loop block diagram

Fp
x* va(s +Kiy) F e* é)_> / X .
S Ms+C
Velocity LSRM
PI Controller Mechanical
Model

(b) Simplified velociy loop block diagram

Fig. 3.5. Control block diagram with current aredocity Pl controller

wherea,, =1/L,(xi,),a, =R /L. (Xi.),a, =9,/L,(xi,), andp=d/dt for k=a, b, ¢, d phase.
The input phase voltagé,, needs to be adjusted to control the phase curfenteveloped in

[47], the new current control inpug, is given as using a Pl controller,

, = Kp{(i; S )+, [ —ik)dr} (3.28)

0

where K. and K are the proportional and integral gains of the ctrent controller,
respectively. From Fig. 3.5(a), the transfer fumectof the current control loop is derived and

simplified as,

i (S) KlK S+ KlK cKic
G =50 pe P f K. K 3.29
C(S) i,:(s) s? + KK s+ K K K OF 8ok B pe == A ( )

where K; is the converter gain ar¢h =axK;. From a given bandwidthy, and damping ratio

. for the current control loop, the gains are detias,
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Gm = Inf, Pm = 160 deg (at 4.18e+003 rad/sec)
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(a) Current controller: closed-loop cutoff frequency=2kHz
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(b) Velocity controller : closed-loop cutoff frequency=100Hz

Fig. 3.6. Frequency response of velocity and cdroentroller Gm represents
gain margin and®m phase margin)

K, (x)= 2 el ot (3.30.1)
Jrzz)freaczf+a b
K i (3.30.2)

- ZZC\/(1+ 272 )+ i+ 272 ) +1

As a result, the PI velocity controller gains aa¢calated by using the method described
in [47]. For the current controller, 2kHz and 2 asdected for the bandwidihand the damping
ratioZ,, respectively. Even thoudfy is a variable dependent on phase inductapoe(3.30.1),
the control performance of the transfer functiotR93 does not depend dfy becauseKiKpc
becomes a constant in the function. In additiog, Bi7 shows that the inductance profile of the
designed LSRM is almost the same up to the maxiplase current 12A due to a large air gap,
1.5mm. Fig. 3.6(a) shows the frequency responskeotlosed-loop transfer function (3.29) with
the PI controller gains obtained for givem and(, regardless ok;. It is seen that the designed
current controller is stable due to the high gaid @hase margins, and the closed-loop cutoff

frequency is 2kHz proving the design process dsetdisbove.
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Fig. 3.7. FEA data of the LSRM: Force and inductapiofiles

3.3.3 Velocity Control

Since the current loop bandwidth is much highenttee speed loop bandwidth and with
the assumption théﬁ Oi,orF, OF, as shown in Fig. 3.2, velocity loop is simplifiad shown

in Fig. 3.5(b) and the transfer function is expeeswith Pl controller gains as,

va(S+ Kiv)
G, = f(F)) 0 M —— forK, >>C (3.31)
X \S SZ+( pv)S+ pv Niv
M M

where K, and K;, are the proportional and integral gains of theoewy Pl controller,
respectively. A general second order system casebiged from the simplified velocity transfer

function for a given set of the desired velocityppobandwidthew, and damping ratia/, as

described in [47]. From a given set@fandd,

3 2{ .« M
Ko = (3.32.1)

Ve 2cz) el 22y 1
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(7
v (3.32.2)

. 2(VJ(1+ 202)+ L+ 2¢2) +1

K

As a result, the Pl velocity controller gains aadcalated using the method described in
previous section. Since it is known that velociontol loop is slower by five to ten times than

current control loop, 100Hz is selected as theargialosed-loop bandwidit,. In addition, the
damping ratid@, is set to 1. Fig. 3.6(b) shows the frequency raspmf the closed-loop transfer
function (3.31) with the PI controller gains obdhfor the given values ab,andd,. It can be

seen that the designed velocity controller is stahle to the high gain and phase margins, and

the closed-loop cutoff frequency is 100Hz provihg tlesign process discussed above.

3.3.4 Position Control

Elevator system is a vertical traverse applicatind it needs to avoid the vibration of car
acceleration. For this reason, conventional etevases a desired and given trajectories of jerk,
acceleration, velocity, and position [55]. Thuse thosition control system for the prototype
elevator employs a simple trapezoidal velocity peah order to achieve a smooth and efficient
ride without any jerky motion. The trapezoidal @ty profile consists of four periods:
acceleration, coast (constant velocity), decelenatand halt. The velocity profile mode such as
deceleration is determined by the ‘Remaining distacalculator’ in Fig. 3.2. For a given final
distancex*, and the direction of the vehicle via externaltcolnswitches, the distance calculator
monitors and gives the position information frone tinear position encoder to the velocity
profile so that the profile can start accelerattonmove or deceleration to stop at a desired
position. For the prototype elevator, the acceienats set to 0.4g (g=the acceleration due to
gravity, 9.8m/s”) and the maximum velocity to Grgs. (3.33.1) and (3.33.2) describe the

trapezoidal velocity profile to control positiontine ascending and descending cases,
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For ascent,

X+ a, duringacceleratin
maxx, duringcoast

X =
X —a, duringdescelerabn
0, duringholdingatstoppedoosition
For descent,
X—a, duringacceleratn
= min X, duringcoast

X+ a, duringdescelerabn
0, duringholdingatstoppedoosition

whereo is the cruising speed which is set tof¥2in case of the prototype elevator.
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3.4 Converter Topology

In this section, two converter topologies, which eapable of operating in two quadrants
for the prototype elevator, are compared and therstitable one is chosen. Although a number
of different configurations of converters have bgaoposed in literatures and have been
summarized in [20], two of the most popular confagions are only considered. An asymmetric
half-bridge converter considered here does notributé to a new innovation in this research,
but is the most practical and commonly used configgon in (L)SRMs. It is also the most
convenient configuration to test various switchstategies for (L)SRM drives. In addition, one
of the switching strategies named unipolar switghstrategy presented in [22] is adopted and

described in this section.

3.4.1 Comparison of Converter Topologies

The converter for the prototype LSRM should hake ability to provide a positive
voltage loop to increase phase current, a negabitage loop to decrease phase current, and a
zero voltage loop to maintain the desired curremel. From the existing converter topologies,
two most popular converter topologies for an 8/6RMs are the asymmetric half-bridge

converters shown in Fig. 3.8. They are capablaafiding the three voltage loops [54].

Both converters are capable of operating in two douats. The switches and
freewheeling diodes for both converters should d&ted to withstand the supply voltage and

switching transients. However, the current ratimjsthe upper switche3, and T, of the

shared switch half-bridge converter must be deteechito carry the sum of two phase currents.

The upper switches,, andT,, shown in Fig. 3.8(a) are connected to two phaselwgs rather

than one in the asymmetric half-bridge shown in Big(b).
With the configuration shown in Fig. 3.8(a), theamber of switches and diodes is

reduced to six from eight, but it has some openaidimitations. The operation of upper

switchesT,. andT,, affects both the connected phase windings. Thigosas a restriction on
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Ph.D
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|
(a) Shared switch asymmetric half-bridge converter
o[ Taw 4 Dy,
Ph.D
\
o[ Ta

(b) Asymmetric half-bridge converter

Fig. 3.8 Possible converter topologies for the quiygie LSRM
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Fig. 3.9 Example of a limited operation of the gltbswitch asymmetric half-bridge converter
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the operation of the converter because, for examfiieee phases cannot be operated
simultaneously if the situation demands it. In othwrds, it is not possible to rapidly increase
the current in one phase winding while rapidly éesing the current in the other [54]. For
example, when phase C is turned on while phaserfemuis remaining, the extinction of phase
A is largely dependent on the operation of phase €hown in Fig. 3.9. The phase A current has
an increased fall time, dependent upon the chopging cycle of phase C. Moreover, when
there is a fault in one common switch, the reldi®d phases are not operational while the
operation of each phase is independent from thatledr phases in the asymmetric half-bridge
converter. After reviewing the merits and demesitshese converters as shown in Table 3.6, the
asymmetric half-bride converter is chosen for tr@qiype LSRM.

Table 3.6 Comparison of converter topologies

Asymmetric converter in Fig. 3.8 (b)  Shared switch converter in Fig. 3.8 (a)

Merits a. High fault reliability a. Capable of independent phase current control
b. High control flexibility/simplicity b. Less than two switches per phase

c. Capable of various switching strategy c. High compactness

(unipolar / bipolar...) d. less sensor (two) required

d. Ideal for high-power application (only if independent control is used instead

e. Equal voltage and current of distribution control, which means that more
ratings for all power devices than two phase switches are turned on at the
and diodes same time )

Demerits a. Two devices for each phase a. Low reliability compared with

(ex. 8 switches and 8 diodes required) asymmetric converter

b. Power loss due to the devices b. Different power ratings required for the

c. Snubber-based solution required power devices ( the common switches > the

for the minimization of power loss phase switches)

d. More current sensor required c. Applicable only to the even phase motors

(four sensors) d. Limitation on distribution control

(ex. Force distribution function)
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3.4.2 Switching Strategies

To obtain less current ripple and a better frequelrsponse in the inner current control
loop of the drive system, an effective unipolartshing strategy for the half-bridge converter
has been proposed by Bael. in [5] and [22], and chosen to test the prototgfayator.

