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i
Abstract
To support human colonization and exploration of the lunar surface, NASA needs a

way to store energy generated by various possible sources to meet demand that varies with the
time of the lunar day. Flywheels provide a reliable, efficient and low-maintenance way to
provide continuous energy on demand. In general, a Flywheel Energy Storage (FES) system
includes an electric machine to convert between mechanical and electric energy, power
electronics to provide an interface between the machine and the electric distribution and
generation system, and a flywheel to store energy. This thesis investigates and designs an
integrated hubless flywheel and electric machine designed for low rotational speeds. To
properly predict the response of the FES system to external imbalances, a dynamic model of
the integrated system is developed in this thesis. The dynamic model is useful in developing

the control algorithm for the FES system.
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Chapter 1. Introduction

1.1 Background and Motivation

To support human colonization and exploration of the lunar surface, NASA needs a way
to effectively store either solar or nuclear-generated power. These, and other energy sources,
require storage to enable them to meet demand that varies throughout the day while the source
generating capacity simultaneously varies. Flywheels provide a reliable, efficient and low-
maintenance way to provide continuous energy on demand.

Since the moon cycles through 14 earth days of sunlight and 14 earth days of darkness,
the intermittent energy methods (such as solar panels) cannot serve as a constant source. Also,
nuclear generation must be reduced during the day to prevent overheating due to high lunar
day-time temperatures. One feasible solution is to use a flywheel energy storage (FES) system
to provide continuous energy for life support and scientific instruments. A FES system
requires a lighter payload for installation than batteries, NASA’s current alternative. In
addition, a FES system has a broad operating temperature range and can withstand elevated
radiation levels experienced on the lunar surface.

Basic flywheel energy storage is a well-known technology, currently being marketed in
ratings up to hundreds of kilowatt-hours of energy storage with power ratings up to hundreds
of kilowatts [1]. High speed flywheels provide safe, reliable and convenient energy storage
for intermittent energy generation technologies, such as solar and wind. As a result, FES
systems are also a reasonable energy storage alternative on earth. Boeing has worked with the
Department of Energy to deploy a FES system in a commercial uninterruptible power system
(UPS) environment [2]. With reasonable modification, they hold great promise in the unique

characteristics of the lunar environment.



The remainder of this chapter discusses the University of Idaho’s (UI’s) proof-of-
concept FES system and how each component enables this proof-of-concept FES system to
achieve high efficiency. To move energy in a bidirectional fashion efficiently and effectively,
electromagnetic motor-generators (or machines) are needed. Various machine topologies are
explored and outlined in the literature review. To effectively design a controller that prevents
instability, a dynamic model is useful and is introduced in this chapter. In addition, the
advantages and basic operation of FES technology are discussed.

1.2 Flywheel Energy Storage System Overview and Advantages

Flywheels are not a new technology and date back to the Industrial Revolution. During
the Industrial Revolution, flywheels were purely mechanical and were used to maintain
smooth machine operation [3]. During the 1960s and the 1970s, NASA proposed using
flywheels as a source of energy storage for future space missions; flywheels were also a
primary candidate for electric vehicle and stationary backup-power applications. Flywheel
technology was not ready for space applications until the 1980s when magnetic bearings,
power electronics, carbon fiber constructed flywheels, and machines with high power
densities were introduced [3]. Current applications of flywheels include electric vehicles,
supplementary UPS storage, providing storage for renewable energy generation (such as
wind), and to improve power quality issues with the electric grid [4].

A flywheel operates by storing kinetic energy in the form of a rotating mass. As the
speed of a flywheel is increased, the amount of energy stored significantly increases. The
kinetic energy in a flywheel is directly related to the inertia and rotational speed of the

flywheel as shown below:

KE = Iw? (1.1)
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where KE is the kinetic energy stored in the flywheel, I is the moment of inertia, and ® is the
angular velocity of the flywheel [4]. The moment of inertia depends on the shape and mass of
the flywheel.

In general, a FES system includes an electric machine to convert between mechanical
and electric energy, power electronics to control the machine and power flow, and a flywheel
to store energy. A FES system may also include a vacuum chamber to reduce windage losses,
and magnetic bearings to eliminate friction.

The electric machine can be operated as either a motor or a generator to transfer
energy into and out of the flywheel. If the machine is being operated as a motor, electric
energy is supplied to the stator windings, which then applies torque to the rotor, causing a
faster rotational speed and an increase in stored kinetic energy. When the machine is operated
as a generator, the stored kinetic energy is converted to electrical energy [4]. The power
electronics are used to operate the electric machine as either a motor or generator.

In addition to FES systems, there are other viable energy storage systems including
batteries (lead-acid and nickel- and lithium-based), compressed air, pumped hydroelectricity,
and supercapacitors. Compared to these alternative energy storage systems, the advantages of
flywheels include [4]:

e Long life expectancy (20+ years)

e High energy and power density (energy density comparison shown in Figure 1 for

current and theoretical energy storage systems) [1], [5]
e High energy conversion and storage efficiency on the order of 85-95% [1]
e Reliable - no periodic maintenance is required

e Low environmental impact (no hazardous materials)



e Operate in extreme environments (wide operating temperatures compared to

batteries)
e Easily measure the state of charge based on rotational velocity

e Rapid discharge rates without degradation

* - Current
Technology from|[4]
i ** _Theoretical
Steel Flywheel |# 30 Technology from|[5]

Compressed Air* 30
Lead Acid Battery* |W 45

P
Fuel Cell (K10
Superconducting Magnetic Energy Storage* |f 11

Supercapacitor* Wso
Thermal Energy Storage* (e 200
Lithium lon Battery* |8 200
Graphite Composite Flywheel | 230

Fused Silica Flywheel**
Advanced Fuel Cell**

Carbon Nanotube Flywheel**

2700

0 500 1000 1500 2000 2500 3000
Energy Density (Wh/kg)

Figure 1: Energy Density Comparison for Energy Storage Systems (Modified Version of Comparison in [5])

To obtain a highly energy efficient FES system, system losses such as windage and
friction can be reduced by using a vacuum system and magnetic bearings. To further reduce
FES system losses, the hysteresis and eddy current losses must also be eliminated. These are
commonly referred to as core losses, since they result from changing magnetic fields in the
iron core of the electric machine. Although no magnetomotive force is being applied to the
machine during idling periods, flux still exists in the machine and does not passively return to

zero, thus a magnetic field (known as residual flux) is left in the core [6]. To eliminate the



residual flux in the machine, a machine topology must be selected that can be degaussed; i.e.,
eliminate, or greatly reduce, the residual flux in the machine.
1.3 University of Idaho’s Flywheel Energy Storage System Components

The UI’s FES system consists of various subsystems designed to reduce any inherent
machine losses and improve efficiency. This FES system includes a field regulated reluctance
machine (FRRM), a passive magnetic bearing levitation system, liquid nitrogen and water
cooling systems, a vacuum and containment system, power electronics for control, and an
active magnetic bearing. Various machine topologies are explored for the machine component
of the FES system and are explained in the literature review. The FRRM’s purpose is to
efficiently convert electrical energy applied to the stator windings into kinetic energy stored in
the spinning rotor. To prevent the stator windings from overheating, a water cooling system
runs through the center shaft. The vacuum system minimizes windage losses by achieving
vacuum conditions of approximately 10 Torr. It also serves as the containment system in the
case of system failure at low rotational speeds.

Instead of using a mechanical bearing with high friction losses and required
maintenance, magnetic bearings are used to lift the machine vertically via repelling magnetic
forces. The magnetic levitation system results in minimal friction due to the lack of contact
with the center shaft. In general, there are two forms of magnetic bearings: passive and active.
Passive magnetic bearings do not require any control to maintain stability, whereas active
magnetic bearings require active control to achieve stability [7].

The magnetic levitation system is a passive magnetic bearing (PMB) and, therefore,
position control or electricity are not required. The PMB is composed of high temperature

superconductors (HTS) and a permanent magnet Halbach array. When the HTS are cooled to
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a sufficiently low temperature, less than 90 K for YBCO [8], almost all of the magnetic flux is
expelled from the HTS. A repulsive force results that acts against the magnetic flux and the
magnet array that create flux, thus resulting in contactless levitation of the rotor. The HTS
bearing technology has the potential to reduce idle losses to less than 0.1% of stored energy
per hour [9]. Although the HTS do not require active control, the HTS will need to be
cryogenically cooled with liquid nitrogen to 77 K to exhibit the superconducting properties.
Therefore, the HTS are mounted on top of a copper plate and liquid nitrogen is continually
moved through a channel in the copper plate to provide cooling.

In addition to the PMB, there is also a dedicated active magnetic bearing (AMB)
which uses active control based on feedback from eddy current sensors. The purpose of the
AMB is to prevent collision between the stator and rotor. The AMB controls the horizontal
and tilting forces acting on the rotor in coordination with the FRRM. The FRRM is a self-
bearing and serves two purposes: as an active magnetic bearing to control the rotor’s position
and as a machine to provide rotation. To actively control the bearing forces, a feedback
control loop and eddy current sensors are used to measure rotor displacements. A
microprocessor then transforms these measurements into a control signal, and an amplifier
converts these signals into currents that provide corrective magnetic forces [7]. The assembled

FES system is shown in Figure 2.



Combined Flywheel/Field Regulated
Reluctance Machine

‘Magnet-HTS Levitation
System

Figure 2: UI's Complete FES System Setup (without Power Electronics Pictured)

1.4 Dynamic Model of the FES System

As was discussed previously, the AMB in combination with the self-bearing is
necessary to provide corrective forces to control the rotor’s position. To actively control the
horizontal and tilting forces acting on the rotor, a dynamic model is needed to predict rotor
responses to imbalances without the use of a control-scheme. To properly design a controller,
the rotor is modeled as a symmetric and uniform rigid body, and rotor displacements are
modeled in terms of translational and angular motion about the rotor’s center of mass. Based
on a few key assumptions, the axial and radial dynamics are modeled separately, and the
inherently nonlinear rotor dynamic equations are linearized about an operating point. In future
chapters, the dynamic model for the FES system is described. The dynamic model described
here is used by the other graduate student researchers who worked on the project to aid in
development of a control algorithm for the FES system to prevent collisions between the

rotating and non-rotating portions of the electric machine.



Chapter 2. Thesis Objectives

The first objective of this thesis is to discuss the iterative design process used to design
the FRRM given a set of operating conditions. Although there are various machine topology
options, the FRRM is an ideal candidate to serve as the motor-generator portion of the FES
system. One of the advantages of the FRRM is that it can be used as a proof-of-concept to
verify and compare degaussing algorithms in the future. The integrated flywheel and machine
design described here are optimized for low rotational speeds.

The next primary objective of this thesis is to model the dynamic behavior of the rotor.
The AMB and self-bearing control the horizontal and tilting forces acting on the rotor in
conjunction with the passive HTS bearing. An open-loop rotor dynamic model is created to
show how imbalances affect the forces and moments acting on the rotor without active
control. Then a dynamic model is used to aid the development of the linear controller
algorithm to prevent dynamic instability. A rigid body model is created in Simulink® to
simulate the decoupled radial and axial dynamics of the rotor.

The last objective is to derive the electromagnetic bearing force expressions that
model the forces acting on the rotor’s center of mass. These bearing forces are inherently
nonlinear and are linearized about an operating point to reduce computation time. These
bearing forces are derived based on magnetic circuit model approach and modified winding
theory approach. After modeling the linear bearing forces in Simulink®, a closed-loop
dynamic model is simulated with active control to ensure dynamic stability. The closed-loop
dynamic model is a tool that will be used for the future design of the rotational controller

algorithm.



Chapter 3. Scope

Before discussing the layout of this thesis, the objectives and accomplishments of the
UI’s NASA funded, multi-phase project are outlined. Phase | provided analytical and
experimental proof that iron energy losses could be reduced during idling periods. In addition,
various machine topologies were explored during Phase I, and the FRRM was selected for the
FES system. The work completed in this thesis is part of Phase 1. The goal of Phase 11 was to
design and build a proof-of-concept low-speed, integrated, hubless flywheel and machine.
This proof-of-concept FES system will be used in future work to verify and compare
degaussing algorithms. If Phase 111 funding is received, future work will include the design,
construction, and testing of a high-speed FES system adapted to the lunar environment.

During Phase II, the design and implementation of the FES system proof-of-concept
relied on collaboration with two other electrical engineering graduate students. This thesis
primarily covers the FRRM design process and the rotor dynamic model, whereas the thesis
written by Brent Kisling [10] describes the AMB controller algorithm, design and
implementation. The thesis written by Kevin Ramus [11] contains the sensors, printed circuit
boards, and power amplifier designs necessary to implement the controller algorithms.

Chapter 4 contains a literature review that was used to design the machine and model
the rotor dynamics. Chapter 5 discusses why the FRRM was selected for the machine portion
of the FES system. In addition, this chapter explains the major design decisions and the
equations used to select the final design. Chapter 6 describes the basic operation and design of
the passive and active magnetic bearings. Chapter 7 explains the derivation of the FRRM and
the AMB linearized electromagnetic force models, where the modified winding and magnetic

circuit approaches are used to obtain expressions for the radial bearing forces. This chapter
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also includes a finite element verification of the FRRM and AMB designs. Chapter 8 develops
the radial and axial rotor dynamic equations and models these using Matlab’s Simulink®
environment. Lastly, Chapter 9 presents a summary and conclusions reached from the

dynamic model and machine design, along with recommendations for future work.
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Chapter 4. Literature Review

A literature review was conducted to determine the most effective FRRM design and
rotor dynamic model used in research and in the field. This literature review explored the
major equations and assumptions used to design a functional FRRM. A primary source was
used to develop the UI’s FRRM design, while additional sources were reviewed to confirm
that the FRRM was the ideal machine for this project. Most of the sources consulted in this
thesis were used for the design of the rotor dynamic model. Assumptions were then taken
from these sources to simplify the dynamic model and provide a linear bearing force model
for both bearings.

4.1 Review of Sources for the FRRM Selection and Design Process

At the beginning of the project, multiple machines were considered for the machine
component of the FES system. The top contenders were then selected based on the expected
machine force density and its ability to be degaussed [12], where force density was defined as
a “measure of how effectively a machine uses the airgap area to create beneficial force” [13].
Force density was a metric used to compare the following four machines [12]:

1) Synchronous Reluctance Machine (SRM)

2) Field Regulated Reluctance Machine (FRRM)

3) Ironless Permanent Magnet Synchronous Machine (PMSM)
4) Iron-on-Rotor Permanent Magnet Synchronous Machine

The SRM is a synchronous machine with salient poles that lack field windings. The
SRM can be degaussed by applying decaying modulated voltage waveforms to the stator
windings [12]. Due to the absence of brushes and slip rings, the SRM can also operate in

vacuum conditions.
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The FRRM is a modified synchronous machine with the field windings located on the
stator. The FRRM’s stator coils operate in a time-share mode and constantly alternate their
function between field and armature windings; varying the coil’s function permits
independent control of torque and rotor flux [13]. The FRRM also has the ability to be
degaussed and can achieve the highest force and power densities by optimizing the control of
individual stator windings [13].

The ironless PMSM operates similarly to an excited-field synchronous machine, with
the exception of having permanent magnets connected to the rotor to produce a majority of
the field flux [12]. Instead of an iron rotor, the rotor is composed of permanent magnets,
either in an array or one solid magnet. Unlike the ironless PMSM, the iron-on-rotor PMSM
includes magnets to create the field flux. Since the iron-on-rotor PMSM removes the iron
from the stator, the residual flux normally produced by the sinusoidal stator currents is
eliminated [12].

After comparing machine force densities and other metrics, the FRRM was selected as
the ideal candidate for the UI’s FES system. Since the FRRM could not be purchased from
vendors, it was designed in house. The primary machine design equations were derived by
Law in [13] and were modified for the UI’s FRRM design. Law validated the machine design
procedure and successfully operated a six-phase, 28-kW, 500 RPM FRRM [13]. This
procedure included equations to select the number of phases, stator teeth and slot dimensions,
the number of poles, along with other parameters. One major modification made to the
equations taken from Law’s work was to neglect the magnetomotive force drops across the

rotor and stator iron, since these were negligible in comparison to the drops across the airgap.
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Additional papers were also used to develop the FRRM design equations. The paper
written by Law and Lipo in [14] was used to establish an understanding of the basic operation
of a FRRM. In addition, this paper presented a design equation used to relate the flux linking
one full-pitch turn to the electrical angle. Using this equation, a relationship between the
machine’s voltage and flux linkages was derived. The magnetic circuit model for the FRRM
presented in [15] was also used to develop the governing equations for the FRRM.

4.2 Review of Sources for the Rotor Dynamic Model

After the FES system was designed and constructed, a dynamic model was created to
assist in developing the controller algorithm. The controller was responsible for maintaining
the rotor’s position and preventing dynamic instability. In order to reduce computation time
and simplify the controller design, a linear control scheme was desirable. To design the
controller, the equations of motion for the rotor assembly were necessary. The equations of
motion for the rotational and translational motion of the rotor assembly were then linearized
to simplify the dynamic model.

The equations of motion for two radial bearings were derived by Schweitzer [7]. The
key assumptions made in this work were also used for the UI’s dynamic model to decouple
the radial and axial dynamics. Based on the physical rotor dimensions and constraints, and the
assumption that the airgap displacements were small in comparison to the rotor dimensions,
the radial equations of motion could then be linearized [7]. An additional assumption was
made to describe the angular and translational displacements of the rotor by the position of the
rotor-fixed system with respect to the inertially fixed coordinate system [7]. This assumption,

along with an assumed constant angular velocity, led to characterizing the Euler’s angles as
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inclinations about the stationary x and y axes, where Euler’s angles were used to describe the
angular motion of the rotor.

The equations of motion derived in [7] were successfully implemented in the work
completed by Kascak in [16]. Kascak used a linear form of the equations of motion to
describe the radial dynamics for a fully levitated rotor that was magnetically suspended by
two separated conical motors. The rotor was modeled as a rigid body in Matlab’s Simulink®
environment and combined with PID controllers to merge the mechanical dynamic system
with the linear controller. Kascak successfully used the dynamic model to rotate the motors at
low speeds and prevent instability.

The electromagnetic bearing force expressions were needed to model the forces acting
on the rotor in the dynamic model, where the bearing forces were nonlinear due to the squared
relationships with the coil current and airgap. It was found that a linear control scheme has
been successfully implemented to control these inherently nonlinear bearing forces for various
applications [7]. To reduce computation time, Schweitzer linearized the bearing’s
force/displacement and force/current relationships about an operating point (the equilibrium
position of the system) and used these as approximations for the bearing forces [7]. A linear
bearing force model has limits of applicability that must be avoided, such as contact between
the rotor and stator, severe flux saturation, or low coil currents [7]. To determine the
force/displacement and force/current relationships for the UI’s FES system, an
electromagnetic model for both bearings was developed.

Methods used in literature to develop electromagnetic models included a magnetic
equivalent circuit method, finite element analysis, and the winding function method. The

magnetic equivalent circuit method was selected for the UI’s AMB, but would not be



sufficient for the FRRM due to the complexity of the machine geometry. Previous work
completed by Lipo in [17] was initially used to derive the FRRM’s electromagnetic model
using the winding function method. However, this method assumed that the airgap was
uniform, which was not the case for eccentric rotors. Since the force/displacement
relationship was desired for the FRRM, radial eccentricities were needed to calculate the
resulting bearing forces. Therefore, Lipo’s approach was insufficient, and the modified
winding approach [18] that incorporated airgap eccentricities into the flux and force

distribution calculations was used instead.

15
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Chapter 5. The Field Regulated Reluctance Machine Theory and Design

This chapter discusses why the FRRM was selected, the decisions made to design the
machine and a summary of the final design parameters. There were various machine
candidates, but the FRRM was selected as the final machine primarily due to the high
potential energy density and independent coil control. The FRRM utilizes coils that are
continuously varying whether they are being operated as a torque or field producing coil. This
can result in a highly efficient machine as long as the controller design is implemented
successfully. The machine design was an iterative process where various poles, stator tooth
and slot dimensions, rotor dimensions, airgap sizes, etc. were explored to result in an optimal
design. The chapter concludes with a summary of the final machine design, along with a table
highlighting the major dimensions.

5.1 Machine Selection

As was discussed in the introduction, the project specifications and goals reduced the
number of viable machine options. One initial project specification was to eliminate machine
options that utilized field windings on the rotor. Field windings on the rotor were undesirable
since slip rings and brushes required continual maintenance, introduces additional machine
power losses, and would not work in a vacuum. In addition, removing field windings from the
rotor eliminated rotor conduction losses. There were only a few machines that could operate
without field windings on the rotor, such as the synchronous reluctance machine and the
FRRM [12].

To maximize the FES system efficiency, minimization of the energy losses was
required. Windage and mechanical friction losses were greatly reduced by operating the FES

system in a vacuum and using magnetic bearings, respectively. Another source of energy loss
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was due to the residual magnetic flux in the rotor, as was explained in Section 1.2. This
criteria eliminated a permanent magnet synchronous machine because there would be inherent
hysteresis losses in the stator due to the permanent magnetic field [13]. Whereas the FRRM is
a non-permanent magnet design and could thus be degaussed.

The FRRM was selected due to the following advantages it had for FES system
applications:

1) No field windings located on the rotor: Because slip rings and brushes do not

operate in vacuum and introduce additional machine losses, a FRRM has both the
field and torque producing windings located on the stator. In addition, by removing
the field windings from the rotor, the rotor conduction losses are eliminated.

2) Ability to be degaussed: Since the residual magnetic flux in the rotor produces

undesirable energy losses, the FRRM design allows degaussing to reduce the
idling iron losses.

3) Independently controlled coils: allow for independent control of the torque and

field regulation (i.e. magnetizing) flux [14] since each coil’s function (armature
versus field winding) varies with the rotor’s position. Independent control also
makes it possible to use the FRRM as an AMB to actively control the rotor’s
position.

4) High potential force density: reduces material and machining costs and produces a

more efficient machine [12]. Compared to other machine topologies, the FRRM
has the highest potential force density [12].
Unlike other machine options, the FRRM could not be ordered from a vendor, and was

designed and constructed at the Ul.
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5.2 Machine Design Considerations and Operation

Prior to discussing the specific steps taken to design the machine, the principle
machine operation and design considerations are explained. The machine design process was
iterative and various parameters were changed to optimize the design. The major parameters
that were varied include the number of poles, number of coils per pole (direct and quadrature)
and the airgap between the rotor and the stator. To better understand how the FRRM operates,
the direct (d) and quadrature (q) axis coils are explained. This section also includes the initial
design considerations for the rotor’s shape, height, and material. To begin the design process,
the flywheel team determined a list of desired operating conditions.
5.2.1 Machine Specifications and Topology

The team involved with designing the FES system developed initial specifications for
a low-rotational speed machine. As was discussed previously, the chosen machine had to be
able to be degaussed, operate in vacuum conditions, and provide a high force density. In
addition to these specifications, the following desired operating conditions were specified:
output power (400 Watts), voltage (12 Volts), force density (1.5 kN/m?), operating speed
(1800 RPM), d-axis airgap flux density (Bdairgap) (0.33 T), as well as the machine dimensions.
For machines, the force density is equal to the tangential force (rotation force) per airgap area
and shows how well a machine can produce forces with a given airgap [14]. The Byairgap Was
set equal to the ratio of the tooth width to the slot cord. The outer rotor radius was limited by
the size of the lathe-chucks available in the UI’s machine shop.

The machine topology selected was an “inside-out” or open core topology, so the rotor
was positioned outside of the stator. The spinning rotor also served as the flywheel. In

accordance with Equation (1.1), the open core topology allowed for a larger moment of inertia
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and increased the angular velocity of the flywheel, thus increasing the energy stored. In
addition, the “inside-out” design resulted in a smaller airgap between the rotor and stator,
which increased electromagnetic forces. Before explaining the design optimization process,
the basic operation of the FRRM is described.

5.2.2 Principle of Operation

When current is applied to the stator windings, a rotating magnetic field is produced
that causes the rotor to spin. This rotating magnetic field can be represented as two magnetic
poles: a north pole where the flux leaves the rotor and a south pole where the flux enters the
rotor. For a two pole machine (meaning a single north and south pole), the electrical and
mechanical frequencies are the same. However, for a four pole machine, there are two north
poles and two south poles. Thus, in one electrical cycle, the rotor only moves halfway around
the stator. This results in an electrical frequency that is twice as fast as the mechanical

frequency of rotation:

We = gwm (5.1
where @, is the electrical frequency, P is the number of poles and ®n, is the mechanical
frequency. As the number of poles increase, the electrical frequency required for the rotor to
perform one mechanical rotation also increases.

The ferromagnetic rotor is essentially a large electromagnet that is composed of
magnetic poles. For the FRRM, the rotor’s poles are salient, meaning they protrude out from
the cylindrical surface of the rotor [6]. A cylindrical rotor (i.e. non-salient rotor) has a uniform
distribution of flux around it. The rotor’s saliency alters how the flux is distributed around the

machine. Saliency results in a different amount of flux (and therefore inductance) for the pole

and interpole regions of the rotor. The FRRM efficiency increases as the ratio of the
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inductances, also known as the saliency ratio, between the axis aligned with the poles (the d-
axis) and the axis aligned with the interpoles (the g-axis) is maximized.

The torque and field producing windings (g-axis and d-axis coils) are both on the
stator and eliminate field windings on the rotor. Each of the stator coils are controlled
independently in the FRRM and the function of each coil (i.e. armature versus field winding)
is constantly varying with rotor position. The FRRM is essentially a synchronous machine
with all of the windings located on the stator operating in a time-share mode between field
and armature windings. The time-share mode is advantageous since the rotor’s flux and
torque production can be independently controlled [13]. Since the function of each coil varies
with time, a controller is needed to vary the current and voltage in each coil. H-bridges are
used to vary the coil current based on the location of the coil. The controller algorithm and
methodology are not explained in this thesis and are discussed in [10].

The d-axis coils’ purpose is to produce the main magnetic field in the FRRM, similar
to the field windings in a synchronous machine [6]. In a synchronous machine, the rotor’s
magnetic field is supplied by a dc current applied to the rotor windings. The dc current is
supplied by either an external dc source via slip rings and brushes or by mounting a dc power
source to the shaft [6]. As was previously mentioned, brushes and slip rings require
maintenance and the brushes introduce additional power losses that are undesirable for this
project.

The rotating magnetic field induces the voltage within the stator’s armature windings.
The purpose of the g-axis coils is to provide torque, similar to the armature windings in a
synchronous machine where the main voltage is induced [6]. The g-axis coils (mg) are located

opposite of the rotor pole faces and the d-axis coils (my) are located in the interpole regions.
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The physical placement of these coils is offset 90 electrical degrees from the d- and g- axes

shown in Figure 3.

Direct Axis

Quadrature Axis

Rotor Laminations

\)

Torgue Producing
Coils
Stator Laminations

Flux Producing Coils

Figure 3: FRRM Rotor and Stator Laminations with d and q Axes Labeled

5.2.3 Rotor Saliency and Chevron Design

To determine the number of poles, the ideal shape for the rotor poles and interpole
regions (also referred to as rotor chevrons) were investigated in order to maximize the
saliency ratio, which is a ratio of the inductance in the d-axis to the g-axis (Lq¢/Lg). If Lg was
equal to Lg, no torque would be produced. As the saliency ratio is increased, the torque
produced also is increased. The saliency ratio was dependent on the airgap and therefore the
shape of the rotor chevrons. In the initial rotor design, the chevrons were shaped like clovers
as shown in Figure 4, and the clover dimensions were varied to analyze the impact on the
saliency ratio. To optimize the chevron design, the airgap function and its inverse were
calculated; these functions modeled the airgap between the rotor and the stator. A Fourier
series approximation was developed for the inverse airgap function to calculate the mutual

and self inductances of the stator and the resulting saliency ratio.



22
Next, the height and width of the rotor chevrons were varied in order to determine the
ideal shape. If the iron was not saturated, increasing the depth of the slot in the rotor chevrons
had no impact on the saliency ratio; however, changing the width of the chevrons did.
Extending the chevron width too far led to increasing g-axis flux, and making the chevron too
narrow, causing an undesirable decrease in the d-axis flux. From these calculations, the

optimal arc lengths for the rotor chevrons (sixty electrical degrees) were determined.
/ Rotor Chevron Design

Slot Depth

Figure 4: Initial FRRM Rotor Lamination Chevron Shaped Design

5.2.4 Machine Laminations

The rotor and stator were composed of iron laminations rather than a solid block of
iron to reduce the eddy current losses. According to Faraday’s law, time-changing flux
induces a voltage within the core, thereby causing current to circulate within the core. These
circulating currents, also known as eddy currents, cause heating and therefore losses in the
core [6]. Constructing the iron core out of laminations reduces the eddy current losses by
breaking the ferromagnetic core into strips. Since eddy current losses are proportional to the
current path length, breaking the iron core material into strips reduces these losses. An oxide
coating was also applied to the laminations to further reduce the current paths in the UI’s

design.
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There were two types of laminations that were considered: vertical and horizontal
orientations. Vertically oriented laminations were ruled out due to the difficulty of fabrication.
The horizontally orientated laminations were made out of 26 gauge, M-36 grade silicon
electrical steel sheets. The M-36 grade was selected due to its ideal magnetization curve,
which was ideal due to the curve’s saturation point. The electrical steel sheets were only
available in certain sizes from the supplier, which determined their thickness (0.0185 inches).
These electrical steel sheets were cut using water jetting at Northwest EDM in Spokane, WA.
These were not machined in-house due to cost and the desired tolerances (0.002 inches).
5.2.5 Machine Height

When the machine was initially being designed, the HTS were approximated as being
able to provide a total force of 2 N/cm? radially and 3.3 N/cm? axially to the rotor. If there
was no active control and the rotor was off-center, the HTS radial forces were intended to
exceed the electromagnetic forces between the rotor and stator (to maintain the rotor’s ideal
position). Since electromagnetic force is proportional to surface area, the lamination height of
the machine was selected to prevent the electromagnetic machine forces from exceeding the
HTS radial forces to prevent a rotor and stator collision.
5.3 Machine Design Calculations

This section outlines the design process and calculations (found in Appendix A) used
to select final machine dimensions. These calculations included determining the stator and
rotor dimensions, the number of poles, the direct and quadrature axis currents and flux, the
number of turns per coil, the total Magnetomotive Force (MMF) for the d- and g- axes, power
losses due to the stator windings and the overall efficiency. The machine design equations

were a function of the airgap, inner radius of the rotor, number of poles, and number of



24
quadrature versus direct axis coils. These were varied until an optimized machine design was
obtained.

5.3.1 Impacts based on the Number of Poles

The FRRM design was analyzed over a range of two to eight poles to see how the
number of poles impacted efficiency. Since the predefined machine dimensions result in a
relatively small machine, a maximum of eight poles was considered. By incorporating more
than eight poles, the stator slots would be too small and would not leave adequate room for
the stator coils.

