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Abstract

The production of new vaccines for infectious diseases and innovative gene
therapies demands purification systems, that are operational within a very
short time and achieve exceptionally high levels of purification. Ultracen-
trifuges deliver excellent results on a research laboratory scale for the purifi-
cation of active ingredients in the pharmaceutical industry. However, due to
technological limitations, such as speed and thus separation performance lim-
itation by rotary seals, contamination risk, and complexity, ultracentrifuges
are being displaced by chromatography methods on a production scale. In
this dissertation, these technological drawbacks are addressed and a new
sealless production ultracentrifuge concept is proposed.

The newly proposed openable magnetic self-bearing motor and openable
burst armor allow the rapid exchange of a completely hermetically sealed
pre-sterilized production ultracentrifuge process chamber including the rotor,
without loss of sterility. Technical challenges such as the implications of the
unavoidable yoke air-gaps between the motor halves, a scalable passive stator
heat extraction method for toroidally wound slotless self-bearing high-speed
motors, a sealless rotor fluid path, stable active magnetic rotor suspension
during dynamic filling of the rotor during rotation, and the achievement of
rotational speeds with openable self-bearing motors of over 100 krpm are
successfully solved. The principal effectiveness of the proposed concept is
validated experimentally by the sedimentation of whey proteins. To prevent
system failure during its service life with high damage potential by the very
high rotor energy, a diagnosis capability is required at rotor standstill. The
magnetically self-bearing functionality enables new system diagnostic meth-
ods as an excitation source, allowing the measurement of system responses.
The magnetic bearing rotor displacement measurement is identified as being
limited in detecting structural resonances in the system. Therefore, a sup-
plement with a microphone as an acoustic sensor is proposed, and examples
are shown, of how system faults can be detected, even when the rotor is
magnetically levitating, but at standstill.

In summary, this dissertation proposes and validates a new sealless pro-
duction ultracentrifuge concept, that provides solutions to the limitations of
today’s production ultracentrifuges. It is available as a platform for pharma-
ceutical and biotechnology research for refining the new concept’s process
chamber and rotor internal structure to specific pharmaceutical purifica-
tion method needs. The presented sealless ultracentrifuge concept has the
potential to enable new high quality, high through-put, guaranteed contami-
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nation free pharmaceutical purification processes with extremely small batch
changeover time.
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Kurzfassung

Fiir die Herstellung von neuen Impfstoffen gegen ansteckbare Krankheiten
und fiir neue Gen-Therapieformen werden schnell einsatzbereite Purifikations-
Anlagen benotigt, die extrem hohe Reinheitsgrade erreichen. Ultrazentrifugen
liefern im Forschungs-Labormassstab hervorragende Ergebnisse fiir die Puri-
fikation von Wirkstoffen in der pharmazeutischen Industrie. Aufgrund von
technologischen Nachteilen wie der Drehzahl- und somit Trennleistungs-
Limitierung durch Rotationsdichtungen, dem Kontaminationsrisiko, und der
Komplexitat werden Ultrazentrifugen im Produktionsmassstab jedoch von
Chromatographie-Methoden verdréngt. Durch das im Rahmen dieser Dis-
sertation vorgeschlagene neue dichtungslose Produktions-Ultrazentrifugen-
Konzept werden diese technologischen Nachteile vermieden.

Der vorgeschlagene aufklappbare, magnetisch selbstgelagerte Motor mit
einem ebenfalls aufklappbaren Berstschutz erlaubt neu das rasche Auswech-
seln einer vorsterilisierten, komplett hermetisch verschlossenen Produktions-
Ultrazentrifugen-Einheit. Dabei auftretende technische Herausforderungen
wie die Implikationen der unvermeidbaren Magnetkreis-Joch-Luftspalte, die
skalierbare passive Stator Wiarmeabfuhr eines toroidal gewickelten, nu-
tenlosen selbstgelagerten Hochgeschwindigkeits-Antriebs, eine Rotorfluid-
Fihrung ohne Dichtungen, die stabile magnetische Lagerung wahrend des
Fillvorgangs des Rotors bei Drehzahl, und das Erreichen von Rotations-
geschwindigkeiten des aufklappbaren selbstgelagerten Antriebs von tiber
100’000 U/min werden erfolgreich gelost. Die Wirkungsweise des vorge-
schlagenen Konzepts wird experimentell durch die Sedimentation von Molke-
Proteinen nachgewiesen.

Um einen Systemversagen wihrend seiner Lebensdauer mit hohem Scha-
denspotenzial durch die sehr hohe Rotorenergie zu verhindern, ist eine Dia-
gnosefihigkeit noch im Stillstand erforderlich. Die magnetische Lagerung
ermoglicht neue Systemdiagnose-Methoden durch Nutzung der Magnetlager
als Anregungsquelle und Messung der Systemantwort. Die Detektion struktu-
reller Resonanzen in der Anlage durch die Verschiebungsmessung des Rotors
wird als limitiert identifiziert. Hierfiir wird eine Ergdnzung mit einem Mikro-
phon als akustischen Sensor vorgeschlagen und in Beispielen aufgezeigt, wie
bereits bei schwebendem aber noch stillstehendem Rotor Systemfehlzusténde
erkannt werden kénnen.

Zusammenfassend wird im Rahmen dieser Dissertation ein neues dich-
tungsloses Produktions-Ultrazentrifugen-Konzept vorgeschlagen und va-
lidiert, das Losungen fiir die Limitierungen der heutigen Produktions-
Ultrazentrifugen présentiert. Somit steht eine neue Plattform fiir pharmazeu-
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tische und biotechnologische Forschung zur Verfiigung fiir die Verfeinerung
der Konstruktion der Prozesskammer und des Rotors fiir die spezifischen
pharmazeutischen Purifikations-Bediirfnisse abhangig vom Wirkstoff. Das
vorgeschlagene Produktions-Ultrazentrifugen-Konzept hat das Potential, qua-
litativ hochwertige, mit hohem Durchsatz betreibbare und garantiert kon-
taminationsfreie pharmazeutische Purifikationsprozesse mit extrem kleiner
Chargenumstellungszeit zu erméglichen.
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Introduction

Modern societies are susceptible to outbreaks of new communicable diseases.
Communicable diseases can today spread very quickly worldwide due to
human mobility behavior, for example in large densely populated cities, at
major public events or with international air traffic. The outbreak of the
COVID-19 pandemic has brought the risks of communicable diseases back
to the fore at a societal level. The health, social and economic consequences
of outbreaks can be severe. Possible future outbreaks can be of natural
origin, but can also be caused by human made threats, for example through
laboratory accidents, the use of bio-weapons in conflicts or bio-terrorism [1].
The pharmaceutical industry is therefore called upon to improve technologies
to be able to respond more quickly to limit the damage in such scenarios.
After detection of an outbreak, research and industry are required to be able
to develop suitable vaccines and to produce them on a large scale for the
world’s population need in very short time frames.

With the increasing life expectancy of society, diseases which are more
prone to appear later in life, such as cancer, are becoming more relevant.
Many of these diseases lack an option for treatment today. Furthermore, new
production processes are required for new types of treatment options, as
e.g. for viral vector-based gene therapies. In the pharmaceutical industry,
purification processes, that ensure an extremely high degree of purity are
required. Co-produced species in cell cultures, that are similar to the intended
product, but have no therapeutic effect, such as empty capsids in viral vectors
are undesired. Removal from the substance intended for medical use is
necessary, because they lead to unnecessary immune reactions in patients
[2]. [3].

Fig. 1.1 illustrates a simplified biotechnological production process work-
flow. The substance of interest is produced in the upstream process. After
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Chapter 1. Introduction
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Fig. 1.1: Simplified biotechnological production process with centrifuges for separa-
tion. Producing the substance of interest in the upstream process. After harvesting
followed by the downstream process, clarifying, purifying, formulation and filling, the
substance of interest is isolated and prepared, ready to be supplied to the patient. To
reduce filter area, the application of centrifuges for clarification and ultracentrifuges
for purification is desired.

harvesting, everything other than the substance of interest has to be sepa-
rated. A clarification step removes larger particles like cell debris. Purification
removes remaining impurities other than the substance of interest. Formula-
tion and filling conclude the process. In an attempt to reduce the amount of
required filter area, for clarification, disk-stack centrifuges can be employed,
while for purification if based on the centrifuge principle, ultracentrifuges
are needed.

To investigate the main factors of influence on the separation process, the
sedimentation process within a centrifuge or ultracentrifuge is analyzed as
follows. The drag force Fy on a small sphere shaped particle with radius r,
in a fluid with dynamic viscosity #¢, sedimenting slowly with the velocity u,
according to Stokes Law [4] is

Fy = 6mnerpup. (1.1)

During sedimentation, Fq is equal to centrifugal force F. subtracted by the
buoyancy force Fy,
Fy=F. - F, (1.2)

with the centrifugal force F. based on the particle density p,, particle volume
Vp, radius of the centrifuge rcr (simplified to be constant), and the rotational
speed Q of the rotor, equal to

F. = ppVprerQ?, (1.3)



and the buoyancy force equals to

Fy = pegVs, (1.4)

with the fluid density py, and gravitational constant g. With the ratio R, of
particle to fluid density,

P
R, == (15)
Pt
the drag force becomes
Fg = Vopr (RorceQ® —g) . (1.6)
With the relative centrifugal acceleration C defined as
repQ?
C= L’ (1'7)
g
the drag force becomes
Fq = Vpprg (RPC - 1) . (1.8)
This can be solved for the sedimentation velocity:
_ Voprg (R,C-1)
Up = ————. (1.9)

67nery

The sedimentation time f, results as the fraction of the path length [, which is
a process design parameter, and the sedimentation velocity:

l
ts = — (1.10)
Up
l6ner
ts = $. (1.11)

~ Voprg (R,C 1)
With the particle volume of

Vo =z, (1.12)

the sedimentation time f, results as

9lng

s = —Zgrgpf (RpC — 1) . (1.13)
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The sedimentation time ¢ is therefore in this simplified analysis proportional
to the path length I and fluid viscosity ¢. While the fluid choice is more influ-
enced by the desired fluid density or density gradient and bio-compatibility,
the viscosity cannot be chosen freely. The path length [ is a process design
parameter. A small [ leads to shorter sedimentation time, however it reduces
the processing volume. In a process design, ! is therefore an optimization
parameter which can be varied for a fixed rotor diameter with corresponding
rotor inserts. The sedimentation time t; is inversely proportional to the square
of the particle radius rp. This shows the increasing difficulty to separate parti-
cles with decreasing particle size. The inverse proportionality to the relative
centrifugal acceleration C with the quadratic dependence of C on the rota-
tional speed Q and proportionality to the centrifuge rotor radius rcp shows
the fundamental importance of high rotational speeds. A centrifuge with
extremely high C > 100’000 g, i.e. an ultracentrifuge, allows the separation
of extremely small particles despite their very small density difference.

Laboratory scale research ultracentrifuges are used successfully for pu-
rification [2]. The global demand of active ingredients requires large scale
industrial production ultracentrifuges (PUCFs). However, today’s PUCFs
have disadvantages, that prevent their widespread use.

The rotary seals between the rotor and fluid inlets and outlets, intended
as a contamination barrier, pose a risk of contamination in both directions.
There is therefore a risk of infectious aerosols generation [2], [5], and of
contamination or impurity of the product to be purified. Furthermore, the
rotary seals limit the speed to approx. 40 krpm, which limits the relative
centrifugal acceleration C and thus process speed. The mechanical bearings
lead to complexity of the systems and complexity in operation. To exchange
the rotor, the motor and rotor assembly must be lifted away in an axial
direction and the rotor must be removed axially from the bearing and seal,
exposing the rotor to the production facility environment. Hence, there is no
hermetic containment of the wetted parts. Extensive cleaning and sterilization
procedures are required. Presumably due to the complexity of today’s PUCF
systems, there are very few manufacturers and few available PUCF systems.

For these reasons, it is considered difficult to scale up manufacturing
processes for active ingredients from research laboratory scale to industrial
production scale with PUCFs. Therefore, chromatography is mainly used for
production processes nowadays [2].

Nevertheless, chromatography shows difficulties in separating particles,
that are externally identical or very similar, but differ internally [2]. PUCFs
can separate particles based on their density. If the aforementioned problems
4



of PUCFs could be solved, PUCFs would have the potential to play a major
role in purification processes again, or to supplement chromatography as
a subsequent polishing step. This would potentially solve the problem of
unwanted immune reactions due to insufficient purification levels of currently
existing methods.

The origins of UCFs lie in chemistry research. Analytical UCFs were
developed to determine physical properties such as the size and weight of
particles such as proteins. The sedimentation process is observed optically
in real time through windows in the rotor. The samples are placed in sealed
containers within the rotor. To determine particle sizes and distributions,
Svedberg built a centrifuge with a relative centrifugal acceleration of C =
7’000 and rotational sped of 12”000 rpm, which they for the first time called
ultracentrifuge, in this dissertation abbreviated as UCF [6].

Reference [7], reached with a later analytic UCF a relative centrifugal accel-
eration of C = 100”000 g at 42’000 rpm, powered by an oil turbine. Svedberg
was later awarded the Nobel Prize for his work with analytical ultracen-
trifuges [6]. This laid the foundations for UCFs. However, these analytical
centrifuges with sealed samples in the rotor are neither intended nor suit-
able for the production of active ingredients. Later, preparative UCFs were
developed to carry out purification processes on a laboratory scale for small
quantities. Individual small, sealed tubes are inserted into a rotor, centrifuged,
and then removed again.

PUCEFs intended for the production on a large scale were first developed by
Jesse Beams as part of the Manhattan Project for uranium gas enrichment, but
discarded for this purpose. The first practical magnetic bearing suspension
for rotors was realized by Beams [8] in this process. The aim of his first
applied magnetic bearing was to hold the weight of the vertically oriented
rotor. The first zonal UCF rotor was built in 1954 by reference [9] for the
application of liquid suspensions for pharmaceutical use at the Oak Ridge
Laboratory [10]. However, magnetic bearings did not gain a foothold for
pharmaceutical PUCF applications. These activities in PUCF research gave
rise to the k-series PUCFs [11], [12], [13], [14], [15]. Initially, these PUCF
types were driven by turbines. Nowadays, high-speed electric motors are
offered. These types are still in use with modifications and improvements:
“K centrifuges have come into worldwide use for large-scale virus isolation
and have been commercially available with little rotor modification for the
last 35 years. Approximately 200 such systems have been constructed [16].
A tubular PUCF suspended by self-bearing motors was presented in [17] for
the production of nano-particles. However, a potential translation of this

5
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solution into a pharmaceutical application still keeps the problem of loss of
sterility during rotor exchange unsolved. There is up to now no apparent
solution to the problems of current PUCFs.

1.1 Aims

The industrial purification of active ingredients requires a safe, reliable method
without contamination risk, which can separate particles of only smallest
differences in density with extremely small process batch changeover time.
State of the art PUCFs cannot fulfill this requirement. A new possible solution
is therefore proposed and investigated within this dissertation: a sealless pro-
duction ultracentrifuge (SL-PUCF) with openable magnetically self-bearing
motors (O-SBMs). This concept aims to allow for fast exchange of a hermeti-
cally sealed process chamber including the rotor and the already connected
inlets and outlets. No wetted components, which are potentially contaminated
by the process, need to be exposed to the clean room environment during
the exchange. Opening the O-SBMs enables the hermetically contained pro-
cess chamber including the rotor to be replaced in radial direction extremely
quickly. The rotor suspension is contact-free due to the magnetic self-bearing
motor functionality. By eliminating the rotary seal, its speed limitation is
no longer present. Together with the elimination of mechanical bearings,
lubrication and damping elements, the complexity of the PUCF is substan-
tially reduced. Furthermore, heat generation due to friction in the seals and
the need for maintenance on seals, bearings and damper elements becomes
obsolete. In addition to time savings due to the very fast set-up time and the
potential for faster processes thanks to the possible higher speed, hermetic
containment also reduces the risk of contamination in both directions and
thus the risk of process failure. The fact that the pre-sterilized, hermetically
enclosed exchangeable rotor units can be pre-certified also helps to ensure a
fast response time in pandemic cases. This eliminates the need for a lengthy
on-site validation process, specific to each system to be installed. Failure of
a PUCF system causes severe system damage associated with high cost and
has therefore to be avoided with the highest certainty by detection of the
fault before speed ramp up of a faulty system. In addition to safe design and
control, a monitoring capability is therefore desirable to assess the systems
health status already at standstill. The magnetic suspension opens up new
possibilities for system diagnostics thanks to their ability to excite the system
for frequency response measurement purposes. It is therefore investigated
additionally in this work, to which extent excitation by magnetic bearings can
6



1.2. Thesis Outline

be used to obtain information for system diagnostics. The magnetic bearing
displacement data is investigated, and limitations are identified. It is therefore
proposed to circumvent this limitation by adding a microphone as an acoustic
Sensor.

1.2

Thesis Outline

The challenges to be solved in this dissertation to achieve the aforementioned
aims are structured into the following chapters:

1.2.1

v

1.2.2

Outline of Chapter 2: 100 krpm Openable Self-
Bearing Motor

A suitable self-bearing motor topology is required for the proposed
novel openable self-bearing motor functionality.

The opening functionality requires a corrosion protection of the exposed
motor yoke surfaces, which magnetically results in yoke air-gaps. They
affect the motor and magnetic bearing performances.

The rotor dynamics, especially the flexural rotor bending modes restrict
the system design.

Very high rotational speeds of 100 krpm are required for future PUCFs

for short batch processing times.

Outline of Chapter 3: Sealless Production Ultracen-
trifuge and its Openable Self-Bearing Motors

Potential applications of the proposed technology need to be identified.
The axial magnetic bearing resonance needs to be surpassed.
A new solution for a rotor fluid path without rotary seals is required.

Rotor imbalance due to unequal rotor internal fluid distribution is a
risk.

Appropriate heat extraction of the motor losses needs to be ensured to
avoid system overheating to ensure safe temperatures of the processed
biological materials.
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> An openable burst armor is required to ensure rotor fragment contain-
ment and opening capability for fast rotor exchange.

1.2.3 Outline of Chapter 4: Acoustic Diagnosis

» The risks associated with the large kinetic energy stored in the very
high speed PUCF rotor ask for a method to diagnose the PUCF system’s
health status before the speed is ramped up.

» The extent, to which magnetic bearings are capable to measure mechan-
ical system resonances is unknown and therefore also their capabilities
for system diagnosis.

» The proposed concept of extending the sensing capability with a micro-
phone as an acoustic sensor needs to be extremely sensitive to be able
to sense minor defects in the system.

