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Highlights Abstract

» A numerical analysis of the failure of a high-speed Due to ongoing research work, a prototype test rig for testing high speed motors/generators

turbomachine was performed. has been developed. Its design is quite unique as the two high speed machines share a single
shaft with no support bearings between them. A very high maximum operating speed, up
to 80,000 rpm, was required. Because of the need to minimise vibration during operation
at very high rotational speeds, rolling bearings were used. To eliminate the influence of
* Modifications to the design of a test rig for high- higher harmonics of supply voltage and current on the formation of torque oscillations on

speed generators were analysed. the shaft and excessive losses in the form of heat, a voltage source inverter with high switch-
ing silicon carbide (SiC) power transistors characterizing high precision of the output volt-
age generation with a fundamental harmonic frequency of several kilohertz has been used.
During the first start-ups, it turned out that the system was not stable, and a failure occurred.
The paper presents the consequences that may arise when a machine operating at a speed of
about 70,000 rpm fails. The article contains pictures of a generator failure that occurred at
a high rotational speed.

* Run-out analysis was carried out after the failure
was performed.

* Rolling bearings and their influence on rotor dy-
namics were analysed.
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1. Introduction trol algorithms at high rotational speeds [12, 33]. The development of
these technologies affects both high-speed induction motors/genera-
tors that are valued in the industry for their reliability, simple rotor
design, low inertia, and ability to operate in high temperatures, as well
high-speed permanent magnet motors/generators with high torque
density and power density. The stator and rotor of a 3.4 kW generator
and a 6-kW generator, which were used on the test rig analysed, are
shown in Fig. 1.

The research and development of electric generators is the sub-
ject of interest in numerous scientific works. Basic information on
permanent-magnet synchronous generators operating at high rota-
tional speeds has been already presented by Arkkio et al. [4]. Design
and analysis technologies of high-speed permanent magnet machines
have been recently reviewed by Ismagilov et al. [14] and Liu et al.
[21]. The mechanical characteristics of high-speed permanent-mag-
net synchronous generators with different shaft material with taking
into account the overhang effect have been analyzed by Lee et al.
[19]. A comprehensive sensitivity analysis of the rotor parameters on
Multiphysics performance of the high-speed permanent magnet syn-

The last decade has seen a rapid development of high-speed elec-
tric drives, especially as regards their use in air turbo compressors
for fuel cell systems [3], variable frequency drives for LNG pumps,
vacuum pumps, machine tools, turning centres or specialised medical
equipment. The same applies to power generation systems with high-
speed electric generators and gas microturbines used in distributed
generation [16, 17, 36].

The development of high-speed drives has been made possible by,
among others: (i) the development of new-generation power elec-
tronic converters with fast silicon carbide (SiC) and gallium nitride
(GaN) semiconductor devices that enable precise generation of si-
nusoidal voltages with fundamental harmonic frequencies of several
kilohertz—while reducing the production cost of power electronic
converters [8, 13, 23]; (ii) the improved efficiency of high-speed mo-
tors and generators [11, 16], which operate at speeds above 100,000
rpm [3, 17, 36]; (iii) improvements in bearing technology [36] and
(iv) the development of high-speed digital signal processors (DSPs)
for industrial applications—which enables the use of advanced con-
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Fig. 1. Stator and rotor of a 3.4 kW induction motor/generator (left) and
a 6-kW permanent magnet synchronous motor/generator (right) de-
signed to operate at speeds above 80,000 rpm and voltage frequency
above 1.3 kHz.

chronous machine, including the electromagnetic properties, losses,
rotor stress, rotor dynamics, and the temperature has been presented
by Du et al. [10]. The influence of different rectifier topologies on a
high-speed permanent magnet generator used in a micro-gas turbine
distributed generation system has been studied by Qiu et al. [27]. The
design criteria, assembly practices and experimental analysis of the
whole low-cost micro generation system with a high-power density
microturbine has been discussed by Pottie et al. [25] The investigation
of dynamic properties of the microturbine with a maximum rotational
speed of 120 krpm was shown by Zywica et al. [37]. The dynamic
analysis of 1 kW, 30 kW, and 700 kW turbines were presented by
Brenkacz et al. [5-7].

