ABSTRACT

SHAH, JAY AMIT. Design, Fabrication, and Experimental Demonstration of a Permanent Magnet
Synchronous Spherical Motor (PMSSM) for High-Mobility Servomechanisms. (Under the
direction of Dr. Gregory Buckner).

Over the past two decades there have been significant advancements in the field of robotics.
We live in a multi degree-of-freedom (DOF) world where electro-mechanical systems are capable
of complex movements, with their benefits spread across many industries. In-spite of these
advancements we are still heavily reliant on single DOF technology. Traditionally multi DOF
motion has been achieved by combining single DOF actuators in series or parallel configurations.
These arrangements are often accompanied by computationally expensive inverse kinematics,
singularities in the workspace and reduced power densities since each link bears the added weight
of the actuators of the succeeding links. Multi DOF actuators can provide a potential solution with

enabling rotations about any arbitrary axis. This research aims at developing a multi DOF actuator,

a permanent magnet synchronous spherical motor.
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CHAPTER 1:

INTRODUCTION

1.1 Overview

As robotic technologies and applications continue to advance, there is a growing need for
innovative actuators with increased kinematic mobility and power density. Most robotic systems
have multiple degree-of-freedom (DOF) capabilities enabled by single DOF joints (rotational
and/or prismatic), arranged in series/parallel, powered by single DOF actuators. These
configurations are often accompanied by kinematic singularities in the workspace, poor energy
efficiencies and computationally expensive inverse kinematics. The development of direct-drive
spherical motors offers one potential solution to these limitations.

The research and development of spherical motors spans several decades and varies widely in the
literature. Common characteristics of almost all spherical motors are a stator and a rotor with 3
angular DOF (simultaneous rotation about three orthogonal axes). Significant design variations

address methods for rotor support, actuation, and orientation sensing.

1.2 Rotor Support

Most spherical motors utilize ball-and-socket joints (Week et al., 2000; Lee, Hungsun and
Joni, 2005; Gofuku et al., 2012; Kumagai and Hollis, 2013) for accommodating multi-DOF
motion, though three-axis gimbals and other novel linkage configurations can be found in the
literature (Li et al., 2018). An advantage of gimbal is that orientation sensing and can be readily

achieved via inverse kinematics of cascaded single DOF encoders (Kaneko, Yamada and Itao,



1989). However, the added weight of gimbal linkages and bearings reduces power density, and
kinematic singularities (e.g. gimbal lock) limit the capabilities of these systems. Ball-and-socket
joints are less kinematically problematic than gimbaled systems (i.e. are not prone to gimbal lock)
but require spherical bearing surfaces which can be difficult to fabricate and implement with

sufficient accuracy.

1.3 Actuation

Most spherical motors are actuated electromagnetically, typically via alternating currents
within stator coils. A small number rely on induction between the stator and rotor (Davey,
Vachtsevanos and Powers, 1987; Foggia et al., 1988; Kumagai and Hollis, 2013). Vachtsevanos
conceptualized and rigorously analyzed a spherical induction motor, but the complex design
proved impractical to prototype. Kumagai and Hollis fabricated a spherical induction motor with
potential application to robot locomotion, and experimentally demonstrated its operation via
closed-loop control. While its torque production was high by comparison to other spherical motors
(4 N-m), a key deficiency was its low efficiency, likely a consequence of eddy currents within the
unlaminated iron rotor.

Synchronous AC spherical motors are the most common reported in the literature
(Vachtsevanos, Davey and Lee, 1987; Kaneko, Yamada and Itao, 1989; Week et al., 2000; Ikeshita
et al., 2010; Yano, 2010). Most incorporate permanent magnets in the rotor, a notable exception
being the variable reluctance spherical motor studied extensively by (Lee, Hungsun and Joni,
2005), which features a solid iron rotor. The arrangements of stator coils and rotor poles (typically
PMs) varies widely among synchronous spherical motors, as do the materials for these

components. Despite these differences, most feature cylindrical rotor and stator poles.



Another intriguing actuation method for spherical motors involved piezoelectric materials.
Studied by multiple researchers since the 1990s, spherical ultrasonic motors (SUMs) employ
mechanical interaction between the rotor and piezo-actuated stator components. Although working
SUM prototypes have been demonstrated, their limiations include low torque production (Shigeki,
Guogiang and Osamu, 1996; Ciupitu, Toyama and Purwanto, 2003; Wang et al., 2018), frictional

wear, low rotational speed, and hysteretic behavior.

1.4 Bearing Selection

While gimbal-based spherical motors employ traditional single DOF bearings,
omnidirectional bearings are needed for ball-and-socket configurations. Perhaps the simplest
omnidirectional bearing is the ball transfer, also referred to as a Hudson bearing. A variant of the
ball transfer is the spring plunger. These bearings consist of a partially enclosed rotating sphere,
which supports the rotor via direct contact and provides low-friction relative motion. Ball transfers
are common used due to their simplicity and commercial off-the-shelf availability in a wide variety
of sizes and form factors (lkeshita et al., 2010; Gofuku et al., 2012; Kumagai and Hollis, 2013).
Limitations of this bearing include relatively low load capacity and relatively high friction
compared to other methods (Yan et al., 2008).

