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Abstract: The reason for the failure of electric vehicle drives is increasingly current-induced damage
to rolling bearings. Studies show that rolling bearings are more susceptible to current pass-through
after the first occurrence of unwanted bearing currents. To investigate this effect, a test plan is
introduced with variations in axial and radial loads, as well as rotational speeds. A new bearing is
mechanically run-in for each test point and then subjected to a realistic voltage signal of gradually
increasing amplitude. After the initial breakdown, the different voltage amplitudes are applied again
to investigate the behavior after the initial breakdown. During the whole test, the maximum current,
the duration and the dissipated energy of each breakdown are measured. The results provide insights
into the processes after the initial breakdown and the stochastic nature of the breakdown behavior.

Keywords: rolling bearings; electric bearing currents; breakdown voltage

1. Introduction

Current-induced rolling bearing damage is increasingly the reason for the failure of
electric vehicle motors [1]. Those vehicles commonly use frequency converters to drive
the alternating current (AC) motor with the battery providing direct current (DC). This
is achieved by switching at a frequency of several tens or hundreds of kHz in order to
approximate a sinusoidal signal for up to three phases. As the voltage sum of all phases
does not always yield 0 V, a so-called common-mode voltage is generated. This voltage can
cause damaging currents through the rolling contact, depending on the electrical system
architecture, and the trend towards increasing switching frequencies and operating voltages
intensifies this effect. In order to effectively reduce the likelihood of bearing damage due to
bearing currents during the development phase, a better understanding of the influences
on the probability of occurrence of damaging current breakdown is required [2].

If the dielectric strength of the lubricant film is exceeded by the applied bearing voltage,
dielectric breakdown occurs. The dielectric strength depends in particular on the minimum
lubricant film thickness hmin present in operation and the electrical properties of the lubricant.
If, for example, the temperature of the lubricant film increases, the threshold value is lower
because the lubricant film thickness hmin decreases due to the lower viscosity [3]. If the
dielectric strength is exceeded, an arc occurs between the rolling element and the inner
or outer ring, causing the bearing to adopt an ohmic behavior with low resistance for the
duration of the breakdown. The arc causes localized melting of the rolling element and
raceway surfaces, resulting in the formation of small craters that cause long-term damage to
the bearing [4]. There are several possible explanations how exactly a breakdown occurs in
the bearing [5,6]. One of the most common is the theory of the formation of microbubbles
in the lubricant, in which the breakdown follows the behavior of a discharge in gases [7,8].
According to the percolation theory, when the electric field is low, electrons travel from the
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cathode to the anode only gradually, from atom to atom. If a higher electric field is applied,
predefined current paths are created in which the electrons can move freely. These individual
streamers multiply, allowing a high current to flow [9–11].

Different types of bearing currents are distinguished [12–14]. In this work, the focus is
on the so-called rotor-to-earth currents, which occur due to potential differences between
the rotor and earth potential. Then, the high-frequency ground currents flow via the
path of lowest impedance through the bearings [15]. Depending on the motor power,
rotor-to-ground currents reach currents of several amperes, as well as frequencies of several
hundred kHz [16].

The investigations by Harder [17] and Joshi [18] show that rolling bearings have a higher
susceptibility to current passage after the first electrical breakdown (initial breakdown). On
the one hand, this may be due to the roughened surface caused by the initial damage,
because the resulting roughness peaks mean that a homogeneous electric field can no
longer be assumed between the contact partners, and breakdowns occur more quickly due
to the field elevation there [17]. On the other hand, a chemical change in the lubricant due
to the initial breakdown can also be decisive for the increased susceptibility to breakdown.
In this paper, an experimental design is presented to investigate the influences and effects
of the initial breakdown.