A summary of the current evolution of electric generators and
their development trends are presented, for example, in the work by
Antipov and Danilevich [2]. The authors examined high-speed elec-
tric generators in the speed range of 10,000 to 50,000 rpm. Generally,
high speed generators have been the subject of a considerable number
of studies, mainly of those dealing with their electrical properties.
However, studies that focus on two generators simultaneously are far
less common. An example of this is the work by Kuznetsov et al.
devoted to the study of two generators [18]. In this study, the authors
analysed the synchronisation of two generators.

Studies that focus on the diagnostics of generators can be found in
the literature. An example of such a study can be found in the article
by Skowronek and Wozniak [31]. To generator diagnostics, the au-
thors proposed a new classification method used for failure analysis.
They presented the characteristics of the method based on the alterna-
tor diode failures. This method was compared with other diagnostic
methods. An analysis of the evolution of the online diagnostic method
was presented by Rubanenko et al. [28]. The authors focused on syn-
chronous generators. They created a fault tree of various components
of synchronous generators. Identification of wear and failure of brake

system components during the warranty service was presented by
Sliz and Wycinka [32]. Monitoring and predicting bearing failure was
presented by Castilla-Gutiérrez et al. [9]. An example of a computer
analysis of disc brakes was presented by Pranta et al. [26]. The effect
of rotor eccentricity on radial bearings was presented by Abdou and
Saber [1]. The effect of rotor eccentricity on electrical and mechani-
cal characteristics of different types of high-speed machines has been
discussed by Lee and Hong [20]. Another approach, which is an on-
line estimation of stator current harmonics for status monitoring and
diagnosis of high-speed permanent magnet synchronous machines
has been proposed by Lu et al. [24]. As stated in [24], obtaining the
harmonic distribution and magnitudes can also provide a reliable ref-
erence for optimization in the motor design stage.

In power systems with gas microturbines, the microturbine disk
and the high-speed generator rotor generally share a common shaft.
The turbine is attached to the free end of the shaft and the rotor of
the high-speed generator is in the central part of the shaft, between
the two bearings. To achieve the highest possible torque density and
power density, the generator stator is embedded in a steel casing with
O-ring seals fitted at each end and then placed inside the outer casing
of the cooling jacket. Cooling air flows through the air gap between
the rotor and the stator to help cool the rotor and shaft, while a mixture
of water and glycol is pumped through the cooling jacket to remove
heat from the stator [16]. Two bearing hubs are located on the same
shaft where the turbine disk and generator rotor are mounted.

At specific dimensions and speed of a high-speed generator, the
power density obtained depends on the induction in the air gap and
the current system provided by the flow of stator currents. When de-
signing or selecting high-speed electric generators, the specifications
for the air gap stresses obtained due to the magnetic field, as well as
the restrictions on the cooling system, which provide the maximum
values for the machine current system, must be observed. A particular
challenge for maximising the heat removal capacity of the cooling
system is to avoid or minimise heat losses other than those associated
with current flow in the copper-plated stator winding.

In high-speed machines, the most important aspect is to ensure
stable operation of the rotor over a wide range of rotational speeds.
It is also particularly important to accurately predict the natural fre-
quencies of the rotor during the design phase to minimise the likeli-
hood of failure. Improper rotor design can lead to excessive acoustic
noise emissions, accelerated wear, or even bearing damage. At high
rotational speeds, the movement of rotating elements can cause me-
chanical resonance resulting in potential rotor failure or catastrophic
contact with the stator.

There is currently no scientific article available that would present
the dynamic properties of two generators mounted on a single shaft.
There is also a lack of articles available that would show the damage of
small high-speed generators. It is this gap that this article aims to fill.

2. Research object

A diagram of the test rig used for high-speed generators testing is
shown in Fig. 2. The diagram shows the positions of the bearings, the
generators, and the structure on which the stators of the two genera-
tors are placed. Generator 1 is an asynchronous motor (IM-mW5,4/6-
2-52¢/52¢r9) [38]. Generator 2 is a synchronous motor (PMSM-
mSpW 5.5/4.5 — 4 — al) [39]. The length of the entire test rig is 288
mm, and its diameter is 130 mm. The O-ring seals and screws used
to secure the various components of the casing are also visible on the
structure. The radial clearance between the rotor and the stator of the
first generator was 300 um. This is the shortest distance between the
rotating rotor and the structure. No strength or dynamic analysis were
performed prior to designing and constructing this test rig.

