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Abstract

Inertial generators are devices that generate electrical energy from their inertial mo-
tion, and have only one mechanical connection with their surroundings. This makes
them suitable power sources for embedded systems operating in environments that ex-
perience some inertial excitation. Typical inertial generators are designed to generate
electricity from linear vibrations, and are often termed vibrational energy harvesters.
Traditional sprung mass vibrational energy harvesters must be tuned to achieve res-
onance at a specific frequency, and perform poorly when the excitation does not fall
within a narrow band around this natural frequency.

In this thesis, a novel inertial generator is proposed that is specifically designed to
take advantage of the unique inertial loads experienced by a system embedded within
a large scale rotating part with a horizontal axis of rotation, such as the propeller of
a large ship. The design process begins with the identification of the inertial path
and then proceeds with the development of a device that takes advantage of the
unique inertial loads experienced along that path. The device is designed to achieve
resonance at any steady state rotation rate, without any active forms of actuation.
This is achieved by utilizing centrifugal forces to produce a natural frequency that
tracks the excitation frequency.

Experimental results from full-scale spin testing verify that the device has a mono-
tonically increasing power output with increasing frequency. This result contrasts
sharply with the frequency response of a traditional sprung mass vibrational energy
harvester, which typically has a single peak at the resonant frequency. Experimental
results are also presented showing that the device can successfully deliver a charging
current to a battery over a wide range of operating speeds.
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Margaret MacVicar Faculty Fellow
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Chapter 1

Introduction

1.1 Background

With the ever-advancing fields of embedded sensors, low power electronics, and wire-
less communications, there is a healthy demand for completely self-contained systems
capable of supplying power to such devices. For some applications, it is feasible to
use batteries as a source of energy; however, when the target device has a lifetime
power requirement that exceeds the capabilities of a battery, and it is not possible or
economical to perform battery changes, it becomes necessary to generate the needed
electricity from the energy available in the devices immediate environment [10]. This
is the case in many applications such as embedded sensor networks, medical implants,
distributed micro computers, and even wearable electronics [17, 15, 5|. Energy sources
that may be available in a remote environment and can be harnessed to generate elec-
trical energy include thermal gradients, solar radiation, ambient flow, and mechanical
vibrations [9].

Generating electricity on location to power an embedded system from vibration
has popularly been approached with the idea that energy can be obtained for free.
The devices used to generate electricity from environmental vibration have often been
called energy scavengers or energy harvesters, giving the impression that energy is
gained without expense [8]. The term energy reclamation gives some acknowledgment

to the fact that vibration in a mechanical structure is often due to undesirable losses in
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an unrelated system and that converting this vibrational energy into usable electricity
is a way of reclaiming energy that would otherwise be lost [2]. While it is true
that unwanted vibration can yield useful electrical energy, it must be taken into
consideration that the manufacturing cost of the energy harvester itself may greatly
exceed the value of the electricity generated. The true value of such devices is not
their ability to save small quantities of wasted energy, but rather their ability to
supply electrical power to embedded systems indefinitely with no external electrical
connections. A more appropriate name for such devices is the term inertial generator,
which both acknowledges that the devices convert energy from one form to another,
and that they depend upon inertial motion to generate electricity, with only one
external physical connection to their environment [17].

Inertial generators use any of several methods to converting inertial motion into
electrical energy, including the use of electromagnetic, piezoelectric, magnetostric-
tive, or electrostatic transducers [8]. Many inertial generators focus on single axis
vibration as a source of energy, but other interesting configurations have emerged
that focus on other excitations such as mechanical impact [13]. The configuration
optimized for impacts is attractive, because it attempts to avoid one of the most
significant challenges faced by conventional vibrational inertial generators, which is
the uncertainty in the vibrational excitation. Most inertial generators have a sprung
mass configuration that allows them to achieve resonance at a specific frequency, and,
if the excitation frequency deviates from the natural frequency of the device, there is
a sharp decline in power output [12].

One strategy to deal with this narrow range of useful operation is to store energy
when the vibrations fall in the favorable frequency range, and to expend this stored
energy when they do not [16]. An alternate strategy is to modify the device param-
eters to optimize the power conversion at each frequency. Modification of the power
storage circuitry has been shown to alter the damping of the device, allowing the
device to be somewhat more useful at frequencies away from its natural frequency.
However, using electrical actuation to modify the natural frequency itself has been

shown never to result in higher net power conversion |7, 11]. Modifying the physical
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properties of the device through actuation that only requires power at the time the
change is made, is a feasible solution, but it adds a large amount of complexity to the

system [9].

1.2 Motivation

The motivation for the work contained in this body of research stems from the desire
to develop a device which is capable of powering a system that is completely embedded
within a large rotating part that rotates about a horizontal axis, such as the propeller
of a large ship. The powered subsystem may require any range of power, from the
small amounts required for health monitoring and wireless transmissions, to the large
quantities that would be required to drive actuators for the purpose of modifying the
flow characteristics of the propeller [6]. The inaccessibility of the propeller of a large
ship, the harsh environment during operation, and the long service life required from
the power source make batteries an unacceptable solution. Due to the completely
enclosed environment with no significant thermal gradients or sources of radiation, it
is necessary to rely on an inertial generator as a source of power.

The goals for this research are to develop and test a device suitable for embedded
installation within a large scale propeller. The device may need to be mounted at
any radius from the hub of the propeller, and a one meter radius was chosen as a
focus for the research as a representative quantity. The target operating rotation
rate of the device was chosen to be 250 RPM. Large ships often cruise for extended
periods of time at a constant throttle setting, so the device should be capable of
achieving resonance and producing appreciable power at steady state operation for a
wide range of rotation rates, both above and below the chosen target. The designed
device should also have a mechanical structure that is capable of operating under the
centrifugal loads experienced at the target radius and rotation rate and have a long

expected service life.
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1.3 Previous Work and Chosen Approach

Prior to the work presented in this thesis, research was conducted toward this goal
and a device was designed to generate electrical power from the fore-aft vibration of
the propeller blade [1|. This device was designed with linearized natural frequency
that would allow the device to target vibration at five times the rotation rate. This
approach of using the free vibrations of the propeller was found to be unsatisfactory
due to the low amounts of power that were available in the vibration of the structure.
In order to generate significantly more power at the low frequency of the target
rotation rate, a more powerful excitation was necessary.

The previous work conducted on this problem was done from the mindset of wvi-
brational energy harvesting, and naturally the fore-aft vibration mode of the propeller
would be expected to contain the most unwanted vibrational energy. The work pre-
sented in this thesis takes the more general mindset of inertial generation and arrives
at a much more satisfactory result. From the mindset of inertial generation, it is
natural to first look at the inertial trajectory of the device, which includes all forced
motions including vibration, and then to design a device that takes the greatest ad-

vantage of that inertial trajectory.

1.3.1 The Inertial Trajectory

For this project, the device that is to generate the electricity is to be embedded at
some radius r in the interior of the propeller of a large ship, and several important
observations about the inertial motion of the device can be made. First, the path
of the device is circular, and that the circular path has a horizontal axis of rotation.
Second, the rotational inertia of a typical large scale propeller is more than sufficient
to ensure that any reaction forces caused by the device do not affect the steady rate
of rotation of the propeller. The inertial path of the device is illustrated in Figure 1-1,
which shows the device embedded in the propeller at radius r, defines the rotation
rate of the propeller as w, and shows the angle of the point of attachment from the

vertical as ¢.
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Figure 1-1: The box in the figure represents the location at which the device is
embedded within the propeller blade as viewed from the inertial frame I,.J. The
device frame 7,  is attached to the device and rotates with the device.
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At this point the problem can be viewed from two perspectives. The first per-
spective is in the f, J reference frame shown in Figure 1-1. This is a fixed point of
reference that sees the propeller rotating in the counterclockwise direction about its
center, and sees the device both traveling in a circular path and rotating as it pro-
cesses along that path. From this fixed point of reference, gravity is a conservative
potential field, and the net work done on the device can only be found by evaluating
the reaction forces acting on the device over a full revolution.

A perspective that offers much more intuition on the situation is to view the prob-
lem from the 7, ) reference frame. This reference frame is attached to the device and
rotates with it. From this perspective, the device is stationary, and the centrifugal
forces that the device experiences can be viewed as being the result of a conservative
potential field that extends radially outward from the center of rotation of the pro-
peller. The gravitational acceleration vector now rotates in the clockwise direction
with a positive rate of w, as shown in Figure 1-2. Now it is clear that, along a given
axis of the device, gravity produces a sinusoidal excitation at a fixed amplitude of 1 g
and at an exact frequency of w. Viewed from the device frame 2, }, the excitation force
due to gravity is not conservative, and can do net work on the internal components
of the device. It is now possible to take advantage of the fact that the excitation
acceleration is both large and well known in the development of a device that will
efficiently take in energy from this excitation and convert it into usable electrical
energy.

In Chapter 2, various device configurations are evaluated, and a configuration is
chosen that takes advantage of the circular inertial path experienced in the stated
application. Chapter 3 presents the details of the design of a prototype that is used
to verify the expected dynamics and performance of the chosen configuration. The
experimental equipment developed for use in testing the prototype device is presented
in Chapter 4. Chapter 5 discusses the key results of the experimental testing and
discusses their importance. The concluding remarks, summarizing the findings of

this body of research are included in Chapter 6.
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Figure 1-2: Viewed from the device frame 7, j the fixed frame I, J and the gravitational
acceleration vector are seen to rotate clockwise at an angular rate of w, and the
centrifugal acceleration appears as a potential field.
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Chapter 2

Device Configuration

2.1 Explored Device Configurations

As explained in Chapter 1, any device that has internal motion as a result of being
driven through an inertial trajectory can be used as an inertial generator by damping
the motion through electromagnetic or piezoelectric means. In this section, several
devices of various configurations are compared to determine the characteristics that
are important to the function of the inertial generator. In order to make fair compar-
isons between the devices that will be explored, it is necessary to develop a method of
comparing the amount of energy that each configuration can generate per revolution
at a given mass and length scale.

The maximum amount of work that the excitation force can do on the device twice
per revolution is the product of the gravitational constant, the mass of the device,
and the distance over which the center of gravity of the device can move. To draw
fair comparisons between the devices that are explored below, they are normalized
such that they all have the same moving mass M, and a maximum length L. With
these constraints in place, the maximum displacement of the center of gravity of the
moving mass can be used as a measure of the maximum amount of work that the

excitation force can do on the device.
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Figure 2-1: Diagram of falling mass configuration.

2.1.1 Falling Mass

One simple configuration is a magnet of mass M constrained to slide in a tube of
length L as shown in Figure 2-1. At slow speeds, the acceleration of gravity causes
the mass to slide back and forth hitting the ends of the tube, and energy can be
removed from the system through a coil that damps the motion of the mass. The
problem with this class of systems is that, at high frequencies, there is not enough
time in each half cycle for the mass to travel the entire length of the tube.

The dynamics of the falling mass system are

mi = f (2.1)

in the time domain, and taking the Laplace transform, the system transfer function

can be written as

— (2.2)
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The target operating speed is 250 RPM, which is an angular velocity of

d
w=262C (2.3)
Sec

At this frequency, and for an excitation of 1 g, the magnitude of the displacement of
the mass is found to be

2| = ‘592’ =0.0143 m (2.4)

This displacement of 14 mm is only achieved when no damping is applied, and there-
fore no power is produced. The application of damping will further reduce the am-
plitude, and the amount of work done on the system by the excitation force, which is
proportional to the displacement, is limited. For a system on the general length scale
of a approximately 10 cm to effectively take in energy at frequencies in the range of
the the target operation condition of 250 RPM, it must have a resonant response that
boosts the amplitude of motion significantly. Adding a spring that connects the mass
to the frame of the device as shown in Figure 2-2 results in a system with natural

frequency

n — - 2.9
=y (25)

When the mass spring system is driven at its natural frequency, large amplitudes can
be achieved and greater amounts of work can be done on the device in each revolution,
however when the driving frequency is not sufficiently near the natural frequency the

amplitude, and power output drops back to unsatisfactory levels.

2.1.2 Simple Pendulum

The simple pendulum shown in Figure 2-3 has a natural frequency for small motion

o = \E (2.6)

when it is swinging about a fixed point in a gravitational field. This is interesting,

is given by

because the natural frequency changes as the strength of the potential field changes.
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Figure 2-2: Diagram of sprung mass configuration.

Figure 2-3: Diagram of simple pendulum configuration.
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Figure 2-4: Diagram of a simple pendulum of length L swinging about point O in a
potential field that expands radially from point A which is at a fixed distance of r
from point O.

In considering the pendulum as a possible configuration, it is necessary to determine
how the pendulum will behave when it is swinging in a centrifugal potential field as

opposed to a gravitational potential field.

2.1.2.1 Restoring Torques on a Simple Pendulum in a

Centrifugal Potential Field

As shown in Figure 2-4, the force acting on the mass of the simple pendulum is applied
at an angle 6 from vertical due to the curvature of the potential field. The restoring

torque acting on the pendulum is given by

T =—Lsin(y)—0) F (2.7)
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and the magnitude of the force due to the centrifugal potential field can be calculated

as

F =w*m (rcosf + Lcos (v — 0)) (2.8)

From the geometry of the system, it can be shown that

rsinf = Lsin (¢ — 0) (2.9)
Solving for I, we have
sin 0
I 2.1
"sin (v —0) (2.10)

Combining Equation (2.7), Equation (2.8), and Equation (2.10), and using stan-
dard trigonometric identities, the expression for the restoring torque can be simplified

to
T = —mw’rLsiny (2.11)

Comparing this result to the restoring torque of a simple pendulum in a gravitational
field which is given as

T = —mgLsiny (2.12)
it is interesting to find that the two relations have similar form despite the differing
geometries of the potential fields.
2.1.2.2 Simple Pendulum Performance

From the similarity between Equation 2.11 and Equation 2.12, it can be shown that
a simple pendulum attached to a rotating part, as shown in Figure 2-4, will have a

natural frequency for small motion given by

w2r r
_ — _ 2.1
wn =\l =W\ (2.13)

The key result is that the system has a natural frequency that is always proportional

to the driving frequency. However, in the case of interest, » > L, and the natural
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Figure 2-5: Diagram of a counterbalanced pendulum with unequal point masses and
equal arm lengths.

frequency of the pendulum is always higher than the driving frequency. This mismatch
of natural frequency leads to the same problems seen in the falling mass configuration

and amplitude and power intake suffer.

2.1.3 Distributed Pendulum

The natural frequency of a distributed pendulum for small angles of motion when

swinging in a gravitational field is given by

o = ™94 (2.14)
Io

where d is the distance between the pivot O and the center of gravity of the pendulum.

The rotational inertia about the pivot is found from
Io = / pl2 dV (2.15)
v
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where p is the density of the part, [ is the distance from the differential unit of volume
to the rotational axis passing through the point O, and the integration is taken over
the volume V of the pendulum. In the case where the pendulum is swinging in a

centrifugal potential field, the natural frequency can be written as

mw?rd mrd
= — 2.16
w A w I ( )
For the case where the relation
mrd = Ip (2.17)

is satisfied, the natural frequency will match the rotational rate under all operating
conditions, and resonance can be achieved.

A simple configuration that nearly optimizes the distributed pendulum configu-
ration with length constraint L and mass constraint m is shown in Figure 2-5. The
mass of the pendulum is represented by two point masses m; and ms situated at a

distance of

L
== 2.18
) (218)
from the pivot and the rotational inertia about the pivot becomes
LN\*  mlL?

By varying the distribution of the total mass m between the two points m; and
mo the distance d between the pivot and the center of gravity can be set to satisfy
Equation (2.17). The resulting value of the distance from the center of gravity to the
pivot is

_ o _ 12

= (2.20)

d _ =
mr 4r

At the target radius of 1 m and taking the length scale L of the device to be 0.1 m,

evaluation of Equation (2.20) yields an offset distance of

b= 0.0025 m (2.21)
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Figure 2-6: Diagram of a simple pendulum which swings about the point O that drives
a flywheel which rotates about point B. The thickest lines in the figure represent the
teeth of the limited angle gear attached to the pendulum and the full gear attached
to the flywheel.

This result shows that for a distributed pendulum, even though resonance is attainable
at any input frequency and large angular motion can be achieved, the maximum
motion of the center of gravity of the device remains quite small, resulting in poor

performance.