However, in the case of low AC-voltage levels being applied to rolling element
bearings, the risk of electric discharge events is drastically reduced and the load, speed
and temperature-dependent capacity can be used as a mutual sensor. Schirra et al. [19]
sketched the idea of a sensing rolling element bearing that was consequently brought
forward, e.g., by inclusion of the effect of unloaded rolling elements [20]. Martin [21] used
the impedance measurement to detect and size-estimate rolling element damage patterns
due to excessive contact pressure as an alternative condition monitoring approach for
rolling element bearings.

In this work, the influence of load and speed on both the initial and following electrical
damage of grease lubricated deep groove ball bearings is investigated. Therefore, a specific
test schedule, as well as sophisticated evaluation algorithms for the high-frequency sampled
data, are developed. Then, the results of an exemplary test point are displayed and
discussed, and subsequently, the data from all test points are gathered and evaluated.

2. Materials and Methods

To investigate the influences on initial and secondary breakdown behavior, practical
experiments are key. In the following, the experimental design, the mechanical and electrical
test setup and the design of experiments are described.

2.1. Experimental Design

Figure 1 shows the chronological test sequence: first, each test bearing is run in to
reduce manufacturing-related roughness peaks and, thus, produce comparable initial
conditions. In addition, this achieves uniform electrical lubricant properties, which may
exhibit variations while running-in [22]. During the first half of the run-in phase, a pure
radial load of Frad = 4000 N is set for 3 h. Subsequently, an axial force of Fax = 2000 N is
additionally applied for a further three hours, so that the raceway area of the outer ring
relevant for all test points has been run in under load. After the running-in phase, the
bearing is preconditioned for at least 30 min at the operating conditions specific to the test
point in order to heat the bearing to the stationary test temperature, as no external heating
or cooling is applied.

Subsequently, the voltage application and measurement is started. The amplitude
is increased stepwise by ∆V̂ = 5 V every ∆t = 5 min. If more than 106 breakdowns
are detected at the end of a stage, the bearing is defined as initially damaged, the stress
amplitude is designated as V̂crit,1, and the first stage test is terminated. This high threshold
is necessary to prevent the voltage fluctuations of the test bench from distorting the test
results. Thereafter, no voltage is applied for five minutes under unchanged mechanical
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conditions. This pause is for lubricant circulation to distribute the chemically damaged
lubricant caused by the breakdowns, since the lubricant within the bearing could have
different local damage grades [23]. The stress amplitude is then increased again in steps to
investigate the effect of the initial damage in the first step test on the current entry limit
in the second test. The voltage is now increased every ∆t = 1 min by ∆V̂ = 0.5 V up
to the voltage V̂crit,1 at which the initial breakdown occurred in the previous experiment.
However, at this stage, the critical voltage V̂crit,2 is at a lower stage than V̂crit,1. This avoids
a strongly different circulation time for experiments with different V̂crit,1. Finally, a specific
voltage amplitude V̂longtime is set over a period of three hours to investigate whether effects
that positively or negatively influence the current breakdown occur during this prolonged
time. Finally, the voltage supply is switched off and the experiment is terminated.
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Figure 1. Schematic representation of the experimental procedure to investigate the initial
electrical breakdown.

2.2. Mechanical Test Setup

On the test rig used, Figure 2, the radial and axial loads are applied via hydraulic
actuators and a closed loop control. GTM series K force transducers with a nominal
force of 40 kN are used to control the hydraulic pressure in order to achieve the desired
forces. The axial load is transferred from the hydraulic actuator’s piston through the
force transducer and a ball joint to the pressure plate depicted in Figure 2. The radial
load is transferred directly on the ram in Figure 2 via the transducer. The frictions of
the bushes and rams were considered by a calibration before any tests were carried out.
Due to the constantly controlled pressure, thermal expansion will not cause a change in
load throughout the test. The maximum controllable load is Fa,max = 14 kN axial and
Fr,max = 11 kN radial per bearing in the configuration used. An electric motor provides
speeds up to nmax = 8000 min−1, and the shaft is electrically contacted via a slip ring.
The bearing seats are electrically insulated and allow contact to be made with the inner
part in which the test bearing is located, Figure 2. Radial deep groove ball bearings
type 6008 with high speed grease sealed on both sides are tested. External heating or
cooling of the test bearing is not possible on the test rig used, so the bearing temperature
is measured continuously, and a steady-state temperature condition is waited for before
starting the measurement.