Fig. 3 shows a model of the rotor with the generators, bearings and
nuts providing pressure to the bearings. The bearing system comprises
four rolling bearings. Two pairs of bearings are positioned at both
ends of the rotor. The distance between the bearing pairs was 200 mm.
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(Casing) ( Rotor ) (Generatorl) (Generatorz)

Fig. 2. Diagram of the test rig used for testing high-speed generators

The back-to-back arrangement, also known as the “O arrangement”,
was used for both pairs of bearings. To exert pressure on the bearings,
two nuts were used at both ends of the shaft. High pressure was ap-
plied on the bearings (in compliance with the bearing manufacturer’s
catalogue [29]).

Four bearings marked with the designation HCB7001-C-2RSD-T-

structing a power electronic converter with a control system. It is also
of major importance to comprehensively develop testing instruments,
tools, and strategies to ensure testing on a component, subsystem and
system level aimed at reducing the complexity and risk level when
designing the target power system with a gas microturbine.

To run two high-speed machines with rotors embedded on a com-
mon shaft, it is necessary to examine the natural frequencies of the
shaft by means of a simulation using the finite element method before
operating the test rig [36]. In this analysis, the elasticity constant of
the bearing system, which affects the rotational speed at which reso-
nant vibrations occur, is considered. The length of the shaft is then
adjusted so that the nominal speed remains between the second and
third flexural vibration modes of the shaft [36].

When designing a power electronic converter feeding a motor in
traditional industrial drives with voltage inverters, motor stator induct-
ance is used to filter out higher-order harmonics from the inverter’s
output current. This helps to create a relatively smooth motor current
waveform. Higher-order harmonics visible in the stator current wave-
forms result from the switching of the inverter transistors. Except for
the first harmonic, the so-called “current ripples” appear in the motor
current waveform, and their period corresponds to the switching peri-
od of the inverter transistors. The ripples that occur in the inverter cur-
rent waveform do not affect torque generation; however, they cause
hysteresis losses and losses due to eddy currents released as heat
in the rotor and stator of the motor. The current components as-

(Bearings) ( Rotor )

(Generator 1) ( Generator 2 ) (Pressure sleeve)

sociated with high-frequency current ripples cause higher-order

Fig. 3. 3D model of the rotor

P4S were used in the design [29]. The acronym HCB indicates that
these are hybrid bearings with ceramic balls. The meaning of indi-
vidual bearing designation symbols used is as follows:
* “70” indicates that it is an average series
* “01” indicates that the inner diameter is 12 mm
» “P4S” is the standard FAG designation, which is higher than P4
according to the standard accuracies defined by DIN 620
* “T” indicates a laminated version with guidance on the outer ring
» “2RSD” indicates that the bearing is sealed on both sides and lu-
bricated with grease
* “C” indicates that the bearing angle is 15 degrees.

The maximum speed permitted by the manufacturer for a single
bearing is 85,000 rpm. The outer diameter of the bearing was 28 mm
and its length was 8 mm.

To verify the performance of the high-speed generator system with
a power electronic converter, it is advantageous to analyse the func-
tioning of the generator on an experimental test rig using an additional
high-speed motor that simulates the microturbine before mounting it
on the target generation system with a gas microturbine [36].

On such a test rig, two high-speed machines are placed on a com-
mon shaft. While one acts as a drive motor modelling the changes in
the shaft torque generated by the microturbine, the other is analysed
at selected dynamic states and performance levels when generating
electrical power.

The major challenges encountered when designing an advanced
test rig for testing high-speed generators include meeting the test rig
specifications, selecting bearings, and integrating them with the shaft
of a high-speed generator and a high-speed motor that simulates the
performance of a gas microturbine, designing and constructing a cool-
ing system for the generator and motor, as well as designing and con-

harmonics to appear in the magnetic flux waveform, which in
turn induce voltages resulting in the flow of eddy currents in the
rotor core and the stator core [35]. In synchronous motors with
permanent magnets mounted on the surface of the rotor, the flow
of eddy currents in the permanent magnets is also caused by the
current ripples in the stator and the arrangement of the grooves.
In particular, the increase in temperature of permanent magnets,
which can lead to a deterioration of their magnetic properties,
is a major problem. The existence of eddy currents requires
the motor core to be made of thin sheet metal plates (25 um
thick), insulated on one side. Amorphous alloy sheets, for ex-
ample, exhibit this property. Hysteresis losses, on the other hand, can
be reduced by adding various additives to the ferromagnetic material,
resulting in the smallest possible hysteresis loop width. Power losses
due to hysteresis are proportional to frequency, and power losses due
to eddy currents are proportional to the square of the frequency. In
general, the losses associated with supplying the inverter using the
voltage pulse-width modulation method increase exponentially with
the switching frequency of the transistors and can be very large, even
if the pulsed current does not appear to be large in relation to the am-
plitude of the fundamental harmonic [16].

