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Abstract: Monitoring the strain in the rotating flywheel in a kinetic energy storage system is im-
portant for safe operation and for the investigation of long-term effects in composite materials like
carbon-fiber-reinforced plastics. An optoelectronic strain-measurement system for contactless de-
formation and position monitoring of a flywheel was investigated. The system consists of multiple
optical sensors measuring the local relative in-plane displacement of the flywheel rotor. A special
reflective pattern, which is necessary to interact with the sensors, was applied to the surface of the
rotor. Combining the measurements from multiple sensors makes it possible to distinguish between
the deformation and in-plane displacement of the flywheel. The sensor system was evaluated using
a low-speed steel rotor for single-sensor performance investigation as well as a scaled-down high-
speed rotor made from PVC plastic. The PVC rotor exhibits more deformation due to centrifugal
stresses than a steel or aluminum rotor of the same dimensions, which allows experimental mea-
surements at a smaller flywheel scale as well as a lower rotation speed. Deformation measurements
were compared to expected deformation from calculations. The influence of sensor distance was
investigated. Deformation and position measurements as well as derived imbalance measurements
were demonstrated.

Keywords: flywheel; contactless strain measurement; laser

1. Introduction

Flywheel energy storage systems (FESS) are increasingly being used for applications in
grid stability and load balancing as part of the effort to shift energy production to renewable
sources [1]. One of the main challenges is the mismatch in peak energy consumption
periods and production periods of wind and solar energy. Energy storage technologies are
an important tool to help mitigate this mismatch. A FESS is an electromechanical system
consisting of a rotating mass called the flywheel, which is attached to an electrical machine
operating as either motor or generator [2]. The FESS is charged by accelerating the flywheel,
converting electrical energy to rotational mechanical energy. To extract energy, the electrical
machine operates as a generator, decelerating the flywheel. Important features of a FESS
are a high charge/discharge cycle count, no capacity decline over the lifespan, and the
ability to dimension the storage system’s capacity largely independently from its power.
On the downside, the achievable energy densities are low (e.g., 30 Wh/kg, depending
on material), limiting the practical capacity, and mechanical losses are high, discharging
the FESS in a matter of hours. These properties are complementary to chemical battery
storage systems where cycle count is usually a limiting factor, but self-discharge is less
of a concern. This makes FESS interesting for applications in small-scale grid stability,
acting as a local, short-term energy buffer for high-power-demand applications, as found
in public transport electric vehicle charging stations or industries with brief power draw
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peaks [3]. Since the energy capacity of a FESS is proportional to the square of the flywheel’s
rotation speed, we are interested in selecting materials that withstand high centrifugal
stresses. Carbon-fiber-reinforced plastic (CFRP) offers higher tensile strength compared to
steel and can be used to selectively reinforce a steel flywheel by press-fitting outer rings of
hoop-wound CFRP over a steel shaft incorporating the bearing seats.

The composite construction of such a flywheel offers unique manufacturing challenges
and requires specialized methods of condition monitoring. For instance, to monitor the
interface between multiple press-fitted CFRP hoops, strain has to be measured locally at
multiple radial positions [4].

A scaled-down test was performed to verify the sampling-speed requirements of
the sensor design as well as to generate test data of the whole measurement setup for
further simulation verification. This paper presents preliminary experimental results of a
contactless, optoelectronic strain-measurement system, applied to a scaled-down laboratory
model of a flywheel system. The system measures the position and deformation of the
flywheel rotor in operation and can be used to identify operation parameters like imbalance,
critical resonant operation speed, and directional deformation of the flywheel.

Previous papers focused on the influences that contribute to the overall measure-
ment uncertainty from the optical parts of the sensor system as well as influences from
flywheel movement [5,6]. This work is an extension and continuation with a focus on
the implementation and testing of the complete measurement system on a miniaturized
test bench.

2. Optoelectronic Strain Measurement Sensor

This section offers an introduction to the operation principle of the optoelectronic
strain measurement (OESM) system and describes the design of a single sensor unit as
well as the arrangement of multiple sensors in a sensor system. A reflective paint pattern
is required to interact with the optical sensors. The application process of this reflective
pattern to the rotor surface is shown. The adjustment process for a single sensor as well as
the electrical connection and data acquisition are described.

2.1. Introduction to Optoelectronic Strain Measurement

This section is cited from a paper of previous work covering the same OESM system [5].
It explains the principle operation of an optoelectronic strain measurement (OESM) method
for flywheel rotors as shown in Figure 1 [7]. A pattern of spiral sections is applied to the
top surface of the rotor. This pattern is locally illuminated in a small spot by a stationary
light source, and the reflected light is measured by a sensor. The intensity of the reflected
light depends on the surface it is reflected from. The dark CFRP surface reflects less light
than the chrome paint used to apply the pattern.

CFRP Flywheel Photo Diode

Detail A Spiral Boundary Pattern

Figure 1. Basic principle of optoelectronic strain measurement (OESM) on a flywheel [5]. A special
pattern consisting of sections of Archimedean spirals is applied to the rotor. A laser illuminates a
spot on the rotor surface, and a photodiode is used to measure the reflected light.