The design calculations were performed as a function of poles to show how the
number of poles impacted other dimensions and outputs. As the number of poles increased,
the Lq/Lq ratio increased because the flux path length in the d-axis decreased. The shorter path
length resulted in a smaller MMF drop across the rotor chevrons. By applying Ampere’s Law,
the MMF can be shown to be equal to the product of the magnetic field intensity (H) and the
length (1) of the path traveled by the flux:

MMF = HI (5.2)

For an unsaturated machine, the majority of the MMF drop was across the airgap versus the
iron core. For a higher pole count machine, the disadvantage of having more airgaps for the
flux to overcome offset the advantages of having a shorter d-axis flux path. This geometry
also resulted in smaller end winding losses, since the stator coils were wound about a smaller
coil pitch.
5.3.2 Basic Machine Calculations

The first step in the design process was to calculate the outer radius of the stator (rys)

and rotor (ror) based on a given inner radius of the rotor (ri;). These dimensions varied as a



25
function of the airgap between the rotor and stator and the given r;.. Using these dimensions,
the effective length of the machine could be determined, where the effective length is equal to
the total height of the iron laminations. As was explained previously, the rotor and stator
consist of stacked laminations, each coated with a specialized oxide to reduce eddy current
losses. To take into account the ratio of iron versus oxide, a stacking factor of 0.96 was
defined based on prior machine designs [13]. The actual height of the machine is equal to the

effective length divided by the stacking factor. To determine the effective length, the

Force

equations for force density (Tea) and power (Torque * ®,,) were combined and resulted in

(where the lateral area of the machine is 2ntr,sEffectiveLength):

(Power)(StackingFactor)

(2“) (rgs) (om) (Forcepensity)

EffectiveLength = (5.3)

The pole pitch, the angular distance between two adjacent poles, was calculated in
mechanical degrees and was used to determine the spacing between the coils and the aspect
ratio. The pole pitch can also be expressed as a distance if the angular pole pitch was
multiplied by ros. The aspect ratio is the ratio between two sizes (the effective length and pole
pitch), and if between 0.5-2, is considered desirable and improves machine stability. The next
step was to determine the more detailed stator dimensions (such as the stator teeth and slot
dimensions).

5.3.3 Stator Dimensions

The stator teeth and slot dimensions were designed to reduce power losses in the stator
windings and to avoid saturation in the stator teeth. A larger slot area was desirable since
power losses decreased as a function of increasing slot area, where the slot area represented
the open space between two stator teeth. The slot area was increased as the width of the teeth

decreased, and as the slot depth increased. The slot depth was set equal to the difference
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between rys and 1.35 inches, which left adequate room for the center shaft and maintained
structural integrity. The minimum tooth width was limited by manufacturing capabilities and
the prevention of saturation within the stator teeth. The stator tooth flux density was set to
1.0 T to avoid saturation, where 1.0 T was well below the knee of the BH curve for the M-36
material and was in the linear region of the BH curve. By avoiding saturation, the MMF drops

in iron can be neglected. The BH curve is shown in Figure 5.
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Figure 5: M-36 Grade Electrical Steel BH Characterization Curve, from [19]

To maximize the slot area, thus reducing power losses, the tooth width was computed
by setting the d-axis fluxes equal in the tooth (astatortooth) @and the airgap (¢paairgap). The
relationship between the flux density and flux (& = BA) was used to find ¢pgairgap and
dastatorTooth, @S Shown in equations (5.4) and (5.5). Based on the final design, two stator teeth
were always located opposite from the rotor pole face. Therefore, the stator tooth area
included the width of two stator teeth. Initially, a different method was used to find the width
of the stator teeth, but this resulted in a wide tooth that did not maximize the slot area. Instead,

the equations below were used to maximize the slot area.
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D gstatorTooth = BdStatorToothEffectiveLength2ToothWidth (5.4)
Pypirgap = BaairgapEffectivepengmPolePitchy (5.5)
where the PolePitchg is equal to the width of the poles. Equation (5.4) was then set equal to
equation (5.5), which resulted in the following equation for the tooth width:
ToothWidth = (PolePitchyBgairgap )/ (2BastatorTooth) (5.6)

As the number of poles increased, the width of the tooth decreased, thereby limiting
the maximum number of poles. The top of the tooth was designed to be wider than the
remainder of the tooth to minimize pulsating torque on the rotor (as shown in Figure 6). The
width of the top of the stator tooth allowed for a slot width opening equal to five times the
wire diameter to minimize stator winding complexity. In order to evenly distribute flux to the
rotor without reducing the slot area, the height of the top of the tooth was determined to be
0.079 in.

Next, the slot area was calculated which required the determination of the slot cord
length. The slot cord length is the distance between the middle of two adjacent stator teeth as

shown in Figure 6. The slot arc is the angle between these two teeth and is equal to:

2T

Slotare = Goes tm

(5.7)

where myy 1S equal to the total number of direct and quadrature axis coils per pole. Using

basic geometry, the slot cord was defined as:

Slot_Cord = 2(r,)(sin =22%) (5.8)
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Figure 6: Stator Tooth and Slot Dimensions for the FRRM

Using the slot cord length, the slot opening top width (slotyigitop) Was defined as the
difference between the slot cord length and the tooth width. Next, the slot opening bottom
width (slotwigthnottom) Was defined by calculating the slot cord length at the bottom of the slot.
The total slot opening area was defined as the slot depth multiplied by the average slot width
((slot_widthtop + slot_widthbottom)/2 ). Since a two layer winding design had been
selected, meaning there were two windings per slot, the slot opening area was designed to fit
both windings.

The maximum wire gauge was determined based on the slot area and the desired
number of turns (N). The fill factor took into account that the slot area included the copper
windings in addition to the wire insulation, and was defined as the fraction of the cross-
sectional area of copper to the slot area; this was necessary to determine the wire gauge. The
maximum wire gauge was determined by setting the total area of the coil wiring equal to the

slot opening area multiplied by the fill factor, as shown below:
(FillFactor)(SlotOpeningArea) = 2(N) (E) (WireDiameter?) (5.9)
Based on the final slot area, the selected conductor was AWG 18, which

corresponded to a conductor diameter of 0.0403 in. It was decided to fully-pitch the coils so
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that the coils could be operated as a field or torque producing coil. If the coils were fully-
pitched, then the angular distance between the sides of each stator coil was the same as the
pole pitch. After the stator teeth and slot dimensions were finalized, the stator laminations
were fabricated and pressed onto the shaft. Figure 7 shows the top view of the unwound

stator.

Stator Teeth

lot

Figure 7: Unwound FRRM Stator Laminations pressed onto Shaft

5.3.4 Rotor Design Calculations

Due to the saliency on the rotor, the rotor pole and interpole regions had different
dimensions. To determine these dimensions, the ratio of mq to my per pole was investigated to
maximize efficiency. The number of g- and d- axis coils affected the pole and interpole face
arc dimensions. The d-axis pole arc (Pole_Arcy) was defined as the region under the d-axis of
the machine (or rotor poles) and the Pole_Arcy was defined as the ratio of mqg/myea multiplied
by the pole arc. The interpole face arc (or the g-axis arc) was defined as the ratio of mg/Mgtal
multiplied by the pole arc. These arcs were also expressed as pole pitches for the d- and g-

axes (Pole_Pitchq and Pole_Pitchg respectively) by multiplying each ratio by the pole pitch,
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where the pole pitches were necessary to find the cross-sectional area of the pole and interpole
regions.

As was explained previously, a larger number of d-axis versus g-axis coils was
desired. The final machine design resulted in four d-axis coils and two g-axis coils per pole.
Therefore, the d-axis pole arc was 30 mechanical degrees, and the g-axis pole arc was 60
mechanical degrees. Next, the width of the rotor chevrons (labeled in Figure 12) in the
interpole region was determined. The rotor chevron width was defined as one-half of the pole
face width to ensure that there would be a lower MMF drop across the airgap in the interpole
regions. The cross-sectional areas of the d and q axis paths (Area_Poleq and Area_Poley) were
then determined. The Area_Poley was defined as the Pole_Pitchy multiplied by the effective
length. The Area_Pole, was defined as one-fourth of the Area_Poley, based on the g axis flux
path for one coil.

5.3.5 Determining the Quadrature and Direct Axis Flux

The rotor dimensions were used to calculate the g-axis current and the change in flux

due to the armature reaction by solving the g-axis magnetic circuit shown in Figure 8. The

iron reluctances shown in Figure 8 were neglected since the iron was not saturated.

Rotor_Chevron
B
Ai . v
rgap. | Flux, ® . _Aargap
R. < R
Stator_Tooth = “Stator_Tooth
R~ <R

Stator_Back_lron
A

Figure 8: Quadrature Axis Magnetic Circuit including the FRRM Stator, Rotor and Airgap Reluctances
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The total g-axis current (lg) per coil was defined as:

I, = Power/((Voltage)(mg)(Poles)) (5.10)
where lq is related to the desired output power and voltage of the machine (since these coils
are responsible for the torque production). Next, the direct axis flux (¢b4) was determined:

@4 = (Bqairgap) (Area)(Poleg) (5.11)

The MMF drop in the d-axis airgap (MMF airgapd) Was calculated by applying
Ampere’s law (5.2) to the ¢q path. In addition, the Carter factor was used to account for the
difference in the flux distribution along the stator teeth and slot openings. Since the flux
density decreased at the slot openings, it was difficult to define an average flux density over
the slot pitch; therefore, the Carter factor was needed. The slot pitch was defined as the
distance from the edge of one tooth to the edge of the next tooth, which included one stator
tooth and the slot opening. The Carter factor is defined as (where the Slotowr is the width at

the top of the slot opening) [13]:

CarterFactor = Slotpitch (5.12)

. 2 SlotowT . SlotowT 2
(SlotPitch T[(Slot()WTatan( Zairgap) airgap ln(1+(2Airgap) )

The MMF airgapd Was then calculated using the Carter factor correction value:
MMFy; gapa = (CarterFactor)(2)(Airgap)(Hairgapa) (5.13)

If the stator and rotor laminations were saturated, the MMF drops in the iron
(including the stator back iron, stator teeth, and rotor laminations) would need to be included
in the total d-axis MMF (MMFqqq9) calculation. Initially, these MMF terms were included in
the total MMF calculation; however the MMF drops in the iron were found to be much
smaller than the drops in the airgap, and were neglected. Thus, the MMF+44 Was equal to the

MM I:Airgapd-
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Using MMFoaig, the g-axis flux was determined using an iterative approach, which
was necessary because there were two nonlinear equations and two unknowns involving N

and the g-axis flux. The first equation was derived using the relationship between the
machine’s voltage (Vg) and flux linkages (1) (Faraday’s Law: Vy = %), where the stator

leakage inductance and resistance were neglected. According to Faraday’s law, when flux
flows through a winding, voltage is induced proportionally to the flux rate-of-change, with

respect to time [6]. Faraday’s law was rewritten by separating variables as follows:

da dA dfe
Vy= o= 0

4~ 4t dee dt (514

where dd—ete is the electrical frequency (), which is related to the mechanical frequency (refer

to equation (5.1)), and % is the rate-of-change in flux linkages with respect to the electrical

angle. The flux linking one fully-pitched coil over the electrical angle is based on the FRRM
operation. When the coil is operated as a g-axis coil, there is a g-axis current and voltage
present, and when the coil is operated as a d-axis coil, d-axis current is present and the voltage

is reduced to zero.

Based on Figure 9, % = ?—m where m is the total number of coils per pole and A is

Mg
the total flux linkage, which is defined as the total d- and g- axis flux per pole (4 + @)

multiplied by one-half of the number of turns (N¢p) per coil pair.
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Figure 9: Flux Linkage for One Fully-Pitched Coil versus Electrical Angle

The rate-of-change in flux linkages with respect to the electrical angle was then substituted
into equation (5.14), which resulted in the following equation for the machine’s voltage:

N mPol
Voltage = ((Pq;%?:; oes (5.15)
T

Mggtal

Next, Ampere’s law was applied to the g-axis flux path, which resulted in:

MMF, = ¥ Hgl, = 200 (5.16)
where Hy is the airgap field intensity for the g-axis and Iy is the g-axis flux path, which
includes two airgaps. Equation (5.16) represents the g-axis MMF drop per airgap and is
corrected by the Carter factor in Appendix A.

While increasing lq could maximize torque, there was a limit due to saturation, thus, a
g-axis current of 4.17 A was selected. Equations (5.15) and (5.16) were rearranged to solve

for N, and were set equal to one another. Using a solve block in MathCAD, the number of

turns and the g-axis flux were calculated.
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5.3.6 Determining Turns and the Field Current

Once the g-axis flux was determined, the next step was to solve for N (using equation
(5.15)) and the d-axis current per coil (lg). Initially, the machine operating voltage was set to
120 V; however, this resulted in 550 turns per coil. In order to fit that many turns in a small
slot area, the wire gauge would have to be microscopic. Therefore, 120 V was not a feasible
option and the specified voltage was decreased until a reasonable number of turns were
reached.

To determine g, MMFrqag Was set equal to the total number of d-axis turns enclosed

by the d-axis flux path:

— MM l-"Total_d
47 (N (my)

(5.17)
where l4 was used to determine the appropriate ratio of g-axis to d-axis coils. In order to
minimize power losses, the minimum RMS current was desired, which was obtained by
setting Iq (4.38 A) approximately equal to Iy (4.17 A).
5.3.7 Determining Power Losses and Efficiency

The final design step was to calculate the power losses and efficiency of the machine.
The power losses were due to resistances in the stator windings, and were a primary concern
because overheating the windings reduced the lifetime of the insulation. Therefore, a water
cooling system was designed to remove the heat from the stator and protect the winding
insulation. The stator end and slot resistances were defined as (resistance was inversely

proportional to area and increased with the number of poles):

@O _ CRIOI)
AreaWire (SlotOpeningArea)(FillFactor)

Resistance = (5.18)

where | is the length of either the wire in the slot (twice the length of the machine) or the end

winding (accounts for an additional 0.025m since the wire cannot be bent at right angles)
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multiplied by N, the AreaWire is equal to: (SlotOpeningAreaFillFactor/N), and p is the
resistivity of the conductor (2.1*10® Qm [13]).

To determine power losses, the RMS current that flowed through the windings was
necessary. The RMS current was used to select the appropriate wire gauge and the ratings for
the power electronics. The RMS current was calculated by finding the current density for the

g- and d- axis coils and taking the square root of the total current density.

m,

0.5
L2+ g3) (5.19)

Myotal M¢otal

Irms = (
The total power loss was the sum of the d- and g- axis losses in the slot and end windings.
These power losses take the generic form of equation (5.18):

Power Loss = (m,)(Poles)(Resistance)(I,?) (5.20)
where my is equal to mg or mg and Iy is equal to Iq or 1, depending on the power loss being
computed. To minimize the power losses, a four pole machine design was selected. While the
two pole design had the least amount of losses, at least four poles were needed to actively
control the rotor position along the x-y plane (two poles for the x-axis and two poles for the y-
axis). For a smaller machine, the airgap was more significant, so a smaller number of poles
resulted in reduced power losses. Figure 10 shows the total power losses as a function of the

number of poles.
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Power Losses versus the Number of Poles
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Figure 10: Total Winding Power Losses versus the Number of Poles for the FRRM

The next step was to determine the efficiency of the machine (where power is the

desired output power):

Effictency = 2 = o Power o (5.21)
To maximize efficiency, parameters (such as the rotor pole and interpole dimensions,
airgap, mq, and mq) were adjusted.
5.3.8 Machine Optimization
After the number of poles was determined and the power losses and efficiency were
calculated, the rotor and stator geometries were optimized. The machine design inputs were
varied to observe the effects on efficiency.
5.3.8.1 Optimizing Rotor Chevron Geometry

Once the number of poles was determined, the airgap was decreased in the d-axis (the

rotor pole region) and increased in the g-axis (the rotor interpole region) to improve machine
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efficiency. By decreasing the airgap in the d-axis, larger electromagnetic forces were possible,
but a minimum size was necessary due to fabrication limitations.

In the original rotor design, the chevrons were shaped as concentric semicircles. A
more effective design was to have a uniform, large airgap beneath the interpole regions.
Therefore, the rotor chevron design was changed to rectangles as opposed to circles. In
addition, the area of the pole face was increased (thus decreasing power losses), by
eliminating the airgap between the chevrons. The resulting rotor shape contained four pole
faces, all connected by an outer ring, as previously shown in Figure 3.
5.3.8.2 Optimizing Stator Windings

After finalizing the shape of the rotor, the next consideration was the total number of
coils per pole. Multiples of three were considered so that, if desired, the FRRM could be
rewound as a three phase machine. Six coils and nine coils were considered. In both cases,
one third of the coils were designated as g-axis coils, and two thirds of the coils were
designated as d-axis coils.

The total number of coils per pole selected was six. A larger slot area resulted from
selecting six coils, which reduced power losses and left adequate room to physically wind the
machine. However, the benefit of using nine coils was a smoother output torque because there
was less space between the slots, which resulted in a smaller flux change from coil-to-coil.

After the total number of coils was selected, a winding schematic for the stator was
completed and provided to Strom Electric of Troy, ID. Each lead was brought out separately
and labeled with a red or black wire to denote the polarity of the coils. Strom was able to
shorten the end winding length, which would decrease power losses and improve efficiency.

The wound stator is shown in Figure 11.
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Figure 11: FRRM Wound Stator Laminations Completed by Strom Electric

5.4 Final Machine Dimensions

After comparing various options and optimizing parameters, a four pole machine with
an airgap of 1mm was selected. The optimal number of coils per pole was six, with two of
these designated as the g-axis coils and four as the d-axis coils. The force density and desired
output power were adjusted to improve efficiency. In order to decrease the force density, the
length of the machine was increased. To compensate for this, the rated output power was
decreased to 400W, which allowed for levitation. Based on the designed operating speed of
1800 RPMs and the final rotor dimensions, the energy stored in the rotor would be equal to

2.04 kJ. The final FRRM design is shown in Figure 12 and can be found in Appendix A.
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Figure 12: Final FRRM Rotor and Stator Dimensions

Table 1 contains a list of the final stator and rotor dimensions, and the major results
from the machine design calculations. The dimensions were used to manufacture the FRRM,
and the calculated results must be verified in future work. The final machine design
parameters were derived based on the initial design operating conditions, such as the desired
voltage, output power, and speed. These operating conditions will change and need to be
revisited when the machine is operated, since the d- and g- axis currents will be reduced in

Chapter 7 to prevent saturation in the stator teeth.



Table 1: FRRM Final Machine Design Parameters and Results

Machine Parameter Value
Number of Poles 4
Desired Output Power (Watts) 400
Desired Operating Speed (RPM) 1800
Energy Stored (J) 2.04*10°
Rotor Outer Radius (in.) 3.75
Rotor Inner Radius (in.) 2.657
Stator Outer Radius (in.) 2.618
Airgap (mm) 1
Coils per Pole 6
Direct Axis Coils per Pole 4
Quadrature Axis Coils per Pole 2
Pole Face Arc (deg.) 30
Desired Force Density (kN/m?) 1.5
Effective Length (in.) 2
Pole Face Width (in.) 1.062
Slot Pitch (in.) 0.685
Slot Arc (deg.) 15
Tooth Width (in.) 0.226
Slot Opening Top Width (in.) 0.457
Slot Opening Bottom Width (in.) 0.126
Slot Depth (in.) 1.268
Number of Turns 55
Wire Gauge (AWG) 18
Calculated Power Loss (Watts) 153
Calculated Efficiency (%) 72.33

40
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Chapter 6. Passive and Active Magnetic Bearings

The Ul FES system includes two types of contactless magnetic bearings: passive
magnetic bearings (PMB) and active magnetic bearings (AMB). Magnetic bearings suspend
the rotor without contact, and therefore, eliminate frictional losses due to the contact between
mechanical bearings and the rotor. The term active implies that the bearing actively requires a
control feedback loop to maintain stable suspension. Both types of bearings have been
successfully employed in industrial applications to support a rotor for high speeds [7].

One advantage of AMBs is the ability to actively adjust the bearing’s capabilities with
control, whereas, the PMB’s capabilities are limited based on the bearing size and mechanical
design. The AMB’s parameters are adjusted to actively add dynamic and static stiffness,
damping, and unbalance force attenuation to a rotating system [7]. A PMB can provide
damping, but this is typically very low and is not adjustable [7]. Depending on the
application, a PMB can provide a standalone solution.

The Ul FES system initially only relied on the passive HTS bearing, but later
incorporated an AMB to ensure stable rotor suspension. Different vertical levitation forces
cause the rotor to tilt if the superconductors are not homogenous. If the rotor is tilted, there is
no way to return the rotor to its nominal position without an AMB. The AMB design is not
extensively covered in this thesis [10], but the basic design considerations of the AMB system
are explained and necessary for the dynamic model derivation.

6.1 Active Magnetic Bearing Control Loop Design Considerations

A “standard” AMB system includes a bearing electromagnet and a rotor, a contactless

position sensor to measure rotor displacements, a controller to maintain the rotor’s position,

and an amplifier to convert position command signals into an electric current in the bearing
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coils [7]. To simplify the controller design, a linear control scheme is used for the UI’s AMB
system. Despite the nonlinear magnetic bearing forces, linear control schemes have been
successfully implemented to control AMBs [7]. The magnetic bearing forces can be linearized
by operating the bearing around a bias point. The linear approximations for the magnetic
forces produced by the AMB are explained in Chapter 7.

To design the linear control scheme, multiple controller options were considered. This
thesis includes the high level design considerations, but an in-depth explanation is described
in [10]. The controller returns the rotor to an equilibrium position by providing restoring
forces. The controller is designed with a stiffness coefficient, similar to that of a mechanical
spring, and a damping coefficient, to attenuate oscillations about the operating point [7], to
provide controlled restoring forces. The controller determines the command current necessary
to return the rotor displacements to zero. PID controllers were selected for the UI’s bearings
since they were easy to design and implement.

The controller assumes the magnetic bearing current can instantaneously track the
commanded current. Unless a large internal amplifier voltage is available, the coil inductance
resists instantaneous current changes [7]. An electrical coil model, in addition to the controller
model, is necessary to accurately model the behavior of the AMB system and are modeled in
[10]. The electrical properties of the coil, the coil’s inductance and resistance, in addition to
the total amplifier voltage, are included in the electric coil model. The bearing current is now
a system state that impacts the overall dynamics of the system. A complete AMB system
model also includes a mechanical dynamic model of the system, which is derived in Chapter

8.
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A current controlled scheme rather than a voltage controlled scheme was selected for
the UI’s controllers, which simplified the controller design. When a current controlled scheme
is used, the underlying current control loop is necessary to model the system dynamics
introduced by the coil inductance. The underlying current control loop can be designed and
implemented in hardware and performs faster than the rest of the system dynamics [7]. The
UI’s controller contains an underlying current control loop, in addition to the outer position
control loop. PID controllers are used locally for each bearing unit, which is referred to as
decentralized control.

6.2 Active Magnetic Bearing Design Considerations for the Stability of the Rotor

The stabilizing bearing (SB) is the dedicated AMB and was added to the Ul FES
system to correct for rotor tilt. The FES system includes two magnetic bearings to provide
radial forces: the SB, located on the top, and the drive bearing (DB), which refers to the
FRRM, and is located on the bottom. Since the SB was designed after the DB was already
fabricated, the SB needed to conform to the preexisting system design.

The SB was designed to provide corrective forces and moments to return the rotor to
its nominal position. The SB stator design is derived in [10] and briefly explained in this
thesis. The SB stator geometry was designed to maximize corrective electromagnetic forces
and to minimize winding power losses. The outer and inner radii of the SB stator and rotor
were set equal to the preexisting dimensions of the DB.

The SB and spacer heights were then varied to prevent dynamic instability of the
rotor. The rotor assembly, shown in Figure 13, includes the SB rotor laminations, spacer, DB
rotor laminations, top plate, and the bottom magnet plate. The spacer was incorporated in the

system design to allow adequate spacing between the two bearing’s windings.
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Figure 13: Rotor Assembly Components (Top Plate, SB, Spacer, DB, and Magnet Plate)

The final spacer dimensions and material, and the SB height, were determined based
on rotor assembly’s moment of inertia (MOI) ratio. The MOI ratio impacted the stability of
the rotor assembly and was used to determine the final spacer and SB dimensions. In addition,
a static case was analyzed for the worst case rotor tilt scenario to ensure that the combination
of the DB and SB could provide the corrective moment necessary to return the rotor to the
nominal position. The bearing coil currents were adjusted to provide the corrective forces and
were limited to avoid saturation.

The MOI ratio is the ratio between the MOI about the rotational axis (I,) and the axis
orthogonal to it (ly).

MOlRatio = 1./Ix (6.1)
To avoid dynamic instability and a state of permanent resonance, the MOI ratio should not
equal one. As the MOI ratio approaches one, the rotor becomes more sensitive to dynamic

unbalances, which excite rotational resonance modes [7], [20]. To provide smooth operation
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of the rotor for low rotational speeds, a MOl ratio between 0.9 — 1.1 was avoided. The rotor
assembly’s dimensions, such as the rotor’s radius and height, affected the MOI ratio.

The MOI ratio for the rotor assembly was calculated by determining I and I,. The
following steps were taken to calculate the rotor assembly’s I, and I, as shown in more detail
in Appendix B:

1) Determine the area for each cylindrical component of the rotor assembly, where Area =
mir?.

2) Calculate each component’s mass(Volume * p = Area * Height * p), where the spacer’s
density (p) and the SB and spacer heights were varied.

3) Determine the center of mass (COM) location of the rotor assembly:

Mo Xcom = Lieg MiX; (6.2)
where My IS the total mass of the rotor assembly, m; is the mass of each particle in the
system, X; represents the coordinate of each particle in the system, and Xcom is the COM
location for the system of particles (the rotor assembly).

4) Calculate the MOI ratio using equation (6.1) for the rotor assembly. To find the rotor
assembly’s MOI ratio, Iy and |, are necessary for each individual component. Each of the
components are treated as thick-walled cylindrical tubes with open ends, and the

following equations were applied [21]:
I, = 5 (p)(Area) (Height) (e, + Fter) (6.3)
I, = — (p)(Area)(Height)[3(rZpe; + TZyer) + Height?] (6.4
The total Iy and I, were then determined for the rotor assembly by adding the individual

component’s Iy and I,. To determine the total I, the parallel axis theorem was used to transfer

the MOI of each body from the axis passing through the individual body’s center of gravity to
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a parallel axis passing through the rotor assembly’s center of gravity. The MOI ratio was then
calculated and was a function of the spacer and SB heights and the spacer’s density. These
parameters were varied to ensure a desirable MOI ratio was obtained. The heights of the DB
(2 in.) and magnet plate (1.5 in.) were taken from the preexisting Ul FES system design. The
top plate height was set to 1 in. to provide sufficient target material for the sensors.

After the MOI ratio was calculated, the SB and DB moments were determined for a
static case where the rotor assembly was symmetrically inclined (refer to Appendix B). A
dynamic case was not explored until after the SB had been designed and built due to project
time constraints. The DB and SB forces were calculated along the height of each bearing and
were necessary for the moment calculations. The bearing forces were a function of the airgap
between the stator and rotor, which varied axially for the inclined rotor scenario. A
programming loop was used in MathCAD to determine the total bearing forces and moments.
The SB and spacer heights impacted where the rotor assembly’s COM was located and the
lever arms used for the moment calculations.

The ideal rotor assembly’s COM location was in the spacer due to the minimum
spacer and SB heights necessary to prevent winding clearance issues and maximize the
bearing’s output force capabilities, respectively. When the SB and spacer heights were
adjusted, the rotor assembly’s MOI ratio and COM location were checked. Then the bearing’s
forces and resultant moments were determined. The resultant moment for the worst case rotor
tilt scenario was -25.52 Nm.

To return the rotor to its nominal position and prevent translation, a positive resultant
moment and total force of zero were desired. The currents in both bearings’ windings were

varied until a positive resultant moment was obtained, while ensuring the bearings were not



47
saturated. The final SB and spacer heights were simultaneously varied to obtain a desirable
MOI ratio and positive resultant moment, while ensuring the rotor assembly’s mass was
below 40 Ibs to allow for levitation. The final spacer height was defined as the sum of the DB
and SB end winding heights, and 0.5 in. to avoid interference issues. The height of the SB was
selected to maximize the output bearing force and to maintain the desired MOI ratio. Nylon
was selected for the spacer material since it had a desirable material density, lower cost, and
was easier to machine. Table 2 includes the final design dimensions, along with any major

results from the MOI and moment calculations.

Table 2: Final Design Parameters based on MOI and Moment Calculations

Parameter Designed Value Design Constraints
Spacer_Height 3.25in Minimum Height = 2.8 in.
SB_Height 0.75in Minimum Height = 0.5 in.
Spacer_Density 0.05 Ib/in®
Rotor_Assembly COM 3.96in Above DB (exceed 3.5in)
MOI_Ratio 0.77 Avoid 0.9-1.1
Rotor_Assembly _mass 36.05 b Below 40 Ibs for levitation
Moment_Sum 1.40 Nm Positive Moment
Force_Sum 02IN=0N Total Force =0 N (No

Translation)
Required SB Current Change (Alsg) | 1.35 A Maximum of 2.2 A
Required DB Current Change (Alpg) | 0.65 A Maximum of 0.7 A
Radius_inner_Spacer 2.657 in
Radius_outer_Spacer 3.751n Based on DB dimensions
Radius_inner_SB 2.657 in Based on DB dimensions
Radius_outer_SB 3.751n Based on DB dimensions

The SB and spacer final dimensions were added to the UI FES system’s 3D CAD

model. The CAD model was used as an alternative method to determine the rotor assembly’s:
MOI ratio = 0.80, COM = 3.98 in., and mass = 36.09 Ib. While the CAD model results did not
match the MathCAD results perfectly, these were close and varied due to assumptions in the

MathCAD model made to simplify the calculations.
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Chapter 7. Drive and Stabilizing Bearing Force Derivations

The purpose of this chapter is to introduce how the electromagnetic force expressions
for the DB and SB are derived. The magnetic bearings provide forces in two different x-y
planes and are located at two different heights along the z-axis. The DB is located on the
bottom and is a self-bearing since it is a machine and an AMB. The SB is located on the top
and is a dedicated AMB.

The SB and DB are used to correct for radial or axial eccentricities and provide
corrective forces and moments about the x and y axes. Machine eccentricities occur when
there is an unequal airgap (either axially or radially) between the rotor and the stator, and
result in imbalanced forces. If there is a radial eccentricity, the airgap length varies in the
radial direction and the airgap is axially uniform. If the rotor and stator axes are not parallel,
there is axial eccentricity present [22]. When eccentricities occur, the controller needs to
provide restoring forces to return the FES system to the ideal state without eccentricities.

The electromagnetic bearing force expressions are necessary for the rotor dynamic
model. The bearing force expressions are determined from the electromagnetic bearing
models. There are various approaches to develop the electromagnetic bearing models
including a magnetic equivalent circuit method, finite element analysis (FEA), and the
winding function method [22]. The modified winding function method was used to model the
DB and the magnetic equivalent circuit method was used to model the SB. A FEA program
was also used to verify these approaches.