High-speed motors, especially permanent magnet synchronous
motors, are characterised by significantly lower inductance values
of the stator winding compared to motors used in typical industrial
applications. To reduce the losses of the power supply of the PWM
(Pulse Width Modulation) inverter, especially in drives with perma-
nent magnet synchronous motors/generators, it is necessary to use a
sinusoidal filter, which must be placed between the inverter and the
motor to ensure further reduction of current ripple beyond the damp-
ing capacity of the motor stator inductance. The resonant frequency
of the sinusoidal filter must be significantly higher than the frequency
of the fundamental harmonic of the motor voltage to avoid excessive
losses in the drive, but also much lower than the switching frequency
of the converter transistors to ensure sufficient filtering efficiency of
ripple currents. The use of a sinusoidal filter mounted between the
motor/generator and a typical two-level inverter causes a drop in the
supply voltage of the high-speed motor and power losses in the filter
itself. It also increases the price and the weight of the drive by the cost
and the weight of the filter. Since voltage and current resonances can
occur in an inverter system with a filter and a high-speed motor, reso-
nance damping resistors are needed in addition to the sinusoidal filter.
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The power losses in these components can be significant and this can
reduce the efficiency of the inverter and the entire drive system by up
to several per cent.

3. Methodology

In this study, we conducted experiments in laboratory conditions
based on a specialized testbed with a digitally controlled power elec-
tronic converter and two investigated high-speed machines: high-
speed induction motor and high-speed permanent magnet generator
mounted on a common shaft. It was assumed that the high-speed in-
duction motor driving the generator is supplied with sinusoidal volt-
age from a voltage inverter with SiC MOSFETs (Metal Oxide Semi-
conductor Field Effect Transistors).

Since the inverter itself is characterized by a square-wave output
voltage with modulated square-wave pulse width, we used an LC
filter to obtain a sinusoidal voltage at the output. Thus, the research
assumed ideal conditions for supplying the generator with sinusoidal
current, so that there was no significant influence of current harmon-
ics on, for example, torque oscillations on the common shaft. Simi-
larly, the research assumed ideal conditions for supplying the high-
speed induction motor with sinusoidal voltage, so that there was no
significant influence of the harmonics of the supply voltage on the ex-
cessive formation of losses and excessive heating of the investigated
machine. The test stand prepared in such a way makes it possible to
carry out tests of start-ups, speed changes and steady operation of the
investigated high-speed machines while concentrating all efforts on
examining the mechanical properties of machines in the conducted
experiments.

Fig. 4 shows pictures of the designed power electronic converter
with SiC transistors and an output sinusoidal filter feeding the high-
speed motor that simulates the dynamic states of the gas microturbine
on the test rig. To build the power electronic converter, the authors
used silicon carbide semiconductor power devices such as SiC MOS-
FETs and SiC Schottky diodes. Commercially available SiC power
devices can be used to increase both the efficiency and the control
precision of power electronic converters suitable for use in the renew-
able energy applications, such as grid-connected photovoltaic (PV)
generation systems, and in adjustable-speed electric drives, including
high-speed drives with speeds above 100,000 rpm.

SiC MOSFETs have low conduction losses due to the low channel
resistance between the drain

and the source (Rpg(ony) dur-
ing conduction. For example,
in the case of SiC MOSFETs
(model C3M0021120K)

NN
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used in the investigated test rig, the channel resistance Rpgon) at a
rated current of 74 A and at a temperature of 100°C amounts to 21
mQ. SiC MOSFETs are controlled by a higher gate voltage (from —5
V to +20 V) than their silicon counterparts. They can be switched on
and off much faster than IGBT (Insulated-Gate Bipolar Transistors)
and have a higher operating frequency. Thanks to significantly lower
switching losses, they enable the energy-efficient operation of PWM
inverters at switching frequencies above 50 kHz.

The high switching frequency of SiC transistors, which allows
voltage modulation frequencies higher than 50 kHz to be achieved,
makes it possible to properly generate a voltage with a fundamental
harmonic frequency significantly higher than that obtained in invert-
ers with silicon IGBTs. According to [34], the voltage modulation fac-
tor is defined as follows:

nllf:fsw/f] h (1)

where fy,, stands for the voltage modulation frequency of the inverter
and f};, stands for the frequency of the fundamental harmonic of the
generated voltage; its value should be not less than 21. Therefore,
to generate a voltage of 1,500 Hz, the inverter should operate with
a modulation frequency of not less than f;,, =21- f;, =31.5kHz.