Fluid bearings provide another omnidirectional support option but are inherently more
complex than ball transfers. Week, et al (Week et al., 2000) proposed a spherical motor with a
hydrostatic bearing consisting of multiple oil-filled pockets. A hydraulic flow controller at each
pocket was proposed to provide appropriate pressure at each pocket, according to its loading
requirements. Though plans to fabricate a prototype were mentioned, no follow up publication of

outcomes could be found in the literature. Similarly, (Ezenekwe and Lee, 1999) analytically



modeled a spherical motor/actuator with an air bearing system, but did not report results from a
working prototype. (Tan and Huang, 2010) designed and fabricated a spherical air bearing and
demonstrated 2-DOF control of the device. The air bearing utilized a thin film of pressurized gas
to suspend the rotor within the stator and eliminate friction between the two. Among other
components, it included an air compressor, air tank, a series of particle filters, a pressure regulator,

vacuum generator, and air supply lines.

1.5 Orientation Sensing

Closed-loop control of spherical motors requires a method for sensing relative orientations
between the rotor and stator. As mentioned previously, gimbaled systems can readily
accommodate rotary encoders on each axis to facilitate orientation measurements (Kaneko,
Yamada and Itao, 1989). Some ball-and-socket systems incorporate rotating slides attached to
rotary encoders. These systems accommodate only limited angular rotations (Lee, Kok-Mong,
1992; Shigeki, Guogiang and Osamu, 1996; Week et al., 2000) and add mass to the rotor, reducing
its power density. A limited number of prototypes utilize multiple Hall-effect sensors on the stator
(Ciupitu, Toyama and Purwanto, 2003; Lee, Hungsun and Joni, 2005), but have limited
practicality for AC excitation with large quantities of rotor PMs and high magnitudes of rotation.
Kumagai and Hollis’s induction motor incorporated four optical mouse sensors at the interface
between the stator and rotor to measure rotor surface displacements. Other methods include a dual-
axis position sensing diode (Tan and Huang, 2010) and an optical sensor specifically developed

for spherical motor orientation sensing (Lee and Zhou, 2004).



CHAPTER 2:

METHODS

2.1 Stator Design

While the stators of conventional (1D) electric motors utilize large numbers of closely
spaced axial slots and windings, each having identical geometry, such design approaches cannot
be applied to spherical motors. Instead, the stator poles of the PMSSM are icosahedrons: a subclass
of Goldberg Polyhedrons comprised of pentagons and hexagons. Goldberg Polyhedrons are
represented as GP(m,n), where m represents the number of steps in the given direction, and n
represents the steps following a 60° turn from one pentagon to the next. For the PMSSM stator
geometry, a GP(3,0) consisting of 92 discrete faces (12 pentagons, 20 regular hexagons and 60
irregular hexagons) was chosen (Figure 1). This geometry is desirable because it minimizes

differences in surface area between the smallest and largest polygon pole faces.

Regular Hexagon

Irregular Hexagon

Pentagon

Figure 1. Goldberg Polyhedron (3,0) used as the basis for PMSSM stator design. Highlighted
are the fundamental geometries: pentagon (12 total), regular hexagon (20 total) and irregular

hexagon (60 total).



Because the PMSSM stator must permit a specified range of motion for the rotor and its
coupled load (in this case +/- 40°), the stator geometry is a hemisphere comprised of only 46 (of
92 possible) poles. Each stator pole consists of a top plate, a stem and a bottom plate. The top
plates of adjacent stator poles are separated by small air annular gaps (2 mm), while the bottom
plates are in direct contact to provide low reluctance return paths for magnetic flux. Figure 2a
shows an assembly of three adjacent stator poles (a regular hexagon, an irregular hexagon, and a
pentagon), while Figure 2b shows the key dimensions of a pentagonal stator pole. The stator poles
were manufactured using 1018 cold rolled steel due to its machinability, high magnetic

permeability, and low cost.

Pi

Hexagonal
Pole

{ d
Pentagonal Pole Bottom plate

a) b)

Figure 2. Stator pole geometry: a) Solid model of three adjacent stator poles showing annular
gaps between top plates and direct contact between bottom plates; b) Pentagonal pole
dimensions: top and bottom plate thickness t, stem length I, stem diameter d and major

diameter of polygon face

The stator pole dimensions were iteratively optimized to provide a peak stem flux density

of B = 1.0 T without saturation while simultaneously minimizing pole materials (steel and



magnet wire). The specified PMSSM rotor diameter (D, = 152.4 mm) and stator/rotor air gap
(g = 2.0 mm) enabled direct calculation of each major diameter p; (Kenner, 1967). The stem
diameter d, stem length [ and plate thickness t were optimized to provide adequate volume for the
copper windings while simultaneously restricting the outer diameter of the stator (Dy =
213.5 mm). To prevent flux saturation in the top and bottom plates, thickness t must be large
enough to provide adequate cross-sectional area for flux produced in one stem to return through

neighboring stems:

d? 2
T[dthT @)