7.1 Electromagnetic Force Derivation
The electromagnetic force for a simplified magnetic circuit, shown in Figure 14, is

first derived. Energy conversion occurs in a machine through magnetic fields. A magnetic
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field is produced around a coil carrying current. When the coil carries current in the presence
of a magnetic field, the coil has forces induced on it [6]. Ampere’s law is used to describe the
magnetic field produced by the current in the coil:

$H-dl = I, (7.1)
where H is the magnetic field intensity, Ine is the current, and dl is the length of the
integration path. A coil of N turns is wrapped around the leg of a rectangular ferromagnetic
core (Figure 14 without the airgaps) and Ampere’s law is applied to this magnetic circuit. If
the core is made out of iron, a majority of the magnetic field produced by the coil remains in
the core. Therefore, the path of integration (dl) is the mean path length of the iron core (l¢).
The net current is equal to Ni, since the current flows through the path of integration N times.
Ampere’s law is then expressed as (where H is the magnitude of the field intensity):

Hlg = Ni (7.2)

Next, Ampere’s law is applied to the simple magnetic circuit shown in Figure 14. The
integration path now includes two airgaps. An assumption is that the flux flows entirely
through the iron and the airgap, and thus, there is no leakage flux. The permeability of the
iron is much larger than the air, causing the magnetic field lines to leave the iron
perpendicularly to its surface [7]. To find the flux density (B), the assumption is the flux
flows completely through the magnetic loop, consisting of equal and uniform airgap and iron
cross-sectional areas (Are = A and ¢ = BreAre = BaAs). Are IS the cross-sectional area of the
iron, A, is the cross-sectional area of the airgap, ¢ is the flux, B, is the magnetic flux density
within the iron, and B, is the magnetic flux density within the air. Since the field is assumed
to be homogenous in the iron and airgap, the mean path length of the iron (lz) and the airgap

length (2s) are used [7].
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Figure 14: Simple Magnetic Circuit, from [7]

For the simple magnetic circuit, Ampere’s law results in:
¢ H - dl = lgH¢, + 2sH, = Ni (7.3)
The flux densities are then substituted into equation (7.3), where B, = By. Since the
permeability of iron (4, >> 1) is much larger than the permeability of air (o) and the iron is
not saturated, the iron MMF terms are neglected and results in:
B = (o NI)/2s (7.4)
Neglecting the iron, the magnetic forces are then determined for the simple magnetic circuit.
Unlike the Lorentz force, where the forces act on a conductor in a magnetic field, the magnets
exhibit an attractive force that is produced at the boundaries between the materials with
differing permeability [7]. In Figure 14, there is an attractive force between the U-shaped bar
and the bottom rectangular shaped bar that pulls the rectangular bar towards the U-shaped bar.
The magnetic force is calculated based on the field energy (W,) stored in the volume of the
airgap and is equal to [7]:
W, = 2B,H,V, (7.5)
where V, is the volume of the airgap and H, is the field intensity of the airgap.
For the magnetic circuit above, the volume of the airgap is equal to V, = As2s. The

magnetic force is produced when there is a change in the energy stored in V,, which varies as
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the airgap changes. If the airgap displacements (As) are small, the magnetic flux (B,A,)
remains constant and no energy is produced. As the airgap (s) increases by As, this leads to an
increase in the field energy (AW,). The energy produced is provided mechanically, so an
attractive force must be overcome [7].

Based on the principle of virtual displacement, the magnetic force is equal to the
partial derivative of W, taken with respect to s. The magnetic force equation contains a
negative sign to denote that the attractive force is being applied on the bottom rectangle by the

electromagnet:

f= _% = 2B,H,A,25 = B,H,A, (7.6)

The force equation is then written in terms of flux density:

f = (B3AJ)/1o (7.7)
Using the result from equation (7.7), the magnetic force is then written as a function of s and
coil current (i):

f=A,/n (Ni/2s)"2 (7.8)
A, is the projected area of the pole face instead of the curved surface area [7]. The magnetic
force is inherently nonlinear with respect to the current and the airgap. The magnetic force is
directly proportional to current squared and inversely proportional to the airgap squared. For a
nonlinear system, a linear controller can be designed for a linear set of equations determined
around an operating point. The magnetic force expressions for the Ul FES system are
linearized for both bearings.

For a real radial magnetic bearing (shown in Figure 15), the forces at the magnetic

poles affect the rotor with an angle o, unlike the U-shaped magnet [7]. The angle ¢ depends

on the number of pole pairs and the given bearing geometry. For the radial bearing below, c is
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equal to 22.5 degrees. The total magnetic force is the sum of the resultant forces along the

bearing pole faces:

(7.9)

Figure 15: Force for a Radial Bearing Geometry, from [7]

The force equations derived above are then applied to the SB and DB. The geometry of the
bearings and the airgap volume impact the magnetic force expressions for both bearings.
7.2 Stabilizing Bearing Electromagnetic Forces

The SB is an eight-pole bearing and can produce forces in the x and y directions. An
eight-pole design allows for decoupling the x and y bearing forces, since two pole pairs can be
assigned to each Cartesian axis (two for the x-axis and two for the y-axis). The SB provides
corrective forces in the x and y directions to correct for airgap eccentricities. The SB is
configured with an “inside-out” topology, where stator is located on the inside and the rotor is
located on the outside. The airgap between the SB rotor and stator is equal to 1 mm (same as
the DB).

The SB winding schematic is shown in Figure 16. The blue arrows represent the flux
paths generated by the pole pairs (where flux enters the rotor at the South pole and exits the
rotor at the North pole). The SB is operated in pole pairs and this is accomplished by
connecting the pole pairs’ windings in series (i.e. windings 7 & 8,5 & 6,1 & 2, and 3 & 4 are

connected in series). The polarity of the current for each winding is denoted by either an ‘X’
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ora ‘*’. The ‘X’ represents turns carrying current into the page and is positive. Whereas, the

‘*? denotes turns carrying current out of the page and is negative. Pole pairs 7 & 8 and 3 & 4

are used to produce forces along the y-axis and pole pairs 5 & 6 and 1 & 2 produce forces
along the x-axis. The attractive forces for the pole pairs associated with the y-axis are shown

in Figure 16 and pull the rotor towards the stator.

Series Connection =

Figure 16: Stabilizing Bearing Stator Winding Schematic and Flux Paths
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The x and y forces for the SB are then determined using the derivations from Section
7.1. The same assumptions from Section 7.1 are still valid including no leakage flux and the
permeability of iron is infinite. The airgap B for each of the pole pairs is found by applying
Ampere’s law to one of the flux paths and is equal to:

B = (2NIpg)/(s1 + s2) (7.10)

where N is equal to the number of turns per winding (183), I is equal to the bias current (2.6
A) for each coil, and s; and s; are equal to the airgap lengths. For the ideal case, s; is equal to
S,. Since Ampere’s law includes the total number of windings enclosed in the integration path,
the two is needed in equation (7.10) to account for the total SB windings enclosed.

The x and y forces for each pole pair are derived based on the W, stored in the V, (as
shown in Section 7.1). For each pole pair, the attractive forces between the two rotor poles
and the stator are found using equation (7.6) (the principle of virtual displacement). The field
energy is a function of the energy stored in the volume of one airgap, resulting in V, = 1s,A,
(where sy is the airgap between the rotor pole and stator). Equation (7.6) is applied and the SB
magnetic force is equal to:

f = (BZA.)/2po (7.11)
where A, is the cross-sectional area of the SB pole face and B, is the airgap flux density.
Ultimately, the total attractive force for each pole pair is desired. As shown in Section 7.1, for
a real radial magnetic bearing, the force of the magnetic poles is affected by the angle . The
total resultant force for each pole pair is determined by combining the attractive forces
between the two rotor poles and stator. The SB total force is then written as a function of coil

current and airgap as:

2
_ (2NIng\% A,
fSBrote pair = (Sl+sz) ", €0SO (7.12)
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The SB force expressions were defined in MathCAD and were a function of airgap and coil
current (see Appendix C). To incorporate radial airgap eccentricities into the force
calculations, an airgap function was defined as:
gapgevsg (@) = gsg(a) — (Radial_Shift) sin(«a + &gg) (7.13)
where g is the ideal airgap between the stator and rotor (1mm), Radial_Shift is the radial
eccentricity coefficient, &g is the angle where the eccentricity is placed, and a is the
azimuthal angle. The radial shift coefficient is multiplied by either a sine or cosine to model
how the radial eccentricity affects the airgap circumferentially between the SB stator and
rotor. To apply an eccentricity along the SB x or y axes, &sg IS Set equal to 67.5 degrees. The
eight airgaps are defined as the airgap function for a given a, where a depends on the pole
location (i.e. the airgap for the pole associated with winding 1 is located at o = 315 deg).
Using the force and airgap equations, the total x and y forces are determined by
combining each pole’s contributions. To verify the calculations, all of the airgaps are set equal
to the ideal airgap of 1mm, and the total x and y forces are zero. Next, a radial eccentricity is
introduced along the y-axis (where Radial_Shift equals 0.2mm and &sg equals 67.5 degrees).
The total x force equals zero since the eccentricity is not affecting the airgaps along the x-
axis. The positive radial shift causes the airgap to decrease at a. = 22.5 deg (which increases
the negative force along the positive y-axis) and the airgap to increase at o. = 202.5 deg (which
decreases the positive force along the negative y-axis). This scenario resulted in a total y
force of -41.6 N.
7.2.1 Stabilizing Bearing Mechanical Stiffness
As was previously mentioned, the nonlinear bearing forces are linearized about an

operating point, and the linear force/current and force/displacement relationships are
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necessary for each bearing. The linear force/displacement relationship for the SB is derived
based on the inverse relationship between the magnetic bearing force and the airgap. Radial
eccentricities result in an unequal airgap circumferentially between the rotor and stator,
causing an imbalance in the magnetic bearing forces. To analyze how the magnetic bearing
forces vary with changes in the airgap, the current in the SB windings is held constant and
equals the bias current of 2.6 A. As the airgap decreases, the SB magnetic force significantly
increases, causing an unstable open-loop relationship between the SB rotor and stator.

Unlike the magnetic bearing, a mechanical spring provides a restoring force to oppose
a decrease in the airgap and maintain rotor stability around a bias point. Therefore, the
magnetic bearing has a negative stiffness. The bearing stiffness is found by taking the

negative derivative of the suspension force (f5) with respect to the airgap displacement [7]:

dfg
kmechanical = - dx (7. 14)

For small airgaps, the magnetic flux in the bearing becomes saturated; limiting how much the
magnetic bearing force increases. Although these nonlinearities exist in a magnetic bearing,
the magnetic bearing forces can linearized around an operating point and controlled with a
linear control scheme [7]. The operating point is the desired equilibrium position of the rotor.
The negative bearing stiffness for the SB was found and remained valid for small
deviations around the operating point. To remain in the linear operating region, the SB
stiffness was determined over an airgap displacement of £0.2 mm around the nominal airgap
of Imm. Based on this range of displacements, the total resultant x force (in intervals of 0.025
mm) was calculated and plotted, as shown in Figure 17. Based on the definition of the
mechanical bearing stiffness, the slope of the line below is equal to the SB negative stiffness

(-2.03*10° N/m) and is found in Appendix D.
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Figure 17: Negative Stabilizing Bearing Stiffness (N/mm) for the Linearized Bearing Force Equation

7.2.2 Stabilizing Bearing Force/Current Factor

The bearing also has a nonlinear force/current relationship. To correct for radial airgap
eccentricities, the controller varies the coil currents to produce restoring forces, similar to that
of a mechanical spring, to return the rotor to the ideal position. To design the controller, the
force/current relationship is linearized around the operating point, and the airgap is held
constant at the nominal position of Imm. The nonlinear force/current relationship is linearized
since linear relations are preferable for computation and control design [7]. For large coil
currents, the magnetic flux in the bearing becomes saturated, limiting the maximum bearing
force.

To avoid saturation and maintain a linear force/current relationship, the command
current (Aiy) is limited to £1.0 A around the SB bias current of 2.6 A. Since the x and y forces
are decoupled for the SB design, the currents in the two pole pairs associated with each axis is

varied independently. The pole pairs are operated in a differential driving mode, where the
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windings associated with the positive x-axis are driven with a sum of Aiyx and the bias current,
and the windings associated with the negative x-axis are driven with the difference of Aiy and
the bias current. The total resultant x force was determined over a Aix range in intervals of 0.1
A and is shown in Figure 18. From Figure 18, the force/current relationship is -80.69 N/A and
the corresponding data is found in Appendix D. This is the force/current factor that is used in

linear magnetic bearing force equation for the rotor dynamic model.
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Figure 18: Force/Current Factor for the Linearized Stabilizing Bearing Force Equation

To validate the magnetic circuit model (MCM) approach, FEA analysis was used and
is discussed in Section 7.4. The percentage error between the FEA program and the MCM
approach was less than 1%. Since the Aix range avoided saturating the bearing’s iron, the two
methods should result in similar factors.

7.3 Drive Bearing Electromagnetic Forces
The electromagnetic model for the DB is necessary to determine the DB force

expressions. While the MCM approach could be used for the DB, a different electromagnet
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model was used for the DB due to the bearing’s complex geometry. A modified version of the
winding function approach (WFA) is used to derive the electromagnetic model for the DB.
The WFA is based on the geometry of the machine and winding layout. This approach gives a
complete model for how the flux is distributed in the interpole and pole regions of the rotor.
To verify the results derived using the modified winding approach (MWA), an equivalent
MCM is also used for a simplified case. The next two sections discuss winding theory and
how it is modified to determine the resulting electromagnetic bearing forces.

7.3.1 Winding Theory Derivation

Unlike other electromagnetic model approaches, winding theory only requires the
geometry of the machine and the corresponding winding layout. Windings are placed on the
stator and rotor to create a distributed magnetic field. The magnetic flux density is distributed
between the rotor and the stator in the airgap. When the windings are correctly excited, this
causes the field to rotate relative to the stator. The flux interaction between the rotor and stator
causes forces and torque. The torque and forces can be determined by knowing how the flux
is distributed. Instead of modeling the machine in terms of the magnetic fields, winding
theory is used to develop coupled magnetic circuit models [17].

To develop the winding theory fundamentals, a doubly-cylindrical machine is used
and is shown in Figure 19. A few general assumptions are made and include [17]:
1) The stator and rotor shapes are cylindrical and are axially aligned.
2) The permeability of the stator and rotor iron cores is infinite compared to the airgap

permeability. Due to the infinite permeability of the iron cores, these reluctances are equal

to approximately zero and are not included in the MMF calculations.
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3) The windings are not associated with either the stator or the rotor and are located in the
airgap. Also, the windings are not skewed or tilted. The FRRM windings, like most
machines, are placed in slots to reduce the airgap and the forces impressed on them when
the coils are excited [6]. Even though these are placed in slots, the windings are still
modeled in the airgap.
4) There is a uniform airgap between the rotor and the stator and the airgap is assumed to be

small in relation to the rotor’s outer radius.

sforfor

Figure 19: Doubly-Cylindrical Machine with Windings Placed in the Airgap, from [6]

A reference point is selected at an arbitrary point along the airgap to denote ¢ =0,
which is the starting point for path 1-2. The azimuthal angle, ¢, increases in the
counterclockwise (CCW) direction until an arbitrary point ¢ (0 < ¢ < 2m) where path 3-4
ends. Assume there is a single wire carrying current between the rotor and stator a number of
times equal to N. Ampere’s law is applied along the closed path 12341, which encloses the

surface (S), and results in:
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$,pa0, Hdl = [ ds (7.15)
where H is the magnetic field intensity and dl, by definition, lies along the flux lines
originating or terminating at two points of the closed path 12341 [18]. If all the windings
carry the same current, this equations reduces to:

$,p34, H dl = n(P)i (7.16)
where n(g) is the turns function, which represents the total number of turns enclosed by the
closed path 12341. When the turns function is plotted versus ¢, it has a magnitude equal to
the total number of turns (N) enclosed by the path. By the right hand convention, turns
carrying current into the page have a positive polarity and turns carrying current out of the
page have a negative polarity. Ampere’s law is expressed in terms of the MMF drops (MMF

= HI) that are included in path 12341:
MMF;; + MMF,3 + MMF;, + MMF,; = n()i (7.17)
Since the permeability of iron is assumed to be infinite compared to the permeability of air,
the iron MMF drops are negligible, and result in:
MMF;; + MMF34(¢$) = n(p)i (7.18)
Next, the MMFs are expressed in terms of H, where ¢ is a particular, but arbitrary point,

around the airgap:

r_stator
r_rotor

MMF12 = — Hr(r, O)dr (7 19)

r_stator

MMF;, = fr_mtor H,(r, ¢)dr (7.20)
Assuming the airgap (s) remains small in comparison to the rotor’s radius, the rotor field
intensity (H,) is assumed to remain constant, and results in: MMF,, = —H,(r, 0)s & MMF;, =
H,(r, $)s. Gauss’s law for magnetic fields is then applied, which states that the net flux leaving

any closed surface is equal to zero [17]:
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¢B-dS =0 (7.21)
B is the flux density and S is the closed cylindrical surface encompassing the rotor that is
located in the airgap of the machine, before the stator inner radius. Gauss’s law is expressed

in terms of H:

JZT 74 mo H(p)rdldep = 0 (7.22)
where L is the effective length of the rotor and r is the stator inner radius. The rotor’s B,
and therefore H, is assumed to be independent of the axial direction. Equations (7.20) and
(7.22) are combined and result in:

[, MMF34($)dd = 0 (7.23)
Next, the terms in equation (7.18) are integrated from 0 to 27, which one term is equal to zero

as shown in equation (7.23). This results in the following equation, where <n> is equal to the
average value of the turns function:

MMF;; = i [ n(d)de = i<n> (7.24)
The MMF for any point along the airgap is determined by substituting the result from
equation (7.24) into equation (7.18):

MMF34(¢) = i[n($p)— <n >] (7.25)
The winding function is represented by N(¢), which is equal to: n(¢) - <n>. The field
distribution in the airgap of the machine is known if the winding function and current is
known for each winding. From here, the MMF at any point can be determined. The turns and
winding functions depend on where the reference point (¢ = 0) is selected but will result in
the same outcome [17].

Winding theory cannot be used to create the electromagnetic model for the DB , since

winding theory [17] assumes the airgap is uniform and is for a doubly-cylindrical machine.
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Winding theory has been modified for a salient-pole machine, where the airgap is no longer
independent of the angle ¢. The stator is assumed to have a non-uniform cross section and it
is assumed that each pole has an identical shape so that symmetry can be applied [17]. Unlike
the previous case, there rotor now includes saliency. For the salient-pole machine, Ampere’s
law and Gauss’s law are applied where the integration paths are defined along the flux lines.
The major assumption is the airgap is identically shaped over the regions 0 to  and =« to 2.
Since the windings are identically placed over the two regions, this results in the same flux
(but in opposing directions), over the two regions [17].

The salient-pole and doubly-cylindrical machine both result in the same equations,
implying that saliency has no impact on the winding function. When radial airgap
eccentricities occur, the airgap for the FRRM is not identically shaped over the two regions.
Therefore, the winding theory must be modified to incorporate radial airgap eccentricities into
the electromagnetic machine model.

7.3.2 Modified Winding Function Approach

The MWA revises the previously discussed winding theory to account for non-
symmetrical airgaps in a salient-pole machine. The same major assumptions (cylindrical
stator, infinite iron permeability in the stator and rotor, and windings not associated with the
rotor and the stator) hold for the MWA [18]. This approach assumes axial uniformity. An
extended method is later introduced in this chapter to include non-uniformity axially. Unlike

the winding theory derivation, the airgap is longer uniform, as shown in Figure 20.
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Figure 20: Salient-Pole Machine with Rotor Eccentricities, from [18]

The winding theory derivation steps are repeated for the MWA. Ampere’s law is
applied to the closed path abcda, where b and c are positioned on the rotor and a and d are on
the stator. For a salient-pole machine, the flux lines in the airgap are irregular, but the flux
lines intersect the rotor and stator at right angles [18]. Therefore, paths a-b and c-d are defined
along the flux lines, even though these cannot be uniquely defined without plotting the flux.
Using Gauss’s law, b and c are uniquely defined, since two flux lines never originate from the
same point if points a and d are fixed on the stator [18].

Ampere’s law is applied to the closed path abcda and results in equation (7.16), where
the turns function is a function of ¢ and can be a function of the rotor position angle (0) if the
coil is not stationary. Initially, the rotor is assumed to be stationary, so the subsequent
derivations are not a function of 6. Next, the MMF drops (neglecting iron) for the path are
expressed and result in equation (7.18). Gauss’s law is then used to find the MMF at the
reference point ¢ = 0.

Since the flux density does not vary with the axial length, the MMF is defined as the
flux radial length multiplied by H (MMF = HI). Gauss’s law as a function of H, equation

(7.22), is used to derive the equation (7.26). The MMF divided by the airgap function (g(¢)) is
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substituted into equation (7.22) for H and the rest of the constant terms are eliminated. Since
the machine does not have a uniform airgap, a function is necessary to model the airgap

circumferentially around the machine from 0 to 2z and can no longer be eliminated:

JZ"MMF($)/g(d) dd = 0 (7.26)

Next, equation (7.18) is divided by the airgap function and integrated from 0 to 2= to result in:

[T MMF,,(0) + MMF($))/g(@)dd = [ n(®)il/g(®)dd  (7.27)

By Gauss’s law, the second term (MMF(d)/g(¢)) is equal to zero, and results in:

f MMF,;,(0)/8(¢) ddp = f [n(p)i]/g(p)dd (7.28)
Since the MMF(0) term does not vary with the angle ¢, it can be taken outside of the integral.
The left hand side of the equation (7.28) is multiplied by a factor of one, or 27/2x. The
equation is then a function of the average value of the inverse airgap function

(i ) 02“ g($)~tdd). To apply the MWA, the average value of the inverse airgap function

(<g™(¢)>) is determined. Next, the MMF at the reference position (¢=0) is determined:

MMFy,(0) = i Jy " In(@)il/g(d)dep (7.29)

Equation (7.29) is substituted into (7.18) and the MMF at the angle ¢ is determined:
MMFeq($) = n(®)i— 750 [, " n(d)g ™ (#)idd = M(e)i (7.30)
Equation (7.30) represents the MMF for an angle ¢ and contains the modified winding
function. The modified winding function (M(¢)) is equal to the following [18]:
M(¢) = n($p) — Mcomp (7.31)
Mcomp = 2n*<g—1(¢)>f "n($p)g H(Pp)dd (7.32)
The modified winding function takes into account rotor radial airgap eccentricities. If

there are no eccentricities and the airgap is symmetric, then M(¢) reduces to the winding
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function found in Section 7.3.1. When there are no airgap eccentricities, the modified winding
component (Mcomp) only has even harmonics, including a dc value, and reduces to <n> [18].
The MWA is used to find the MMFs circumferentially around the airgap between the DB’s
rotor and stator.

7.3.3 Modified Winding Approach Applied to the Drive Bearing

When radial airgap eccentricities occur, the MWA is necessary to derive the DB
magnetic forces. The steps taken in the Section 7.3.2 are used to derive the MMFs for the DB.
To begin, the DB stator geometry and winding layout are explained. The DB is a four-pole
machine with 24 coils, which are all fully-pitched and each has 55 turns. Unlike the previous
winding theory derivations, the DB is an inside-out machine (where the rotor is on the outside
and the stator is on the inside), which does not alter the MWA derivations.

The winding layout of the DB, in reference to the bottom of the DB, is shown Figure
21. The polarity of the current flowing through the 24 coils was predefined and results in a
clockwise (CW) rotation of the rotor from the perspective of the bottom of the stator. Note
that ‘X’ denotes turns carrying current into the page and is positive and ‘** denotes turns
carrying current out of the page and is negative. Based on the right hand rule, at the south
poles, the flux enters the rotor and leaves the stator and at the north poles, the flux exits the
rotor to the stator. As shown in Figure 21, the reference position for the azimuthal angle (now
denoted as a since ¢ represents flux) is located halfway between the North and South poles (a

= 0).
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Figure 21: Drive Bearing Stator Winding Schematic

Using DB’s stator winding layout and geometry, the MWA steps are used to develop a
DB electromagnetic model. The MWA calculations take into account radial airgap
eccentricities and a more in-depth derivation is in Appendix C. The first step in the MWA
calculations is to define the turns function for the 24 coils. For example, the turns function for
coil #1 (ny (o, 0)) is defined as a function of the shifting variable angle () and the azimuthal
angle (a). The remainder of the turns functions are defined as the turns function for coil #1
and are shifted by the appropriate C. Since the turns functions represent the total N enclosed
by the integration path, the coils’ turns functions have a magnitude of N between the coil’s

ends and are zero elsewhere.
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Next, the airgap function is defined for a symmetric rotor and includes radial airgap
eccentricities. The DB’s ideal airgap (g, (a)) is a function of a and is equal to 1mm under the
pole regions and 11mm in the interpole regions, due to the rotor’s geometry. Although the
rotor poles are curved, these are approximated as straight edges to simplify the calculations.
The ideal airgap function is modified to include radial airgap eccentricities:

gaPdev(o) = 81(a) — Radial_Shift cos(a + &) (7.33)

where Radial_Shift is the radial eccentricity coefficient and & is the angle where the
eccentricity occurs. Radial_Shift is multiplied by either a sine or cosine to model how the
radial eccentricity affects the airgap circumferentially between the DB stator and rotor. To
make the MWA results easier to analyze, & equals 45 degrees, thus, the airgap eccentricity is
placed along the DB x and y axes. If the radial shift coefficient is positive, the airgap
decreases along the positive x or y axes. Figure 22 shows the ideal airgap function versus the

modified airgap function for a radial shift of 0.2mm placed at & = 45 degrees.
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Figure 22: DB Airgap Function with or without Radial Eccentricities
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Next, the inverse airgap function (g, jnv(a) = gap_dev(a)~') and average inverse
airgap function (g, inv avg) are defined. The average value of the inverse airgap function is

equal to:

2 lo " E(@®)1d (7.34)

Then the modified winding function component (Mcomp_x, where X is the coil
number) was defined for each coil using equation (7.32). If there were no airgap
eccentricities, the Mcomp x Was found to be equal to the average turns function. A radial shift
of 0.2mm was then placed along the y-axis, which caused the airgap at a = 45 deg to decrease
and the airgap at o = 225 deg to increase. The modified components varied inversely with the
airgap. The Mcomp_x increased for coils located around a = 45 deg, and decreased for coils
located around o = 225 deg.

The modified winding function (My(a)) and the magnetomotive force (MMFx(a)) for
each coil were then determined using equations (7.31) and (7.30) respectively. The d- and g-
axis currents were defined separately. The g-axis coils (1&2, 7&8, 13&14, and 19&20) were
defined as OA, since these are responsible for torque production and do not cause magnetic
forces between the rotor and stator. To determine the DB’s negative bearing stiffness, the
currents in the d-axis coils were held constant and were equal to the coil’s bias current of 1.75
A. The DB bias current was selected to maintain an equilibrium position and avoid saturation.

Since the magnetic force has a relationship with flux density, the total MMF
(MMPFotai(a)) due to the d-axis coils was necessary. The total MMF was determined by

summing the individual coils’ MMFs and is plotted versus a in Figure 23 for the ideal case.
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Figure 23: Total DB MMF for the Operating Point (1mm Airgap and 1.75A Bias Currents)

When the d-axis coils were energized with the DB bias current and the rotor was in the
equilibrium position, the coils combined to produce equal but opposite MMF along the
positive and negative x and y axes. The pole regions had the largest MMF magnitude, since
the airgap was smaller in these regions, and was where a majority of the d-axis flux flowed.

Before solving for the total x and y forces, the total field intensity (Hpqw (o) =
MMFrota1 ()81 inv(@) ) and the total flux density (Brota1(0) = Hrota(@) o ) Were
determined. Since the magnetic force expressions are a function of B, By Was needed and is

shown in Figure 24.
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Figure 24: Total DB Flux Density about the Operating Point (1mm Airgap and 1.75A Bias Currents)
The MWA is applied using Ampere’s law and Gauss’s law. To ensure that Gauss’s law was

satisfied (i.e. the net flux leaving any closed surface is zero), equation (7.21) was utilized and

resulted in:

Sy Hroai (@) po da = 0 (7.35)

The total x and y forces (Fx_totaand Fy Tota) Were then found and were based on the
force expressions derived in Section 7.2 for the SB. The resulting force expression for the SB,
shown in equation (7.6), was used for the DB. Since Bro Was defined circumferentially
around the machine, instead of only under the pole regions, the total x and y forces were
determined by integrating Bt from 0 < a < 27. Geometry was then used to resolve the total

force into the x and y components:

21 (Brotal (@)%rosLe
Fxrotal(8) = — [, (W) cos(a + €) (7.36)
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27 (Brotal (0)%rosle :
Fyrowa (€)= — J; " (22 m) sin(a + £) (7.37)

where the cross-sectional area from equation (7.6) is equal to the outer stator radius (rs)
multiplied by the effective length (L), and € is the angle used to resolve the total DB force
into the x and y components. The total x and y forces were determined for the ideal case,
using the ideal airgap and DB bias currents, which resulted in total forces of zero. For this
scenario, the total x and y forces should equal ON since the x and y forces should cancel for
the bearing’s equilibrium position.

To check the force calculations, a radial airgap eccentricity was placed along the y-
axis (where Radial_Shift was defined as 0.2mm and & was 45 deg). This scenario resulted in
Fx Tota = ON and Fy 1ot = -135.24N. These results were correct for the given airgap
eccentricity, since the airgap decreased at o. = 45 deg, which increased the negative y force,
and the airgap increased at a =225 deg, which decreased the positive y force. Unlike the ideal
case, the eccentricity caused an imbalance in flux and the magnetic forces.
7.3.3.1 Drive Bearing Mechanical Stiffness

To find the force/displacement relationship for the DB, the d-axis coils were energized
with the DB bias current (1.75 A). The same approach was used to find the stiffness for the
DB as was previously done for the SB (see Appendix D for more information). To maintain a
linear force/displacement relationship, the negative bearing stiffness was determined for a
maximum airgap displacement of £0.2 mm around the ideal airgap of 1mm. Based on this
range of displacements, the total resultant y force (in intervals of 0.025 mm) was determined
and plotted, as shown in Figure 25. Based on the definition of the bearing stiffness, the slope

of the line in Figure 25 is equal to the DB negative stiffness (-6.65*10° N/m).
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Figure 25: Negative Drive Bearing Stiffness (N/mm) for the Linearized Bearing Force Equation

The negative bearing stiffness for the DB and SB were necessary to aide in designing
the PID controller gains. The controller compensates for the negative bearing stiffness by
producing a restoring force, similar to that of a mechanical spring. Since the x and y forces are
decoupled for both bearings, the same process is used to find the stiffness associated with the

opposing axis. Since the bearings are symmetrical, the negative bearing stiffness for the x and

y axes are the same.
7.3.3.2 Drive Bearing Force/Current Factor

The force/current relationship for the DB was then determined by holding the airgap
constant at 1mm. To avoid saturation and maintain a linear force/current relationship, the
change in the command currents (Aiy) was limited to £0.7 A around the DB bias current of
1.75 A. This relationship was found independently for the x and y axes since eight d-axis coils
are associated with each axis. A differential driving operating mode was used for the DB,

where a positive Aix caused the currents in coils 3-6 to decrease, and the currents in coils 15-
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18 to increase. For each Aiy, the total resultant x force was determined and plotted as shown in

Figure 26. The force/current relationship, using the MWA, is equal to -366.84 N/A.

Total X Force versus Delta Ix - Drive Bearing
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Figure 26: DB Force/Current Factor for the Linearized Bearing Force Equation

To validate the MWA, a FEA program was used to determine the force/current
relationship, and the two methods resulted in a percent error of 21%. A higher percentage
error occurred in the DB versus the SB, since the stator teeth were more heavily saturated for
the Aiy extremes. The MWA neglected the iron MMF drops, since this method assumed that
the iron permeability was infinite compared to air. For the larger Aix values, this assumption
was not valid since the stator teeth were saturated. The FEA program included the iron MMF
drops and was more accurate. Regardless, the percentage error between the two methods was

small enough to use the MWA for the aforementioned calculations.
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7.3.4 Inclusion of both Axial and Radial Non-uniformities

The MWA was extended to include both axial and radial airgap non-uniformities. The
MWA equations were adjusted to include axial variations, but the remainder of the MWA
assumptions still applied. Inclined eccentricities occur when the rotor and stator axes are not
parallel [22]. Inclinations cause an uneven airgap axially and radially between the rotor and
stator, causing different magnetic forces axially between the rotor and stator. The same basic
steps and equations from the MWA were used to find the resulting forces in the x and y
directions.