When switching voltages and currents within a very short time
(in the range of nanoseconds), undesirable voltage and current oscil-
lations may occur due to the existence of parasitic inductances and
capacitances in high-current transistor switching circuits, as well as
in transistor gate control circuits. High-frequency and high-amplitude
oscillations can be a source of electromagnetic interference (EMI)
and can cause serious problems with electromagnetic compatibility
(EMC) [22]. As shown in Fig. 4, the voltage source inverter with SiC
MOSFETs uses a circular main board with the DC-link capacitors lo-
cated in the centre. This design was used to ensure that the distances
between the SiC MOSFETSs and the DC circuit terminals, which de-
termine the parasitic inductance of the high-current circuit, are mini-
mised and are the same for all six inverter transistors.

4. Results of experimental studies of a SiC inverter

Fig. 5 shows the voltage switching waveform of the C3M0021120K
SiC MOSFET in the tested inverter. Due to the special design of the
power circuit of the inverter and the SiC MOSFET gate driver, a very
high voltage switching rate of 60 kV/us has been achieved, reducing
the duration of the switching process to tens of nanoseconds, which
reduced switching losses. As can be seen from the waveform shown
in Fig. 5, at a DC voltage of 670 V, the maximum value of the voltage
oscillation of the SiC MOSFET transistor, which was obtained during
the transient state of the voltage switching process, did
not exceed 850 V, which is an acceptable value for a
nominal transistor voltage of 1,200 V.

The parameters of the sinusoidal inductive — ca-
pacitive (LC) filter shown in Fig. 5 were selected
assuming that the power electronic converter will be
used to feed a 3.4 kW high-speed induction motor.
The inductance of the filter (L) was calculated as-
suming that the permissible voltage drop (AU) of the
inductor reactance is 10 V at a motor current (I,)) of
7 A and a frequency of the fundamental harmonic of
the inverter voltage (f;;,) of 1,500 Hz, according to the
following relation:

AU

- 2
L ZTEfthn ( )

The capacitance (C) of the sinusoidal filter was

Fig. 4. Pictures of the designed power electronic converter with SiC MOSFETs and sinusoidal output chosen based on (3) and (4) so that the resonance fre-
[filter used to control the high-speed motor that simulates the dynamic states of the gas micro- ~ quency fi. (fs — resonance frequency) of the filter

turbine on the test rig

would be 10 kHz:
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Fig. 5. Voltage switching waveform of the SiC MOSFET transistor in the
tested inverter

1
—_— 3
Fres mJLC (3)
1
= 4
2w fra L @

The modulation frequency f;,, = 60 kHz has been selected. The in-
ductance and capacitance values chosen for the sinusoidal filter are
respectively 150 uH and 3 pF.

Fig. 6 shows the current and voltage oscillogram obtained at the
output of the inverter. The high-frequency ripple currents visible on
the current waveform have very high values (like the amplitude of the
fundamental harmonic of the current) due to the very low inductance
(about several millihenries) of the stator winding. Fig. 7 shows the
current and voltage oscillogram obtained at the output of the sinusoi-
dal filter in the tested system with a silicon carbide inverter.

Tekstop | } it

i

i
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Fig. 6. Voltage and current waveforms of the stator of a 3.4 kW induction mo-
tor installed in the tested system with a silicon carbide inverter at volt-
age frequency of 1.5 kHz measured before the sinusoidal filter

Fig. 8 shows a comparison of the temperature increments of the
stator of a 3.4 kW high-speed induction motor. The tests were per-
formed at a motor load of 70% with the power supply at a voltage
frequency of 1 kHz. Temperature measurements were carried out by
measuring the resistance of a 4.7 k() negative temperature coefficient
(NTC) thermistor mounted in the bearing disk of the high-speed in-
duction motor. As shown in Fig. 8, the absence of a sinusoidal filter
at the output of the inverter leads to an abrupt and very large increase
in the temperature of the stator due to thermal losses caused by eddy
currents and hysteresis losses in the stator core. The use of the LC

i @ 5.00A zso;/ )[l:w‘"u,t “““ ][ s ] ~ 7.20 ]

Fig. 7. Voltage and current waveforms of the stator of a 3.4 kW induction mo-
tor installed in the tested system with a silicon carbide inverter meas-
ured after the sinusoidal filter at a voltage frequency of 1.5 kHz
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Fig. 8. Temperature increments of the stator of a 3.4 kW high-speed induction
motor powered by a SiC inverter with and without a sinusoidal filter

sinusoidal filter results in a significant reduction of thermal losses and
allows the high-speed motor to run for a long time.