2Fr

Fa

Insulation
Bearing under test
Slip ring

n

Figure 2. Sectional view of the rolling bearing test rig.
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2.3. Electrical Test Setup and Evaluation

The voltage is applied by using a bearing voltage signal measured on a real electrical
machine, which, in the configuration used, resembles a square-wave signal with transients,
see Figure 3a. The root-mean-square (rms) value of the generated voltage signal is
VG,rms = 0.6 V̂G. An arbitrary function generator remotely controlled by the measurement
program generates the signal, which is amplified by a circuit based on a MP111 power
operational amplifier up to 24 V and 5 A. To limit the current in the breakdown case to
realistic values, a resistor is connected in series, Figure 3b. For the available voltage range
of 0 V to 24 V, a value of 4 Ω has proven to adequately limit the current flow and, at the
same time, allow a sped up electrical damaging during the longtime damage phase, cf.
Figure 1.
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Figure 3. Electrical setup: (a) Signal normalized to V̂G = 1 V for realistic voltage application.
(b) circuit diagram with signal generator, voltage amplifier, current limiting resistor and test bearing,
inner (ir) and outer ring (or).

The generator voltage VG at the amplifier output and the bearing voltage VB with
a sampling rate of 1 MSa/s and 12 bit resolution are measured using a PicoScope® 4444
oscilloscope by Pico Technology Ltd., Cambridgeshire, UK. The bearing current is calculated as

i(t) =
VG(t)− VB(t)

R
(1)

and is used for breakdown detection by means of slope evaluation. The limit values
are selected as ilow = 60 mA and ihigh = 120 mA. The time average between the last
exceedance of ilow before the exceedance of ihigh is defined as the start of the breakdown
tinit and, in reverse order, the end of the breakdown tend. In addition to breakdown start
and duration, the maximum value of the current during breakdown imax is saved, as well
as the breakdown energy, which is calculated from the integral of the product of the bearing
voltage and current,

E =
∫ tend

tinit

VB(t) · i(t)dt . (2)

In addition to the values stored for each breakdown event, the rms values of the
measured voltages, current and bearing power P(t) = VB(t) · i(t) are also stored.

2.4. Design of Experiments

To be able to measure the bearing current in different bearing conditions, the experiments
are designed using a central composite design (ccd), Figure 4. This allows five experimental
points per design parameter to be investigated while keeping the total number of experiments
at a low level. This is achieved by building up the experimental points around a single central
point. The design parameters in this central point should correspond to normal operating
conditions. Unchanged are the bearing type, the lubricant, the voltage signal applied on the
bearing and the test bench. At the central point, the bearing is loaded with a radial force of
Fr,0 = 1200 N, an axial force of Fa,0 = 600 N and a speed of n0 = 4500 min−1. Built around that
is a cubic pattern whose points are changed for all three parameters separately. By looking at
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level −1 and 1, these values can be found in Table 1. According to the ccd experimental design,
in addition to the center and the cubic values, the star points are investigated (level −α and
α in Table 1). For these star points, each design parameter is operated with a very high and
very low value, while the others remain at the level of the central point. Since the test rig has
limited abilities in building up the rotational speed, the maximum value had to be adjusted
to the test bench used. To investigate even higher loads, two extra test points were added,
one with a radial force of Fr,α+ = 4000 N and one with an axial force of Fa,α+ = 2000 N. Again,
the rest of the test parameters remain at the center point values. Table A1 in Appendix A
summarizes all the experiments carried out with their corresponding unique V-numbers in
randomized order.

Table 1. Detailed overview of the experimental design used.