1.3 List of Publications

Key insights presented in this dissertation have already been published or will
be published in international scientific journals and conference proceedings.
The publications created as part of this dissertation, or also in the scope of
other projects, are listed below.
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Chapter 2. 100 krpm Openable Self-Bearing Motor

Chapter Abstract

A novel magnetically double self-bearing drive system for ultracentrifu-
gation in pharmaceutical and chemical industry is presented, built as a
prototype and operated. The prototype successfully reached its operating
speed of 100 krpm. It features an opening stator functionality allowing
for fast removal of the ultracentrifuge rotor while enabling future cen-
trifugal acceleration levels of 200’000 g. The openable stators require a
stator encapsulation, provoking unavoidable stator yoke air-gaps. Para-
sitic induced phase-currents were identified, a current-control strategy
proposed to diminish them and successfully implemented and operated
| on the prototype. |

2.1 Introduction

In biochemistry, fundamental processes are the separation of components of
heterogeneous mixtures and purification with ultracentrifuges. Typical ultra-
centrifuge rotors today are mechanically suspended. Mechanical suspension
at high speeds impairs rotor accessibility, requires complicated sealing, causes
bearing losses, requires lubrication, generates wear, poses a contamination
risk and leads to limited life-time or maintenance needs. These are all limita-
tions of the current technology applied in industry. In [18], the feasibility of a
novel system solving these problems was conceptually shown. This chapter
now presents the new fully established working hardware. Furthermore,
solutions to problems and challenges related to current control and rotor
dynamics which were not yet anticipated in [18] are shown.

In [17], a magnetic levitation based continuous flow ultracentrifuge (UCF)
prototype was presented, reaching a centrifugal acceleration C of up to C =
10°g and a flow rate of Q = 0.4L/min with a rotational speed higher than
64 krpm. However, the access to the UCF rotor for e.g. cleaning is difficult
for the operators due to the self-bearing motor stators fully enclosing it.

This chapter presents a novel magnetically self-bearing openable drive
system, omitting these limitations.

Fig. 2.1 shows a conceptual illustration thereof. Two self-bearing motors
(SBMs), forming a double self-bearing motor, drive the UCF rotor and keep it
contact-less in place. As a special feature, a joint between the self-bearing
motor modules allows access to the rotor and simple insertion or removal
thereof.

12
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(@ (b) (c) electronics PCB
joint

self-bearing motor

—— centrifuge rotor
(d)

Fig. 2.1: (a) Conceptual illustration from [18] of the novel magnetically self-bearing
drive system for the targeted 100 krpm and 200”000 g ultracentrifugation. (b) Accessi-
ble ultracentrifuge rotor for insertion or removal by operators. (c) Possible placement
of the power electronics. (d) Conceptual illustration of the ultracentrifuge rotor.

Compared to modularly assembled stators during motor manufacturing
(e.g. shown in [19]), which are and remain inevitably closed after assembly,
the presented self-bearing motors need to be openable by the UCF operators
in industry.

This chapter presents a new hardware UCF drive-system prototype fulfill-
ing the target performance for the industrial UCF application. It furthermore
presents solutions to the faced technical challenges in the previously unknown
current control strategy of novel openable motors and the rotor-dynamics of
the UCF.

In Fig. 2.2(a) the realized prototype of the double self-bearing UCF drive
system is shown. It is in the closed ready-to-operate state. Fig. 2.2(b) shows
the unique novel ability to unfold in an open state for removal or replacement
of the UCF rotor. The indicated system dimensions in Fig. 2.2 are specified in
Tab. 2.1

This chapter is structured as follows. In Section 2.2, two key design
challenges are discussed: on the one hand the requirement to have a stator
that can be opened and on the other hand the requirement to realize a ro-
tor with bending resonance frequencies above 100 krpm, outside the speed
operating range. In Section 2.3, the topology choice and its working princi-
ple is explained. In Section 2.4, the realized motor prototype is presented,
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2.2. Key System Design Challenges

and a fundamental challenge for novel openable motors unveiled. Neces-
sary encapsulation of the stator halves leads to unavoidable yoke air-gaps.
The occurrence of resulting flux variations in the stator during operation
causes parasitic phase-currents. Therefore, the usage of an L—filter and a
voltage feed-forward compensation current control scheme is proposed. In
Section 2.5, the rotor bending resonances are investigated and sub-critical
rotor behavior is shown using 3D-FEM simulation and an acoustic impulse
response experiment. The new UCF drive system prototype was successfully
commissioned and operated with the proposed current control scheme up
to 103’000 rpm. An experimental proof of that high-speed operation and the
working of the proposed control method is shown in Section 2.6. The findings
are finally summarized in Section 3.8 and an outlook is provided.

2.2 Key System Design Challenges

In [18], the competing system design relationships for a drive system for UCF
application were revealed. On the one hand, the rotor diameter of the UCF
and its operating speed must be selected such that the desired centrifugal
acceleration is achieved (200'000 g in this chapter). On the other hand, the
drive system must be able to provide necessary mechanical power to the rotor
to overcome the air friction losses resulting from the rotor speed, diameter and
length. The denser the rotor material, the higher the material load and thus
its strength requirement. The rotor material must therefore have a suitable
combination of low material density and high strength. In turn, the rotor
design must have sufficiently high bending resonance frequencies, determined
by the weight and stiffness combination, such that they are not excited during
operation.

In the following, the two key challenges are highlighted: on the one hand
the requirement for the self-bearing drive system to have an openable stator,
on the other hand, the requirement for a sub-critical rotor design for the
target speed of 100 krpm.

2.2.1 Self-Bearing Motor Opening-Capability

To allow for fast insertion and removal of the UCF rotor by operators in an
industrial manufacturing plant, the novel UCF drive-system requires a stator
which is split in two separate segments and therefore can be mechanically
opened as shown in Fig. 2.3(a).
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While open, the stator-halve interface is exposed to the outside production
facility/laboratory-environment conditions. It therefore must be protected
from external influences such as contact with process fluids, cleaning agents
or unintentional mechanical impacts. Especially the stator core requires
special protection. For this purpose, a 0.1 mm thick protective paint coating
is envisaged on the exposed stator core separation surfaces. Such a coating
behaves magnetically like air, and is therefore referred to in the following as
a yoke air-gap in a magnetic sense.

Due to this, in total 0.2 mm thin, yoke air-gap in the stator separation
plane, harmonic field content is introduced, and the current control needs to
be able to counteract resulting induced voltage harmonics.

2.2.2 Rotor Dynamics

To avoid excessive vibration or instabilities of the magnetically levitated rotor,
the first (and thus lowest) rotor bending resonance frequency, as shown in
Fig. 2.3(b), should be above the maximum frequency of the rotational speed
(sub-critical operation). However, higher order synchronous excitations will
hit rotor bending modes, and the resulting rotor resonance behavior needs to
be stabilized by the control system. The control scheme must furthermore
be capable of operating the novel UCF drive system, despite its new unique
properties, including yoke air-gaps in the stator magnetic circuit, which is
shown in Section 2.4.

Summarizing, specific design is needed both for the motor as described
in Section 2.3, Section 2.4, and for the rotor as presented in Section 2.5, the
validation is in Section 2.6.

2.3 Slotless Double Self-Bearing Openable Mo-
tor

Self-bearing motors (SBMs) have the unique capability of taking over both the
driving and magnetic bearing functionality. This simplifies the drive system
architecture, as no separate magnetic bearing units are required.

A wide range of SBM applications and accordingly specialized technical
solutions are reported in literature. In [20] an overview over the current
state of the technology of SBMs with significant power output is provided. A
review of the working principles and topologies of SBMs is published in [21].
16
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The field of SBM research is very active. Current trends include reduc-
tion of permanent magnet material usage [22] and new SBM topologies to
reduce the complexity of the needed power electronics [23]- [24]. Earlier
SBMs had typically separate winding sets for bearing force and torque gen-
eration. For combined winding topologies as used in this chapter, current
research addresses their design and operation [25], optimal current utilization
strategies [26] and new parallel winding topologies [27]- [28]. General SBM
design-guidelines were recently proposed e.g. in [29]- [30], control strategies
are active research topics as well, with e.g. [31] investigating the passing
through critical speeds and [32] investigating state observers to improve posi-
tion control. The field of high-speed SBMs experiences continuous attention
with recent publications of systems operating at 30 krpm of [33] and [34], at
60 krpm of [35] and at 100 krpm of [36], [37].

However, to the author’s knowledge, the possibility to open high-speed
SBM stators in the industrial application by operators, leading to unavoidable
yoke air-gaps and their implications on the control, was not reported in
literature so far. These aspects are therefore investigated in the following.

2.3.1 Topology for Openable UCF SBMs

For the desired UCF application with openable SBM stators, the topology of
slotless SBMs with combined windings in toroidal realization as shown in
Fig. 2.4 exhibits several advantages. It allows for the separation of the stator
in two separate stator modules.

Furthermore, it leads to a low general and especially rotor loss potential for
very high speeds. In contrast, the typical high rotor losses of slotted designs
at very high speeds are caused by stronger and higher order harmonics in the
air-gap field due to the teeth interaction with the field [38], [39]. Slotless SBMs
can exhibit an almost sinusoidal air-gap field for the rotor pole-pair number
p =1 [40], which is ideal for highspeed applications with low rotor losses.
It results in very low harmonic field content, and p = 1 leads to the lowest
possible fundamental electrical frequency for a given mechanical speed. This
results again in low losses. Therefore, for openable UCF SBMs, a slotless
stator topology with rotor pole pair number equal to one is very promising.

In SBMs, drive and bearing currents create fields in the same air-gap.
The magnetic bearing forces can either be generated with the aid of separate
bearing windings, or with the aid of a mathematical superposition of bearing
and drive currents in combined windings, as shown in e.g. [41]. The stator field
and related forces acting on the rotor are created by superimposed currents
18
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of drive and bearing action, as shown in e.g. [42]. Combined windings for
bearing forces and torque generation lead to equal loading of all coils and
full utilization of the winding copper cross-section. If the bearing currents
were in separate bearing coil sets, this would not be the case. Therefore, also
all semiconductors of the connected power electronics benefit from equal
current loading. Additionally, in [40] it was shown that the usage of combined
windings lowers the higher order field harmonics induced by the stator drive
and bearing currents, additionally reducing the current induced losses at high
speeds.

In Fig. 2.4(d) the winding scheme of the resulting UCFs SBM topology
is presented. It consists of two three-phase systems a and b with phase
connections uy, va, W, and uy, vp, Wy, respectively. The two three-phase systems
are star-connected at the star-points Y, and Y}, respectively.

To electrically connect the fixed and the movable stator module in
Fig. 2.4(c), a flexible cable connection with a high enough bending radius for
repeated bending is envisaged Fig. 2.4(d).

2.3.2 Self-Bearing Motor Working Principle

In Fig. 2.4 the working principle for the UCF SBM torque (a) and force gener-
ation (b) is shown. For the torque generation, in Fig. 2.4(a), a stator field with
the same pole-pair number as the rotor is generated commonly with all six
windings. It is 90° ahead of the rotor’s permanent magnet field, which leads to
maximum torque generation. To create bearing forces as shown in Fig. 2.4(b),
the same six windings generate a two-pole pair stator field which generates
together with the rotor field bearing forces with controllable amplitude and
direction.

2.4 Self-Bearing Motor with Yoke Air-Gaps

Fig. 2.5(a) shows the stator halves with soft magnetic composite (SMC) cores
of one of the realized 100 krpm 48 Vp¢ fed 0.25 kW (each) drive system pro-
totypes of the previously discussed topology for UCF application. The main
UCF SBM prototype specifications are listed in Tab. 2.2 and the used materials
of the prototype in Tab. 2.3.
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(a) permanent (b) stator field
stator field /magnet l
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(d) SBM winding scheme
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Fig. 2.4: From [18]: working principle of the slotless SBMs: (a) driving torque, and
(b) bearing force generation. (c) Possibility to open the stators of the proposed UCF
SBMs enabling access and removal of the UCF rotor. (d) SBM winding scheme of the
proposed topology.
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2.4. Self-Bearing Motor with Yoke Air-Gaps

2.4.1 Yoke Air-Gap Induced Flux Variation

In Fig. 2.5(b) a 3D-FEM electromagnetic simulation of the magnetic flux density
is shown. The yoke air-gaps introduce harmonic field content as shown in
Fig. 2.5(b1)-(b2), due to reduced reluctance for ¢ = {0, 7} with no flux crossing
over the yoke air-gaps, and increased reluctance with flux crossing over the
yoke air-gap for ¢ = {x/2, —r/2}.

The resulting linked rotor permanent magnet fluxes ¢; — ¢ in the six coils
(per turn) are shown in Fig. 2.5(c). The center coils 2 and 5 of the stator limbs
experience a slightly higher flux amplitude increased by ¢a. The flux in each
phase can therefore be stated as:

Bu(t) = (4 +¢n) - cos (p0)

A~

Pv(t) = ¢ - cos (PQt - 2?71) (2.1)

dw(t) = q§ - cos (th + 2?”) ,

where Q stands for the rotational speed.

Fig. 2.5(d) shows the dg-transformed fluxes. Both d- and g-flux show a
second harmonic flux variation with approx. 4 % of the d-flux amplitude, as
also analytically can be shown by applying the dg-transform on the previous
equations, on the one hand for the d-component:

~9u(t) = 29+ g - cos* (p1)

3. 1 1 (2.2)
= §¢ + 5¢A + EQSA + COS (szt)
and similarly for the g-component:
3
~a(t) = b - cos (pO1) - sin (pQ1)
1
= _§¢A - sin (2pQt) (2.3)

= %zj}A - cos (Zth - 72_r) .

By extracting the time-varying parts of the dg-fluxes g (t) and ¢qa(2):
1
Pan(t) = 2¢n - cos (2pQ1)

x (2.4)
Paa(t) = %gﬁA - cos (Zth - E) ,
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it is revealed that these time varying components both share the same
amplitude, and show the same twofold frequency compared to the rotational
speed Q. They create a 2D-circle in the dg-plane. The same result can be seen
by transforming the 3D-FEM obtained fluxes to the dg-plane. It leads to a
rotating flux variation space vector (/’)A, presented in Fig. 2.5(e).

In the following, the implications, problems and a solution to the discov-
ered flux variation in SBMs with yoke air-gaps are unveiled. The presented
current-control solution is also realized in the hardware prototype.

2.4.2 Parasitic Induced Rotating Current and L-Filter Im-
pact

The separation of the stator into two halves for the stator opening-
functionality leads to a parasitic magnetic flux variation. It shows three
times the rotational frequency in the stationary frame of reference, and in
the moving dg-frame of reference two times the rotational frequency. This
leads to an induced voltage space vector U, of corresponding frequency. An
equivalent circuit of the stator incorporating U, is shown in Fig. 2.7(a).

The parasitic induced voltage amplitude |U g| can be written as:

Uyl =p-N-¢a-Q (25

Without further measures, U, leads to a parasitic current space vector [ g
rotating with the same frequency as U o a8 shown in the space vector diagram
Fig. 2.7(b). U, therefore leads to parasitic d- and g-currents. In the space
vector diagram, the voltage drop across the stator resistance Rs is neglected,
as for high efficiency motors |Qp| >> |Ug|. The parasitic current amplitude
|£g| calculates as:

p-N-ga-Q

JRE+(3Q)2 - 1]

At low rotational speeds, its amplitude |I_| is limited by the stator resistance
Rs to an initially linear rise with the speed. At high speeds, it is limited by
the motor inductance Lq (rotor is non-salient, i.e. Ly=Lq) consisting of an
optional phase L-filter inductance L¢ and the stator synchronous inductance
Ls, with Ly =Lg+ Lg

|£g| = (2.6)

p-N-ga-Q

T VR (9 (L. e

Iy
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Fig. 2.6: Analytically calculated parasitic current amplitude |I g| for the self-bearing

motors of this chapter given a relative flux variation w.r.t. the d-flux amplitude of 4 %
once without L-filter and once with a filter inductance of L = 3 - Ls.

For high speeds, the parasitic current amplitude |I g| tends asymptotically

towards the finite value |I, ;. [:

Wgiim = &N—% (28)
F+ Ls) .

If the stator winding synchronous inductance Lg is very low, as it is usually

the case with high-speed motors, the parasitic current amplitude |I g| can

assume large values without additional filter inductances L.

Fig. 2.6 shows for the UCF SBMs of this chapter the analytically calculated
parasitic current amplitude |I g| based on (2.7) for a relative flux variation w.r.t.
the d-flux amplitude of 4 %. It is shown once without L-filter and once with
a filter inductance of Lg = 3 - Ls. It should be noted, that in the shown
3D-FEM simulation in Fig. 2.5(b), a perfectly manufactured yoke air-gap
geometry is assumed. In a real hardware, especially for SMC stator material,
the stator edges are imperfect, or need to be rounded slightly, thus increasing
the effective yoke air-gap and therefore also the parasitic induced currents I o
especially for small motors where the non-ideal edge geometry has an even
larger influence.

2.4.3 Yoke Air-Gap Design

To allow the opening of the SBMs by the industrial operators, the stators are
separated in two halves. Necessary protective coating leads unavoidably to
at least two yoke air-gaps.

From a magnetic standpoint, it seems attractive to place three yoke air-
gaps offset by 120° each to achieve a symmetry w.r.t. the three-phase winding.
24



2.4. Self-Bearing Motor with Yoke Air-Gaps

However, the cost and complexity of an industrial system with three stator
units, each of them encapsulated and connected by shielded cables leads to
the preference of only one separation plane. Additionally, each introduced
air-gap increases the unwanted stator reluctance.

The yoke air-gaps should be kept as thin as possible, to reduce adverse
effects. However, appropriate durable coating for an industrial environment
will always require a certain thickness.

To further reduce the effect of the yoke air-gap between the stator halves,
geometric measures are conceivable in the future. On the one hand, the area
over which the magnetic flux is transmitted between the stator halves could
be increased. On the other hand, if not all coils require the same number of
turns for production reasons, the middle coil of each stator segment can have
a slightly lower number of turns in order to have the same amount of linked
flux in all coils. However, an exact matching, also due to tolerances, seems
unlikely. Therefore a current control strategy is always needed.

2.4.4 Adverse Effects of Parasitic Induced Rotating Cur-
rent

The parasitic induced current I | generates a parasitic stator field with pole pair
number p = 1, rotating with a frequency of 3-Q in the stator frame of reference,
i.e. an asynchronous field. The self-bearing motors of this chapter generate
bearing fields with number of bearing poles Pyng = Parv +2 =p-2+2 = 4.
They are therefore according to [43] of type Pyng = Pary + 2. This implies, that
the parasitic field cannot generate parasitic bearing forces. However parasitic
torque ripple ﬁg of the frequency 2 - Q is generated. The resulting speed
ripple amplitude ng is kept limited by the rotor inertia J as Q = T/J and
increasingly attenuated with increasing speed Q by the PI-speed control with
low-pass closed-loop characteristic. For the envisaged UCF application, the
speed ripple should be as small as possible to avoid re-mixing of the separated
media.

I furthermore creates additional parasitic motor losses. On the one hand,
I, causes additional SMC stator core and rotor losses due to the asynchronous
parasitic stator field (with an angular frequency of 3 - Q in the stator frame of
reference). On the other hand, additional copper losses in the windings are
generated.

Compared to the rotor PM-field, the parasitic stator field is of less strength,
but its threefold frequency of 3 - Q implies, that SMC core loss terms from the
Steinmetz equation [44] with quadratic frequency dependence are multiplied
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by 9 - Q2. Furthermore the parasitic field is superimposed to the rotor PM-
field and the stator fields for torque and bearing force generation. Thus, the
parasitic field is added on top, increasing the loss generation potential, as
the core losses are non-linear with the flux density and sensitive to field
bias [45]. A detailed investigation of the complex mechanisms of this loss
generation would go beyond the scope of this chapter and may be subject of
future work. This chapter focuses instead on the root cause of I g and presents
and experimentally validates a first approach to mitigate it.