2.1.4 Simple Pendulum With Geared Flywheel

Another method that will increase the rotational inertia of a pendulous system is
to employ a flywheel driven from the pendulum through a gear ratio, as shown in
Figure 2-6. The kinetic energy of the system can be written in terms of the rotational
inertia of the pendulum about its pivot I, the rotational inertial of the flywheel about
its axis of rotation I, and the angular velocities of the pendulum and the flywheel

wp and wg respectively. Using the gear ratio R to relate the rotational velocities of
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the pendulum and the flywheel, the flywheel’s rotation rate can be written as
Wp = pr (222)

With use of this relation, the kinetic energy of the system can be written in terms of

only the angular velocity of the pendulum as

1 1
Ex = -1o>+ -1g* =

. > (Io + IsR?) w} (2.23)

DN | —

and the equivalent rotational inertia I/, can be defined as
I, =1Io+ IpR? (2.24)
The natural frequency of the system can then be expressed as

2
o = /mw/rL y /'rm/“L (2.25)
1o 1o

and the relation that must be satisfied to achieve resonance at every driving frequency

becomes

mrL = I, = Io + IgR? (2.26)

These relations show that, by taking advantage of a gear ratio, a flywheel can be
employed to set the natural frequency of the system to be always equal to the driving
frequency of the excitation. Furthermore, if a conventional generator of rotational
inertial Ip is used in place of the flywheel, the energy can be conveniently removed
from the system at that point. This system does not suffer from any of the problems
that have reduced the motion of the center of gravity of the previously considered
configurations. The theoretical maximum displacement amplitude of the center of

the pendulum mass is the full length parameter L.
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2.1.5 Conclusions

From the analysis of the configurations presented above, it has been seen that it
is possible to devise a system that when spun in the vertical plane at a radius r
will exhibit a resonant response to the excitation of gravity at any steady rotation
rate w. It has been shown that this resonant response is key to achieving large
amplitudes of the internal motion that is necessary for the inertial excitation to do
net work on the device. Both the distributed mass pendulum and the pendulum
with the geared flywheel can achieve the requirements for resonance, but, among
the presented configurations, only the pendulum with the geared flywheel has the
potential of generating significant amounts of energy per cycle.

The pendulum with geared flywheel does, however, have several key drawbacks
when the operating conditions of the system are considered. The gear teeth will be
subjected to cyclic loading, making them vulnerable to wear and fatigue. The contact
between the gears is also a point of frictional energy loss. If a belt were used instead,
the deterioration of the belt itself over time would limit the life of the device. The
use of a conventional generator in the place of a flywheel also has the drawbacks of
the frictional losses and wear associated with commutation brushes. Taking these
drawbacks into consideration, a new type of device was developed with long lifespan

as a primary design goal.

2.2 Slider Augmented Pendulum

The slider augmented pendulum was designed to preserve the desirable features of
the pendulum with geared flywheel configuration by both achieving resonance at
any rotation rate, and also allowing for large motion of the center of gravity of the
pendulum. The design does not include any of the wear items mentioned above,
and is expected to have a long life of service. This configuration relies solely on the
centrifugal forces acting on the device to produce restoring torques, and is therefore
capable of operating at a natural frequency that is matched to the excitation for all

driving frequencies. In the previously explored devices, the constant of proportionality
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between the natural frequency and the driving frequency was set to unity by increasing
the rotational inertia of the system. In this configuration, the opposite approach is
taken. The rotational inertia is left essentially unchanged, and the natural frequency
is altered by reducing the net restoring torques acting on the pendulum by means of

an additional linkage and mass.

2.2.1 Configuration

The diagram of the the slider augmented pendulum system, shown in Figure 2-7,
gives a broad view of the system from the inertial reference frame I,.J. One blade
of the propeller is shown with the device attached such that the pivot point O of
the pendulous link is fixed at a radius r from the hub of the propeller at point A.
The device reference frame 2, is fixed to the point O and translates and rotates
in the inertial frame, but is stationary as observed from the attachment point of
the device. Figure 2-8 shows the device in greater detail as viewed from the device
reference frame. The device consists of a pendulous link of mass m and length Ly,
and a secondary shorter link of length L, which attaches the pendulous link to a slider
of mass mg, which is constrained to linear motion along the midline of the device.
Though called a slider, the mass mg can be constrained by flexures, due to its small
motion, and will not have the losses and wear associated with a sliding constraint.
The distance between the center of gravity of the pendulous link and the point O is
not depicted in the diagrams, but appears as the parameter L in the equations of the
system dynamics. Also appearing in the dynamic equations are the parameters Fg
and Lg, which represent the electromagnetic damping force exerted by a coil onto a
magnetic portion of mass m and the moment arm at which it the force is applied,
respectively. The system employed to provide electromagnetic damping to the device

is described in detail in Chapter 3.
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Figure 2-7: Slider augmented pendulum system overview showing the device attached
to a propeller blade as viewed from the inertial frame I , J. The device frame 2,7 18
attached to the device and rotates with the propeller. The frame 7', 7 is attached to
the pendulous portion of the device.
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Figure 2-8: Slider augmented pendulum system showing the linkage in the centered
state (a) and the deflected state (b). Both views are shown in the device frame 7, J.
The slider of mass mg is constrained to linear motion along the midline of the device.
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2.2.2 Slider Augmented Pendulum Dynamics

The equations of motion for the slider augmented pendulum were derived with two
assumptions. First, it is assumed that the slider mass mg is constrained to move pre-
cisely along the center line of the device, as shown in Figure 2-7, without friction. The
second assumption is that the secondary link connecting the slider to the pendulous
link has both negligible mass and rotational inertia. With these two assumptions, the
equations of motion for the slider augmented pendulum were derived with both New-
ton’s Method and Lagrange’s Method. The derivation by each method is presented
in detail in Appendix A. Three parameters

Z =13 — (Lysing)? (2.27)
Y = Ly sine <Llczow - 1) (2.28)

and

(2.29)

L | LQ; 2 L2 2
A= [Llcosw<1CZObw—1>+ lb;l 1/}< 1C202S 1/}—1)]

are defined during the derivation to allow the final equation of motion to be written

in the compact form

—mL (rw?siny + gsin (¢ + 1)) + mgYw? (r + Ly cos ) — Z)
Io + mgY?
msY (—1/}2A + g cos gzﬁ) + Lo Feo
Iop +mgY?

) =

(2.30)

2.2.3 Natural Frequency Tracking
2.2.3.1 Frequency Tracking in Linearized Model

In order to consider the changes in the natural frequency of the system with changes
in the rotation rate for small angles of deflection, the excitation force and external
electromagnetic forces in Equation (2.30) are set to zero, and the free undamped
equation of motion is linearized about the point ¢ = 0, ¢ = 0. The linearization

procedure is documented in detail in Section A.3, and the linearized dynamics are
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found to be
w? [=mLr +msLy (r+ Ly — Ly) (22 = 1)]

Y= I

Wb (2.31)

By similarity to the classic undamped mass spring system, the linearized system has

a natural frequency of

\l w? [er —mgLy (r+ Ly — Ly) (% — 1)]
Io
J mLr —msLy (r+ Ly — Ly) (& — 1)
= w
Io

(2.32)

This result shows that, within the linear regime, the natural frequency w, is
directly proportional to the rotation rate w. Now, all that is required to make the
linearized natural frequency equal to the forcing frequency for any rotation rate is to

set the constant of proportionality to unity, which leads to the requirement that

L
msLy (r + Ly — Ly) (L1 - 1) —mLr - Io (2.33)
2

Frequency tracking can therefore be achieved by selecting appropriate parameters mg,
Ly, and L, for any pendulous link with parameters m, L, and I mounted at a radius
of r. For the general case where r > L, it is naturally expected that mLr — Ip > 0,

and therefore L; > Lo, as depicted in Figure 2-7.

2.2.3.2 Frequency Tracking in Full Nonlinear Model

In order to verify the frequency tracking ability of the nonlinear device, the system
was simulated numerically from the full nonlinear equations of motion shown in Equa-
tion (2.30). The simulation was performed in MATLAB using the ode45 solver, with
no gravitational forces or Lorentz forces acting on the system. Simulations were run
from the initial conditions of ¥y = 10° and 4y = 0 to the point at which the linkage
reached the midline of the device at ¢» = 0. The time at the termination of the simu-
lation, representing one fourth of the total period of oscillation, was used to find the

undamped natural frequency of the system. Representative values were used for the
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Figure 2-9: Nonlinear simulation results showing the natural frequency of the un-
damped system when released from rest at an initial deflection of ¥y = 10° and no
forcing excitation g = 0. Representative system parameters used and mg hand tuned
at a single frequency.

physical parameters of the system. The slider mass mg was hand tuned at a single
rotation rate of 250 RPM, such that the natural frequency of the system matched the
driving frequency precisely at that rate of rotation. The system was then simulated
over a range of driving frequencies and the period and natural frequency of the system
was recorded at each rotational rate.

The simulation results are presented in Figure 2-9, and verify the precise frequency
tracking of the nonlinear system operating at a fixed amplitude of motion. The fre-
quency tracking ability shown by the system was expected, because all of the potential
energy terms in Equation 2.30, viewed from the device frame i, ), are proportional to

w2,
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2.2.3.3 Amplitude Dependency of Natural Frequency

For the system parameters used in the nonlinear simulations, it was noted that the
slider mass mg required to tune the device did not satisfy Equation (2.33), which was
found to be the requirement for natural frequency tracking in the linearized model.
This apparent discrepancy is due to the fact that the natural frequency depends on
the amplitude of the motion, and the natural frequency for small displacements found
in the linearized model is not the same as the natural frequency when released from
Yo = 10°.

It is interesting that the system shows its nonlinearities in the relation between
the natural frequency w, and the angle at release 1y at each rotation rate w, but at
any given )y there is a linear relationship between w and w,. Plotting the ratio w, /w
as a function of the angle at release for any rotation rate produces the single curve
shown in Figure 2-10. It should be noted that the shape of this curve is dependent
on the parameters of the system, but can be expected to start at a higher frequency
for small motion and drop to lower frequencies as the motion increases, due to the
increased effectiveness of the force produced by the slider mass as the angles # and

(¢ — 6) increase with increasing .

2.2.4 Statically Stable Range of Motion

At every position within its allowed range of motion, it is important that link 1 will
have a restoring torque that will accelerate it back toward the 1) = 0 to ensure that
the linkage cannot become trapped in some local energy minima. As the rotation rate
is increased, the centrifugal forces increasingly outweigh the excitation force provided
by gravity and the force provided by the coil, so these forces are not taken into
consideration in the analysis of the stable range of motion. It is, however, necessary
to note that at relatively low rotation rates, where the excitation of gravity exceeds all
other forces, the linkage will have large deflections, and will move until the mechanical
stops are reached. It is, therefore, guaranteed that the linkage will, at some time,

reach every point within its mechanically limited travel and, due to the unknown
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Figure 2-10: Nonlinear simulation results showing the amplitude dependence of the
frequency ratio w,/w for the system with the same parameters as used in Sec-
tion 2.2.3.2. The system was released from rest at various initial deflections 1y and
at various rotation rates w, with each rotation rate producing an identical curve.
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transient accelerations w, the linkage may conceivably achieve any deflection at any
rotational rate. It is therefore necessary to ensure that the linkage is stable for any
deflection within its mechanically limited range of motion for the conditions g = 0,
Fe=0.

Stability can be tested by finding the range of deflection for which there is a
restoring torque that tends to bring the linkage back to center. From the equation of
motion given in Equation (2.30) and setting g = 0, F = 0, and ¢ = 0, and assuming

a positive deflection in ¢, the stability condition can be written as

—mLrw? sin Yoay + msY w? (1 + Ly coS Ymayx — Z)

To 1 mey? <0 (2.34)

Recognizing that Ip > 0 and mg > 0 and rearranging terms simplifies the condition
to

mLrsin Yax — mgY (r 4+ Ly o8 max — Z) > 0 (2.35)
Substituting in the value of Y from Equation (2.28) gives the stability condition as

Ly cos Yrmax

mLr $in Ypax — Mg Ly SINYnax < 7

— 1) (r 4 Ly o8 max — Z) >0 (2.36)

In the expected case that L; > Lo, Sin ¢¥y.x > 0 due to the geometric constraints

of the linkage itself, and further simplification leads to the relation

L L max
mLr >< 1COS Y

1 e — /I3 — ) 2.
e y ) (r—i—Ll cos -z (2.37)

Substituting the value of Z from Equation (2.27) the stability condition becomes

mLr ( L1 oS Ymax

> -1 <r + L1 cOoS Ymax — \/L% — (Ly sin ¢max)2>
mSLl \/L% — (Ll sin 77Z)max)2 )

(2.38)
This result gives some insight on the system by showing that as mg is increased, the
range of stable motion is decreased. It can be shown that the linkage will become

unstable at some Y. < sin~'(Ly/L1) < (m/2) by substituting ¢ = sin™* (Ly/L;)
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into the right side of Equation (2.38) and recalling that for ¢» < (7/2), cosyp > 0.
With this substitution, the right hand side of Equation (2.38) becomes

Ly cosy
0

— 1) (r 4 Ly cost)) = o0 (2.39)

which clearly cannot satisfy the stability condition.

Since the right side of Equation (2.38) has been shown to increase without bound
while ¢ < sin™' (Ly/Ly), the linkage will always have some deflection at which stabil-
ity is lost before inversion can occur. Mechanical stops must be placed to ensure that
the linkage does not travel beyond the stable range of motion, or the device could
become trapped at the end of its range of motion until the rotation rate is lowered
to the point that the excitation force becomes large in comparison to the centrifugal

force.

2.2.5 Sensitivity to Misalignment

The slider mass and link 2 can be thought of as a subsystem that acts as a posi-
tive feedback loop, reducing the natural stability of the pendulous link 1. Using this
perspective from the controls discipline, it is reasonable to expect that this positive
feedback will cause the system to become more sensitive to disturbances. This char-
acteristic is seen in the increased sensitivity of the system to misalignment, which can
cause the linkage to become trapped against its mechanical stops during high speed
operation.

Figure 2-11 shows the device mounted to the base part with a misalignment angle
of v between the midline of the device and the true radial ray that passes from the
center of rotation of the base part outward through the main pivot of the device
at point O. Starting with Equation (2.30) and evaluating the expression at w =0,

1 =0, and Fo = 0, the static torque balance about point O is obtained as

mLrsiny = mgY (r + Lycosy) — Z) (2.40)
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Figure 2-11: Diagram of device mounted at a misalignment angle v between the
device center line and true radial line passing through the center of rotation of the
propeller at A and the main pivot of the device at O.
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To find the relation between the misalignment angle v and the resulting deflection v

at which static equilibrium is achieved, the torque balance can be written as
mLrsin (¢ — ) = mgcosvyY (r+ Ly cosy — Z) (2.41)
to accommodate the misalignment angle. Substituting the trigonometric relation
sin (1) — 7y) = sin 4 cosy — cos 1 sin 7y (2.42)

and rearranging terms yields

sin ¢ mg
cosy  mrLcosy

tany = Y (r+ Lycosy — Z) (2.43)

Substituting for Y from Equation (2.28) and further simplifying gives the condition

for equilibrium as

mSL1 <L1 COSlﬁ 1

v = tan™"' (tanz/; [1 - Z ) (r+ Lycost — Z)D (2.44)

Linearizing about the point ¢ = 0 with the approximation that

oy

5l Y (2.45)

Y=0

Y= Y|y +

was performed. The first term in the approximation

mgly

<L1 - 1) (r+ Ly — Lz)]) =tan™ (0)=0  (2.46)

Vo = tan ! (O [1 I,

mrL

and the second term can be found by defining a variable for substitution

B mgly [ Lqcosy
B = [1 — ( 7 1) (r 4+ Ly cos ) Z)] (2.47)
and using the relation
dtan~'u 1 du
= — 2.48
dx 1+u?de (248)
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Substitution allows the partial derivative to be written as

oy 1 B 0B
o 1+ (tany)B) (cos%b + tan%w) (2.49)

which can then be evaluated as

0y 1 0B
il B 0—
ol ~ 1+ 0) ( o=t aw)
. _ mSL1 & _ _
= 1o (L2 1) (r + Ly — L) (2.50)

Assembling Equation (2.45), Equation (2.46), and Equation (2.50) the linearized
sensitivity transfer function relating the misalignment angle v to the equilibrium angle

1 is obtained as
(U 1

71— b (L) (r 4+ Ly — Ly)

(2.51)

When the system is tuned for frequency tracking by satisfying Equation (2.33), we

have that

WY 1 mrL
I = = 2.52
ol 1 — mri—Ip [O ( )

mrL

Noting that the natural frequency of an uncompensated pendulum (without the slider

2L L
wpy = | T [T (2.53)
Io Io

The sensitivity transfer function can be expressed as

and linkage) is

= 20U (2.54)

2
nC

Y mrL  w;
"}/_ IO w

where w,, ¢ is the compensated natural frequency. When the pendulum is approxi-

mated to have no rotational inertia about its own center of gravity, so that

Io = ml? (2.55)
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we finally obtain

C=c (2.56)

This result, that the sensitivity to misalignment is directly proportional to the
square of the ratio of the uncompensated and compensated natural frequencies, be-
comes an important factor in designing and mounting a device of this configuration.
In the point mass approximation of the pendulum this sensitivity is proportional to
the ratio of the radius at which the device is mounted to the length of the pendulous
link. This clearly shows that alignment will be a primary concern for the system if at-
tempts are made to reduce the length scale of the device to very small fractions of the
radius at which it is mounted. It also implies that the device, at a given length scale,
becomes more robust as the mounting point is brought toward the axis of rotation of

the part on which it is mounted.