Level Radial Load in N Axial Load in N Speed in min−1

−α 360 180 1000
−1 600 300 2000
0 1200 600 4500
1 1800 900 7000
α 2040 1020 8000

α+ 4000 2000 -

Rotational speed n

Axial load Fa

Radial load Fr

Central point (0)

Cubic point (1/−1)

Star point (α/−α)

Extra point (α+)

Figure 4. Graphic representation of the central composite experimental design.

3. Results and Discussion
3.1. Exemplary Measurement Results at a Single Test Point

In the following, the results of a central test point experiment (Level 0, Table 1) are
presented as an example. Figure 5 shows the curves of the rms values of bearing voltage
and bearing current recorded during the two-step tests, cf. Figure 1. At the voltage steps
V̂0 = 0 V to V̂4 = 2 V, the bearing current remains below 40 mA, which corresponds
to the measurement noise of the arrangement. At the V̂5 = 2.5 V stage, brief increases
in the bearing current rms value are observed. At stages V̂0 to V̂5, the bearing voltage
is approximately equal to the generator voltage. At V̂6 = 3 V, a significant increase in
the rms current can be observed. At this stage, nbd/s = 14,722 breakdowns per second
were recorded. The average of the maximum current recorded for each breakdown was
īmax = 82 mA, while individual breakdowns occurred with a maximum current of up to
imax = 3.85 A. With the Hertz’ian area at operating conditions AHz = 8.5 mm2, this yields
an apparent bearing current density of Ĵ = imax/AHz = 0.45 A mm−2, which, according
to Mütze, can be classified in the transition region between supercritical and subcritical
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damage [24]. The apparent bearing power of Ŝ = imax · V̂G = 11.6 V A can be assumed to
be subcritical according to [25]. The average breakdown energy was Ē = 8.4 µJ, and the
maximum was Emax = 20.1 µJ. Within the five minutes, 37 J of electrical work were, thus,
performed in the bearing, corresponding to an average power of P̄ = 124 mW.

In the second step test, Figure 5b, approx. nbd/s = 22 breakdowns per second can
already be observed at the V̂3 = 1.5 V step at an average of īmax = 9.4 mA and Ē = 0.1 µJ or
a maximum of imax = 890 mA and Emax = 4.8 µJ. Thus, breakdowns are already evident
at half the voltage amplitude at which the initial damage occurred. At the V̂6 = 3 V step,
nbd/s = 18,219 breakdowns per second were registered at an average of imax = 83 mA and
E = 8.6 µJ or a maximum of imax = 3.2 A and E = 19.6 µJ. Thus, a comparable behavior to
the first step test at the same voltage step is shown here.

In Appendix B, Figure A1, rms plots are shown for other bearings of the same
type tested at the same test point after the same run-in procedure, cf. Section 2.1. A
significant variance can be observed in the critical voltage of the initial damage (stair 1)
V̂crit,1 = 3 . . . 7.5 V, as well as in the critical voltage secondary damage procedure (stair 2)
V̂crit,2 = 2 . . . 4 V. For all tests, the critical voltage was reduced after the initial damage.
At the stair 2 test at voltage steps V̂ ≥ V̂crit,2, an almost constant rms bearing voltage of
VB,rms ≈ 1 V could be observed. The current rises with each voltage step in a mostly linear
fashion. In V039, an interruption of approx. 40 s can be observed, while V038 and V044
show short interruptions where the current dropped towards 0 A briefly. A comparison of
the same voltage step V̂ ≥ V̂crit,2 for different test shows similar rms current values, most
likely due to the similar rms bearing voltages.

0

1

2

Be
ar

in
g

rm
s

vo
lt

ag
e

in
V

0

0.1

0.2

0.3

0.4

Be
ar

in
g

rm
s

cu
rr

en
ti

n
A

0 20 40
Time in min

(a) Initial stair

0

1

2

Be
ar

in
g

rm
s

vo
lt

ag
e

in
V

0

0.1

0.2

0.3

0.4

Be
ar

in
g

rm
s

cu
rr

en
ti

n
A

0 2 4 6 8
Time in min

(b) Second stair

Figure 5. rms values of bearing voltage and bearing current (a) for the first stair and (b) for the second
stair test at Fr = 1200 N, Fa = 600 N and n = 4500 min−1. The gaps in the measurement data are due
to the saving time.