Since the DB windings were not skewed, the turns function for the DB coils were not
redefined to vary with the axial length (z), as was done in [22]. The work completed in [22]
modified the MWA equations to include the axial variations. Since the airgap varies axially,
the MWA airgap function was made a function of z. The remaining equations were also made
a function of z, and integrated with respect to z, in addition to a. The effective length was not
a constant anymore and could not be divided through in the equations for Mcompx and 91 _inv_avg-
Ampere’s law and Gauss’s law were used, as was done in the MWA, to determine the total
flux density.

A symmetrical inclined eccentricity (i.e. the eccentricity is symmetrical to the
midpoint of the machine shaft) [22] was assumed to determine the modified airgap function.
There were two different functions presented in [22] that modeled the airgap function, one for
the range 0 < z < L/2 and the other for the range L/2 < z < L (where L is the total height of the
rotor that overlaps with the stator). Since these calculations were for the DB, the function

defined over the range 0 < z < L/2 was necessary. The height of the DB is equal to 1.97 in.,
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which is below one-half of the total rotor assembly height (including the SB, spacer, and the
DB).

The ideal airgap function was modified to include axial airgap eccentricities. A static
eccentricity coefficient (6s) was defined as a function of z. For the symmetrically inclined
rotor assembly, s was derived for a given tilt angle (i), as shown in Figure 27. The tilt
angle was physically constrained since there is a maximum airgap of 2 mm between the rotor
and stator, at which point the rotor and stator have collided. To avoid a collision and maintain
adequate control for any radial or axial airgap eccentricities, the maximum airgap
displacements considered were + 0.2 mm around the ideal airgap of 1mm. Based on this
constraint, the maximum tilt angle was calculated and equals 0.152 degrees (where &5 = 0.2
mm and the total rotor assembly height is 5.92 in.). Then the static eccentricity coefficient

was derived using the tilt angle and was defined as:

L .
SS(Z) — |Z _ TotalZHelght

sin B¢ (7.38)
The remainder of the steps were outlined in [22] and were contained in the extended
MWA calculations. These calculations were not used to design the force/current or
force/displacement relationships for the DB. In the future, these calculations could be
revisited and incorporated into the dynamic model to fine tune the controller design. The
relationships used in the dynamic model were determined for radial airgap eccentricities and

were deemed acceptable for this phase of the project.
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Figure 27: Symmetrical Inclined Eccentricity between the DB Stator and Rotor

7.3.5 Magnetic Circuit Model Verification for the Drive Bearing

To verify the MWA, an equivalent MCM with eight d-axis coils energized (either the
eight coils producing forces in the x or y directions) was created. Ampere’s law and Gauss’s
law were used to determine the flux flowing through the airgap reluctances. The bearing
stiffness was found using the MCM approach.

An equivalent MCM was created for the eight d-axis coils associated with producing

forces in the x direction. To simplify the analysis, all of the 16 d-axis coils were not
energized. The same current polarity (where ‘X’ is positive and ‘*’ is negative) was used from

the winding schematic in Figure 21. Based on right hand convention, there were four d-axis
flux paths between the rotor’s North and South poles for the equivalent circuit. As assumed in
winding theory, the permeability of the iron was infinite in comparison to the permeability of
air. Therefore, the reluctances of the iron in the stator and rotor were essentially zero and were

treated as short circuits. The interpole airgaps were large in comparison to the pole airgaps
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and were therefore neglected. Similar to an electrical circuit with resistances, the magnetic
circuit had airgap reluctances between the rotor and stator for each pole region (represented
by Ra, Ry, Rc and Ry). The equivalent magnetic circuit for these airgap reluctances is shown in

Figure 28.

Figure 28: Equivalent Magnetic Circuit Model for the DB with 8 D-Axis Coils Energized

The equivalent MCM also included branch fluxes (represented by ¢., ¢y, ¢ and ¢4) and
eight d-axis coils (each circle represented four coil ends denoted with the appropriate
polarity).

The branch fluxes represented the total flux flowing through each of the airgap
reluctances. To solve for the branch fluxes, Ampere’s law was applied to the four flux path
loops. If the four loop equations were used, this led to an overconstrained problem. Therefore,
Gauss’s law was also necessary and provided a relationship between the branch fluxes. By
using both Gauss’s and Ampere’s law, the same governing equations from the MWA were
used. Ampere’s law was applied to three of the loops to determine the enclosed MMF:

®,R, + ®,R,, = 4NI (7.39)
&R, + PR, = 4NI (7. 40)

@Ry + PR, = 4NI (7.41)
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where N represents turns and | represents the DB bias current. Gauss’s law was then applied
to the magnetic circuit to determine the total flux at the center node. To satisfy Gauss’s law,
the total flux entering the center node should equal the total flux exiting the node:

®, + O, = Py + Dy (7.42)
These four equations were combined into a matrix, and then the unknown branch fluxes were
determined. The airgap reluctances were defined and substituted into these equations.
Reluctance is a function of the mean path length (l;), the cross-sectional area (A) and the

magnetic permeability of the material (p).

R =1./(nA) (7.43)

Since eccentricities were introduced in the x direction, the mean airgap path lengths
for the reluctances R, and R were always equal to the ideal airgap of 1mm. Whereas, the
reluctances Ry and Ry mean path lengths included radial airgap eccentricities. Using the four
governing equations, the branch fluxes were determined. For the ideal case, with no airgap
eccentricities, the branch fluxes were equal in magnitude, since the airgap reluctances were
equal. To determine the magnetic forces, B was determined using each of the branch fluxes:

B=d/A (7.44)
Using B, the total force in the x direction was found using equation (7.11). For a case with no
eccentricities, the total x force was equal to ON, since the flux was balanced. The bearing
stiffness was determined by calculating the total resultant force (Fx) due to displacements in
the airgap along the x-axis (Ax). The negative DB stiffness, for the simplified case, was equal

to -1.64*10° N/m, as shown in Figure 29. These calculations are found in Appendix E.
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DB Stiffness for 8 Energized Coils
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Figure 29: DB Mechanical Stiffness for 8 Energized Coils - MCM Approach

Since the MCM approach was used with eight d-axis coils energized, the MWA was
constrained by setting the eight d-axis coils associated with producing forces in the y-
direction to 0 A. The DB stiffness was then determined using the same approach for the 16

energized coil case. Using the MWA, the DB stiffness is equal to -1.67*10° N/m and is shown

in Figure 30 below (see Appendix D).
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Figure 30: DB Negative Stiffness for 8 D-Axis Coils Energized using the MWA Calculations

The MCM and MWA methods resulted in percentage error of 2%. The MCM approach did
not include the flux paths for interpole regions. Therefore, the MWA would be expected to
predict a higher force, and therefore bearing stiffness.
7.4 Finite Element Analysis Verification

As the project progressed, the team acquired a FEA program created by David
Meeker, known as Finite Element Method Magnetics (FEMM) [23]. FEMM was used to

validate the accuracy of the static bearing force calculations using the MWA and MCM
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methods. The program was selected for this project since it interfaced well with Autocad, was

available for free, and was easy to use.

The program was used to verify the flux density and forces for both the SB and DB.

The MWA and MCM methods assumed that the iron MMF drops could be neglected. FEMM

was used to test if this assumption was valid, and if not, where and when saturation occurred.
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The FEA program was limited to calculating static forces and was not used for the complete
rotor dynamic analysis presented in Chapter 8.
7.4.1 Drive Bearing Static Force Model Verification

To begin the analysis, the dxf files for the DB were imported into FEMM and then the
bearing materials and boundary conditions were defined. The 16 d-axis coils were energized
with the bias current of 1.75 A in FEMM. Using the MWA, the B, was equal to
approximately 0.5 T. FEMM was used to plot the flux density and showed how it was
distributed around the machine, as shown in Figure 31. Based on the flux density plot, B, was
approximately equal to 0.6 T. These two methods varied since FEMM included the iron MMF
drops in both the stator and rotor.

The flux density plot showed larger flux densities in the stator teeth than designed for,
up to 1.2 T. As the current in the DB coils was increased, saturation occurred in the stator
teeth. Therefore, the MWA was not valid and was limited by the stator teeth design. When
saturation occurred, the calculated forces using FEMM were lower than the MWA. Saturation
limited the range of possible DB command currents and will be limited when the command

currents are realized with the actual machine.
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Figure 31: Flux Density Plot for 16 Direct Axis Coils on the DB Energized at 1.75A

FEMM was used to calculate the resulting magnetic forces when the d-axis
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currents

were adjusted. The force/current relationship was determined for the DB using FEMM and

was plotted in Section 7.4.4. A percentage error of approximately 20% occurred between the

MWA and FEMM approaches, due to the saturated stator teeth. If the DB coil currents were

adjusted by more than 0.7 A, the FEMM magnetic forces leveled off due to saturation. For

the case when the DB bias currents were adjusted by 0.7 A, the three stator teeth under the

pole face had flux densities ranging from 1.2 — 1.5 T. The stator teeth were saturated and

caused the calculated magnetic forces to be smaller than the MWA.
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7.4.2 Drive Bearing Bias Current Selection Process

The DB was initially designed with the d-axis bias currents of 4.38 A (as shown in
chapter 5). Initially, the DB force/displacement and force/current factors were determined for
this design, since the FEA program was not obtained until later in the project. For the initial
design case, where the DB 16 d-axis coils were energized with the designed bias current of
4.38 A, severe saturation occurred, as shown in Figure 32. The flux density in the three stator
teeth opposite the rotor pole faces ranged from 1.7-1.8 T, resulting in extreme saturation. If
severe saturation occurred at the equilibrium operating point, this limited the ability to
command different DB currents and provide the necessary restoring forces. Therefore, the DB
bias currents were lowered to 1.75 A to prevent saturation for the equilibrium case and to
increase the possible range of controller command currents. By reducing the d-axis currents,
this will reduce the rotor’s potential restoring forces, operating speed, and therefore, the

energy stored in the flywheel.
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Figure 32: Flux Density Plot for 16 Direct Axis Coils on the DB Energized at 4.38 A

To reach this design decision, various cases were simulated in FEMM until the
saturation in the stator teeth was below approximately 1.2 T. Table 3 includes the range of DB
bias currents that were explored and the corresponding stator teeth flux density. The flux
density was only recorded for the stator teeth that were near the saturation point of the M-36
material’s BH curve (between approximately 1.2 — 1.5 T, depending on the M-36 BH curve
source). For the purpose of optimizing the control scheme, the DB should be operated in the
linear range of the BH curve (between approximately 0.1 T and 1.2 T) [7]. The best options

for the DB bias current were either 1.5 A or 1.75 A. By reducing the DB bias current, this



reduced the desired output power, force density, and other operating conditions that were

calculated in Chapter 5.

Table 3: Potential DB Bias Current and Corresponding Stator Teeth Flux Density

l4 Bias — 16 DB Coils (A) BstatorTeeth (T) # of Stator Teeth Saturated
(under one pole face)
4.3 1.7-18 3
3.0 1.55-1.6 3
2.5 1.48- 1.56 3
2.0 1.2-1.4 1 (middle)
1.5 1.1 1 (middle)
1.75 11-12 1 (middle)

Since the DB is used as an AMB, the bias current of 1.75 A was selected to increase

the range of DB command currents necessary to provide restoring forces, while avoiding
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severe iron saturation. The command currents were limited to £0.7 A to maintain operation in

the linear region of the lamination material’s BH curve. Since the d-axis bias current was

altered, the g-axis current was also reduced to 1.67 A to maintain the same ratio between the

currents from Chapter 5. This is an important design feature that may need to be reconsidered

when the machine is rotated. If the machine is redesigned, the stator teeth could be altered to

reduce saturation.

7.4.3 Stabilizing Bearing Static Force Model Verification

Figure 33 shows the flux density plot for the S, where all the coils were energized with

the bias current of 2.6 A. For this case, the saturation was very minimal and only occurred

around the stator teeth. The SB command current range was +1.0 A, since the SB was

designed to operate well below saturation. A further explanation of the FEMM simulation

results are included in [10].
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Figure 33: Flux Density Plot for SB Coils Energized at 2.6 Amps
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Chapter 8. Dynamic Model of the FES System

This chapter introduces how the rotor dynamic model was derived for the UI’s FES
system. Rotor dynamics is a branch of mechanics that studies the behavior of the dynamics
and stability of rotating machinery. Rotor dynamics analyzes the impact of the gyroscopic
moments, cross-coupled forces and potential whirling instabilities caused by the rotating rotor
[24]. While rotor dynamic analysis is useful for the design stage, it also supplies a deeper
insight when the machine is operated and tested [20]. The rotor is free to rotate about an axis
fixed in space and has six degrees of freedom of motion. A dynamic model of the Ul FES
system simulates the behavior of the system using MATLAB’s Simulink® environment.

The rotor dynamic model predicts how the rotor responds to disturbances in an open-
loop environment, or an environment without active control. The rotor assembly includes the
DB and SB. The dynamic behavior of the rotor is dependent on the force/displacement and
force/current linear relationships for both bearings that were derived in Chapter 7. When
disturbances occur, the controller responds with restoring forces to return the system to the
ideal state. The dynamic model aides in the development of the controller algorithms, and the
controllers are responsible for controlling the rotor’s motion. The controller’s inputs are the
rotor’s displacements measured from the position sensors. In response to those measurements;
the controller determines the command current necessary to provide restoring forces and
return the rotor to the ideal state. This chapter concludes with combining the rotor dynamic
model with the controller to simulate the closed-loop behavior of the system.

8.1 Rigid Body Model Introduction and Assumptions
To simplify the equations of motion for the rotor assembly, a few initial assumptions

are made. The rotor is assumed to be a rigid and symmetric body. To describe the inertial
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properties of a rotating rigid rotor, the moments of inertia (I ,ly, and 1) and products of
inertia (lyx ,lxy, and 1,x) are found for a body-fixed reference system and combined into an
inertia matrix [7]. For a special coordinate axes, known as the principal axes of inertia, the
inertia matrix is diagonal and the non-zero moments of inertia are the principal moments of
inertia. If the rigid body has geometrical symmetries, then the axes of symmetry are the
principal axes of inertia [7]. This is the case for the UI’s rotor assembly shown in Figure 34.

For a symmetrical rotor, the moments of inertia about the x-axis (lx) and y-axis (ly) are equal.

+Z

}l

+X

Figure 34: Rigid Rotor Model for the FES System'’s Rotor Assembly

The shape of the rotor (disk-like versus elongated) impacts the relationship between the
moment of inertia about the rotational axis and the axis orthogonal to it. If these moments of
inertia are equal (Ix = I,), then the rotor becomes increasingly sensitive to dynamic
imbalances. This design should be avoided to ensure smoother rotor operations with low-level
vibrations [7]. As discussed in Chapter 6, the rotor assembly was designed to avoid equal
moments of inertia, and therefore, dynamic instability. The rotor assembly was modeled using
3D-CAD software, known as CATIA. Using this software, the principal moments of inertia

were determined and are found in Appendix F. Table 4 includes the CATIA outputs that were
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used in the dynamic model (where loxg, loyc and lo,c are the principal moments of inertia
about the x-, y- and z- axes respectively and G; is the center of mass location in the z-

direction for each component).

Table 4: CATIA Outputs used in the Rotor Dynamic Model

Component loxa/loys (Ib%in%) lozc (Ib*in%) G, (in)
Rotor Assembly 509.28 406.69 3.98
Top Plate 42.03 82.88 7.96
Magnetic Plate 54.09 105.27 0.85
SB Rotor 24.40 48.36 7.08
DB Rotor 54.77 103.44 2.50

To simplify the rotor dynamic model, the axial and radial dynamics can be decoupled
for the mechanical representation of this system. The key assumptions necessary to decouple
the axial and radial dynamics include [7],[25]:

1) The rotor assembly is symmetric and rigid.

2) When the rotor is at rest, the center of gravity (G) coincides with the stationary
coordinate system. This represents the rotor’s reference nominal position.

3) Deviations from the reference position of the rotor are small in comparison to the
physical dimensions of the rotor. Since the deviations from the reference position
(represented by Ax and Ay) are small, the equations of motion can be linearized,
thereby decoupling the axial and radial dynamics.

4) The angular velocity of the rotor (represented by ®) about the longitudinal rotor-fixed

axis Z, is assumed to be constant.

5) The angular and translational displacements represent the position of the rotor. This

position is characterized by the position of the rotor-fixed coordinate system (x,y,z,),

also known as the principal axes of inertia, with respect to the stationary coordinate

system (X y.z,) that is inertially fixed.
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Euler’s angles (o, B, and y) describe the angular motion of the rigid rotor about the
rotor’s spin axis. Right hand convention is used, where CCW represents a positive rotation
and CW represents a negative rotation, as shown in Figure 34. The origin of the coordinate
system is located at the rotor’s G. As was previously stated, the angular velocity y = w is
assumed to be constant, therefore y = 0. To ensure this assumption is valid for the FES
system in the future, the controller needs to control the rate at which the machine’s speed is
adjusted.

Since the equations of motion are linearized, the angles § and a are characterized as
inclinations about the inertially fixed coordinate system (Xs and ys respectively) [7], [25]. The
linearization of the equations of motion requires that the angles p and a remain small to be
characterized as inclinations about xs and ys. Due to this constraint, these are no longer proper
Euler angles [25]. For the UI’s rotor assembly, these inclinations are small in comparison to
the rotor dimensions. In addition, these inclinations are physically constrained since the rotor
and stator collide when the airgap is 2 mm. To avoid collision and maintain adequate control,
the maximum inclination angle is 0.152 degrees, as was previously determined in Section
7.3.4 . To determine this angle, the rotor was symmetrically inclined with a maximum radial

shift of 0.2 mm and was found using the following equation:

= Airgapspite | _ 0.2 mm) _ o
Maxrie = atan (ROtorHeight/2> = atan (5.92 in/2) 0.152 (8.1)

Due to these small inclinations, the small angle approximations were valid and

utilized, where sin(x) = x, cos(x) = 1,and tan(x) = ::;g = x. The translational motion of the

rotor assembly was represented by the displacements X, and 'y, from G. Since the axial and
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radial dynamics were decoupled, the next section derives the basic equations of motion for the
rotor’s radial motion.

8.2 General Radial Dynamic Equations of Motion

The radial equations of motion for the rigid rotor are described by the translational and
angular motion about the G. When a rigid body model is used, only the rigid body modes of
the rotor assembly can be predicted: cylindrical (center of gravity whirl) and conical (tilt
whirl) [25]. To predict the rigid body modes and overall dynamic behavior of the rotor

assembly, the equations of motion for the translational and angular displacements (X, Y, o,

and P) are determined using Lagrange’s equations [25]:

)~ Gor) = @ ©.2)
where L is the Lagrangian function (L =T — V; where T is the kinetic energy and V is the
potential energy), the coordinates have a motion represented by 0, and the non-conservative
torques on the n™ coordinate are equal to Q,. Lagrange’s equations result in differential
equations that describe the equations of motion for a given system. By taking the Lagrangian
of a spinning disk, the differential equations of motion for a rigid disk are derived and equal
to [25]:

L=T=m(X2+ Y2) +1Ip(a® + p2) +3 Ip (w? — 20dp) (8.3)
where o is the constant rotational speed, m is the mass of the spinning disk or rotor, I+ is the
transverse moment of inertia about the x or y axis (for a symmetric rotor), and Ip is the polar
mass moment of inertia of the disk about the z axis. Equation (8.3) represents the kinetic
energy of the rotor and is expressed in terms of Euler’s angles (a and ), which must remain

small.
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The right hand side of Lagrange’s equation (8.2) is replaced with the forces that act on
the disk, since these are considered as part of the virtual work. The coordinates 6, from
equation (8.2) are replaced with x, Y, o, and B. The virtual work (AW), from all the forces
acting on the disk, is equal to [25]:
AW = Y FyAxg + Y FyAyg + X My Aa + Y My AB (8.4)
From Lagrange’s equation (8.2), the generalized forces and moments are equal to:
Q =2F,Q= XYF,Q3 =XMy,and Q4 = X My (8.5)
where Y Fy and Y Fy represent the sum of forces acting on the disk’s center of mass in the x
and y directions, and > My and Y M, represent the sum of moments about the x and y axes.
Equations (8.3) and (8.5) are substituted into Lagrange’s equation (8.2) and outcomes in the

following four general differential equations of motion [25]:

mi; = ZF, (8.6)

my; = ZF, (8.7)
It + Ipwé = ZM, (8.8)
Iré — IpBw = IM, (8.9)

Due to the simplifications that were made, these linearized equations are used to
model the system. These equations retain the basic features of the dynamic behavior of the
rotor and provide an accurate system representation [20]. These equations can also be
determined by using vector equations, without introducing a set of coordinates, to describe the
rotation of a rigid body as shown in [26].

Equations (8.6) and (8.7) describe the translation motion of the rotor in terms of the
acceleration of the body’s center of mass. Equations (8.8) and (8.9) describe the rotational

motion of the rotor in terms of Euler’s angles. The terms involving Ip represent the gyroscopic
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moments. The gyroscopic moments tend to stiffen the rotor in the forward whirl and destiffen
it in the backward whirl, thus altering the natural frequencies and critical speeds of the rotor
[25]. The system’s natural frequencies are frequencies where the system oscillates and
encounters resonances, which can cause system vibration due to small disturbances. When the
natural frequency of the rotor system coincides with the frequency of an excitation source, the
rotor is being operated at a critical speed [7]. This leads to high levels of vibrations, which are
undesirable and should be avoided. The SB and DB can be used to actively dampen the
rotor’s vibrations, which is important when passing through critical speeds.

These rotational equations of motion are inherently nonlinear and cross-coupled due to
the angular velocity terms (& and B). Therefore, an angular velocity about the y axis produces
a moment about the x axis when the rotor is rotating. The effect of the gyroscopic moments is
determined by the ratio of Ip/ly, which is the MOI ratio that was determined in Chapter 6. If
the MOl ratio is equal to one, the natural frequency will coincide with the rotor’s frequency,
which could lead to a permanent state of resonance.

The moments and forces on the left hand side of equations (8.6)-(8.9) are due to
electromagnetic bearing forces between the rotor and stator for the DB and SB. In addition, if
the rotor is imbalanced; the distribution of the mass imbalance along the rotor also produces a
force and can cause synchronous whirl. The rotor assembly was not mechanically balanced
and these imbalance forces should be included in the dynamic model. When the rotor is
rotated at higher speeds, the machine should be mechanically balanced to prevent dynamic
instability. For a complete rotor dynamic model, the radial and vertical levitation forces
should also be modeled. At this point in the project, these forces were not completely

understood or characterized, and were therefore, not included.
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8.3 Equations of Motion for the Simulink® Rotor Dynamic Model
The general equations of motion derived in Section 8.2 are tailored to the Ul FES
system’s rotor assembly. These equations provide a model of the rotating rigid rotor,
including gyroscopic effects. This section combines the rigid rotor model with the bearing and
controller models. Initially, only the linearized electromagnetic forces produced by the SB
and DB are considered. These bearing forces are proportional to the displacements at the

bearing sites (X and y ). The bearing forces are modeled as a conventional linear

B’ yDB’ XSB’
mechanical spring with a negative bearing stiffness (k; = -6.65*10° N/m & Keg = -2.03*10°
N/m). The bearings have a negative stiffness since they are unstable in an open-loop system.
The negative stiffness for both bearings was determined over a range of £0.2 mm around the
ideal airgap of Imm in Chapter 7.

Since the bearing forces are “active” forces, or controlled electromagnetic forces, the
bearing forces are described as a linearized function of the coil currents in addition to the
bearing displacements [7]. To model both bearings, the bearing force equations are linearized
about an operating point, and the linear force/current and force/displacement relationships are
determined. The bearing displacements and command currents must be small deviations
around the operating point to use the linear bearing force approximations [7]. The following
linearized equation represents the DB and SB forces in the x and y directions:

Fg = —kxg + |Kilig (8.10)
where ks is the negative bearing stiffness [N/m], x; is the rotor displacement for each bearing

[m], ki is the force/current factor [N/A], and i, is the individual coil currents for each bearing

[A].
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Equation (8.10) is a linear approximation of the actual force -current or -displacement
relationships and is only accurate for small deviations about the operating point. This
approximation has successfully been implemented for a wide variety of applications, but is
limited for the following cases: rotor and stator collision, flux saturation, and low bias
currents [7]. The force/current factors for the SB and DB were determined in Chapter 7. Since
the bearings are symmetric, k; for both bearings are the same in the x and y directions. These

factors equal: k; . =-366.84 N/A and k; ., =-80.69 N/A. To operate both bearings in the

linear region of the BH curve, k; is accurate over a range of + 1 A for the SB and + 0.7 A for
the DB.

The forces and moments on the right hand side of the four differential equations
derived in Section 8.3 are replaced with the linearized bearing force equations and the other
external system forces are neglected. The first two equations represent the translational
movement of the rotor. The DB and SB forces were derived using equation (8.10) and the
mass (m) of the rotor assembly is equal to 16.34 kg.

mig = XF, = Fppy + Fopy (8.11)
my; = IF, = Fpg, + Fep, (8.12)

The next two equations describe the angular motion of the rotor. The bearing forces
are modeled as point forces applied at the center of both bearings. The center of the DB is a
fixed axial distance of L; from G, while the SB is a distance L, from G, as shown in Figure
34. These distances were determined from the CATIA outputs given in Table 3 and are equal
to: Ly = 0.038 m and L, =0.079 m. The moments of inertia were also determined from Table 3

and are equal to: It = 0.149 kg*m? and lp = 0.119 kg*m? ,and o is 188.5 rad/s (1800 RPMs).
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Equations (8.8) and (8.9) were modified to match the previously defined motion of the rotor
assembly derived above (where —a is a CW rotation).
Itf — Ipwd = IM, = LyFpp, — LyFspy (8.13)
Ité + IpBw = IMy = LyFppy — LyFopy (8.14)

The equations of motion describe the displacement of the rotor in terms of the
translational and angular motion about G. Therefore, the bearing and sensor coordinates must
be related to the G coordinates, so that only one set of coordinates is used to describe the
rotor’s motion. To derive these relationships, the location of the position sensors, in relation to
the rotor’s G, is shown in Figure 35. For a rigid body, the bearing and sensor locations are a

scaled distance from G. The sensor x and y coordinates are represented by x,, X,, y,, and y,

(where 1 refers to the sensors located closest to the DB and 2 to the SB). These sensor
coordinates are measured distances between the sensor location and the rotor assembly. The
position sensors are located at a fixed axial distance I; (0.08m) and I, (0.101m) from the
rotor’s G. If the sensor locations change, these two parameters will need to be adjusted in the

dynamic model.
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Paosition Sensor Locations

Figure 35: FES System's Rigid Rotor with Four Position Sensor Locations

Before developing the relationships between the various coordinate systems, the four
position sensors are briefly explained. A more detailed description is given in [11]. A
KD2306 sensing system was purchased from Kaman Precision Products for the four eddy
current sensors. The 9U eddy current sensor probe uses an AC waveform to induce eddy
currents in the target material of the rotor assembly. To ensure adequate target material for
optimal sensor operation, the bottom sensors were axially positioned at the center of the
magnet plate and the top sensors were positioned at the center of the top plate. The sensor
uses the eddy currents to determine a distance ‘d’ (outputted as a voltage) between the sensor
and the rotor. Figure 36 shows the hardware associated with each sensor. An electronic box

was required to linearize the signal transmitted from the sensor. The electronic box outputs a
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voltage between 0-10V that has a linear relationship with a set of distances that range between
0-3mm (where d is in mm and V. is in Volts).

d = 0.2988V,,, + 0.0044 (8.15)
The output voltage is scaled down to 0-3V for the analog to digital converter (ADC) sampling
by a T1 Delfino series microcontroller. The initial distance between the sensors and the rotor
assembly is 1 mm. The actual range of readings will be between 0.5mm-2.5mm, with either

extreme resulting in a collision between the rotor and stator.

Rotor

(Side
View) Sensor

To ADC

x] . .
Electronic Box
—

Figure 36: Eddy Current Position Sensor Physical Hardware Setup

The sensor and bearing displacements were related to the center of gravity
displacements for the differential equations of motion. To derive these relationships, two tilt

angles were defined as a function of the measured sensor coordinates [16]:

r . Ax .\
where Az is the separation between the two sensor planes (I; + I) and Ax and Ay are the

differences between the x and y sensor coordinates for both sensor planes (x, —x, and 'y, -y,

respectively). Since the tilt angles are small, the small angle approximation is used to derive
equation (8.16). If Ax and Ay are equal to zero, the rotor is perfectly upright and is not tilted.
The tilt angles are equal to the angles B and o used in the equations of motion:

a=XandB=Y (8.17)
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Using these angles, a relationship between the sensor and center of gravity displacements was
derived. To derive this relationship, a y-z plane depicting a CCW inclination of B about the x-

axis, based on a right handed coordinate system, is shown in Figure 37.

AN

Position Sensor Locations

bz [yl & y2 are sensor measurements)
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@ = out of the page

Figure 37: Y-Z Plane - CCW Rotation of the Rotor Assembly for the angle 8 about the X-Axis

Since the equations of motion are a function of displacements, the sensor coordinates are

converted to sensor displacements (x1 A and Y, A), where Xoffset 1S the initial distance

) XZA, y1A1
between the sensors and the rotor when it is perfectly centered:

X1A = Xoffset — X1 (8' 18)

Using the equation of a line, a relationship between the sensor and center of gravity

displacements (x; and y,,) is derived. For a given distance ‘z’ from G, the y sensor
displacement is derived using the equation of a line:

yp(z) =—mz+b= —%z+y6 (8.19)
where m is the slope of the line, and is equal to the tilt angle Y’ (Ay/Az) or 3, and b is the y-

intercept, and is equal to y ., (as shown in Figure 37). Equation (8.19) is used to express the
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measured rotor displacements y, , and y, , in terms of the center of gravity displacements for z
= -|1 and |2.

yia =Yl +yg (8.20)
yan = —Y'l; +yg (8.21)

To derive a relationship between the x sensor displacements and the tilt angle X’, the rotor is
inclined —a degrees about the x-axis, and is shown in Figure 38. A CCW rotation is defined as

a positive angle and a CW rotation is defined as a negative angle.

+Z
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Figure 38: X-Z Plane — CW Rotation of the Rotor Assembly for the angle -« about the Y-Axis

Equation (8.19) was modified for the x-z plane to express the measured rotor displacements,

X,, and x, , in terms of the center of gravity displacements:

2N’
X1A — X,ll + XG (8 22)

Xop = —X,lz + XG (8 23)
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The sensor displacement equations were rearranged to solve for the center of gravity
displacements. These relationships were used in the Simulink® model to calculate the initial

center of gravity displacements, given various sensor displacement measurements.

X2Ax11+ x1A%1y

X =
G Ip+14

(8.24)
Using a similar approach, a relationship between the bearing and center of gravity

displacements was derived. As was previously explained, the centers of the DB and SB are

located at a fixed axial distance L; and L, from the rotor’s G. The bearing stiffness and forces

are dependent on the rotor displacement in the bearings and therefore these are necessary [7].