2.4.5 Yoke Air-Gap Parasitic Current Feed-Forward Con-
trol

A voltage compensation by feed-forward control of the parasitic induced
voltage U g on the nominal applied stator voltage U . is proposed as shown
in Fig. 2.7(c) and implemented on the presented prototype. The corresponding
control circuit diagram is shown in Fig. 2.8.

With the presented voltage feed-forward current control strategy, the

adverse effects of the yoke air-gaps can be counteracted.

2.5 Rotor Dynamics

The conceptual feasibility of an UCF rotor for the drive system presented in
this chapter was shown in [18]. The continuing step from concept to prototype
taken in this chapter requires an investigation of the rotordynamics behavior
of the actual design.

Compared to the rotor stiffness, the magnetic bearing stiffness is very
small. Therefore, as an analytic approximation for the bending modes, the
unsupported free vibration of a Euler-Bernoulli beam can be applied. The first
bending mode resonance frequency fr.s; of a freely vibrating Euler-Bernoulli
beam according to [46] is

22.37 |E- L

fest = a2\ pa

; (2.9)

with the length L, Young’s modulus E, second moment of area I, density p
and cross-section A. The rotor is modeled as an annulus with inner and outer
radii r; and r, and thickness t = r, — r;. With the second moment of area I, of

T
I = Z(r§ - r{l), (2.10)
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Fig. 2.7: (a) Stator equivalent electric circuit with parasitic induced voltage U, due to
yoke-air-gap flux variation. (b) Space vector diagram with resulting current harmonics
I, (c) Proposed feed-forward voltage space vector Uy compensation.

fres1 can be rewritten as

2237 |[E (n+t)?+rf
Jrest = L2 /—) . 1 . (2.11)

To achieve a high fi.s1, a short rotor length L, high Young’s modulus E,
low density p, large inner radius r; and large thickness ¢ (for given ry) are
beneficial. Therefore these parameters can be varied and the rotor material
chosen accordingly, in alignment with the rotor strength and air friction
power consumption constraints, as shown in [18]. Knowing these influences,
3D-FEM rotor dynamics simulations can be performed in iterative manner
until the desired fre1 is achieved.

Within the scope of this chapter, two rotor designs were investigated. On
the one hand, a test rotor shown in Fig. 2.9(a1) was designed to verify the drive
system with respect to magnetically self-bearing and drive functionality. On
the other hand, an UCF rotor prototype displayed in Fig. 2.9(a2) was designed
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Fig. 2.8: Proposed current control scheme for the self-bearing openable motors with
feed-forward control of the parasitic induced voltage U o The power electronics (PE)
apply the resulting voltages from drive current-control and position-control to the
combined windings of the SBMs.

to prove that the rotordynamic UCF requirements can be fulfilled. The rotor
dimensions of both rotors are specified in Tab. 2.4.

For this purpose, 3D-FEM rotor dynamic simulations of the rotor bending
modes were performed for both rotors and presented in Campbell diagrams
in Fig. 2.9(b1) and Fig. 2.9(b2) respectively. For both rotors, in the speed
operating range, the first bending resonance is above the synchronous first-
order excitations (EO = 1) and thus, it is not excited by them during operation.
Excitations of higher order (EO > 1) can in principle excite bending modes if
they hit their resonance frequency (critical frequencies). However, successful
run-up tests in Section 2.6 show that these critical frequencies can be passed
with the present drive system. Due to the larger rotor diameter compared to
the test rotor, the UCF rotor has a higher stiffness and a large reserve with
respect to separation of EO = 1 and the first bending resonance. To verify
the 3D-FEM results, the test rotor was struck with a mechanical impulse
while resting stationarily and the acoustic frequency response was measured
with a microphone as described in [47] and is shown in Fig. 2.9(c). The
provided normalized sound pressure levels py are normalized by py = 20 pPa
(calibrated at 400 Hz with the sound pressure level measurement unit of [48]).
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The resonance frequencies determined acoustically and with 3D-FEM agree
well, although the deviation is greater for the higher second bending mode.
This can be due to the fact, that in the simulation all rotor components were
modeled as firmly bonded, resulting in higher stiffness and lower damping
than in the prototype with glued components. Thus, the 3D-FEM bending
mode simulation was verified acoustically by experiment.

2.6 103 krpm Drive-System Test-Operation

The UCF drive system presented in this chapter was successfully commis-
sioned and operated at a speed of 103 krpm with the test-rotor. Thus, the
target speed of 100 krpm was reached.

In Section 2.4.2 the appearance of parasitic induced currents due to the
yoke air-gaps was predicted with the aid of 3D-FEM and analytic derivations.
The experimental confirmation thereof is shown in Fig. 2.10. In Section 2.4.5
a feed-forward control compensation was proposed. Its effectiveness is ex-
perimentally shown in Fig. 2.10. Despite the application of L—filters, the
parasitic current was found with an amplitude of approx. 0.8 A at 30 krpm to
be higher then expected from the FEM-simulations (> 10% of the nominal UCF
operation drive current IAq,nom). This can be a consequence of the non-ideal
geometry of the brittle SMC cores with broken off edges, making the interface
area between the two core halves smaller then in the ideal simulation geome-
try. The manufacturing process should therefore be improved in the future.
Fig. 2.10 further shows the achieved reduction of the parasitic currents by
approx. 70 % with the proposed feed-forward control scheme. Tuning of the
feed-forward gain while running levitated at 30 krpm as shown in Fig. 2.10
allowed to find the optimal gain.

The measured parasitic current amplitude of 0.8 A at 30 krpm leads to
a 3D-FEM obtained cross-section average parasitic stator-core flux density
component amplitude of 20 mT. The appearance of resulting parasitic current
induced loss is proven by measurement. The increase in steady state motor
temperature for varying the feed-forward compensation gain from full (100%)
to zero and negative compensation (—33%) is shown in Fig. 2.11 at 20 krpm
and 25 krpm. It was found as predicted, that the relative motor temperature,
and therefore the parasitic motor loss, grows on the one hand with reduced
feed-forward compensation, and on the other hand with increasing speed.

The non-linear growth of the parasitic motor losses with speed as dis-
cussed in Section 2.4.4 implies the necessity for this 100 krpm self-bearing
motors to compensate the parasitic currents.
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Fig. 2.10: Tuning of the parasitic induced voltage feedforward compensation gain
conducted at 30 krpm and achieved drastic reduction of the parasitic currents.
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Fig. 2.11: Relative motor temperature increase for different parasitic induced voltage
feed-forward compensation levels (from negative to full compensation) and two speed
levels, 20 krpm and 25 krpm.

With the aid of the L—filter and the proposed feed-forward control method
it was achieved to reduce the parasitic currents to an acceptable level despite
non-ideal stator core manufacturing. With the mechanisms of the generation
of the parasitic currents unveiled in this chapter, the doors are open to test or
combine other control methods to counteract the parasitic currents. Work
being reported for current regulators in active filters as reviewed in e.g.
[49] could be a starting point for future investigations. Fig. 2.12 shows an
oscilloscope screenshot of the rotor angle sensor signal measurement at
103 krpm. Since the rotor has one pole-pair, the fundamental frequency of
the shown wave-form of 1.73 kHz corresponds to 103 krpm.
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Fig. 2.12: Oscilloscope measurement of the rotor angle sensor signal (rotor number
of pole pairs equal to one), as a proof of the system operation at 103 krpm.

Having reached the target speed, implies that the critical frequencies due
to higher order excitations (EO > 1) were successfully passed. Fig. 2.13 shows
the radial displacement waveforms over one rotor-revolution of the rotor
angle 9. While at 10 krpm some rotor vibrations are visible in Fig. 2.13(a),
at 100 krpm in Fig. 2.13(b) the rotor is extremely steady. Fig. 2.13(c) shows
the average radial displacement radius |x,|ayg for a speed run-up from 10 —
100 krpm. Crossings of higher order excitations (EO > 1) with the test-rotor
bending-modes resulted in visible displacement radius peaks. However, these
zones can be successfully passed with the prototype. For unrestricted long-
term operation, rotor orbit radii are recommended according to standard [50]
to be smaller than 30% — 40% of the minimal rotor-stator clearance. With
600 ym clearance, the average rotor orbit radius during speed ramp-up |x, [avg
in Fig. 2.13(c) was at resonances always below 12% of the clearance. At
the envisaged operating point of 100 krpm it was below 1%. Therefore, this
recommendation is met and the rotor vibrations sufficiently damped over
the whole operating range and the drive system successfully experimentally
validated.
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Fig. 2.13: Radial rotor displacements of both self-bearing motors over one rotor-
revolution (a) at 10 krpm and (b) at 100 krpm. (c) Averaged radial displacement ampli-
tude during a speed ramp-up.

2.7 Conclusion & Outlook

The novel magnetically double self-bearing drive system concept for ultra-
centrifugation with stator opening functionality for easy rotor removal and
performance specifications of 100 krpm and 200”000 g introduced by the au-
thor in [18] was realized as a prototype. The needed stator encapsulations
provoked stator yoke air-gaps were found to lead to parasitic currents if not
controlled accordingly. The usage of L—filters and a voltage feed-forward cur-
rent control-strategy to diminish these effects was proposed and successfully
implemented and tested on the newly built prototype. The working of the
novel self-bearing openable stator drive-system was experimentally verified.
Future work will focus on operating the system in UCF separation-mode,
continuing the path towards 200"000 g.
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Tab. 2.1: System Dimensions.

Dimension Variable | Value
System length Is 340 mm
System width ws 260 mm
System height in closed state hs,c 227 mm
System height in opened state hs.o 260 mm
Tab. 2.2: SBM Prototype Specifications.
Dimension Variable | Value
Number of pole pairs P 1
Number of phases ms 6
DC-Link voltage Upc 48V
Design max. power per SBM Prax 0.25kW
Stator synchronous inductance Lg 36 uH
Phase filter inductance Ly 100 uH

Tab. 2.3: Drive-System Prototype Materials.

Component Material

Stator yoke SMC

Rotor PM NdFeB

Rotor bodies | EN AW-7075 (AlZnMgCuu,s)
Rotor sleeve Titanium

Tab. 2.4: Rotor Dimensions.

Dimension Variable | Value

Test-rotor length Rt 202mm
Ultracentrifuge diameter dr ucr 50 mm
Ultracentrifuge length IR ucr 202 mm




Sealless Production Ultracentrifuge
and its Openable Self-Bearing
Motors

This chapter summarizes the most relevant findings regarding the concept,
design and realization of a sealles production ultracentrifuge and its openable
self-bearing motors, which are also published in:

» E.J. Hubmann, D. Steinert, T. Nussbaumer and J.W. Kolar, “Sealless
Production Ultracentrifuge and its Magnetically Self-Bearing Openable
Motors for Purification in Viral Nanotechnology,” IEEE Access (Early
Access), January 2025.
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Motors

Chapter Abstract |

Viral nanotechnology enables new possibilities for gene therapies and
vaccines. However, the manufacturing of viral vectors lacks a satisfactory
production capable method for purification of full capsids. Empty or par-
tially empty capsids need to be removed to avoid immunotoxicity. The
state of the art production ultracentrifuges (PUCFs) are limited, especially
in rotational speed to approximately 40 krpm by rotary seals, by complex-
ity and virus containment. This prevents PUCFs from widespread use in
industry for viral vector production. This chapter proposes a novel PUCF
type with rotational speed potential towards 100 krpm with a hermetically
enclosed process chamber without any rotary seals, i.e. a sealless produc-
tion ultracentrifuge (SL-PUCF) omitting contamination risk. The openable
vertical axis self-bearing motors, the novel sealless flow path design and
the needed ultra high-speed potential towards 100 krpm pose new techni-
cal problems, for which this chapter proposes and experimentally validates
solutions. A SL-PUCF prototype with its vertical axis magnetically self-
bearing openable motors (O-SBMs) and openable burst armor (O-BA) are
realized, validated and operated as a system. The general working princi-
ple of the SL-PUCEF system is experimentally validated by whey protein
sedimentation. Furthermore, new future smart capability potential of the
proposed new SL-PUCF technology suspended and driven by O-SBMs is
| unveiled as an outlook and examples shown in case studies.

3.1 Introduction

This chapter presents a novel sealless production ultracentrifuge (SL-PUCF)
concept and prototype with a fast exchangeable rotor for viral nanotechnology,
shown in Fig.3.1. It solves newly identified key problems of the state of the
art PUCFs, preventing them currently from broad industry usage in viral
nanotechnology. The novel SL-PUCF enables a novel hermetically enclosed
sealless vertical axis SL-PUCF rotor, because it is driven and suspended by
novel openable magnetically self-bearing motors (O-SBMs) and shielded by
a novel openable burst armor (O-BA). This omits contamination risk due to
rotary seals. This chapter is a continuation of the research efforts of [18],
where to the knowledge of the author for the first time, the principle of O-
SBMS was experimentally demonstrated. In the following, the gap in the
state of the art is identified.
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Fig. 3.1: Realized system prototype of a novel lab-scale sealless production ultracen-
trifuge (SL-PUCF). Two openable self-bearing motors (O-SBMs) suspend and drive the
vertical axis SL-PUCF rotor. The O-SBMs and an openable burst armor (O-BA) allow
for fast exchange of the hermetically enclosed SL-PUCF process chamber including
the rotor.

Viral nanotechnology enables new vaccines [51], [52] and gene therapies
for previously incurable genetic diseases [53]. Gene transfer via viral vectors
is one possible approach, which is considered in this chapter. The viral vector
production process simplified from [2] is as follows: After cell cultivation for
viral vectors, the so-called downstream process follows. In the downstream
process, the viruses are harvested from the supernatant of the cell culture
and from the cells themselves by cell lysis. In the subsequent clarification,
producer cells and cell debris are eliminated. This is followed by concentration
steps that reduce the equipment size required for further processing. During
subsequent purification, contaminants are removed as good as possible. In the
next polishing steps, impurities and very closely related species are removed
as far as possible. Formulation, sterile filtration, fill and finish conclude the
production process.

Remaining impurities and very closely related species lead to unneces-
sary immune reaction [2], negatively affecting the therapy. For viral vector
production, extremely high degrees of purity therefore have to be achieved.
For this reason, purification is an absolutely critical production step.
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In laboratory scale intended for research (LaS-R), it is state of the art
to use laboratory scale research centrifuges (LaS-RCF) for clarification and
concentration, and laboratory scale research ultracentrifuges (LaS-RUCF)
for purification and polishing with excellent results [2]. However, RUCFs
are not suited for up-scaling of a biopharmaceutical production process, as
everything is tailored to small limited discrete process volumes.

Fig.3.2(a1) shows a schematic illustration of a typical state of the art PUCF.
Mechanical bearings suspend the rotor, and rotary seals aim to maintain the
process chamber contamination barrier during the process. An electric motor
in the top assembly drives the rotor. To replace the rotor, it is lifted with the
top assembly, causing the loss of the contamination barrier, and thus sterility,
as shown in Fig.3.2(a2). The proposed SL-PUCF concept of this chapter is
illustrated in Fig.3.2(b1), providing a hermetically enclosed process chamber
by replacing rotary seals and mechanical bearings by two O-SBMs. The
capability of the O-SBMs, to radially open and give way to insert or remove
the whole process chamber including the rotor contained insid, allows for
exchanging the rotor after a batch without loss of the contamination barrier,
as shown in Fig.3.2(b2).

An overview of the current state of the art PUCFs is presented in Tab.3.1.
The current state of the art offers PUCFs in the lab- (LaS-PUCEF), pilot- (PiS-
PUCEF), and production scale (PrS-PUCF) for stepwise up-scaling of the indus-
trial pharmaceutic production process. The number of PUCF manufacturers
and PUCF products is very limited. Partially, the commercial products are
based on many decades old technology. Mostly mechanical bearings are
employed, requiring the application of rotary seals between rotor and hous-
ing. A new effort towards application of contact free magnetic bearings for
PUCEFs is reported for nano-particles in [17], however its stators cannot open
radially to release the rotor. The system needs to be disassembled axially to
remove the rotor, resulting in a loss of the contamination barrier, which would
be a problem in applying it for biopharmaceutical applications. The rotors
for biopharmaceutical PUCFs are in contrast to [17] oriented vertically. The
relative centrifugal acceleration of state of the art PUCFs is limited around
Cumax = 120000 g.

In Tab.3.2, a summary of limitations and disadvantages of the state of
the art PUCFs is given. Such limitations prevent their widespread use in
viral vector production. The problems from the application perspective are
unveiled in Tab.3.2(A) and the technical reasons identified in Tab.3.2(B). The
scale up from LaS-RUCF to PrS-PUCF poses therefore unsolved problems.
PrS-PUCFs are thus rarely used in the production scale.
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Tab. 3.2: (A) Limitations of state of the art PUCF products for viral vector production,
suspected by literature and the author to be the cause to prevent them from broader
usage. (B) Technical reasons and (C) newly defined system level requirements for the
novel proposed SL-PUCF concept.

(A) State of the art:
problems from an
application
perspective

(B) Technical
reasons

(C) Newly defined
technical system
level requirements

(1) non-zero risk for
infectious virus
containing

aerosols [2], [5]

rotary seals as weak
points of
contamination barrier

hermetic virus
containment (no seals)

(2) complex rotor
insertion and removal

mechanical bearings,
lubrication, vibration
dampers, crane for
rotor removal

radially openable
magnetically
self-bearing motors
(O-SBMs) and burst
armor allowing for
hermetically contained
rotor unit exchange

(3) complex cleaning in
place (CIP)

system complexity

rotor removable while
hermetically contained

(4) non-zero
contamination risk
from outside

rotary seals as weak
points in
contamination barrier

pre-sterilized,
hermetically enclosed
units can be exchanged

(5) long processing rotary seals limit no seals, no

times [2] rotational speed mechanical bearings
(6) very limited presumption: system  lower complexity,
number of complexity smaller entry hurdle

production-scale
systems [2] (Alfa
Wassermann K-types,
Thermo Fischer
Scientific Sorvall
CC40NX series)
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(a1)

) (b1) (b2)
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assembly process chamber

B A rotary seal X valve
(contamination risk, speed limitation)
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Fig. 3.2: (a1) Schematic illustration of a state of the art PUCF. (a2) Replacement
procedure of the rotor, causing the loss of the contamination barrier and thus sterility.
(b1) Proposed SL-PUCF concept providing a hermetically enclosed process chamber,
by replacing rotary seals and mechanical bearings by two O-SBMs. (b2) Process
chamber replacement with O-SBMs by simply taking it out of the opened O-SBMs.

Currently, for production scale production of viral vectors in industry,
centrifugation for clarification is replaced by ultrafiltration, while ultracen-
trifugation for purification is replaced by chromatography and membrane
filtration [2] due to the drawbacks listed in Tab.3.2(A).

Chromatography in short works based on the outer surface properties
of the particles. This implies, that chromatography shows difficulties in
separating particles, which have the same or very similar outer surface char-
acteristics.
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Fig. 3.3: In cell cultures for viral vectors, not only the wanted full capsids are produced,
which have the intended therapeutic effect. Also empty or partially filled capsids are
produced, which only lead to unwanted immune reaction. The same outer properties
make it difficult for chromatography to remove the unwanted capsids. The difference
in buoyant density enables ultracentrifuges to take over this task, but a scalable widely
accepted solution for production scale is missing.