Figure 6 shows scatter plots of the last three voltage steps of the second stair test,
Figure 5b. The maximum bearing current of each breakdown imax is plotted on the x-axis
and the energy E on the y-axis. Positive breakdowns are marked in red and negative
ones in blue. The histograms on both axes display the qualitative distribution of the
corresponding quantity. In the range of −0.12 A to 0.12 A, no breakdowns were considered
as this was chosen as the detection criterion, cf. Section 2.3. The asymmetry of positive
and negative breakdowns can be explained by the DC component of the applied signal, cf.
Figure 3a. Thus, the higher magnitude positive voltage during the positive half-wave also
produces higher magnitude currents in the case of a breakdown. The average of the positive
maximum breakdown currents īmax+ = ∑nbd

k=1 imax+,k /nbd increases almost linearly from
īmax+,2V = 183 mA via īmax+,2.5V = 276 mA to īmax+,3V = 379 mA, which corresponds to
the behavior of the rms current. The average breakdown energy Ē, on the other hand,
increases non-linearly from Ē+,2V = 30.1 µJ via Ē+,2.5V = 86.7 µJ to Ē+,3V = 128.1 µJ. As the
bearing voltage was almost constant and the current was rising linearly, the non-linearity is
due to the increased total of breakdowns over which the energy is averaged.
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(a) V̂G = 2 V, nbd = 226,244. (b) V̂G = 2.5 V, nbd = 987,883. (c) V̂G = 3 V, nbd = 1,090,034.

Figure 6. Scatter plots of the last three steps V̂G = 2 V (a), 2.5 V (b) and 3 V (c) of the second stair test
of V011. Each red dot represents a positive breakdown, each blue one a negative. Histograms display
the distribution over each axis. The total number of breakdowns nbd is given in each caption.

For the longtime damage, an excessive voltage application of V̂longtime = 16 V was
selected in this test, which is, thus, a multiple of the voltages applied to the bearing in
real operation. On the one hand, this serves to speed up the electrical damage, and on
the other hand, it allows the influence of the applied voltage signal to be investigated in
more detail. Within the three hours of measurement, an average of 16,030 breakdowns per
second were registered at an average of 444 mA and 55 µJ, or a maximum of 4.8 A and 664 µJ,
which corresponds to an average power of 8.8 W. The apparent bearing current density is
Ĵ = 0.56 A mm−2 on the edge of the critical damage classification, and the apparent bearing
current density is Ŝ = 76.8 V A in the critical range.

The bearing was assessed after the test period, i.e., after the two-step tests, Figure 5,
and the long-term damage at V̂longtime = 16 V for a total of 250 min, which is longer than
the measurement period of 3 h due to the saving periods during which voltage was also
applied to the bearing. During this time, characteristic damage patterns on the bearing
could be identified: The inner ring showed fluting in the raceway, while the raceway of the
outer ring in the load zone showed a dull surface, so-called gray frosting [12], cf. Figure 7.
This corresponds to experiments by Safdarzadeh [6], where the negative ring exhibited
corrugations first. Due to the asymmetric voltage signal, Figure 3a, the inner ring was the
negative ring at the higher absolute voltage amplitude. On and around the raceway and
rolling element surfaces, a discoloration of the high-speed grease from white to gray/black
could be detected. The lubricant on the outside of the cage or the sealing washers did not
show any discoloration, as expected.