These displacements were determined using a linear transformation matrix:

XpB 1 -L; 0 O Xg
Xsg| |1 L 0 O —a
vos|[= {0 0 1 —L|*|ve (8.25)
YsB 0 0 1 L, -B

The equations of motion were then modeled in Simulink® to investigate the stability of the
FES system for an open-loop system.
8.4 Simulink® Model — Radial Dynamics
The equations of motion are modeled and simulated in Simulink®. The Simulink®

model was initially modeled as an open-loop system, without any active control, and is found
in Appendix G. Due to the negative bearing stiffness, the system is inherently unstable when
airgap displacements occur. Next, the system was combined controllers to actively maintain
system stability. The controller algorithm design was not included in this thesis and is found
in [10].
8.4.1 Open-Loop Dynamic Model

The open-loop Simulink® dynamic model includes four main subsystems that model

the four differential equations of motion, (8.11) — (8.14). Two of these subsystems describe
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the translational motion of the rotor and model the linear DB and SB forces expressed in
terms of k; and k. Figure 39 contains a snapshot of the subsystem for the summation of forces
in the x-direction (the y force subsystem is very similar and is included in Appendix G). The
linearized bearing force equations for the SB and DB are the inputs to the x force subsystem.

Equation (8.11) is used to find x, denoted as x_com in Figure 39. The sensor and bearing
displacements are then derived from x ., and these transformations are included in the

‘Transform COM: Bearing, Sensor Displacements’ subsystem block.

Figure 39: Summation of X-Forces for the FES System Modeled in Simulink

MATLAB script is also used and includes the model inputs and the measured sensor

coordinates (X, X,, ¥,, and y,) needed to simulate the Simulink® model. While the sensor

coordinates are not physical measurements from the sensors, these are used to introduce radial
and axial airgap eccentricities into the system to predict how the rotor will respond to
disturbances. Table 5 includes the dynamic model inputs for an unconstrained case without

airgap eccentricities.
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Table 5: Radial Dynamic Model .m File Inputs

Model Input Input Value
B 0.149 kg*m*
Ip 0.119 kg*m?
m 16.343 kg
Iy 0.08 m
I 0.101m
Ly 0.038 m
L, 0.079m
k, (DB) -6.65*10° N/m
k, (SB) -2.03*10° N/m
k;i (DB) -366.84 N/A
ki (SB) -80.69 N/A
x1l m 1 mm (ideal)
X2_m 1 mm (ideal)
yl m 1 mm (ideal)
y2_m 1 mm (ideal)
o 188.5 rad/s (1800 RPMs)

The Simulink® model includes a coordinate transformation function, shown in Figure
40, to transform the sensor measurements into the initial G displacements (X, and y,) and
rotor tilt angles (Bi and a;). These initial displacements and angles are the initial conditions

used for the integrators associated with the four equations of motion involving x ., y., B, and

a. If the rotor is perfectly centered and upright, these initial angles and displacements are

equal to zero, and no disturbances are introduced into the system.
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Figure 40: Initial Sensor Measurement Transformation Subsystem in Simulink

The rotor dynamic model was initially constrained to ensure that the summation of x
and y force subsystems were behaving as expected. These constraints included modeling both
bearings as the SB (with equal k; and ks factors), arranging the sensors and bearings
symmetrically (I, =1, =0.08 m and L, = L; = 0.038 m), and inhibiting rotor rotation (» = 0).
For a non-rotating rotor, the rotational and translational motions are decoupled. For case #1,
the sensor measurements were set to: X, =X, =0.8 mmandy, = y, =1 mm and were
introduced into the model at a time of t = 0.5 ms, which resulted in x . =0.2mmand y_, =
Omm.

For this case, the rotor assembly moved closer to the sensors, which caused the airgap

to decrease along the rotor’s negative x-axis, and the force to increase. Since there was no

active control, 3’Fx and X, continued to increase with time, as shown in Figure 41. When X
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exceeds 1 mm, the rotor and stator would collide. This collision was not included in the

model, therefore, 3 Fx and X, continued to increase with time. No angular motion (B=0=0)

occurred, since the angular and translational motion were decoupled for this case.

F}{ Total wersus Time

F, Total ()

0 i
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}{G versus Time
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0 0.005 0.m 0.015
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Figure 41: Total X force and X COM Displacement versus Time for an Initial Translation
The other two subsystems describe the rotational motion of the rotor. Figure 42
includes a snapshot of the summation of moments about the x-axis subsystem (the moments
about the y-axis subsystem is very similar and is in Appendix G). The SB and DB moment
equations and the gyroscopic moment term are the inputs to the x moments subsystem.

Equation (8.13) is used to determine 3, denoted as beta in Figure 42, and is represented by the

‘Sum of Moments_X’ subsystem block.
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Figure 42: Summation of Moments about the X-Axis for the FES System Modeled in Simulink

The same constraints from case #1 were used to ensure the summation of moment

subsystems were correct. For case #2, the sensor measurements were defined as: x, =x, =1
mmandy, =0.9 mmand y, = 1.1 mm and were introduced into the model at a time of t = 0's,

which resulted in B; = 1.25*107 and «; = 0. For this case, the rotor assembly rotated in the
CCW direction about the center of gravity, which caused [ to increase until collision occurred
between the rotor and stator. The rotor continued to rotate in the CCW direction since the
moments produced by the SB and DB were both in the CCW direction.

Additional cases were simulated to verify the dynamic model. The last case included
rotation (o # 0), and thus, the translation and angular motions were not decoupled. The
remainder of the constraints and sensor measurements from case #2 applied to case #3. As
expected, B initially increased in the CCW direction, and due to cross-coupling,—a increased
in the CW direction. Since there was no active control, the rotor assembly continued to

oscillate and is shown in Figure 43.



108

w107 EBeta vs. Time

i i I I i i
a 0.1 02 03 04 05 0B 07 08 0% 1
Time (seconds)

w107 Alpha ws. Time

Alpha (deq)

i ] 1 ]
a a.1 02 03 04 05 0B 07 0gs 09 1
Time (seconds)

Figure 43: Alpha and Beta versus Time for a Rotating Rotor with Initial Rotor Tilt

8.4.1.1 Stationary to Rotational Transformation

There was one more function that was included in the open-loop dynamic model. Due
to the non-cylindrical DB rotor, the stationary sensor displacements were transformed into the
bearing displacements located underneath the four rotor poles, which are necessary for the
magnetic force equations. A rotational sensor will need to be purchased in the future to detect

the DB rotor’s pole locations, and sensor recommendations are found in [11]. Using the

relationship between the rotor’s angular velocity and angle (w = % ), the angle of the

rotating rotor, which is the angle between the stationary fixed axes and rotating axes, was

determined and used in the open-loop model.



109
The rotor angle (0;) is the angular distance between the stationary sensor x- and y-
axes (XDB_S and yDB_S) and the rotating DB x- and y- axes (XDB_R and yDB_R). The DB’s
stationary axes are aligned axially with the SB axes; where the sensors are located. The
following transformation converts the DB displacements at the sensor locations to the DB
displacements underneath the rotor’s poles:

[XDB_R] _ [COS (6;) sin(6,) [XDB_S] (8.26)

YpBRrl ~ [—sin(0,) cos (0,)] LYpB_s

The displacements (x and y,, ) are multiplied by the DB stiffness, k;, to

DB R
determine DB x and y magnetic forces present between the rotating rotor’s poles and stator.
The forces between the rotating rotor’s poles and stator are then transformed, using the
inverse transformation matrix from equation (8.26), to the magnetic forces present between
the rotor and stator at the stationary axes. These stationary magnetic bearing forces are the
inputs for the rotor’s four governing equations of motion. The rotating to stationary

transformation is shown in Figure 44.
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Figure 44: Stationary to Rotational Transformation for the Rotating Rotor Assembly

An additional case was simulated using the constraints from case #3 (where ® = 188.5

rad/s), but the sensor measurements were defined as: x, =x,=1mmandy, =y, =12 mm.

As done in case #3, both bearings were identically modeled using the SB parameters to make

the simulation easier to analyze. The DB displacements (x

DB_R

and y,, ) under the rotating

rotor’s poles were plotted versus the rotational angle for one period, as shown in Figure 45.

Since the bearing displacements varied with the rotor’s angle, the DB rotating forces were

also a function of the rotor’s angle.
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Figure 45: X and Y DB Rotating Displacements versus Theta for a Rotating Rotor

The rotating forces were then transformed into the forces at the stationary axes using
the inverse transformation matrix from equation (8.26). Since the DB is symmetric, k; was
taken out of the matrix multiplication operation, and resulted in the identity matrix. The total
stationary y forces for the DB and SB are shown in Figure 46 and are identical. Therefore, the
rotational to stationary transformation was not a necessary step for the current version of the
dynamic model equations.

While the stationary to rotating transformation was included in Appendix G, this was
not included in the closed-loop model. The transformation will be needed in the future when
the complete controller model is completed, as discussed in [10]. While the PID controller
models were completed, the electrical coil models were not completed and will require these

transformations.
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Figure 46: Stationary DB and SB Forces versus Time with Equal Bearing Parameters

8.4.2  Closed-Loop Dynamic Model with Active Control

PID controllers were implemented locally for each bearing and the bearing axes were
controlled separately, which is known as decentralized control [7]. While this control scheme
is simpler to design, it does not allow for communication between the bearing controllers.
Therefore, the angular and translational displacements of the rotor cannot be calculated, since
these displacements require the sensor displacements for both bearings. Decentralized control
neglects that the sensors and bearings are non-collocated (i.e. their axes differ by an axial
distance) [7]. The closed- and open- loop dynamic models in this thesis assume that the sensor
measurements can be communicated between the two bearing’s controllers. In the future, this
assumption will need to be revisited before simultaneous bearing control is implemented.

The bearing controllers use the sensor measurements and determine the necessary

command current to control the rotor’s position. The PID controller transmits the command to
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an amplifier, which transforms the signal into the actual coil currents. The dynamics of the
sensors and amplifiers were not included in this thesis. The PID controller actively provides
stiffness and damping to compensate for the negative bearing stiffness and maintain system
stability [7]. A PID controller contains three feedback terms: a proportional feedback control
parameter (P), a differential feedback control parameter (D), and an integrator feedback
control parameter (1). These parameters are selected to provide the desired controller stiffness
and damping to the closed-loop system.

The closed-loop dynamic model actively controls the position of the rotor with the
PID controllers. The small command currents are inputs for the dynamic model equations of

motion. The inputs to the PID controllers are the sensor displacements (x,, X,, y,, andy, ),

and the outputs are the command currents, which provide x and y restoring forces (Aix sg,

Aiy sg, Aix ps, and Aiy pg). The PID controllers for the SB and DB are shown in Figure 47,
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Figure 47: PID Controllers (sensor displacements - inputs and control currents - outputs)
The closed-loop dynamic model is the last model in Appendix G. The closed-loop
Simulink® model was simulated for various cases to ensure that the controllers were
maintaining the desired rotor’s position. For one of these cases, the sensor measurements were

defined as: x, =0.8 mmand x, =1.2mmandy, =y, = 1.1 mm, and were introduced into the

model at a time of t = 9 ms. The model was unconstrained, where the bearings were modeled
with different k; and ks values and o = 188.5 rad/s. For this case, the PID controllers returned
the rotor to its ideal position, where the tilt angles and center of mass displacements were
returned to zero, as shown in Figures 48 and 49. The PID controllers used in the closed-loop
dynamic model were also used to control the bearings in the actual hardware setup and are

included in [10].
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Figure 50 includes a flow chart of the radial dynamic model and displays the steps
taken in the closed-loop dynamic model. The PID controller steps could be eliminated from

the flow chart and this revised flow chart would represent the open-loop dynamic model.

¥
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Figure 50: Closed-loop Rotor Dynamic Model Flow Chart for the Simulink Model
8.5 Axial Dynamic Model Components

Since the radial and axial dynamics were decoupled, the previous sections were
dedicated to deriving the radial dynamic model. The axial dynamics are simpler and are

modeled as though the rotor assembly is a simple point mass. The only axial forces are due to
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gravity and levitation, where the total levitation force could be approximated using the
average levitation height. The individual HTS are not homogenous and provide different
vertical levitation forces. Therefore, the levitation force approximation should be revisited in
the future.

Experiments are currently being conducted at the Ul to determine the average
levitation height, which is needed to model the vertical levitation force. The UI’s rotor
assembly has been successfully levitated, but future experimentation is required to completely
characterize the levitation forces. The following equation was included in the axial dynamic

model for a levitation height of 5 mm:

2026 -z
x @ 47

= k
Fziev = 21 101.97

(8.27)
where Fz ¢y [N] is the vertical levitation force and z [mm] is the average levitation height.
After experimentation is completed, a new levitation height should be incorporated into the

axial dynamic model.
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Chapter 9. Summary, Conclusions, and Recommendations

9.1 Summary

This thesis presented the derivations and equations for designing the machine
component of the FES system. An iterative design process was used to optimize the FRRM
design by varying the number of poles, g- versus d- axis coils, and other physical machine
dimensions. A given set of operating conditions, such as the desired speed and output power,
were used as inputs for the machine design. Using these conditions and additional design
constraints, various design options were explored for a static machine model, until the
maximum efficiency was achieved. An expression was developed for the power losses to
evaluate the impact the number of poles and airgap had on the conduction losses. The final
machine design provided the dimensions for the rotor and stator, operating d- and g- axis
currents, and the winding layout for the stator coils.

In addition to deriving equations for the FRRM design, a rigid rotor dynamic model
was developed and simulated in Matlab’s Simulink® environment. The radial equations of
motion for the dynamic model were linearized to simplify the model and reduce computation
time. There were four primary equations of motion that were linearized to describe the
angular and translation motion of the rotor. An open-loop dynamic model was created in
Simulink® to predict the rotor’s behavior to disturbances. The open-loop dynamic model was
then combined with PID controllers to close the loop. A closed-loop dynamic model was also
created by combining the open-loop dynamic model with control to actively maintain the
rotor’s position.

To develop the rotor dynamic model, the electromagnetic bearing force expressions

were derived for the SB and DB. These electromagnetic forces were intrinsically nonlinear
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due to the squared relationship with the coil current and airgap. The nonlinear bearing forces
were approximated with linearized bearing force equations, which required finding the
force/current and force/displacement bearing relationships around an equilibrium operating
point. For the linearized force expressions to remain valid, the changes in currents and airgap
displacements were kept in close proximity to the operating point. The magnetic bearing force
expressions were derived using an equivalent MCM approach for the SB and the MWA for
the DB, both of which neglected the MMF drops across the iron. These force equations were
used in the rotor dynamic model, and this dynamic model serves as a tool for designing the
rotational controller algorithm in the future.

9.2  Conclusions

This thesis presented an iterative machine design process used to design and construct
the FRRM. In addition, a rotor dynamic model was developed and modeled in Simulink®.
Several conclusions were reached in this thesis and are outlined below:

e The final FRRM design parameters were selected to optimize the efficiency of the
machine by reducing power losses. It was found that the power losses decreased as
the number of poles decreased. While the two pole machine option resulted in the
highest efficiency, a four pole option was needed such that the x and y forces could be
decoupled for simplifying the controller design. The iterative design process was a
successful approach used for determining the final number of poles. Since the FRRM
will be used for controlling the rotor’s position, the machine was designed to
maximize the d-axis magnetic force capabilities. To maximize the output bearing
forces, the airgap length was reduced to a minimum length that could be physically

machined. Six coils per pole were selected for the final design, since this amount
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reduced power losses and allowed adequate space for winding the stator. The MMF
drops in iron were found to be negligible in comparison to the MMF airgap terms, and
were neglected in the MCM equations.

A linear instead of a nonlinear model was selected for the rotor dynamic model. The
equations of motion were linearized to describe the angular and translational motion
of the rotor. Linearization is widely used in industry to simplify rotor dynamic
analysis, and was therefore used for the UI’s dynamic model [7]. A number of
assumptions were necessary for developing a linearized model that correctly
described the dynamic behavior of the rotor [20]. Various constrained cases were
simulated, and verified that linearization was an appropriate assumption for the UI’s
rotor dynamic model. For example, both bearings were modeled the same, with equal
lever arms, and rotation was enabled. Tilt was introduced into the system and resulted
in the angles a and B continually oscillating for the open-loop model. This case
showed that the tilting motion is a function of the rotational speed, and that these
angles are coupled due to the gyroscopic moment terms as discussed in [7]. In the
future, these cases can be used to verify results implemented in hardware.

The small angle approximation used for the static and dynamic models were
determined to be valid assumptions. A maximum rotor tilt angle of 0.152 degrees was
calculated for worst case tilt scenario. This angle was small enough that the small
angle approximations, such as sin(x) = x, hold. This is an important conclusion since
it is an assumption necessary for characterizing Euler’s angles, o and B, as inclinations

about the rotor’s stationary x and y axes.
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The rigid body model of the rotor was developed in Simulink® and simulated with the
proposed PID controllers for both bearings. Simulink® was a useful tool for
combining various models, such as the rotor dynamic model with the controllers,
since these models were all interrelated and designed by different students. The PID
controllers successfully returned an assortment of translational and angular
displacements to zero for low-speed rotation. The PID controller gains were selected
based on the linear force/current and force/displacement relationships derived in this
thesis.
The SB was shown to be controllable using the PID gains, which were determined
using the linear bearing force relationships derived in this thesis. Step functions were
used to introduce disturbances in the actual hardware setup and the results can be
found in the work completed by Kisling in [10]. The PID controllers successfully
returned the rotor to the equilibrium position since saturation and rotor and stator
collision were avoided. Successfully controlling the rotor’s position with a linear
control scheme verified that a linear versus nonlinear force model was sufficient, as
long as the airgap displacements and command currents were in close proximity to the
operating point.
To develop the linear bearing force relationships, the bearing electromagnetic force
expressions were derived as part of this thesis. The MWA and MCM approach were
used to model the static bearing forces. These approaches were shown to be valid by
comparing the force/current relationships for both bearings with the results from the
FEMM program. The maximum error between the two methods was 20% due to iron

saturation in the DB’s stator teeth. The MWA and MCM approach neglected the
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MMF drops in the iron and were valid approaches as long as severe saturation was

avoided.

9.3 Recommendations for Future Work

Before moving to a high-speed FES system design, work still needs to be completed
on the low-speed FES system proof-of-concept. Due to project time constraints, the majority
of the work presented in this thesis is theoretical and needs to be experimentally validated. In
addition, the dynamic model for the low-speed FES system could be further improved. The
sections below are divided into recommendations for the low- versus high- speed systems.
9.3.1 Low-Speed FES System Proof-of-Concept Recommendations

To complete the rotor dynamic model for low-speeds, the levitation forces need to be
experimentally characterized and incorporated into the radial and axial models. Although the
rotor assembly has been successfully levitated, there has not been a way to measure the
vertical levitation and radial restoring forces. In addition, the radial dynamic model does not
include rotor unbalances due to not having the rotor mechanically balanced. In the future, the
rotor should be mechanically balanced but, even then, unbalances will still exist and should be
modeled as discussed in [16].

Since the rotor assembly was not levitated and rotated with active control, the dynamic
model could not be compared to experimental results. Therefore, tests should be conducted in
the future to experimentally verify the force/current and force/displacement bearing
relationships. Step responses could be used in the hardware setup to introduce disturbances
and the system response could be compared with the closed-loop model responses simulated
in Simulink®. Recommendations were made in [7] and [16] on how to conduct the

force/current and force/displacement experiments.
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In addition, the iron MMF drops could be included in the bearing force models for the
SB and DB if the bias currents are adjusted. Including the effects of iron saturation will
improve the accuracy of the bearing force models. If the iron is saturated, the MWA would
not be a valid way to model the DB. If any changes are made to the bearings’ operating
points, a FEA program should be used to validate the static force models before these are
included in the dynamic model.

Since the DB d- and g- axis currents were lowered after the FRRM was already
designed and built, the desired operating conditions for the FRRM are no longer valid. These
operating conditions, such as the desired output power and speed, were optimized for the
initial d- and g- axis currents. These were reduced to prevent saturation for active control, and
will lead to de-rating the machine. These new operating conditions were not determined in
this thesis, but should be reevaluated and determined before the FRRM is rotated. Since the
FRRM serves as a proof-of-concept, de-rating the machine is acceptable and it can still be
used to rotate and actively control the rotor’s position.

The dynamic model is a tool that should be used to design the speed controller
algorithm for the low-speed FES system. As mentioned above, the rotor unbalances should be
incorporated in the rigid rotor’s equations of motion. The effects of the rotor unbalances can
be determined by modeling these unbalances. Rotor unbalances can excite the rotor and lead
to a state of resonance. Therefore, these unbalances should be modeled and understood. In
addition, the behavior of the rotor at high speeds can be predicted by analyzing the behavior
of the eigenvalues as a function of the angular velocity. By doing this analysis, the nutation
and precession frequencies can be distinguished, which vary with the speed of the rotor [7].

The current model can be used to predict the critical speeds of the rotor and the system
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resonant frequencies, but a more advanced model would be needed to determine the body-
harmonic frequencies of the rotor itself. A more advanced model will be important for the
high-speed FES system.

9.3.2 High-Speed FES System Recommendations

When the high-speed FES system is designed, a parallel/conical decomposition control
methodology will be used. Therefore, the PID controllers will control the rotor’s center of
mass displacements and tilt angles as discussed in [7] and [16], instead of the sensor
coordinates. For the high-speed FES system, the rigid rotor dynamic model could be
improved by moving to a flexible rotor model. A flexible rotor model would allow the user to
predict the vibrational frequencies of the rotor, since the rigid body model assumes no
deformations and does not allow one to predict the vibrational frequencies of the free-free
spinning body.

The FRRM will need to be adapted to the lunar environment and adjusted for higher
rotational speeds. The future design will not have an integrated machine and flywheel design.
The flywheel should be made out of carbon fiber, or a similar material, to increase the
potential energy stored. The selected machine should have a high efficiency and the ability to
be degaussed. A FEA program should be used to verify the static machine design before it is
constructed to avoid any design errors. If the FRRM is selected for the machine, the machine
design calculations in Chapter 5 can be used to some extent to design the machine, but with

caution, since the assumptions made may not be valid.



125

References

[1] F. A. Bhuiyan and A. Yazdani, “Energy storage technologies for grid-connected and off-
grid power system applications,” in 2012 IEEE Electrical Power and Energy Conference
(EPEC), 2012, pp. 303-310.

[2] M. Strasik, P. E. Johnson, A. C. Day, J. Mittleider, M. D. Higgins, J. Edwards, J. R.
Schindler, K. E. McCrary, C. R. Mclver, D. Carlson, J. F. Gonder, and J. R. Hull,
“Design, Fabrication, and Test of a 5-kWh/100-kW Flywheel Energy Storage Utilizing a
High-Temperature Superconducting Bearing,” IEEE Trans. Appl. Supercond., vol. 17, no.
2, pp. 2133-2137, Jun. 2007.

[3] J. G. Bitterly, “Flywheel technology past, present, and 21st Century projections,” in
Energy Conversion Engineering Conference, 1997. IECEC-97., Proceedings of the 32nd
Intersociety, 1997, vol. 4, pp. 2312-2315 vol 4.

[4] H. B. Bjorn Bolund, “Flywheel energy and power storage systems,” Renew. Sustain.
Energy Rev., no. 2, pp. 235-258, 2007.

[5] G. Roe, “Boeing Flywheel Energy Storage Technology.” 2012.

[6] S.J. Chapman, Electric machinery fundamentals. New York, NY: McGraw-Hill Higher
Education, 2005.

[7] G. Schweitzer, H. Bleuler, E. H. Maslen, M. Cole, P. Keogh, R. Larsonneur, E. Maslen,
R. Nordmann, Y. Okada, G. Schweitzer, and A. Traxler, Magnetic Bearings: Theory,
Design, and Application to Rotating Machinery. Springer, 20009.

[8] R. Yang, Time-resolved Magnetic Flux and AC-current Distributions in Superconducting
Yttrium Barium Copper Oxide Thin Films and Multifilaments. ProQuest, 2008.

[9] A. C. Day, J. R. Hull, M. Strasik, P. E. Johnson, K. E. McCrary, J. Edwards, J. A.
Mittleider, J. R. Schindler, R. A. Hawkins, and M. L. Yoder, “Temperature and frequency
effects in a high-performance superconducting bearing,” IEEE Trans. Appl. Supercond.,
vol. 13, no. 2, pp. 2179-2184, Jun. 2003.

[10] B. Kisling, “Active Magnetic Bearing Control for an Experimental Flywheel Energy
Storage System,” University of Idaho, 2014.

[11] K. Ramus, “Power Electronic Components and Hardware for an Experimental

Flywheel Energy Storage System,” University of Idaho, 2014.



126

[12] 1. M. Higginson, Force Density and Radial Stiffness Development for Low Idle Loss
Machine Topologies. University of Idaho, May 14, 2011.

[13] J. D. Law, Modeling of Field Regulated Reluctance Machines. University of
Wisconsin--Madison, 1991.

[14] J.D. Law, A. Chertok, and T. A. Lipo, “Design and performance of field regulated
reluctance machine,” IEEE Trans. Ind. Appl., vol. 30, no. 5, pp. 1185-1192, 1994.

[15] J.D.Law, T.J. Busch, and T. A. Lipo, “Magnetic circuit modelling of the field
regulated reluctance machine. Part I: model development,” IEEE Trans. Energy Convers.,
vol. 11, no. 1, pp. 49-55, Mar. 1996.

[16] P.E. Kascak, “Fully Levitated Rotor Magnetically Suspended by Two Pole-Pair
Separated Conical Motors,” Case Western Reserve University, 2010.

[17] T. A. Lipo, Analysis of synchronous machines. Boca Raton, FL: CRC Press, 2012.

[18] N. A. Al-Nuaim and H. A. Toliyat, “A novel method for modeling dynamic air-gap
eccentricity in synchronous machines based on modified winding function theory,” IEEE
Trans. Energy Convers., vol. 13, no. 2, pp. 156-162, 1998.

[19] J. F. Gieras, Advancements in electric machines. [New York]: Springer, 2008.

[20] G. Genta, Dynamics of Rotating Systems. Springer, 2007.

[21]  “List of moments of inertia,” Wikipedia, the free encyclopedia. 09-Mar-2014.

[22] H. Akbari, H. Meshgin-Kelk, and J. Milimonfared, “Extension of winding function
theory for radial and axial nonuniform air gap in salient pole synchronous machines,”
Prog. Electromagn. Res., vol. 114, pp. 407-428, 2011.

[23] D. Meeker, Finite Element Method Magnetics. 2011.

[24] J. M. Vance, F. Y. Zeidan, and B. Murphy, Machinery Vibration and Rotordynamics,
1 edition. Wiley, 2010.

[25] J. M. Vance, Rotordynamics of turbomachinery. New York: Wiley, 1988.

[26] K. R. Symon, Mechanics. Reading, Mass.: Addison-Wesley Pub. Co., 1971.



127

Appendix A: Field Regulated Reluctance Machine Design Calculations



Last Date Modified: January 23, 2012. Title: Field Regulated Reluctance Machine Design Calculations.
Authors: Juliet Petersen and Bridget Wimer. Page Count: 13

|. Define the Situation
Field Regulated Reluctance Machine, FRRM
Determine number of poles to optimize efficiency NP:=2.4.10

A. Desired Flux Densities
Bd_ Airgap = 0.33-T Direct axis airgap flux density
B d_Chevron = 0.66T Direct axis chevron flux density
B d Tooth == 1.00T Direct axis stator tooth flux density
B. Geometry
Poles := 4 Number of magnetic pole
Airgap == l-mm Airgap distance between the stator and rotor Airgap = 0.039-in
D _Inner_Rotor := 13.5.cm Inner Diameter of the rotor D _Inner_Rotor = 5.315-in

128

Stacking Factor:= 096  Fraction of the length of iron length to the actual length of the machine

C. Windings
Fill_Factor := 0.40 Fraction of the cross-sectional area of copper to the slot area
My a1 = 6 Number of coils per pole
my = 2 Number of g-axis/armature coils per pole

Mg 1= Mygra) — My Number of d-axis/field coils per pole

Il. Desired Operating Conditions
kN

Force Density := 1.5-— Circumferential force per airgap area
m2

Power := 400 W Power converted from electrical to mechanical operating as a motor
Voltage := 12-V Quadrature axis voltage per coil

rad
Wy = 188.5.— Rotor angular frequency

SeC

Ill. Solution
A. Frequency Calculations
Speed = w, Speed = 1800.0-rpm

Poles

rad
wel Poles) = 377-—

w_ (Poles) = w_ -
el ; i sec



wel Poles)
fc( Poles) :=
LT
B. Geometry Calculations

1) Determining Diameters and Radii
D _Outer_ Stator := D _Inner_Rotor — 2- Airgap

D Inner Rotor
2

R_Inner_Rotor =

D _Outer_Stator

-
—

R_Outer Stator :=

2) Determining Lengths, Arcs, and Pitches:

fo(Poles) = 60.001-Hz

D_Outer_Stator = 5.236-in

R_Inner_Rotor = 2.657-in

R_Outer Stator = 2.618in

Note: Arcs are defined as angles, and pitches are defined as lengths

Power-Stacking Factor

Effective_Length ;=

Convert length from Effective to Real:

Effective Length

Length := -
Stacking_Factor

Pole_Arc(Poles) := 2%
Poles

Pole Pitch(Poles) := Pole_Arc(Poles)-R_Outer Stator

Effective Length

Aspect Ratio{ Poles) =
et Sati ) Pole_Pitch(Poles)

(2-1:- R_Outcr_StatorZ- Wiy Fon:c_Dcnsil_v)

Effective_Length = 1.924-in

Length = 2.004:in

Pole_Arc(Poles) = 90-deg

Pole_Pitch(Poles) = 4.113-in

Aspect_Ratio( Poles) = 0.468

3) Determining Pitch, Widths and Depths of Slots, Teeth, and Slot Openings

a. Slot: The slot pitch is the distance from the edge of one tooth to the edge of the next, it

includes one tooth and one opening.
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2-m-R_Outer Stator

Slot_Pitch(Poles) := Slot_Pitch(Poles) = 0.685-in
Poles-my .
Slot_Afo(Poles) i= B Slot_ Arc(Poles) = 15-deg
( Poles-mmwl) .
Slot_Cord(Poles) := 2-R_Outer_Stator-sin(im——Ar2c(Elﬁ')-) Slot_Cord(Poles) = 0.683-in

b. Tooth: Set tooth width to a portion of the slot width... optimize for maximum efficiency

m_  Pole Pitch(Poles) B, 4:
Tooth_Width(Poles) i= ——. d_Airgap

Miotal 2By Tooth

Tooth_Width(Poles) = 0.226-in

c. Slot Opening: The slot opening is the area between the stator teeth.
Slot_Opening Width_Top(Poles) := Slot_Cord(Poles) — Tooth Width(Poles)

Slot_Opening_Width_Top(Poles) = 0.457-in

D Outer Stator

Slot_Depth := ~1.35in Slot Depth = 1.268:in

4) Determining Slot Area

Slot Cord Bottom(Poles) := 2-(R_Outer_Stator ~ Slot_Depth )-sin(w)

2
Slot_Cord_Bottom(Poles) = 0.352-in

Slot_Opening_Bottom(Poles) := Slot_Cord_Bottom(Poles) ~ Tooth_ Width(Poles)
Slot_Opening_Bottom(Poles) = 0.126-in
(Slot_Opming_Widlh_Top( Poles) ...
+ Slot_Opening_Bottom(Poles)
2

ing_Area(Poles) = 0.37-in’

Slot_Opening_Area( Poles) ;= Slot_Depth-

130



131

5) Determining Chevron Parameters:

Pole arc and pole pitch in the direct axis is defined as the area under the direct axis of the
machine or magnetic pole. The fraction of the arc and pitch under the magnetic pole of the
machine is equal to the ratio of quadrature axis coils to the total number of coils. This is due to
the fact that the flux induced in the direct axis of the machine is due to the coils in the inner pole
region, the direct axis colls. The coils under the pole of the machine or in the outer pole region,
are the quadrature axis colls. The physical placement of the direct axis coils are off 90 degrees
electrical from the direct axis magnetic pole. The same is true for the quadrature axis.