2.3 Extracting Energy Through Damping

The slider augmented pendulum system has been shown to be able to achieve a
resonant response to a steady input of any frequency for a fixed target amplitude
of motion. This resonance allows energy to build within the system to produce and
maintain large motion, and also indicates that the phase relationship between the
excitation and the motion is such that the excitation is always transmitting energy
into the system. It has also been shown that mechanical stops must be utilized to
limit the travel of the linkage to its stable range of motion. In order to obtain usable
electrical energy from the system, a coil and magnet pair are used to damp the motion
of the linkage. From Lenz Law, the relative motion between the magnet and the coil
will cause a current to flow through the coil, creating an electromagnetic field that
oppose the relative motion. This section focuses on investigating the parameters that

are important to the optimization of the power transfer to the load.
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Figure 2-12: Damped harmonic oscillator system which captures the important dy-
namics of the slider augmented pendulum system when a frequency dependent spring
rate is applied.

2.3.1 Damped Harmonic Oscillator

Due to the complexity and nonlinearities of the slider augmented pendulum system,
it is somewhat difficult to gain an intuitive grasp of the optimization of the power
transfer to the load. For this reason, it is beneficial to first consider instead a linear
mass spring system that captures the important aspects of the slider augmented
pendulum configuration. Such an analogous system is shown in Figure 2-12. The

block of mass m is acted upon by a sinusoidal excitation force

f(t) = fsin (wt) (2.57)
a reaction force from a spring with a frequency-dependent spring constant
k(w)=w’m (2.58)

and a force due to the damping b. The choice of the frequency-dependent spring
constant gives the simple linear system the same frequency tracking and matching

properties as the slider augmented pendulum, with

Wp=1\—=w (2.59)
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The transfer function of the system

X (s) 1
= 2.
F(s) ms?2+bs+k (2.60)
evaluated at s = jw, gives
Xy 1
bw) 1 (2.61)
F(jw)  jwb

and shows that the amplitude of motion is inversely proportional to both the damping

constant and the driving frequency. The transfer function

_Abwgw 1 (2.62)

between the velocity of the system and the excitation shows the relation between
velocity and excitation is the damping value itself. The relation can be brought into

the time domain as
T (t) 1
— = 2.63
F) b (2:63)

In the time domain, the instantaneous power being damped from the system is given

by

P(t)=f i =L0 - T (2.64)

and the average power can be found by integrating over one complete cycle and
dividing by the period, to arrive at
f2 277' w f2

P = in? — == 2.
;) sin (wt) dt 5r = 25 (2.65)

From the expression for the average power, it can be seen that the power increases
without bound as the damping is reduced toward zero, but at the same time the
amplitude given in Equation (2.61) also grows without bound.

In any physical system, there will be a limit to the allowable mechanical motion,
and some minimum damping level will be required to prevent the device from hitting

its mechanical stops. This optimal damping level is found from the system transfer
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Figure 2-13: Normalized optimal damping as a function of frequency.

function as a function of frequency to be

Sl

Tmax W

bo = (2.66)

and is plotted in Figure 2-13. Combining this result with Equation (2.65), the optimal

power output of the device is found to be

P fTmaw

Pr=7 —
07 9 9

(2.67)

and increases linearly with frequency.

2.3.2 Applying Electromagnetic Damping

In the calculations above, the optimal damping and optimal power output were found

as a function of frequency for a system of limited range of motion. Next, we consider
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Figure 2-14: Magnet coil configuration that results in electromagnetic damping of the
motion of the magnet assembly relative to the fixed coil. R¢ represents the internal
resistance of the coil and R;, the impedance of the attached electrical load.

how damping is applied to the system electromagnetically. The system shown in
Figure 2-14 has a configuration often used in maglev linear actuators, and consists of
a two magnet assembly which moves within a fixed coil of wire [3, 14|. By Faraday’s

Law, the motion of the magnet will produce an electromotive force in the coil

Ve = VBLyN (2.68)

which is proportional to the velocity V, the density of the magnetic field B, and the
linear length of wire in the field given by the product of the length per turn L, and

the number of turns N. The Lorentz force

Fpy = IBLyN (2.69)

relates the electromagnetic force Fgp; exerted on the magnet to the current in the
coil using the same parameters. Rearranging terms, the electromagnetic constant of

the magnet-coil pair can be defined as
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With the assumption that the reactance of the coil can be considered purely resistive
at the excitation frequency, the resistances in the coil and in the load can be used
to relate the voltage and current across the coil, and the damping constant can be

written as ,
:Bjﬁﬁﬁ (2.71)
This result is important because it introduces two key deviations from the ideal case
investigated in Figure 2-12. First, the resistance of the coil introduces losses in the
system, so that even if ideal damping is applied, only a portion of the damped power
will make it to the load. The second deviation is that the damping has a finite upper
limit, set by the internal resistance of the coil
y K
ax Re

(2.72)

and at low frequencies the system will not be able to achieve the high levels of damping
required to prevent collision with the mechanical stops.

At high frequencies, when the damping is set to the optimal value in Equa-
tion (2.66) to maximize the total power removed through damping, the portion of

the power that is delivered to the load is given by

’R
P (t) = P(t) — Po(t) = frmaxwsin? (wt) — [g(t)RC = (f:z:maxw — ];( C) sin? (wt)
EM
(2.73)
and the average power delivered is found to be
2
p, = {ims _ [T (274

2 2KZ,

The first term in this expression is the maximum rate at which energy can be removed
through damping, and the second term represents the losses in the coil due to its
internal resistance. The second term shows that the coil losses are constant when
optimal damping is applied to the system.

At low frequencies, the maximum damping that the coil can provide is insufficient
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to prevent collision with the mechanical stops, and if maximum damping is applied
by directly shorting the leads of the coil, no power is transmitted to the load. This
condition occurs when Pj, in Equation (2.74) reaches zero, showing that the coil loss

term is equal to the rate at which the excitation does work on the system.

JfRc

2
xmaxKEM

(2.75)

wp =

At these low frequencies, the mechanical stops will be reached by the mass, and the
electromagnetic forces will have little impact on the motion of the device. Under
these conditions, the motion of the device, and therefore the voltage across the coil,
can be considered to be of constant amplitude, and maximum power is delivered to

the load when the load is impedance matched to the coil by setting
R;, = Re (2.76)

Mid-range frequencies exist at which it is possible to provide enough damping that
the system will not impact the mechanical stops. However, the load resistance must
be lowered below the coil resistance. Because impedance matching is desirable at low
frequencies, it is reasonable to use the resistance of the coil as the minimum load
resistance for all frequencies, and therefore allow the mechanical stops to be reached
at these mid-range frequencies as well. The frequency wp at which the damping
applied by impedance matching the load to the coil is the optimal damping, is found
from Equation (2.71) and Equation (2.66) to be

2fRe

2
xmaxKEM

(2.77)

W = 2w =

To reduce coil losses at frequencies above wp and to shift both w4 and wp to lower

frequencies, it is desirable to maximize the ratio K%,,/Rc.
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Chapter 3

Prototype Design

3.1 Choosing Nondimensional System Parameters

With the dynamics and performance of the device and the dependency on each param-
eter laid out in detail in the previous chapter, the task becomes to choose a desirable
set of parameters for use in the design of a prototype device. It is convenient to begin
with the parameters that can be represented in non-dimensional form and therefore
have the least dependence on the details of the final mechanical structure. It has been
shown that the necessary frequency tracking can be achieved for a system of any given
set of parameters through the choice of the slider mass mg and the link lengths L,
and Lo. Taking a representative set of system parameters that includes the target
radius of 1 m and appropriate values for m, L, and Ip, numerical simulation using
various lengths L, and Ly can determine the required value of mg and the natural
frequency of the system w,, as a function of displacement ).

By defining the linkage ratio as Lo/L; and the frequency ratio as w,/w, the am-
plitude dependence and stable range of motion can be evaluated in terms of these
nondimensional parameters. Figure 3-1 shows the amplitude dependence on the fre-
quency ratio for various linkage ratios. Each curve begins at zero displacement and is
extended to the point at which static stability is lost. The key result from this family
of curves is that, for a set desired amplitude, the linkage ratio defines the deviation

from unity of the frequency ratio at low amplitudes. This result is important to the
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Figure 3-1: Plot of the ratio between the natural frequency and the driving frequency
wp/w as a function of release amplitude 1 for several values of the linkage ratio
Ls/Ly. For each curve a slider mass mg has been chosen to achieve a frequency ratio
of unity at an amplitude of ¢» = 10° for a representative set of system parameters.
Each curve extends to the limit of static stability.

dynamics of the device because if the mismatch is too large, the device will not be
capable of building up amplitude from rest at the centered position while spinning at
high frequencies. It is therefore desirable to have a large linkage ratio to minimize the
deviation of the frequency ratio from unity. Considering the endpoints of the curves,
at which point stability is lost, it is seen that a large linkage ratio offers the largest
stable range of motion.

When the proportions of link 1 are held constant, the rotational inertia Iy scales
linearly with the mass m and it becomes meaningful to define the mass ratio as mg/m.
The linkage ratio, for an otherwise constant set of parameters, will dictate the mass
ratio required to set w, equal to w. This relationship is presented in Figure 3-2,

and shows that the mass ratio increases without bound as the length ratio of unity
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Figure 3-2: Plot of the required mass ratio mg/m as a function of linkage ratio Lo/ L,
for a frequency ratio of unity w, = w at an amplitude of 1y = 10° for a representative
set of system parameters.

is approached. The required travel of the slider mass as a function of linkage ratio
is shown in Figure 3-3, and shows the opposite trend. Small slider displacements
are desirable to enable the use of flexures as a means of constraining the slider with
minimal losses. From these results, the choice of the linkage ratio becomes a trade off
between reduced nonlinearities in natural frequency, enhanced stability, and reduced
slider motion at large ratios and reduced slider mass at low ratios. Weighing all of
the benefits for a target amplitude of ¢» = 10°, a length ratio of Ly/L; = 0.75 was
chosen for use in the prototype design, resulting in a mass ratio of mg/m = 1.88, and

a normalized slider displacement of 0.005.
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3.2 Magnet Assembly and Coil Design

The magnet assembly consists of two magnets placed on either side of a spacer,
as shown in Figure 2-14, with a flux return path provided around the outer loop to
contain the field and to reduce losses associated with eddy currents that may otherwise
be induced in nearby components. Because the magnet assembly has significantly
more weight than the coil, the coil is held stationary and the magnet assembly is
integrated into the the pendulous link. In order to achieve a range of motion of ¢ =
+10° while still holding the tight clearances that are desired to maximize efficiency,
the magnet assembly was designed with the curvature shown in Figure 3-4. The
design consists of many flat plates to reduce the manufacturing complexity of the
steel parts. Simplifying the geometry of the magnet assembly did, however, pose
challenges on the shaping of the magnets themselves. The magnets were cut using a
wire EDM processes after the magnet stack was assembled.

The magnet assembly is designed to provide a very concentrated magnetic field
at a right angle to the motion of the coil to obtain a large effective field density B.
This high field density helps to increase the electromagnetic constant Kpgj; defined
in Equation (2.70), and therefore increases the efficiency of the device as described in

Section 2.3.2 by increasing the ratio

K%']W — (BLTN)2 (31)
Rc Rc

The coil itself was also designed to maximize this ratio to achieve better efficiency.
Because the length of a single turn of wire in the coil Ly was fixed by the geometry of
the magnet assembly, coil design focused on maximizing the ratio N?/Rc. The cross
sectional area of the coil is limited by the tolerances between the coil and magnet
assembly and the maximum number of turns that will fit into the available space is

given by
As

N =rp—-=>
TPAW

(3.2)

where A, is the area of the cross section of the coil, Ay is the cross section of the wire,
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Figure 3-4: Integrated pendulum and magnet assembly structure showing magnet
orientations and coil position in centered (top) and deflected (bottom) state. The
coil is held fixed by an external structure not included in the diagram.
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and rp is the packing ratio. The internal resistance of the coil Ro can be calculated
as a function of the resistivity of the copper in the wire p, the cross sectional area of

the wire Ay, and the total length of wire N Ly as

_ pNLy
=1

Re (3.3)

Combining these equations shows that

E:NAW:TPAS (34)
Re  pLr  pLr '

and the packing ratio is the only term that can be altered to decrease the internal
losses in a copper coil of given geometry.

The coil design reflects the desire to maximize the packing ratio by allowing the
wire to round the corner of the coil with a large enough radius that the windings can
be maintained in a flat and parallel orientation. A section view of the coil situated
in the magnet assembly is presented in Figure 3-5 and shows the tight tolerances
that are held between the coil and the surrounding structures. To further increase
the packing ratio, magnet wire with a thin non-bonding insulation was used, and
the coil was wound and epoxied by hand on a custom CNC cut winding fixture. It
should be noted that while only the packing ratio affects the efficiency of the coil, the
choice of wire will affect the number of turns, and will therefore affect the balance
of voltage and current delivered to the load. The choice of wire can therefore be
made to minimize the losses in the load. For the prototype device, it was desirable
to match the coil voltage output to the input range of the data acquisition system,
and 32 AWG magnet wire was selected. A photograph of the wound coil is shown in
Figure 3-6.

3.3 Mechanical Linkage Design

The physical design of the mechanical linkage is a critical challenge of its own. At

the testing condition of r = 1 m and rotation rates up to the desired 350 RPM, the
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Figure 3-5: Section view of coil and magnet assembly along the midline of the de-
vice showing the fit of the coil between the magnet stack and the side plates of the
assembly.

Figure 3-6: Photograph of the hand wound coil showing the organized orientation of
the windings to maximize the packing ratio.
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device will experience centripetal accelerations of
2 <35027r>2 1343 2 = 137 (3.5)
wr = — | = - = .
60 52 &

Because of these high loads, it is necessary to carefully design the linkage to avoid
mechanical failure and to prevent the high loads from causing friction or deflections
that would prevent the device from preforming as desired. The design was completed
with a factor of safety of n > 2 against failure in both shear and bending at all critical

points in the design.

3.3.1 Link Forces

The force in each link varies with time and has components due to both the centrifugal
forces and reaction forces produced by the dynamic motion of the linkage itself. The
forces in each link and the reaction forces of the slider against its constraint were
found from the dynamics of the system using the Newtonian approach. The resulting

tensile forces in each link are

Fr, = mAggy + Fscos (0 — )

Z L
= m(Acgisiny + Acgjcost) — F, ( cos Y + L gin? w>

Ly Ly
: Z L
= m (L (w + @ZJ)Q + rw? cos¢) — [y, ( cos ) + — sin? 1/1) (3.6)
Lo Lo
and
Fr, = —Fs= ETZL; (gcosgb—zﬁY — A+ w? (r + Ly cos ) — Z))
= mSZL2 (¢Y+¢2A—w2(r+Llcos¢—Z)—gcosgzﬁ) (3.7)

The force exerted by the slider mass on its constraint in the tangential direction is

(3.8)

I
Fp, = Fp,sin0 = Fy, ( 1zm¢)
2
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Figure 3-7: Tensile forces in link 1 as a function of propeller position calculated
through numerical simulation at the maximum desired test speed of 350 RPM.

Numerical simulation was employed to generate the time varying values of the link
and constraint forces plotted as a function of propeller position ¢ in Figure 3-7,

Figure 3-8, and Figure 3-9.