(a) (b)

(c)

Figure 7. Electrical rolling bearing damage after test run: fluting on the inner ring (a), discoloration
of the lubricant on the rolling element (b) and gray frosting on the outer ring (c) [26].
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3.2. Influence of the Operating Point

Next, the correlation of speed, as well as axial and radial load, on the bearing is
investigated. Therefore, the experiments as derived in Section 2.1 and listed in Appendix A,
Table A1 were carried out. Figure 8a shows the correlation of the set parameters radial load
Fr, axial load Fa, rotational speed n with the measured critical voltage amplitudes for the
initial V̂crit,1 and the secondary damage V̂crit,2. Due to issues with the test rig, test numbers
V019, V021, V022, V028, V031 and V049 to V055 had to be excluded from the evaluation.
The results show no relevant correlation between the operating state of the bearing and
the critical voltage steps. The slight correlation between the bearing loads and V̂crit,2 is
surprising. One might expect a reduced breakdown voltage due to the reduced lubrication
film thickness. A possible explanation might be the different behavior of the additives in
the bearing grease under high pressures.

Figure 8b shows the correlation between the same set parameters and the measured
number of breakdowns per second nbd/s, the apparent bearing current density Ĵ and the
apparent bearing power Ŝ. To make the input data comparable, only results from the
secondary damage period with V̂G > V̂crit,2 were investigated, and the extra experiments,
cf. Table A1, were also excluded due to their asymmetric nature. At the V̂G = 2.5 V step,
this criterion was met for, in total, 14 experiments. The results show a weak dependency
of the number of breakdowns per second on the operating point. Loads have a negative
influence on the bearing current, which, in return, influences the apparent bearing current
density and power. Only the axial load reduces the apparent bearing current density as it
increases the Hertz’ian contact area size significantly. The rotational speed, on the other
hand, reduces bearing currents, as the lubrication film is increased and the resistance is,
therefore, higher. The number of breakdowns increases slightly as the breakdown is more
likely to last less than a whole half period, cf. Figure 3a.
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Figure 8. Correlation matrices for input parameters radial load Fr, axial load Fa and rotational speed n.
Output as well as output parameters critical voltage amplitude for the initial V̂crit,1 and the secondary
damage V̂crit,2 (a) and the number of breakdowns per second nbd/s, the apparent bearing current
density Ĵ and the apparent bearing power Ŝ (b) for the secondary damage period with V̂G > V̂crit,2.

4. Conclusions

In the present work, a procedure for investigating the initial electrical damage of rolling
bearings to the breakdown limit was examined. By using run-in, new bearings for each test
point, the initial damage can be provoked and recorded by gradually increasing the applied
voltage. In a subsequent second step test, the changed behavior after the initial damage can
be observed. The initial tests show how the current entry limit drops significantly after the
initial damage. Novel investigation methods arise by recording the individual breakdowns
and statistically evaluating them. The experiments at the same operating point showed
a high scatter of results despite the carefully reproduced experimental conditions. While
the initial breakdown threshold voltage varies highly statistically, subsequent breakdowns
are likely to occur at a more consistent voltage level. A correlation analysis showed an
increase in current flow with load and a decrease with rotational speed. For the axial load,
the increase in the Hertz’ian area is larger than the increase in current flow. Therefore, the
apparent bearing current density decreased with the axial load. The results suggest that
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both load and speed play a subordinate role compared to stochastic influences. In order to
gain a deeper understanding of damaging bearing currents, further factors must be taken
into account, such as the acceleration and recuperation processes, temperature influences
and lubricant additives.
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bd breakdown
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Appendix A

Table A1. Tabular overview of the experiments carried out. The V-number is analog to the order in
which the experiments were conducted.