Over each full rotation of the flywheel, a characteristic sequence of light and dark
pulses is measured along the circumference of the pattern, as illustrated in Figure 2. Strain
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in the rotor, for instance from centrifugal forces, causes the rotor and also the applied
pattern to deform and stretch radially. Due to this deformation, the stationary light source
and sensor illuminate a slightly altered shape of the pattern, changing the relation of light
pulses received by the photodiode. From the duty cycle of the light pulses, the position on
the pattern and therefore the relative deformation of the flywheel can be calculated.
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Figure 2. Electrical output signal from the OESM system [5]. The transition from CFRP to chrome

paint is called the edge transition function and is not an ideal step function. A threshold is applied to
determine the time of the transition.

The special pattern, shown in Figure 1, consists of lobes: filled, three-edged shapes
where two edges are pieces of Archimedean spirals [8]. In polar coordinates, an Archimedean
spiral is described by its constant relation of the radius r and the angle 6. Lobes are re-
peated over the circumference and radius, providing multiple measurement positions on
the flywheel.

For the example with CFRP base material as in Figure 1 the duty cycle « can be
described as follows:

_ Echrome _ Echrome (1)

Flobe tehrome + ECERP

where f.j;0mc is the measured width of the light pulse, tcrrp is the width of the dark pulse,
and t;,p, is the width of one lobe.
A more general form of Equation (1), for any combinations of base and pattern

material, is
o tpattern . tputtern

T =71 )
lobe pattern + tpase
where tpattern is the measured width of the painted pattern, tp,, is the width of the flywheel
base material, and f;,p, is the width of one lobe.

To measure the deformation u at a sensor position, we have to determine its radial
position within a lobe from the respective duty cycle measurement a. The radial position
on a lobe segment r can be calculated as

r=ro—wa-(ro—r;) 3)

where r, and r; are the outer and inner radii of the lobe segment within the detectable
range of the sensor. Reference values for each sensor position are acquired at low rota-
tion speeds, where the deformation is negligibly small. The local deformation u at each
sensor position can then be determined by the difference in the reference value and the
instantaneous measurement.
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2.2. Sensor Design

The OESM sensor system requires multiple optical sensor units for its operation.
A single OESM sensor unit consists of a laser light source, a photodiode, and a 3D-printed
frame to hold the components in place as well as allow mounting. The sensor schematic is
shown in Figure 3. The main criterion by which the photodiode (OP906, TT Electronics [9])
was chosen was its short rise time of 5ns so the fast transients of the reflected PWM-signal
can be captured without additional distortion from the photodiode.

LLL S LA Target
N
1)

Laser spot

Laser beam
Photodiode

I
]
]
]
I
I
]

Laser diode

Adjustment screws

3D-printed
sensor body

Friction fit

Figure 3. Design schematic of a single OESM sensor element.

The laser light source is an off-the-shelf laser pointer module (DI605-1-3(8x21)-AD],
Picotronic [10]) with an integrated laser diode, lens, focusing mechanism, and driver circuit
and is supplied with 3 V. It is cylindrical with 8 mm diameter at 21 mm length. This module
was chosen because it allows the sensor to be compact while still offering an adjustable
focus to change the size of the laser spot. The laser module is friction-fit at its base end in
the frame. The laser’s front end can be adjusted with four set screws for fine-tuning its
position. This provides a method to aim the laser and adjust its reflection to directly hit
the photodiode.

The jig, in which a single OESM sensor can be adjusted, is shown in Figure 4. The sen-
sor was mounted at a reference distance of 6 mm from the photodiode and is initially aimed
at a black surface to adjust the laser focus. The resulting laser spot sizes and corresponding
focus settings were recorded with a laser beam profiler. An exemplary beam profile is
shown in Figure 5. To aim the reflected laser beam at the photodiode, the sensor was
mounted at reference distance above a surface-coated mirror, and the set screws were
adjusted until the beam hit the photodiode’s center.

Height-adjustable —
parallel mount

Power supply and
measurement equipment

Sensor —

Probes and measurement
leads

PVC-target
with silver paint —

Base —

Figure 4. Bench-top measurement setup for the laser focus, distance, and position adjustment of a
single OESM sensor. For position adjustment, the target is replaced by a mirror.
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Figure 5. Measured beam profile of the laser light source. The focusing lens screw is set for the
minimum achievable beam width.

2.3. Measurement Setup

The electrical setup for one sensor is shown in Figure 6. Each sensor’s photodiode is
connected in reverse to the supply voltage V5, = 36 V. The resulting diode current Ipp is
proportional to the light intensity. The shunt resistor Ryy,,,,; influences the measurable rise
time of the photodiode signal. A larger resistance value will result in higher voltage signal
amplitudes at the oscilloscope but will limit the signal bandwidth. Smaller values will in
turn lead to a smaller signal amplitude and higher bandwidth. For the measurements in
this paper, a resistance Rgy,,,r = 10k() is used as a good trade-off between signal-to-noise
ratio and signal rise time.

Photodiode

Twisted pair

Rshunt

Vsup C

el
5
e
s

Figure 6. Schematic of the electrical setup of one OESM sensor.