Based on ortho-cyclic windings (which have a packing factor of 90.7%: Bonig et al., 2015),
the number of turns N in a fully wound coil of magnet wire (diameter d,,, packing factor p, and
rectangular cross-sectional area of width b and height h) is:

4bhp

2

nd,,

©)

To iteratively optimize these stator pole dimensions, magnetostatic simulations were
conducted using finite element analysis (FEA) software (ANSYS Electronics Desktop,
Canonsburg, Pennsylvania). Magnetostatic parametric sweeps quantified the nonlinear
relationships between magnetic flux density and pole dimensions, most notably stem diameter d
and length [. Two adjacent stator poles and a tertiary pole were excited with maximum excitation
(300 Amp-turns) to quantify flux interactions. Because 1018 steel approaches magnetic saturation
at a flux density of 1.6 T, this was the target value of flux density in the stem. Figure 3 shows
results for a parametric sweep of stem diameter; case 4b (d= 12 mm) provides the target flux
density (1.6 T) at maximum excitation (300 A-t). Figure 4 includes field lines that represent the

direction of magnetic flux through the stator pole assembly.



B [teslal

. 7000E+08
. S867E+B8
L 4733E+08
. 3600E+28
. 2467E+D@
. 1333E+68
. B200E+08
.B667E-01
. 9333E-01
. SOBBE-B1
.BE667E-B1
.5333E-01
. YOBRE-B1
. 2667E-B1
.1333E-01
. BOBRE-@A5

W RN WFE OO~ W R R R R R R

Figure 3. FEA simulation results showing flux distributions as functions of stem diameter for
maximum excitation (300 A-t) in all the three excited poles: a) d = 10mm, b) d = 12mm, ¢) d =
14mm, d) d = 16mm

B [teslal

. 7OBRE+20
. 5867E+00
L 4733E+00
. 36B0E+00
. 2467E+0B
. 1333E+08
. B2BRE+00
.BE67E-B1
. 933533E-81
S0BRE-B1
B667E-B1
.5333E-01
. 4OABBE-B1
. 2667E-B1
. 1333E-01
. DBBRE-BS

W R NWEND YW R R R R R R

Figure 4. FEA results showing field lines resulting from maximum excitation (300 A-t) at the

first, second and fourth stator pole and no excitation at the third stator pole



The optimized stator pole dimensions summarized in Table 1. The regular hexagons are

the largest in size followed by the irregular hexagons and the pentagons.

Table 1. Optimized stator pole dimensions (mm)

Irregular Regular
Dimension Pentagon
Hexagon Hexagon
p 33.32 37.77 26.21
d 12.00 12.00 12.00
l 28.50 28.33 29.71
t 6.35 6.35 6.35

2.2 Stator Fabrication

The top and bottom stator pole plates were cut from a 6.25 mm thick sheet of 1018 cold
roll steel using a waterjet cutter; final machining on these oversized parts was done on a CNC mill.
The pole stems were machined from a 1018 steel rod on a CNC lathe. The three parts (top plate,
bottom plates stem) were assembled using 3M Scotch Weld MC100 adhesive (Figure 5a). The
stems of regular hexagon poles (10 total) were drilled and tapped to accommodate the M6 threads
of Hudson bearings (MP-6, NBK, Japan) to ensure low-friction support of the rotor (Figure 5b).
These Hudson bearings have a static and dynamic load bearing capacity of 29N and 9.8N

respectively, which will be shown in the Rotor Methods section.



a) b)
Figure 5. Photograph of assembled regular hexagonal pole (a) showing tapped M6 threading for

Hudson bearings (b) M6 Hudson bearings assembled into the hexagonal poles

Prior to winding, the stems and plates of each stator pole were lined with 0.25 mm
insulation (CG100 Fish Paper, 145PTags.com, Maitland, FL, US) to prevent abrasion and shorting
of the magnet wire. Each stator pole was wound with 522 turns of 24 AWG magnet wire
(Remington Industries, Johnsburg, IL). The winding process was automated using a tabletop CNC
milling machine (Sherline 2000, Vista, CA) and a custom 3D printed fixture (Figure 6b). Two
small holes (2mm diameter) drilled into the bottom plates of each stator pole allowed the windings
to pass through bottom plate of stator pole to electrical terminations outside the stator housing. A

photograph of a completed regular hexagonal pole is shown in Figure 6c.

10



a)
Figure 6. Stator pole winding: a) Custom 3D-printed fixtures used to secure stator poles in CNC
milling machine; b) Automated winding using the CNC milling machine; c) photograph of

regular hexagonal stator pole following winding (N = 522 turns of 24 AWG magnet wire).