During the cell-cultivation of viral vectors, only < 30% of the capsids
contain the therapeutic gene of interest, while > 70% represent empty capsids
and < 10% are only partially filled [3] as conceptually illustrated in Fig.3.3.
Unwanted co-produced empty or partially empty capsids show the same outer
characteristics as full capsids. They do not contribute to the intended therapy,
but trigger unwanted unnecessary immune reaction by immunotoxicity in
the patient [3], [2].

According to [2], chromatography shows difficulties to separate full from
partially or empty capsids. This failure to remove empty or partially empty
capsids leads to an unwanted immune response in vivo.

However, due to buoyant density difference between full and empty cap-
sids, equilibrium density ultracentrifugation can separate them. This is shown
successfully with LaS-RUCFs [2], [56]. This shows today’s dilemma in viral
vector purification: great success is achieved in LaS-RUCF, but problems
remain in PrS-PUCF. Reference [2] suggests therefore, to apply ultracentrifu-
gation as a polishing step after chromatography for the removal of closely
related contaminating species.

Reference [57] states: “there is a lack of an effective and reproducible
platform method for the separation of full capsids from the empty capsids”;
[56] regards it as part of the “challenges in downstream purification of gene
therapy viral vectors”. The principle advantage over chromatography by
ultracentrifugation, to be able to separate full and empty capsids by buoyant
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density, leads to new research activity for PrS-PUCF [58]. But the problems
of ultracentrifugation unveiled in Tab.3.2(A) remain unsolved.

For the earlier process step of clarification, the landscape of available
commercial PrS centrifuges to reduce filter area is broad; with for example the
CARR Biosystems UniFuge and sartorius stedim Ksep and additionally with
very new developments: Alfa Laval CultureOne [59] and GEA kytero [60].

However, for ultracentrifugation, today no solution exists, which omits
the problems in Tab.3.2(A) and solves the technical reasons in Tab.3.2(B).
Based on these identified problems, to overcome them, new system level
requirements are defined in Tab.3.2(C).

The main objective of this chapter therefore is to find technical so-
lutions to close today’s technology gaps for realizing a SL-PUCF proto-
type for viral nanotechnology and to provide a first system validation
thereof with an outlook on its unique future capability potential.

The proposed and realized SL-PUCF concept in this chapter is presented in
Fig.3.4. The concepts realized O-SBM hardware is shown in Fig.3.4(a), allowing
to radially open due to the splitting plane, separating the O-SBM halves O-
SBM 1a and O-SBM 1b. This enables the placement of a hermetically sealed
process chamber shown in Fig.3.4(b). Feed suspension and density gradient
media can be fed from above via the inlets. A further connector enables
the supply and removal of the process gas surrounding the rotor. During
the ultracentrifugation process, the fed particles separate along the density
gradient in radial direction and settle at the radius of their corresponding
density. An outlet allows the separated particles to be discharged.

In the following, component level requirements RY, which currently
show technology gaps Pi, are identified. They have to be overcome to fulfill
the system level requirements defined in Tab.3.2(C). The SL-PUCF system is
divided into the three main SL-PUCF hardware components Cj: the O-SBMs,
C1, the SL-PUCEF rotor, C2, and the burst armor, C3, as shown in Fig.3.5.

For Ci1, O-SBMs were experimentally studied and proven to work for
the first time in [18], to the author’s knowledge. A solid test-rotor was
magnetically levitated and accelerated to a rotational speed of up to 103 krpm
with a horizontal axis of rotation.

For the O-SBMs, the first component requirement RA with problems is
identified as the need for yoke air-gaps (y-AGs) between the stator halves
due to corrosion protection enclosing or coating of the stator yokes in the
splitting plane. This combined with compared to [18] newly required vertical
rotor axis leads to the new problems P1, the axial stiffness ripple Akp ,x, and
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Fig. 3.4: (a) Sealless production ultracentrifuge drive system prototype consisting
of two along the splitting plane openable self-bearing motors (O-SBM 1 and O-SBM
2). (b) Schematic section view of the proposed sealless production ultracentrifuge
concept.

P2, the excitation of an axial rotor displacement zs. As solutions S1 and S2, a
yoke design feature and rotor magnet design guidelines are proposed.

The problem of yoke air-gap induced parasitic currents was solved in
[18] with a feed-forward current control scheme and is mentioned here for
completeness.

In biopharmaceutical clean-rooms, passive cooling is preferred over active
cooling to not disrupt the controlled airflow in the room. It furthermore omits
contamination risk by cooling liquid and reduces complexity, especially for
the openable part of the O-SBMs. However, this is currently prevented by
the problem P3, that the heat extraction from the O-SBM windings at such
high rotational frequencies with an aluminum heatsink generates too high
eddy current losses, and non-conductive potting material results in too high
winding temperature. Therefore, a new passive heat extraction solution S3,
which is scalable from LaS-PUCF to PrS-PUCF is required. The solutions S1-S3
for the problems P1-P3 for the component C1, the O-SBMs, are presented in
Sec.3.2.
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For the component Cz2, the SL-PUCF rotor, the requirement RC of a sealless
fluid path leads to the problem P4, that no seals are available anymore to
guide the fluid. As a solution S4, a new internal SL-PUCF rotor topology
for guiding the fluid without any rotary seals is proposed. Additionally, the
absence of rotary seals leads to the problem P5, that dynamic filling during
rotation of the rotor is required, where rotor suspension stability becomes
an issue. As solutions, a novel inflow distributor Ssa, and novel equalizing
channels Ssb are proposed. The solutions S4-S5b for the component C2, the
SL-PUCEF rotor, are presented in Sec.3.3.

The SL-PUCF needs a burst armor, the component C3, to contain rotor
fragments in case of a rotor failure. The system requirement of a fast ex-
changeable rotor and process chamber leads to the component requirement
RD of an openable burst armor. The problem P6 arises to contain the high ro-
tational energy despite the potential weak points of the joints. As solution S6,
a novel burst armor design is proposed, tailored to contain the high rotational
energy while capable to open for rotor exchange, presented in Sec.3.4.

Fig.3.5 shows additionally the interconnection of SL-PUCF components
and its design domains including electric, magnetic, thermal, mechanic and
fluiddynamic domains, highlighting the interdisciplinary nature of the SL-
PUCEF system.

Sec.3.5 shows an experimental system validation of the working principle
of the proposed novel SL-PUCF concept with a realized LaS-PUCF prototype.
Sec.3.6 gives an outlook to the novel future smart capability potential of the
SL-PUCEF, which is newly possible thanks to the O-SBMs as a drive system.
Examples for applications of such capabilities are shown additionally in the
form of three case studies. In Sec.3.7, a brief discussion of the findings is
given. Sec.3.8 summarizes the findings.
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Fig. 3.5: For each of the SL-PUCF components, O-SBMs C1, the SL-PUCF rotor Cz2,
and the burst armor C3, identified problems Pi and solutions Si thereof. Additionally,
the interdisciplinary interrelations to the design domains are shown.

3.2 Component C1: Openable Self-Bearing Mo-
tors

3.2.1 Technology Gaps due to Component Requirement
RA; Yoke Air-Gaps

To enable the SL-PUCF rotor, shown in Fig.3.4, to be emptied at the end of
the ultracentrifugation process cycle or for continuous flow processing, the
axis of rotation must be vertical. Until now, O-SBMs have only been operated
with a horizontal axis of rotation when introduced in [18], as illustrated in
Fig.3.6(a). In horizontal operation, the axial passive magnetic reluctance
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Fig. 3.6: (a) Balanced axial rotor forces F,y; in horizontal rotor axis operation. (b)
Vertical rotor axis orientation leads to unbalanced axial rotor forces and therefore to
axial excitation by non canceling axial stiffness ripples. (c) The passive magnetic axial
resonance frequency wres ax-

forces F,y; are in equilibrium, if both rotor magnets are magnetized in the
same radial direction (no angular offset), i.e. aligned.

Problem P1: Axial Stiffness Ripple

The new vertical rotor operation with O-SBM, as illustrated in Fig.3.6(b), leads
to axially unbalanced F,y ;. They are unbalanced due to the weight force Fg
of the rotor mass my, which needs to be compensated by F,y;. As shown
in the following, O-SBMs exhibit a parasitic axial stiffness ripple Akp ox. The
combined stiffness ripple is for a vertical axis of rotation unbalanced, whereas
its components cancel each other out with a horizontal axis of rotation and
aligned magnet orientation.

The passive axial magnetic bearing stiffness kpax; together with my
lead to a spring-mass system with an axial resonance frequency wresax as
illustrated in Fig.3.6(c).

Overcoming this resonance was not a problem for the O-SBMs in [18],
because they were operated with horizontal axis of rotation with resulting
cancellation of F,y ; (). However, this is not the case for vertical axis rotor
operation as studied in this chapter. In this case, kp .y ; excite the axial reso-
nance mode and axial displacement (problem P2), which makes it difficult or
impossible to pass through the axial resonance. A state of the art solution for
magnetic bearings would be, to install additionally an active axial magnetic
bearing. However, this would significantly increase the complexity of both
the O-SBM stator and rotor. Additionally, from a process perspective, it would
take away system design freedom for the SL-PUCF flow path design in the ro-
tor. For this reason, the mechanisms of the axial excitation are investigated in
depth, and the corresponding negative effects are reduced by design measures
to enable safe passing through wyes ax.
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Solution S1: Novel Yoke Interface Shoes to counteract Yoke Air-Gap
induced Axial Stiffness Ripple

The y-AGs between the stator halves lead to a dependency of the magnetic
circuit reluctance on the rotor angle ¢.

The question remains, why very small y-AGs of only 0.2 mm as in this
chapters prototype lead to a significant adverse effect. This is investigated first.
Fig.3.7(a) shows a cross-section of an O-SBM. It shows the cross-sectional
areas through which half of the rotor permanent magnet (PM) flux ¢4/2 has to
pass. The y-AG length is much smaller than the total air-gap of the magnetic
circuit. However, the y-AG surface is much smaller compared to the air-gap
surface shown in Fig.3.7(a). This cross-section area difference explains the
surprising substantial influence of the y-AGs.

Fig.3.7(b1) shows the stator yoke prototype made of soft magnetic com-
posite (SMC) material from [18]. It is generally not possible to manufacture
sharp edges out of SMC due to its brittleness. There will always be a small
radius, which further reduces the y-AG cross-sectional area. For small motors,
the problem of the y-AG becomes therefore even more acute.

With the aim of reducing the parasitic effects of the y-AGs, the solution S1
is proposed in this chapter and realized as a prototype: novel yoke interface
shoes. The intention is to increase the y-AG surface by widening of the yoke
cross-section at the interface as shown in Fig.3.7(b2).

Fig.3.7(c) shows magnetostatic 3D-FEM results of the magnetic flux density
B distributions in a O-SBM cross-section with the novel yoke interface shoe.
Two distinct angular rotor positions are shown. In the first, the d-axis is
perpendicular to the stator splitting plane. Half of the rotor flux ¢3/2 has
to cross each y-AG, as shown in Fig.3.7(c1). The rotor flux utilizes the full
widening of the yoke at the novel interface shoes, supporting the theory in
Fig.3.7(a). It crosses the widened y-AG surface without substantial fringing
flux, in Fig.3.7(c2). This supports the theory in Fig.3.7(a) as well, as apparently
half of the rotor flux must indeed pass through the y-AG.

In the second case the d-axis lies in the splitting plane as shown in
Fig.3.7(c4). In this case, no rotor flux passes through the y-AG, but enters the
yoke through the surfaces facing the rotor as shown in Fig.3.7(c3). This case
therefore does not lead to an increase in reluctance. The reluctance of the
magnetic circuit varies during rotor rotation between these cases.

Fig.3.7(d) unveils the occurring torque ripple for y-AGs lengths of §, =
0.2mm and §; = 0.4 mm determined with 3D-FEM. The increase of the torque
ripple when doubling the y-AG proves it to be the cause. The new stator yoke
with the novel yoke interface shoes shows a reduction in torque ripple of
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Tab. 3.3: Solution S1: yoke interface shoes - main result.

S1: problem remedy main result
axial stiffness ripple Akp ax RMS -39%
reduction for a yoke air-gap of

0.2 mm and a yoke air-gap surface

increase of 33%

21% for 8, = 0.2 mm and 20 % for §, = 0.4 mm for an increase of the y-AG
cross-sectional area by 33 %. Fig.3.7(e) shows the axial stiffness ripple Akp ax
resulting from the y-AGs. However, the new yoke interface shoes allow a
RMS reduction of Akg . by 39 % for 8, = 0.2 mm and 27 % for §;, = 0.4 mm.
Tab.3.3 summarizes the main findings of solution S1.

Problem P2: Excited Axial Displacement

An axial displacement z of the rotor leads to an axial restoring force F,
in the stator as shown in Fig.3.8(a), defined by the axial stiffness k. The
combination of two O-SBMs with a common rotor leads to a superposition of
these axial forces shown in Fig.3.8(b). The combined stiffness kit depends
on the rotor angle ¢ and the relative magnetization direction offset of the
two rotor magnets 0 as shown in Fig.3.8(c). Based on the 3D-FEM simulation
results of Fig.3.7(e), the axial stiffness k is modeled as a mean value with a
superimposed second harmonic caused by the y-AGs:

ka = kax + ka sin (2¢ + 0) (3.1)

kg = kax + ka sin (2¢) . (3.2)

The rotor displacement in relation to the magnetic center of the rotor is
designated by the new coordinate z’. A pre-set offset of the rotor magnets
w.r.t. the stators is referred to here as z,,. Fig.3.8(c) shows the combined
axial force generation by both O-SBMs, it results as:

Fz,tot(zl) = (z/ + Zps) . kB (fﬂ’ 9) + (Z, - zps) : kA ((Pa 9) . (3-3)

The averaged rotor displacement in axial direction z’ is determined by the
balance of the gravitational force F,; on the rotor mass m., with the two
superimposed averaged axial stiffnesses ko:

- Myot © g
== .
o (3-4)
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Fig. 3.7: (a) Cross-section through a O-SBM. The yoke air-gap (y-AG) surface is by
factors smaller than the air-gap surface. (b) Realized stator yokes, (b1) first generation
openable stator yoke from [18], (b2) improved second generation version with solution
S1: novel yoke interface shoes. (c) Magnetostatic 3D-FEM result of the flux density
distribution for the novel yoke interface shoes. (d) Yoke interface shoes lower the
y-AG induced torque ripple and (e) the axial stiffness ripple substantially.
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This averaged value turns out to be independent of zps. The assumption here
is, that the axial load capacity limit of the O-SBMs has not yet been exceeded.
The axial equation of motion for the rotor is

Fz,tot(zl) = Mot * G + Myot * 2. (3-5)

It shows a resonance frequency of

1 2-k
ﬁes,ax = ﬂ . =

. (3.6)
Myotor

For high frequencies, i.e. speeds far above fi.s, the system acts as a low-pass
filter and axial vibrations are damped. Therefore, for passing through fiesax,
the low frequencies are relevant. The quasi-static axial rotor displacements
are analyzed for this purpose. The quasi-static force equilibrium is as follows:

Fz,tot(zl) = Mot * 9. (37)
Solved for the axial rotor displacement z’, the result is:

, Mot g = Zps - ka [sin(2¢) — sin(2¢ + 0)] .
F T T 2k ka[sin(2g) v sin(2p + 0)] (3.8)

The question arises, which relative rotor magnet orientation offset 6 should
be selected between the two rotor magnets in order to keep the axial vibration
levels at low speeds as small as possible. Additionally, the influence of the axial
pre-set zps displacement remains unclear. This is analyzed in the following.

Solution S2: Magnet Design - Novel Guideline for Optimal Choice of
Relative Magnet Orientation offset ¢

The extreme values of the quasi-static axial vibration amplitudes can be
determined for the cases § = 0° and 6 = 90° considering the value ranges of
the sine values in Eq.3.8:

—Myot * g

Zg_go = m (3.9)

and
—Myot * § * 22Zpska
2,9:900 = T (3.10)
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symmetric position. The axial stiffnesses k vary during rotation due to the y-AGs.
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combinations.

The resulting quasi-static axial vibration amplitudes are:

» Mot - g+ ka
2 gege = ———2 2 11
0=0 2~(k2—ki) (3.12)
and
~ zZ kA
Z’ g=90° = p;C . (3.12)

With the introduction of the rotor pre-set axial offset ratio a of the pre-set
displacement zp to the average axial rotor displacement z’:

R
Il
||-<3N
&

(3.13)

N
~
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Fig. 3.9: Guideline for the optimal magnet orientation offset 6 for a vertical axis
double O-SBM system based on the axial offset ratio @, and the stiffness variation. R
is the ratio of the quasi-static axial vibration amplitudes of 6 =90° to § =0°. R > 1
indicates that 6 = 90° is favorable, while for R < 18 = 0° is superior.

the ratio R of the amplitudes for the two € values can be determined as

2?/920" Mot * g * k 1
R=— = = . (3.14)
Zogor 2+ (K* = KY) zps (1 - ["—A]Z) ‘a
k

This relationship is shown in Fig.3.9. Depending on « and the ratio ka/k, it is
shown, which 0 value leads to the lowest quasi-static vibration amplitudes.
Thus, it is analytically derived, which 6 value is optimal for a given system.
According to these results, there is even a case, in which the quasi-static axial
vibrations can be completely eliminated: for the case of (z,s = 0& 6 = 90°).
In the following, however, it is shown why a system with z,s > 0 has other
important advantages. The derived design guideline also shows the optimum
magnet orientation for such a system.

Solution S2: Magnet Design - Novel Guideline for Rotor Magnet Di-
mensions

The design of the rotor magnet has an influence both on the motor perfor-
mance, as well as the magnetic bearing properties. It is therefore also linked
to the axial resonance. Fig.3.10(a) shows a to the stator yoke centered magnet
whose length I, corresponds to that of the stator yoke, ;. Additionally, an
illustration of a potential extension of the magnet, that goes beyond this, is
shown. A length extension of the magnet leads to additional torque formation
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Tab. 3.4: Solution S2: rotor magnet design - main result.

S2: problem remedy main result
counteracting axial displacement design guideline for relative rotor
excitation magnet orientation offset 8, and for

the rotor magnet dimensions

by stray field utilization by the toroidal windings of the stator. Fig.3.10(b)
shows the resulting increase in the torque constant k; and the resulting axial
force F, as a percentage compared to the values of the reference magnet with
I, = I;. There is a very strong increase in k; with increasing l,. For the
O-SBMs of this chapter, the increase in k is more than 30% with a magnet ex-
tension of 50%. The magnetic center of the magnet shifts relative to the stator
by the distance a in Fig.3.10(a), which leads to the axial restoring force shown
in Fig.3.10(b). Fig.3.10(c) shows an additional axial shift b of the rotor magnet.
The magnet center is therefore axially shifted by a + b. Fig.3.10(d) shows the
resulting reduction of k;. Over the entire stable range of axial stiffness, ki is
higher than in the centered case I, = ;. Thus, the presented O-SBM design
is within the stability limits beneficially largely insensitive to axial shift or
rotor weight induced displacement regarding motor performance.

This good-natured behavior allows a short overall length design of the
thin rotor shaft that protrudes from the rotor cylinder 5, which keeps the
rotor bending resonance frequency advantageously low. This also facilitates
a sufficiently large axial clearance c,x between the rotor and the centrifuge
housing to cross fesax. Therefore, the prototype of this chapter is realized
with zs > 0, « > 1, and R < 1. This leads according to Fig.3.9 to an optimal
magnet orientation angle 8 = 0°, which is implemented in the prototype.
Tab.3.4 summarizes the main findings of solution Sa.