+0

V, =V V.

a

_[=Vg fori,>0
0 fori,=0

Fig. 3.10 Four possible modes of operation for phas
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With the converter shown in Fig. 3.8 (b), there faner possible modes of operation for
each phase. As an illustration, these modes ofatiparfor phasé\ are shown in Fig. 3.10. In

the first mode, switchefl, ,T,, ) are turned on with diodd®,, ,D,, ) turned off. In this mode,
v, is equal tov,, and the current in the phase winding increasaslsgasupplying energy to the
phase winding. In the second modeij.it= , diodes(D, ,D,,) are turned on with switches
(T, .T.,) turned off in which case, is equal to-V, . Phase A current is forced to flow

through both freewheeling diodes and it decreaapsllly as energy is returned from the phase

winding to the supply. And if, = (diodes(D, ,D,, ) and switche4T, ,T,, ) are all turned off

aL? aL! "al

in which casev, is equal to zero. In the last two modes, i> sWitch and dioddT, ,D,, ) or

aL?

(T,,.D,,) are turned on with switch and dio@®,, ,D,, ) or (T

.»D, ) turned off, respectively.
The phase current continues to flow and decay gldladough one switch and one diode and

energy is neither taken from nor returned to thedd@ply. And ifi, = Q diodes(DaL, DaH) and

switches(T,, ,T,,, ) are all turned off. In both cases, is equal to zero.

How to exploit the modes described in Fig. 3.hfrely depends on design specification
but all possible switching strategies applicabletlie converter may use some or all of the
modes. The last two modes called zero voltage laopsery important in minimizing the ripple
contents of the phase current at any given switchiequency. Therefore, they can reduce the
hysteresis losses in the motor and the power dissip in the DC link capacitor during any
period when switches in the converter are turnedrah off to reduce the net applied voltage to
the phase winding.

The idea of the unipolar switching was first apglte a full-bridge converter consisting
of four switches and four diodes. The full bridgeneerter can handle four-quadrant operation
but in this application only two-quadrant operatiemecessary. Therefore, with the asymmetric
half-bridge converter shown in Fig. 3.8 (b) the saperformance can be achieved with the
unipolar switching strategy as introduced in [2Zhe operational principal of the unipolar
switching strategy is shown in Fig. 3.11. All pddsi modes are exploited in this strategy to

incorporate the advantages of the conventionalctwiyy strategies presented in [8]. Due to the
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effectively doubled switching frequency, the ripplantents of the phase currents in the unipolar
switching are enormously reduced compared to cdivead switching strategies shown in [8].
In addition, fast response can be observed wheplibse current is decreasing. The details are

shown in [22]. The algorithm for unipolar switchiagd the average output voltabg] are as

follows.

Vo forvozv, o &-v, <v

ramp

vV, =9-V, forv, <y ramp & 15, >0 (3.34)

a

& -v, 2V,

ramp

0 elsewhere

_ Ve ]
[va] = V... Vv, for -V o SV, V0 (3.35)
_Vdc < [Va] SVdc

v VC>O ' V =0 i VC<O i

R AT S
----- VARVARW;
T o || ] [ ]

on
Ta off ‘ r

+V

\

Y

Y

dc

[T T tGeo

Ve

Fig. 3.11 Operational principle of the unipolar &whing strategy

The unipolar switching strategy effectively doemblthe switching frequency without
increasing the actual switching frequency of thé&dwes. This contributes to the mitigation of

current ripple and hence to the reduction of tligue ripple. If current ripple is halved, the force
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ripple caused by this current ripple is reducedne fourth of the original one because the
generated force is proportional to the square aofect. Moreover since the dynamics of
mechanical system can be viewed as a low passthiéedominant frequency of the force ripple
is also important in that speed ripple is furtheduced due to roll off over the cutoff frequency
of the mechanical system. Due to these advantdlgssswitching strategy is applied in this
research to achieve high performance in currentrocband thus, force control of the prototype

LSRM for the elevator.

3.5 Dynamic Simulations and Experimental Results

To verify the force control algorithm using the posed FDF along with current, velocity
and position control strategies, dynamic simulaiosing MATLAB software and experiments
using a TI TMS320F240 DSP-based control system haea exploited. The converter topology
and switching strategy described in this chapteragplied for the simulations and experiments

as well.

Load Dynamic Equation:
FEA data . R . g k Vv k

if =S _ ok o K
Y k Lk!k ka!kJrLk

Start Force Generation:
: T l

Lo 2
Position Control Fy= 2 8k 'k
(Velocity profile) Mechanical Equation:

“_X
| ‘ - &
Velocity Control 'k Fe - FL =M dr +Cx

(PI co*ntroller) )\

Current Control
(PI controller)

L] Save and Plot
Converter Vk

(Generating PWM signal -
with advance firing) (_Sop )

Y

Fig. 3.12 Flow chart of the dynamic simulation
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3.5.1 Dynamic Simulations

In this section, the prototype elevator usingdhsigned LSRMs is simulated at different
velocities with the proposed control strategy emetb Fig. 3.12 shows the simulation flow
chart in using MATLAB software. The data for thendynic simulation is obtained from finite
element analysis (FEA) shown in Fig. 3.7. The otlhetor parameters and input specifications
refer to the LSRM parameters summarized in the AgpeC. The deceleration command is
given at 0.1m during descent and at 0.6m duringrascThe acceleration and deceleration set to

0.4g. Duration for halt at the stop position isteedne second.

Fig. 3.13 shows the simulation results for tragekition, velocity, phase current and
generated force of the designed LSRM at 0.15m/$ itpayload of 11.5 kg per LSRM.
Considering that the prototype elevator has the MS# each side, the total payload for the
simulation is regarded as 23kg. From the restiitssdesigned LSRM is verified that it can carry
the payload of 23kg including the mass of vehi@8.3kg) at 0.15m/s, producing excellent
velocity and position control performance. Foripos control, the velocity profile presented in
earlier section is applied, which consists of fperiods: acceleration, coast, deceleration, and
stay at stop position. In particular, Fig. 3.17whdhat 0.4g acceleration and deceleration of the
velocity profile works well. Under continuous opeéoa, each phase current is turned on in
accordance with the FDF, and from Fig. 3.13(b)dteent amplitude values during ascent and
descent are 9.1A and 8.9A per phase, respectilrelgddition, the average force produced is
116N during accent and 110N during descent. Fi§3(®) also shows the maximum and
minimum force that is produced during acceleratonl deceleration. Fig. 3.14 through 3.16
show simulation results in the cases where the maxi velocity is changed from 0.2 m/s to 0.3
m/s and payload of the prototype elevator is chdnfyjem 23 kg to 32 kg in total. The
simulations verify the operation of the prototygevator under these conditions. The position
where the elevator comes to a stop after deceberainot set but depends on the velocity before
deceleration. In Fig. 3.14 and 3.15 at 0.2m/s @ogstelocity, the vehicle comes to a stop at
0.61m and 0.10m at top and bottom, respectivelylewh Fig. 3.16 the vehicle stops at 0.61m

and 0.09m at coasting velocity of 0.3m/s. The satioh results are summarized in Table 3.7.
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Table 3.7 Summary of the dynamic simulation results

Payload 11.5kger LSRM (carrying 23kg in total)
Velocity 0.15m/s 0.2m/s
Period ascentstop descent ascent stop descent
Force (N)
116 113 110 117 113 109
(Average)
Current (A)
_ - 8.9 9.2 - 8.8
(Amplitude)
Payload 16kgper LSRM (carrying 32kg in total)
Velocity 0.2m/s 0.3m/s
Period ascentstop descent ascent stop descent
Force (N)
161 157 153 163 157 151
(Average)
Current (A)
_ 10.7 - 10.5 10.8 - 10.4
(Amplitude)
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3.5.2 Experimental Setup
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(b) Experimental setup of DSP based control system

Fig. 3.18 Experimental Setup
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The actual experimental setup for the prototypevagte is shown in Fig. 3.18. The
LSRM setup of the prototype elevator is describe@hapter 2 with figures of the structure and
the designed LSRM. The controller is digitally iraplented on a DSP-based control system and
Tl TMS320F240 DSP evaluation module running at 2@MHterface boards (I/F) are used to
implement the control strategy discussed in easdction. Asymmetric bridge converter is
implemented for the experimental setup. Actual PVEignals for all converter boards are
generated through an interface board after calonlaif the duty ratio for PWM in the DSP in
order to employ the unipolar PWM switching strat@ggsented in [22]. The carrier frequency of
the PWM is 10KHz. A linear magnetic encoder serfotOum resolution runs alongside the
stator, yielding position feedback signal to thePFD&a the encoder interface board. Each phase
current is measured by a current sensor (LEM LARSMnsducer) and the current feedback is
given to the DSP for current control. Experimemaia are stored in the external memory of the
DSP every 10ms and reconstructed from it. Thugaimaneous velocity and position sampling
data synchronized with each control loop time (lmah not be illustrated in following

experimental results, except current data fromsamilator scope.