The oscilloscope used to measure the photodiode signal is a PicoScope 4444 with
up to 20 MHz bandwidth and up to 14-bit resolution. It connects to a PC via USB and is
controlled by a custom Matlab measurement script. Due to its design and material, our
flywheel is limited to a rotational speed of 18 krpm (300 Hz). Hence, the bandwidth of the
PicoScope 4444 is sufficient. As presented in a previous paper, a time resolution of 3.3 ns is
desirable while interpolation from lower sample rates introduces additional uncertainty in
the measured flank position in the photodiode signal and therefore in the duty cycle « [5].

2.4. Pattern Design

A specific pattern consisting of pieces of Archimedean spirals was applied to the
flywheel rotor’s surface via a process of masking and spray painting. The pattern has
to create a contrast to the natural base color of the flywheel rotor’s material. Reflective
properties of relevant materials were presented in a previous paper [11]. For steel flywheels
that are naturally reflective, black paint was used. For the PVC flywheel, which in this
specific case has a gray base color, a reflective silver paint was used. A pattern with four
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repeating lobes, as shown in Figure 7, allows four strain and position measurements during
each flywheel revolution. The pattern was created by a Matlab script and exported as
vector graphic. From the pattern file, a paint mask was cut out of vinyl foil with a vinyl
cutter (Ritrama O-400 foil, Roland GX-24 vinyl cutter).

Figure 7. OESM pattern design. The white areas represent the reflective surface (bare metal in the

case of a steel flywheel or reflective silver paint on a PVC flywheel).

Each lobe, in addition to the spiral pieces, also has a patch of constant angular width
for reference purposes. For one lobe, the calibration patch is interleaved with a notch
which is used as the index reference. This allows the assignment of the PWM data from
the measurement signal stream to a specific lobe and therefore a specific position and
orientation on the flywheel. The repeated rings of the pattern were 10 mm wide, with the
outermost 2 mm consisting of a continuous ring to hold the cut-out vinyl foil pieces together
when they were applied to the rotor surface. This area cannot be used for sensing, which is
an acceptable tradeoff for ease of pattern mask application. Since the laser beam was aimed
at the ring’s center position (5 mm from the inner ring radius), this leaves a measurement
range of —5mm to 3 mm.

After cutting, the vinyl foil was still attached to a so-called carrier foil. Areas of the
pattern that should be covered in paint had to be manually removed from the foil mask.
Afterward, the foil mask was covered in a transfer foil, the carrier foil was removed, and the
mask was applied to the flywheel. The surface of the flywheel was wetted (water for PVC,
oil spray for steel) to aid the positioning of the mask. After drying, the transfer foil was
removed, and the surface was cleaned and then spray-painted. Positioning of the pattern
on the flywheel was identified as a source of inaccuracy, so care has to be taken in the
manual application process. Because of the limited precision further compensation might
be necessary [6].

2.5. Sensor System and Positioning

One single sensor can fundamentally only measure the shift of the pattern relative to
the sensor position. A rotating flywheel will exhibit deformation and displacement due
to rotor dynamics. Displacement can occur perpendicularly to the rotation axis (in-plane
displacement, in the plane of the pattern on the circular face of the cylindrical flywheel) or
along the rotation axis (out-of-plane). The deformation due to centrifugal force is a function
of speed and radial position on the flywheel. An OESM sensor looking at a piece of the
pattern on the flywheel will generally measure a combination of the flywheel’s in-plane
displacement and deformation. By deploying multiple sensors at different positions, it is
possible to separate the general behavior of the flywheel into the displacement part and the
deformation part. Orthogonal sensor placement further enables the determination of the
direction of in-plane displacement.
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The placement of sensors is shown in Figure 8 where the letters A, B, C, and D indicate
the angular position, and the subscript corresponds to the ring on the pattern the sensor is
centered on. Numbering starts at 1 with the outermost ring and continues inward.

— || e | | |

L =

Figure 8. Sensor positioning on the test bench relative to the OESM pattern on the flywheel (top-down
view through the flywheel).

From the raw voltage signal, measured at the photodiode’s shunt resistors, pulse
width values were calculated. From the measured pulse widths, the duty cycle is calculated
according to Equation (2). The duty cycle then translates to a shift between the pattern and
the sensor position according to Equation (3). The uncalibrated shift value is the sum of
the sensor placement error, the pattern placement error, the in-plane displacement of the
flywheel, and the deformation of the flywheel. Sensor and pattern placement errors can be
compensated by calibrating to a reference position, recorded at low rotation speeds (i.e., the
lowest speed still recorded in a coast-down test before standstill). During this calibration
run, deformation due to centrifugal forces will be negligibly small, and the axis of rotation
is dictated by the flywheel bearing.

All sensor readings during this calibration phase are therefore offset due to non-perfect
sensor placement or non-perfect pattern placement and are subtracted from subsequent
measurements. Deviations in sensor placement and in paint pattern were further investi-
gated in a previous paper [6].