3.2.2 Technology Gaps for Component Requirement RB:
Scalable Heat extraction

Problem P3: Losses vs. Cooling

Very high-speed slotless motors with toroidal windings generate high-
frequency stray fields. They therefore do not allow close contact direct cooling
of the stator via an aluminum heat-sink, as it is usually the case for motors, or
only with the acceptance of high additional losses [61], [62], [63]. Therefore,
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Fig. 3.10: (a) Rotor magnet length I, increase towards the rotor center, exceeding
the stator length . (b) Resulting increase in torque constant k; and non-zero axial
reluctance force F,. (c) Additional axial displacement b with (d) resulting influence
on k; and F,.

electrically conductive materials in the immediate vicinity of the stator should
be avoided.

As a consequence, the heat-sink needs to be placed at distance form the
stator. A thermal bridge material is needed to bridge this gap. Anideal thermal
bridge material is electrically insulating but highly thermally conductive.

The O-SBMs of this chapter have a design efficiency no-sgm of 89.2 %,
and a peak continuous shaft power to overcome the rotor gas friction at
100 krpm of 280 W, resulting in to be dissipated motor losses of 33.9 W. For
a good potting material with a thermal conductivity of 1.2 W/(mK), the
thermal resistance of the thermal bridge of these O-SBMs between winding
and heatsink analytically calculated is 2.2 K/W. Therefore, the temperature

55



Chapter 3. Sealless Production Ultracentrifuge and its Openable Self-Bearing
Motors

drop from stator winding to heatsink is 74.6 K. For a heatsink temperature of
40°C, the winding surface temperature becomes 114.6°C. This temperature is
too high for the close by position sensing electronics.

This type of motor is therefore currently limited in applicability and
scalability for high power outputs. However, the scale up is necessary in the
biopharmaceutical industry for the process scale up from LaS systems to PiS
and further to PrS systems.

Solution S3: Novel Macro-Filler Composite (MAFC) Thermal Bridge
Material

As a solution, the disadvantage of the large distance to be bridged thermally
is transformed into an advantage. The large distance allows to place few
mm large macroscopic filling elements within the potting in the space to be
bridged. This is referred to in this chapter as macro-filler composite (MAFC).
The advantage over conventional microscopic fillers is, that the heat can be
conducted over comparably long distances via the macro-filler instead of
through a microscopic mixture of casting compound and filler particles.

In addition, advantageously the cured hardness is high, which is not the
case for soft silicone based potting compounds. Furthermore, MAFC are
realizable at a substantially lower material cost compared to special potting
compounds with micro-fillers. Moreover, the potting compound retains its
low viscosity between the macro-fillers, which means that a good bond can
be achieved to the stator winding wires and the heat sink surface. This
is more difficult with micro-fillers due to the paste-like consistency of the
compound. The solution S3 proposed in this chapter is a ceramic macro-
filler and epoxy-potting MAFC. Electrically insulating aluminum oxide Al,O3
ceramic spheres, which are available on the market in various size classes
at very low cost, are proposed as macro-fillers. At 30 W/(mK), they have a
thermal conductivity, that is 30...60 folds higher than that of conventional
potting compounds. Al;Os is additionally beneficially electrically insulating.
The selected sphere size for this chapter is 3 — 7mm with costs for small
quantities of 30 Euros/kg and for large quantities 16.50 Euros/kg. However,
smaller sizes of e.g. 0.75 — 1.5 mm are also available. The price for the potting
compound ER2074 used in this chapter is 84 Euros/kg for large quantities.
Although custom manufactured ceramic parts would be thermally even better,
the MAFC proposed here is an extremely cost effective solution, which flexibly
can be used for arbitrary geometries without expensive manufacturing of
ceramic parts.
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Solution S3: Theoretical Investigation of MAFC

Fig.3.11(a) schematically shows the proposed SL-PUCF concept. Fig.3.11(b) and
(c) show the stator in two versions, both with the aluminum heat-sink placed
at a distance. In version (b), the distance between the stator and heat-sink is
bridged with conventional potting compound. In the new version (c) below,
the novel proposed MAFC is used. Fig.3.11(d) shows conceptually the intended
reduction in motor winding temperature Ty . Fig.3.11(e) shows a series thermal
resistance model for the conservative estimation of the thermal conductivity
Ac of MAFC. The series model of MAFC is conservative because it neglects
beneficial parallel heat paths which are also present in MAFC, which increase
Ac. The series model is therefore a conservative estimate for a lower limit of
Ac. The actual value of A is thus guaranteed to lie above, while neglecting
contact resistances at the material interfaces.

The temperature drop ATy, over the thermal bridge is according to the
serial model in Fig.3.11(e):

Q L_tb} _Q [Umf'Ltb L =o)Ly

ATy == =
* A[AC A At 2 :

(3-15)

with the heat flux Q, cross-section A, length of the thermal bridge Ly,, volume

fraction of the macro-filler v¢, thermal conductivities of the macro-filler

material Ayr and potting material A,. This results in the thermal conductivity
Ac of MAFC:

e = Aty .

Umf * (Ap - Amf) + Amf

The mathematically optimal possible packing density of spheres, i.e. volume
fraction in 3D, v5 max assuming spheres of the same size is [64]:

(3.16)

Vsmax = 7/ V18 = 0.7404. (3.17)

Based on this theoretical optimum, a MAFC filling quality 74 is defined here,
which quantifies the achieved MAFC volume fraction vy relative to the
theoretical optimum vg may,

Nq = Umf / Vs max- (3.18)
This results in the thermal conductivity of MAFC:

At

Mq * Us,max * (Ap - Amf) + Amf.

A = (3-19)
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Fig.3.11(f) shows the lower limit of achievable MAFC thermal conductivity
Ac, depending on the MAFC filling quality 1q. The positive effect of MAFC
is amplified, the better the conductivity of the potting material, because the
Al,03 macro-filler has substantially higher thermal conductivity then the
potting material. For the O-SBMs of the SL-PUCF prototype, the selected
potting material for the MAFC is ER2074 with a thermal conductivity of
1.25 W/(mK). With a MAFC filling quality of 5y = 0.6 ... 0.8, an improvement
of over 100 % in thermal conductivity from A, to A. is thus expected based on
the series model.

Solution S3: MAFC Realization and Thermal Conductivity Measure-
ment Units

To experimentally validate the model predicted improvement in A. com-
pared to A, thermal conductivity measurement units are designed and built.
Fig.3.12(a) shows their working principle. A heat flux Q is generated by the
heating resistor R;. Its dissipated power Q is measured by the DC current
through R; and voltage across R;. A square copper heat spreader with 32 mm
side length enables a uniformely distributed heat flux due to its higher ther-
mal conductivity compared to potting material by two orders of magnitude
(Acy = 391W/mK). Q is then injected into the medium under test. The heat
is conducted to the measurement unit heat sink which is actively cooled by
a cooling fan. The temperature difference between the inner surfaces of the
heat spreader and the heat sink, AT = T, — Tys, is measured. AT is only
dependent on Q, the thermal conductivity of the medium under test, and
its cross-section. The airflow condition at the measurement unit heat sink
therefore has no influence on the measured AT. It only changes the absolute
temperatures, but not AT and is therefore irrelevant for the measurement. In
the SL-PUCF system, the heat-sink is comprised of the O-SBM housing includ-
ing the mounting structure and is dimensioned large enough to ensure a heat
sink temperature of not higher than 40° C. The heat sink in the measurement
units with the fan is only for the measurement purpose. Fig.3.12(b) shows
the hardware realization of a thermal conductivity measurement unit. It
additionally shows the filling process with Al;O3 MAFC spheres. As a MAFC
production method, a repeated layering of potting material, placement of a
macro-filler layer, and soft compaction with a soft plastic stick was conducted.
Fig.3.12(c) and (d) show the four realized thermal conductivity measure-
ment units before, and after filling respectively. Two are filled with MAFC
and two with potting only, as a comparison. Fig.3.12(e) shows the setup for
the thermal conductivity measurement.
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Fig. 3.11: (a) SL-PUCF concept with O-SBMs suspending and driving the SL-PUCF
rotor. (b) Heat sink at distance to the stator stray fields, with potting material as a
thermal bridge. (c) Novel macro-filler composite (MAFC) of macroscopic ceramic
(aluminum oxide Al,O3) spheres surrounded by potting material, forming a substan-
tially better thermally conductive and electrically insulating thermal bridge material.
(d) Conceptually shown thermal bridge material dependent effect on the winding
temperature Tyy. (e) MAFC thermal resistance conservatively modeled as a series
connection of the individual volume share of the two materials. (f) Theoretical lower
limit of the achievable MAFC thermal conductivity A. based on the filling quality 1q
and the thermal conductivity of the potting material A,.

Solution S3: Experimental Validation of MAFC Thermal Conductivity
Improvement

Fig.3.13(a) shows the measured temperature difference AT rises for a power
input per measurement unit of Pg = 1.25 W. The MAFC performs substantially
better than the potting alone. This becomes more evident by computing the
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resulting thermal conductivity, taking into account the leakage heat flux
Qleak ins through the thermal insulation in the measurement units. Qjeak ins iS
determined by measuring the outer measurement unit surface temperature
with a contactless infrared thermometer, the thermal conductivity of the
polyurethane foam insulation of 0.02 W/(m - K), and the measured internal
temperatures. For the A. characterization, due to linearity of heat conduction,
the specific amount of Q applied and the absolute temperatures T, and Tys are
on its own irrelevant. Only the measured thermal conductivity 4; is relevant

and results as:
(Qi - Qleakins,i) : Lt
A-ATeoms;

Ao = (3.20)
The resulting conductivities are shown in Fig.3.13(b). The measured thermal
conductivity for the pure potting with ER2074 of 1.18 W/(m - K) averaged
over two units deviates only 5.6 % from the data sheet value of 1.25 W/(mK).
This validates the experimental measurement procedure. The Al,O3 MAFC
showed over two units an averaged thermal conductivity of A, = 4.0 W/(mK).
The corresponding two paired conductivity measurements of the same mate-
rial types coincide very well, as shown in Fig.3.13(b). This indicates a good
repeatability of the MAFC production method. The achieved production
quality of 74 > 0.6 was determined by measuring the weight of the amount
of macro-filler spheres filled. The measured improvement of the thermal
conductivity by a factor of 3.4 validates experimentally the theoretically pre-
dicted excellent heat conduction capabilities of Al;0; MAFC - while being
electrically an insulator.

For the O-SBMs with no_sgm = 89.2 %, a peak continuous shaft power
at 100 krpm of 280 W and a MAFC with a conductivity of 4 W/(m - K), the
thermal resistance of the thermal bridge between winding and heatsink an-
alytically calculated is 0.66 K/W. Therefore, the temperature drop from the
stator winding to the heatsink is reduced to 22.4 K. For a heatsink tempera-
ture of 40°C, the winding surface temperature is reduced from 114.6°C with
conventional potting to 62.4°C with MAFC. This temperature is acceptable
for the close by position sensing electronics.

The solution S3 is therefore validated. Thus, in this chapter, a solution to
the in literature known passive cooling problem of ultra high-speed toroidal
wound slot-less motors is found, theoretically predicted and experimentally
validated. Tab.3.5 summarizes the main findings of solution Ss3.
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Tab. 3.5: Solution S3: novel macro-filler composite thermal bridge material MAFC -
main result.

S3: problem remedy main result

increase in stator thermal bridge thermal conductivity increase

thermal conductivity compared to potting material by
factor 3.4 to A, = 4.0 W/mK with
novel MAFC material
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Fig. 3.12: (a) Schematic of the working principle of the purpose built measurement
units for the measurement of the thermal conductivity of the novel ceramic macro-
filler composite (MAFC) thermal bridge material. (b) One out of the four realized
measurement units. (¢) Measurement units before potting. (d) Potted units before
being covered with a thermal insulation lid. (e) Setup for the thermal conductivity
measurements.
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Fig. 3.13: (a) Measured temperature difference rises in the thermal conductivity
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3.3 Component C2: SL-PUCF rotor

3.3.1 Technology Gaps for the Component Requirement
RC; Sealless Fluid Path

State of the art biopharmaceutical PUCFs have several rotary seals. They have
the functions of a) sealing the process chamber from the production facility
against contamination in both directions, b) sealing against reduced pressure
or near vacuum outside the rotor, c) sealing as a connection between the rotor
and both feed and discharge pipes during filling and emptying. However,
they pose a contamination risk, generate friction losses and are speed-limited
to approx. 40 krpm [65].

Problem P4: No Seals for Fluid Guidance

For the SL-PUCEF, the rotary seal is replaced by the hermetically enclosed wall
of the process chamber. This eliminates the risk of contamination through
the seal. However, the functions of the seals in terms of guiding the fluid flow
between the rotor inlet/outlet and the rotor are more difficult to achieve.

Solution S4: Novel PUCF Rotor Topology

The fluid topologies in this chapter should not be compared with the solutions
for slow to medium-speed disk stack centrifuges as in [60]. The extremely
high speeds of PUCFs require fluid guidance at the smallest possible radii and
thus peripheral speeds. In today’s PUCFs, the rotor can be filled from below
while stationary due to the rotary seals, shown in Fig.3.14(a1). The rotor is
accelerated after.

In a sealless concept, the fluid feed must come from above to prevent leak-
ing. Proposed possible rotor topologies that allow the fluid to be automatically
discharged from the rotor are shown in Fig.3.14(a). Possible topologies are a
discharge pipe from above, Fig.3.14(a2), or a rotor with an integrated outlet
valve, Fig.3.14(a3), or a rotor with a bottom outlet, whereby a novel feature, an
inflow distributor, ensures that dynamic filling from above is possible without
the fluid falling through the rotor while rotating, Fig.3.14(a4).

For sequential operation, i.e. repeated filling, separation and discharge, the
topologies in Fig.3.14(a2) and Fig.3.14(a3) appear to be promising candidates,
as slow, controlled filling and unloading is possible at standstill. However,
the long thin feed tube is critical in terms of vibration, and for the topology
in Fig.3.14(a3), the rotor integrated valve adds complexity. However, these
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Tab. 3.6: Solution S4: novel PUCF rotor topology - main result.

S4: problem remedy main result
SL-PUCEF rotor topology without novel SL-PUCF rotor topology
seals for fluid guidance without rotary seals, filled from the

top dynamically while the rotor
rotates, incorporating an inflow
distributor to avoid fluid from
falling through the rotor and
leaking out

two topologies do not appear to be very advantageous for continuous feed
separation and discharge. However, the novel topology of Fig.3.14(a4) appears
to be very suitable for this purpose and is therefore realized. It also appears
attractive due to its robust and simple design.

Fig.3.14(b) shows the operating states of the proposed SL-PUCF. Fig.3.14(b1)
shows the filling. The rotor is filled in contrary to the state of the art from
above while the rotor spins, instead of at standstill from below. A novel
inflow distributor prevents the liquid form falling through. Accordingly, the
rotor fills radially inward, shown in Fig.3.14(b2). Depending on the wanted
ultracentrifugation process, the suspension is sedimented down to the rotor
wall, or banded as shown in Fig.3.14(b3). Examples of potential ways of
extracting the separated suspension are: adding more of the cushion layer
density gradient medium which forces radially the separated media inward, as
shown in Fig.3.14(b4), or in form of an enrichment process where constantly
suspension is fed supernatant discharged, or as shown in Fig.3.14(bs), reducing
the rotational speed to gradually empty the rotor, or in case of an internal
rotor valve of Fig.3.14(bs), decelerating the rotor to standstill and releasing
the banded media. Tab.3.6 summarizes the main findings of solution S4.

Problem P5: Dynamic Filling

A challenge of the novel SL-PUCF rotor lies in filling while rotating, avoiding
rotor unbalance. Given that the rotors of topologies in Fig.3.14(a2) and and
Fig.3.14(a3) are operated only when completely filled, their magnetic suspen-
sion does not appear to be critical during operation. In contrast to those, the
novel topology (a4) requires dynamic filling. The problems to be solved are
Psa), i.e. preventing the fluid from falling through the rotor directly during
filling while still maintaining direct access for the added fluid to all radius
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Tab. 3.7: Solution S5a: novel inflow distributor - main result.

S5a: problem remedy main result

novel inflow distributor which novel inflow distributor, with bores
prevents fluid from falling through  allowing for all radial positions

the rotor during dynamic filling fluid to enter the rotor; anisotropic

fluid resistance in radial and axial
direction enables fluid to fill radially
inwards without falling through

positions in the rotor during continuous filling in separation mode, and Psb),
i.e. avoidance of unbalance during the filling process.

Solution S5a: Novel Inflow Distributor

Fig.3.14(c) shows the layout of the proposed SL-PUCF. Fig.3.14(d) shows a
rotor section view thereof. The novel inflow distributor enables filling from
the top while spinning. Small bores in axial direction allow the fluid to enter
the rotor on all radii. But their small size results in the fluid flowing mainly
radially outwards first, as it is the path of lowest resistance. Hence the inflow
distributors anisotropic fluid resistance in radial and axial direction are the
key factors. The bores through the inflow distributor Fig.3.14(f) are placed,
such that on all radii there is always an axial path available for the feed sus-
pension. This avoids, that part of the feed suspension with a certain density is
blocked from axially entering the rotor. The radial path length [, is a process
parameter, which is adapted depending on the ultracentrifugation task. For
the function of the inflow distributor, the larger [,, the more difficult to main-
tain its function. Therefore the prototype in Fig.3.14(f-g) was realized with
the maximum [, possible to investigate the worst case. Tab.3.7 summarizes
the main findings of solution Ssa.

Solution S5b: Equalizing Channels

Novel equalizing channels between the divided rotor sectors enable unbal-
anced liquid in the rotor to equalize their level across the whole rotor and
thus prevent unbalance. They are shown in Fig.3.14(d,e,g,h). Fig.3.14(h) shows
the assembled SL-PUCF rotor, with its rotor jacket in Fig.3.14(i). Tab.3.8
summarizes the main findings of solution Ssb.
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Fig. 3.14: (a) PUCF rotor topologies, (b) operating states of the selected novel SL-
PUCEF rotor topology, (c) novel SL-PUCF concept, (d) rotor section view showing the
novel inflow distributor and the novel fil-level equalizing channels, (e) section view of
the equalizing channels, (f) hardware realization of the inflow distributor, and (g) of
the equalizing channels, (h) assembled rotor fluid path, (i) rotor jacket.
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Tab. 3.8: Solution S5b: novel equalizing channels - main result.

S5b: problem remedy main result

avoiding of rotor unbalance during equalizing channels between

filling divided rotor sectors let unbalanced
liquid to level out, preventing rotor
unbalance
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3.4 Component C3: Burst Armor

The rotational energy E,o of the SL-PUCF rotor increases quadratically with
the rotational speed Q:

1
Eror = EJZQZ (3-21)

with J, being the moment of inertia. Thus, the energy of a single rotor
at 100 krpm corresponds to that of 100 rotors at 10 krpm. This shows the
fragment containment challenge associated with ultra-high speeds. The
rotational energy stored in the rotor of the presented SL-PUCF prototype at
100 krpm is 10.2 kJ. This corresponds approximately to the muzzle energy of
five 5.56 mm caliber assault rifle projectiles [66]. A PUCF needs accordingly a
burst armor to retain rotor fragments in the event of the rotor bursting. This
is also specified in the standard DIN EN 12547 [67].