3.5.3 Experimental Results

The deceleration command is given at 0.624m {IPcdistance, one cycle = 52mm)
during ascent and at 0.104m (two-cycle distancejpdudescent while the dynamic simulation is
at 0.6m and 0.1m, respectively. It stops at despesitions on top and bottom for one second
just like the simulation. Velocity and payload dpglto the prototype elevator are the same as
the dynamic simulations. For comparison of the phasrents, a summarized table of results

from the simulations and experimental tests is jole at the end of the experimental results.

Fig. 3.19 shows the experimental results at 0.15witfs a payload of 23kg (11.5kg per
LSRM) including the vehicle mass. The velocity [deand force control with the proposed FDF
are exploited with current and velocity Pl contrbhe measured velocity and position shown in
Fig. 3.19(a)indicates that the controllers work successfullyewhhe prototype elevator travels
from 0.10m to 0.63m. The feedback of the velocitydad5m/s has some variation from the

command due to the low speed which allows poortiposinformation. In the case of the 10um
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linear sensor, when velocity loop is accessed elmy, it gives 75 counts to the DSP controller
at 0.15m/s. Thus, higher velocity command yield®ad velocity feedback as seen in the results
at 0.2m/s and 0.3m/s. In Fig. 3.19(b), measuredehaand B currents are shown and their
amplitudes vary according to the direction of motdue to the effect of gravity. During ascent

the amplitude of 9.8A is required while during dasic9.0A is needed. In addition, the RMS

value is 6.7A and 6.5A during ascent and descespactively. During halt on top and bottom,

phase currents remain at a constant magnitude ltbthe vehicle at the stop position because
there is no mechanical brake system equipped w thel elevator at the stop position as shown
in Fig. 3.19 (b-iii).

Fig. 3.20 (a) shows the experimental resultspisition and velocity at 0.2m/s with a
payload of 23kg including the vehicle mass. Thalfeek of the velocity shows less variation
from the velocity command compared with the reatil.15m/s. For phase current, Fig. 3.20 (b)
shows phase A and B currents during ascent ancedieas well as during transition for a few

cycles of ascent and descent.

From Fig.3.21 and 3.22, payload is changed taq3#id is experimentally tested at two
different velocities, 0.2m/s and 0.3m/s. As expdcthe results show increased current from the
case with a lighter payload. At 0.2m/s the vehgilgps at 0.63m and 0.10m at top and bottom,
respectively, while at 0.3m/s the stop positiorfedénce from the one at 0.2m/s is 10mm at top
and 15mm at bottom. The amplitudes and RMS valdesllaneasured and simulated phase

currents are summarized in Table 3.8.
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Table 3.8 Comparison of the dynamic simulations thiedexperimental results.

Amplitude of phase A current, unit : A
Velocity 0.15m/s 0.2m/s

Period ascentdescent ascent descent
Experimental results23kg 9.8 9.0 9.8 9.0
Simulation Results 23kg 9.1 8.9 9.2 8.8

Velocity 0.2m/s 0.3m/s

Period ascentdescent ascent descent
Experimental results32kg 11.7 10.9 11.7 10.9
Simulation results  32kg 10.7 10.5 10.8 10.4

RMS of phase A current, unit: A
Velocity 0.15m/s 0.2m/s

Period ascentdescent ascent descent
Experimental results23kg 6.7 6.5 6.3 6.8
Simulation Results 23kg 6.5 6.3 6.5 6.3

Velocity 0.2m/s 0.3m/s

Period ascentdescent ascent descent
Experimental results32kg 7.5 8.3 7.4 8.3
Simulation results 32kg 7.6 7.3 7.7 7.3

3.5.4 Correlation between the Simulations and Experimental Results

Since experimental propulsion force data cannotobtined during operation, the
experimental force control performance can be nreashy comparing phase currents between
simulations and experiments. Table 3.8 shows thaulations and experimental tests with
respect to the amplitude and RMS value of the pleaseent. With a payload of 23kg, the
prototype elevator needs 9.8A during ascent andl 8uing descent while the simulation results
show that 9.1A and 8.9A, respectively. Thus, 0.PAascent and 0.1A in descent are the
differences as shown in Table 3.8. In addition,dhaent results from the case of 23kg are well

matched to the design point, 24kg at 10A. As th@qaal increases to 32kg, the phase current
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goes up to 11.7A during ascent and 10.9A duringelgs In the experimental results, there is a
2A difference in the amplitude of current betwe@&k@ and 32 kg while the simulation results
show 1.6A difference. In RMS value, as seen int#ide, the results of the experimental results
and the dynamic simulation results shows only Od#ference, except the case of descent with
32kg which makes 1A difference. The differencesMeen simulations and experiments are
arising from the air gap variation due to manufeow and assembly, and varying nonlinear
parameters such as viscous constant with respepbdgiions. Air gap variation is between
1.2mm and 1.9mm at different positions when thespheurrent is not developed. In spite of
these small discrepancies in the prototype, themxental results closely mirror the simulation
results, demonstrating the soundness of the prdposetrol strategy for the LSRM topology.
Furthermore, the simulation, analysis and expertaiererification indicate that the LSRM with
the proposed control strategy in this researchbeanonsidered for vertical applications such as

in elevators.

3.6 Conclusions

In this chapter, the prototype linear elevatomgsLSRMs has been experimentally
validated with the proposed control strategy emgdbyfor the first time. The following

contributions have been made in this chapter:

1) A dynamic voltage, current and force model of LSR&% been derived.

2) A superior force control technique with a propo&&F method for a prototype elevator has
been derived, analyzed, compared, implemented, mosged by way of the dynamic
simulations and the experimental tests.

3) PI controllers for a current control loop and vétpccontrol loop have been derived,
analyzed, employed and validated via the dynanmeikitions and the experimental tests. In
addition, a trapezoidal velocity profile has beeesgnted and applied to the prototype
elevator to control position during moving as wall stop, and confirmed by extensive

dynamic simulations and experiments.
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4) The proposed LSRM technology for a ropeless prpwtglevator has been experimentally
demonstrated for the first time, and successfudlyfied at different velocities from 0.15m/s
to 0.3m/s as well as with different payloads of @3kd 32kg.

5) The correlation between dynamic simulation and grpental results has been established
thus validating the proposed approach in the ratdim of the linear elevator, linear motor
and system model and control strategies.

6) Converter topologies have been compared and asymonmetf-bridge converter topology
has been chosen due to high control flexibility &t tolerance and reliability. Asymmetric
half-bridge converters have been implemented aleitly a unipolar switching strategy [5]
for the test of the prototype LSRM elevator.

7) A DSP-based control system with TI TMS320F240 epeitphas been realized to execute the
proposed control strategy for the prototype LSRBVator.
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CHAPTER 4
NOVEL MEASUREMENT DISTURBANCE REJECTION
CURRENT CONTROL

In previous chapter, effective control strateg@ies presented, especially concerning force
control using a novel force distribution functioRDOF). Force control is very important,
especially in case of linear applications due tk laf any indirect coupling mechanism. If there
is any force ripple, it directly affects the perfance of the whole control system. As discussed
and proved in the previous chapter, using the megpd-DF makes a remarkable difference in
force control performance, especially during comatiahs between phases. As a result, velocity
and position control can be successfully achievwddwever, the force control is heavily
dependent on the following loop, current contraddpwhich uses feedback currents through
current sensors (transducers). In other words,upbrieedback currents due to measurement
errors with noise degrade current control perforearand consequently force control
performance. Up to present, however, conventiomaieat controllers have not taken into
account measurement disturbances mainly arisingn fnoise and offset of current sensors,
switching noise of PWM converters, DC-link voltaggeple, voltage drop of switching devices,
variations in plant model parameters in SRMs ag alother motor drive systems. For a flux
linkage control, a literature is presented by th#har et al. [46] using a combination of voltage
and current correction algorithm. Considering meament disturbances on measured phase
currents, a novel current control algorithm basadaotive disturbance rejection algorithm is
proposed for the first time and verified by waydyhamic simulations and experiments in this
chapter. For the novel current control, an exterstate observer (ESO) is adopted to effectively
estimate measurement disturbances on measuredtsua® well as to correct phase currents
even in the presence of the measurement disturballgeeover, a nonlinear P controller (NLP)
is proposed to control phase currents properlydyipensating for disturbances. The proposed

ESO and NLP are largely model-independent.
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With previous literatures reviewed this chaptates measurement disturbance problem
in motor drive systems, and describes a theoreteakew of an ESO and NLP. In addition,
conventional disturbance observers presented inyntiéeratures are discussed with their
advantages and disadvantages. Then, a novel cuwahbl technique based on the proposed
ESO and NLP is presented. Dynamic simulations afmeremental tests are performed and
shown to validate the proposed current controlfeaddition, FFT results on line and feedback
phase currents are provided to support the exadleh the proposed current control method

compared with a conventional PI controller at thd ef this chapter.