A hemispherical stator housing (Figure 7) was designed to maintain support and proper
spacing for the 46 stator poles and organize the phase conductors. This housing was 3D printed
using a fused deposition modeling machine (F370, Stratasys, Eden Prairie, MN) with ABS
material. The stator poles were secured into the housing using a top ring assembly and M6 bolts

(Figure 7b). The outside surface of the stator body has 92 holes for securing the ring terminals of

the stator pole windings (Figure 7c).

a)

Figure 7. Stator housing: a) Solid model showing basic geometry; b) Photograph showing

secured stator poles; ¢) photograph showing external phase connections.
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2.3 Rotor Design

The design process for the PMSSM rotor addressed unique challenges associated with its
geometry, most notably optimizing the number, location, size and polarity of internally-mounted
permanent magnets (PMs) while providing a smooth, thin outer shell to secure the PMs and support
the rotor via contact with Hudson bearings in the stator (Figure 8). These design parameters were
optimized to provide smooth and adequate torque without excessive mass and without exceeding
the bearings’ load capacity (29.0 N static, 9.8 N dynamic). The rotor’s outer radius was specified

during the stator design process to provide a nominal air gap of 2 mm: Dor = 154.4 mm.

Permanent
Magnet

Rotor Lid

IMU & Transceiver

Hudson
Stator Bearing

Rotor

\9s
3 ' ‘_.in -1‘
‘('\'QIL.!‘

7l L g

Figure 8. Cross-sectional view of the PMSSM highlighting rotor and stator

Neodymium-iron-boron magnets (NdFeB) of grade N42 were selected for the rotor based
on their extremely high energy density (42 MGOe) and widespread availability in common shapes
and sizes. To optimize their size, number, location and polar orientations, magnetostatic
simulations were performed using FEA software (ANSYS Electronics Desktop, Canonsburg,

Pennsylvania, USA). These simulations helped balance the tradeoffs between motor torque and

12



normal bearing |

oads. Figure 9 demonstrates the relation between magnet size and normal bearing

load for maximum stator pole excitation (300 Amp-turns).

Bearing load (N)
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Figure 9. Normal bearing force as functions of diameter and thickness for cylindrical N42

NdFeB PM centered over a stator pole with maximum excitation of 300 Amp-turns. Static and

dynamic

load capacities for the Hudson bearing (MP-6, NBK, Japan) are indicated

These simulation results reveal that bearing loads increase steadily with PM diameter and

thickness up to and beyond the stator pole major diameter p; (33.32 mm). Based on these results,

a PM diameter of 25.4 mm and thickness of 4.76 mm were chosen to maximize motor torque

without exceeding the bearing’s static load capacity at peak stator pole excitation.

After spe

spacing of rotor

cifying PM size, algorithms were developed to optimize the number and uniform

PMs. One algorithm uniformly distributed a variable number (n) of PMs on the

rotor’s interior surface, while the other calculated bearing loads associated with PM-stator pole

interaction force

s as functions of rotor orientation. Various methods for uniformly distributing

points on a spherical surface have been discussed in the literature; these include replicating

Goldberg polyhedron geometries (Holhos and Rosca, 2014), minimizing the distance between

points based on

a Coulomb’s law analogy (Erber and Hockney, 1991), and employing Voronoi
13



diagrams (Bauer, 2000) and spiral schemes (Koay, 2011). Goldberg polyhedrons impose
geometric restrictions on the values of n, while Voronoi diagrams and Coulomb’s law analogies
are computationally expensive. Spiral schemes failed to generate uniform distributions for n < 32.
These limitations prompted the utilization of the Nearest Neighbor Method (NNM) (Cover and
Hart, 1967) for n > 4 PMs.
The NNM algorithm consisted of the following steps:
Q) Distribute n-2 points randomly on the surface of a sphere while positioning the remaining
2 points on the poles of the sphere
(i) Calculate the nearest neighbor (point with the least orthodromic distance) for each point
(iii)  Push each point away from its nearest neighbor based on the radial distance between the
two points multiplied by a scaling factor (« = 0.06). The location of the points at the
poles is not changed throughout the algorithm. Looping through the n-2 points once
represents one cycle.
(iv)  Reduce the scaling factor o by 10% every 1000 cycles, while checking for convergence
every 50 cycles
(v)  Convergence criteria:
a. Calculate the three nearest neighbors for each point
b. Calculate the mean squared error(MSE) of the distance between each point and its

nearest neighbor:

1m =
MSE = Eifl(yi -Y)
m represents the total number of points in consideration, Y; represents distance

between the i point and the corresponding nearest neighbor and Y represents mean

distance of the m points

14



C. The algorithm is considered converged when the value of the above criteria is below

0.1 for the first three nearest neighbors
Figure 10a shows a random distribution of 34 points on the surface of the rotor before the
implementation of the algorithm, Figure 10b shows the optimized point distribution after 4140
algorithm iterations, the convergence criteria declined from an average value of 48.01 to 0.07 for

the three nearest neighbors.

a) b)
10% ;
4 Nearest Neighbor 1 |
1 ~Nearest Neighbor 2 |
- —Nearest Neighbor 3 |
= |
I} 1
£ 10
(&)
Q
)
c
()
S 0
g 10
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o |
f Y M? ':\{W}\Mﬂ\iw\\)\f 1 W‘

107} ‘

0 1 2
Iteration number x 103
c)

Figure 10. Nearest Neighbor Method (NNM) optimization results: a) Random distribution of
34 points on the surface of the rotor sphere; b) Distribution of 34 points after 2100 iterations of

the NNM algorithm; ¢) Evolution of the convergence criteria through these iterations
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After uniformly distributing the n PMs, PM-stator pole interaction forces were calculated
for random orientations of the rotor. For normal bearing loads, the worst-case scenario was a PM
positioned directly over a stator pole with maximum current density (300 Amp-turns). The
interaction forces were computed along each axis, with total directional forces represented by Fy,
Fy and F.. The ten Hudson bearing locations were designated Pk, Pky, and Pk;, where k represents
the Hudson bearing index. Equation 4 shows the relation between the total forces on the bearings,

the bearing reaction forces (RFoz ... RF10) and the normalized bearing locations.