4. Failure analysis

After the construction of the test rig, its operation was stable at low
speeds of several tens of thousands of revolutions per minute. How-
ever, when approaching the nominal speed (after reaching a speed of
about 60,000 rpm), it suffered damage visible in Fig. 9. In the first
generator, located on the left, the distance between the rotor and the
stator was only 300 um. Due to the increased vibration amplitude,
there was contact between the rotor and the stator. There is a scratch at
the point of contact occupying a good portion of the generator.

Fig. 10 shows a zoom-in on the damaged rotor. The upper part of
this figure, a), shows the generator attached to the shaft and the lower
part, b), shows the generator removed from the shaft. The damage
caused by the failure does not occupy the entire circumference of the
generator; it is only local damage. Cavities of about 0.3 mm in depth
are visible. This damage occupies approximately 1/3 of the circumfer-
ence of the generator and 1/2 of its length. Dark discolourations can
be seen around the cavities, which occurred due to the increase in
temperature caused by friction and an electrical short circuit.
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Fig. 9. Damaged rotor

a)

| Failure I

b)

Failure

Fig. 10. Pictures showing a) a zoom-in on the damaged generator attached to
the shaft, b) damaged generator. The damage is inside red rectangles

Table 1. Summary of run-out measurements measured in seven planes

Run-out [mm]

5. Numerical model

A numerical model was created using MADYN 2000 soft-
ware to analyse the strength and dynamic properties [30]. A
graphical representation of the beam model, with its dimen-
sions and bearing positions, is shown in Fig. 12. This model
consisted of 34 beam elements. The rotor mass was 0.987 kg,
and the total length of the shaft was 261 mm. These values
are the same as those of the manufactured rotor. The bearings
were placed at nodes 6, 8, 28 and 30. The axial stiffness of
each bearing was 31.1 N/um and the radial stiffness was 186.6
N/um. The damping was assumed to be 100 N-s/m for each
bearing direction. Steel having the following parameters was
selected as the material for the rotor:

[ P| N € | e P|aNE 3 e Plane4 Plane5
= Plane6 Plane7 e===Pl|ane2
90
0.15 — 120 60
0.10 30
0.05 —
0.00 — 180 0
0.05 —
010 - 210 330
0.15 — 240 300
270

sentation of the shaft geometry is shown in Fig.

13

Fig. 11. Shaft run-out analysis

* Young’s modulus — 205,900 MPa,

 Poisson ratio — 0.3,
Angle Plane 1 Plane 2 Plane 3 Plane 4 Plane 5 Plane 6 Plane 7 « Density — 7,850 kg/m3.
0 0.000 0.005 0.006 0.010 0.032 0.019 0.000 The generators were modelled as disks with
45 0.000 -0.004 0.034 0.015 0.031 0.019 0.000 an inner diameter equal to the diameter of the
90 0.000 0.018 0.035 0.020 0.032 0.020 0.000 rotor. The inner diameter of the first and second
generator was 29.4 mm and 31 mm, respectively.
135 0.000 0.059 0.094 0.021 0.034 0.022 0.000 . .
The generators were modelled using copper with
180 0.000 0.093 0.133 0.021 0.035 0.031 0.000 the fo]lowing parameters:
225 0.000 0.116 1.135 0.013 0.036 0.026 0.000 | ° EO}HIg’S m(}duh(1)83— 100,000 MPa,
¢ Poisson ratio — 0.3,
270 0.000 0.100 0.070 0.000 0.036 0.023 0.000 « Density — 7,000 kg/m3.
315 0.000 0.056 0.029 0.004 0.036 0.022 0.000
The unbalance is shown schematically in Fig.
360 0.000 0.005 0.019 0.010 0.036 0.019 0.000 13. For a balance quality grade of G2.5, a rotor
mass of 0.912 kg and a speed of 80,000 rpm, the
As part of the analysis of the damaged rotor,
run-out measurements were carried out using a @fi‘ .@& {\o&.@"
dial gauge with a measurement accuracy of one —-0.02 & o 1719 . 5@“’%@7’ "
hundredth of a millimetre. These measurements % i i)
are summarised in Table 1. A graphical repre- 5 0T i 1L, M . .
@ Nodes: 12 3 456789 1077997 2273 24263830 323435

11. Some planes are not visible because they are
too small in comparison with the planes with
the highest displacements.
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Fig. 12. Beam model
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unbalance permitted according to the ISO 1940 standard [15] is 0.294
g-mm. It was placed at node 17.