3.3.2 Symmetrical Configuration

Due to the high forces in the links, it was necessary to use a symmetrical configura-
tion that prevents bending moments from being transferred through the connections
between links. The symmetrical configuration of the design is shown in Figure 3-10.
The device is anchored by a plate and bearing block that sit between the two side
plates of the integrated link 1 magnet assembly, with minimal clearance to reduce
the bending moments exerted on the main pivot shaft. For logistical purposes, the

paired secondary links are placed on the outside of the slider mass side plates and
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through numerical simulation at the maximum desired test speed of 350 RPM.
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Figure 3-10: Top view of device showing the linkage configuration. Not shown in the
diagram are the upper and lower plates that connect the two slider mass side plates
to form a rigid box structure. All linear dimensions shown in inches.

are connected to studs that are press fit into blocks attached to the magnet assembly.
This press fit configuration was chosen because the use of a through shaft was not
possible, and the press fit offers much higher strength than a threaded connection.
The slider mass itself is a box structure formed by the two side plates shown, and
upper an lower plates that bridge across them to form a single rigid structure that
prevents the linkage from warping. Various masses can be attached to these upper

and lower plates to adjust the overall mass of the slider during testing.
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3.4 Slider Constraints

The motion of the slider is small due to the choice of the linkage ratio in Section 3.1,
and is plotted as a function of propeller position from numerical simulation as shown
in Figure 3-11. The motion of the slider was deliberately designed to be small enough
that flexures could be used as a low loss approximation of the sliding constraint.
Flexures would be the method of choice for a production device, but a mechanical
linkage based constraint was chosen for the prototype device to reduce design time
and prototyping cost. The linkage design approximates linear motion over the small
deflections of the slider mass by constraining it with three long links as shown in
Figure 3-12. The upper ends of the links, as seen in the figure, are attached to
the frame of the device and the lower ends are attached to the sides of the slider
mass. Three links were chosen, two on the back side and one on the front, to prevent

over-constraining the slider assembly.

3.5 Device Frame and Attachment

An outer framework for the device was designed to provide several important func-
tions. The primary function of the framework is to rigidly support the internal com-
ponents of the device, and to provide a secure attachment to the test stand. The
centripetal forces acting on the linkage itself are transmitted directly through the
back wall of the frame from the test stand. The remaining portions of the frame only
need to rigidly support: the coil assembly with the integrated mechanical stops, the
slider mass support links, and an encoder that measures deflection of the main pivot
shaft. Having only light loads acting through the majority of the frame allows for a
relatively lightweight aluminum construction that keeps overall device weight down,
reducing the centrifugal loading on the test stand.

The frame must fully enclose all of the moving portions of the device, to prevent
airflow from disturbing their motion, but still allow for quick modifications and safety

checks to be performed during testing. The open box construction shown in the
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Figure 3-13: View of assembled prototype device showing the internal linkage installed
in the frame, and the entire assembly mounted to the test stand arm.

Figure 3-13 incorporates four clear polycarbonate panels that allow for easy visual
inspection, and can be easily removed to modify the mass of the slider. The two steel
bars on the front of the device are the only components of the frame that must be
removed for full linkage removal and disassembly, ensuring that the frame geometry
does not, change during disassembly and reassembly. These two steel bars also give
the frame added strength to prevent any debris from escaping the enclosure should

any component of the linkage fail.

3.6 Prototype Parameters

A summary of the parameters that were chosen for use in the design of the device

that appear in Equation (2.30) are the link lengths L; = 2.5 in and Ly = 0.75 in.
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Figure 3-14: Photo of the assembled prototype device mounted to the test stand arm.

The radius at which the coil interacts with the magnet assembly is Lo = 2 in. The
mass of the pendulous link m, the distance L between the pivot point O and the
center of gravity of the link, and its rotational inertia Ip were found from the 3D
solid model shown in Figure 3-13. From the solid model of the link 1 assembly,
the mass, location of the center of mass, and the rotational inertia about the pivot
were measured as m = 1.39 lbm, L = 1.755 in, and [p = 5.584 lbm in? respectively.
Through simulation, the required slider mass to achieve a frequency ratio of unity was
found to be my = 2.621 1bm. Detailed drafts of the individual parts of the prototype

system are shown in Appendix B.
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Chapter 4

Experimental Setup

The goals for laboratory testing of the prototyped system were primarily to verify
the dynamics of the device, and to characterize and quantify the performance of the
system. It was also desirable to demonstrate the ability of the device to perform
the task of charging batteries. In order to support these goals, it was necessary to
provide the device with proper excitation conditions and an adjustable load. Testing
required instrumentation capable of measuring the deflection of the device, its phase
relative to the excitation, and the power output of the device given by the voltage
and current delivered to the load. Conducting the desired testing required the design
and development of custom equipment including a computer controlled spin stand to
provide the designed trajectory, and two different microcontroller based adjustable
loads. This chapter gives an overview of the capability of these systems, and their

integration with the data acquisition and control hardware.

4.1 Spin Stand

The primary requirement of the spin stand is the ability to hold the device securely
at a 1 m radius and smoothly spin it at speeds up through 350 RPM, with enough
torque to overcome wind drag and provide the necessary accelerations. Full computer
controlled closed loop control was desired to ensure that the device was spinning at the

precise target speed, and to monitor the cyclic errors in the rotation rate. A means
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of transmitting the necessary data between the rotating device and the stationary
instrumentation was required. Sensors are required to both close the control loop
around the rotation rate of the stand w, and provide the data acquisition system the
actual angular position ¢ of the arm and the device deflection v in real time for phase
measurements.

The spin stand configuration is shown in Figure 4-1 with key dimensions and
features labeled. The mechanical structure was designed using a factor of safety of
n = 2 against immediate failure in the event of a 10 Ibm out of balance condition at
350 RPM. For the desired range of payload, an infinite expected fatigue life of the
drive line was achieved by minimizing the bending moments in each of the shafts. The
drive line of the spin stand consists of a Leeson model N182D17FK1B 2 hp permanent
magnet DC servo rated for continuous operation at 1750 RPM, 9.5 A of current, and
a supply of up to 180 V DC. The motor is coupled to a short shaft that drives the
timing belt noted in the diagram. The 1 in wide H series timing belt is driven by a
16 tooth pulley, and a 60 tooth pulley is attached to the main shaft, giving a drive
ratio of 3.75. The arm of the device consists of a 6 ft x 4 in standard section 6061
aluminum T beam connected to the main shaft with a custom designed hub. The hub
allows the arm to freewheel on the shaft in the event of a drive line seizure without
allowing it to break free. The hub design also aids in the routing of the wiring from
the twelve channel Lebow 6105-12 slip ring, through a collar between the shaft and
the bearing, and out onto the rotating arm.

The power amplifier used to supply current to the motor is the Advanced Motion
Controls model 30A20AC Brush Type PWM Servo Amplifier. This amplifier was
selected for its ability to draw power directly from the standard single phase 120V
supply. The amplifier accepts an analog input command, and applies a proportional
current through the motor windings, which is in turn proportional to the torque
applied on the arm of the spin stand. Using the current sensing capabilities of the
amplifier, the arm torque and steady state rotation rate were measured at various
command levels, and the coefficient of drag of the bare beam was found to be Cp =

1.981. This high aerodynamic drag limited the rotation rate to less than 300 RPM
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Figure 4-1: Simplified assembly diagram of the spin stand showing the overall dimen-
sions, drive line configuration, and basic instrumentation.
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Figure 4-2: Curves characterizing the aerodynamic drag on the arm of the spin stand
without fairing, with fairing, and with prototype attached. The coefficient of drag
Cp and constant mechanical drag D), values are given for each fit curve.

at the maximum continuous arm torque of 30.5 N m, as shown in Figure 4-2. An
aerodynamic fairing was fabricated using a CNC wire foam cutter to produce a NACA
0012 profile large enough to encase the beam. The fairing reduced the coefficient of
drag by an order of magnitude to C'p = 0.136, and then the rotation rate was limited
by the rail voltage of the servo amplifier at 440 RPM. With the unfaired prototype
attached to the faired beam, the spin stand is capable of operating at speeds up to
the desired 350 RPM with ample available torque for acceleration and control.

Two incremental digital optical encoders are used in the experimental setup to
measure the angles ¢ and ¢). The angle 1 is measured by a US Digital model E5S-
900-250-1 encoder, that, with 900 full quadrature counts per revolution, can measure
the displacement of the pendulous link to a tenth of a degree. The encoder on the

main shaft of the spin stand is a US Digital model E6S-1800-1000-IH and has twice
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Figure 4-3: Photo of spin stand arm with CNC cut NACA 0012 fairing for reduced
aerodynamic drag.
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Figure 4-4: Frequency response plot measured from torque command to main shaft
encoder measured displacement.

the resolution. Both encoders are interfaced directly to a dSPACE DS1103 real-
time controller development board that is used for both data acquisition and closed
loop control of the spin stand. Using code developed in the Precision Motion Control
Laboratory at MIT, the frequency response of the system was taken with the dSPACE
card and fit to the model, as shown in Figure 4-4 [4]. Taking a loop shaping approach,
a controller was designed from the measured data that stabilizes the system with a
1 Hz crossover. The controller consists of a gain, a lead term centered at 1 Hz, and
a complex pair of poles at 3 Hz, with a damping ratio of ( = 0.5. This gives the
controlled system a phase margin of over 40°, a gain margin of over 2 dB, and phase
stabilizes the resonant peak. The resonant peak is attenuated to -30 dB as measured.
The actual controller as implemented in the Simulink model that is compiled to the
dSPACE board can be seen in Figure C-4. The frequency response of the controlled

system is shown in Figure 4-5.
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Implementing velocity control with digital incremental encoder feedback can be
difficult, due to the discontinuous position signal from the encoder. Using the change
in position between samples as a measure of the velocity becomes increasingly prob-
lematic as the velocity becomes low compared to the sampling rate. At high sample
rates the velocity appears to be zero while the encoder is between counts and spikes to
large values when each count is received. To eliminate this problem, position control
was implemented, and the system was made to follow a position trajectory in time
that results in the desired velocity. This introduces the problem of variable overflow
as the position becomes large during continuous rotation. For this reason, the po-
sition error signal that goes into the controller is not generated from the difference
between the absolute desired position and the actual position. The position error is
stored in an integrator that is updated each time sample with a delta position desired
and delta position achieved. Saturation is applied to this error storage integrator to
prevent excessive windup.

In order to protect the device from sudden changes in acceleration and to prevent
saturation of the amplifier during transitions, a trajectory generator is implemented.
The smooth trajectories in velocity that are generated allow the system to grace-
fully transition from one operating speed to another. The trajectory generator was
implemented in a Stateflow chart within the Simulink model and is compiled to the
dSPACE board with the controller and other model components. The Stateflow chart
also automates the open loop indexing process that initializes the encoders. This is
accomplished by initially rotating the arm using only the open loop feed forward con-
troller that is based on the aerodynamic measurements. Once the encoders have both
been indexed, the closed loop controller is initialized to the current rotation rate, and
a smooth trajectory is followed to the desired operating speed. Sample output for
the the Stateflow chart can be seen in Figure 4-6, and the chart itself is shown in
Figure C-3. The complete Simulink model that is compiled to the dSPACE board
includes other features such as subsystems that keep track of the true arm angle and
provide safeguards against exceeding the safe operating speeds. The full Simulink

model is presented in Appendix C.
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(a) (b)

Figure 4-7: Photographs of the spin stand with the prototype device mounted for
testing.
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4.2 On-board Variable Loads

Two different variable loads were constructed and used in the testing of the prototype
device. One load was designed to provide a purely resistive load for the purpose
of characterizing the device and measuring the maximum power output at various
rotation rates and damping levels. The second load was designed to demonstrate the
capability of the device to charge a battery through a high speed switching circuit.
Both loads were designed to be mounted on the beam within the fairing to avoid the
multiple connections and long stretches of wire that would be required to bring the
coil leads out through the slip ring to the stationary frame. An Atmel ATmegal68
microcontroller was mounted on the beam and used to control each of the loads. The
microcontroller established two way RS232 communications through the slip ring with
the PC that operates the spin stand to display its status, and to receive commands

from the operator.

4.2.1 Resistive Load

The resistive load circuit shown in Figure 4-8 has a simple structure of resistors and
relays. The six resistors placed in series range from 4 € to 128 () increasing by
factors of two. The six independently controlled Hamlin HE721A0510 reed relays
used to short out the resistors are switched by a parallel communications port on
the microcontroller. This configuration allows the microcontroller to digitally select
a load resistance ranging from short circuit to 252 €2 with a 4 ) resolution. An
additional relay is used to open or close the entire circuit, allowing the voltage of
the coil to be measured under open circuit conditions. To prevent centrifugal loading
from affecting the operation of the relays, the circuit is mounted near the hub of the
arm with the relays oriented such that their reeds point radially outward. The circuit
was found to operate without error under the maximum centrifugal loads encountered

during testing.
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Figure 4-8: Resistive load circuit diagram showing arrangement of resistors and reed relays.
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4.2.2 Switching Load and Mock Battery

The switching load and mock battery circuit, shown in Figure 4-9, was designed to
demonstrate the capability of the device to charge batteries, and to investigate any
changes in the dynamics of the device caused by the nonlinear load. The circuit has
the ability to accurately measure the power output of the device that is delivered to
the load, but the circuit itself is externally powered, and circuit efficiency was not a
consideration in the design. The basic structure of the circuit is to rectify the AC
voltage from the coil and to use it to charge a large storage capacitor. This large
capacitor acts as a low pass filter, maintaining a nearly constant voltage despite the
pulsating input current from the magnet assembly. The stored energy in the capacitor
is then supplied to a high speed switching DC-DC converter, that efficiently brings the
voltage down to the levels appropriate for charging a battery. In the true application,
the battery would be used for long term storage and would supply power, at a stable
voltage, to the attached systems.

The power conditioning portion of the circuit uses Schottky diodes in a full bridge
configuration to charge the large storage capacitor. The DC-DC converter was de-
signed with an IRFBG20 power MOSFET as the switching element, and a smaller
2N7000 MOSFET to drive the gate of the power MOSFET. The smaller MOSFET is
driven by an adjustable duty cycle 25kHz PWM signal generated by the ATmegal68.
An inverting buffer is used to offer added protection to the microcontroller. This
simple switching circuit was convenient for the desired test and functioned well for
the known voltage range of the coil. In general, for high or unknown coil voltages, it
would not be sufficient to drive the power MOSFET gate from a high voltage supply,
and commercially available bootstrapping MOSFET driver chips would offer a better
solution. After the switching stage, the standard DC-DC converter structure, using
an inductor, capacitor, and diode to ground, is used to step down the voltage and
step up the average current.

The use of an actual battery in the circuit is not convenient for laboratory testing,

because the state of charge of the battery would become an additional variable in the
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system. A real battery would have varying resistance and voltage characteristics at
varying levels of charge and temperature, and would not be suitable for continuous
testing due to the dangers of overcharging. For these reasons, a mock battery circuit
was designed to approximate the electrical characteristics of a battery without the
extra variability. The circuit consists of a small sense resistor that approximates the
internal resistance of the battery and a 2.4 V zener diode that is biased with a current
from an external source. This configuration gives the circuit the characteristics of a
standard battery model of a voltage in series with a resistance, and also provides
direct measurement of the power delivered by the prototype device.

Two identical buffer amplifier circuits with a gain of 2 were used to measure the
voltage before and after the mock battery resistance, to provide amplification, and to
drive the long lines running through the slip ring assembly and back to the control PC
without influencing the circuit. The first buffer amplifier provides the voltage across
the mock battery circuit, and the difference between the two measurements is used
to calculate the current passing through the circuit from the DC-DC converter. This

configuration allows the true power delivered to the mock battery to be calculated.
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Chapter 5

Experimental Results and Discussion

Laboratory testing was conducted to measure the parameters of the prototype inertial
generator experimentally and to characterize the performance of the device during
operation. Static tests, conducted with the device fixed to a stationary level surface,
included the measurement of the coil impedance as a function of frequency and mea-
surement of the electromagnetic coupling coefficient as a function of displacement.
These measurements were used to complete the model of the device that was devel-
oped in Chapter 2. Spin testing employed the use of the spin stand to swing the
device through the circular trajectory. Spin testing was conducted with the resistive
load and the high speed switching load circuits that were presented in Chapter 4.
These spin testing experiments were conducted to verify the function of the device,
quantify its performance, and demonstrate its ability to perform the representative

task of battery charging.