Plx Ple RF01 Fx
Py .. Py = |F,
PlZ PlOZ RF10 F'Z (4)

The bearings can only be in a no load/compressive state; this condition is represented by
Equation 5.
RFo1,..., RF10=0 (5)
The optimal number of magnets was determined using MATLAB’s ‘fmincon’ algorithm
(Mathworks Inc., Natick, MA). A factor of safety of 2.0 was added to the bearing capacity to

account for the weight of the rotor and to prevent mechanical failure.

. RF?yy + -+ + RF?y,
f = minimize 10

Using the above-mentioned steps, the maximum number of PMs and their locations are
calculated. All the magnets distributed within the rotor do not interact with the stator as the driven
device/tool is located at the top of the rotor bowl. As a result, all the magnets located in a solid

angle () of 0.38sr (Steradian) about the z-axis of the rotor (Figure 11) were removed.

16



Figure 11. Workspace representation of 0.38sr about the z-axis of the rotor

The last design step was specifying the polarity of each PMs. The spherical geometry of

the spherical motor creates a challenge to generate any symmetric alternating pattern of opposing

polarities in a PMSSM as compared to a conventional electric motor. A Genetic Algorithm (GA)

(Mitchell, 1997) was implemented to obtain an uniform distribution of polarities. The cost function

of the GA was a metric to track the polarities of each magnet location in accordance with its

neighbors. Each magnet location was assigned an initial of cost function value of zero, the value

was incremented by -1 for a neighbor with an opposing polarity and +1 for a magnet location with

the same polarity. The final cost function of every design is a sum of the individual cost function

of all the magnet locations. The flow chart in Figure 12 provides an overview of a GA.

& s Calculate cost Sort designs
Enetate an||n|. a functionfor | based on the cost
parEntpopuiation each design function values

—

Select random designs using
roulette-wheel selection to
perform bitwise crossover and
create the next generation

Calculate cost function values
Check convergence criteria  |4— of the designs in the next

generation

l A

Perform mutation

A

Optimized designs

Figure 12. Flow chart of a genetic algorithm
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The results of the GA included multiple designs with the same cost function value. To
further evaluate these designs the different magnet locations were divided into five sectors based
on the value of their z co-ordinates. Figure 13a shows the rotor divided into different sectors (s1,
s2, s3, s4 and s5). Each sector was assigned a weight (0.15, 0.25, 0.3, 0.2, 0.1, respectively) based
on its size and the duration of interaction with the stator poles (the magnet located in rotor sector
S1 interacts continually). The individual cost function at each location was multiplied by its sector
weight and the cost function is updated. The cost function with the lowest value provided the
solution for the best distribution of magnet polarities. Figure 13b shows the optimized polarity

distribution for 11 magnets on the surface of a sphere.

a) b)
Figure 13. Determining magnet polarities: a) Rotor sectors S1 to S5; b) Optimal distribution of
magnet polarities for 11 magnet locations after removing locations in a solid angle of 0.3789sr

about the z-axis

The optimized rotor is comprised of 11 N42 NdFeB magnets 25.4 mm in diameter and 4.76
mm thick (Applied Magnets, Plano, Texas). The normalized magnet locations and polarities are

provided in Table 2.
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Table 2. Normalized x,y,z coordinates and polarity of rotor PMs

X 0 0.35 0.2 0.89 -0.77 -0.68 0.68 -0.2 -0.89 -0.35 0.76
8
@©
% y 0 -0.82 0.87 0.08 0.46 -0.59 0.59 -0.87 -0.08 0.82 -0.46
S
[@}
O

z -1 -0.45 -0.45 -0.45 -0.45 -0.45 0.45 0.45 0.45 0.45 0.45

S N N S N S N S N S S
Polarities

2.4 Rotor Fabrication

To facilitate manufacturing, and to allow access to the Inertial Navigation System (VN-

100, Vectornav, Dallas, Texas), the rotor was comprised of two parts: the rotor bowl and the

removable lid. The bowl housed the 11 PMs and provided a hard, smooth bearing surface, while

the lid housed the electronics used for orientation sensing. The rotor bowl consisted of an inner

support structure (Figure 14a), which was 3D printed using ABS plastic (M-30, Stratasys, Irvine,

California). An outer layer of hard epoxy resin (EpoxAcast 690, SmoothOn, Macungie,

Pennsylvania) was cast around this inner structure using a two-part mold 3D printed using the

same FDM material (Figure 14b). The left and the right halves of the mold were bolted together

using M5 socket head screws, and the cast epoxy resin was cured for 48 hours. After removing the

mold, this rotor was machined to final dimensions using a CNC lathe (Prototrack 1840 SLX,

Southwestern Industries, Los Angeles, California).
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a) b)
Figure 14. Fabrication of the rotor bowl: a) The ABS inner structure of the rotor around which

epoxy is cast; b) The two-part mold assembly surrounding the inner structure.