Rotor Chevron Arcs
m
Pole_Arcy(Poles) := 4 pole_Are(Poles) Pole_Arc(Poles) = 30-deg
Motal
m
Polc_Arcq( Poles) = 2 -Pole_Arc(Poles) Pole_Arcq(Polgi) = 60-deg
Miotal
m
Pole_Pitchy(Poles) := ——Pole_Pitch(Poles) Pole_Pitch y(Poles) = 1.371-in
Meotal '
m
Pole_Pitch qf Poles) := Pole_Pitch(Poles) Pole_Pitcl_lq(l’oles) =2.742in
Miotal » :

Polc_Pi'chd( Poles)
Chevron Width( Poles) := Chevron_Width(Poles) = 0.685:in

2

Area_Poley(Poles) := Pole_Pitch 4(Poles)-Effective_Length Area_Poley(Poles) 82.638’»&:2
Calculate the cross-sectional areas of the q axis flux paths:

Area_Poley(Poles)
4

Atea_Pole(Poles) = 0,659 in*

Area_l’olcq(' Poles) =

C. Determine Quadrature Axis Current:

Power
| .(Poles) = ——m  — 1 (Poles) = 4.167A -3
4 Vollagc-mq-Polcs q mWb:= 10 Wb

D. Determining Direct Axis Flux:
‘l’d(l’olcs) = Area_Polcd(PolcsrBd_ Airgap @d( Poles) = 0.562:mWb
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B 4(NP)

E. Determining MMFs:

Permeability Free Space: Po =1257x 10 s
m

1) Determining MMF due to Air gap:

Bd_All‘gﬂp = 0.33 T

B -
H_Airgap = —d Airgap H_Airgap, = 262.606-&
(T m

by( Poles) := Slot_Opening_Width_Top(Poles)

bo( Poles) b(Poles) |
DEN term(Poles) := bo( Poles)-a — | - Airgap-ig | + | —
2-Airgap 2-Airgap

Slot_Pitch{ Poles)
[SIol_Pitch(Polcs) - (-Z—J-DEN_mm( Polcs)] Carter_Factor( Poles) = 1.869
™

Carter_Factor( Poles) :=

MMF Airgap_d( Poles) := Carter_Factor( Poles)-2-Airgap-H_Airgapy MMFAirgap_d( Poles) = 0.982-kA
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2) Determining Total MMF in the direct axis:

Note: The MMF drops across the iron (stator back iron, stator teeth, and rotor chevrons) is
negligible compared to the airgap because we are not saturating the iron and have a relatively
large airgap.

MMFro) g(Poles) = MMF pjpu00 g(Poles) MMFEo g(Poles) = 0.982:kA

F. Calculate number of turns and quadrature axis flux:
1) Calculate the quadrature axis flux

“Write Voltage and MMF equations in terms of number of tums
*Set equations equal to each other and solve using a given-find block

N(«bd + P )-w Poles mg-Ng-l
. i — T iy
—C. SRS k
(mq + md)
B oL g moduAIED
1T 128
qArgap Airgep.q q_Airgap o
e ¢ 2 e RS
Initial Guess for the g axis flux: PWb:= 10 Wb ‘l)quucss = 60 pWhb

Given

mgy
Voltage:| ————2-7
(mq + md)

[(g(Poles) + @y yyacs)wiyPoles]

. -2 d’q_gucss
lq( Poles)omq Ama_Polcq( Poles)-

=0

+2 Carter_Factor( Poles)- Airgap]

¢ _(Poles) = Find(«ﬁ

q ‘bq(Poles) = 33.384-uWb

q. guess)

2) Calculate the number of tumns:



m
Vollagc-li—g—'}ﬂJ

(mq + md)
N,(Poles) := Ny(Poles) = 56.021
[(#g(Poles) + @ (Poles))-wp,-Poles]
3) Determining Field Current;
MMF (Poles)
14(Poles) = — o I4(Poles) = 4.381-A
[Ny(Poles)-(mg]]
4) Calculate Q-Axis MMF's
<I>q(Polcs)
B : Poles) = B : Poles) =0.078T
q_Anrgap( oles) Arca_Poleq(Polcs) q__Alrgap( o
B : (Poles)
.. 9 Airgap - kA
H'L Airgap( Poles) = o Hq_ Airgap(P"'cs) = 62.44‘:

MMF irgap gtPoles) := Hy Ajrgap(Poles)-2-Carter_Factor(Poles)- Airgap

MMFpqq) g(Poles) := MMF o0 o(Poles)
G. Copper Losses

Calculate Fill Factor p:=2.1-10" *-0:m

Area_wire := 2 N'(Polm)(.0403in)2-§ = 0.143in"

1) Calculation of Current Densities:

m

S _Current_q(Poles) := 3 -Iq( POICS)2
otal

md )

S_Current_d(Poles) := - ld( Poles)”
Miotal

S_Current(Poles) := S_Current_q(Poles) + S_Current_d(Poles)

MMF pjpoqn o(Poles) =233.421 A

MMFrq) o(Poles) =233.421 A

Actual Fill Factor based on
selected AWG parameters and #
of tums.

Area_wire

g!u Fagtor:

S Current_q(Poles) = 5.787A>

S_Current_d(Poles) = 12.795 A"

S_Current(Poles) = 18.582 A2
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RMS_Current(Poles) := /S_Current( Poles) RMS Current(Poles) =4.311 A

MA = 10%.A

N,(Poles)-RMS_Current( Poles) MA
Current_Density(Poles) := ——— = Current_Density( Poles) = 2.619.——
Fill_Factor-Slot_Opening_Area( Poles) m2

Nt( Poles)-Poles- Myl RMS Current(Poles)

Surface_Current_Density(Poles) :=
(m-D_Outer_Stator)

kA
Surface_Current_Density(Poles) = 13.871-—
m

2) Calculation of Power Losses:

Length Wire Slot := 2-Length Length Wire_Slot = 4.009-in

Length_Wire_End(Poles) := 2~(§-Polc_l’itch( Poles) + 0.025-m) Length_Wire_End(Poles) = 14.888-in

The 0.025 m is because we would cut the insulation on the wire if we bent it right at the end of
the machine. Not a function of the length of the machine.

4
Ny(Poles)”p-Length_Wire_Slot
" Slot_Opening_Area(Poles)-Fill_Factor

Resistance_Slot(Poles) : Resistance_Slot(Poles) = 0.073.Q

2
Ny(Poles)™-p-Length_Wire_End(Poles)
Slot Opening Area( Poles):Fill Factor

Resistance End(Poles) Resistance End(Poles) = 0.27-02

Resistance_Total(Poles) := Resistance Slot(Poles) + Resistance End(Poles)

Poles

Resistance Total(Poles)-S_Current(Poles)- = 12751 W Resistance_Total(Poles) = 0.343Q2

End Winding Power Losses

Power Loss_End_d(Poles) := my ..\ Poles-Resistance_End(Poles)-S_Current_d(Poles)
Power Loss End_d(Poles) = 83.007 W

Power_Loss_End_q(Poles) := my .., Poles-Resistance_End(Poles)-S_Current_g(Poles)
Power Loss End q(Poles) = 37.542W

Power Loss End(Poles) := My ey Poles-S_Current( Poles)-Resistance End(Poles)

Power Loss_End(Poles) = 120,549 W
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Slot Winding Power Losses

Power_Loss_Slot_d(Poles) := my .- Poles-Resistance_Slot(Poles)-S_Current_d(Poles)
Power Loss Slot_d(Poles) = 22351 W

Power_Loss_Slot_q(Poles) := my .. -Poles-Resistance_Slot(Poles)-S_Current_g( Poles)
Power_Loss_Slot_g(Poles) = 10.109 W

Power_Loss_Slot(Poles) := my .- Poles-S_Current(Poles)-Resistance_Slot(Poles)

Power_Loss_Slot( Poles) = 32.46 W

Direct and Quadrature Axis Losses
Power_Loss_d(Poles) := m...-Resistance_Total(Poles)-S_Current_d(Poles)-Poles

Power Loss_d(Poles) = 105358 W

Power _Loss_g(Poles) := my .. \-Resistance_Total(Poles)-S_Current_g(Poles)-Poles
Power Loss_qiPoles) = 47.651 W
Total Losses

Power Loss Total(Poles) := Power Loss d(Poles) + Power Loss q(Poles)

Power Loss_Total(Poles) = 153.009 W

n(Poles) := Rower n(2) = 74.819-% “(4]._.72_33395
Power + Power Loss Total(Poles) .
n(6) = 68.101:% Ny(4) = 56,021

Calculate Maximum Wire Diameter

l

L]

Wire_Diameter( Poles) = 1.024-mm

4 . S Fill B
WireDiameter(Poles) = (_‘ Slot_Opening_Area( Poles) Flll_bactorJ

1 2 Nt(l’oles)

Rh'lddle_ Rotor -~ 3.75in ~ CherOﬂ_Widlh( POICS) RMiddle"Rmor = 3.065in

RTooth Bottom = R_Outer_Stator — Slot_Depth RTooth Bottom = 1.35:in
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Power Losses versus the Number of Poles
300, T T T

Power _Loss_End_d(NP)
2001
Power Loss Slot d(NP)
Power Loss End q(NP)
!;;“'er_Loss_Slol_q( NP)
&00

Power_Loss_Total(NP) 100

*e e




Number of Turns

3N 7N 7N
40 ]
N((NP)
0 1 1
2 4 6 8 10
NP
Currents

10 T

I4(NP)

T T 10

Part E: Verify Dimensions

d’q( Poles) = 33.384-uWh

‘I)d( Poles)

— = ]6.823
'bq(Polcs)

P 4(Poles) = 561.616-uWb

Would like as high of a saliency ratio as possible

138



14(Poles)

— | 05]
Iq(Poles)

Where are the MMF drops?

MMFTOtal_d(P oles)

139

Optimal design has ratio about equal to 1

MMFTOtal_q( PO]QS)

MMF pjrgap g(Poles) =233.421 A

MMFroq) o(Poles) =233.421 A

4.206
MMFiroap dfPoles) = 981.707 A

MMFTOH!] d( Poles) =981.707 A

Values below should equal total MMF in the d and g-axis

=233421 A

Mg
Nt( Poles)-lq( Poles)u?

B (Poles) = 3.338 % 107 Wb

N'( Poles)-ld( Poles)-md =9081.707 A

® 4(Poles) = 5.616x 107 Wb

Reluctance in the d- and g-axis calculated using two different methods:

2-Carter_Factor( Poles)- Airgap
(T Arca_Polcq( Poles)

Reluctance_q(Poles) :

2-Carter_Facton{ Poles)-Air&
Arca“Polcd( Poles)

2

Reluctance d(Poles) :

Ho

Mg
N‘( Poles)- lq( Poles)-—

—6992x 10° L
B (Poles) H

Reluctance _g(Poles) = 6.992 x 1061H

Reluctance_d(Poles) = 3.496 x 106—:;

Nl( Poles)- Id( Poles)‘md

—3.496x 108+
H

( ‘bd(Polcs)J
2
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Carter_Factor{ WP}
P

MNP
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Appendix B: Rotor Assembly Moment of Inertia Calculations
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Last Date Modified: March 31st, 2014, Title: Rotor Assembly MOI Calculations. Authors: Bridget
Wimer and Brent Kisling. Page Count: 14

Part 1: Center of Mass (COM) equations for the rotor assembly components:
Definitions:

1) Fill Material Density (four non-magnetic materials were explored initially):

Py = ML:""‘ ABS Plastic
in
04191bm
P = = Acrylic
in”
Pe = .OSI:bm Nylon
in
26lbm
P = Steel
mn
. .284Ibm  Density of the Laminations (M36, 26GA Steel
Plam ™= =3 Density) - matches the material used in CATIA.

in
2) Define the inner and outer radius of each section (these were already set):

fmid DB = 3.065in 1o, pp = 3.75in finner DB= 2.65Tin 1010 ppg = 138in
finner_mag_plate = 267310 Fouer mag_plate = 410
Tinner_top_plate *= 2-657in Touter_top_plate == 4in

The stabilizing bearing and fill section radii were assumed to be the following to match the DB design:
Finner SB " Tinner DB Touter SB ™ Touter DB Tinner_fill °* finner DB outer_fill ** Touter DB

3) Heights of the top and bottom plates (the other heights will be varied and therefore the equations
will be functions of these heights)

hMug plate 1.5in b p plate lin  Top plate height based on sensors.

Step 1: Calculate the areas of each component of the rotor assembly:

2

2 oo
AMag plate == Tr'('ouu:r_mag_plulo: “Tinoer_mag_plate ) AMag plate = 27.785:in

b | a9 2
ATop plate = "'('lnntcr_ top plate  ~ finner top_plate ) ATop plate = 28.087:in

2 2 ey ¢
Agil = "'(’oulcr__lill ~ Tinner fill ) AFi = 22in
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The SB area calculation currently assumes it will be a solid ring.

ASB lams = "'(roulcr_882 3 rinncrﬁSBz) ASB lams = 2in®

The DB area calculation takes into account the saliency:

ADB_outer = “'(rouler_DBz = I'mid_DBz) ADB_outer = 14.666-in”
ADB.hole = ®hole DB ADB hole = 006-in”
ADB_salicncy = "‘(rmid_DBz - 'inncr_DBz)‘% ADB_saliency = 2.445-in2
ADB_lams = ADB_outer * ADB_saliency ~ 4“ADB_hole ADB_jams = 16871in”

(1/3) Explanation: Due to the saliency on the DB rotor, the pole face area needed to be
taken into account and they encompass 4*30deg / 360deq of the circle perimeter.

Step 2: Calculate the masses of each section:
Governing Equations:
Where m; is the mass of each individual piece and x; is the center of mass

N
M™Y. (M%) o eachinaviual piece.

i=1

m; = Volume:p Volume = Area Height
M\Mag plate = Pst AMag_plate ™Mag_plate M\fag plate = 10-836-Tbm
MTop_plate = Pst ATop_plate MTop_plate Mop plate = 7-303-Tbm

mpp(Lengthpp) := Lengthpg ApR Jams PLam

mgp(Lengthgp) = Lengthgp-ASR fams PLam
mgin(BEin: PFiln) = Brilr AR PFil

m’l'o(al(l‘c"g'hDB'l'mg‘hSB'hFill'pFill) = ("‘Mag late * ™Top_plate * mDB(l"’“g‘hDB) ]
+mgp( Lengthgp) + mpin(hg;y. Pgin)

Step 3: Calculate the Center of Mass location of each section:

Define the center of mass heights of each object using the bottom of the mag plate as the reference
point:
NOTE: This height assumes that the magnets that will be placed in the holes in the magnetic plate

have a similar density to the material of the magnetic plate. This is not the case so these
calculations will not match up perfectly with the CATIA results.

h
_ _Mag plate R ¥
?Mag_plate = ZMag_plate = 0750 ENAGIDIR@SII AT output - difference.



LCﬂglhDB
zpp(Lengthpp) = Byag plate * ———

hes
Fill
zgill(Lengthpg. hiyg) = Byfag plare + Lengthpg + —=

LcngthSB
zgp(Lengthpg, Lengthg g hgjj)) = hagag plate + Lengthpg + by + 3
b
Top_plate
Zop plate{ Lengthpg. Lengthgg. hgip) = bygao pigre + Lengthgp + by + Lengthppg + ——

MMag |a:e"Ma$_p1ate + mpp(Lengthp) zpg(Lengthpyg) ..

+ mpi( by i) Zpin Lengthpg. by ) -
M rop plate “Top _plate( Lengthpg. Lc“gthSBJ‘Fill)

zem Lengthpg, Lengthg . by Ppiy) =
a M oal( Lengthpg. Lengthg g by, o)

Tolal_rotor“hcigh((LcngthDB.LcngthSB‘hFi") = hFI" + hTopJ)Iatc + LcngthDB + LCTIgthB
*hMag plate
Step 4: Calculate the MOI Ratio:

Governing equations:

Parallel Axis Theorem (where r is the perpendicular distance between the axis of rotation and
the axis that would pass through the center of mass). This was only needed for the x-axis.

L=1com* m-r2 References:
http:/fen.wikipedia.orgfwiki/List_of moments_of_ineria
{under thick-walled cylindrical tube) for the I_z and |_x
calculations where mass = (density*area*height) and

| 3 2 2 1 y 4 4
I, = E'V'Am'hc’@"(’ilanu + Touter ) o 7'"“"h°'3h"("outer ~ Tinner )

I y 2 2 o il
L= E'P'Am-thSh“[}(rinncr * Touter ) + height ] y=h

-

1 2 2
! E"’st'AMag plate "Mag _plate'('ouler_mag  plate * finner mag plate )

7 mag_plate *

2
1 = 125461 Ibm-in”

z_mag_plate

! 2 2
17 top plate * '5'psl'ATop plate M Top _plate'(roulel;lop_plme * Tinner_top_plate )

144



145

o
ll_lnp  plate = 84.198-1bm-in

I 2 2
I, sp(Lengthgp) := 3'PsrASB_Jams'lﬂ"g‘hss'(’omcr_sa + Tinner SB )

I 2 2
L, n(PFin-bEin) = ;'PFiu‘AFiu'th'(’ou«cr_ml * Tinner_fill )

dhOIC*COG = 2.927In

I 4 4
L, pp(Lengthpp) = 3'Psr“'Le“E‘th'('ouucr_DB ~ 'mid_DB )
! - 2 2
+{‘Psr“’"L°"g‘hDB"holc DB * TPy LengthpgThoie DB dhole _coc)

Lengtip y
"Pgp T Lengthpp| fnig DB ~ Yinner DB

I, _rotor Iolal(LenE(hDB'L'e"thB BEj pFl") =1, “mag_plate I top_plate * 1 SB(LenbmSB)
+1, gulerin-bei) + L, pelLengthpp)

MOI through the local center of mass (Parallel Axis Theorem will be applied at the end):
2

1 2 2
* Tinner_mag_plate ) + hnfag _plalc]

Iy mag plate = E'pst'AMag _plalc'hMag_plalc":3(roulcr_maululc

1

2 2
I\ top_plate = E'psx'ATop  plate’ ' Top _plale'[3('outer top_plate T Tinner_top_plate ) +brop _plate]

[ 2 2 3

L an(Prin:bFin) = l—z"pFill'AFilI'hFiIl'[:’('outcrnﬁll *+ Tinner fill ) + hFill]

- o )
x_sB(Lengthgg) = T3 PstASB tams Lengthsp| 3 fouter SB + Tinner SB J *+ Lengthsp

. 2
Ix mag plate = 64.762-lbm-in Iy top_plate = 42.707-Ibm-in

This equation was derived the from the CATIA model and a relationship between the number of
larulmuusmdmeixwasddmmdaallmwmaslopeof .519. Therefore, this will need to be
Wﬁﬁnmbﬂdhﬂnaﬂomamemmdmmmm&adj\med This route
proved to be valid and was also used to determine |z

2 2
Iy pg:= 519494lbm-in™108 1, pg = 56.105-lbm:in"
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Need to define distances from the centroid of the rotor to the centroid of the each section in order to
apply the parallel axis theorem. The centroids of each section were already found above.

dpag oMl Lengthpg, Lengthg b rin) = |2Mag plate — Zom(Lengthpg. Lengthgg. higiy. iy )|

dpp_cm(Lengthpg. Lengthgg. iy pipg) = |zpg(Lengthpyg) — Zon(Lengthp. Lengthgg. hgiy. iy )|
dgj om(Lengthpg, Lengthgg hgiyy. pgip) = |2y Lengthpg. hgjy ) -~ zen(Lengthpg. Lengthg . by piiy |

ZSB( LcngthDB. Lcﬂg‘hsa. hFl")
+-zo\( Lengthpyp. Lengthg . hiejyy. iy )

dsp oMl Lengthpg, Lengthgp. by ppjy) =

ZTop_platel Lengthpp, Lengthgg by ..
+=zom|Lengthpg, Lengthgg, higjy. Py

drop_om{Lengthpp, Lengthgp. hijyy. i) =

Y(Lengthpy. Lengthgp heipn Pgitl) = i mag plate * Ix top plate * x sp(Lengthgg) ...
g fnlPrin-Prin) + 'x pB -

+dMag~CM(Le“g‘hDB’Le“g‘hSB'hFiII*pFiIl)z'mMag_platc

+ dDB_CM(Lc"g‘hDB' Lengthgp. hgip "Fill)z'mDB(l"’“g'hDB)
+dgiy om(Lengthpg: Lengthgg b pgin) min(bi o) -
+dSB_CM(L°“g‘hDB'Lc“g‘hSB~hFill‘pFiII)z’mSB(Lc"g'hSB)

2
+d1op oMl Lengthpp. Lengthgg. by Prin)) Mrop plate
I _rotor total(Lengthpg. Lengthgp. by pripy) == Y(Lengthpg. Lengthg. hejyy. Py

12 rotor_totallengthpg, Lengthsg. higy. P
Iy rotor total( Lengthpg. Lengthgg. by, Py

MOI_Ru(io{LcnglhDB, Lengthgg, b p'_—m) =

Note: MOI should not be within .9-1.1
and the further away from 1 the better.
*Design Feature®

Part 2: SB and DB force and moment calculations.



Given Parameters:
Spacer (fill material) dimensions:

0.822in Based on the SB design.

Wywinding triangular = -

hFill»min o Wwinding_.triangular +2in hFill__l'nin =2.822:in
added approx. 0.5 in to ensure adequate spacing between both bearings

hgi = ht:m min + -428in llpm =3.25:in

)
PFill = 0'051;_3' Density for nylon fill material - final design decision based on cost.

DB additional dimensions:
NiurnsDB = 33
Machine (drive bearing) length:
Lengthpp = 2in Decision made based on initial machine design.

Parameters to vary to adjust COM:
Lenglhsaw 0.75in SB Height was varied.

Adjust the bearing currents to change the bearing
forces and correct for the worse case tilt scenario.

lSB_bIIS = 2.6A lDB__bias = 1L.75A AISB = 1.35A A'IDB = .651A
DB _left = 'DB_bias * AlpB =2401A  Ipg right = 'DB_bias = Alpp = 1.099A
ISB_left = SB_bias ~ Als = 1234 Ig right = ISB_bias * Algp = 395A

Asec = 0.00011n Used to find the total force for both bearings when tilt occurs. (vertical height)
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Worse Case Rotor Tilt (Static Case):

1mm
Lol _megrt
Rotor
Assembly Stator
(Side View) Assembly

By
Min_Separation_bottom := | mm
rotor_height_overlapping stator := Lengthpp + Lengthgy + hgy

rotor_height_overlapping stator 3in
2

6S = Smm

b

6, := asin =0.376-deg

rotor_height_overlapping stator
2

~

COM Location and MOI Calculation Check:

zom{ Lengthpp. Lengthgg, by Py ) = 3.955-in

MOI_Rwo“ 1o Lengthpyp, Lengthep b, pring) = 0.768

—— - .pm_Pﬁn) . Avoid MOI Ratio between .9 - 1.1.

Lengthpp pelow = ZoM(Lengthpp. Lengthgg. b PEill) = Dvag plate

LcngthDB below = 2.455-in

Total_rmor_hcight( l,cl'lglhDB, ngﬂ!SB. hFl") = 8.5in
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Cy = [check COM € 1 if Bty piate < Zom(Lengthpp. Lengthgy. hiiy. i) < (Lengthpg + Pagag plate)
check COM ¢ -1 if zCM(LenglhDB.LengthB.hFi".pFi“) > (LenglhDB - thg_plnlc)
check COM ¢ 2 if zCM(LcngthDB.LcngthB.hFi".pml) <byag plate
check COM

Check_COM_Location := C

Check_COM_Location = —1 If this is equal to -1, then the COM is located in the
spacer region of the rotor, as desired.
Bearing force equations
Bpe gqr = 16T Based on BH Curve for the selected lamination matenial.

arc_pole_face ;= 1,383in Ag(Asec) = are_pole_face-Asec 0):=259deg  Nynesp = 183
Wpole = 407in APolcl"u.ccSB(l‘SB_imn) v wpolc'LSB_imn

Step 1: Determine the magnetic forces based on the flux density from the D8 (for all 16 coils
energized) and SB.

4192 NyyensDB DBX
2airgap_section

B pp{airgap_section, Ing, ) =

X | 2
Fpgl Bfe section-Asec) = m‘Acs( chc)'(Bfe_seclion)

o NumsSBISB_current
airgap_section

ch_s},{aitgnp _section, lSB_cuntm) -

1 2
FSB(Brc,,seClion'Am) = :&‘APolanceSB(Am)‘(ch‘su:(ion)

2

4'2P0‘NmmsDB"DBx)
2airgap

FDB_cIneck('mm' Lengthpp. | ,75;\) = 166.196 N Matches calculations done later on in the project.

. . 1
FDB_check(®ir8ap. Lengthng qection IpBx) = m Acs(Lengthp section )[

; ; -
FSB_ check(2ingap, Lengthgp . bsp cyrrent) = E'APolcFaccSB( L““g'hss)'[

"
"'O‘NtumsSB"SB_currch
airgap

FSB~CMk(lm, Lcngthsa.z.ﬁA) = 56.025N Matches calculations done later on in the project.



Step 2: Determine the moments for the DB and SB based on COM location of the rotor assembly.
Drive bearing right side (located below COM):
k=1

LcngthDB 4 i
_A_— =2x 10 Number of iterations over the height of the bearing
SeC

NOTE: X = 0 at the bottom of the DB for the DB programming loops.

FOICCDBR
Momentpypp | = while k<n
airgup_lcngth X« X + Asec

Min_Separation_bottom
2

airgap_section «— (X - T')-Ian(el) +

Bfe section € ch-DB(airgap_section. Il)B_righl)

Bee section © Bre sat 11 Bfe section > BFe sat

Foreepp pelow € Fonl Bfe section* Asec)

Force_Sumpp pelow ¢ Force_Sumpp pejow + FOrepp pefow

Moment_Sumpp pelow < Moment_Sumpi pelow

Asec
+Forcepp pelow| 4n8thpR below = (X -3

Kek+1

Force_Sumpp pejow'™

Moment_Sumpp pelow

airgap_section-N

| A
F""“DB_bclow_n‘ ght = ForchBR--; Need to convert to make units work.

Airgap Final Value := airgap_,lenglh.é

FONQDB below l'ighl =157307N
Momentpypg = 6.487-N-m

Airgap_Final Value = 0.833.mm  Final airgap is less than 1mm since the DB height is
below the total rotor height/2.

)
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Asec Min_Separation_bottom Initial Airgap at the bottom of the right
( > )“a“(et) * 5 =05mm  gide of the DB.

Lengthpg pelow
2

CheckwhenQmzens: LeverAmmpp el = LeverAmpy pefow = 1:227-in
FDB_check(!mm.Lengthpg petows DB _bias) LEVErAMpR pejow = 6.359-N-m

Drive bearing left side:

Length
o= ﬂ- =2x l04 Number of
Ascc iterations
FOTCCDBL
Momentpyp = |while k<n

X « X + Asec

airgap_section < Min_Separation_bottom ...
, Min_Separation_bottom _ ( X Ascc}mn( 6)
2 2

Bfe section < Bfe pplairgap_section. Ing |eq)

airgap_length_left

Bfe section < BFe_sat if Bfe section > Bre sat
Foreepg pelow < FpB(Bfe_section» 35¢¢)
Force_Sumpp pelow < Force_Sumpp pojow + FOrCCpB pelow

Momenl_SumDB_bck)W « Moment_Sumpp polow =

Asec
+ F°"°°DB_bclm\;l:Lc“gthDB_bclow = (X ~ ]]

kek+ 1
Force_Sumpp pejoy ™

Moment_Sumpp pelow

airgap section'N

5 : peesegily
Foreepg pelow_left = Foreeppy - m  Need to convert to make units work out.

FOIWDB below lefi =17877N

MOﬂ)eﬂlDBL = 6.226N'm

|
airgap_final_value left := airgap_lcngth_lcﬂ-; airgap_final value left = 1.167-mm
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Min_Separation_bottom + Min Separdtion ot (AmJ-m(et) = 1.5-mm

2

Check: First iteration - correct airgap on the right hand side since at bottom it should be
at the maximum,

Asec

nglhDB_below - ( J = 24554n Max lever arm at bottom as well.

Check when 8, is zero:
FDB checkl !mm. Lengthpy pojow:IDB bias) LEVErAmpy pejgy, = 6.359-Nem

Stabilization Bearing (right side)
Dists above = PMag_plate + Lengthpp + hgyy + Lengthgp =7.5-in

Lever_arm_top_SB := Distgp ghove = zCM(LcngthDB.l.cngthSB.hFi".pFi") = 3,545-in

B T heee %19 NOTE: X = 0 at the top of the SB for the stabilization bearing loops.
ForccSBR
MomcmSBR = |while k<n

X ¢ X + Asec

airgap_section < Min_Separation_bottom ...
, Min_Separation_bottom _ (X B Asec}lan(e‘)
2 2

airgap length SB r

Bfe section < Bre sp{airgap_section.Igg ioh)
Bfe section < BFe_sat If Bfe section > BFe sat
Forcesp < Fsp(Bfe section:A%¢¢)

Force Sumgg « Force Sumgp + Forcegg
Momcnl_SumSB « Moment_Sumgp ...

- chcsBI:chcr_nnn_top_SB - (X - - )]

kek+1
Force_Sumgp'm

Moment_Sumgp

airgap section:N



|
F°'°°SB_righl g ForccSBR-;; Forc"SB_righl = 62.686N

MomemSBR =5.031':N'm

I
airgap_length_SB_Right = airgap_lcngth_SB_r-E airgap_length SB_Right = 1.375-mm

Initial airgap: Should be equal to 1.5mm since X = 0 at the top of the SB for this loop.

Min S tion bott As
Min_Scparation_bottom + e e -( “)-mn(et) =1.5mm

2

LengthSB
-T) =3.17-in

-

LeverArmgp := Lever arm_top _SB - [

FSB_chcck( Imm, Lengthgp. 'SB_bias)' LeverAmmgpg = 4.512:N'm

Stabilization Bearing (left side)

Forcegy.
Momentgg = |while k<n
airgap_length SB | X « X + Asec

Asec)'mn ( 91) 4 Mm_Separz:non_bottom

airgap_section < (X o
Bfe section € Bre_splairgap_section,Igp joq)

Bfe section € BFe sat if Bfe section > BFe sat
Forcegy « FSB(ch_scction*Asec)

Force_Sumgp « Force_Sumgp + Forcegp

Moment_Sumgg < Moment_Sumgpg ...
Asee

§ ForccSB-[Levcr_am_top_SB - (X =

kek+1
Force Sumgg-m

Moment_Sumgp

airgap_section-N

1
F°m°SB_lcﬁ = ForccSBL-;‘- FomSB_Icﬂ =41434N

)
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MomemSBL =3.366:N-m

airgap_length SB_Left == airgnp_lcnglh_SB_l-t—: airgap_length SB_Left = 0.625-mm

=0.5-mm Initial airgap, should be equal to .5mm

(Ascc) ( {0 ) o Min_Scparation_bottom
t
since X = 0 at top of SB.

2

FSB check(Imm. Lengthgg. Igp iqs) LeverAmmgg = 4.512-N-m

Step 3: Sum the SB and DB forces and moments to determine if the combination can correct for the
worst case tilt scenario.