3.4.1 Technology Gaps for the Component Requirement
RD; Openable Burst Armor

As only one SL-PUCF prototype exists for this chapter, a destructive rotor
burst containment validation test is not possible within the scope of this
chapter. The standard DIN EN 12547 [67] does not provide any guidelines
for the burst armor design either. To the knowledge of the author, no first
principles based design guideline was published in literature for a PUCF burst
armor. To asses its feasibility to successfully contain the rotor fragments, a
simplified containment analysis is conducted.

As a first conservative assumption, it is assumed that the entire rotor
energy must be absorbed by the openable burst armor (O-BA) in the form
of plastic deformation to keep it contained. Energy dissipation due to e.g.
friction losses and rotor deformation is conservatively omitted. The max-
imum absorbable deformation energy Egefmax is calculated as the plastic
deformation energy up to ultimate elongation €y, but conservatively without
plastic hardening. The maximum achievable radial material stress is therefore
conservatively assumed to be the yield stress oy max = Rpo.2:

Edef,max = RpO.Z < Aga - Lo - €ys, (3-22)

where Agp = Wga - hpa is the O-BA material cross-section area. The inner
circumference of the armor is conservatively used as the initial length L, =
27rpai. For the alloy steel 1.7225 / 42CrMog (Rpo.2 = 550 Mpa, €, = 0.14,
Ry, =800 Mpa [68]), this results in an absorbable deformation energy of the
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armor with a thickness of 2 cm of 20.7k]J. This corresponds to a safety factor
of SFay = 2 of the burst armor against rupture. This shows the feasibility
of the burst armor in general, not yet taking into account the opening joint
weak points.

Problem P6: Joint Weak Points

However, to be openable, a hinge and a corresponding locking mechanism
must be designed, that are able to withstand the forces that occur. The load
has to be transferred through the joints without resembling weak points as
the source of failure.

Solution S6: Joint Load Distribution

Fig.3.15(a) shows the SL-PUCF prototype with O-BA. The maximum average
circumferential force Fpa that occurs in the armor shown in Fig.3.15(b) is
conservatively:

Fsa =Rpo.2 - waa - hpa. (3.23)

This force has to be transmitted by the armor bolts shown in Fig.3.15(c). Instead
of subjecting the load to only one bolt cross-section which would be a weak
point, Ny, lugs are attached to the two O-BA halves, shown in Fig.3.15(d). They
distribute the load over (2 - Ni, — 1) bolt cross-sections. Neglecting bending
of the bolt, the corresponding shear stress 7, 5 in the bolt cross-section Ay, is

R - wea - hea

A2 N (524

Tb,N
The resulting shear stresses are shown in Fig.3.15(e). The safety factor against
bolt rupture SFy,, results as:
T8 _ fi-Rm _ fi-Ap-(2-N—1)

SI:b,r = = SFa,r- (3~25)
THN THN wga - hBA

The factor f; = l% = 0.58 from [69] accounts for the reduced ultimate
shear strength compared to the ultimate tensile strength of steel. N =1, as
in Fig.3.15(c), would result in too thick and heavy bolts for a hinge. With
N =6, as realized in the prototype Fig.3.15(a), the safety factor SF = 2 can be
maintained for a bolt diameter of 2 cm.

The realized O-BA furthermore covers the rotor end faces, to prevent
fragments from escaping axially. At the separating interface, the inner surface
is designed to overlap to avoid fragments from escaping in between. The
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two armor halves are additionally designed such, that they are of identical
geometry but still fit together.

The presented solution is scalable in length for longer rotors without
change in the safety factor.

Tab.3.9 summarizes the main findings of solution Sé.
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Fig. 3.15: (a) SL-PUCF prototype with novel openable rotor burst armor (O-BA) with
joints. (b) Simplified model for occurring circumferential stress within the armor
while containing a rotor burst. (c) Load transfer at the joint with one lug would result
in high bolt shear load. (d) Multiple lugs reduce the stress level on the bolt with load

distribution along the bolt. (e) Stress reduction in the bolt depending on number of
lugs.
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Tab. 3.9: Solution Sé6: joint load distribution - main result.

S$6: problem remedy main result

new concept for removing joint multiple lugs distribute the joint

weak points in the openable burst  load along the bolt, reducing the

armor bolt shear stress, enabling a safety
factor > 2 for approximated
dimensioning

3.5 Validation of Novel SL-PUCF System: Sed-
imentation of Whey Proteins as Test-
Medium

The novel SL-PUCF concept is realized as a prototype. The SL-PUCF proto-
type was installed on a mobile laboratory unit together with the subsystems
required for test operation, such as the mixing tank and feed pump, as shown
in Fig.3.16(a). The SL-PUCF rotor was successfully accelerated across the
axial resonance frequency to 2 krpm, validating Solution S1 and S2. Particles
and water were mixed in the mixing tank and then fed to the SL-PUCF by a
magnetically levitated feed pump (Levitronix PuraLev i30SU). Whey proteins
are used as test particles, mixed in water with 20 g/L. Their harmless nature,
smaller size than viruses, very low cost and great availability as common
food supplement, render them as a very attractive test medium for general
working principle validation.

Using the O-SBMs magnetic bearing functionality as a sensor makes it
possible to monitor the SL-PUCF dynamic rotor filling process by measuring
the SL-PUCEF rotor weight, shown in Fig.3.16(b). It shows the rotor weight
increase determined via the axial rotor position measurement during the
dynamic filling of the SL-PUCF rotor at 2 krpm. It shows a constant feed rate,
controlled by Levitronix Flow Control with the feed pump together with a
inline Levitronix ultrasonic flow sensor. This validates experimentally, that
the contact-less dynamic filling of the SL-PUCF rotor during stable levitated
rotation from above via the inflow distributor works. This validates solutions
S4-Ss5. After successfully filling of the SL-PUCF rotor, it was accelerated
successfully stably suspended to 20 krpm.

Sedimentation was conducted as a first experimental validation of the
basic functionality of the SL-PUCF rotor as a PUCF. The rotor was brought
to zero rpm, and inspected, as shown in Fig.3.16(c). A layer of sedimented
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as Test-Medium

Tab. 3.10: SL-PUCF: system validation - main results.

problem remedy

main results

passing of axial resonance
frequency

successful, without rotor-housing
contact

dynamic filling without fluid falling
through rotor

successful

dynamic filling without
destabilizing rotor unbalance

successful, stable suspension while
filling

successful, stable high speed
operation

20 krpm reached with filled rotor

rotor topology enables separation
of particles

successful sedimentation of whey
proteins at 20 krpm

operation without excessive
winding surface temperature with
passive cooling

successful, SL-PUCF operation at
20 krpm with winding surface
temperature of 40.8° C

whey proteins was detected and therefore the separation successful. The basic
separating function of the SL-PUCF has thus been experimentally validated.

The winding surface temperature of the O-SBM at 20 krpm was measured
with only passive motor cooling to be 40.8° C, which confirms experimentally
also during system operation the exceptionally good thermal properties of
the novel MAFC for stator heat dissipation. Tab.3.10 summarizes the main
findings of the SL-PUCF system validation.
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Fig. 3.16: (a) Novel SL-PUCF prototype connected to mixing tank, feed pump, and
feed flow sensor and a camera to observe the turbidity of the feed and the outflow of
the SL-PUCF. (b) Measured fill-level of the SL-PUCF rotor by converted measurement
of the axial (vertical) rotor position during filling, using the axial stiffness k,y of
the O-DSBMs. (c) First test for validating the fundamental function as a centrifuge:
successfully sedimented whey proteins at 20 krpm on the rotor jacket wall.
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3.6 Outlook on Novel Future Smart Capabilitiy
Potential of the proposed SL-PUCF concept

The following gives an outlook to new capabilities and benefits, that the new
SL-PUCF concept can offer to the PUCF application. Three case studies are
given, experimentally validating selected capabilities.

3.6.1 Sensing with O-SBMs as Sensors

Magnetic bearings can measure the radial and axial rotor position via their
inherent function with position sensors. In literature, methods for contactless
measurement of the rotor temperature via e.g. high frequency impedance
measurement of the magnetic circuit from the stator to the rotor are described
n [70]. This means, that contactless monitoring of the PUCF rotor tempera-
ture is also conceivable in the future. This would help to monitor the rotor
and therefore also rotor fluid temperature without contact.

Furthermore, information on the rotor, or the entire system structure
can be obtained by measuring frequency responses through the magnetic
bearing excitation, additionally extended by measuring the acoustic frequency
response, as shown in [71].

3.6.2 Sensing: Design Verification

The measurement of frequency responses can be used to verify the rotor
dynamic properties of the rotor, including the bending resonance frequencies,
to ensure that the rotor is sub-critical in the operating range. This is also
possible during rotor rotation.

3.6.3 Sensing: Health Monitoring

The presented measurable system properties are conceivable to be used for
health monitoring in the future. For example, a scan of the rotor resonance
frequencies at standstill, before the speed is increased, is conceivable. A
scan of the acoustic frequency response, according to [71], to check the
overall structure is also conceivable. Possible detectable system faults are,
e.g., missing screws or cracks in the rotor that shift the rotor resonance
frequencies out of a permissible tolerance band. It should even be possible to
identify different rotor types in this way by measuring the frequency response
of the magnetic bearing excitation and / or the rotor weight.
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3.6.4 Sensing: Ultracentrifugation Process Control

The ultracentrifugation process control potentially benefits in the future from
the newly measurable properties. The SL-PUCF rotor fill-level measurement
during operation makes it possible to monitor the filling process and thus
avoid overfilling the rotor. During centrifuging, for example, it is also con-
ceivable to track the rotor weight increase during continuous feeding for
enrichment. In principle, sedimented particles will also be registered as an
increase in weight during standstill. The emptying of the rotor can also be
monitored accordingly.

The detection of error states is also conceivable. Acoustic monitoring of
the structure as in [71] can also be combined with acoustic monitoring of the
hermetically sealed process chamber.

3.6.5 Smart Capability Case Studies
O-SBMs as Sensors: Fill-Level Measurement

The axial magnetic bearing stiffness can as demonstrated be used to measure
changes in the rotor weight due to the resulting axial displacement. Knowing
the density of the added suspension, the fill-level in the rotor can be measured
during filling, discharging or during operation. This rotor mass measurement
is shown in Fig.3.16(b). The state of the completely filled rotor can be identified
by the fact that the rotor weight does not increase any further during filling.
Excess fluid exits directly at the rotor outlet. In principle, this even allows
the density of the medium in the rotor to be determined, since the internal
rotor volume is known.

Design Verification: Rotor Bending Resonance Measurement

To measure the rotor bending resonance frequencies, the excitation was car-
ried out as described in [71]. The direction of the excitation, i.e. forward or
backward, can be freely selected. Here the excitation was carried out back-
wards. Thus the backward whirl mode was excited. The bending resonance
frequencies were found to lie above 3 kHz. The rotor resonance frequencies lie
with sufficient reserve outside the first-order excitation (sub-critical), which at
100 krpm lies at 1.667 kHz. The measurement of the rotor bending resonance
frequencies during rotation at 2 krpm showed the typical lowering of the
resonance frequencies for backward whirls with increasing speed. The first
and second backward whirl bending resonance frequencies have decreased
from 3.7kHz to 3.65kHz and 4.17kHz to 4.13 kHz respectively, due to the
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increased speed. This verifies, that the backward whirl modes were excited,
showcasing the capability to measure entire Campbell diagrams.

Process Control: Acoustic Process Monitoring

A microphone for process chamber monitoring is attached to the connections
for process gas handling. This allows detection of fault conditions such as
overfilling of the rotor, resulting in asynchronously rotating fluid in the pro-
cess chamber, foam formation and rotor emptying. Fig.3.17 shows exemplary
the recorded channels of an external as well as an internal microphone which
is connected to the inlets of the SL-PUCF during a commissioning experi-
ments. Failure states like outflow of the rotor fluid, foam formation and wall
contact, or stop of levitation leave distinct acoustic signatures. In the future,
machine-learning based state recognition algorithms are conceivable.

f [kHz] _— SL-UCF inlets t [min]

external microphone
channel

\ internal microphone

channel

_ outflow signatures stop of levitation
rotor acceleration foam formation signature signature
wall contact signature

Fig. 3.17: External and internal microphone recording spectrogram during a commis-
sioning experiment with visible failure state signatures, showcasing the potential of
acoustic process monitoring.

3.7 Limitations and Future Improvements

This section discusses limitations and future improvements of the main novel
solutions found in this chapter.
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3.7.1 SL-PUCF Component Level Solutions
Solution S1: Yoke Interface Shoes

The proposed yoke interface shoes enable a RMS reduction of the axial stiffness
ripple by 39% for a yoke air-gap surface increase of 33%. Their effect is limited
to a reduction of the axial stiffness ripple to a tolerable level, but they cannot
eliminate it completely.

As future improvements, larger reductions are conceivable with an even
larger increase of the yoke air-gap surface, optionally also in axial direction.
Furthermore, measures known from cogging torque reduction, e.g. forms of
skewing, can e.g. by skewing the yoke air-gap potentially further contribute
to the ripple reduction.

Applications beyond the scope of this chapter of yoke interface shoes are
any new developments of openable self-bearing motors or openable magnetic
bearings.

Solution S2: Rotor Magnet Design

A guideline for optimal magnet orientation offset is proposed. As shown, the
rotor magnet design remains a compromise between axial stiffness reduction,
motor and magnetic bearing performance, mechanics and rotor dynamics.
Furthermore, reasoning for the magnet length and position dimension selec-
tion is given. As a limitation, only a compromise is possible.

Improvements are mainly possible by improving the yoke interface shoes,
while following the optimal magnet orientation guide.

The presented guideline and reasoning are applicable for any new system
with two openable self-bearing motors or magnetic bearings with a common
rotor.

Solution S3: Macro-Filler Composite Thermal Bridge Material

The MAFC material is validated to increase the thermal conductivity of potting
material by a factor of 3.4 to 4 W/mK, which results in a massive reduction in
temperature of critical components. Limitations are the cost of a more com-
plex manufacturing process and the minimal gap size due to the macro-filler
particle dimensions. The increase in manufacturing complexity is justified for
application, where the benefit of the temperature reduction while avoiding
eddy current losses is critical.

For future improvement, a mixture of different size MAFC filler particles
to increase the theoretical limit of the MAFC packing density is suggested.
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However, it is a trade-off between thermal conductivity and high enough
liquid characteristics which enable good surface contact.

Due to the MAFC particle dependent minimal gap size, MAFC is suited
especially for applications with a large gap size or large volumes to be filled.
Examples without limitation are electric machines, motors, self-bearing mo-
tors, magnetic bearings, motor windings or end-windings and magnetics in
power electronics.

Solution S4: SL-PUCF Rotor Topology

The proposed SL-PUCF rotor topology is validated for the principal separation
function by successful sedimentation of whey proteins. Its design is currently
limited to dynamic filling and unloading during rotor rotation.

Future extension of the topology in Fig.3.14(a4) with a rotor-integrated
valve as shown in Fig.3.14(a5) can additionally simplify the unloading process.
The rotor can then be emptied slowly and in a controlled manner at standstill.
The valve could conceivably be activated by centrifugal force, mechanically
from below or (electro-) magnetically.

The proposed SL-PUCF topology is generally applicable to any sort of
centrifugation or ultracentrifugation application, however, the process for
each application needs to be validated individually.

Solution S5a: Inflow Distributor

The inflow distributor is validated in its function to prevent fluid from falling
through the rotor during filling. However, the flow details at the inflow
distributor during filling are unknown.

Future studies can investigate the detailed inflow distributor flow field to
find optimization potential.

The inflow distributor can be interesting for any top filled bowel cen-
trifuge.

Solution S5b: Equalizing Channels

The SL-PUCF rotor with equalizing channels enabled validated stable dynamic
filling during rotation. It should be investigated in future studies, if they lead
to unwanted mixing, disturbing the separation process, or if they have no

negative impact.
In case this should be discovered in future studies to be an issue, their
distribution, size, and shape can be subjected to an optimization. Generally,
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the concept of equalizing channels can be of interest in any application with a
rotor containing rotating fluid, especially for self-bearing motor or magnetic
bearing suspended rotors.

Solution S6: Joint Load Distribution

The newly derived approximate dimensioning of the novel openable burst
armor showed a safety factor above two against rupture. Within this chapter,
no rotor was accelerated until rotor burst, as the only prototype available
should not be risked. In a future study, destructive burst tests with a rota-
tional speed margin above the maximum rotor speed has to be conducted.
The openable burst armor concept is generally applicable to any rotating
machinery with needed rotor exchange or access and very high rotational
energy to be contained.

3.7.2 SL-PUCF System
Expanding Operating Envelope

The proposed SL-PUCF is validated in its functionality. It is operated within
this chapter at 20 krpm, to not risk destructive damage on this first prototype.
In the precedent chapter, published in [18], the first generation O-SBMs
without the improvements of this chapter, suspending horizontally instead
of vertically a thin solid test-rotor, reached 103 krpm. The improved second
generation of O-SBMs of this chapter therefore is highly likely to reach
100 krpm successfully also with a vertical rotor.

In a future study with more than one prototype available, the operating
envelope will be successively expanded to higher rotational speeds. A vacuum
system will be attached to lower the air pressure during high speeds to reduce
rotor gas friction losses. A cooling system is foreseen around the process
chamber to control the temperature of the rotor including its biotech payload.
The full speed and power testing will also show the MAFCs performance
under full load. However, the motor internal linearity of heat conduction
with respect to the thermal resistance Ry, and the heat flux Q, AT =Ry, - Q,
combined with the MAFC thermal conductivity measurement and the very
low winding surface temperature measurement result at 20 krpm, leads to
the expectation of a very good thermal performance at 100 krpm as predicted.
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Application Specific Development

The SL-PUCF functionality was validated with the sedimentation of whey
proteins.

In a future study, the SL-PUCEF rotor will be investigated and optimized
further for the viral nanotechnology application. Application development
for new biotech devices is extensive and requires further studies, focusing on
this. The SL-PUCF offers many application specific optimization parameters,
such as the radial path length, application of density gradients and process
related modes, e.g. filling and unloading speeds, processing times and profiles.
Once the application protocols are established and validated, the up-scaling
of the LaS-PUCF prototype to PiS-PUCF and PrS-PUCF can be conducted.

The proposed SL-PUCF is generally unlimited to any biopharmaceutical
and other purification application or to potential specialized applications even
in clarification applications or other separation needs.