Because of the linear relation between the pattern shift relative to the sensor and the
pulse width of the measured signal, a homogeneous deformation of the flywheel leads
to the same increase in pattern shift measurement on all sensor positions of the same
radius. For small in-plane displacements of the flywheel, we can neglect the influence of
the non-linear relation between radial position and deformation. The mean pattern shift
value of a pair of sensors on opposing sides of the flywheel corresponds to the deformation
along the sensor pair axis. Sensor pair A-B in Figure 8 corresponds to the deformation in
the y-direction while sensor pair C-D corresponds to the deformation in the x-direction.

~  sc(i)+spl(i)
ux(i) = "SF o @

iy (i) = M ®)

In-plane displacement of the flywheel along an axis will lead to inverse relative change
in the sensor values of the respective sensor pair (A-B for the y-axis, C-D for the x-axis). Half
the difference in sensor values of a pair corresponds to the flywheel in-plane displacement
in the respective axis direction.

de(i) = M (6)
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Measured shift values s for each sensor are assigned a time index i where every time
step corresponds to a shift measurement over one lobe of the pattern. For a pattern with four
lobes, a full rotation of the flywheel can be resolved in four time steps. When calculating
deformation and in-plane displacement, care has to be taken to use the shift values from
the same time index i. The index mark (double line in the reflective pattern) is used as a
reference to assign the correct timing index to shift measurements from different sensors.

3. Experimental Test Bench Setup

The OESM setup was tested on two different flywheel test benches: An open test
bench was used for low-speed tests where the sensor position can be varied by a stepper
motor assembly. For high-speed tests, a closed test bench was used. In case of a rotor burst
because of material failure or adverse operating conditions, it can withstand the impact of
a PVC flywheel.

3.1. Low-Speed Test Bench for Single-Sensor Characterization

The low-speed test bench consists of a 27 kg steel rotor (25 cm diameter, 7 cm height)
and is designed for a maximum rotation speed of 40 Hz. A photo of the whole test bench is
shown in Figure 9. Since the rotor surface is naturally reflective, the pattern was applied in
black spray paint to create an optical contrast. The masking and painting process as well
as the pattern itself are described in Section 2.4. The rotor with the applied pattern can be
seen in Figure 9. In order to record the characteristic curve of the OESM sensor, a single
sensor was mounted on a stepper motor translation stage with pm positioning resolution
to adjust the sensor in the radial direction of the flywheel. The sensor was moved to its
nominal distance of 6 mm from the rotor surface and aimed at the center of one ring section
of the pattern.

Safety housing Flywheel

OESM sensor

Sensor arm Drive shaft

Radial stepper motor —

Axial stepper motor —

Figure 9. Low-speed test bench with steel flywheel. The motor (not pictured) is mounted above the
flywheel and coupled via a magnetic coupling.

The characteristic curve of the OESM sensor describes the relation of the radial shift
between the sensor and pattern on the surface and the photodiode signal’s relative pulse
width. For the measurement series of the characteristic curve, the flywheel was held at a
constant speed of 40 Hz. The sensor was radially moved by the translation stage relative
to the pattern, and the sensor’s photodiode signal was recorded over multiple flywheel
revolutions at each position. For increased accuracy through averaging and uncertainty
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analysis, the whole cycle was repeated multiple times and also repeated with increasingly
finer position increments.

To analyze the influence of axial distance between the OESM sensor and the flywheel,
a second translation stage was added to change the sensor’s distance from the surface
as well. At the nominal distance of 6 mm, the laser beam, reflected on a mirror surface,
would hit the center of the photodiode. Since the laser beam behaves like a Gaussian
beam, its diameter increases with distance from the laser source, and the intensity over
its cross-section follows a two-dimensional Gaussian function. In its nominal position,
the reflected beam is centered on the photodiode. A change in sensor distance also causes
a parallel translation of the reflected beam from the the surface. The parallel translation
changes the area of the Gaussian beam, which overlaps with the photosensitive area of the
photodiode while the change in beam length influences the intensity.

The laser focus was set to achieve a beam spot width of ~500 um at a nominal sensor
distance. This provides a balance between transition detection speed (smaller spot) and
reduction in surface inhomogeneity noise (larger spot).

3.2. High-Speed Test Bench with PV C Flywheel for Sensor System Evaluation

The high-speed test bench was used to evaluate the OESM system at faster revolution
speeds during which the flywheel deforms due to centrifugal force. A flywheel made out
of polyvinylchlorid (PVC) was used rather than one made from steel or aluminum because
PVC (Young’s modulus E = ~3 GPa) will deform more than metal (Young’s modulus for
steel E = ~210GPa) at the same speed. Additionally, the lighter PVC flywheel’s energy
content will be lower, making it less likely to damage the sensors or the test bench in the
event of a malfunction, e.g., a rotor burst.

The key parts of the test bench are the motor, the magnetic coupling, and the flywheel
under test in a vertical arrangement [12]. The key parts and the sensor assembly are placed
in the airtight safety housing, as shown in Figure 10 [12]. The water-cooled motor is rated
at 2.2 kW at up to 42krpm. Since the flywheel needs to be operated in a vacuum to reduce
air friction, the flywheel chamber can be sealed and evacuated with a vacuum pump to
ambient pressures of below 1 mbar. A magnetic coupling is used to transfer the torque of
the motor outside the vacuum chamber to the shaft of the flywheel. A thin, rigid fiberglass
membrane separates the two pressure environments and seals the flywheel chamber.