5.1 Static Testing

5.1.1 Coil Impedance

In Chapter 2 the damping of the system was given in Equation (2.71) with the as-
sumption that the impedance of the coil could be considered purely resistive over

the frequency range of operation. To verify this assumption, the impedance of the
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coil was measured as a function of frequency to establish the resistance of the coil
R¢ and to measure the influence of the coil’s inductance and parasitic capacitance
throughout the frequency range of operation. The same code that was used to mea-
sure the frequency response of the spin stand was used with the dSPACE system to
measure the impedance of the coil [4]. The sinusoidal excitation output by the DAC
was amplified with a simple op-amp buffer amplifier circuit and was used to drive the
coil and a sense resistor in series. The voltage across the coil was measured, and the
voltage across the sense resistor was used to calculate the current passing through
the coil, allowing the impedance of the coil to be found.

The impedance of the coil was measured with the coil installed within the fully
assembled magnet assembly, so that the impedance would be measured with the
proper core permeability. Measuring the impedance of the coil in this configuration
adds the complication that the current passing through the coil tends to excite the
magnet assembly, which introduces additional dynamics from the system. To isolate
the dynamics of the coil from the dynamics of the mechanical system, the measure-
ments were taken under two conditions. First, the magnet assembly was physically
constrained to minimize the relative motion between the coil and magnet assembly.
This procedure pushes the mechanical resonances of the system to relatively high
frequencies. A second set of measurements was taken with the magnet assembly un-
constrained, allowing the mechanical resonances to drop to lower frequencies. From
the overlay of the two sets of data, shown in Figure 5-1, the discrepancies between
the two curves can be attributed to the mechanical resonances of the system, and the
common features are the true coil characteristic. The results show that the coil has a
DC resistance of R = 47.9 €, and the impedance can be considered purely resistive
for frequencies up to nearly 100 Hz. The desired speeds for physical testing fall at
much lower frequencies, so that the purely resistive model used to represent the coil

impedance is adequate.
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Figure 5-1: Coil impedance as a function of frequency when installed within the mag-
net assembly. Measurements were taken with and without physical restraints applied
to magnet assembly to distinguish between actual coil impedance and mechanical

resonances.
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5.1.2 Electromagnetic Coupling Coefficient

The electromagnetic coupling coefficient Kgj; was measured as a function of the
displacement 1 by using the relationship between the velocity 1/) and coil voltage V
expressed in Equation (2.68). The prototype device was placed on a flat surface and
the magnet assembly was manually displaced and released. As the magnet assembly
swung back and forth through the stationary coil, the open circuit coil voltage and the
encoder position ¢ were recorded by the dSPACE system. The data was processed
in MATLAB to determine the coupling coefficient and position at each time sample,
and the data corresponding to each position was averaged over many cycles. The
results from this analysis are presented in Figure 5-2 and show the expected trend,
with the coupling reaching the highest values when the device is centered and the coil
is in the strongest portion of the magnetic field. In this central region, the average

value of the coupling coefficient was found to be

\Y \Y

Kgy =0276 ——— =15.8 ———
B deg/sec rad/sec

(5.1)

This distribution of the coupling coefficient is quite acceptable, considering that the
velocity pb is highest in this central region, making it the most critical for the extrac-
tion of energy through damping. The maximum damping that the coil can provide is

found from Equation (2.72) to be

v o2
b _ K%]W _ (158 rad/sec) — 599 Nm
" Re 47.9Q "~ rad/sec

(5.2)

As discussed in previous chapters, improvements in this maximum available damping
lead to increased power transmitted to the load across the entire range of frequencies.
It has also been shown that for frequencies above wp, given by Equation (2.77),
the power output is maximized when the optimal damping is applied, and for lower

frequencies it is best to match the impedance of the load to the impedance of the coil.
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Figure 5-2: Measured electromagnetic coupling coefficient K, as a function of swing
angle 1.
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5.2 Spin Testing

5.2.1 Spin Testing with Resistive Load

Spin testing with the variable resistive load was conducted over a range of rotation
rates and load resistances. The power output results of this testing are presented
in Figure 5-3, plotted versus rotation rate. The results show the expected trend of
increasing power output with increasing frequency. It should be noted that all of the
data points shown in the figure were taken in a single spinning test, and that the only
changes in the system were the rotation rate and the load resistance. The output
of the device contrasts sharply with that of the traditional sprung mass vibrational
energy harvesters, which must be physically modified for excitation at each frequency
to produce a smiler result. This monotonically increasing trend in the data and the
power levels observed show that the natural frequency tracking concept can be used
to achieve resonance over a broad range of frequencies.

Figure 5-4 presents the same power output data plotted versus load resistance,
where it can be more clearly seen that the power transmitted to the load increases
with increasing load resistance up to the point at which the load resistance is approx-
imately impedance matched with the coil resistance at 48 €. A further increase in
the load resistance does not tend to increase the transmitted power. This indicates
that the system output is being limited by the electromagnetic coupling coefficient
Kgy, and the mass of the pendulous link is not a limiting factor. At the highest fre-
quency, the sharp drop in power output, as the load resistance is lowered from 28 €)
to 24 €, indicates that the damping of the system has increased beyond the optimal
damping given by Equation (2.66). This observation is supported by the swing mag-
nitude measurements shown in Figure 5-5. The amplitude loss that appears at load
resistances below 24  at 300 RPM indicates that this rotational rate falls between
w4 and wp on the normalized power curve presented in Figure 2-15. The fact that
the other rotation rates do not show this loss of amplitude as the load resistance is
lowered toward zero indicate that they fall below w4.

Assuming sinusoidal motion of the linkage at a fixed amplitude, it would be ex-
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Figure 5-3: Steady state average power dissipated in the variable resistive load plotted
versus rotation rate for various load resistances.
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Figure 5-4: Steady state average power dissipated in the variable resistive load plotted
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Figure 5-6: Steady state peak to peak load voltage plotted versus load resistance for
various rotation rates.

pected that the voltage output from the coil with a fixed load would increase linearly
with frequency. The experimental data shown in Figure 5-6 directly contradict this
expectation. The data show a dependence on the load resistance, but almost no de-
pendence on the rotation rate. In order for this behavior to occur, it must be the case
that the pendulous magnet assembly is reaching nearly the same maximum velocity
regardless of the rotation rate. This phenomenon is caused by the nonlinearities in
the linkage and the collisions with the mechanical stops at the end of the allowed
travel, and is best illustrated by sample plots of the time domain data.

Figure 5-7 shows the displacement of the pendulum ¢ plotted versus time for two
different operating speeds with the same 48 () resistive load. The upper plot shows
the device in operation at 150 RPM and the lower at 300 RPM. In the time domain,
it can be seen that the motion at high frequency is approximately sinusoidal, but

that the motion at low frequencies is clearly nonsinusoidal. At low frequency, the
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system begins to behave much more like a falling mass, with collisions at the limits of
travel and delays between periods of motion. The interesting thing to notice is that
the deviation from sinusoidal motion at low frequencies actually improves the power
output of the device. At a constant damping, the total work done over a fixed distance
is proportional to the velocity at which the distance is traversed. The average power
can be expressed as the product of the work done over the distance and the number
of time the distance is traversed per second. From this perspective, it becomes clear
that the high velocity motions between delays that appear in the low frequency data,
actually cause more energy to be transduced by the electromagnetic damping than
would purely sinusoidal motion.

The cosine of the arm angle ¢ is overlaid on the time domain swing angle plots
in Figure 5-7 for use as a phase reference between the motion of the device and the
excitation force provided by gravity. At high frequency, the figure shows that the
proper resonant phase relation exists, and the excitation of gravity is therefore doing
nearly the optimal amount of work of the device in each revolution. The low frequency
plot shows a surprisingly similar phase relationship despite the large deviation from
sinusoidal motion. This similar resonant phase relationship across a wide range of
frequencies further demonstrates the effectiveness of the frequency tracking properties
of the device dynamics.

The peak to peak voltage shown in Figure 5-6 showed little variation with changes
in frequency, and the time domain swing angle data gave some explanation of how
this occurred. Figure 5-8 shows the time domain voltage measured across the load,
which is proportional to the angular velocity zﬁ, for sample data sets at 150 RPM
and 300 RPM. In addition to the similar peak to peak voltages, it can be seen that
the width of the peaks are also comparable. The time domain sample data of the
power transmitted to the load is presented in Figure 5-9, and shows that changes
in operating frequency tend to change the spacing between the individual spikes in
power more than the magnitude or width of the spikes themselves. This leads to the
rather linear trend in output power as a function of frequency that was observed in

Figure 5-3.
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Figure 5-7: Sample plots of the time domain swing angle measurements taken at
150 RPM (top) and 300 RPM (bottom) during operation with a 48 Q resistive load.
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Figure 5-8: Sample plots of the time domain coil voltage measurements taken at
150 RPM (top) and 300 RPM (bottom) during operation with a 48 Q resistive load.
The cosine of the arm angle ¢ is overlaid as a phase reference.
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Figure 5-9: Sample plots of the time domain power output measurements taken at
150 RPM (top) and 300 RPM (bottom) during operation with a 48 Q resistive load.
The cosine of the arm angle ¢ is overlaid as a phase reference.
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5.2.2 Battery Charging Demonstration with Switching Load

Testing with the high speed switching load, that approximates the loading experienced
during battery charging, successfully demonstrated the ability of the device to charge
batteries. The power transmitted to the mock battery as a function of rotation rate
for each duty cycle is shown in Figure 5-10. One key success is that the device was
able to charge the 2.4 V mock battery at some rate at all frequencies tested despite
a relatively low maximum coil voltage. The ability to continue to charge the mock
battery at low rotation rates is a result of the relatively constant voltage pulsed
power characteristics that were observed at low frequencies with the resistive load.
The power transmitted to the mock battery is also nearly linearly increasing with
increasing frequency. The peak power transmitted to the mock battery is somewhat
lower than the power dissipated in the resistive load, due to the multiple diode drops
associated with the rectifier and the switching circuitry. Choosing a smaller diameter
wire to increase the number of turns in the coil would boost the coil voltage and
reduce the losses that occur in the diodes.

In the experimental results, it was seen that the highest performance was achieved
at a duty cycle of 100%, and the switching portion of the circuitry was therefore
unnecessary. For the tested battery voltage of 2.4 V and the tested coil a simple
direct connection between the rectifier and battery would be sufficient; however, if a
high voltage coil were used to reduce the diode losses, a switching circuit would be
expected to be beneficial.

Figure 5-11 and Figure 5-12 show the voltage across the mock battery and the
charging current, respectively. The trend of these two plots verifies that the mock
battery has similar characteristics to a real battery. The voltage across the mock
battery changes relatively little with changes in current, and approaches a nominal
2.4V as the charging current is reduced to zero. The charging current shown is within
the acceptable range to charge a AA two cell NiCad battery pack in a reasonable
amount of time.

The device did not show any significant changes in its dynamics due to the addi-
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Figure 5-10: Power transmitted to the mock battery portion of the switching load
circuit plotted versus frequency for various duty cycles.
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Figure 5-11: Voltage across the mock battery portion of the switching load circuit
plotted versus frequency for various duty cycles.
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Figure 5-12: Charging current passed throughout the mock battery portion of the
switching load circuit plotted versus frequency for various duty cycles.
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tional nonlinearities introduced by the use of the rectifier and storage capacitor. The
time domain swing angle measurements taken while the switching load was employed,
shown in Figure 5-13, show no significant difference from those shown in Figure 5-7,

which were taken during testing with the purely resistive load.
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Figure 5-13: Sample plots of the time domain swing angle measurements taken at
150 RPM (top) and 300 RPM (bottom) while the system was loaded by the mock
battery charging circuit at 100% duty cycle. The cosine of the arm angle ¢ is overlaid
as a phase reference.
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Chapter 6

Conclusion

An inertial generator for embedded operation within the propeller of a large ship
has been designed and successfully tested under the expected operating conditions.
The inertial generator was designed specifically for the inertial excitation experienced
during rotation in the vertical plane at a radius that is large relative to the size of
the device. The design relies solely on the known inertial trajectory and the presence
of gravity to generate electrical energy. Within the reference frame attached to the
device, gravitational forces can be viewed as the nonconservative excitation. However,
in the inertial frame it is seen that the source of the energy produced by the device
is the work done on the propeller by the drive shaft of the ship, which provides the
reaction forces necessary to drive the device through its circular motion. The designed
system has the ability to reliably provide electrical energy to an embedded system
with only a single physical external connection.

The results of the laboratory testing have verified the expected dynamics of the
device by demonstrating that it can achieve large resonant deflections at a wide range
of operating speeds. The experimental power output of the device shows the expected
monotonically increasing power output with increasing rotation rate, which has clear
advantages over the narrow useful operating range associated with traditional sprung
mass vibrational inertial generators. The nonlinear characteristics of the device have
been investigated, revealing that the device produces peak voltages at low rotation

rates that are comparable to the voltages produced at much higher rates. The rela-

105



tively constant peak voltage output eliminates the dropout that other designs exhibit
at low frequencies, when the voltage output falls below the level necessary to charge
the storage element. Laboratory testing has also demonstrated the ability of the de-
vice to charge a battery, with acceptable charging currents delivered across the entire
range of tested frequencies.

The tested prototype has proven its ability to perform at the target radius of one
meter and across the desired range of frequencies. The power output of the device
is limited by the coil assembly, and will increase linearly as the device is scaled in
thickness. As the ratio of the length scale of the device to its radius is raised, the
device becomes more stable, and less mass is required in the slider to tune the device.
As the ratio is lowered by reducing the length scale of the device or mounting it at
a larger radius, the device becomes more sensitive to alignment errors and requires

larger slider masses to tune the system.

6.1 Opportunities for Future Research

Many opportunities exist for further improvement of the currently prototyped de-
vice. In Section 2.3.2, it was shown that increases in the ratio of the square of the
electromagnetic coupling coefficient to the resistance of the coil results in improved
efficiency. Improvement opportunities in this area may include modifications to the
geometry of the magnet assembly, or the development of new construction techniques
that do not require wire EDM machining of the magnets, which may have reduced
their strength. The development of magnetic stops, that limit the travel of the device
without the mechanical impacts that occur when rubber stops are employed, would
reduce both the noise produced by the device and the impulsive loads on the internal
mechanical components. Another interesting area for future research would be the
design of a self aligning device, allowing the device to operate at larger radii and
smaller length scales.

Opportunities for further development exist in optimizing the design for use with

a specific load. The research presented in this thesis has focused on characterizing

106



the devices dynamics and presenting its capabilities. Once a specific load is chosen
the material presented here may be used as a guide for producing a design that is
well matched to the selected load.

The slider augmented pendulum configuration was chosen in this work based on
its many attractive characteristics, especially its simplicity, and the lack of elements
that would be subject to wear or add mechanical drag to the system. In light of the
experimental results that show that the current prototype is limited by its electro-
magnetic coupling, the configuration consisting of a simple pendulum with a geared
flywheel may be a viable alternative. The system includes a wear item in the drive
line and is expected to have increased mechanical drag, but this may be offset by the
increase in electromagnetic coupling gained by integrating the flywheel with a brush-
less AC generator. The device would also have the advantage of a larger stable range
of motion, and would not experience the problems associated with misalignment an-
gles, while still maintaining perfect frequency tracking. Only careful prototyping and

laboratory testing can verify the long term benefits of each design.
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Appendix A

Slider Augmented Pendulum

Dynamics Derivations

As stated in Section 2.2.2; the equations of motion for the slider augmented pendulum
were derived with two assumptions. First, it is assumed that the slider mass mg
is constrained to move along the center line of the device as shown in Figure 2-
8 without friction. The second assumption is that the link connecting the slider
to the pendulous link has negligible mass and rotational inertia. With these two
assumptions, the nonlinear equations of motion for the slider augmented pendulum are
derived below using both Newton’s Method and Lagrange’s Method. The linearization
of the equations of motion for the free undamped response of the system is also
included below, and the results were utilized in the small angle analysis of the systems
natural frequency and stability explored in Equation Chapter 2. Diagrams of the

system and a description of variables are presented in Section 2.2.1.