3.8 Conclusion

A novel sealless production ultracentrifuge type with two openable double
self-bearing motors with novel features, tailored to vertically suspend its
novel sealless rotor shielded by a novel openable burst armor was proposed
and realized as a prototype. The current limitations of the state of the art of
production ultracentrifuges for the manufacturing of viral vectors for gene
therapies and vaccines were identified, system and component level require-
ments derived, component level problems identified, solutions presented and
experimentally validated. This includes novel yoke interface shoes for open-
able self-bearing motor yokes, a guide to find optimal magnet alignment
combinations and magnet dimensions for vertical rotor axis operation of
such a system, the overcoming of axial bearing resonance, a novel scalable
electrically insulating but highly thermally conductive macro-filler thermal
bridge material for toroidal slotless ultra high-speed motors, a novel sealless
flowpath design including a novel inflow distributor and equalizing chan-
nels and a novel openable ultracentrifuge burst armor. The general working
principle of the novel sealless ultracentrifuge is validated experimentally by
the successful sedimentation of whey proteins. Furthermore, an outlook is
given to novel future capabilities for monitoring and process control thanks
to the smart capabilities of the openable self-bearing motors and examples
are experimentally demonstrated in the form of case studies.
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The development trend for production ultracentrifuges stagnated. This
chapter identified limitations of the state of the art and proposes solutions.
The research described in this chapter aims at bringing ultracentrifuges "back
in the game” for future purification in viral nanotechnology, especially the
separation of empty and full capsids.

The findings for the openable self-bearing motors to reduce the yoke air-
gap influence can be used in any new application for openable self-bearing
motors. The novel macro-filler composite thermal bridge material with an
increased thermal conductivity by a factor of 3.4 compared to potting material
can be of use for electric machines of any type in general to lower its (end-)
winding temperatures or to increase power density.
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Acoustic Diagnosis

This chapter summarizes the most relevant findings regarding the acoustic
diagnosis of systems with active magnetic bearings, which are also published
in:

» E.J. Hubmann, F. Weissofner, D. Steinert, T. Nussbaumer and JW.
Kolar, “Novel acoustic failure prediction method for active magnetic
bearing systems,” IEEE/ASME Transactions on Mechatronics, vol. 29, no.
2, pp. 1181-1192, 2024.
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Chapter 4. Acoustic Diagnosis

Chapter Abstract

For magnetic bearing manufacturers, the installation situations in systems
in the field are often unknown and not accessible. Hence, the final system
vibration spectrum with respect to excitations by operating the system
and therefore mechanical resonances are unknown as well. But to avoid
failure, they need to be known before the speed is initially ramped-up
in a magnetic bearing suspended system. Therefore, there is a need for
an experimental method to predict and prevent already at rotor standstill
risks due to plant mechanical resonances. This chapter shows theoretically
and experimentally that conventional magnetic bearing rotor displace-
ment measurement is insensitive on mechanical system resonances. As
a solution, two new acoustic response methods are proposed, which can
completely detect the system mechanical resonances that will occur dur-
ing operation already in the standstill levitating state. Furthermore, it is
shown with application case studies, that these methods can be used for
condition monitoring to detect deteriorating changes in the system before
| rotor speed ramp-up. |

4.1 Introduction

Active magnetic bearings (AMBs) are installed as components into indus-
trial systems. Their mechanical properties differ, leading to different system
vibration (SV-)spectra and thus mechanical resonance frequencies of each
system. These resonances are excited during operation if they correspond
to the rotor speed Q or harmonics thereof. This can lead to crash, damage
or even destruction of parts of the system or long-term damage. To help in
avoiding such expensive failures in AMB systems, the following prediction
methods for AMB systems are needed: (i) experimental method for quantifi-
cation of structural optimization attempts regarding dampening or shifting
of mechanical resonances before speed ramp-up; (ii) identification prior to
speed ramp-up of speed ranges in the operating range [0, Qnax], at which
mechanical resonances are substantially excited in the system and therefore
should be avoided for continuous operation (in this chapter called mechani-
cal resonance speed ranges); (iii) condition monitoring of structural health
allowing for health assessment before system is (re-)started. This chapter
shows, that the state of the art methods are limited and how these limitations
can be overcome with novel acoustics based methods. For all those methods,
the SV-spectrum is needed before speed is ramped-up. It is state of the art
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to diagnose AMB problems using the AMBs internal signals such as rotor
displacement measurement (RD-M) [72]- [73]. An Internet of Things (IoT) ap-
plication for processing those signals was reported recently in [74]. However,
this chapter shows, that RD-M is not suited to gain the SV-spectrum needed.
It is impossible with RD-M to detect vibrations that have a node at the AMBs
RD-M sensing location, or that do not result in relative radial displacement
between the rotor and stator there. The same applies if vibration sensors
as in [75] would be used. Although these vibrations are not measurable by
RD-M, they emit airborne (i.e. transmitted through air) acoustic emissions,
with a new possibility for detecting them.

The use of airborne acoustic emissions for detection and diagnosis during
operation of machines in general has been investigated in e.g. [76]- [77]. Ad-
ditionally the monitoring of structure-borne (i.e. transmitted through the
structure) noise in rotors with regard to crack formation has been investigated
in e.g. [78]- [79]. However, this requires physical contact from the piezo-
sensor to the spinning rotor body. This has been solved in the literature by
wireless communication from the spinning rotor to the stationary evaluation
device [78] or via a structure-borne sound conducting mechanical contact
via the stationary outer ring of a ball bearing [79]. There, structure-borne
noise generated by crack growth or plastic deformation in the range of sev-
eral 100 kHz is measured by a bonded sensor. Therefore, the occurrence of
degradation events in the rotor during operation can be detected, but not the
health state as such.

In [80] a procedure was proposed to monitor cracks in rotors suspended with
mechanical bearings and using an AMB as an excitation source only and
position sensors to measure the differing rotor response to the excitation in
the presence of a rotor crack.

However, for systems with AMBs, the usage of the information conveyed in
the airborne acoustic domain for diagnosis or assessment is not covered in
literature so far to the knowledge of the author, although the field of AMBs is
a very active field of research. Only few efforts touching acoustics in AMB
systems for other purposes were reported. In [81] the control signal filtering
procedure for reduction of AMB acoustic noise due to electromagnetic inter-
ference (EMI) was reported. In [82] the AMB was used to generate anti-noise
to reduce fluid dynamic induced noise from an AMB suspended fan. Recently
an advanced control strategy to reduce vibrations (i.e. also acoustic noise)
of magnetically suspended rotors was reported in [83]. The monitoring and
diagnosis of the application process related quality in machining was reported
in [84], [85].
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In contrast to the field of systems with AMBs, the acoustic emissions were
more in focus of research activities for mechanically suspended electric mo-
tors. They may be grouped into the three topics: asset diagnosis, emission
prediction and mitigation. Two recent publications addressed the condi-
tion monitoring of electric motors with data fusion of acoustic and motor
data. In [86], electric faults and faults of rotating parts were diagnosed com-
bined acoustically and with winding current data. In [87], acoustic data was
combined with vibration sensor data targeting ball bearing damage. The
prediction and mitigation of acoustic emissions of mechanically suspended
electric machines gained increasing attention in the last years with the rise
of electric vehicle (EV) technology. To model, predict and reduce noise, vi-
bration and harshness (NVH) emissions of electric machine designs, which
would be experienced by passengers, simulation frameworks were reported.
With modern commercially available software it is possible to listen to a
digital motor-model in operation already during the design phase [88]. This
enables design optimizations incorporating the acoustic footprint of electric
machines. Example application targets of these activities were EV traction
motors, [89]- [90], or a high-speed air compressor motor for fuel cell EVs [91].
None of these reported works fulfill the three needs stated in the beginning
of this section. As a solution, the novel methods presented in this chapter
provide the needed SV-spectrum based on airborne acoustic emissions, al-
ready in the standstill levitating state (SLS) before the speed is ramped up. In
the following, "airborne” is assumed but no longer explicitly stated. Fig. 4.1
illustrates the methods. A double self-bearing motor test-system (i.e. AMB
and motor function combined in one unit) with rotor speeds of up to 23 krpm
from [92] is used along with acoustic recording and processing equipment to
demonstrate the novel methods. In a levitating standstill state (SLS) of the
rotor, i.e. before speed-ramp up, acoustically the SV-spectrum is measured.
It can then be used for experimental structural optimization quantification,
identification of mechanical resonance speed ranges or structural health mon-
itoring.

In Section 4.2 the capability of RD-M to measure the SV-spectrum is inves-
tigated with the aid of a mathematical system model. The RD-M is shown
to fail to measure the SV-spectrum in the model. Two acoustic disturbance
force excitation (DF-E) response measurement methods are introduced in
Section 4.3. They serve as a basis for the acoustic prediction of mechanical
resonances in standstill levitating state. This methods are validated with
3D-FEM modal analysis and a speed ramp-up experiment in Section 4.4. It is
shown experimentally that the AMB RD-M fails to measure the SV-spectrum.
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Three case studies for the application of the novel methods are presented
in Section 4.5. Section 4.6 summarizes the main findings and concludes the
chapter.

4.2 Mechanical Resonance Measurement: AMB-
Limitations and Acoustics Advantages

In their ability to measure mechanical vibrations, RD-M and acoustic emission
measurement (AE-M) differ in two basic principles. First, RD-M measures
only locally, whereas AE-M can sense emissions from vibrations throughout
the entire system. Thus, RD-M cannot measure vibration modes with vibra-
tion nodes at the RD-M locations whereas AE-M can, because of its global
nature. Second, the physical quantity being measured is different. The RD-M
measures a physical distance between two objects, AE-M measures sound
waves. Vibrating parts emit sound waves, i.e. they can be measured by AE-M.
Further, it is unclear how the RD-M is related to vibrations. This is investi-
gated in the following by breaking the system down into mass-spring-damper
(mkd—)element sub-components and discussion of their individual DF-ER
in Section 4.2.1 and by mathematically modeling the combined system and
investigating its combined DF-ER to rotor forces in Section 4.2.2.

4.2.1 System Model mkd-Sub-Components

Fig. 4.2(a) shows a simplified model of the test-system depicted in Fig. 4.1.
Sub-components exhibiting vibration modes are represented lumped as spring
symbols k;. Each of these sub-components possesses an attributed mass and
damping. This results in (mkd—)elements, which are described in the follow-
ing:

As commonly done [93], an AMB with proportional-derivative (PD) position
control (cf. [94]) can be modeled as a spring-damper (kp, dp) element if lin-
earized at the operating point. In the test-system, the rotor position is radially
actively controlled whereas axially it is passively stabilized by reluctance
forces. The AMB stiffness in Fig. 4.2(a) is thus further distinguished into
the radial stiffness kg, and the axial kg ,x one. The stiffnesses for bending
modes are generalized indicated as: rotor kg, self-bearing motor stator kx and
structural ks; bending stiffnesses. The mounting support stiffness is labelled
as ky.

For simplicity and generalization, in Fig. 4.2(b), the complexity of the system
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model is further reduced. In Fig. 4.2(c), the individual DF-ERs Gi; from the
disturbance force excitation F; on the corresponding mass m; to the deflection
x; of the sub-elements from Fig. 4.2(b) are qualitatively shown.

All modeled sub-elements behave individually as mkd—elements. They repre-
sent a second order system. Newton’s second law yields:

m;X; = —kix; — d;ix; + Fi(t). (41)

Resulting in the sub-component transfer function (TF) H;(s) from disturbance
force excitation F;(t) on the mass m; to the position x;

Xi(s) 1

H;(s) = = , .
(S) F,'(S) misz + d,’S + ki (4 2)
which for no damping d; leads to a resonance frequency fres; of
1 ki
fresi = 75—+ — (4.3)
27 m;

Above fres i, the mkd—elements show a low-pass filter characteristic. The
coupling of the test-system to ground in Fig. 4.2(c1) is done in a soft way. It
was placed on a foam matt resulting in a fies m in the range of 60 Hz. Structural
resonances in Fig. 4.2(c2) show higher f.ss. The same holds for AMB stator
bending fres s in Fig. 4.2(c3). In contrast to that, the combination of rotor
mass and AMB stiffness in Fig. 4.2(c4) leads to very low fiesp, in the test-
system in the range of 24 Hz (axial), 45 Hz (cylindrical) 70 — 100 Hz (conical
modes) [92]. Rotor bending modes of the test-system in Fig. 4.2(c5) show fresr
above 1.5kHz [92]. The sensitivity of a microphone diaphragm in Fig. 4.2(c6)
remains high over a large frequency range due to its low inertia. The used
microphone in this chapter, Shure Beta 58A, has a high sensitivity in the range
of 50 Hz — 16 kHz [47].

4.2.2 Combined DF-ERs and AMB Relative Normalized
Vibration Amplitude Estimation Error

To investigate the combined DF-ERs to rotor forces, the mkd—model in
Fig. 4.2b) is further simplified by omitting the low frequency mounting sup-
port ky;, resulting in the mkd—model in Fig. 4.3(a). In the following, a state
space system representation of the mkd—model is derived in the form:

+B-u (4.4)

) (45)

1

xX=A-x
y=C-x
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The individual distances x; between the masses m;, and their time derivatives
serve as the system states x. As inputs u serve the constant neutral (zero
force) distances x! of the springs k; and the time varying rotor excitation

force F;(t)
XA x
. XB xg
XA X4 0
sl = x|, x= |, u=|7¢
-B ' = Xg| — Fr(t) '
Xc X6 xs 0
X6 0

With A; being the deflection of the corresponding mkd—element:
Ai =Xj— xio 5
Newton’s second law yields:

ms - X5 = —Agks — xsds + Apka + xadp
ma - (5(‘5 + X'A) = —AAkA - X’AdA + ABkB + X’BdB
mg - (5('5 + Xa + 5C'B) = —Agkp — Xpdp + Fr(t) .

(4.6)

(4.7)

o~
O
= = =

(4.10

Accordingly the system matrices of the state space representation can be

derived to:
[ 0 0 0 1 0
0 0 0 0 1
0 0 0 0 0
A=|_k  k 0 _ds da
- ms mg mg mg
ks ka _ ka ks ds da _ da
ms ms ma A ms mg ma
0 ko _k Lk Ay
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0 0 0 0 0 0]
0 0 0 0 0 0
0 0 0 0 0 0
B=| k k .
b m—ss m—AS 0 0 0 0
_ks ka4 ka _ks 0 0 O
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0 —mr matm m 0 O

dy

ma

0
0
1
0
ds
ma

(4.1

s
mg |

(4.12)

91



Chapter 4. Acoustic Diagnosis

C is an identity matrix, returning the states x in the output y. With this state
space representation, the DF-ERs were computed for all three mkd—elements
w.r.t the rotor excitation, presented in Fig. 4.3(b). Thereby the model parame-
ters shown in Fig. 4.3(c) were used. The bearing stiffness kg corresponds to
the measured value of the test system from [92]. Compared to its low kg and
high dg, high structural stiffness (ka,ks) and low structural damping (da,ds)
was analyzed to represent structural behavior. The AMB RD-M shows for
low frequencies a damped resonance and for higher frequencies a low-pass
filter characteristic and two anti-resonances in Fig. 4.3(b1). In the presence
of RD-M sensor noise, those anti-resonances are partially covered by the
noise. In contrast to the RD-M, both structure-related mkd—systems show
two distinct resonances in Fig. 4.3(b2)-(b3). Therefore the rotor excitation
force F;(t) at those frequencies excites mechanical resonances, whereas the
AMB mkd—system is not excited, it even shows anti-resonances. To quantify
how well the AMB RD-M can measure the mechanical resonances, the AMB
relative normalized vibration amplitude estimation error ey, is introduced

as:

x(f) X(f=0)
%(f) %(f=0)"
If the DF-ER of the AMB RD-M captures the vibrations, then it is proportional
to the DF-ERs of the vibrations, i.e. showing the same response characteristic.
In that case, eyjbrn = 1. If the AMB RD-M underestimates vibrations then
evibrn < 1, if it overestimates, eyibrn > 1. Fig. 4.3(d) shows ey, n for the
two structural mkd—sub-components. For frequencies lower then the RD-M
DF-ER bandwidth Brp_u, evibrn i Very close to 1. It should be noted, that
Bgrp_\ is defined by the mkd—property of the AMB together with the rotor
mass. L.e. no matter how high the bandwidth of an actual position sensor
is, the physical quantity measured defines already the upper limit Brp_pm.
Above Brp-M, evibrn increasingly deviates from 1, even with sign changes.
The mechanical resonances are underestimated by order of magnitudes. The
AMB RD-M therefore fails to measure the vibrations present in the system
model. This is in alignment with experiences in other fields: In a system
with many resonance frequencies, the energy concentrates in the vibration
modes with excitation matching resonance frequency. This is exploited in
tuned resonators for damping of unwanted resonances as reported in [95]
- [96]. It is applied for example in bridges, skyscrapers or stringed musical
instruments (e.g. “wolftone” eliminator on a cello). Therefore AMB RD-M
shows substantial deficiencies in measuring vibrations, whereas AE-M shows
promising characteristics. This is investigated in the following sections.

evibrn(f) = (4.13)
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Fig. 4.3: (a) mkd—model used for the mathematical analysis. (b) Combined distur-
bance force excitation responses (DF-ERs) from rotor force excitation F,(t) to the
corresponding deflections x;. (c) mkd-Model parameters of the analysis. (d) AMB
relative normalized vibration amplitude estimation error.
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4.3 Acoustic DF-ER Measurement Methods - Ba-
sis for Acoustic Prediction of Mechanical
Resonances and Validation Thereof

The active nature of AMBs enables to measure system DF-ERs by exciting
and measuring a response, shown for example in [97]. For this purpose, in
the standstill levitating state (SLS) a disturbance force excitation DF-E is
realized by superimposing a corresponding excitation current i, component
on the reference bearing current iy, . In [98] and [99], instead or additionally
to the excitation with one discrete frequency fi, a noise component was
superimposed on iy . In [100], separate excitation winding turns were
wound onto the AMB Stator.

Fig. 4.4 shows the two approaches for using the AMB itself as an excitation
source: in Fig. 4.4(a) the excitation current i ; with a discrete frequency
and in Fig. 4.4(b) the excitation with noise n. Both are resumed in this
chapter, but in a new form. Instead of the RD-M response, the AE-M system
response is measured for both methods. Further, instead of superimposing
artificial noise, the naturally present noise in the bearing current is used.
Ultimately, the bearing current superpositions lead to additional forces F; 4
and F, . between rotor and stator. They act like the reference bearing current
iy, ¢ generated nominal bearing force itself F; or like unbalance excitations
F, or passive magnetic forces F,_ . Since, these magnetic forces also act
on the stator they excite the structure with a force F,\p ycrure: 10 [73],
F a\B structure Was measured and modeled for a Lorentz-type AMB where (in
contrast to the AMBs of the test-system in this chapter) the passive reluctance
force relationships Fy in Fig. 4.4 played a minor role compared to the
current dependent ones Fi ;. AMB-stator internal forces F,  are parasitically
generated in the same way and are a possible additional contributor to the
system structure excitation.

In the following section, the two types of DF-E methods and corresponding
acoustic response measurements are explained in detail.

4.3.1 Acoustic Discrete DF-ER in SLS

A discrete DF-E with one frequency, which is then varied over a frequency
range, was realized as a spatially rotating disturbance force vector F, .. This
was implemented by superimposing a sine component corresponding to the
excitation frequency in the x-direction and a cosine component in the y-
direction.
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Fig. 4.5: (a) Realization of discrete DF-E, (b) extraction of half hold-period sized
evaluation interval I, ;. for each hold period At, (c) discrete Fast Fourier Transform
(FFT) of the evaluation interval data, (d) interpretation of the extracted FFT amplitude
of the respective discrete excitation frequency f; as the k-th acoustic discrete DF-ER
|Ga,d|~

Fig. 4.5 shows the measurement and evaluation procedure. The discrete
DF-E was realized as a staircase-shaped discrete frequency sweep presented
in Fig. 4.5(a). For each hold period At, a half hold-period sized evaluation
interval I, ;. of the acoustic signal was extracted from the permanently running
acoustic recording as presented in Fig. 4.5(b). The evaluation interval I, , was
subsequently subjected to the discrete Fast Fourier Transform (FFT) Fig. 4.5(c).
The amplitude of the respective discrete excitation frequency f; was extracted
and interpreted as the k-th acoustic discrete DF-ER |G, 4] as displayed in
Fig. 4.5(d).