4.1 Introduction

Current controller is very important because thepptsion force is generated directly by
phase currents as given in (3.22). Current cortroil LSRMs need correct feedback current
signals to control each phase current properlyaieducurrent ripple, and have been developed
with various control techniques [47]-[50]. Bakal. proposed a new switching scheme to reduce
current and force ripple using a unipolar convest®itching method with a decoupling of the
induced emf [47] and also using a new dynamic FRehwith mutual inductance considered
[48]. Lin et al.[49] proposed a high performance current contreihod using on-line parameter
estimation, and consequently adjust the currenttrobrgain according to the estimated
inductance value. Weat al. [49] introduced another current control methodechPSCC 90-
degree phase-shift current control to reduce cumipple. It is similar to Baet al. [47] in the
sense of increasing a chopping frequency by doulileout increasing a physical converter
switching frequency. The difference is that Waial. directly changed a DSP register value
according to operation modes to make the switchirafegy possible while Baa al. [47] made
a virtual opposite sign of voltage command to awmalcvoltage command from a current error
and enabled the switching frequency to be effelstideubled. In these current control schemes,
however, an ideal measurement of a current feedéigalal is assumed and more importantly all
of them did not consider the effect of measurendésturbances, mainly arising from noise and
offset of a current sensor, switching noise atxadiswitching frequency of a PWM converter,
and voltage drop of a switching device. Corruptedents by measurement disturbances cause a

current controller to generate a fluctuating curi@mmand due to a noisy feedback current and
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result in producing undesirable force ripple asspnted by Limet al.[46]. Therefore, unknown
and uncertain measurement disturbances containef@etback phase currents need to be
compensated so that LSRM actuation systems are rabable and acceptable for vertical as
well as horizontal propulsion applications. MoreQveoisy currents increase acoustic noise
which is one of main drawbacks of (L)SRMs. Therefdhe effect of measurement disturbances
on phase currents is analyzed, and an effectivegpbiarrent measurement disturbance rejection

algorithm using an extended state observer (ES@rppgosed in this chapter.

Furthermore, some current controllers use a variabhtrol gain in a proportional plus
integral (PI) controller to achieve high performar8RM drives [48][50]. Variable control gains
in SRMs need accurate nonlinear machine parameterd) as inductance with respect to
position and current. If stored or estimated maglparameters are not correct, the controller
cannot work properly and sometimes can cause hegk gurrents. As a result, the control
system and SRMs can be damaged. In case of elesppications, this problem should be
prevented. Therefore, a largely model-independéiit ¥ proposed in this chapter as one part of
the novel current control algorithm in order to iaeke reliable and robust current control system.

Due to superior and robust current control perforoea it is believed that the proposed

method can be successfully applied into other maidve systems in the presence of

measurement disturbances.
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Fig. 4.1 Phase current sampled at every 100us:

(a) Simulated phase current and (b) Measured phasent.

4.2 Problem Statement

In motor drive systems, PWM converter switchinghis main source of electromagnetic
interference (EMI) emission [85][86]. In additiomeasurement instruments such as a current
sensor have their own sensor errors [87] and arg sasceptible to EMI. Measurement
disturbances cause feedback signals such as a phaset to become noisy and distorted as
shown in Fig. 4.1. Corrupted current feedback iases torque or force ripple and generates
increased acoustic noise. Thus, measurement dastcetshould be prevented to enhance control
performance, reduce acoustic noise and mitigate effiect of EMI on other electronic
components. EMI issues of PWM-based motor drivéesys have been studied in [85] and [88],
and many hardware-based approaches have beenazkmasuppress the effect of EMI emission
such as active filters [89]-[90] and multilayer P@®hniques [91]. For compensation of sensor

noise and offset error, a sensor model-based eoroection method was presented by Shestakov
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[87]. However, dealing with measurement disturlegnoontained in sensed currents largely has
not been explored with software algorithms. In igatar, there are only a few papers focusing
on the issue of measurement errors [87] [92]. Mast&et al.[92] used a Kalman-filter method
to correct a measured signal for spectrophotomdata. The algorithm has three assumptions
and requires four numerical calculation stepsnd the correction of the estimates. In addition,
it needs a-priori knowledge of data to be correcfBdese limitations preclude the use the

Kalman-filter approach in practice.

In this chapter, a simple, effective and largelydelendependent current control
algorithm is presented to reject the measuremeamirthances in motor drive systems. It is based
on an ESO and NLP and proves to enhance currentfaand control performance through
dynamic simulations and experiments. Furthermoceustic noise and EMI are expected to
decrease because of ripple reduction in force amcemt. FFT analyses on measured currents
captured via an oscilloscope are presented as foeddences of reduction of force and current

ripple as well.

4.3 Disturbance Observers

In almost all control system, the presence otudimnces, model uncertainties and
nonlinear model parameters is inevitable. In gdneiaturbances are defined as external load,
velocity, and position disturbances, and interreameter variations. Model uncertainties and
nonlinear parameters are concerned with develogintathematical model of control systems.
Assuming a system is well modeled in a mathematarah, control system needs to be robust
against any disturbances. Recently, disturbancereds have been presented [56]-[62] to
estimate disturbances and enhance robustness laaswedrformance of control by rejecting the
estimated disturbances. The disturbance for diaha® observers is redefined as the sum of the
external disturbance signals and all possible $gdae to the difference between the actual
plant and the nominal model such as parametertiargaand modeling uncertainties. However,
as the most important control loop, a current adigr equipped with a disturbance observer to
reject disturbances has rarely been explored iBRM and other motor drives. As mentioned

earlier, measurement disturbances are mainly grisom noise and offset of current sensors,
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switching noise of PWM converters, DC-link voltageple, voltage drop of switching devices,
variations in plant model parameters. Since a comiated current feedback signal affects the
whole control performance causing current and foaes from the command as shown in [46],
the need of a robust current control algorithm asfaneasurement disturbances has been raised.
In this regard, conventional disturbance obserfer¢e been developed, presented in many

literatures, and reviewed in the following section.

4.3.1 Conventional Disturbance Observer

Nonlinear disturbance observers have been pe$ant[56] and [57]. As one of the
popular nonlinear observers, a variable structystesn (VSS) sliding mode observer (SMO) is
presented by Xinkakgt al.[56]. It is robust against disturbances, but rezgian upper and lower
boundary of disturbances and also has limits orsareanent noises and the order of the systems.
In addition, SMO has a chattering problem due ®ribnlinear characteristics of sliding mode
method. As another nonlinear alternative to SMQhiraary disturbance observer (BDO) is
presented by Hagt al.[57]. BDO shows a good performance against disturbs suppressing
the chattering problem, but it has likewise a cogeace problem due to dependence on the
initial states of the control system. Error boumerfor SMO and BDO need to be chosen
carefully to make control systems stable and fastigh to perform properly. Reference [58] and
[59] apply adaptive disturbance observers to esérdesturbances and achieve a robust control
system. Implementation of the disturbance obsebased on adaptive control algorithm has
some drawbacks, such as slow response and ladba$tness due to heavy calculations and the
uncertainties of the control system, especiallycase of rapid change of parameters during
transient periods. In [60] through [62], disturbarabservers based on the transfer function of
plant models are explored to estimate disturbanbas,they have stability problems. The
preceding disturbance observers are highly depénden an accurate mathematical
representation of the plant, but there are alwaystdtions in modeling plants without the
uncertainties and complicated nonlinear terms whase problems in robust control. Therefore,
a nonlinear model-independent extended state olis€®SO) has been introduced and is

explained in the next section.
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(a) 3% order extended state observer (ESO)

Fig. 4.2 Block diagram of a general extended sthserver (ESO).

4.3.2 Extended State Observer (ESO)

The idea of the extended state observer (ES@) estimate the system’s unmodeled
dynamics and external disturbances as an additionaxtended state. An ESO was first
proposed by Han [63] as a unique observer based panlinear continuous structure of an
output error. Since the first presentation, ESCeflasontrol methods have been tested and
verified in many applications [64]-[78]: Noise caflation [64], motion control [66], [68], [71]-
[74], [76]-[78], truck anti-lock brake system (AB$9], wind energy conversion system [70],
DC-DC converter [75]. Motion control applicationsttvESO include a robotic system [68], an
induction motor [71], a permanent magnet linearangt2]-[73], [78], and a planar switched
reluctance motor [74], an AC servo system [76]-[1@]those applications, a nonlinear feedback
controller is employed with ESO to compensate digtnces estimated by ESO. A nonlinear
controller will be discussed in detail in the fallmg section. A general ESO with a feedback
controller proposed by Han [63] and [79] is showifrig. 4.2.
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Fig. 4.2 Block diagram of a general extended sthserver (ESO) (continued).