The PMs were secured to the inner rotor bowl (Figure 15a) using an adhesive epoxy (Clear
Multi-Purpose, Loctite, Germany). The rotor lid houses the inertial measurement unitl (IMU) (VN-
100, Vectornav, TX, USA), the RF transciever module (Digi International, MN, USA), and
associated electronics (Figure 15b). The rotor bowl and the lid are assembled with an interference
fit to form a complete sphere. The final PMSSM prototype, detailing the fully assembled rotor and

stator sub-assemblies, is shown in Figure 16.

3D printed inner
structure

Permanent
magnet

IMU ) : o
\ ; | RF transceiver
3.7 V Lithium module
ion battery 3

5 V Boost
converter

Epoxy resin

Figure 15. Assembled components of the rotor: a) The rotor bowl assembly with internal

permanent magnets; b) The rotor lid with orientation sensing electronics (IMU, RF transceiver,
lithium ion battery, boost converter)
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Figure 16. Complete PMSSM assembly

2.5 Control Theory

To enable orientation control, the rotor orientation and the orientation error must be
defined. The 3D orientation of the PMSSM can be represented using Euler angles: the device’s

rotation about three orthogonal axes represented by angles «, # and y as shown in Figure 16.

Figure 17. Representation of 3D rotation as a, B and y Euler angles
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Quaternions are convenient for representing spatial rotations as they are compact (relative
to direction cosines matrices) and are singularity free (unlike Euler angle representations).
Additionally, the relationship between quaternions, Euler parameters, and Euler’s axis-angle

theorem provides a meaningful way to interpret quaternion orientations. Given an inertial frame

0

{0,15,]5 k5} defined by the point O and the axis unit vectors i g, j 5, and k5, and a body
frame B = {B,i3,] 5 k5} which is rigidly attached to the rotor; the orientation of the rotor can be
described by the quaternion:

BG0 = s+ ¥ = ag + aji + ayj + azk (6)
Here, s is the scalar part, v is the vector part, and the a; are called the Euler parameters and

are related to the axis-angle representation by the following relationship:

e 6 0
BG° = cos (E) + (axi +a,j+ azk) sin (E) (7)

In this equation, 6 and @ = a,i + a,j + a,k are the angle and unit vector about which the

0 frame must be rotated to result in the B frame. It should be noted that @ does not change during

this rotation and has the identical representation in both frames. Using the quaternion

representation, a vector expressed in the O frame can be expressed in the B frame by using the

Hamilton product @:
5= "1 @750 %7 ®)
It should also be noted that °G8 = (Eﬁa) since ”Eﬁan = 1, where * denotes the complex

conjugate. In addition, vectors can be represented as quaternions with a scalar part of zero. To
define the orientation error, the desired orientation must first be defined. If D = {D, i3,/ 5,k5} is

the body frame attached to the rotor as if the rotor were in the desired orientation, then the
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quaternion 5‘61’5 represents the desired orientation. Furthermore, a vector expressed in O can be

expressed in D by using the composite rotation:

N

P = Dg0 @ Fs ® 0G0 = PGB @ (§<C—I>5 Q75 ® Eaﬁ) ® BgP 9)
From this equation it is apparent that the desired orientation quaternion can be represented
as the composition of a rotation from O to B and a rotation from B to D:
7° ="q" @ Fg° (10)
Here, EE’E represents the orientation of the desired body frame relative to the current body
frame orientation. Thus, EqE can be interpreted as the orientation error and is computed by right

multiplying the previous equation by the complex conjugate of E‘ﬁ’a which yields:
E(CTE — 5<C—I>_ ® 5<C—I>§ (12)
The orientation error quaternion written in axis-angle terms is shown in the equation below.

The unit vector é = e,i + e, j + e,k represents the axis about which the rotor must be rotated to

achieve the desired orientation. Likewise, sin (g) represents the magnitude of the rotation or the
magnitude of the error.

q- =eg+eqi+eyj+ ek =cos (E) + (exl +ey,j+ ezk) sin (E)

(12)

Conceptually, if one were to design a proportional orientation controller for this system
then the desired torque vector 7, should be pointed along &, as this would result in rotor motion

towards the desired trajectory. Additionally, the magnitude of the torque vector should be
proportional to 8 or similarly sin (g) In light of this, proportional control can be achieved by

using the vector part of Bﬁﬁ:
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If 74 = di5 + dyjz + d3fc§, then the idea of proportional control can be extended to PID

control by:

‘ . . (14)
d; = Kpe; + K,f e;(1)dt + Kpé;, i=123
0

Kp, K;, and K, are the proportional, integral, and derivative gains respectively. The phase
currents which result in the desired torque, 7,4, can be computed using the characteristic torque
relation (Son and Lee, 2008): 7,,, = KLu where K is the characteristic torque matrix, L is the phase
group matrix,andu = [I; I, .. Io]" isavector of phase currents. This results in the following
equation:

u = (KL)'7, (15)