— Sensor cable

Spin pit

Sensor mounting rails —

Alignment pin for lid —

Vibration sensor —j

to lid

Lower bearing

Screw terminal

OESM sensors

Figure 10. Lower half of the high-speed test bench with four OESM sensors mounted on rails. Sensor
cables are attached at a screw terminal. A ribbon cable is used to connect the screw terminal to a
vacuum lead-through in the test-bench lid. When the lid is closed, the flywheel drive shaft is inserted
in the lower bearing for stability. The vibration sensor is used to determine the resonant frequency of
the flywheel system.
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PVC rotor

The flywheel with a diameter of 22 cm was cut from a 9 mm PVC sheet, mounted to
an axle hub, and then machined on a lathe to improve roundness and balance [13]. Since
our specific PVC is dark gray in color, the OESM pattern was applied in a reflective silver
paint to create a contrast for the sensor, as described in Section 2.4. The PVC flywheel is
supported by two ball bearings, one above and one below the flywheel.

The sensor assembly shown in Figure 10 consists of mounting rails in a cross configu-
ration for easy repositioning of the OESM sensors at different angular positions and radial
distances as described in Section 2.5. The lid of the high-speed test bench with the mounted
PVC flywheel can be seen in Figure 11.

Spin pit lid

Rotor mount

— Cable cover

Drive shaft

Sensor cable

Damper ring

— from spin pit

Utheory (r,w) =

Figure 11. Test bench lid with mounted PVC flywheel. The motor is mounted above the flywheel and
connected to the drive shaft via a magnetic coupler. This allows the flywheel to spin in a vacuum
even though the motor is mounted outside the vacuum for cooling reasons.

4. Flywheel Mechanics

This section will explain the mechanical flywheel properties the OESM system is able
to measure. Formulas used to calculate the theoretical reference values for comparison
with the measurements will be introduced. We will also discuss why these properties are
of interest for monitoring the condition of a flywheel energy storage system.

4.1. Deformation Calculation

Deformation due to centrifugal forces, when the flywheel is simplified to a uniform
disk with a center hole, can be calculated as the radial deformation displacement

P‘Uz 2 2
@ (1 - V)(3 + 1/)(Thole + rout)r +

®)

(1 + V) (3 + V)rﬁolergut o (1 _ 1/2)1”3>
r
with the material parameters density p, Poisson’s ratio v, and Young’s modulus E. The disk’s
size is described by its outer radius 7,,; and the radius of the hole ry,;,. Variables are the
rotation speed w and the radial position r. The speed w in rad /s can be converted to f in
rev/s or n in rev/min by
w =2nf,n=f-60. )

The material parameters p and v were taken from manufacturer data sheets, and Young’s
modulus E for the PVC material was determined experimentally by spinning a flywheel
specimen until it burst [13]. The calculated burst speed was then fit to the measured one by
adjusting the value of Young’s modulus E in the calculation. The value for E = 2.9 GPa
determined in this way was subsequently used for strain and deformation calculations.

The calculated radial deformation displacement at the maximal safe rotation speed
n = 18 krpm (300 Hz) is shown in Figure 12 which indicates that the maximum deformation
displacement occurs at the radius » = 95 mm. This radius was subsequently chosen as a
suitable sensor position. For larger radii, the deformation displacement decreases again
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because there is less material for the outwards force to act on. Figure 13 in turn shows the
expected deformation displacement at that fixed-sensor position.

We were also interested in the radial differential deformation displacement due to
deformation dutger, (1, w)/dr which was evaluated discretely by taking the difference in
the measured shift values s of two OESM sensor modules a certain radial distance apart.

Displacement over Radius, Fixed Speed

3501

300

n

u

o
T

Displacement u in um
n
o
o
T

—_

a

(=}
T

100 | | | | | )
0 20 40 60 80 100 120

Radius r in mm

Figure 12. Calculated PVC flywheel deformation. Deformation displacement u over radius r for a
rotational speed of f = 300 Hz.

200r Displacement over Speed, Fixed Radius
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o 1 1 1 1 1 1
0 50 100 150 200 250 300

Speed fin Hz

Figure 13. Calculated PVC flywheel deformation. Deformation displacement u at radius r = 95 mm
over rotational speed f.

4.2. Position and Imbalance

This paragraph provides only a brief insight into the highly complex subject of rotor
dynamics. In principle, the main operating modes of a rotor can be divided into subcritical
and supercritical. In this context, a supercritical operating mode means an operating
speed that is beyond the critical speed (i.e., 1. eigenfrequency) of the rotating system and
subcritical below it. The OESM system is able to detect the center position of the spinning
rotor. To explain the physics behind the in-plane displacement of the center position of
a rotor, a simplified system, the Laval rotor, is used. This system consists of a vertically
rotating stiff disk with a mass m and an eccentricity e attached to a massless shaft. The axis
of rotation is flexible in the disk plane (xy-plane) with a system stiffness k. Tilting due to
torque imbalance as well as friction due to relative displacements and deformation are
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neglected. Figure 14 shows the simplified system and the technical implementation on the
high-speed test bench.

iy
e
~
LR\

Figure 14. Schematic sketch of a Laval rotor (left), test setup (right).