A class of nonlinear SISO system is describedbsvs with an extended state:

r—\><'
1

X,
2 = X thu(), x; =a(t) = f(x;, X, W(t)
X3 = h(t), h(t)=a()

=Xl

X

(4.1)

< X

wherey, u and x are the output, input, and state variables, resmdg; f(e)is the plant
uncertainties including external disturbanegs); x; is the extended state bft), which is the

derivative of thef (s ) Here bothf (s )andh(t) are assumed to be unknown. Conventional

state observers mentioned in previous section depen the knowledge of plant

dynamics,f (¢ ) However, by makingf (+ ) state, it is now possible to estimé{e even
though f (» ) contains unknown parameters and uncertaintiesgahath disturbances. This is

the basic idea of using ESO, making it unique caegbawith conventional disturbance
observers. Now, an ESO for the plant of (4.1) renfialated as
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be expanded to an (n+tprder system according to the plant.
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wherez; andz, are the estimated statexafandx,, respectivelyz; is the estimate of the extended
statexs and represents the overall uncertainties of thaetphnd external disturbance;, ki, a,
ando are tunable constants of the observer EB(S;assumed to be given as a constant plant
parameter; and the nonlinear functifak(e) consists of error between the estimateand the
outputy, with two constantsg andJ. Interestingly, if the nonlinear functidial; is of the form

kee, the ESO takes the form of a classical Luenbeofserver. On the other hand, if a function
of the formpo(e+kssign(e))is used instead of tHfali(+), then it is considered a variable structure
observer [79]. In Fig. 4.3al, shows better transient performance avoiding sigauift transient
error for a plant with unknown initial condition67] and is used for this research. The ESO can
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4.3.3 Proposed Extended State Observer (ESO)

The proposed current control algorithm takes athges of ESO in order to develop a
general method to address unknown measurementlziisites irrespective of the LSRM model
and specific tasks to be fulfilled.

A. Extended State Equation of an LSRM with a DistudgaBtate
The proposed ESO is derived from the simplified Ms&namic voltage equation as below.

v(t) = Ri(t) + d/]()t( 1)

= Ri(t) + L(x, |\d:j(t) +i(t) dL()t( 1)

= (R, + BRN() + (L + ALK +i() alL, + dAtL(X’i)) (4.5)

_ d(AL(x,i)) di(t) di(t)
_KRm+AR+Tj (t)+AL(X|) dt} L=

= [w()] + L,i(t)

wherev(t) = phase voltageR = phase resistancéf)= phase current = position,i(x,i) = flux

linkage,L(x,i) = phase inductancd?, = constant phase resistand®& = unknown  variable

phase resistance,  =average phase inductand,(x,i) = unknown variable phase inductance,

w(t)= unknown measurement disturbance term.

The system in (4.5) can be written in the form of extended state equation with the

disturbancew(t) comprising an extended state

L L %, (t) = %, (t) + bu(t)
() =WH+ V0 < %0 =h),ht) =a() (4.6)
" " y(t) = x,(t)

where x;(t)=i(t) , xa(t)=a(t)=b W(t) , h(t)=b w(t), W(t) =-w(t), u(t)=v(t), andb=1/Lm.

102



CHAPTER 4

B. Proposed Extended State Observer (ESO)

From (4.6) the proposed ESO is given as

%(t) =2z,(t) +bu(t) - B, 9(ea,.9,) @.7)
z,(t)=-pB9(e0a,,9,)

Ko,€+ Sign(e)(k, —K,,)3,, | >3,

k,.& |ds50,50 >0 (4.8)
€=27 - y’kol =50(ao _1)

g(e,ao,do):{

wherez is the estimate of the stateandpy;, koi, a0, andd, are tunable constants in the ESO. The
extended state, estimates measurement disturbances arising frarsosenoise, measurement

error and parameter variations.

The proposed ESO takes a very simple form condpart other conventional nonlinear
observers. Furthermore, it can effectively estimie states without heavy calculations and
estimation errors because it is a largely modetpreshdent observer. Sin® estimates
measurement disturbances containing unknown paeamatiations, the estimation performance
of the ESO is robust against parameter variatiarch sas changes in phase inductance and
resistance during operation. This is an attractpemefit of using the ESO; conventional
observers are very sensitive to the parameter timig&a Once the extended state of the
measurement disturbance is successfully estimaedrs in measured currents due to the
disturbance are compensated for by a simple anectafé nonlinear P controller (NLP)

discussed in the following section.
4.4 Nonlinear Controller
As a challenging control trend, nonlinear conardlhave been emerging and established

since 1980. Some reasons for the interests in meanli control methodologies can be listed
below [80]:
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(1) Linear controllers depend on the key assumptiolocdl range operation for the linear
model to be valid. Thus, a linear controller iglikto function properly or to be unstable,
because the nonlinearities in the system cannptdgeerly compensated for. On the other
hand, nonlinear control methods may directly deisth the nonlinearities in large range
operation.

(2) Linear control methods assume that the system medetleed realizable. However, in
control systems there are many nonlinearities¢hahot be allowed to be linearized such
as Coulomb friction, saturation, dead-zones, batklaand hysteresis. These
nonlinearities render undesirable behavior of thetrol systems, such as instabilities or
spurious limit cycles and hence their effects mbst considered and properly

compensated for.

(3) Assuming that the parameters of the system moeetessonably well known is usually
necessary in designing linear controllers. In tgalhowever, many control problems
involve uncertainties in the mathematical represtgont of the plant. As a result of the
uncertainties in the system, linear controllersedasn inaccurate or obsolete values of
the model parameters may yield significant perforogadegradation or even instability.
In this regard, nonlinear controllers intentionallyclude the uncertainties into the
controller part so that model uncertainties cacdrapensated.

(4) Design of nonlinear controllers is based on thespisyof the plant and hence nonlinear

control methods are more intuitive and simple tlra@ar counterparts.

(5) Nonlinear controllers can achieve an acceptabléraboperformance with less expensive
components with nonlinear characteristics whileedin controllers need high quality
actuators and sensors to yield linear behaviorhe gpecified operation range. Thus,

nonlinear control methods are more cost effectmam inear controllers.
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With these advantages over linear controllerseisg nonlinear control methodologies
have been introduced, such as back stepping, felkdimeearization, sliding mode, Lyapunov
method and adaptive control [80]-[82]. However, mokall nonlinear controllers are deeply
rooted in accurate system model representationsséhcontrol theories based on an accurate
model of system have fundamental limitations, nyosbbust issues in the presence of model
uncertainties and external and internal disturban@®del-based control theory is called “model
theory” by Han [63] and a model-free nonlinear cohts proposed in [65]. The model-free
nonlinear control method comes with an extendete sihserver (ESO) which is mentioned in

previous section.

From (4.1), a motion control system can be desdrds

X =X,
X, =a(t) +u(t), a(t) = f(x,x,, w(t)) 4.9
y=X

Wherex; andx, anda(t) are position, velocity and “inherent acceleratio@spectively, and(t)

is the control input. In many applicatior&t) can be regarded as a nonlinear function of many
variables as shown in (4.8). In this caaf) consists of position and velocity, and internadl an
external disturbances(t). The system representation shown in (4.9) is senple and intuitive
like design of a linear control system, but is dependent on accurate model behaviors of the
system which need in designing linear controllerd eonventional nonlinear controllers. Since
classical PID control methods have been choseheambst common controller in over 90% of
industrial applications [83], Han proposed a nagdinfeedback controller suitable for a model-
free control system: a generic nonlinear propogiantegral-derivative (PID) control scheme
[65]. A classical PID controller has three partstrent (P), past (1), and future (D) of error, and
is shown below.

de(t)

u(t) = Koet) + K j e(t)dt + K, (4.10)
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Here the error is defined as the difference ofdésired output and the measured outpft)-
y(t). Kp, K; andKp are PID controller gains that can be obtaineduoed intuitively. For the

nonlinear PID controller, Han proposed a new cdriéw in a nonlinear form given as

u(t) = K,|d” sign(e) + K, |&" sigr{j- ajtJ +Kp|d™ sigr{g—fj (4.11)

The nonlinear terms in (4.11) produce better pertorce compared to the linear one in (4.9).
When O<a <1, the nonlinear part provide higher gain when ¢h@r is small and lower gain
when error is large. In addition, as—0, this bound of the error will be zero which i tbase

of the well-known variable structure control (oidsig mode control). In this sense, the
nonlinear PID controller is very intuitive, simpg@d practical method, and embraces the benefits
of the nonlinear controllers, such as sliding mddezy logic and gain scheduling controllers,
but does not have complicate implementation probldmaddition to the benefits of simple PID
controllers, a nonlinear function was proposed ribamce the nonlinear mechanism instead of

the nonlinear terme|* sign(e) and is given as,

o sigrte) 4> 0

fal(ea,9)=7 o
S g<o

(4.12)

The above nonlinear function can be replaced witierononlinear functions suitable for control
systems. The reason of using nonlinear functiomsraing to the size of the error is to prevent

chattering problems due to high gain when the easremall.
4.4.1 Proposed Nonlinear P Controller (NLP)
Based on nonlinear PID controllers discussedvéngdrevious section, a new nonlinear P

(NLP) controller is proposed to compensate for mesament disturbance estimated by the

proposed ESO.
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A. Proposed Nonlinear P controller (NLP)

A new nonlinear P controller (NLP) based on thessizal PID controller with nonlinear
function, shown in (4.4), is proposed to compen$ateneasurement disturbances estimated by
the proposed ESO. The plant of (4.2) can be sireglivith the control inputi(t) given as

u(t) = (uy (t) = 2,(t))/b (4.13)

whereug(t) is a new control input which is generated by tHd°’NAssuming that the proposed
ESO shown in (4.7) successfully estimates the nmeasent disturbance statg(t), thenx,(t) =
z(t). Using (4.13) as the control inpuft), the original plant is simplified to a single igtator
control problem of

X, (1) =u,(t

10 =0y 1) 4.1
y(t) =, (1)

As aresult, an integral part in the controllendd required and the proposed NLP produces the

new control inputip(t) as

u, =K, e
(4.15)
= |k,. fal(e,@,..3,,)]

where,

kpc2e+ Sigr(e)(kpcl - kpcz)apc’ H > 5pc
Kq8 |8< 0,0, >0 (4.16)
€= Xl - Zi’kpcl = 5pc(apc _1)

g(elapcldpc) = {
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Fig. 4.4 Block diagram of the proposed current aaritased on the ESO (4.7) and NLP (4.15).