% U= 0.294 gmm
‘I’/ s ql): +Oo
v

Fig. 13. Rotor unbalance

6. Results of numerical analyses

For the static analyses, the only force acting on the rotor was as-
sumed to be the gravity of 9.81 m/s* acting along Y-axis. The dis-
placement results are shown in Fig. 14. The static deflection of the
rotor has the highest value in its central part, where it amounts to
approximately 0.3 um.

um
-0.2

0.1 .
Y 7a'\ = =— Tl
0.1
0.2

Fig. 14. Displacements due to gravity

The results of the reduced stresses due to the gravitational force
are shown in Fig. 15. The maximum reduced stress did not exceed
0.5 MPa. The forces in the bearings are about 5 N and the bending
moment reaches a maximum value of 0.2 Nm in the central part of the
rotor. All the values of displacements, forces, moments, and stresses
were found to be significantly lower than those allowed for this type
of design.

MPa
-0.5
-0.25
0=
0.25 -
0.5

Fig. 15. Reduced stresses

When a rotor is in operation, one of the greatest risks is the occur-
rence of resonances at nominal speeds or when starting the machine.
It is also important that the sub synchronous and super synchronous
vibrations (induced for example by a clutch) do not coincide with the
resonant frequencies. After the modal analysis, the first bending mode
of natural vibrations (shown in Fig. 16) was found to occur at a fre-
quency of 1,127.23 Hz, which corresponds to a speed of 67,633.6
rpm. The first bending mode of natural vibrations occurs at a speed
dangerously close to the originally planned nominal speed.

To check whether the unbalance can induce natural vibration of
the structure, a harmonic analysis must be performed. The results of
the forced vibration analysis are shown in Fig. 17. The green line on
the graph represents the vibration amplitude of the journal of the first
bearing as a function of speed from 0 to 160,000 rpm. The red line, on
the other hand, represents the vibration amplitude of node No. 15 in
the central part of the rotor. This is the last node of the first generator
and thus the part of the rotor that is most vulnerable to abrasion. For

Fig. 16. The first form of natural vibrations of the rotor

design reasons, the distance between the rotor and the stator in this
area, measured radially, is only 300 pm. In the numerical model, the
global damping was assumed to be 1%. The blue vertical line indi-
cates the nominal rotational speed. The maximum vibration amplitude
occurred at a speed of 67,277 rpm and was 0.56 pm at the bearing
journal and 26.33 pum at the central part of the rotor.

— Shaft nominal speed 80000 rpm
—— Shaft, Bearing1
— Shaft, Station 15

30

25

20

15

Amplitude [pm]

10

~ | |

2 4 6 8 10 12 14 16
Rotational speed [rpm] %10

Fig. 17. Forced vibration analysis

7. Analysis of the causes of failure and proposals for
changes

After carrying out several preliminary analyses, it became apparent
that several factors contributed to the damage to the test rig analysed.
Most importantly, the rotor was designed in such a way that the first
bending mode of natural vibrations was in the expected speed range.
This bending mode occurred at a speed of 67,277 rpm, whilst the
nominal speed was designed to be equal to 80,000 rpm. The second
very important factor was the presence of whipping between the ro-
tor and the first generator (which occurred even before the rotor was
damaged). The third and final factor was the selection of bearings that
could operate at speeds of up to 85,000 rpm for a single bearing (ac-
cording to the manufacturer’s catalogue). However, no consideration
was given to the fact that when a set of four bearings is in operation
and the preload is high, the maximum speed should be reduced by a
factor of 0.57, meaning that the bearings can only operate safely up
to a speed of 48,450 rpm. Since the structure is not able to sustain
large forces and moments, a set of four bearings is also not necessary.
As part of the study, the geometry of the rotor was suggested to be
changed so that the first bending mode of natural vibrations could
be present at a higher rotational speed. A proposal was also made to
change the type of bearings used. By changing the type of bearings,
the permitted speed would be increased.