The flexible mounting of the rotor can be achieved by two main design principles
shown in Figure 15a—a stiff shaft with flexible bearings, and Figure 15b—a flexible shaft
with stiff bearings, and while rotating at constant speed, the equilibrium deformation of
the flexible shaft does not change over one revolution, in contrast to the deformation of
the flexible bearings, which undergo a complete stress cycle each rotation. The second
design simplifies the implementation of damping mechanisms. In practice, this is an
important property of a supercritical rotor-bearing system. However, it is not necessary to
take damping into account in a first instance.

Subcritical speed
C.
——e———O0—>7
7,
l—S»
[—>

F, F
=>
(0] C P
1 e
! I'p

Supercritical speed

Figure 15. Mounting design of (a) a stiff shaft and flexible bearings and (b) stiff bearings and a flexible
shaft; (c) acting forces at sub- and supercritical operation speed.

Figure 15 shows the simplified force situation related to the presented model. The acting
forces in the xy-plane are the centrifugal force Fc = mw? rp and the elastic force F, = rck.
For the center position ¢, the force equilibrium of the steady state operation becomes

mw?2e e
re| = | | = | (10)
k — mw? # -1
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As shown in the graph (Figure 16), the distance r¢ becomes infinitely large at the
critical speed w¢r = vk/m. At this speed, the deflection of the shaft would theoretically
increase infinitely. This runout is independent of the value of the eccentricity e and would
lead to failure of the rotating system. If we look at the supercritical range of the graph,
the absolute value of in-plane displacement rc converges to the eccentricity e. This behavior
is called “self-centering”; at infinite operating speed the system tends to rotate around its
center of gravity. For the practical implementation of supercritical operation, the runout
of the in-plane displacement during the critical speed must be prevented, and the self-
centering effect must occur. Both the ability to rotate faster than the critical speed and
the stability at this operation state are linked to the Coriolis acceleration [2]. Referring to
Figure 15, the Coriolis force can only influence the system if point P can move freely in the
xy-plane. However, in the hypothetical case that point P is restrained to move only along
the x-axis in radial direction r, the rotor cannot reach a supercritical operation state [2].
In this case, self-centering cannot occur, as the Coriolis acceleration would not be able to
move P in the y-direction. Even assuming that an external force places the system in its
equilibrium position in the supercritical mode, such a position would still be unstable.
In essence, this hypothetical case corresponds to a shaft system with different stiffness in
the x and y directions, resulting in the existence of two critical speeds, each one dependent
on one of the values of the stiffness of the shaft. In the operating speed range between the
two critical speeds, the shaft exhibits an unstable behavior, assuming that damping can
be neglected. A more detailed consideration goes beyond the scope of this paper and the
reader is referred to [1].

Absolute axis displacement amplitude over speed

4001
‘Tcl = Ikﬁ:ijz —— =
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C
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Figure 16. Representation of the calculated radial in-plane displacement of the rotational axis of a
simplified rotor in sub- and supercritical operation mode. (top curve = undamped; middle and lower
curve = damped).

As mentioned above, load-dependent damping D is implemented. This limits the
maximum in-plane displacement at the resonance speed and thus reduces component loads
and vibrations. Figure 16 shows the progression of ¢ related to the disk eccentricity e as a
function of the related speed f = w/2m with the damping D, as follows:

re|l = ery”
rel V(1 —=7%)%+ (2Dn)?

(11)

In Equation (11), 7 is the speed-dependent phase shift w/w.,. In the case of weak
damping, the curves of the undamped and damped implementations approximately match,
with deviations only occurring in the resonance range. In the damped system, the center
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in-plane displacement r¢ remains finite. Depending on the level of damping, the maxima
are shifted slightly to higher frequency values f [14].

The application of these rotor dynamic principles is important for all high-speed ma-
chines. For modern flywheel systems, the advantages of supercritical operation predominate:

1.  Lower vibration levels caused by imbalance;

2. Reduced bearing loads;

3.  Stiffness of the shaft can be reduced,;

4. Manufacturing accuracy requirements decrease.

The OESM system enables not only the resolution of the radial rotor expansion but
also the in-plane displacement of the axis of rotation. This is of great importance in terms
of rotor dynamics and can help to monitor and optimize fast-spinning systems.