4.5 Proposed Current Control based on the ESO and NLP

With the ESO in (4.7) and the NLP in (4.15), theposed current control is now
complete and the control block diagram is showhig 4.4. This control scheme is called active
disturbance rejection control (ADRC) proposed bynH&3]. The general ADRC configuration
has three parts [63]: a profile generator, an E®@ @ nonlinear PID controller. The profile
generator is used to generate position and veloti&yectories. Based on the ADRC
configuration, many motion control applications édeen presented [66], [68], [71]-[74], [76]-
[78]. For this research, the proposed current obrsitheme takes advantages of the ADRC to
deal with unknown measurement disturbances mamilged by sensor noise and offset, PWM
switching noise of PWM converter, and plant paranegariations. As shown in Fig. 4.4, only
each phase current is used as the input statehanathier state is an extended state representing
total measurement disturbances. The total measutestiisturbances are actively detected by the
proposed ESO and compensated for by the propos@d Nierefore, this current control method
can be successfully used to achieve high performanarent control in the presence of
measurement disturbances. In particularly, DSP¢basetor drive control systems generate
switching noises of PWM converters which degradeeru feedback signals. In this sense, the
proposed current control strategy based on the B®DNLP shown in Fig. 4.4 is expected to
become one of the most effective and robust curcentrol methods in motor drive control
systems. In next section, the proposed currentaler is validated through extensive dynamic

simulations and experiments.
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Fig. 4.5 Measurement error signal generator with noise: 5% measurement error.

4.6 Dynamic Simulations

In this section, simulation results of the proposed ESO+NLP current controller and a
conventional PI controller are shown and compared in terms of position, velocity, force and
current control performance of

Table 4.1
the prototype LSRM elevator,
o ) ESO and NLP parameters used in Simulations

which is simulated with a 23kg

ko] koZ (2% 50 1801 ﬂoZ bo
payload at speed of 0.2 m/s. 10353 | 12 | 095 | 05 | 1200 | 250 | 50
The ESO and NLP parameters Kper Kpes e e bpe ke
used in this simulation are 0.9718 15 0.7 11 50 285

summarized in Table I; the
motor parameters and input
specifications are summarized in the Appendix C. In particular, current control simulations are
the main validation of the proposed current controller’s robustness against measurement
disturbance. Force control is performed using multi-phase excitation to minimize force ripple

during commutation [1]. Position control of the elevator is achieved using the simple trapezoidal
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controller. Details of the control loops are prdsenin the previous chapter. Finally, phase
current feedback is “corrupted” with a measurendisturbance generator, shown in Fig. 4.5,
which adds an offset and random noise to the feddbmnal. Based on Fig. 4.1(b), the error
range of the disturbance generator is set to 5%

The simulation results reveal marked differencesvben the Pl and the ESO+NLP
current controller, as evidenced by the line amdifimck current in Fig. 4.6. In Fig 4.6(a)-(d): the
“Line current” trace indicates the actual phaseenirat measurement point (1) in Fig. 4.4 and
the “Feedback” trace represents the corrupted cumesen to the current controller. Thus,
feedback currents has more noise and consequeatlyes a degradation of the PI current
controller output (that is, line currents their@sated propulsion forces) performance as shown
in Fig 4.6(a) and (c).

In contrast, the ESO+NLP controller effectively iesttes and compensates for
measurement disturbances, tracking the current @rdmvith the NLP. Fig. 4.6 (e) and (Q)
shows the estimate; of the actual line current rejecting measuremastutbance, thereby
recovering the true line current. The estimatedsueament disturbance, , is shown in Fig. 4.6
(f). Fig. 4.6(h) shows that the ESO successfulljnestes the actual line current. Thus the error
between line current and estimatgis much less than the error between line current a
feedback current which contains measurement dishoda As a result, the experimental
implementation of the ESO+NLP current controlleowld reject measurement disturbances and

demonstrate superior current control performance
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Fig. 4.6 Simulation comparison results of phaseszur
(a)-(b) Phase line current: (a) PI, (b) ESO+NLP
(c)-(d) Phase feedback current: (c) PI, (d) ESO+NLP

(e) Feedback current w/ estimate £f) Estimated disturbance z
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Fig. 4.6 Simulation comparison results of phaseerur(continued):
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As expected, force control is largely improvedsh®wn in Fig. 4.7(a). Force ripple

should be suppressed, especially in vertical apjdins such as elevators, which makes the

ESO+LNP current control method highly desirable. Ba other hand, position and velocity

control shown in Fig. 4.7(b) and (c) present ndedédnce between two controllers due to a large

mechanical time constant of the elevator. The faipple is at a very high frequenci/R)

compared to the large mechanical time constarti@gtevatorM/C, whereM is the mass an@

is the frictional coefficient. In this simulatiothe friction coefficienC is 20N/m/sec and ma#4

is 23kg, giving a mechanical time constant of letHsvhile a phase inductance of 55mH and the

phase resistance of 2@ give an electrical time constant of 0.025sec. Muveg, position is

obtained by integration of velocity, which worksasow pass filter. In this respect, the current

measurement disturbance has little effect on tls#ipa and velocity control performance.
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Fig. 4.7 Simulation comparison results: Pl vs. ESIOP.

(a) Force, (b) Position, and (c) Velocity.
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4.7 Experimental results and analysis

A. Experimental Setup

Experimental setup is the same as one presentéhapter 4. The control strategy
discussed in Section 4.5 and simulated in Secti6rade implemented on a DSP-based control
system with a TI TMS320F240 DSP (10-bit A/D) evaioa module running at 20MHz. PWM
duty ratios and gating signals are determined atye¥00us by the current controller in the DSP
and transferred to each phase’s converter boamdsigh an interface board, employing the
unipolar PWM switching strategy presented in [2&].linear incremental magnetic encoder
sensor with 10um resolution is used to provide tpmsiinformation to the DSP controller.
Current feedback is accomplished by connectingectitransducer outputs to the DSP’s analog
inputs via the interface board, as shown in Fig. #he parameters of the ESO and NLP in Table

1 are not changed.

B. Experimental Results

Fig. 4.8 compares the performance of the curremtrodlers with measurement
disturbance in the prototype LSRM elevator. Linerents are measured through an oscilloscope
at 50us sampling rate and shown in Fig. 4.8(a) (@)dThe line current noise is much less in
applying the ESO+NLP controller because measuremisitiurbance in the feedback, shown in
Fig. 4.8(c), is successfully suppressed by the gweg controller as shown in Fig. 4.8(d). These
results correlate well with the simulation resuliisg. 4.8 (e) and (f) show that the ESO
effectively estimates the actual line current anehsurement disturbance state usingndz,
respectively. As shown in Fig. 4.4, the estimatéatesz; and z, are used in the NLP to
compensate for the measurement disturbance andttraccurrent command. The difference in
the estimated measurement disturbarse petween the simulation in Fig. 4.6(f) and the
experiment in Fig. 4.8(f) comes from uncertain omodeled factors such as device voltage
drops (IGBT and diode), parameter variations, semdtsets and ADC conversion errors.
Consequently, there is an offset between the simohaand experiment of,.
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Fig. 4.8 Experiment comparison results of phasesotir Pl vs. ESO+NLP.
(@) - (b) from oscilloscope (50us sampling) ;(¢f) from DSP memory (100us sampling);

(a)-(b) Line current: (a) PI, (b) ESO+ NLP ;
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Fig. 4.9 Experiment results of FFT using oscilloscope: Pl vs. ESO+NLP.
(a)-(b) Line current, (c)-(d) Transducer output current (refer to Fig. 4.4).
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In order to demonstrate the ability of the ESO+NLP controller to reduce EMI and
acoustic noise, FFT analysis was performed and presented in Fig. 4.9. The proposed current
controller suppresses the magnitude of the dominant frequency (~1.8KHz) present in the PI
controller, shifting it to a lower frequency (~500Hz). In addition, the FFT magnitude (dB) is
decreased up to 10dB with the proposed current controller. As a result, the prototype elevator
runs more quietly, which is evidence that force ripple is reduced as in the simulation result of
Fig. 4.7(a). Quantitative EMI and sound pressure level measurements are beyond this research

and not discussed.