To increase the resonant speed of the rotor, a change in geometry
was proposed which would increase the stiffness of the rotor. The new
geometry is shown in Fig. 18. The updated model comprised 26 beam
elements (8 fewer elements). The central beam element was shortened
by 5 mm. After the modification, the model’s weight was 0.897 kg,
i.e.,, 15 grams lighter. The shaft had an overall length of 223 mm,
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making it 38 millimetres shorter. The bearings were placed at nodes
5 and 23.

> 9
o« S
i 2
T -0.02 1 A2 3 22@
(2}
= — R
2 ) P
x Nodes:12
0.02 T 19720 21‘2325 27

0 0.05 0.1 0.15 0.2
Fig. 18. Beam model

A different type of hybrid bearing with ceramic balls, designated
HCB7000-C-2RSD-T-P4S, was used than before. The meaning of in-
dividual bearing designation symbols used is as follows:

* “70” indicates that it is an average series,

* “00” indicates that the inner diameter is 10 mm,

* “P4S” is the standard FAG designation, which is higher than P4

according to the standard accuracies defined by DIN 620,

* “T” indicates a laminated version with guidance on the outer ring,

* “C” indicates that the bearing angle is 15 degrees,

» “2RSD” indicates that the bearing is sealed on both sides and

lubricated with grease.

The maximum speed permitted by the manufacturer for a single
bearing is 95,000 rpm. A speed ratio of 0.75 must also be considered
when using a two-bearing system with average tension. The maxi-
mum speed permitted by the manufacturer for these bearings is 71,250
rpm. This is lower than the previously assumed speed of 80,000 rpm.
However, such a high speed is impossible to achieve anyway due to
the resonant speed (as confirmed by the analyses below). The outer
diameter of the bearing was 26 mm, and its length was 8 mm. At aver-
age bearing tension, the axial stiffness of each bearing was 18.5 N/
um, while the radial stiffness was 111 N/pm.

The unbalance was placed at node 14. As the shaft mass was
changed to 0.912 kg, the permissible unbalance value, according to
the ISO 1940 standard and a balance quality grade of G2.5, was now
equal to 0.272 g-mm and the unbalance was placed at the centre of the
rotor, i.e., at node 14.

The forced vibration analysis shows (Fig. 19) that the maximum
displacement of the bearing journal (node 5 — green line) and of the
part of the rotor which is most exposed to stator rubbing (node 12 —
red line) was respectively 3.97 um and 26.76 pm at a speed of 72,130
rpm. Compared to the reference case, the vibration amplitude has
hardly changed. What has changed is the speed at which the resonant
vibration occurred; it changed by 4,853 rpm. This indicates an increase
in the maximum permissible speed of almost 5,000 rpm. However, for
safety reasons, a speed of 6,000 rpm should not be exceeded.

—Shaft nominal speed 80000 rpm
—Shaft, Bearing1
—Shaft, Station 12
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Fig. 19. Forced vibration analysis

9. Summary and conclusions

In this study, the dynamic properties of a test rig used to exam-
ine two generators were analysed. After it was designed and built, it
was found to have failed. The paper presents the causes and conse-
quences of such a failure. Several reasons contributed to its appear-
ance. It turned out that the required speed of 80,000 rpm could not be
achieved due to a resonance occurring at a speed of 67,277 rpm. The
bearings were poorly selected, preventing them from operating at the
higher speeds expected; and safe operation was only possible up to a
speed of 48,450 rpm. There were also manufacturing errors encoun-
tered associated with whipping. Although the machine was balanced
using an appropriate balance quality grade (G2.5), a failure occurred
at a speed of about 60,000 rpm. This failure was most likely caused
by the bearings operating at a speed greater than the maximum speed
allowed by the manufacturer.

After the design was analysed, a change in the geometry of the
rotating system was suggested to ensure that the first bending mode
of natural vibrations does not occur until a speed of 72,130 rpm is
reached. After the modifications, the first bending mode of natural
vibrations will be excited at a speed that is 4,853 rpm higher than in
the original design. After analysis, it became clear that without an
additional support bearing located in the central part of the rotor—
which, for design reasons, would involve two additional bearings and
a coupling—operation at the originally planned speed of 80,000 rpm
would not be possible. The maximum permissible speed after modifi-
cations would be equal to 60,000 rpm. The other way to increase the
rotational speed is to use different types of bearings for example gas
bearings, gas-foil bearings, or active foil bearings.
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