Here, (KL)T is the least-squares pseudoinverse which can be calculated using the right
inverse (KL)T = (KL)T[(KL)(KL)T]™*. Implementing the right inverse equation on a finite
precision machine can present difficulty if (KL)(KL)T is poorly conditioned. This can be avoided
by computing (KL)T using singular value decomposition (SVD). If SVD of KL yields KL = ULV*,
then (KL)T = VEtU*. Here, X is a diagonal matrix of the singular values, o;, of KL. To avoid the
numerical issues previously mentioned, singular values for which g; < & for some small positive
number ¢ are replaced with zero. The matrix T can then be found by taking the reciprocal of the

nonzero diagonal elements of X.

2.6 Control Electronics

The control system is implemented on a custom-made circuit board which consists of a

microcontroller unit (MCU), EM drivers, a wireless serial interface, and a USB interface (Figure
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18). The EM drivers utilized the DRV8801 module (Texas Instruments, Dallas, TX). Each module
uses N-channel power MOSFETS in full H-bridge configuration which can drive each motor phase
with peak maximum currents of 2.8A at up to 36V. The DRV8801 also has built in digital interface
circuitry and a current sense amplifier which enable precise phase current control. A VN-100
(Vectornav Technologies, Dallas, TX) inertial motion unit (IMU) was used to measure the motion
and orientation of the rotor in real-time. This sensor’s capabilities include onboard sensor fusion,
calibrated measurements with accuracies exceeding 0.5° in pitch/roll, and a customizable serial
interface that can directly output relevant information such as quaternion orientation and angular
velocity. To communicate with the IMU without interfering with the motion of the rotor, a wireless
serial interface was established using XBee S2C transceiver modules (Digi International, Hopkins,
MN). A STM32F407VG (STMicroelectronics, Geneva, Switzerland) MCU was used to capture
current and IMU sensor readings, perform control algorithm computations, and control each EM
driver. In addition, a USB interface was used between the MCU and a desktop PC for viewing and

recording data.

h
A%

Desktop PC

Microcontroller

EM Drivers

Figure 18. Electronics system diagram
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The 46 stator poles were connected in individual phases like conventional electric motors.
However, the stator’s Goldberg polyhedron geometry and the multi-DOF nature of the rotor
implied that the stator could not be wound in conventional 3-phase groupings. The stator poles
were grouped in phases based on the geometry of the Goldberg polyhedron and ensuring that no
two consecutive stator poles are of the same phase. Figure 19 shows the five different geometric

patterns used to wind all the stator poles into phases.

9) h) i)

Figure 19. Geometric patterns used to group stator poles into phases. Figures a-i represent

phases 1-9 respectively. Phases 2-6 are symmetric about edges of central pentagon highlighted
in black.
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Because stator poles in the same phase can be excited with opposing magnetic polarities,
these polarities should be chosen such as to maximize synnergistic efforts between stator poles in
the same phase. For example, the five stator poles in Phase 9 shown in Figure 19e can each be
connected with either a northward or southward polarity. If the torque vectors generated by any
pair or stator poles in the same phase tend to point in the same direction, then the poles should
have the same polarity. However, if the torque vectors tend to point in opposite directions, then
the poles should have opposite polarities. This helps ensure that all of the poles in a given phase
are working together to produce the largest net torque possible.

This synnergistic effort can be quantitatively assessed by computing the inner product of
the characteristic torque vectors (I?L- and I?j) summed over a subset of possible rotor orientations
(q). This is shown by the finite sum in Equation 16 below. Here, S, represents the set of all possible

rotor orientations from which indivitual orientations are selected. These orientations are selected

so that the inner product is summed over the expected range of motion.

Vij = Z I?i(q)'l?j(Q)
qESq

(16)
The sign of V;; indicates the relative polarity between the i and j" stator poles. If Vijis
positive, then there is a tendency for the i-j pair to produce torque vectors in similar directions and
thus should be connected with the same polarity. A negative value for V;; indicates the tendency
for the pair to produce antagonistic torque vectors and that this pair should have opposing
polarities. Applying this technique to the phase groupings in Figure 19 results in the polarities
shown in Figure 20 below. This figure shows the inner surface of the rotor bowl with individual

stator poles labeled with a color corresponding to their phase grouping and north or south
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corresponding to their polarity. Here, “N” indicates that the north pole of the electromagnet points

inwards according the direction of conventional current flow and the right-hand rule.