5. Results and Discussion

This section will present the results of the experimental measurements on the low-
speed and high-speed test benches described in Section 3. The plot in Figure 17 gives
a qualitative overview of the photodiode signal. Measurements are either performed
at a constant flywheel rotation speed or as a coast-down experiment. In a coast-down
experiment, the flywheel is accelerated to the target speed, after which the motor is turned
off. The flywheel is then allowed to slow down to a halt on its own, decelerated only by
inherent frictional forces. Because of the inertia of the flywheel, the coast-down of the PVC
flywheel takes up to 2 min, over the course of which repeated measurements at decreasing
speeds are taken. This results in a characteristic curve of the measured value over speed.
Measurements of coast-down experiments are less prone to errors due to the interference of
the running motor. The interference and noise in the unfiltered photodiode signal can result
in errors in the detection of the index mark double pulse. To reduce these errors, a moving
average (MA) filter with a dynamic filter length was used. In a first step, the period of one
full flywheel revolution is estimated from the DFT of the signal. In a second step, the MA
filter length is chosen accordingly, e.g., as 1 % of the period. The threshold for the flank
detection is dynamically adjusted as well by a similar approach. An MA filter with a length
corresponding to two flywheel revolutions is applied to the photodiode signal to generate
a threshold value, which can adjust for changes in reflected light intensity. Reflected light
intensity is dependent on the homogeneity of the reflective part of the pattern. As can be
seen in Figure 17, the measured reflected light intensity differs between the four pattern
lobes, each represented by a corresponding pulse in the plot. The reflected light intensity
can change between measurements when a shift in the pattern occurs, for instance by radial
deformation of the flywheel. A dynamically set threshold can account for those changes.

Photodiode (PD) signal

0151 PD signal unfiltered
PD signal filtered
> Dynamic threshold
< 01 “ h High/low signal
[0}
g
©
> b o — 1 =
n 0.05F
" w W w
0

5 10 15 25 30
Time in kSampIes

Figure 17. Example of the photodiode (PD) signal from an OESM sensor. Flywheel rotation speed
300Hz, sensor position A at ¥ = 95mm. The unfiltered signal shows fluctuations from the inho-
mogeneous reflectivity of the silver paint. A dynamic threshold is calculated to account for these
fluctuations. The high and low times are determined after the threshold is applied to the PD signal.
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5.1. Low-Speed Characteristic Curve

The first measurements were taken at the low-speed test bench to evaluate the basic
function of the OESM system with one sensor module. The test bench setup is described in
Section 3.1, and the rotation speed was kept constant at 40 Hz. Results from a sweep over
+1mm, plotted in Figure 18, show the relation between relative sensor position and duty
cycle a. The starting position 0 mm was chosen in the radial center of a lobe, and while
the measured characteristic curve follows the theoretical straight line on the macroscopical
scale of £1 mm, there is a periodic ripple in the measured curve. The periodic change in
the high-level mean photodiode signal value (plotted in Figure 19) reveals a systematic
influence in the low-speed setup. The period of the ripple is 200 pm, which matches the
width of the tool groove marks on the steel flywheel rotor surface left by the lathe machining
operation. These tool grooves create a fringed edge in the paint pattern, emphasizing the
importance of the edge quality for the OESM system.

t

low! T @verage over all lobes

0.03

Measurement
== == == Theoretical

0.02 |

0.01 1

to period T in 1

low
o

-0.01

-0.02

Low-time t

-0.03 : : : :
~1000 ~500 0 500 1000

Radial sensor position in um

Figure 18. Characteristic behavior of t;,,,/ T over radial sensor position measured on the low-speed
test bench with a steel flywheel. Values are the average over all circumferential pattern lobes. Flywheel
rotation speed 40 Hz, radial position r = 95 mm.
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Figure 19. Average PD high-value voltage over radial sensor position. Only the PD voltages which
correspond to areas of high reflectivity on the pattern are considered. The periodic ripple is due to
periodic surface structures in the steel flywheel left by the manufacturing process. Flywheel rotation
speed 40 Hz, radial position r = 95 mm.

5.2. High-Speed PV C Flywheel Test Bench

In the following sections, the results from measurements on the high-speed PVC fly-
wheel test bench, whose components and setup are described in Section 3.1, are presented.
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5.2.1. Deformation

The main value of interest examined with the help of this test bench is the deformation
of a PVC flywheel due to centrifugal forces. The result most accurately fitting the theoretical
behavior is achieved by calculating the mean average 1 (i) and u,(i) as well as averaging
over all lobe position indexes i, as shown in Figure 20. Measurements of small deformations
are relatively influenced more than larger deformations by inaccuracies of pattern position
or radial in-plane displacement of the rotational axis. Hence, the curve offset is calibrated
to the largest measured deformation at 293 Hz. The large deviation from the theoretical
curve at 184 Hz coincides with a resonant frequency in the test bench setup, which was
also audible as an increase in sound level during testing. This resonance is measured by
acceleration sensors on the outside of the test bench housing.

400 Mean deformation over speed

350 umeasured

300 | = Yiheoretical

250
200
150
100

Displacement u in pm

50

0

0 50 100 150 200 250 300
Speed f in Hz

Figure 20. Average deformation over speed. The average value is calculated over all lobes and sensor
positions. The measured curve is offset-corrected by the mean of the 10 lowest speed measurements.

Plotting the results for each flywheel rotation position n = [1,2,3,4] is achieved by
taking the average over all measurements where the index k mod 4 +1 = n where 4 is
the number of lobes in the pattern and therefore the number of distinguishable rotational
positions. Further averaging over i, (1) and 1, (1) results in the average deformation for
a given rotation position n plotted in Figure 21. This can be interpreted as differences in
deformation as seen from a coordinate system relative to the flywheel.