A.1 Newton’s Method

The motion of the center of gravity of the main pendulous link 1 has a velocity given
by
) xecro)

Vea = Voja+ <(W + %U) X T cajo
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= mui—k(w+¢)Lcos¢i+(w+¢)Lsin¢j
= (rw+L<w+¢) Cosw)i—i- (L (w—Hﬁ) sinw)j (A.1)
where T)Cc;/o is the location of the center of gravity of the link with respect to the

point O in the device reference frame 7, j, and Vp 4 is the velocity of the point O with

respect to the point A in the inertial frame I , J. The acceleration is given by

Aca = aoja+ (a X Tca/o) (w + ¢) ((w + @D) X T)CG/O>
= rw?j+ DL (cos i + sinj) + ( ) (cos 1hj + sin i)
_ [¢Lcos¢ — (w +¢)2Lsin¢} i
+ [rw? + PLsing + (w+1) Leosty] j (A.2)

The component of the acceleration of the center of gravity in the 7’ direction is

Acci!’ = YLcos*th — L (w ~+ 1) sin ) cos 1) + rw? sin 1
+yLsin®y + L (w + ¢)2COS¢Sin¢
= YL+ rw?singy (A.3)

Taking a torque balance about point O, and utilizing the result derived in Sec-

tion 2.1.2.1, we have

PI = > To
= —mlL (¢L + rw?sin w> — Lmgsin (¢ + 1)
+ FsLl sin (gb — ’QZ)) + FcLC (A4)

The radius of the slider mass is given by

rs=—(r+x)j
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and its velocity and acceleration are
vs =w(r+x)i+aj

and

as = (2wt) i+ (—a’ﬁ +w? (r+ x)) J (A.5)

The force balance on the slider in the j direction can be written as

Z Fj=m,as) (A.6)

or

Fgcosf —mggcosh =mg (—a'é‘ +w? (r+ m)) (A.7)

The slider position x is dictated by the swing angle v, allowing the slider position to

be written as

v = Ly costy) — /L3 — (L sine))’ (A.8)
and the velocity as
, LysingL ' , L
i = —Lising + — sinyLycosyy = L1y sin 108 —1] (A.9)
\/L2 (Lysin))? \/L2 (Ly sine)?
Defining the quantities
Z =13 — (Lysing)? (A.10)
and
'Y514$n¢<L“;“p—1> (A.11)

allows Equation (A.8) and Equation (A.9) to be written in the more compact form
x=Licosy —Z (A.12)

and

i =Y (A.13)
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Differentiation of the expression for the velocity in Equation (A.13) yields the accel-

eration of the slider as

.2
¢=¢Y+¢2Fm%w<Lf?¢—w>+L??lbcﬁ?fw—1ﬂ (A.14)

Again, defining a quantity

A= lLl cos ¢ <L1 sy _ 1) + Lisin®y <L% o5’y - 1)] (A.15)

A A A

allows the more compact representation of Equation (A.14) as
i =Y + %A (A.16)

Now substituting Equation (A.12), Equation (A.13), and Equation (A.16) into
Equation (A.7) gives the relation

Fscosf =mggcosp —mg (wY + ¢2A) +mgw? (r + Ly cosy) — Z) (A.17)

From the geometry of the linkage, it can be shown that

VI3 — (Lising)?  Zz
cosf = I, A (A.18)

and
Ly sin

5 (A.19)

sinf =

Using these relations, equation Equation (A.17) and the last term in Equation (A.4)

can be written in terms of 1 alone as

Fgli:ms (gcosgb—zLY—@/}2A+w2(r+Llcos¢—Z)) (A.20)
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and

FsLisin (0 —v) = FgLy(sinf cosy — cosfsin))

L Z
= Fsly (Ll sin ¢ cos Y — I, sin¢>
2

2

Z (L
= Feli— (leinzbcosw—sinqﬂ)

_ FSLZ2 <L1 sin (Ll ?w - 1))

~ rly (A.21)
L,

It is now convenient to combine Equation (A.4), Equation (A.21), and Equa-

tion (A.20) to generate the full equation of motion for the system as

oI = —mL (’(/)L + rw? sin @Z)) — Lmgsin (¢ + ) + FoLc

+Ymg (gcos¢—1Z}Y—¢2A+w2 (T+Llcos¢—Z))

which simplifies to

—mL (rw?siny + gsin (¢ + 1)) + mgYw? (r + Ly cos ) — Z)
Io +mgY?
mgY <—¢2A + g cos ¢) + LcoFe
Io +mgY?

-

(A.22)

where I is the rotational inertia of link L; about point O.

A.2 Lagrange’s Method

The position and velocity of the center of mass of the pendulous link L is given by

Ree = [rsing + Lsin (¢ + )] I + [—rcos¢ — Leos (¢ + )] J (A.23)
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and

Voa = {Twcosgb—l—L(w—i—zﬁ) cos(qb—kw)} I+ [rwsin¢+L(w+¢) sin(gb+¢)} J
(A.24)

The square of the velocity of the center of gravity of the link can be written as

Vie = r*w?cos’ ¢+ 2rLw (w + w) cos ¢ cos (¢ + 1) + L? (w + ¢)2 cos? (¢ + 1))
+r%w?sin ¢ + 2rLw (w + @) sin gsin (¢ + ¥) + L? (w + ¢)2 sin® (¢ + 1)
= riW?+ L2 (w + ¢)2 + 2rLw (w - ¢) (cos ¢ cos (¢ + 1) + sin@sin (¢ + 1))
D) .
= W+ L (w+¢) +2rLw (w+ 1) cos) (A.25)

It is convenient to define the quantities Z, Y, and A as was done in the Newtonian

approach, where

Z =13 — (Lysin)? (A.26)
Y = Ly sine (Ll CZOW - 1) (A.27)

and

(A.28)

A= [Ll cos Y (Ll cosY _ 1) n Lisin®4) <L% cos?p 1)1

A A Z?

The motion of the slider can be defined in terms of these quantities as was done in

Equation (A.12), Equation (A.13), and Equation (A.16) where

x = Lycosy —Z (A.29)
i =Y (A.30)

and
i =Y + %A (A.31)
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Several partial derivatives of the slider motion will be necessary in the formulation of

Lagrange’s equation, and are found as follows:

or , Lisingcostp , Ly costp B
a0~ —Lysiney + \/L2 sy = Lysiny < 7 1) =Y (A.32)
9t _y (A.33)
O
and
(00 (@) 0 _ 0 o oo
i (o0) ~oa (i) g Ve e

The dynamics of the system can be found from Lagrange’s equation, which is

given by
d < or ) 8T ov
op) o0 " o0

where F¢ is the non-conservative force exerted by the coil on the magnet assembly

= LoFe (A.35)

and L is the distance at which the force is applied. The kinetic energy in the system

18

T = ;I (w + 1/)) + ;mVCG + mSV2
- ;I(w+¢)2+;m (r2w + 12 (w+¢)2+2er (w—HL) cosw>
+ ;mg <w2 (r+2)° + :EQ) (A.36)

The potential energy is given by

V =mg(—rcos¢ — Lcos(¢+ 1)) —mggcos ¢ (r+ x) (A.37)

Taking the appropriate partial derivatives of the kinetic and potential energies:

ov

e = mgLsin (¢ + 1) — mgg cos (,b— = mgLsin (¢ + ) —mggcospY  (A.38)

P
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d(@T) = d( (w+¢)+mL2<w+¢>+mercos¢+mea$>

dt \ 9w dt o
9 ay
= [1/1+mL w mrLw smww—l—mst—l—meE
= (I + mLQ) Y — mrLwisiny + mgY (wY + sz) + mgpY ) A
S (]0 + mSYQ) — mr Lwi sin ) + 2mgi)? AY (A.39)
and
gi = —mrlw (w+@/1) smz/)+mgx% + mgw? (r + ) gw
= —mrLw®siny — mrLwising + mgp? AY
+mgw?Y (r+ Lycostp — 7Z) (A.40)

Now assembling the partial derivatives into Equation (A.35), yields

LoFe = (2/1 ([O + mSYz) — mer¢ siny + 2m5¢2AY)
+ (mgLsin (¢ + ¢) — mgg cos ¢Y')
+ mrLw? sin ¢ + mr Lwip sin ) — mgp? AY

—mgw?Y (r+ Ly costp — Z) (A.41)
Rearranging terms and simplifying yields

1& (Io + mSYQ) = —m51/}2AY — mgLsin (¢ + ) + mgg cos ¢pY

+ (—mer2 siny +mgw?Y (r + Ly cosy — Z))

+ LoFe (A.42)
and finally
b = —mL (rw®siny + gsin (¢ + ¢)) + mgYw? (r + Ly cos ) — Z)
N Io +mgY?
mgY (—¢2A + g cos ¢) + Lo Fe

+ (A.43)

IO + ng2

116



A.3 Linearization about ) =0, ¢ =0

The linearized equations of motion of the systems free undamped response were used
in Chapter 2 to investigate the natural frequency and stability of the system for
small angles of deflection. The formal linearization of the equations of motion for
that purpose are shown in detail in this section. The free undamped response of the
system is obtained by setting g = 0 and Fo = 0 in Equation (A.22), and the nonlinear

free undamped equation of motion is obtained as

—mLrw?sinty + mgYw? (r + Ly costp — Z) — mgY ¢?A
Io + mSY2

) = (A.44)

Linearizing the equation about the centered position C' where v = 0 and w =0is

performed with the approximation

~ + —= + — A .45
vt gl vt gl Y (A.45)
Noting that
Yig=0 (A.46)
it follows that the first term is
=0 (A.47)

The partial derivative in the second term can be written as

87772)' . —2m5Y¢A

— = A48
oY Iop +mgY? ( )
and evaluation at the centered position yields
94
9 _ 0 (A.49)

ol
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The remaining partial derivative is given by

% = (—erwQSinw +mgYw? (r+ Lycosy —Z) —m Y¢2A) w
O i : s 0
1 d(—mLrw?siny) 9Y 9
+_]O+msy2 [ B +%(m5w (T—i—Llcosz/z—Z))
1 o\ O(r+ Licosyp —Z) ,0YA
+ Io + mSY2 [(msyw ) 877/} aw (A50)

and evaluation at C results in

Y
o

o 0= Io+0

101+0 g}; i <m5w2 (r+ L, — Zlc))
1 (O)ﬁ(r—l—Llcosz/z—Z)
Io+0 N
1 [0 (—mLrw?sin)
Bl

0 (m) n 1 [8(—erw2 sin )
oY

|

Lo
c O

(m5w2 (7’ + L1 — Z|C))] (A51)

The first partial derivative in Equation (A.51) can be taken and evaluated as

9 (—mLrw?sin )
O

= (—erw2 cos w) ’c = —mLrw? (A.52)
c

The remaining partial derivative in Equation (A.51) is

Y Ly cos ) 0 [ Lycos
%C = [Llcoszb( 121/}—1>+L181n¢a¢< IZ¢—1>]C
Ly 0 (L
— L (=1 S (el
1<Z|C )*%w(z )
_ 1 (Ll -1) (A.53)
= Li( ,
Substituting Equation (A.52) and Equation (A.53) into Equation (A.51) gives the
expression
o = o (1 () et |
Y= Z|emL L2 -1 Li—L
70, [O{mrw +<1<L2 (mgw (r+ Ly 2))

118



w? [—er +mgLy (r+ Ly — L) (% — 1)}

- T (A.54)

Substituting Equation (A.47), Equation (A.49), and Equation (A.54) into Equa-
tion (A.45) gives the linearized equation of the free undamped motion about the
point C', where ¥ = 0, ¥ =0, as

w? [—mLT +mgLy (r+ Ly — L) (% - 1)]

(R T 0 (A.55)
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Appendix B

Prototype Drafts

Contained within this appendix are the assembly and part drafts showing the details
of the components of the prototype device. All dimensions are in inches. Purchased

parts are are listed in Table B.1 and are not presented in individual drafts.

121



REVISION HISTOR 'Y

IESEIFTOR | o

[
—h

e ks T
i T e e o

B e

I R ISR | = TSRO A RS o
2796 | 1 CHENIBATE A1l 4628
090 | ___L____ el | | 1L
T T = e A
e F-rL.wEﬂzf it GBRN
@b T T
: T ML e
e | g Sy IS (WL N g __z__
It R I
H e —— ||||r_7£.u ||||| —i3]
|t——— " u___d,ﬂ —
— __ﬂ._””___ _—
_J.I.ml IIIIIIIIIIIIII uq._: _=
Wegp C'oF — =7 dorsim
— = S _;_wmnu@%_ ]
— T n T~ _Ih = “ K f T “ _._
_ Bl
muly | _
ﬁ BERT! | |
T | L |2
B sl
L.____ F m ] | _.m__” |
; &
| _s
% _m L _
ME | OATE
P . _ J - wesm ey |5 Conrnf 053106 CONRAD
| [ L L ] “M_..,.an Yy _n__. .
1T 1T T rotofype

THRD ANGLE OF FROECTER

ALLOMERSERS B RCHES Inn]

____ EPLL If=
AMGLES = DEGREES

Figure B-1: Prototype Assembly, Sheet 1 of 5

122



G JO g 109YQ ‘A[quuossy 9dA10101 :g-g 9InSIq

B 3130 = 5T10dY
¥ B FWE FUZ
ol OIS mrme
_ UILLIF THd 40 3774v THHL — T
adfjopyd e r _ T 7 1 i L1 i mlili
QYNNG e TS |FFH_&...W”H|| ! oy SR == = thel
ETTO T [ —— - %lﬁ 1 — \f;,_
7 ﬁ M w s
- | Mg — T - _
i

ESEVEEEE

el b
L AN Ry ;
L TR L ]
|7 b i - H
__l_._nu_ rj _
i nm

=
Wy
—LE

- _ m _
i = o
ﬁw ; —HI ey
I Y T T A o
f——y——————— | || _”M —_—

SZoY

& i

S ERCE e
_|L

| - :

C - SR

maad | v | [LTE IED
AL WIS I3H

123



G JO ¢ 109YQ ‘A[quuossy 9dA10101] :¢-( 9INSIq

i
L

a0
— f:_;T] -—
A b [ T }
3/ AR O SR O SR O —
N

[r L L]
\'Q'J.' fr Tt T :| Tt
R I o i et [ |
- Al e =
[ AN [
I Sl
g 21
t=3" (I N

E="_" Loy e 200 TR |

|
L
|
/ e ey Y :
\x:-:// |
. .
|
L - | |
]
|

-
i

ng—

&P

|
=0
A
L]
n
—l ) —
(@)

dddt N0
A uAYd0

IED

T ETT]

KNI

adf o044
avaNO2

maad | v |

WOLdIO50

AHILISIH NOGIA3d

124



G JO § 109YQ ‘A[quiossy 9dA10101] H-{ 9InSLq

74730 = 5310

Bl =W Uz
7| s3I 0 SuOSUIMD TV
(o] FIETE] i
T ——
dddt 0
D { m ZO U Iqau._mmmq_ﬂduw;.ﬂmlq A uAYd0
1

1

881t 9SGl 0S. - 2

LR ~

U/l
L
Y rved
¥
!
| | |
maad | v | [LTE IED
AL WIS I3H




[t

[T 71

T ]

1 _|

g ————— N r.|l,__...__..._ —_—
FRLV.W,

et | 5] ——=]

T

He ol

.

REVISION HISTOR 'Y

RE | IESEIFTOR | mme | sereme

T

n

T r
| — f —
H _ .
5 i
[~ ] Il [~ ]
T 1] T 1 T | T
o o S P I [ ) I o o i B
[1 1 I ___ I 1 — L
[ | i |
M ]
LI

ME | OATE

ALL DMERSORS A MCHES Innl
EPLx

weam e 5 Conrnd 050106 | CONRAD
G &FR
ST PR b Protat ype

THRD ARGLE OF FROECTOR

AMGLES = [E GREES

Figure B-5: Prototype Assembly, Sheet 5 of 5

126



8
g
H
g
[
=
=
g
]
“|E
B
]
E_
-~ -
E |
-
[
e
n o)

.
21zl | B
(1’ Z\I
=z |w =
o |&| 4k
o |= EE
z
3 BEE
= N I =]
3 = E
Ez B
] EELs
L g o
| 5 »
1 ol |e[ElgE o 2
| N EE;EEEE‘
TR | B HEEE
co
1 ||l |||
T .JLJLm# T

|
-+
I
T3

F—rn=

127

Figure B-6: Core Assembly



PEYITOA HISTORY
RE | IESEIFTOR | mme | sereme
[ [ [
T T
_ &
_
[ @
R 1625
/AW - NdFeb Ry
| a9
I o
+ I | BOND
)~ SoftIron _:__ -
e -1 ——
N_.” __J__J 2ol 'y h___J
I .
+ 1 "~ BOND
1N
F—— T
Kk
750w
T T CONRAD
NG PR
ST PR T ~ v - -
Core - Mognet Stack
ALL DMERS O ICHES Innl -
ZPL= If= FILE HAME: Core_Mognetissy dff
AMGLES = OEGREES TAE WEIGHT: SHEET 1 0F 1

Figure B-7: Magnet Stack Assembly

128



ATquressy SseJy I9pIS :8-¢] oInsrq

1 40| 133HS “LHIEY INE R EEELTT
[ EIEE] =WE ELH

Y Iun) S3HI0 0 SUOSUIWD TV
UILLITTHY 40 3104% THHL

fssy ZW

KNI

avaNo 2

T ETT]

i
M
&
H
2
gﬁ
B

: | i
L —lﬂ nl— 1} h—l— -W-HI-
et (V7

maad | v | [LTE IED
AL WIS I3H

129




1/4-20 UNC
X 4

] -

N

=] — -

o

y —————

i
L

o

dA)
L/

b

LA

. R~
oy

D20

.:.
AL

(%]
1

o

- o—D
L
375 = - = 750

REVISION HISTOR 'Y

RE | IESEIFTOR

| mme | sereme

1l REMOVE ALL BURS & BREAK ALL SHARF EDGES

21 FINISH 32u

3) ELECTROLYSIS MICKEL PLATE 00005 THK

Ty 1

MATERIAL 1018 STEEL 1/2" STOCK

a a a
8 g9 & &

FAE n_._:_-—m w

THRD ANGLE OF FROECTER

ALLOMERSERS B RCHES fan]

a0 3p= 0005
ANGLES =% DEGREES

T T CONRAD
B Sine

eitee [

FILE_MAME: Spinedft

Figure B-9: Spine

130



Yoorg Surreag

:01-( N3y

1 40| 133HS SLHIE, INE

HPAI030UT Tl 31

[

EEE e
000 =ME  LIN=uE
U] S3HIM 0 SUOSUIMD TI¥

UILTT Hd 30 31008 THHL

mizﬁ_ 34

ypo1g Buloeg

dddi 150

(A7 ZZ 90 PO S [ v wevan

dddt N0

avaNo 2

T ETT]

HHL 50000 3L¥1d

T331S BLOL TYIILYN

| 410

TBADIN SISAI0E13T (&
NZe HSINK (2
_.