Fig. 4.10 shows experimental results of position and velocity control when applying the

Pl and ESO+NLP current control method. As shown in simulation results of Fig. 4.7(b) and (c),
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Fig. 4.10 Experiment comparison results of position and velocity from DSP:
(@) Position, (b) Velocity.
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position and velocity control performance do nobwhmuch difference between two current
control strategies because of the large mechatiioa constant of the moving vehicle of the

elevator. A few papers have proposed velocity apgition control methods to improve velocity

and position control robustness and performancéhé presence of mechanical noise, load
disturbances and friction [71]-[74].

4.8 Conclusions

A linear switched reluctance motors (LSRMs) etevaneeds an efficient current
controller to ensure safety and to reduce forcgleijand acoustic noise during vertical operation
in the presence of measurement disturbance. Irpper, measurement disturbances caused by
factors which corrupt feedback current, such asenand offset of current sensors, EMI due to
PWM converter switching, and voltage drop of switbghdevices. Therefore, a novel and model-
independent measurement disturbance rejection tucantrol method based on an ESO and
NLP is proposed to reject measurement disturbantes.following contributions have been

made in this chapter:

1) Nonlinear disturbance observers and controllerg teeen described and reviewed.

2) A novel robust current control technique to rejesasurement disturbances in an LSRM
drive system for an elevator application is derjvadalyzed, simulated, and experimentally
verified for the first time. It is based on the E&@d NLP which are largely model-
independent and suitable for low cost DSP contrslle

3) Detailed comparison of results from simulations arderiments between a conventional Pl
and the ESO+NLP current controller are presentdtl pihase currents measured at three
different positions: Line, feedback and transdusetput current (refer to Fig.4.4). Force,
velocity and position control results are also give

4) FFT analyses are provided to demonstrate the sargrof the ESO+NLP current controller
in the presence of measurement disturbances. FnenFET results, it is expected that
acoustic noise and EMI are decreased due to enmamteof force control and current

control, respectively.
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It is believed that the proposed current controhteque can be successfully applied into

other motor drive systems to suppress measurensatizhnces without extra hardware.
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CHAPTERS
CONCLUSIONS

5.1 Conclusions

A ropeless prototype elevator with linear switheeluctance motor (LSRM) drive
actuation system has been explored and validateoh adternative linear vertical transverse in
this research. Designs of the LSRM for the protetgbevator, analytical aspects of modeling
and dynamics of the vehicle, and closed-loop comtrth a conventional Pl method have been
presented and verified with comprehensive simutatiand experimental results. Furthermore, a
novel current control based on an extended stasereér (ESO) and nonlinear P controller
(NLP) has been proposed to reject measurementriogtoes contained in measured phase
currents, which are mainly arising from sensor @@ed PWM switching noise, DC-link ripple,
voltage drop of switching devices, and variationsplant model parameters. The proposed
current control algorithm has proven to enhancal totrrent and force control performance
through dynamic simulations and experiments, rggulin a reduction of force ripple and

acoustic noise. The major contributions of thiglgtare summarized as follows:

1) A novel LSRM topology for a prototype elevator heesen proposed and designed using the
current knowledge and design procedure of rotasiwgched reluctance machine [6]. The
prototype LSRMs are scaled down from the desigmgol slevator presented by the author
[1] and optimized to be suitable for the prototyglevator with propulsion force of 300N.
Experimental correlation of inductances and prapual$orce to FEA simulation results has

confirmed the validity of the proposed design prhoe.

2) A prototype elevator with a size of 22 x 26 x 50x(\WH) inches and a travel length of
0.67m has been built using two assembled LSRMsanslators are installed on a moving
vehicle whose size is 12 x 12 x 14 (WxLxH) inchesl @aotal weight is 20.3 kg. The rate
velocity is set to 0.2m/s and the rated payloadyZtklL0OA including vehicle weight.
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3) A novel force distribution functions (FDF) have hg@oposed, analyzed and compared with
conventional FDFs through dynamic simulations.ddigon, the superior force control with
the proposed FDF for the prototype elevator has Implemented and successfully verified

by way of the dynamic simulations and the experizaleests.

4) PI controllers for the current control loop andog#y control loop have been explained,
employed and validated via the dynamic simulatiandg the experiments. A trapezoidal
velocity profile has been also applied to the prgie elevator to control position during
moving as well as stop. The simulations and expanisihave been successfully performed
at different velocities from 0.15m/s to 0.3m/s adlvas with different payloads of 23kg and
32kg. Moreover, the correlation of results betwdbe dynamic simulations and the

experiments has been established.

5) A DSP-based control system with TI TMS320F240 hesnbrealized to execute the control
strategy for the prototype LSRM elevator. For cotereside, four asymmetric half-bridge
converters have been implemented along with a lariavitching strategy [3] for the test of
the prototype LSRM elevator. The asymmetric haifigee converter topology has high
control flexibility, fault tolerance and reliabyitof which features need to be ensured for
elevator applications.

6) A novel robust current control technique to rejestasurement disturbances on phase
currents in this LSRM elevator application is dedy analyzed, simulated, and
experimentally verified for the first time. It isbed on the ESO and NLP which are largely

model-independent and suitable for low cost DSRrobers.

7) FFT analyses are provided to demonstrate the supgrof the ESO+NLP current controller
in the presence of measurement disturbances. FnenFET results, it is expected that
acoustic noise and EMI are decreased due to enmamteof force control and current

control, respectively. It is believed that the prsed current control technique can be
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successfully applied into other motor drive systeamsuppress measurement disturbances

without extra hardware.

5.2 Papers published in Journals and Conference Proceedings

Out of this research, the following papers hawerb published and accepted for

publication in IEEE journals and conference proaegsl

[1] H.S.Lim, R, Krishnan and N.S. Lobo, “Design anch€ol of a Linear Propulsion System
for an Elevator Using Linear Switched Reluctancadvi®rives,” accepted for publication
in |[EEE Trans. on Industrial Electronics, August 2007.

[2] H.S.Lim and R, Krishnan, “A Ropeless Elevator withear Switched Reluctance Motor
Drive Actuation Systems,” accepted for publication |IEEE Trans. on Industrial
Electronics, 2007.

[3] N.S. Lobo, H.S. Lim and R. Krishnan, “Comparison lohear Switched Reluctance
Machines for Vertical Propulsion Application: Analy, Design and Experimental

Correlation”, under review for publication IEEE Trans. on Industry Applications, 2007.

[4] H.S. Lim and R, Krishnan, “Novel Measurement Dibance Rejection Current Control
for Linear Switched Reluctance Motor Drives,” pregghfor publication inEEE Trans. on
Industry Applications, 2007.

[5] H.S.Lim, R, Krishnan and N.S. Lobo, “Design anch€ol of a Linear Propulsion System
for an Elevator Using Linear Switched ReluctancetddDrives,” Proc. of IEEE Int.
Electric Machines and Drives Conf., pp. 1584-1591, May 2005.

[6] N.S. Lobo, H.S. Lim and R. Krishnan, “Comparison lohear Switched Reluctance
Machines for Vertical Propulsion Application: Analy, Design and Experimental
Correlation”, Rec. of IEEE Industry Applications Society Annual Meeting, vol.1, pp. 385-
392, October 2006.
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H.S. Lim and R, Krishnan, “Novel Measurement Dibance Rejection Current Control
for Linear Switched Reluctance Motor Drives,” adegpfor presentation 4EEE Industry
Applications Society Annual Meeting, September 2007.

5.3 Recommendations for Future Work

The following avenues of research are to be dansd for elevator applications suitable

for implementation in industries with the LSRM teotogies proposed in this research:

1)

2)

3)

Safety: Elevator applications are all about safety. Eraroy cases must be taken into
consideration to prevent from stopping in the medofl floors or dropping on the ground: For
example, power failure and operation failure (dwenalfunction of position sensors and/or
controllers). Thus, DC batteries or self-sustainiogver units are required to be ready for a
power-off case and break system must be reliablease of emergency. In addition, a
monitoring and back-up control system would be sgagy to secure control systems during
operation.

Power Efficiency: Ropeless elevators do not use counter weightsa Aesult, their power
efficiency is known to be lower by 50% than convemal traction geared rope elevators
which have counter weights. In this regard, honmevabrs are largely considered as a
appropriate application area at present. In ordexxtend its application area as a potential
alternative to elevators in commercial and busirnmsklings, increasing energy efficiency

must be taken into account as one of most impofsanors.