Phase 1
===Phase 2
===Phase 3

Phase 4
===Phase 5
===Phase 6
===Phase 7
===Phase 8
===Phase 9

Figure 20. Stator pole phase groupings and polarities. The geometric patterns from Figure 17 are
used along with Equation 16 to produce the final phase groupings and polarities. “N” and “S”
correspond to north and south polarities, respectively, on the inner surface of the rotor bowl as

determined by the conventional current right-hand rule.
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CHAPTER 3:

RESULTS

3.1 Step Response

The first step in experimenting with the PMSSM involved tuning the
individual current controllers of the phases. The difference in number and location of poles for
each phase meant that they had to be tuned individually. The PID loops for the motor phases were
tuned using Ziegler Nichols’ heuristic approach (Bobal, et al. 1997). Figure 21 shows the current
tracking of the first phase to a step response of 0.5 A. The current controllers are well tuned and
have a rise time of 20 ms. The tracking error below 50 mA is due the limited current sensing at

lower magnitudes.
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Figure 21. Current tracking of the 1% phase of the motor to a periodic step response
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The first experimental setup was the step response of the PMSSM. The step commands
were 20°, 30° and 90° for the «, £ and y angles respectively. Figure 22a shows the response of the
PMSSM to the step input while Figure 22b shows the tracking error for the same experiment. The
steady state errors were 0.25°, 0.44° and 0.16° for the «,  and y angles respectively. The data was

collected on MATLAB (Mathworks Inc., Natick, MA) from the MCU using serial communication.

The sampling rate for the serial communication was 50 Hz.
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Figure 22. Experimental PMSSM tracking results: a) Typical response for step references in a,

and y angles; b) Absolute tracking errors
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3.2 Time Varying Trajectory

Another experiment was conducted to track time-varying references about multiple axes.
The reference trajectory for a was sinusoidal with an amplitude of 30° and a frequency of 72 °/s,
while the reference for y was a ramp with a slope of 72 °/s and the setpoint for # remained fixed

at 0. Figure 23 provides snapshots of the first 5.0 seconds of this rotor reference trajectory.

SOCOCODDC

Figure 23. Snapshots of the rotor reference trajectory

Figure 24 shows the tracking performance for the time-varying reference. The average
absolute tracking error was 3.10°, 3.94° and 6.38° for o, f8 and y, respectively, while the maximum

tracking error was 10.56°, 19.70° and 14.30°.
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Figure 24. Experimental PMSSM tracking results: a) Response for time-varying references in a, § and y

angles; b) Absolute tracking errors. While the average absolute tracking error is low, periodic spikes in

the error are present, predominantly with respect to the y angle.
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The associated phase currents are shown in Figure 25. The current was saturated at 1.5 A

to prevent damage to the phase windings.
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Figure 25. Phase currents for time-varying references in a, B and y angles
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CHAPTER 4:

DISCUSSION

While the PMSSM successfully tracked both step and time-varying reference trajectories,
it did so with relatively large overshoot (up to 55.13° for the step responses of Figure 22), long
settling times (up to 2.98 s), and large tracking errors (a mean of 4.47° and a peak of 19.70° for
the time-varying reference responses of Figure 24). Numerous factors contributed to this
suboptimal performance, most notably limitations in the control algorithm (which did not account
for rotor dynamics or stator back-iron) and stick-slip behavior resulting from friction between the
surface of the rotor and the Hudson bearings. These factors caused the PMSSM orientation to
overshoot and oscillate about the setpoint (as evident in Figure 22a). This behavior is also evident
in the periodic tracking error of Figure 24b and ripples in the y angle response of Figure 24a.
Inaccuracies in the electromechanical model, which did not account for the stator back-iron when
computing the characteristic torque vector, resulted in discrepancies between the actual and
commanded torque vector. Additionally, torque generated by PM/stator pole interaction near the
edges of the bowl differed significantly from torque generated away from the edges due to
differences in the reluctance of the magnetic circuits. Eddy current losses also contributed to
performance limitations by producing additional torque which opposes the rotor’s motion. The
sampling time of the main control loop was constrained to 50Hz by the computationally expensive
calculation of the characteristic torque matrix, further restricting the bandwidth of the motor. A
higher sampling rate (which could be achieved using a more sophisticated microcontroller) would

help dampen high-frequency signals oscillations about the desired orientations as seen in Figure
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22b.The IMU was susceptible to drift over time (1.5 °/hour) inducing errors in calculating the
orientation of the rotor as experiments were repeated over time.

Maintaining a uniform airgap between the stator and the rotor using multiple Hudson
bearings was challenging. In certain cases, some bearings were not in contact with the rotor while
other bearings were overloaded. The decentered rotor and overloaded bearings damaged the rotor
surface and distorted the torque vector. making the motor harder to control. Machining the epoxy
layer to produce a perfectly spherical and smooth rotor was another challenge. The air bubbles
formed while casting the epoxy layer persisted even after degassing the mold during the casting
process. The air bubbles appeared as dents on the surface of the rotor after turning on the CNC
lathe. To treat these defects, the surface was coated with another thin layer of epoxy and hand
sanded. Maintaining a spherical shape and smooth surface throughout this process was
challenging, as even a small measure of a lack of roundness caused variations in rotation.

This research addresses many of the design and fabrication challenges associated with
spherical motors including selecting appropriate methods for orientation sensing, optimizing the
distribution of PMs within the rotor and stator phases. However, there is room for improvement in
the optimization algorithms used to govern this design process. Developing a more sophisticated
dynamic model, one that accounts for rotor dynamics and friction nonlinearities, and using this
model for nonlinear control synthesis would improve the accuracy of the actuation torque over the

entire workspace and address the adverse effects of stick-slip.
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