S3U03 ddHS TIV A7343 8 Sdnd My JA0W3Y |

K

v

o
o

maad | v | [LTE IED

AHILISIH WOGIA3H

o7y

i N

L

i
0s/.

{

— (0L Wvdd

T A
FAN

et — (]| -]

M
I
i
14
[
Il

ek

HE—
I I
B

ﬂ

— SO007F GREY @
|

131



T T T
Lt e

]
=
~
o
¥

#4-40 UNC

= —

- 4

D20 -

Pl

REVISION HISTOR 'Y

RE | IESEIFTOR | mme | sereme

J
o

——
I

125 4 e ]

Roleyd

@.120 VTHRU
212 827

.C.
AL

1l REMOVE ALL BURS & BREAK ALL SHARF EDGES
21 FINISH 32u
3) ELECTROLYSIS MICKEL PLATE 00005 THK
Ty 1
MATERIAL 1018 STEEL 3/16™ STOCK

ANIE 0&TE

T T CONRAD

NG PR ™

T #FR N -

[ mrrie] Front Side, Upper
R il Y
ALL DMERSORS B ES Innl L
ZPL=001 3p= 0005 |FILE NAME: Fromt Side_ Upper.dft

ANGLES =% DEGREES TAE WEIGHT: SHEET 10F 1

Figure B-11: Front Upper Rail

132



[TRY IOMOT U0l :gI-¢ 9INs1q

1 401 133HS SLHIE, INE
I R R E TN E]

B0 BPIS U0l

[ R

EEE e
000 =ME  LIN=uE
U] S3HIM 0 SUOSUIMD TI¥

UILTT Hd 30 31008 THHL

mizﬁ_ 34

dddi 150

avaNo 2

dddt N0

(A7 0 PO S [ v wwvan

T ETT]

WI01S .8/ THI1S

2101 THIHALYI
| AL

YHL S0000° 10514 1IN SISAT04 03T |

maad | v | [LTE IED

AHILISIH WOGIA3H

7 X
RARATAVZAN
MEHLA 021D

= 83
= - - - et » - - - IR
(& e
_|ll fet— I
EVASR ),
- 2oy -
- YRY -
| | |
5 T sl

133




REVISION HISTOR 'Y

RE | IESEIFTOR | mme | sereme

n

@.120 VTHRU
212 820

2250 ‘a
#10-24 UNC ]
a—
| — 3
5 344 7
S
H
o 1=18 7 1
i ¥z
ine
]
R 2875 -
LT Z
L2 1 REMOVE ALL BURS & BREAK ALL SHARP EODGES
2377 21 FINISH 32u
£ 31 ELECTROLYSIS MICKEL PLATE 00005 THK

o

ary.2
MATERIAL 1018 STEEL 1/4" TOOL PLATE

ANIE 0&TE

T T CONRAD

NG PR ™

T #FR e e _

[ mrrie] Core - Side Plote
R il T
ALL DMER! ICHES Innl L
ZRL=001 3p= 0005 [EILE MAME: Core_SidePlofedft

ARGLES =% % DEGREES TAE: WEIGHT: SHEET 10F 1

Figure B-13: Core - Side Plate

134




9)€e[J PUY - 910 FI-g 2INSIq

1 40| 133HS SLHIE, INE S X K= ST
LA~ 30] Jef J1d]  S000 =WEe 0g=wuz

m Iuu] S3HT0 0 SUOSdIMD TV
UILLITTHY 40 3104% THHL
mizﬁ_ 34

dj074 pu3 - 4407 - dddi 150
avaNo2 [AUZZEOTTTS o
WI01S 5 T3S 2101 5L

200

AHL S0

MZe HSIh

[

07317 TP SISA08 33 (€
_‘_

135

maad | v | [LTE |

53903 d4¥HS TIF 17349 & Sdand 1% A0k | - 271
21 o
Q LB _____
il i
T I
e R ph
0S| 529 ! i
' ih
I _____
_____
c
ONMTP9-1#
-— /]
_ I__ - T _
Ll ¥ 1 *
G| —m

AHILISIH WOGIA3H



REVITON HISTIRY
RE | IESEIFTOR | mme | sereme

e
Jﬂ_m_ — -
— 250 | p—o—__]
~
Sl T T T
» ~ ___
|
|
Ll _— =
]
L L

1l REMOVE ALL BURS & BREAK ALL SHARF EDGES
21 FINISH 32u
3) ELECTROLYSIS MICKEL PLATE 00005 THK
ary. 2
MATERIAL 4140 STEEL

I~
()
Co
!

ME | OATE
mew [opnezzms) - C ONRAD
NG WPR =
ST PR -~ o e © -
e — Core - SScrew Support
A il i
ALLOMERSERS B RCHES Il |—
a0 3= 0005 |FILE NAME: Core_Shouldersrewsl

ANGLES =% DEGREES TAE WEIGHT: SHEET 10F 1

Figure B-15: Core - Shoulder Screw Support

136



1r0ddng 19uSey - 9100 9T-( 2INJIq

[IETNINEE SLHIEN,

P HOO0E P00, 3007 el J1d]  S000 =HWE  100=uz
m UL 53] o SUOSU3MD TIF
o] IR “wrmmen
Lloddns Jauboy - a.0]
A

INE EEE e

mizﬁ_ 34

dddi 150

avaNo 2

dddt N0
[ ZZIYER 15| ra wwvan

T ETT]

S 7L 9L TIILS BL0L VI LYW
ZAn

_“Uw_ﬁ_. —_— -
e L)

_UV_|

Jur L

maad | v |

[LTE IED

AHILISIH WOGIA3H

]
N

L{
C
i

N

.A|I|A
7N
L

0% G/8 J

_ R

il |

00y

LW,

137



5
AL

i
]
(8]

e | |

&

| | 250 200 450

i
375 = = | 250 —=

N3 100

—

REVISIOA =_w_._“_m<.

REV _ DESERIFTOA O4TE APPRIVED

@

| REMOVE ALL BURS & BREAK ALL SHARP EDGES
2 NSH 320
| ELECTROLYSIS NICKEL PLATE 00005 THK
amy:2
MATERIAL 1018 STEEL 1/4" TOOL PLATE
T T CONRAD
EEEi) T MZ - Side
ALL DMERSORS B ES Innl -
ZPL=001 3P+ 0005  |FILE NAME: M7 Sideoff

ANGLES =% DEGREES

Figure B-17: Slider Mass - Side

138



9dpurg 1odd) - sSep\ IOPIS :QT-( 2INS1q

1 401 133HS SLHIE, INE S X K= ST
LT I9000 30002k JWl 31| S000 =ME 100wz

Y Iun) S3HI0 0 SUOSUIWD TV
UILLITTHY 40 3104% THHL
mizﬁ_ 34

Jaddp) ‘s0pug - 7 PP
avyNo2 (AUEZETTTS] oy
31018 ,.2/€ T33LS BLOL TYIALTH
| A10
—— 1G7

YHL S0000° 11914 THAIN SISA04103T3 (&
NZe HSINKG (2 -
53003 ddvHS TV 47349 7 Sd4nd N Ell’

—f— L—‘
[}
[}

0GZI—=  =-GLE

5292 ONM ZE-9#

—
i C

maad | v | [LTE IED
AL WIS I3H

139




#6-32

A

ML

—~
[ _ =l

S

#6-32 UNC ¥ 500

4 + 1

UNC

—

Z H”_ _.t._ i

REVISION HISTOR 'Y

RE | IESEIFTOR | o

| serrme

1l RE
21 FINISH 32u

ALLBURS &

BREAK ALL SHARP EDGES

3) ELECTROLYSIS MICKEL PLATE 00005 THK

Ty 1
MATERIAL

8 STEEL 3/&" STOLK

NG WPR

(T T AT

CONRAD

ST FFR

" M2 - Bridge, Lower

FAE n_._:_-—m w

ALLOMERSERS B RCHES fan]
a0 3p= 0005
ANGLES =% DEGREES

THRD ARGLE OF FROECTOR

il

FILE NAME: M2 Bridge_Lower.dff
SHEET 1 0F 1

TAE ‘WEIGHT:

Figure B-19: Slider Mass - Lower Bridge

140



Ul ¢°() - 9YR[d JULWSNIPY - SSe[\ IopIS :0g-¢] oIndLg

[IEEELH SLHIE, INE S X K= ST
LIS S0 2 el 3] G000 =WE Lil=1d2

m Iuu] S3HT0 0 SUOSdIMD TV
UILLITTHY 40 3104% THHL
mizﬁ_ 34

a 550K~ 2l - dddi 15T
D{E ZO O g EEE
WI01S .2/ 1318 SLOL TVIILYW

ZAn

maad | v | [LTE IED

lm— (V57

e T

WA

AHILISIH WOGIA3H

141



REVISION HISTOR 'Y

RE | IESEIFTOR | mme | sereme

200

—

e H”_ _.i._ ——

1l RE ALL BURS & BREAK ALL SHARP EDGES
21 FINISH 32u
3) ELECTROLYSIS MICKEL PLATE 00005 THK

ary. 2
MATERIAL

8 STEEL 1/8" STOCK

T T CONRAD
NG WPR
T ™ M2 - Mass, 10"

A il S il
ALLOMERSERS B RCHES Il |—
2R =001 3p= 0005  |FIE NAME: MZ_Mnce_10dft

ANGLES =% DEGREES TAE WEIGHT: SHEET 10F 1

Figure B-21: Slider Mass - Adjustment Plate - 1.0 in

142




Ul 0°g - 9R[d JULWISNIpPY - sSeI\ IopIS :gg-¢] oIndg

[IEEELH SLHIE, INE

HE0Z S50 2k Wl 1

[

EEE e
000 =ME  LIN=uE
U] S3HIM 0 SUOSUIMD TI¥

UILTT Hd 30 31008 THHL

IR ——r
dddt N0
avyNO2 aauﬁmunﬂ _______”_uus.u__ T| A3 uaran

WI0US W8/ TFILS BLOL THIALYW
Z:MD

YHL S0000° 11914 THAIN SISA04103T3 (&
NZe HSINKG (2
53003 ddvHS TV 47349 7 Sd4nd N Ell’

maad | v | [LTE IED
AL WIS I3H

-t |,

LRI

_”J”_ _”J”__ N

143



REVISION HISTOR 'Y

RE | IESEIFTOR | mme | sereme

Ty
Ly
1

I
1
=N
J
Bl
]
|
[N
|

1l RE ALL BURS & BREAK ALL SHARP EDGES
21 FINISH 32u
3) ELECTROLYSIS MICKEL PLATE 00005 THK

l——————— 77

Ty 6
MATERIAL 1018 STEEL 18" STOCK

T T e T CONRAD

NG WPR

o TM2 - Mass, 25"
A il S il
ALL DMERSORS M ACHES Innl -
ZRL=001 3p= 0005 |EILE MAME: M7 Mnse oG off

ANGLES =% DEGREES TAE WEIGHT: SHEET 10F 1

Figure B-23: Slider Mass - Adjustment Plate - 2.5 in

144




9)R[J SUNUNOJN :Fg-¢ oInSIq

[IETNINEEE

LHNGA, AT

EEE e

LA JOUGInaL] Jef J1d]  S000 =WE 00wz

m Iuu] S3HT0 0 SUOSdIMD TV
UILLITTHY 40 3104% THHL

mizﬁ_ 34

3404 Buiuno wir B

KNI

avyNo2 (Il

dddt N0

(A7 0 PO S [ v wwvan

3018

53003 ddvHS TV 47349 7 Sd4nd N

LA T3S BL0L VI LY

D

NZe HS

YHL S0000° 11914 THAIN SISA04103T3 (&
|

miadd |

EiLy)

[LTE IED

AHILISIH WOGIA3H

G/Z 05/

oy Ae

L)

——— (1) ————w
o2

D)

¥

Lo
C

C

145



REVISION HISTOR 'Y
DESERIFTOA

| mme | sereme

~018 TYF

11016 CHAMFER BOTH ENDS

Ty 1
MATERIAL 17-4 PH STAINLESS STEEL

T T CONRAD

NG WPR
TLE

oL M2 - Shoft

17 A
g

McMaster, PN

Hardened Precision 17-4 PH Stainless Steel Shaft
FAE CONPL
ALl DMERSOAS R PMCHES Innl -

FILE NAME: M2 Shoftoft

a0 3p= 0005
ANGLES =% DEGREES

Figure B-25: Slider Mass - Shaft

146



9)R[J oseq :9g-¢ oINS

[EENWEETE . | - . |
TIN50 JefvH 5._. o _ S721v _ T =
Q |=.l.ﬁ T T __. _____ |_=_I [T ]
ajndasng Ik ' T H o= 1
iy r‘h % L) 4 T s}
AvdNO2 ) r,._ r’._ L
3114 001 .94 T¥ 911909 TYIILYW i © === o
| A1 BNl
. i . | k== Ty 0%/
HSINK JLAWO4HD AOTIA (€ 4% EEE O VU=
L1145 d3N4 40 022 ON9S TYLEE0 (2
U T T S ond T L | C11 7T g1
3903 dutHS TIY I8 3 SHa TIY hons o | A j b—D AR
NN U I B A
21 X f u.ﬂly | ] R
cJoh ONA o2/ | L han\ g 1
S/E 2 ONM Ov - # 1 a O—DH 1
000 00 0009 0007
RE6T | LT €0 | _
i1 ) a 111
G O—O
& u.ﬂz —===3 %
i1 M d 111
O—Q a8
Sz —| - I 6 X 1
B! et o) 0=Z1
i & SZY | —F === &
Oma 7 [~ _“n__H_ 7 N — ™
LI o .% - 1 | _‘7 _.‘.4 ik
° o e - == _‘A,._ _._._ _.—_.__ ——= =3
. 8 G/E I Ty T == NG
o n _____ ____ 1ol |_=_I ]
3
: » 0GC | | GZ|'| —e| GTI | e
12— 1
v, i . v  S—r—|
st ta] 0570 ONN O e S W

147




T
_rFkﬂ _ 11 _ T TN T

i

T,_______
4

=

50 =~ =375

25 X2

RE

______@__

T -

| ) ) . . P
I, b EEAS
i - 7 joRkele)d

y — A
MU_.MT._ AL

@120 VTHRU

212 827

.
-

|
T
T

REVISION HISTOR 'Y

RE | IESEIFTOR

| mme | sereme

1 REMO
2} (REITAL SA
3) YELLOW CHROMATE

Ty 1

270

ALL BURS & BREAK ALL SHARP EDGES

OR FINER GRIT
FINISH

MATERIAL 6061 T6 AL 14" TOOL PLATE

(T T AT

NG WPR

CONRAD

ST FFR

Bock wall

FAE n_._:_-—m w

THRD ANGLE OF FROECTER

ALLOMERSERS B RCHES fan]

a0 3p= 0005
ANGLES =% DEGREES

il il

FILE NAME: Borkwill.oft

Figure B-27: Back Wall

148



ore[d doT, :gg-( 93

[IEEEH “LHIE INE FECETEY S
U003l 34| S000 =WE 1007142
o IS I EVE T T
PP 0 A o
- 1dU 34
apgdol L
dddt N0