4.3.2 Acoustic Natural Bearing Current Noise DF-ER in
SLS

The natural noise on the bearing current, which is present in normal operation,
i.e. not generated artificially, leads to a DF-E, albeit of very small amplitude.
Unavoidable sources of current noise n; and position measurements noise
np, could be of thermal, 1/f decaying (with frequency f) [101], and electro-
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Fig. 4.6: Example measurement of the bearing current noise spectrum of one bearing
phase by FFT transformation of the current measured on the oscilloscope. The bearing
current noise spectrum is shown for nominal, doubled and tripled position controller
D-part. The noise spectrum is relatively flat in the operating range of the AMB and
its magnitude increases with increasing position controller D-part.

magnetic interference [81] nature. An exemplary measured bearing current
frequency spectrum is shown in Fig. 4.6. The noise spectrum is relatively flat
in the operating range up to the maximum speed Qay. This low frequency
noise cannot be filtered without impairing the position control. To prove
the influence of the position measurement noise, the derivative part (D-part)
of the PID position controller was doubled and tripled from the nominal
value and the corresponding frequency spectrum was measured. The noise
amplitude increases with a higher D-part, thus confirming the suspected cor-
relations. This also means that within control stability limits, the D-part could
be used to artificially increase the noise level. With the nominal D-part, the
resulting acoustic noise was barely audible, nevertheless this nominal value
was kept constant for all following investigations. To measure the acoustic
response to the natural bearing current noise, a short audio sequence was
recorded with the rotor in SLS. The FFT of this recording sequence directly
yields the acoustic noise DF-ER.
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4.4 Validation of Acoustic Mechanical Reso-
nance Prediction in SLS and Failure of AMB
RD-M to Achieve the Same

Both in Section 4.3 presented acoustic DF-ER measurement methods in SLS
were applied to predict the mechanical resonances of the test-system shown
in Fig. 4.7(a)-(b). This prediction was successfully validated first with 3D-FEM
modal analysis of the test system Fig. 4.7(a) and second with a speed ramp-up
of the test system Fig. 4.7(c). As proposed by the derived theory in Section 4.2,
the DF-ER of the RD-M at SLS shown in Fig. 4.7(d) failed to predict the me-
chanical resonances, supporting the theory. In the speed ramp up experiment,
the RD-M did not show signs of mechanical resonance detection capability in
Fig. 4.7(d), i.e. the detection failed. This is in accordance with the presented
theory in Section 4.2. In summary, the acoustic mechanical resonance predic-
tion in SLS was validated with simulation and experiment. Furthermore, the
theory in Section 4.2 was found to be supported by the failure of AMB RD-M
to predict in SLS and to detect during operation the mechanical resonances.
In the following, the details of the measurements are discussed.

For the validation of the proposed theory and methods, the frequency range
was defined to cover frequencies up to twice the rotational frequency (ex-
citation order EO = 2) at a maximum test system speed of Qp,x = 23 krpm
(383 rev/s), i.e. 0 — 800 Hz. This was done to cover the range, where the main
excitations occur during rotating operation, as for higher EOs the excitation
magnitude drops. In electric machines, due to the non-ideal field shapes,
higher harmonics also occur in the magnetic forces and lead to higher order
excitations as shown in e.g. [89]. For the acoustic measurements, the sound
pressure levels provided are normalized pressures pye|, which by normaliza-
tion with py = 20 pPa, (calibrated at 400 Hz with testo 816-1 sound pressure
level measurement unit, testo SE & Co. KGaA, Lenzkirch, Germany). For the
discrete DF-E, an amplitude of 400 mA was superimposed on the reference
bearing current iy .

The prediction of mechanical resonances with acoustic discrete DF-ER in SLS
in Fig. 4.7(a) shows distinct peaks. They are validated twice as mechanical
resonances, once with mechanical eigenmodes obtained by 3D FEM modal
analysis in Fig. 4.7(a) and once with the speed ramp-up in Fig. 4.7(c).

The acoustic noise DF-ER Fig. 4.7(b) and the discrete one in Fig. 4.7(a) show
the same SV-spectrum profile with very good agreement. The noise DF-ER
signal is two orders of magnitude weaker, but does not show less information
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content. Le. similar information from discrete DF-ER can be obtained by noise
DF-ER. It further confirms the cause effect chain in Fig. 4.4. This similarity
means, that the same double validation as for the discrete DF-ER applies
similarly for this noise based method.

The validation experiment in Fig. 4.7(c) is a a speed ramp-up from 0 — 23 krpm.
The same procedure as for the discrete DF-ER was used for evaluation, but
instead of artificial excitation, the natural excitations due to speed ramp-up
operation were present. Simultaneously both EO=1 and EO=2 were evaluated
for each rotational speed Q. Deviations in magnitude compared to the discrete
and noise DF-ER were expected due to the different nature of excitation. Vi-
bration modes with natural frequencies higher than the maximum rotational
frequency of the rotor are excited by the excitations with EO = 2 during
the run-up, and these peaks also agree with the acoustic predictions in SLS
(Fig. 4.7(a) and Fig. 4.7(b)). The acoustic predictions in SLS and speed ramp-up
validation experiment are further compared with the AMB internal RD-M
shown in Fig. 4.7(d). Neither the maximum or average rotor displacement

|x| _ and |x| ) nor the measured bearing currents (maximum and average

max avg

magnitude of bearing current space vector || and [i,| ) show distinct

max avg

resonance peaks corresponding to the validation experiment in Fig. 4.7(c).
Only in the region of the AMB-rotor mkd—self-resonances in Fig. 4.7(f), large
peaks in the measured rotor position |x | are found. Slightly above these
resonances, the low-pass filter characteristic of the AMB becomes appar-
ent with decreasing rotor displacements in accordance with the theory in
Section 4.2. Also during speed ramp-up no signs of mechanical resonance
induced peaks were found in the AMB internal RD-M and bearing currents
shown in Fig. 4.7(e). Above its resonance frequency, the AMB becomes self-
centering. Geometric rotor asymmetries are still perceived (< 50 ym for this
test-system) due to the high position sensor bandwidth. Force rejection meth-
ods as summarized in [102] and [103] allow the position sensors to ignore
those supposed oscillations and letting the rotor rotate around its principal
axis of inertia, explaining the asymptotically reached rotor deflection offset.
In accordance with the theory in Section 4.2, the AMB failed to detect the
mechanical resonances occurring during operation.

Summarizing, the theoretical considerations in Section 4.2 are confirmed
experimentally. Both acoustic methods that were introduced to predict me-
chanical resonances in SLS were successfully validated with 3D-FEM modal
analysis and experimentally, while as expected the AMB RD-M failed to
achieve that prediction.
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Fig. 4.7: (a) Successful prediction of mechanical resonances with acoustic discrete
DF-ER in SLS and 3D-FEM validation of the acoustic SV-spectrum predictions. (b)
Successful prediction of mechanical resonances with acoustic noise DF-ER in SLS
and application case study one: identification of mechanical resonance speed ranges.
(c) Validation experiment: acoustic response to rotor speed ramp-up, validation of
AE-M predictions. (d) Failed RD-M prediction of the SV-spectrum in accordance with
the theory. (e) Failed RD-M detection of mechanical resonances during rotor speed
ramp-up in accordance with the theory. (f) Indicated AMB self resonance modes.
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Fig. 4.8: Acoustic failure risk prediction: comparison of the acoustic DF-ERs between a
healthy state and a damaged state with three missing SBM mounting screws. Acoustic
discrete DF-ER is shown in (a) for the healthy system condition and (b) in damaged
state with main spectral changes indicated. (c) Acoustic noise DF-ER in healthy
state, (d) in damaged condition with main spectral changes. Significant amplitude
differences in the SV-spectrum are evident in the acoustic responses (e¢) AMB RD-M
of the discrete DF-ER in healthy and damaged state.
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4.5 Acoustic Failure Prediction at Standstill

In Section 4.4 it was shown that both proposed acoustic DF-ER methods can
provide a SV-spectrum. A healthy system possesses a certain characteristic
SV-spectrum. It can therefore serve as a reference, against which condition
monitoring can be done. Faults which result in a change in the SV-spectrum
due to e.g. change in stiffnesses, damping, mass distributions or excitation
transmission change can therefore be detected. In the following, this capabil-
ity is exemplary demonstrated with three application case studies. By means
of the two acoustic methods presented in this chapter, it is possible to detect
such a system fault acoustically even in SLS before the speed is ramped up,
i.e. predict a potential system failure before it can occur.

4.5.1 Application Case Study 1: Mechanical Resonance
Speed Ranges

Both noise and discrete DF-ER prediction of the SV-spectrum are used to
identify mechanical resonance speed ranges. These speed ranges should be
excluded from continuous operation due to excessive mechanical vibrations.
They are shown in Fig. 4.7(b). It should be noted however, that resonance
frequencies that do not originate from the stationary structure but from the
rotor, can deviate from the value identified at SLS with increasing speed due
to gyroscopic effects.

4.5.2 Application Case Study 2: Lost AMB Mounting
Screws

Three out of four fastening screws of one AMB were removed, which rep-
resents a severe fault with system failure potential. The fault resulted in a
change in the SV-spectrum. The acoustic discrete DF-ER in SLS is shown
in Fig. 4.8(a) in healthy and in Fig. 4.8(b) in damaged condition. Fig. 4.8(c)
shows the acoustic noise DF-ER in SLS in healthy, Fig. 4.8(d) in damaged
condition. Significant amplitude differences in the SV-spectra are evident for
both acoustic predictions and are indicated. The corresponding acoustic re-
sponses for both methods for the same system condition match well, i.e. both
are capable of predicting the system fault at SLS already. The lost stiffness
due to the missing screws leads to increased vibration amplitude in the RD-M.
However, changes in the SV-spectrum are not unveiled by RD-M. While a
fault close to the RD-M location can be detected by RD-M, as the next case
102



4.5. Acoustic Failure Prediction at Standstill

study shows, more remote faults cannot be detected by RD-M but with the
acoustic methods.

4.5.3 Application Case Study 3: Forgotten Maintenance
Tool

To show the higher sensitivity of the proposed acoustic methods compared
to the AMB RD-M with increasing distance to the RD-M sensing location, a
case is shown exemplary, where the acoustic noise based method can detect
the presence of a forgotten maintenance wrench lying on the test-system.
The spectogram in Fig. 4.9(a) shows the spectral difference when the wrench
is placed (W) compared to when it is not (N). It was placed four times and
removed four times, which is clearly visible in the presented spectogram.
Fig. 4.9(b) shows the difference in the noise DF-ER between this two cases.
The SV-spectrum changes in Fig. 4.9(a) are identified in Fig. 4.9(b) in form of
non-symmetric difference peaks which differ from the symmetric peaks due
to noisy signals. The noise DF-ER method is accordingly sensitive enough to
detect a wrench placed on the test system already in SLS. The AMB RD-M
shows in Fig. 4.9(c) no signs of detection of the differences. In accordance with
the presented theory in this chapter it does not correlate with the SV-spectrum.
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Fig. 4.9: (a) Spectrogram of noise DF-ER of repeated wrench placement on the test-
system at SLS, with indication of the normal system without wrench (N) and with
wrench (W). (b) Difference of noise DF-ERs with and without wrench at SLS. (c) RD-M
of discrete DF-ER with and without wrench.

4.6 Conclusion

In this chapter, it was shown with theory and experimentally that rotor dis-
placement measurement fails to adequately measure mechanical resonances
of AMB systems. Two novel acoustic disturbance force excitation response
methods to predict the system vibration spectrum already in standstill levi-
tating state were presented. They were further validated with 3D-FEM modal
analysis and experimental ramp-up of the rotor speed. Three application case
studies were presented: identification of mechanical resonance speed ranges
already at standstill levitating state, detection of missing AMB mounting
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screws and detection of a forgotten maintenance tool lying on the test-system
housing. System failure risks can therefore be predicted safely before rotor
speed is ramped-up. The fast measurement procedure, in case of the natural
noise response even instantaneous feedback, allows for future live trial and
error system optimization, e.g. adding dampers or stiffening elements, with
quantifiable evaluation of the applied measures. The demonstrated capabil-
ity for condition monitoring may be used in the future to capture acoustic
“fingerprints” of industrial AMB systems, and their condition monitoring.
Future applications may combine the presented methods with data-processing
methods including machine learning.
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Conclusion

This dissertation addresses the limitations of state of the art production ultra-
centrifuges for the biopharmaceutical industry, which have so far prevented
them from widespread use in purification processes. As a potential solution, a
novel sealless production ultracentrifuge with its drive and magnetic bearing
system consisting of openable self-bearing motors, is proposed, realized as
a prototype and operated to a rotational speed of 103 krpm. The proposed
concepts enable a novel hermetically contained, fast exchangeable, sealless
production ultracentrifuge process chamber. The whole system was realized
as a prototype. Its working principle was validated experimentally by sedi-
mentation of whey proteins as a test medium. The introduction of self-bearing
motors to production ultracentrifuges opens new capabilities for system di-
agnosis. Novel acoustic methods were proposed to determine the system
vibration spectrum already at standstill by using the self-bearing motors as an
excitation source. It was experimentally validated in case studies, that already
at standstill levitating state, system defects can be successfully diagnosed by
acoustic methods, before the speed is ramped up. This enables the potential
for preventive maintenance, before a production ultracentrifuge with defects
is ramped up to very high speeds, risking massive damage.

In the course of these main findings, the following novel solutions to
identified challenges were found.

5.1 Novel Openable Self-Bearing Motors

> The novel openable self-bearing motors render rotary seals, mechanical
bearings and damping elements unnecessary. They allow for a hermeti-
cally enclosed process chamber incorporating the rotor. The connected
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inlet and outlet tubes can stay connected, i.e. maintaning sterility, while
exchanging the whole rotor unit. This solves any contamination issues
in both directions, to the outside and from the outside, while enabling
extremely small batch changeover times.

Adverse effects caused by the unavoidable yoke air-gaps in the novel
openable self-bearing motors were discovered: a) parasitic induced
voltages, resulting in parasitic induced currents, caused by the flux
variations due to the rotor angle dependent reluctance, generating un-
desired stator losses. b) axial magnetic bearing stiffness ripple appears
for vertical rotor operation of openable self-bearing motors, which
hinders the passing of the axial magnetic bearing resonance frequency.
Two measures were found and successfully implemented to reduce the
parasitic induced currents to an acceptable level. On the one hand,
phase L-filters were found to reduce their amplitude. On the other
hand, a current control scheme with a parasitic current feed-forward
control was proposed. To reduce the axial magnetic bearing stiffness
ripple, the root cause has been identified. As a countermeasure, novel
yoke interface shoes are introduced, which reduces the rotor angle
dependent reluctance variation. This helps also for the other yoke
air-gap caused adverse effects. Furthermore, guides to find the optimal
magnet orientation offset combinations of the two rotor magnets and
the magnet dimensions for vertical rotor operation, as required for
PUCFs, was derived.

Stray fields of high-speed toroidally wound slotless motors prevent the
direct cooling of the windings with an electrically conductive cooling
jacket due to eddy current loss generation at very high speeds. A
novel electrically insulating macro-filler composite (MAFC) material,
containing highly thermally conductive macroscopic aluminum oxide
ceramics spheres is proposed and successfully measured to improve
the potting thermal conductivity by a factor of 3.4.

The ability of the proposed openable self-bearing motors to achieve very
high rotational speeds was experimentally demonstrated by reaching
103 krpm.
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Novel Sealless Production Ultracentrifuge
Type

To avoid crossing of the first flexural bending mode of the rotor, the ro-
tor was designed to operate subcritical. This was verified with 3D-FEM
modal analysis, acoustic impact response measurement, and rotor fre-
quency response measurement with the aid of the self-bearing motors
as actuators.

In case of burst, high kinetic energy containing rotor fragments need
to be contained. An openable burst armor concept was proposed to
still allow for fast exchange of the hermetically enclosed process cham-
ber. The openable burst armor feasibility to contain rotor fragments is
supported by a theoretical analysis.

The omitted rotary seals require a new sealless rotor flow path concept
to avoid the fluid from falling through the rotor without filling the
rotor. A method was proposed, which enables dynamic filling of the
rotor during rotation. A novel inlet distributor avoids fluid from falling
through the rotor during filling. Equalizing channels ensure balanced
fluid distribution in all rotor chambers. The general working principle
was experimentally verified by the successful sedimentation of whey
proteins.

Novel Acoustic Diagnosis Methods

To prevent damage by system failures during high-speed operation
due to undetected system faults, a system diagnose method is desired,
which is applicable before speed ramp-up. The magnetic bearing func-
tionality enables new opportunities to diagnose the system by exciting
it and measuring a response. However, it was found theoretically
and experimentally that the rotor displacement measurement fails to
adequately measure mechanical resonances in the stationary system
structure. Therefore, two novel acoustic disturbance force excitation
response measurement methods to predict the system vibration spec-
trum already in standstill levitating state were presented and validated
experimentally. They allow to analyze the structural resonances of the
system already before the speed is ramped up. In case studies it was
shown, that already in standstill levitating state, system defects can be
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diagnosed. They can thus be repaired before they cause further damage
in operation.

5.4 Outlook

The proposed solutions to the identified major problems of the state-of-the-art
production ultracentrifuges preventing them from widespread use in purifica-
tion for biopharmaceutical products are experimentally validated within this
dissertation. They represent one step towards bringing ultracentrifugation
back into consideration as a candidate for the purification of biopharmaceuti-
cal products in industrial large-scale production, with the advantage of the
capability to separate by density or sedimentation coefficient. The presented
sealless production ultracentrifuge concept has the potential to serve as a ba-
sis for a future alternative to chromatography or a complementing polishing
step.

The foundation is laid for a new type of production ultracentrifuge, on
which future biopharmaceutical research can build to refine the rotor and
process design to specific biopharmaceutical purification process needs.

The proposed production ultracentrifuge concept is a potential technology
candidate to help solving the problem of undesired immune reactions to empty
or partially empty capsids in viral vector therapies.

The proposed ultracentrifuge potentially can serve additional applications
in the chemical industry, for example in the production of nano-particles.

The proposed openable self-bearing motor technology potentially also
can find further applications in biopharmaceutical and chemical industry,
where a fast exchange of hermetically enclosed rotors can be beneficial.

The proposed cost effective macro-filler composite thermal bridge material
can find use in other applications such as the heat extraction of very high-
speed electric machine stators or magnetic components in power electronics.

Acoustic diagnosis of structural properties in systems suspended by mag-
netic levitation already during standstill can be of use in different industries
as well. Preventive maintenance of high asset systems like power plant gen-
erators or turbines, industrial compressors, or kinetic energy storage could
benefit from this form of system diagnosis, to prevent damage. The identi-
fication and monitoring could be enhanced by artificial intelligence in the
future.
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