400 Mean deformation over speed, per lobe

350
300
250
200
150
100

Displacement u in pm

0 50 100 150 200 250 300
Speed fin Hz
Figure 21. Average deformation over speed for each pattern lobe. The average value is calculated

over all sensor positions. The measured curve is offset-corrected by the mean of the 10 lowest speed
measurements.

Similarly, averaging over all i and plotting 17, (i) and 17, (i) separately results in
Figure 22, showing differences in deformation relative to the cardinal sensor directions
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x and y. This can be interpreted as differences in deformation as seen from a coordinate
system relative to the test bench and sensor assembly.

400 _Mean deformation over speed, per direction
350
300
250 r
200 r
150
100
50 |
0
-50

a
X

[el]

y

utheoretical

Displacement u in um

0 50 100 150 200 250 300
Speed fin Hz
Figure 22. Average deformation over speed for the directions x and y. The average value is cal-

culated over all lobes. The measured curve is offset-corrected by the mean of the 10 lowest speed
measurements.

5.2.2. In-Plane Displacement

The mean in-plane displacement of the pattern lobes over frequency, plotted in
Figure 23, shows the movement in an arch between the calibrated zero position for low ro-
tation speeds and the maximum speed. Lobe in-plane displacements are normalized before
averaging by rotating them to the same side (Sensor A, lobe 1). This plot also includes the
mean over all rotation positions which corresponds to the in-plane displacement of the
rotational axis.

200 Flyhweel movement over speed

Center
Mean lobe

[f =300 Hz

100 1

~100 |

Y position in um

—200 1

-300 : : : : :
—200 -100 0 100 200 300

X position in ym

Figure 23. Radial in-plane displacement of rotational axis over speed in a 2D xy plot. The radial in-
plane displacement of the rotational axis is calculated by averaging all the lobe in-plane displacements
of a full rotation. The mean lobe in-plane displacement is calculated by rotating all the individual
lobe in-plane displacements to one side (Sensor A, lobe 1) and then taking the mean.
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Plotting the absolute distance between the zero position and flywheel center position
over frequency, shown in Figure 24, reveals that the flywheel transitions between two
stable positions. We can further calculate the average distance of the flywheel’s imbalanced
rotation around its center position which is at a maximum at 173 Hz, corresponding to the
vibration maximum measured on the test bench housing.

Absolute movement amplitude over speed
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Figure 24. Absolute amplitude of imbalance in-plane displacement over speed. The center in-
plane displacement is calculated by averaging all the lobe in-plane displacements of a full rotation.
The mean lobe in-plane displacement is calculated by averaging the absolute lobe in-plane displace-
ment amplitudes.

6. Conclusions and Outlook

This paper has demonstrated the viability of a simple OESM system for flywheel
deformation and in-plane displacement measurement. For common materials like steel
and CFRP, large deformation values are only achievable with larger-radius flywheels
or at higher rotation speeds. Those deformation values have been emulated by the use
of a PVC flywheel in a scaled-down test bench. The deformation measurements of the
PVC flywheel are in good agreement with the theoretically expected behavior. Via the
position measurement, the in-plane displacement of the flywheel rotational axis over an
acceleration/deceleration cycle can be tracked and the imbalance amplitude calculated.
Surface quality of the flywheel as well as surface- and paint-edge quality of the reflective
pattern have been identified as key contributors to measurement accuracy.

The next steps in this research are measurements on a scaled-down CFRP rotor which
can be spun at a higher speed of 500 Hz, investigation of differential strain measurement
capabilities, and implementation of cross-sensitivity correction algorithms.
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Abbreviations

The following abbreviations are used in this manuscript:

CFRP  carbon-fiber-reinforced plastic
FESS flywheel energy storage system
OESM  optoelectronic strain measurement
PWM  pulse width modulation

PVC polyvinyl chloride

PD photodiode

MA moving average

DFT discrete Fourier transformation

r radius in polar coordinates

0 angle in polar coordinates

o duty cycle

t time

u deformation

Uy displacement due to deformation in x-direction
Uy displacement due to deformation in y-direction
54..5p detected pattern shift at sensor location A...D

d in-plane displacement

dy in-plane displacement in x-direction

dy in-plane displacement in y-direction

i index of the lobes in a pattern

tonrome ~ time where chrome paint is detected
tcrrp  time where CFRP is detected

tlobe time of one lobe

T time of one lobe

To outer radius of a lobe ring

T inner radius of a lobe ring

Veup supply voltage of the OESM sensor’s photodiode
Ipp diode current

Rgpunt  shunt resistor of the OESM sensor
Riuput  input resistor of the oscilloscope

w rotational speed in rad/s
f rotational speed in rev/s
n rotational speed in rev/min
1Y material density

E Young’s modulus

v Poisson’s ratio

e eccentricity

k system stiffness

Fe centrifugal force

Fe elastic force

rc center position

Wer critical revolution speed
D damping factor

7 speed-dependent phase shift
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