D < m Z O O qaumhmodl_ﬂdu“usﬂm-q A WEH0
30714 10014 19 9L 1909 THIHIL
710 drl

||
i Liil
1 I

[

L

C

L
Y Ty
LB
' 1
@
gt

o oyae)

—

o e
GOI —= = 0S¥ -
CLE = = 0SZ -

maad | v | [LTE IED
AL WIS I3H

149




@120 VTHRU
212 87

10

REVISION HISTOR 'Y

IESEIFTOR | mme | sereme

MATERIAL 60616 AL 14" TOOL PLATE

T ve
.o ,e

g

F ——

P —

R AT B Oozmpc
uq " End Plaf
na riare
ALL DREN!

a0 3p= 0005
ANGLES =% DEGREES

FILE_NAME: EnoPlote.dft

Figure B-29: End Plate

150



ooeIg pus] :0g¢-¢g 2Insrq

1 40| 133HS SLHIE, INE S X K= ST
LEaIngpud e 311 S000 =WE 0DsW2

o] PRI el mwmu
UILLIF THd 40 3774v THHL
amigp i 21

dddy¥ I3
aAvyNO D [T07E a0 TOIT & | A3 whvan

T ETT]

3114 T00L 5 T 911909 T¥IHILT
D

maad | v | [LTE IED
AL WIS I3H

mm_.#_LMTFT el

ON 0P 3
005 — c7|
o LI T
L¢ S e LW & o1 (G

%

- G7C

pur L S

fo—————————————— _.J._ _U A ———

L L A

e (L S — .

e

I R

151



REVISION HISTOR 'Y

RE | IESEIFTOR | mme | sereme

b

1J
-

n
o
I~

T INCLA - — - 75 -
FUNCH __,J._a D375 VTHRU
VES L 1499 £0005 ¥ 203 1 REMOVE ALL BURS & BREAK ALL SHARP EDGES
FLAT % COPLANAR 2) ORBITAL SAND 220 OR FINER GRIT
3) YELLOW CHROMATE FINISH

WS

AL

ary. 2
MATERIAL 6061 T6 AL 14" STOCK

T T CONRAD
e T
I Ik 2

ALLOMERSERS B RCHES Il |—
a0 3p= 0005 |FILE NAME: Link? dft
ANGLES =% DEGREES

Figure B-31: Link 2

152



UL JUTRIJSUO,) - SSBI\ IOPI[S :ge-¢g 9Ins1q

m Iuu] S3HT0 0 SUOSdIMD TV
UILLITTHY 40 3104% THHL
mizﬁ_ 34

SRAIN XK ST
TZW T JphN 31| 5000 =WE 100wz

S3903 dd¥HS T1¥ Mv3dd &

I I - dddi 15T
D < m Z O O g EEE
WIS 4 T 9L 1909 V1LY

el
HSINI 3LYWO4HT MOTIA (€
L1495 H3INE 40 022 ONYS TVLId0 (2
P SaNa TV 3A0W3 1

£0Z4 SO000F PLET ]

LR WL

m H
529
1

N

ek Z n_u__:_:_ B 1Y 4 -
C7 — [--— | G| ————
AeHLE 0620 S o
* ; A Naran . = ™N /T — - j ay ﬁ
2l \Wp———rt———— \JJ
- cZoY -

L {700 -
- ST, -
= L_... 5 T I 1 r ...“r A
I _ L L1 1 _ !

maad | v | [LTE IED

AHILISIH WOGIA3H

153



b L

w»;ﬁa UNC

AJ

@.144 ¥ THRU

262 82°

.tv.\. ~y
A £

Ty

D2 -]
[ [ el H
A SESE

L

[——— _

— ey

D20 —— =

e ZD0 /™

et 7 55 ()

P

!
;

REVISION HISTOR 'Y

IESEIFTOR | mme | sereme

11 REMOVE ALL BURS & BREAK ALL SHARP EDGES

ary. 2
MATERIAL 6061T6 ALUMINUM

e |

ORAWT EY
NG WPR

O5TE
SrmmzuE  CONRAD

ST FFR

TLE

Mz - Lower Rail

FAE n_._:_-—m w

il

FILE NAME: M2 _LowerRniloft

TAE ‘WEIGHT:

SHEET 10F 1

Figure B-33

: Slider Mass - Lower Rail

154



190edg I9)US) HE-( 2In3Ig

1 40| 133HS “LHIEY INE S X K= ST

191005 AT 3k J1d] 50010 =WE 00wz

o IS I EVE T T

Ll TG e e
Jamnds Byl e
dddt N0
(A0 2230 IO S| s wvan

aviNo2 T
M 7L

| 410

HSINI JLYWOAHT ML
53003 ddvHS TI¥ 47349 7 Sdnd nv

maka [ | UL [
AHLSIH WA

155



REVISION HISTOR 'Y

RE | IESEIFTOR | mme | sereme

1i REMOVE ALL EURS & BREAK ALL SHARF EDGES

ar:1
MATERIAL 116" LEXAMN SHEET - CLEAR
ST CONRAD
NG PR
ST PR T - .
Lexan, Front
ALL DRE -
2R =001 | FILE MAME: Lexon_Fromtdit
AMGLES =X ¥ DEGREFS TAE WEIGHT: SHEET 10F 1

Figure B-35:

Lexan Front

156



doJ, uexo :9¢-¢J 0InsIy

EEE e
LROO[UDNST 3l J1d] 5000 =WE  L00=1W2

m Iuu] S3HT0 0 SUOSdIMD TV
UILLITTHY 40 3104% THHL
mizﬁ_ 34

do] ‘uoxd S £
41U dddy¥ I3
avsaNO 2 g "2 WARAD

dv313 - 3HS NEXET. 900 TVILYIW
ZAn

S3U03 ddFHS TIV A7 B SHNG MV 3A0W3Y 1

(A

~

e

a0
C

"
=L

2
]

4

nNo7 7

e

[
[

ol

L

e M~ _
(A

L H

o7
Ld W
1
0
Fand
L
— - - _U“ _
a0
= S/8% -
—at aOmg -—
LI
L
| | |
maad | v | [LTE IED
AL WIS I3H

C

157




REVITON HISTIRY
RE | IESEIFTOR | mme | sereme

)

_ 0 500
| 1) REMOVE ALL BURS & BREAK ALL SHARF EDGES
| ] amy-1
ﬁw - - - 9 i MATERIAL 116" LEXAN SHEET - CLEAR
ME | OATE
812 e
* | i ——— Lexan, End
= ALLOMERSERS B RCHES fan] i
a0 3P= 0005 |FILE NAME: Lexon_Enddft
ANGLES =% DEGREES

Figure B-37: Lexan End

158



JeYS - 9100 18¢-( 231

[IETNINEEE “LHIEY ELES ST KK ST
HOHOLS 20T Jel 31| S0 =ue lof0=uz
Q U] 3]0 O SUOSU3WD v
HOUS ~8lm ki 50 401G 18315 SSAUIDLS 044 LOISII344 pauspIoH
[0 OIS | A weram e =
avaNod L LLMESZ 9N JBISTWIW
TIALS SSTNIYLS 0% THIH3LTN
LALD
0SC @
| |
maad | v | [LTE IED
AHILISIH WOGIA3H

159




lemt— 0 )

LN

Y
N7

|
1
|
__7_;."
I
!

lomg—————

UL —————

LYED]
A

[N

REVISION HISTOR 'Y

(%)
N
e
i

— 750 \_YA VIT 125

THRD ARGLE OF FROECTOR
ALL DMERSORS A MCHES Innl

ANGLES =X X DEGREES TAE WEIGHT:

RE | IESEIFTOR | mme | sereme
_ _ _
.mn 3
rr
ary. 1
MATERIAL 606176 ALUMINUM
T YT WA CONRAD
L ™ Coi |_Support_Block

il il

a0 3p= 0005 |FILE NAME: Coil_Support_Blockoft

Figure B-39:

Coil Support Block

SHEET 10F 1

160



osuelq woddng [109)

:0F-( 931y

[EENWEE(E 2 HIGY, INE FETE IS
WPA00T L0006~ 107 W) 14| 5000 =uEe L00=1uz2
m Uu] SIHIE o SuOSU3WD v
o] TR “wrmomaen
— TR
abuo4~poddns 07 il
1l

maad | v | [LTE
AL WIS I3H

D{E ZOO e o EEE
WLS AL T 911909 ¥ LY
| A0
—— - oy R
052 - 187¢
- (& %
_ T |
H |
5011 638 05 —-——- 07 556 SOl
[~ 1 \ 0S¢ d

161



PEYITOA HISTORY
= IESEIFTON [ o | weemm
_ _ _
1
[ m__”_l!
[
I
PR L
|l — ._.t.__.”_h __ __
I
I
ko] T
L [
L
i
I
oo 0
it AL,
IR e
L0 Lo
1 1 L X X
CUT LINE
TRAWT BT Lm._mm_mﬁ__b.mmﬂu.wﬁr CONRAD
NG PR
e — “Mognet Initial Assembly
_”.__.m NAME: Momet Inftiol scsembly.d

TaE MEGHT: SHEET 1 0F 2

Figure B-41: Magnet Assembly Prior to Cutting

162



19USRN - A[qUIBSSY USRI\ :ZH-( 2INS1q

SN XK ST
- B X¥)=WE X0=uZ
o IS T EPE T T
UILTT Hd 30 31008 THHL
1dU 34
{BubDyy ——
dddt N0

D{EZOO ddﬂmﬂadﬂdunﬂ.q A8 WAHD

T ETT]

34PN 1YL
Z:MD — »

'\\":.
L

i I
| I ———

i.l_”J”__m._.,N.Il. femt— (V)| —m=

Y I¥13d .
/e N
a, : / 000G —ft—m-

AP

st (157 —tm]

W

maad | v | [LTE IED
AL WIS I3H

163




REVISION HISTOR 'Y

RE | IESEIFTOR | mme | sereme

- 100

0085
#4-40 UNC 250 —w-] -

iJ
-

i
[t— (7
[

|

T

1

1l

|

~ *
rl._ _ _ — Ty Ty

A
¥

Ty 1
MATERIAL 1018 STEEL

T T CONRAD

NG WPR

e — Center Iron

FILE_NAME: Cerrer lrondft

Figure B-43: Magnet Assembly Center Iron

164



SUOISUSWII(] [I0)) FH-g 2INS1q

SN XK ST
LT e 31 X0 =We X0=uz
UILTT Hd 30 31008 THHL

- 1dU 34

ﬁ_._u T dddi 150

dddt N0

D{EZOO Haamq_u._ﬂnﬂ.q A8 WAHD

T ETT]

341 EINTEW 1YL
| AL

maad | v | [LTE IED
AL WIS I3H

]

N _

\

- Q)| ————mn

~ 9]

R

=t
<%

e |'j\

165



o LT

I [ A

___ ___ ___ ___ “_ _" L L

[ o *

i I

o T o
o R 484 38
Y T

Y T

___ ___ ___ ___ "_ .m T 1

N oo

JEp. S

REVISION HISTOR 'Y

RE | IESEIFTOR

| mme | sereme

=====1 — 7
=====1 — 1]

e _ _H”__,ﬂw_\m_ [
ST T T T T HH//
{ A T
| Wl
|
[ o - I
| o 812 1188 (]
[ |
= s | - —
Q) ©) -
S A et s
3/5-16 UNC

(Ty: 1
mrTiemrrer] ~ CONRAD
NG WPR
L T oils pool

il il

FILE_NAME: Coil_5pool.dft

THRD ANGLE OF FROECTER

ALLOMERSERS B RCHES Inn]

2p=0X  am= 0X
ANGLES =% DEGREES

Figure B-45: Coil Winding Fixture Assembly

166



IDJUS)) - SINIXT SUIPUIAN [10)) :9F-( 2INSIq

[EENWEETE 2 HIGY, aNE FETE IS
HEEUa] 00057107 Sy 314 X0 =ue X0=uzZ
v uup S3HID o
P L I
AU 0005707 [ pom ]
-— I

dddi 150
dddt N0

D{E ZO O ﬁq A uAYd0
(DT 341d T LT
| 410

A I S N oy T

T 1 7 _H__H_m N\ |

........ > ——©

LY

e
.ll_u.\ITL -

| ———f—

St
<

mg——

maad | v | [LTE IED
AL WIS I3H

167




REVITON HISTIRY
RE | IESEIFTOR | mme | sereme

r 250
— | 750 o=
158 == f—-—

R
W,

D115 TTHRU
NS 212 827 T— R r—1

X2 N/ ./

%]

t_:J
_-
T T
T
[
L 1

Fah
2/
|
3

Lt +

)

55 386 THRL @ 062 THRU

ary. 2
MATERIAL PTFE [TEFLON

T T CONRAD

NG WPR

TLE . - -

L Coil_Spool _Side
A il i

ALLOMERSERS B RCHES Innl  |—

ZRL=0Y  3IRL= 0X FILE HAME: Coil _Spool_Side.dft
ANGLES =% DEGREES TAE WEIGHT: SHEET 10F 1

Figure B-47: Coil Winding Fixture - Side

168




Table B.1: Purchased parts used in prototype assembly.

Description Qty McMaster Part Number

Bearing, Needle Roller, 1/4" ID, 7/16" OD, 5/16 Wd 2 5905K21

Bearing, Ball, 3/16" ID, 1/2" OD, 5/32 Wd 5 B60355K52
Bearing, Ball, 1/8" ID, 3/8" OD, 5/32 Wd 7 B60355K51

PTFE Thrust Bearing, 1/4" ID, 5/8" OD, 1/16" THK 2 2796T11

Shoulder Screw, 3/16" Dia x 3/4", Alloy Steel 3 92012A207
Shoulder Screw, 1/8" Dia x 5/16", Alloy Steel 6 92012A517
Spacer, .192 1D, 5/16" OD, x 1/8", Aluminum 7 92510A560
Spacer, .140 1D, 1/4" OD, x 3/16", Aluminum 7 92510A441
Shaft, 1/4" x 6", 440C Stainless 1 6253K11

Shaft, 3/16" x 6", 17-4 PH Stainless 1 1162K52

Snap Rings, 3/16" Shaft 1 97633A120
Set Screw, #4-40 x 187" 4 92311A105
Screw, #1-64 x 187", Flat Head 4 91771A065
Screw, #1-64 x .25", Pan Head 3 91792A166
Screw, #4-40 x .250", Pan Head 10 91792A106
Screw, #4-40 x .500", Flat Head 44 91771A110
Screw, #4-40 x .750", Pan Head 2 92446A113
Screw, #6-32 x .875", Flat Head 4 91771A152
Screw, #6-32 x .750, Hex Head 8 93075A151
Screw, #10-24 x .625", Flat Head 4 91771A244
Bolt, 1/4"-20 x .873", Grade 5, Full Thread 4 92865A541
Bolt, 1/4"-20 x 1.5", Grade 5, Partial Thread 4 91247A546
Washer, 1/4" 8 90126A029
Nut #8-32 2 90480A009
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Appendix C

Spin Stand Controls

The following figures show the details of the Control Desk Layout and the Simulink

model that were used to automate the spin stand.
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Figure C-1: Spin stand control desk layout
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Figure C-2: Simulink model compiled to the DS1103 dSPACE board for spin stand

control.
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Figure C-3: Stateflow chart used for open loop indexing of the encoders and smooth trajectory generation.
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Figure C-4: Controller subsystem. Discrete time control blocks used for closed loop
feedback control of arm position.

ﬁ Spinstand /Feed_Forward !ﬂ B
File Edit “iew Simulaton Format Tocls Help
=N = = e e [ C T S e e lllnf |N0rmaIV|@lﬁlls@®
D Lines/Sample =|10000r30 REM
Delta_Paos
Ready 1009 | [ lode1 %

Figure C-5: Feed forward subsystem. Generates expected torque necessary to over-
come wind drag and mechanical friction.
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Figure C-6: Scaling subsystem. Converts from torque desired to voltage command
from gear ratio, motor torque constant, and amplifier gain. Includes saturation to
protect motor and amp in the event of any failure elsewhere in the diagram.
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Figure C-7: Rev-limiter subsystem. Generates a signal to cut power to the amplifier
if arm speed exceeds the forward or backward limits.
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Figure C-8: Wrap subsystem. Keeps track of arm position as 0° < ¢ < 360° without
overflowing during extended continuous operation.
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