Total Moment Summation

Positive Moment = CCW rotation and positive force points towards the right. Since everything
defined as positive will take into account signs below.

Moment_Sum := (Momentpyg; + MorncmSBR) - (Momcmsm_ - MomcmDBR)

Momentpp; = 6.226:N-m Momentgp; = 3.366:N-m

Momentpypp = 6.487-N-m Momentgpp = 5.031:N'm
Moment Sum = 1.404-N-m  Positive value corrects tilt for the given scenario.

Force_Sum := (Forcepp pejow left + Foreesp jeq) — (FOrcepp petow right + FOreesp right)

ForchB_belw_hﬂ = |78.77TN chSB_Ien =41 434N
FOI‘CEDB bclow ngm = I57307N Fomess-ngm = 62.686 N
FDB Sum = FOrpR below left ~ FOCDB_ below right FpB_Sum =21463N
Fsp sum = Forcegy jofy - F°‘WSB right FSB_Sum = -21.252N
Foros_Som =021 N Positive nlue moves mwrleﬁ.
Zero Force Dsslradu_: prevent tmslaﬂm

Results:

Moment_Sum = 1.404-N-m  MOI_Ratio(Lengthpyg. Lengthgg by, pry) = 0.768
ZCM(LcngIhDB, LengihSB.th.pﬁ") = 3.955:in

Mgl Lengthpp, Lengthgg. by, Py = 36.054-1b
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Checks:
Check_COM_Location = 1

If 1: COM within the middle of the drive bearing
If-1:  COM above the height of the drive bearing
if 2: COM below the drive bearing (within the magnetic plate)

0, = 0.376-deg Max Tilt Angle
BEill min = 2-822:in hfill exceeds this minimum.

CATIA Results for final design:

32
MOI_Ratio CATIA := i‘_’ﬁ_-ﬁﬁf“_“’;'_':_
509.28 Ib-in”

Close to results above. Results will vary since the heights/density of
the maternials from the sources online versus CATIA will differ,

MOI_Ratio_CATIA = 0.799 2cM CATIA = 3977in mass_total CATIA := 36.0891b
Final Bearing/Spacer Parameters:

hg;y = 3.25-in PRIl = 0.05!-% Nylon Fill Material selected for spacer.

mn
LcngthDB =2:in

LengthSB =0.75in

rinmf_SB =2.657n rou[el'_sB = 3.75in

Cinner fill = 2-657-in = 3.75:in

Touter_fill

'pB_bias = 1754 ISB_bias = 26A
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Appendix C: Modified Winding Approach Calculations
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Last Date Modified: March 19th, 2014, Title: Modified Winding Approach for the FRRM and
MCM Approach for the SB. Author: Bridget Wimer. Page Count: 21. References: See
references in Chapter 7 of my thesis - MWA Section.

ENE :'llli"l or the ield Reqg E‘i‘

Pole = 4 Coils 1= 24
Pole Pitch: angular distance between 2 poles. Pole_Pitch 1=

60dey

ale

Pole_Pitch = 90-deg

Coll Pitch: Coll is fully pitched if the stator coll stretches across the same angle as the pole pitch.
Coils

ole

Coil_Pitch = 6

Coil_Pitch =

Winding Explanation:

North and South Poles: At the south pole, the flux enters the rotor and leaves the stator and at the
north pole, the flux exits the rotor to the stator. This is valid for the inside-out configuration of the
FRRM.

The Inner pole region will all have the same polarity for both layers for the direct axis currents. The
pole region will have the same polarity as the previous d-axis colls.

There is 1 coil/pole/phase (there aren't multiple phases per pole). A dot denotes a negative polarity
and the current is coming out of the page, while an x denotes a positive polarity and the current is
going into the page. There are 6 phases.
Winding Function Theory Information (assumptions all in thesis main body):

0]

Modified Winding Approach to determine the X and Y Total
Forces for the FRRM:

Machine Definitions: Ni= 55 Number of Tums/Coil - Design Parameter (N=55)

360 R

—_—=15 Bi= ‘—2 3= 15deg =75deg Betais equal to the angle between

the center of two slots

Wiz

Determine MMF assuming that the rotor is stationary initially. Therefore, let 6=0 (6 is the rotor
position angle) and only have the functions below vary with a (vares from 0 to 2rr),

= 1885 1800 RPMs (FRRM Design Input)
sec
_ Pole
e 3
Pole

B =0y Ot = Wyt
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Winding Schematic for the Field Regulated Reluctance Machine (will be used for the
MWA and the coil numbers correspond with the numbering used below):

1) Find the Turns Function for each coil:

Instead of developing 24 tums functions, define the tums function for coil #1 and make it a
function of £ to find the remaining tums function by shifting the turns function for coil #1.

¢ = Tums_Function_Shift_Variable Note that coil #1 is located under a pole face and
will be operated as a quadrate axis coil. Keeping
the current polarity definition in the winding
function and operating it the way | originally had it.
Kevin and Brent agreed with this winding
schematic.
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“|(0-0 = |if { <1603

0 if05a<g+2-[3+(

N if;ﬁ+2'3+csa<g+8.ﬁ+q

0 ifg+8-ﬂ+c5(\<2‘1r

<

otherwise

0 ifOSo:<-?+(’,—|6B

N il‘?+q-l6{3$a<

-

w =

+ 204+ ¢
[

0 if-2-+2-[3+(_s(1<2-n'

Turns Function - Individual Coils

60,

!
i
n(a.-2.50) ;
ny(a.0-8) !
R o ===>=*

nl(a. I83)

-nyla, - 18) |

Tums Function (turns)

o

Angle (radians)

1 2-T
n].avg = ,— J nl(o,O)dn I‘Il-:wg = 1375
- 0
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Now, define the tums function for coils #2-24 using the shifting variable.

nsy(a) = ny(a, 1(3) ni(a) = nl(a,l[ﬂ nylo) == nl(a.Jm nsla) = nlm,-'m)

nglo) = nl(a.SB) nqla) = —n|(u.6{3) nglo) = -nl(cx.'/‘ﬁ) ngla) = —nl(a.SB)

]

—nl(a.llﬁ) n13(u).

nyple) == —n,(a,‘)B) nyle) = -ny(a, 1083) nysla):

npgled = nlo. 133) nysla) = nylo, 143) nygle) = n)(a, 1503) nyqla) = —n,(a, 16[3)

nygla) = —n,(u.l?B) njgla) = n](a.lxﬂ) nypl) = nyla, 1903) ny (@) = nl(a.ZOB)

nysla) = nl(u.‘llB) ny3(e) == —ny (0, -28) nyy(e) == -ny(a,~1B) ny(o:) = n,(a.—Z.Sﬂ)

n(a) = ny(e, 15.58) nx and ny were defined as tum functions symmetric about the x and y
axes for quick checks.

r« Note: A few of the coils will

e o o) da | g = 41251 0y 403 =41.25 have a larger average value. As

0 e -8 expected, this is three times
that of coil #1.

2) Define the Airgap Function (for a symmetric rotor with/without
eccentricity):

Step 1: Define the airgap function assuming no eccentricity:

Note: | will make approximations to make the geometery easier since the poles are curved at
the end. | will assume the corners of the poles are at right angles. Used the same reference as
the turns function of where a=0.

| have used the measured values instead of the design parameters to improve accuracy.

d -
mid_actual ; .
dmid_actual = |55.03mm === 3.052:in fmid = 3-052in
_ A dinncr_actual o : s DT
dinner_actual = 13492mm ————— =2.656in 1. = 2.656in

o

E3Pinnerpole = (Fmid — rinm:r) +Imm - gap;,emole = 11.058:mm  gapy,). == Imm



gyla) == £2Pinnerpole if 0<a<30deg
EPpole if 30deg < o < 60deg
#Pinnerpole if 60deg <« < 120deg
£3Ppole if 120deg < o< 150deg
#2Pinnerpole if 150deg < a < 210deg
8P pole if 210deg < o < 240deg
23Pinnerpole it 240deg < a < 300deg
£ pole if 300deg < o < 330deg

if 330deg < o < 360deg

EPinnerpole

Step 2: Include static eccentricities in the airgap function to include non-ideal cases in the radial
direction. Initially, | will use a quick approximation by adding a sinusodial function to the airgap
function to properly model that the airgap increases on one side of the machine and then decreases
180 degrees opposite of it.

This modified airgap function includes small deviations in the airgap for either the y or x
direction depending on what sinusodial function the Radial Shift is multiplied by. The angle § is
added to a to vary where the deviation is applied. So for example, if § = 45deg, this will either
apply the force directly in the x or y-axis.

Radial_Shift := Omm £ = 45deg

gap devio) = g (o) - Radial _Shiftsin{a + €)

To cause a shift in the y-direction, add a k*sin(a). The sin{a) will shift the rotor along the y-axis.
To cause a shift in the x-direction, add a k*cos(a). The cos{a) will shift the rotor along the x-axis.

Airgap Shifting Function

%1077
Lo
6.66667x 10
£
gt 4
5 3.33333x10
g Radial Shift-sin(c+€)
;‘;'o Radial_Shift-cos(a+£)
.E LR g
& - 3.33333x10
<
oL
— 6.66667x10" "
—Ix10° 3

O

Angle (radians)
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Airgap Function

0.012
0.01
g 810"
=
L=
£ g
= - 3
S — 610
(ol 2
o gap devio)
ﬂ _aean
k= 41077
<
2107
L)
o
Angle (radians)

gap dev(270deg) = 11.058-mm  gap dev(225deg) = I-mm
3) Calculate the Inverse Airgap Function:

-1 31 1
gl_in\""’ = gap_dev(a) glkin\" 30deg) = 1 = 10 ; g]_im,(ﬂdcg) = 90.429 —

m

Inverse Airgap Function

2.2410°

gyl

3
— 1 Ix10

(o)

2] inv

Inverse Airgap Function (1/m)

o

Angle (radians)



4) Find the average value of the inverse airgap function.
Route #1: Discretize the inverse airgap function to find the average value.
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D
Route #2: Take the integral of the inverse airgap function without discretizing to see if it will solve.

2.9
J g|_inyl@) do

0

! : I
] Bl b gy =A== Avginy.gen:= 303619 =

|
€] inv_avg T ;(

Average method used the airgap with no shifts. This shows how the average value changes
with a shiftinx ory.

5) Solve for the componenet of the modified winding function (for each coil).
This component is only a function of 8 and not a.

Route #1: Use integration to find the component of the Modified function:

2
M = —J e (ong (o, 0) do Should be unitless and simply a
1 8] I
ol = — T number as expected.
M = 13.75 ) avg = 13.75 Will match n_1_avg without eccentricities.

When there is no eccentnicity, the component of the modified winding function (Mcomp) will be
equal to the average of the turns function. Since there is no eccentricity for this problem, the
two match as expected. As stated in "A Novel Method for Modeling Dynamic Air-Gap
Eccentricity in Synchronous Machines Based on Modified Winding Function Theory"; "if the
rotor is eccentric, |.e. the air-gap is symmetrc, and the north and south poles of the
salient-pole machine are identical, then the inverse air-gap function has only even harmonics
including a dc value, Therefore, in cases where the air-gap is has only even hamonics, i.e.
non-eccentric rotor, the <M(a)> reduces to <n>" (158).

2.1
1
Meomp 2 =5 2] iny(@)nyla) da MW 2=1375
= 2L ny avg - 0 - -
| F2-T
Meomp 3=5 - £]_iny(@)n3(0) do Meomp 3 =13.75
“ Tl inv_avg /, -
| it
Mcomp 4=7 ST g1 iny(@)nglo) do MWHP..4 = 13,75
T TR v avg Y g
| r2w
Meomp s =5 £] jnyl@)ns(e) do Moomp s=1375
=Tl _inv_avg 7 —
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1 2.7
Moo 6% g mmngern HERRE)
6 1 6
SR TR inv_avg Jg % :
I P27
7 2] inyl@)rny
comp- 2781 inv_avg -
| r2-7
o= e nenon M
comp_8 28] inv avg Jo 1_iny 8
| 27
M | gy iy @ ng(e)da
s 2TB) iny_avg g i
| 2T
M I — (a)ny o) do
comp_10 g)_inv(@)n ol
- 2T8] inv avg Y0 -
\ 2T
Meomp 11 5| BLinv(®@1y(@)da
=T8l _inv_avg Yy
| 2T
Mo 12 e miormon Mg
12 g 12
comp 2.7 gl _inv_avg Jo _IIIV
| (2™
e LT
o= 2""3!_inv_avg Y0 =,
| 2
o rr [t s M
14 &1 _inv 14
= 278 inv_avg Jy =
N (2T
o5 [ e s Mg
15 81 inv 15
bt 278 inv_avg 4y -
1 (2T
R T
R 278 inv_avg Yo -~




21t
J B)_iny(@)nj7(c) dox
0

r2-m

g1 iny(@)ngla) do

<

2Tt

E] inyl@)ngla) dox

g1 inv{@)nzg(0) da

| T
e 278 inv_avg
T N
comp_18 2T 8] iny_avg -
M e ——
comp_19 =
R 28] inv avg -
M : _l
comp_20 7
e 2781 inv_avg -
M — —
comp 21~
v 278 jnv_avg -
o N I
Pl — S—
comp_22 28] inv avg
M : l
B L e —
¥ 278} inv_avg -
) 1
Mcomp 24 =

81 _iny(@)n(0) dax

=]

2.7
J g1_inv{@)n2a() dox
U]

(2T
g1 inv{@)na3(0) da

S

2T

2781 jnv avg -

B1_inv(@)mo4(c) dox

=

165
Momp 17 =—41273

Mcomp_ 18 =~4125

Mmlh]’_,w =4125

Mnunp_zi =4125

Meomp 22 =#1.273

wp 23 =—1375

Mcomp 24 = ~13.75

Results Explanation: There is a minor difference in M_comp17 and M_comp22 due to the tums
function calculation. They are both defined correctly and for some reason are off a decimal place
for the average value and this small error carries through. Otherwise, the rest of the M components

come out to the expected values.

Results with Eccentricities: When the Radial_Shift = .5mm and is multiplied by sin this results in
a shift in the y-direction with an increase in the airgap under the pole face located at a=45deg and

a decrease in the airgap under the pole face located at a=225deg.

Route #2: Discretize to find this component to see if the two routes match.

Bl
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M_Component

15
§ Mcump_l
— 7.8
g- Sum M Comp
o
=

(a3

Angle (radians)
6) Find the Modified Winding Function for each coil:

M(c, 0) = n(cx, 8) = M, 0(60) Modified Winding Function Equation #11 from SRC.
M) = np(@,0) = Mgy ) MRoute2(@) = n (e, 0) = Sum_M_Comp
Ma(a) = np() = Mygmp 2 M3(@) = n3(a) = Myymp 3

Mg(@) = ng(o) = Moo 4 Ms(@) = ngla) = Megmp §

Mgl = ng(e) = Mg 6 Ma(e) = ng(e) = Mogmp 7

Mgl = ng(a) = Meomn § Mg(a) i= ng(a) = Meomp 9

M pled = nyg(e) = Megmn 10 My led = ny () = Megmp 1

M 200 = nyp(e) = Mg 12 M 3() = npa(@) = Megmp 13

M gla) = nyg(e) = Meomp 14 M sle) = ny (@) = Moomp 15

Migled = nyale) = Megmn 16 M 7(a) = ny9(Q) = Megmp 17

M g() = nygle) = Megun 13 Mgl i= nyg(a) = Mooy 19

Mgl == nyple) = Mcomp__z() Ma ()= ng (@) = Moo 29

Maa(@) o= np(@) = Meomp 22 Mazle) i= naa(@) = Megmn 23

Mag(e) = nagle) = Meomp 24



Modified Winding Function

60

Pifearetete
|
|
|
|

I.....l.....ll.....l..l?

22z ezcesss

Modified Winding Function (turns)

- 6
o

Angle (radians)

7) Find the MMF for each coil:

ig:= 175A igi=0A Aixi=0A Aiyi=0A

Assuming this current for now, since we are developing a winding function for each individual coil,
we can still assume that the windings enclosed by the path carry the same current to made the
simplification from egn 2 in "A Novel Method for Modeling Dynamic Aig-Gap Eccentricity in
Synchomous Machines Based on Modified Winding Function Theory".

2T Einy_avg(.®)

2w
Fogla.0) = | n(a.0) - I gy (0, 0)n(a, 8) da |1 Equation #10 from
0

SRC.

Define the currents depending on whether they are operated as a quadrature or
direct axis coil:

Currents associated with the "X-Axis":

Fre = 14 4 Aix

4 Coils will be altered at the same

- - - amount together and the same
igi=ips ip7=1i

amount added to one side will be
subtracted from the 4 coils on the

opposing side.
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Currents associated with the "Y-Axis":

lo=iy=a lig=l iyl =l
Bi=iavRy la=h) Eh ek
Now, define the MMFs for each coil:

MMFl(u) = Ml(a)-il MMF.(Odcg) =1 MMF|(45dcg) =0

MMF| Route2(®) = MRouie2(@iy  MMF} goyea(0deg) =0

MMF;(a) i= My(a) iy
MMF (@) = My(a)-iy
MMFg(a) == Mgla)-ig
MMFg(a) := Mg(a)ig
MMF (@) i= M gla)ig
MMF|5(a) i= Ma(a)i
MMF | 4(00) = M 4(00)i 4
MMF | g() 1= M gla)igq
MMF g() i= M g(a)ig
MMFE; () i= Mygla)isg
MMF55() 1= Mys(a)ing

MMF24(0.) = M24(0)'124

MMFy(a) == My(a)-iy
MMFS(Q) = Ms(u)-is
MMF-’(O) = M7(u)-i7
MMFg(a) = Mg(a)-ig
MMF | (@) i= M (@)ig
MMF13(a) = Ml3(a)-i,3
MMF | 5() = M 5(@)-iy5
MMFI-,((!) = Mqla)ig
MMF | (@) := Mg(a)ijg
MMFy)(a) = M) {0d-15y

MMF23(Q, = M23(Q)I23
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MMF - Individual Coils

100
o : ’........-.
‘ : :
. .
. .
g ) H :
5 MMI'.((\) s E
T OMMFpq(a) o :
b} . .
° LA AL . :
U. -\'MI'.'"R“ulcz‘u) ‘.....................‘.......'..-.'.
b
b
-

~ 100
o

Angle (radians)
MMFT()W‘“’ - MMI-’l(m . MMF:(M 0 MMF3(u) + MMF () + MMl-‘ﬁ(m + MMFg (o) ...
+ MME(a) + MMEg(a) + MMFEgia) + MMF p(o) + MME | (a) + MMF|a(a) ..
+ MME | () -+ MMF (o) + MMF g0 + MMF) (@) + MMF | o{a) + MMF, g(o)
+ MMFN(Q) Il MMFZ.,((\) " MMFn(a) " MMFn(u) ' MMI-‘Z_‘(u) i MMI-‘u(u)

Total MMF
S0¢
:
*
<
; MMFpomi(@) o
F
[
- S
(2]
Angle (radians)

MMPFpy1(225deg) = ~385 A



8) Find the Field Intensity:

MMF = H g

Coil #1 Field Intensity & Flux Density (still wanted to show an individual coil):
m .

Find the total field intensity based on the MMF Total:

“Tmnl(") - MMFTomI‘")'gI —“wiu) ll'rm“l(lZSdcg) w385 % l()" i

m

Total Field Intensity

10"
E
<
A

g Mrow® 0
E
3
o
(+

- 5x10"

o
Angle (radians)

9) Find the Flux Density - Check to see if Gauss's Law holds for the results
found above.

1 n ol 6 H
Bds=0 I [ g Hie) rdl dex = 0 By = 1.257 x 107 -

S o Yo w
Gauss Law check for total MMF...not sure if this is valid or If needs to be done for each coil:

Boroatt@ o [ g Hpgan(00 iF Odeg < o0 <2
o - s Define the flux density over a range
B Hpggte + 2m) i a < Odeg of values since we know that it will
o Hpom(@ - 27) if az 2w repeat for the force calculations.
Ol ” e

8} Towl! 225deg) = 04347
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r2-m
Guass Law Checkl := J Ho Hppal () da Guass_Law Checkl =0T
0

Due to rounding errors, Gauss's Law doesn't result in zero exactly but this is close enough. Since
the integral simplifies down to only integrating field intensity, this is what | show above since the
remaining coefficients can be divided through.

Total Flux Density

0.6

SR ERRERRS 3P ANSEERNRY 31 1N

Flux Density (T)

- 0.6

Angle (radians)
10) Calculate the Forces produced by each coil:
D

Key Equations: Energy stored in the volume of the airgap equation. "The force
1 1 acting on the ferromagnetic body is generated by a change in
Wa® 'i"B.a'H_u"‘.’a - ;’Ba'ﬂ'a"*a's the field energy in the air gap, as a function of the body
displacement. For small displacements ds the magnetic flux
2 BaAa remains constant. When the airgap s increased by ds,
dWa - By Ay the Volume Va = sAa increases, and the energy Wa in the

Force "T 210 field increases by dWa” (77, Schweitzer)

For this model, the volume increases by 1sAa since there
are multiple point forces per each airgap path.

To find the force in the x-direction, | will take the derivative of each side of the main equation
above and then integrate to find the force. Assume that the x-axis reference point is 45
degrees offset of where a=0. This will allow the x and y-axis to be aligned with the
poles initially.
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2
4 Ry = L[M] Flo) =Fla)-cos{a)  F (o) = Fla)-sin(a)
dov dat Y

2o
~2-T
Bo™A
x5 (:‘ : o) a dA = rdl-do dA =rLeff'dx  r=Stator_Outer_Radius
0 " Since it doesn't vary axially.
Touter_stator = Tinner ~ 1MM  Toyter stator = 2-617In Legr = 1.96:in

Assuming that we are taking the surface S to be a cylindrical volume located just outside the stator
outer surface (for Gauss's Law).

Force Calculations - Coil #1 (expect both x and y forces due to coil location):
[

Total Resulting Forces:

r2m "
B ()™, L
Fy Totl(€) = - Total ;up:&slamr cff coalci+ €) da
“0
2T
2
- _ BTotal(®) Touter statorleff 4o Note: Thexandy total
y_Total(®) = = 240 -5 forces are multiplied by a
Jo negative to denote the
correct direction of the
| force vectors since the
. force vectors will always
(o) r, A6 be point from the rotor
F, ple)=- BTl O\t o Cfr-cos(o + €) do towards the stator in
N 219 terms of forces on the
-7 rotor.

ra

| e

2
Browal(® Touter stator Leff
1o

Fy N(€) =~ ccos(ox + €) da

Fx_P(45deg) =—-160428 N Fx_N{ 45deg) = 160,428 N



0

"
B (o)™, L
Fy ple) = - Tota outer_stator “eff odesse) i

2y

=k

(T

~
(a)™r, - -L
Fy (&) = BTotal outer_stator” -efl’ sinf +e) da

21

70

. g - 14
Fy p(d3deg) = 160428 N Fy \(45deg) =-160428 N Fy p(dSdeg) + Fy \(45deg) =2842% 107 N

| am finding the x and y forces at £ = 45 degrees so that they are aligned with the actual x and y
axes.

Fy pldSdeg) + Fy n(45deg) = 2842 107 N By iy (45dem) = 9.173x 107N

Fy p(d5deg) + Fy \(450eg) = 2892x 10 1IN By 1y (45deg) =973 % 10 °N

F, Toal(450¢g) _

_yTolb Y. (335deg) = 0,484

e Boqai(225deg) = -0484T

Brow(3150e) = 0484T By (45deg) = -0.484T Boqal(135deg) = 0.484T
Total Force Explanations:

When there are no eccentricities, the total forces in the x and y direction are approximately equal
to zero as expected. When eccentrities are added in the positive y-dreiction, there is a larger force
in the y direction versus the x direction.

Instead of using the other way to verify the forces, | can let 1g=0 (since the quadrature axis coils
will only be producing torque and not force) to do a quick check of the forces when eccentricities
are added into the picture. For no eccentrities, the total forces in the x and y direction are equal to
zero. For an eccentricity of ,1mm, The forces in the y direction = -738N (the gap is increasing in
the positive y direction and decreasing in the negative y direction) and the forces in the x direction
= ON.

For an eccentricity of -.1mm, the forces in the y direction = 738N (the gap is decreasing in the
postive y direction) and the forces in the x direction = ON.
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Stabilizing Bearing Force Calculations - MCM

Major Assumptions for Stabilizing Bearing:

1) Assume that the innerpole region airgap is very larger compared to the pole region airgaps so that
we can igonore the flux paths through here. Also, the leakage flux will be neglected.

2) The permeability of the irgon core compared to the air is infinite,

3) The magnetic circuit model can be used versus winding theory due to initially neglecting the
innerpole regions (the FEM analysis proved this assumption was valid).

Note that there will be four groups of two windings connected in series due to how the Stabilizing
Bearing is being operated to maximize the force.

Governing Equations (same as equations in AMB for 2 airgaps):
2pg Nl BAA
= F= ‘cos{ o)

2-5 1o

For a real radial bearing, the forces are directed in the middle of each coil pair and not along the flux
paths and therefore the forces of the magnetic poles will affect the rotor with an angle o. For the
stabilizing bearing with eight poles, g will equal

B

e 36.09deg i 891deg
2 2

a=225deg
Stabilizing Bearing Parameters (actual):

2 - 2
Ngg = 183 Igp = 2.0A £SB ideal = Imm Am‘Gap_SB = .407in-.76in AmGap_SB = 199.561-mm

Define the currents for the 8 coils (note that due to the series connection the following coil pairs
will have the same cument flowing through them: coils 586 - |_SB56, coils 7&8 - |_SB78, coils
1&2 - |_SB12, and coils 3&4 - |_SB34).

Aix SB:=0A Aiy SB:=0A

Currents associated with the "X-Axis":

Iggi2 = Igg + Aix_SB  Igpse = lgg — Aix_SB - -

Currents associated with the "Y-Axis™

Ideal Case - Force Calculations (negative signs so force vector points from rotor tator):
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)

[2Ngglspi2ky |
ST | A™Gap SB
| 2{esB ideal) i
FX_pDS_SB = p,o -cos(a)
> 2
2Ngp'lsgse Mo Areag
d yap SB
| 2{esB ideal) s
F‘x_nvr:g_SB = bo “cos(a)
FX sB*= Fx pos SB ~ Fx neg SB Fx sg=0N

3
INs'lsp78 Mo i
ST | Aragy, sB
2(25B ideal) s

Fy pos sB*= o cos(¢)
2
INgp-lsp34 Mo "
Sl | “ArGap sB
. | %(esB idgeal) il o)
y neg SB o b
Fy sB=Fy pos SB~Fy neg SB Fy sg=0N

Egp = 67.5deg Purely adding shift along SB x or y axes if § SB = 67.5 degrees.
. Can change to match the shift applied above for the DB.
€ =45-deg Radial Shift = 0-mm

25p(@) = |ggp ideal I 0 <o <360deg
0 otherwise
gap_dev SB(a) := ggp(o) — Radial_Shift cos(ox - ESB)

Airgap directly along the x and y axes:
gap _dev_SB(22.5deg) = 1-mm gap dev_SB(22.5deg + 180deg) = 1-mm

gap_dev_SB(22.5deg + 90deg) = I'mm gap_dev_SB(22.5deg + 270deg) = I-mm



Airgaps associated with the x and y axes:
gap_dev SB(360deg ~ 67 5deg) = 1'mm

Matches my expectations if the shift is placed
right along the x-axis. Decreases on the positive
x side and increases by the same amount on
wap_dev SB(360deg ~ 90deg) = 1-mm the negative x side. NOTE: £ SB = 67,5 deg to
be valid.

gap_dev SB(360deg ~ 45deg) = 1 mm

gap dev SB(135deg) = 1-mm

gap_dev SB(9eg) = 1'mm
gap dev SB(9Odeg + 22.5deg) = 1'mm

Define the 8 alrgaps assoclated with each pole (these are the airgaps used to calculate the forces):

81 = gap_dev_SB(315deg) 89 o= gap_dev_SB(270deg)
sy i= gap_dev_SB(225deg) 84 o= gap_dev_SB(180deg)
sg o= gap_dev_SB(135deg) S = gap_dev_SB(%0deg)
sq = gap_dev_SB(45deg) sg 1= gap_dev_SB(Odeg)

Alrgaps associated with the X direction:

s; = l-mm 89 = L'mm 85 = Lmm s = 1'mm
Alrgaps assoclated with the Y direction:

s7 = Lmm g = l'mm s4= Lmm §3= l'mm

Define the SB forces In terms of the eight airgaps:

X
INgg lsg12 Mo
| "MGap SB

y b| + !2
Fx_pos SB1 = ™ cos(@)
1N .l o B
“NspisBse Mo o
! ‘ 5 + 5¢ Gup SB
k)U)eg_SBI - ho ‘cos(a)

Fx sB1°= Fx pos SB1 = Fx neg SBI Fx sp1 =ON
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2
2Nsp-lsp7s g "
P “Gap_SB
Fy - pos SB1 = ! 3 CW(O')
= Hy
2N lsp34 M :
sy | ATGapss
Fy neg sBI = ™ 1c08(0)

Fy sB1= Fy pos SB1 ~ Fy neg SBI Fy sy =O0N
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Appendix D: Bearing Stiffness and Current/Force Graphs
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Delta X (mm) Total SB X Force (N)
-0.2 41.555
-0.175 35.766
-0.15 30.225
-0.125 24.888
-0.1 19.718
-0.075 14.678
-0.05 9.733
-0.025 4.851
0 0
0.025 -4.851
0.05 -9.733
0.075 -14.678
0.1 -19.718
0.125 -24.888
0.15 -30.225
0.175 -35.766
0.2 -41.555

SB Coils energized at SB Bias Current of 2.6 A; deviations around 1Imm nominal airgap.
Stiffness (X): -203.1 N/mm
-2.03E+05 N/m

Total X Force versus Delta X - Stabilizing Bearing

O

>0

; s e=@==Total SB X Force (N)
-0.3 -0.2 . . . 0.2 0.3

Total X Force(N)

Linear (Total SB X Force (N) )

y=-203.1x- 3E-16

CO.
oAV

Delta X (mm)
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ion??
DeltaIX (A) Force X (N)_MCN Force X (N)_FEA Saturation?? Bias Current = 2.6 A for all

SB Coils
1 -80.693 -80.255 1.18 - 1.23 in one pole pair

0.9 -72.624 -72.325 1.15-1.2 in one pole pair

0.8 -64.554

0.7 -56.485 -56.361 1.15 in one pole pair

0.6 -48.416

0.5 -40.347 -40.308 1.1 in one pole pair (still below)

0.4 -32.277

0.3 -24.208

0.2 -16.139 -16.138 No Major Saturation

0.1 -8.069 -8.068 No Major Saturation

0 0 0

-0.1 8.069 8.075 No Major Saturation

-0.2 16.139 16.144 No Major Saturation

-0.3 24.208

-0.4 32.277

-0.5 40.347 40.314 1.14 in one pole pair
-0.6 48.416
-0.7 56.485 56.368 1.1-1.16 in one pole pair mainly
-0.8 64.554
-0.9 72.624 72.333 1.14 - 1.2 in one pole pair

-1 80.693 80.263 1.14-1.2 in one pole pair

Total X Force versus Delta Ix - Stabilizing Bearing

100

~

B Current_Stiffness (X)

g _MWA: -80.693 N/A
x ==

K FX_MCM Current_Stiffness (X)

=] +

Eor T T 1 _FEMM: -80.385 N/A

15 -1 1 15 ——linear (FX_MCM)
—— Linear () Difference:
y=-80.693x+7E-16 (MWA-

FEMM)/
Percent Error: MWA

66

86

y=-80.385x+0.0032

106

Deltal_X (A)




Delta Y (mm) Total Y DB Force (N)

-0.2
-0.175
-0.15
-0.125
-0.1
-0.075
-0.05
-0.025
0
0.025
0.05
0.075
0.1
0.125
0.15
0.175

0.2
Stiffness (X):

135.199
117.015
99.36
80.438
65.311
48.738
32.377
16.154

0
-16.159
-32.387
-48.742
-65.316
-82.174
-99.393
-117.055
-135.244

-665.14 N/mm
-6.65E+05 N/m
16 DB coils energized at 1.75 A; deviations around nominal airgap of 1 mm.