Construction: As other linear motors, the proposed LSRM topglbgs a large normal force
between stators and translators even though ialenbed due to twin stators and double-
sided translator poles in between stators. Thezeforcareful design of stator configuration
for ropeless LSRM elevators is required to secuiebtall on the surface of wall in a
building or house, resulting in overcoming suchighimormal force, and hence maintaining
air gap during operation. Furthermore, in ordemptevent translators from hitting stators

during operation, a long-lasting plastic type ofteni@l may be helpful as a air gap spacer. In
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this research, white thin plastic bars are attadmethe sides of translator poles. Refer to Fig.
2.7 in Chapter 2.

4) Maintenance: Translator assemblies can be made in a type auhlaoconsisting of eight
translator poles, for example in case of 8/6 typ&2RM. In this research, two translator
modules are used on each side. Thus, they can 9y e@ésmantled and replaced with
another module in case of repairment of translatarfull-scale elevators, several translator
modules can be placed in between twin stators tergée demanded propulsion forces. A
number of translator modules will share a total deded propulsion force with each

translator module.
Concerning the proposed current control, it isewveld that a universal measurement
disturbance current control derivation based onptisposed current control algorithm will gain
a lot of interest from drive and instrument compeanand be adopted. To this end, following

studies are suggested.

1) Dynamic simulations using main two AC motors to y@rothe methodology; they are

Permanent Magnet and induction motors.

2) Experimental verification of the proposed curremtcol algorithm applied to AC motors.
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APPENDIX A:

Derivation of K, and K;

For agiven system transfer functionsG_(s),

20 . S+’
)= g

= Al
§* + 20w, S+ W} A1
where
2., = KK
N v (A.2)
W = KKK,

the system bandwidth w, is the frequency at which the magnitude of Gc(jco) drops to 1/+/2 of its zero-

frequency value. Thus we have

| @f ey 1
|GC(JwX“Fw° B \/(— Wl +u)ﬁ)2 +(ZZ W, W, )2 B \/E &

By rearranging Eqg. (A.3), we have

wf - 21+ 222 Jtw? - ot =0 (A.4)

This equation leads to

wf = (14 202 ) £ [+ 202 +1002 (A5)

Since w, is a positive real value for any (., the plus sign should be chosen in Eq. (A.5). Therefore the

bandwidth , of the second order system is determined as,

ooc=\/(1+2Z§)+ (1+222) +1 o, (A.6)

By rearranging Eq. (A.2) for the controller gains K, and K; , we have
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Kp_ZZC(Ln

Kl
K = o W, (A7)
LOKK, 2w 2,

1 Kl
Substituting Eq. (A.6) into Eq. (A.7) yields

K, = 2t gKi

Jvaze)eJleazf e

. (A.8)

C

K

N 2ZC\/(1+ 202)+ L+ 222 +1

Hence, for a given set of the bandwidth «, and the damping ratio ¢, the controller gains K and K; are

calculated algebraically as above.
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APPENDIX B:

Conver gence Pr oof of the Closed-loop Based on the Proposed ESO and NL PD

The convergence proof for a second order ESO is already given by Huang, et. al in [84]. In addition, the
convergence of a second order closed-loop system based on an ESO is proved in [68]. Since the
application is changed, the convergence problem is redefined as below. Then, the proof is described based
on the given control system. Considering a generalization of the proposed measurement disturbance
rejection control, a nonlinear proportional plus derivative controller (NLPD) is taken into account for the
proof, instead of NLP.

For the given system as described in (4.6) of Chapter 4,

%, (t) = %, (t) +bu(t)
X, () = a(t), a(t) = f(x, %, w(t)) (B.1)
y(0) = x,(t)

the proposed ESO is given as,

2,(t) = 2,(t) + bu(t) - B, fal (e, @, &)

. (B.2)
z,(t) =-Byfa(ea,0)
where,
d”sign(e), [>0
fal(e,a,0) = ,(0<a<1,0>0)
-é},ﬁsa (8.3
e=z-y
The plant of (B.1) can be simplified with the control input u(t) given below,
u(t) = (u, () - z,(t))/b (B.4)

where ug(t) is a new control input which is generated by the NLPD. Assuming that the proposed ESO
shown in (B.2) successfully estimates the disturbance state x,(t) and using (B.4) as the control input, the

original plant is simplified to a single integrator control problem of
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X, (1) = u,(t
(1) = Uy 1) -
y(0) = ()
The proposed NLPD is given below to produce the new control input ug(t),
u0 = Kpc [Qerr_p + ch [Qerr_d
(B.6)
= [kpc fal (Qerr_p ’ apc ' 5pc)] + [kdc fal (Qerr_d ' adc’ 5(10)]
where,
dQerr . .
Sar_p =X " 208 o T T T
d”sign(e),|d>J
fal(ea,0)=7 o ,(0<a<1,0>0) (B.7)
2 ld=e
51 a

€= Qerr_p or Qerr_d

where @ and O are constants to be tuned for each control gain.

Now the convergence of the system given in (B.1) based on the ESO (B.2) and NLPD (B.6) is given by the

following theorem.

Theorem [68]: For any bounded integrable function )(1 (t) and any constant T > 0, solution of system
(B.5) satisfies

lim

T
pc&kdcﬂoo 0

X (t) = (Bfdt =0 (8.9

which means X, (t) can track X, (t) asthe NLPD controller gains, k. and kg, go to infinity.

Proof: (1) If X (t) isaconstant, then X; (t) =0and X, (t) = X, (t) = X, (t) . Letm(Kk,t) = x (t) = X (1) .
Substituting it into (B.5) along with (B.6) yields
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mM(k,t) = u(t)
= Kpc |ﬁerr_p + ch |ﬁerr_d
= ko fal @y 5@ 0,0)]+ ke Tl (Br 4@ Bi)] (B.9)

= [k fal (X (1) = %, (1), @, 8,0)] + [k Fal (5 (1) = % (1), @, O]
= [k, fal (-m(k 1), @, 5..)]| + [k fal (=K 1), @, O )]

where k, represents the NLPD controller constant gains, k, and kg Since the nonlinear
function fal (e, @, d) is an odd function with respect to the error term e as shown in (B.7), the above (B.9)

can be rewritten as
m(k,t) = =K, fal (M(K,L), @ e, Ie) |~ [Kee Fal (MUKL), A, )] (B.10)
Define the Lyapunov function for the system (B.10) as V = % m? (K. t) . Differentiating the Lyapunov
function with respect to time, t, yields
V =m(k,t) Ok, t) (B.11)
Then, substituting (B.10) into (B.11) produces
V =miin=-m(k, fa(ma,,d.)|+ [k fal(ma,,d,)]) (B.12)

The nonlinear function fal (e, &, 0) can be simplified as

d”sign(e), 4>
fal(ea,0)=1 o ,(0<a<1,0>0)
51—0 ! |q£5

K, & H >9,K, =|qa

a&o=fixed

(B.13)

K,[® |d<d,K,=0""

a&o=fixed

UK [, K>0

Substituting (B.13) into (B.12) yields
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V =miin=-m(k,, fal(ma,,d,)|+[k, fal (g, 5,)])
= —m[kpcKpm]— m[kchDm] (B.14)
= -k Kpm? —ky KpmLin

Rearranging (B.14) for mlm gives

_ k_K.m?
min=-—= " (B.15)
1+Kk, Ky

From (B.15), since constants, Ky, kac,Kp, and Ky are positive, the Lyapunove function V is negative:

. ok K.m?
V=mlh=-—>"<0 (B.16)
1+k, K,

Therefore, (B.10) is convergent as described below,

lim m(k,t) =0. (B.17)

Kyt — 00

Asaresult, forany 0<t< T, we have
T T
lim ! Im(k,t)dt = kmé im ! %= @dt=0 (B.18)

(2) From this part on, the second proof part in reference [68] is excerpted. If X; (t),tJ[0,T], isa

bounded integrable function, then (1€ > 0, there exists a continuous ¢(t) satisfying

F £
[[x ) - atofet < 4 (B.19)
0

For the function ¢(t), there exits a sequence of functions @, (t),(n=1,2,...), converging to

¢(t) consistently. Thus [N,, a sufficiently large positive integer, when M > N,

() -y, (1)] < % Then,
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T

J

0

T T
* * £
X () = (Ofdt < [ (1) - bt + [|t) - 4y, (Dt <= (8.20)
0 0
Since ¢(t)is a continuous function, @,, (t) divides the region [0,T] into a finite number of smaller

regions where @,, (t) has constant values in each small region. From the first part of the proof, we

know that the following inequality holds for a sufficiently large k ,

X0 -4y Ot < B.21)

O t—y -

Thusfor a sufficiently large k,,

[[x.0) =% (0t < [|x. () = gy ot + | ) =X Ofct <& (8.22)

Therefore, (B.22) proves (B.8) and hence gives a complete proof for the above Theorem.
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APPENDIX C

LSRM PARAMETER OF THE PROTOTYPE LINEAR ELEVATOR

Power capacity

Rated velocity

Rated force

Rated phase current

Number of turns per phase
Linat rated current (measured)
Linex &t rated current (measured)
Phase resistance

Mass of the vehicle

Air gap length
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24\W

0.2m/s

120N

10A

396, AWG #18
52.5mH
20.7mH

22Q

20.3kg

1.5 mm
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