Total DB Y Force versus Delta Y

1L0

1ToU

e=@==Total Y DB Force (N)

Total Y Force(N)

0.3

Linear (Total Y DB Force
(N))

150

y==665.14x-0.1105

1ToU

DeltaY (mm)
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Delta IX (A) Force X (N)_MWA |Force X (N)_FEMM Saturation??
0.7 -256.799 -198.849|Middle Tooth = 1.47T
(other teeth = 1.27)
0.65 -238.456
0.6 -220.112
0.55 -201.769
0.5 -183.426 -146.21|Middle Tooth = 1.44T
0.45 -165.083
0.4 -146.74
0.35 -128.397 -104.73|Middle Tooth = 1.4T
0.3 -110.054
0.25 -91.711
0.2 -73.369 -61.242|Middle Tooth =1.35T
0.15 -55.027
0.1 -36.684 -30.973
0.05 -18.342
0 0 0
-0.05 18.342
-0.1 36.684 30.973(Middle Tooth=1.3 T
-0.15 55.026
-0.2 73.367 61.242
-0.25 91.709
-0.3 110.05
-0.35 128.392 104.73
-0.4 146.733
-0.45 165.074
-0.5 183.415 146.21
-0.55 201.756
-0.6 220.096
-0.65 238.438
-0.7 256.778 198.838

Middle Tooth = 1.47T
(other teeth = 1.2T)

Total X Force(N)

Total X Force versus Delta Ix - Drive Bearing

361

==FX_MWA
wfl=FX_FEA

0.4 0.6 0.8

Linear (FX_MWA)

Linear (FX_FEA)

100 \\y- -289.64x- 0.001

y=-366.84x- 0,00:8\\

Delta I_X(A)

Current_Stiffness (X)
_MWA:

Current_Stiffness (X)
_FEMM:

Difference:

Percent Error:

Bias Current =1.75 A for all 16 Direct Axis Coils

Newtons
/Amps

-366.84 (N/A)

-289.64 N/A

(MWA-
FEMM)/
MWA
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DeltaY (mm)
-0.2
-0.175
-0.15
-0.125
-0.1
-0.075
-0.05
-0.025
0
0.025
0.05
0.075
0.1
0.125
0.15
0.175
0.2

Stiffness (Y):

Force DBY (N)
33.803
29.257
24.843

20.54
16.326
12.183

8.093

4.038

0
-4.039
-8.095
-12.186
-16.329
-20.544
-24.849
-29.264
-33.812

-166.5 N/mm
-1.67E+05 N/m
8 Y Axis DB coils energized at 1.75 A; deviations around nominal airgap of 1 mm.

ForceDB Y (N)

@=@==Force DB Y (N)

03 Linear (Force DB Y (N))

y=-166.5x-0.0021
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Appendix E: Magnetic Circuit Model — Drive Bearing Calculations



Last Date Modified: January 29th, 2014. Title: Magnetic Circuit Model Approach for Determining
the DB Stiffness for 8 Coils Energized, Author: Bridget Wimer. Page Count: 8

Stiffness Characterization (X OR Y) - ignore effects of iron:

&
Npg =33 Iy ppi= 1.75A Areidgan DB = 0017m™  airgap == mm

o
Neoils = 4 Arca(jﬂwaB = 17.cm

Assuming no rotation currently to characterize stiffness. Therefore, no q axis current. Look at the
8 direc! axis coils associated with a delta x first to find the stiffness in the x-direction,

Magnetic Circuit Model Approach:

Primary Equations:

[ Hdl = [ JdS Ampere's Law

[ BdS =0 Gauss's Law

Problem Explanation: The magnetic circuit will only include the 8 direct axis colls that will result in
a force in the X direction. Due to the right hand convention for the 4 pole machine, the flux will flow
from the North pole on the rotor to the South pole on the rotor. This will result in 4 flux paths.The
permeability of the iron is assumed to be infinite compared to the permeability of the air. Therefore,
the reluctances of the iron are neglected in the magnetic circuit and replaced with shorts, but the
reluctances of the airgaps are still taken into account.

Instead of looking at the magnetic circuit in terms the individual fluxes that flow through each of the 4
loops, | will analyze the circuit In terms of branch fluxes. Since the forces at the airgap are desired,
the branch flux will directly relate to these forces. Since the iron is neglected, branch fluxes can be
used since there are not unique paths defined for the flux flowing through the iron paths without iron
reluctances. Ampere's Law can be applied to the four loops.

Gauss's Law is needed for the fourth equation so that the problem can be solved and the matrix is no
longer singular. By taking into account both Ampere's and Gauss's law, this will directly relate to the
winding theory route as well. Below are the 4 equations (3 are based on Ampere's law and 1 is based
on Gauss's Law which was applied at the center node) and the magnetic circuit from which these
were derived:
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ivalent M ic Circuit Model for Is:

Ean#1: o R, + &R, = 4N
Eqn#2: o R, + &Ry, = 4N
Eqn#3: & Ry + b R, =4NI

Eqn #4: Oy + b = by, + by

Now put these into matrix form to solve for the unknowns, for the ideal case, all of the airgap
reluctances are equal and therefore all of the fluxes should be equal as shown below:

Ry e R Ry(Ox) = IR OR
o AreiGy, DB By AfiGy DR Increased Rd by delta x

and decreased Rb by delta
x 1o Include eccentricities
o R In the same direction as the
R e — Ry(Ax) im ——Etbt 28 winding theory route.
By Areacay DB By AreGyy DB
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(R, Ryaw 0+ o0t )
s Tb H o H
0~l Rb(AKD R, 1)-1
H B H
Reluctance( Ax) =
o+ ot R Ry(Ax)

H H ¢
L 2t 1 2

H H H H

f 7

1602x 107" <1.068x 107" s341x 10”7 025
-7 = -7
1 | sk 107 roesx107® saaix1077 025 .
Reluctance(Omm) = > : H Ensure that is Is
-5341% 1077 1.068x 10° % s341x 10”7 025 | solvable.

S341% 1077 —1.068% 107" 1.602% 107% -028

4Npgly_pe 185
4Npn-l 18§
MMF=| PBd.DB MME = (A

4Npply_pn
0

Flux(Ax) := Reluctance(Ax)~ " MME

Ideal Case Results:
a0t
a12x 10 :
Flux(Omm) =| wh As expected, when there are no eccentricities, all
-4 of the fluxes are equal to one another.. this satisfies
4.112% 10 Gauss's Law.
ann2x 0t

385

385
Reluctance(Omm)-Flux(Omm) = 38 A Check - this matches the MMF matrix above!

Eccentricities Case Results:
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For an eccentricity (only in the x-direction) of 0.01 mm, this should result in an increase in flux
through Rb and a decrease in flux through Rd. This matches the result (as shown below).

si2x 10 s ?
aax107? aasax 107t
Flux(Omm) = 4 Wh Fluxt.0lmm) = . Wh
4012x 107 A013% 10
anxio? ao0mx 10!

Now relate the fluxes to flux density so that the forces can be determined in the airgap for the
positive and negative x directions:

G=RBA

Flux(Ax)

Flux_Densityl Ax) =
AreagGun DB

Solve for the llux densities associated with each airgap:

Flux_l)emllymmm)" = 02427 Plux_l)cnni(y(t)mm)l = 0.2427T All should match without

any eccentricities,
Flux_Density( Omm)2 = 02427 Flux_Density(Omm) V= 0.2427T

: - ' . The flux densities
B N S associated with the
reluctances B and D will
e ~ vary (1 and 3) - as shown.
iy %!Mﬂ One should increase and

one should decrease,

Flux_Density( .(llmm)“ =0.2427T

Flux_Density(.01mm) ™ 0.242T
Force Equations:

' !
Wos 3B H V= 2B H A g

hl
-

By A,

Force = %gwu =B, H A, =
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X Force Calculations:

Datermine the forces for an eccentricity Ax; therefore the airgap increases on one side and

decreases on the opposing side, Assume colls are energlzed with the DB Blas Current of 1.75
A

(Flux Density(Ax), )-"\'""(}ap_l)li
21y

FX_Positivel A% =

(Flux_l)cnslly(Axl‘)z'A'”"(iup_l)ﬂ
21

FX_Ncguu‘\-c‘ Ax) 1=

Fx(Ax) = Fx pogitivel &%) - ':X_Ncnmi\-c‘ Ax)

Results for no eccentricities (the forces should sum 1o zero):

FX Positivel0mm) = ~39.581 N

FX_Negative! 0mm) = -39.58 1N

Px(()mm) =(ON
Results for eccentricities (no longer equal to zero, depending on Ax, will produce a positive or
negative force In the x-direction):

':x Positive! Olmm) = -40.38I N

FX_Negative! 01mm) = ~38.798N

Fx{.0tmm) = -1, 583N
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X Stiffness Calculations (ideal case without adding In other reluctances for non-ideal case):

The range for Ax can go from Omm to Tmm. At Omm, the distance between the stator and rotor Is
equal to the initial airgap (1mm) and at 1Tmm, this would result in a collision between the rotor and
stator and the force would then have a divide by zero resulting in errors and an equation that
cannot be solved. | will vary It from 0 to .2mm since after this point the controllers will not be able
to control the airgap cormectly.

DB Stiffness for 8 Energized Coils

It
T

Total Force versus Ax

Z - 10 for a constant current,

; Fy(Ax) Slope = Stiffness
@ - 20
- 30}
-
0 axi0? it sant 207!
Ax
Delta X (m)

Ax= 000hmm, 0.0 mm.. 2mm

X1 = Ax

Y1 new(X1) = Fy(X1)

Data for Excel:

190



Xl =

YI_new(Xl1) =

1'106

-0.158|N

1105

-1.583

1.9:10°5

-3.009

2.8'10°5

-4.437

3.7°10°5

-5.866

4.6'10°5

-7.298

5.5'10°5

-8.734

6.4'10°5

7.3'10°%

-10.174

-11.62

8.210°5

-13.07

9.1'10°5

-14.528

14104

1.09'104

-15.992

-17.464

1,18°104

-18.945

1.27°104

0

-20.436 Y _actual i=

[ ~0,158 )
~1,583
~3.000
~4,437
~5.866
~7.208
-8,734
~10.174
~11.62
~13.07
~14.528
~15.992 | N
~17.464
~18.945
~20.436
~21.936
~23.448
~24.971
~26.507
~28.056
~20.619
~31.198

| ~32.792 )

X_nctuul =

/ N
1% 10"

1% 10"

-3
19% 10

28% 1071

3% 10” "

46% 10"

ssx 10"

64x 1070

73% 10”*

82% 107 °

01x 10"

P07t

1910~

agx 10

127% 10”4

136 10”?

1ass0”?

1sax 10!
L63x10”?

p2x10”?

181x 107"

19x10° !

4

L1.99% 10

Plot the resulting forces versus Ax and determine the slope of the line below. This will
be equal to the stiffness associated with the electromagnetic forces In the x direction,

\

/
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LJ L] '
4o o
20 b
Fx(Al) -
o zu- =

‘T ' L 1

0 w0 wo? 1axo™ w07t
Ax

my o= slopetX_actual, Y _actual)

my = -1os2x 10" & Siiffness Resull (Negative as oxpocted)
m

Now solve for the slope at each point, then find the average stifiness and the standard deviation:
b= 0,121

Y_ncmllM - Y_munl‘
)(..uctunlM - X-nctuul’

llupe,_h‘ -
Avg_Stffness = menn(slope_it)

Avg_Stiffess = =1 648 x w‘-:'-“‘- _ Very close.

S1d_Dov_Stiffness = stdevislope_it)  Std_Dey_Stiffness = 5838 x m’-%
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Appendix F: CATIA Model Outputs



Product :Rotor Assembly

Date :Briday, 31 January 2014 17:26:40
Author :Rolo1561

"Only main bodies" option :BInchecked

Component | Sub-Component Arealin2] [Volumel[in3] |Density[lb_in3]
Top Plate.1 | 100.574 27.53 0.26
SB Rotor Lamination.1 | 77.73 16.091 0.284
Rotor Stack Spacer.1 | 190.066 62.832 0.051
DB Rotor Lamination.1 | 137.473 32.159 0.284
MagPlate.1 | 186.296 34.778 0.26
RotorStandoff.1 | 14.921 0.914 0.284
RotorStandoff.2 | 14.921 0.914 0.284
RotorStandoff.3 | 14.921 0.914 0.284
RotorStandoff.4 | 14.921 0.914 0.284
Rotor Bolts.1 | 5.877 0.361 0.284
Rotor Bolts.2 | 5.877 0.361 0.284
Rotor Bolts.3 | 5.877 0.361 0.284
Rotor Bolts.4 | 5.877 0.361 0.284
92994A029.1 | 1.154 0.048 0.284
92994A029.2 | 1.154 0.048 0.284
92994A029.3 | 1.154 0.048 0.284
92994A029.4 | 1.154 0.048 0.284
Magnets.1 | 82.5 5.625 0.267
Rotor Assembly | 862.45 184.31|Not uniform
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Mass[lb] Gx[in] Gy[in] Gz[in] M1[lbxin2] M2[lbxin2]
7.151 1.60E-16 -5.32E-16 7.959 42.034 42.034
4.575 -5.21E-17 -6.68E-17 7.079 24.4 24.4
3.178 -2.40E-16 -6.90E-17 5.099 19.925 19.925
9.144 -1.94E-15 -3.64E-16 2.5 54.766 54.766
9.034 1.11E-15 2.55E-16 0.845 54.095 54.095

0.26 3.205 4.06E-17 4.504 0.01 0.839
0.26 -4.24E-16 -3.205 4.504 0.01 0.839
0.26 -3.95E-16 3.205 4.504 0.01 0.839
0.26 -3.205 4.33E-16 4.504 0.01 0.839
0.103 -8.43E-16 -3.205 4.904| 0.000801252 0.463
0.103 3.205 5.37E-16 4.904| 0.000801252 0.463
0.103 -3.205 -8.13E-16 4.904| 0.000801252 0.463
0.103 -7.03E-16 3.205 4.904| 0.000801252 0.463
0.014| -0.000126662 -3.205 8.656| 0.000379982| 0.000385501
0.014 3.205 -5.32E-06 8.656| 0.000379982| 0.000385501
0.014 -3.205 -5.32E-06 8.656| 0.000379982| 0.000385501
0.014| -0.000126662 3.205 8.656| 0.000379982| 0.000385501
1.504| 0.000103956( -0.000489074 0.25 8.446 8.446
36.089 4.14E-06 -2.04E-05 3.977 406.698 0
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M3[lbxin2] loxG[lbxin2] |loyG[lbxin2] [lozG[lbxin2] [IxyG[lbxin2] |IxzG[lbxin2]
82.88 42.034 42.034 82.88 0 0
48.362 24.4 24.4 48.362 0 0
34.426 19.925 19.925 34.426 0 0
103.441 54.766 54.766 103.441 0 0
105.274 54.095 54.095 105.274 0 0
0.839 0.839 0.839 0.01 -7.14E-50 -5.14E-33
0.839 0.839 0.839 0.01 -7.14E-50 -5.14E-33
0.839 0.839 0.839 0.01 -7.14E-50 -5.14E-33
0.839 0.839 0.839 0.01 -7.14E-50 -5.14E-33
0.463 0.463 0.463 8.01E-04 1.23E-16 -1.80E-17
0.463 0.463 0.463 8.01E-04 1.23E-16 -1.80E-17
0.463 0.463 0.463 8.01E-04 1.23E-16 -1.80E-17
0.463 0.463 0.463 8.01E-04 1.23E-16 -1.80E-17
0.000385524 3.86E-04 3.86E-04 3.80E-04 -1.19E-08 -1.40E-08
0.000385524 3.86E-04 3.86E-04 3.80E-04 -1.19E-08 -1.40E-08
0.000385524 3.86E-04 3.86E-04 3.80E-04 -1.19E-08 -1.40E-08
0.000385524 3.86E-04 3.86E-04 3.80E-04 -1.19E-08 -1.40E-08
16.829 8.446 8.446 16.829 -1.34E-15 -3.62E-16
0 509.28 509.28 406.698 2.58E-08 6.15E-04
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Appendix G: Rotor Dynamic Simulink® Model
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Dynamic Open-Loop Model Inputs:

4/6/14 4:52 PM H:\Matlab\DynamicMdlInputs.m 1l of 1
clc;

clear;

| St dadnd Define Constants~—=—~~

80 = 1%(107=-3); ANIdeal airgsp (m)
V2 lsv = 4; slsvitation Heloht (in mm for levitatlon equatlion)~ Axial Input

= 1*(107-3); ex1 sensor measurement (converted from a measurement in mm to m)
x2_m = 1*(10°-3); wx2 monsor measurement (converted from mm Lo m)

= 1.2%(107-3)7 3%yl sensor measurement (converted from mm to m)
y2. m = 1,2*(107=3); *&yZ sensor measurement (converted from mm to m)

5L1,L2,17,and 12 represent distances bhetween two points and will all be ppsitive

17T=,149 %1 x0 fram Catia Model (kg*m*2)

I P=.,119; 81 20 from Catiz Model (kg*m"2)

m = 16,343; %Measured Rotor Masa(Kq)

11 = .08; %Axial distance of pcsition sensor plane ¥1 to COM (m}- ASSUMING at center of«
mag plate

212 = .101; %Axlal distance of position sensor plane #2 to COM (m)- ASSUMING at center ofd
top plate

12 = 11;

Ll = .038; %Axial distance of “"motor #1's center”™ to COM (m)- Bazed on CATIA results

\L2 = (079 SAxial distance of "motor #2°'s center" to COM (m)- Based on CATIA results

L2 = L1;

%kl = -6.65°10%5; SNegative Stiffpness of motor #1 (N/m)- drive bearing - 16 coils excited
k2 = -2.03*10°5; INegative Stiffness of motor #2 (N/m) - stabillzing bearing

k1l = k2;

Vkli = -366.847 WCurrent Stiffness of motor #1 (N/A)- drive bearing - 16 coils excited
k21 = -80.69; \Current Stiffness of motor #2Z (N/A)- stabilizing bearing

kli = k2i;

w = 188.5; %angular velocity of rotor (rad/sec) = 1800 RPM

iw = 10; ¥Angular valocity of rotor for iow speeds (radfsec) = 100 RPM

"w = U; #%Initially, no rotation - enables 3 static medel.

Theta r M = 0; WMeasured annle (degre=s) batween senspr locations and rotor poles
(positive - CCH)

Theta_r = (Theta_r M*pi{())/180 % Angis between the rotating and stationary rotor axsse
(rada)

eu = 0; Aradial dlatance between gep center and COM (m) = 0 initially, so noV
unbalance!!!; eu = el+a2



Open-Loop Simulink Dynamic Model:

Wodel Inputs - Delta | and Delta X based on sensor messurements:

[Deital_D8_X]

Constant

0 [Celtal_SE_¥)

ConstantZ Constantd

Gote1D

[Deltal_D8_Y]

The following function will transform the messured sensor distances into the displacements at the COM.
Thess are the initial inputs into the integrators to the right.

X_COM_i

Gotols

e Alpha_i

P oM
x1_m .l N
® ¥_COM I "
*Z_m 1) L
2 Beta |
[yi_m Pedi1 -|
w1 Alpra_|
[wZ_m 12 4.
v e ¥_deka
I {1
- 2 deka
11_iingpaurt
1z i
yi_deka
I2_input
=0 10
=
Cipordinate Transformation {Sensor: COM)

Azzuming x1,22,y1,yZ are s2nsor messurements.,

If the calculated COM displacement = 0,
then thers sre no radisl or axial sccentricitiss.

1

GotelT

Alpha_i

199



4/6/14 5:02 PM B.../Cocrdinate Transformation (Sensor:COM)

200

1 of 1

function [X_COM i,Y COM i,Beta i,Alpha i, x!_delta,x2 delta,yl delta,y2 delta] = fon({xl, ¥

x2,y1,y2,11,12,50)
s#cadegen

SCalculate the delta x and y values and the tilt angles
AThase are based on the sansor measurements (R1,x2,v1,y2)
bThe laver arma 11 & 12 are inputs from 'DynamicMdlInputs.m’
VThese are the distance between the sensor planss and COM

1 = 11412

X_prime = (x2 - x1}/1;
Y prime = (y2 - yl)/1;

kCalculate the 2o0ngor displacements bagsed on the measurements
xl_delcta = s0 - x1
x2_delta = =0 - x2
yl_delta = s0 - yl
y2_delta = s0 - y2

sCaloulate TOM displacementy based on sensor displiacements

X_COM i = ((12*x1_delta)+(11*x2_delta))/l
Y_COM_i = ({12*yl_delta)+(11*y2_delta))/1

tInclude the following to =zet the values to 2&ro due to machine tolerance

if abs (X_COM i)<(10"-16)
X COM i =0;

end

If abs (Y _COM _{)<{10*-16)
Y CoM i - 0;

end

sCalculate Huler angles using small sngle approximations

Beta_i =~ Y prime;
Alpha_ i = X _prime;

VEnd of fils



Sum of Forces (¥) - ki and ks of 5B and DB.

Fromi1i

KZi

X Force/Current Factor - 5B

X 5B Stiffress

Fromi0

ki

¥

F &8 X
L7 _55
K_COm | X_COM
riFX 08
Cum of Foroes X Transform X COM:Bearing, Sensor Displacements

5

¥ Forca/Current Factor - DB

FromZ22

F

X DB Stiffress

Sum of Forces () - ki and ks of DB and 5B.

Fromi2

KZi

—

Y Forca/Current Factor - 5B

Fromi6

?

¥ 5B Sfiffness

Fromi3

F_DE_X

¥_COM

FEBY

201

¥_com

L d

¥_CoM

¥_DB

=

Sum of Foreas Y

— Transform * COM: Bearing, Sensor Displacements Goto2 1

kii

?

Y Force/Current Factor - DB

Fromi7

¥ DB Stiffress

F¥_SB

FX_DB

-

i

FY_Sum

FX_Sum gcc= Foroe/mass

¥_double_dot

Y_COM

F DB

Sum of Forces_X Subsystemn

From12

X_COM_i

Sum of Forces_ Y Subsystem

Acceleration_ Y

-..| 1/'m

r|

)

X_COM

Integrators =

¥_double dot
w1
J—Dxcs
Integratari
o =
Vel_Y_lnitigl  Frem12

Y¥_COM_j

¥

o T

¥_COM

IntegratorZ2 =
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Transform ¥ COM:Besaring, Sensor Displacements

From26 From18

L1_T1

¥_DB_Displacement #_1_Displacement

Ll Goto2
From24 :
» E X_S5B_Displacement

X_COM

From18

]
-]

¥_2_Displacement

Y COM: Bearing, Sensor Displacements ¥_SB_Displacement

L2 Tyt  Y_COM

From14

_2_Displacement

g A

-,

¥_COM

¥_DB_Displacement
_DB

¥_1_Displacement

L1_Ty1



Sum of Torques X

i

TX_DB

Blpha_dot wol_P

!

From4 wlp

Sum of Torques [Y)

F¥1 L1
Froms
roim L1 o]
Ll
Lpe| T_DB
- TX_SB
F_v2 Lz Lje{ TX_SB Beta

From3 L2 - ] &lphaDotTam

4@

Gotod

Bets

i

AlphaDotTerm Sum of Moments_X

T_DB

Beta dot

FromT -

T¥_DE

F_x1 L1
From8 L1 _x I:I
| TY_DE
TY_SB
E—b{ > e Here

From&

T _Bearing_SUM1

Beta

- Alpha

BetaDotTarm

BetaDotTerm Sum of Moments_Y

4>|§| Sum of Moments_Y

T%_Bearing_SUM
Alphs_double_dot=TyIT

Gotod
Alpha
]
Alpha
Alpha_dot
Gotol1
Alpha_dot

TY_SE

T¥_Bearing_SUM2

BetaDotTerm

[

TH_SB

(.

T¥_Bearing_SUM2

AN

AlphalotTerm

Alpha_double_dot
g W_T = i
ry *os

Alpha_deot_initial

o

TY_Bearing_5UM3

Tx_Bearing_SUM1

[

Tx_Bearing_SUM
Beta_double dot= Tw/IT

Sum of Moments_X

eta_double_dot

IntegratorT

Beta_daot

*os
0 Integrator3

Beta_dot_initial

T¥_Bearing_SUM3

Integrator®

Beta_dot

From12

Integratoss

203

Alpha

Beta



Open-Loop Simulink Model with Rotational to Stationary Transformation:

‘X_DEI_S

From28

‘Y_DEI_S

From30

Theta_r_Initial {Angle between Rotor Pole’s X-axis of DB and Staticnany X-Axis of DB)

[Thets_Rotsting Thets_r

From31

X_DB_S

¥

%_DE_S

¥

'v_DB_&

Y_DB_S
.

DB Fesition Stiffness

4

fen

F_DB_N_S

F_OB Y. S

X_DB_R

Y_DB_R

FDEXR

F_DBE_Y_R

Rotating to Stationary Transformation

w = dtheta/dt

F_DB

Theta_Rotating

Speed [rad/s)
Integrator2

Theta_r

Theta_Rotating (rads)

F_DB_X_R

_V_R

204

5«37 D ; IRataring 0 Statinnary ranafarmatia af
5:37 PM Bl.../Rotating to Stationary Transformation of 1
T *] '"'; 3 S, 1 R, 8 R, B X Q = I ¢ J,"
DE » )
L rar { (The ) { [ era 1! H | € r)) ( )}
DB R=M x ains{i,1:2)"* ; 3 H
_DI _Trans r1:2)¢[X _DB_S; _ba_s§|;
inv(Matrix Trans)
E *X DB R;
F § DB ]
DB X 5 = _Invii, )*[F DB X R; ¥ DB Y R
trix Im )= B R; [
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Sum of Forces (i) - Cument and Position Stiffness of 5B and DB.

h

S N G o R
inece - | Fx_oe -
SB Stifines X s Gotzs ﬂ

Sum of Forces_X
- Transform ¥_COM: Bearing, Sensor Locations

kii L

X_COM

o
[}
3
[=]

DB ForcafCurrent Factor - X
From32

F_DB_X
Sum of Forces (Y) - Cument and Position Stiffness of DB and 5B. P
GotoZd

From12 Fs8v

=
5B Force/Currant Factor - L FY B
From18 ¥_coMm
5B Stiffness - Sum of Farces_¥
From13
-

kii - .
N _COM

DB Force/Current Factor - Fromi7 \_@ -
m F_DB_Y

Note: The rest of the Simulink model was identical to the open-loop dynamic model
subsystems already shown. These two models resulted in identical results and therefore the
stationary to rotating transformation wasn’t included in the closed-loop model.

?
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Closed-Loop Dynamic Model Inputs (no constraints):

4/6/14 5:52 PM C:\Users\User...\DxnamichlInEuts PIDTest.m 1 of 1

cle;
clear;
B Define Conatantge======-

80 = 14{10%-3); Hldeal aslrgap (m)

hosna Dynamic Model Inputs = Sensor Measuramenru----cceceeces
%1 m e« BY(107-3}; Wx1 senasor messurement (converted from 53 measurement in mm to m)
x2 m = 1.2*(10"-3); ¥x2 sensor measurement {converted fr
¥yl m = 1.2%(10*-3)3 2yl sensgor meassurement (converted from mm to m)
yZ m = 1.2%(10*-3); vyv2 sensor measuremant (convertad from om to m)

om mm to m)

iy Badial Model Constantg-~——==v==-
$L1,L2,11,and 12 represent distances between two points and will all be positive

I'T = ,149 81 _x0 from Catia Model (kg*m*2)

I P= ,1192 %1_20 from Catia Model (kg*m*2)

m = 16,343; «Measured Rotor Mazs (Kg)

11 = .08; %Axial dlstance of position sensor plane 41 to COM (m)- ASSUMING at canter of«

mag plats

12 = ,101; %Axial distance of position sensar plane &2 to COM (m)- ASSUMING at center ofw
tep plats

Ll = ,038: %kxlal distance of "motor #1's centsr™ to COM (m)- Bassd on
L2 = .079; thxlal distance of "motor #2's center™ to COM (m)~- Based of
k1l = -§.65*10"5; \Negative 8tiffness of motor #1 (N/m)- drive bhearing - 1
k2 = =2.03*1075; WNegative Stiffness of motor 42 (N/m) - atablllizing bearing REW

kli = -366.84; WCurrent Btiffness of motor #1 (N/A)- drive bearing - 16 coils excited
k24 = =B0,69; SCurrent Stiffness of motor #2 (N/A)- atabilizing bearing

results
results

coils excited

f rotor (rad/sec) = 1200 RPM

w = 188.5 %angular velocity

tw = 10: VAngular velocity of rotor for low speeds (rad/sec) = 100 REM
t <

iw = 07 WNInitislly, no rotation - enables a sta



Closed-Loop Simulink Dynamic Model:

Displacements at sensor locations.

Delta i for the 58 and DB

207

From2T
[ 2] Defa ¥ Defa |
FID Controlier
5B - X Axis
FromZ8

[Delta_|_SE_¥

¥

I_SB X

E—b Deka_x Defa |

PID Controller

Gotod

[Delta_|_D8_X

Gotod2

[Delta_|_SB ]

X Aoz - DB
FromZ3
[v_2] Defa ¥ Defa |
PID Controller
5B - Axis
From25

FID Controlier

Y Axis - DB
PID Controller for the 5B
|
Ll
o Ll L
s
Integrator
Delta_x_cmd ==

Dielts x I it I

Derivative

k_pox

14205

117475

o
&
o

GotodD

[Delta_|_D8_Y]
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_px
~
PID Controller for the DB - 41879
k_ix
b4
1
0 »(_) > - w| 1174808 5
— 5
| & Delta_i
ntegrator
Delta_x_cmd =4
b dx
Delta_x | dusdt - 44.4
Derivative
Sum of Forces () - ki and ks of 5B and DB.
From11 ,—b|§|
X 0B > [¥_D&]
X Foroe/Current Factor - SB N
Goto23
Ll 55 %t
X_COM 1 _COM GotoZs
x2 » bl |
5B Stiffness -y - hl
Goto2d
Sum of Forces_X X5
From10 P
rem Transform COM: Bearing, Sensor Displacements. Gotoids
X Foroe/Current Factor - DB
X_GOM
From22
DB Stiffress - x
Sum of Forces (Y} - ki and ks of DB and SB.
F_SBY
From12
< M
Y Force/Current Factor - 5B L ]
Fromig ¥_com v _com
=
SB Stiffness - Y Sum of Faroes_ Y
From13 Transform ¥ COM: Bearing, Sensor Displacements GotoZ1
Y_COM
¥ Force/Current Factor - DB
From17
F_DB_Y

Note: The rest of the Simulink model was identical to the open-loop dynamic model
subsystems already shown and were not duplicated here.