Number Fr in N Fa in N C/P AHz in mm2 n in min−1 V̂longtime in V DoE V̂crit,1 in V V̂crit,2 in V

V015 1800 900 20.0 5.68 7000 4 cubic 5 3
V014 1800 900 20.0 5.68 7000 16 cubic 6 3.5
V032 1800 900 20.0 5.68 2000 4 cubic 3 2.5
V035 1800 900 20.0 5.68 2000 16 cubic 4.5 3
V046 1800 300 9.4 5.03 7000 4 cubic 2.5 2
V047 1800 300 9.4 5.03 7000 16 cubic 3 2
V025 1800 300 9.4 5.03 2000 4 cubic 3 2.5
V016 1800 300 9.4 5.03 2000 16 cubic 3.5 2
V053 600 900 9.1 5.70 7000 4 cubic 2 2
V051 600 900 9.1 5.70 7000 16 cubic 2.5 2
V056 600 900 9.1 5.70 2000 4 cubic 1.5 1.5
V020 600 900 9.1 5.70 2000 16 cubic 2 2
V052 600 300 6.7 5.03 7000 4 cubic 4.5 2
V030 600 300 6.7 5.03 7000 16 cubic 2.5 2
V054 600 300 6.7 5.03 2000 4 cubic 4.5 2
V055 600 300 6.7 5.03 2000 16 cubic 1.5 1.5
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Table A1. Cont.

Number Fr in N Fa in N C/P AHz in mm2 n in min−1 V̂longtime in V DoE V̂crit,1 in V V̂crit,2 in V

V024 2040 600 7.8 5.32 4500 4 star 7 3
V045 2040 600 7.8 5.32 4500 16 star 4.5 2
V049 360 600 13.8 5.34 4500 4 star 3 2
V050 360 600 13.8 5.34 4500 16 star 2.5 2
V013 1200 1020 7.0 5.84 4500 4 star 2.5 2.5
V012 1200 1020 7.0 5.84 4500 16 star 6 2.5
V017 1200 180 14.1 4.95 4500 4 star 5.5 2.5
V037 1200 180 14.1 4.95 4500 16 star 4 2.5
V022 1200 600 10.0 5.33 8000 4 star 6.5 6.5
V042 1200 600 10.0 5.33 8000 16 star 4.5 2.5
V041 1200 600 10.0 5.33 1000 4 star 5 2
V036 1200 600 10.0 5.33 1000 16 star 2.5 2

V044 1200 600 10.0 5.33 4500 4 central 7.5 2.5
V034 1200 600 10.0 5.33 4500 16 central 3.5 2
V039 1200 600 10.0 5.33 4500 4 central 7.5 2
V031 1200 600 10.0 5.33 4500 16 central 5.5 5.5
V018 1200 600 10.0 5.33 4500 4 central 4 4
V029 1200 600 10.0 5.33 4500 16 central 4 2.5
V033 1200 600 10.0 5.33 4500 4 central 6 6
V038 1200 600 10.0 5.33 4500 16 central 5.5 4
V043 1200 600 10.0 5.33 4500 4 central 7 3.5
V011 1200 600 10.0 5.33 4500 16 central 3 2.5
V023 1200 600 10.0 5.33 4500 4 central 0.5 0.5
V048 1200 600 10.0 5.33 4500 16 central 7 2

V027 4000 600 4.2 5.28 4500 4 extra 3.5 3
V040 4000 600 4.2 5.28 4500 16 extra 3 2
V028 1200 2000 4.2 6.99 4500 4 extra 6 6
V026 1200 2000 4.2 6.99 4500 16 extra 3 2.5

Appendix B
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(a) V029 stair 1: V̂crit,1 = 4 V
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(b) V029 stair 2: V̂crit,2 = 2.5 V
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(c) V038 stair 1: V̂crit,1 = 5.5 V
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(d) V038 stair 2: V̂crit,2 = 4 V

Figure A1. Cont.
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(e) V039 stair 1: V̂crit,1 = 7.5 V
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(f) V039 stair 2: V̂crit,2 = 2.5 V
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(g) V044 stair 1: V̂crit,1 = 7.5 V
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(h) V044 stair 2: V̂crit,2 = 2.5 V
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(i) V048 stair 1: V̂crit,1 = 7 V
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(j) V048 stair 2: V̂crit,2 = 2 V

Figure A1. RMS values of bearing voltage and current for the first stair (left) and for the
second stair test (right) for six different, newly run-in bearings (V029 (a,b), V038 (c,d), V039 (e,f),
V044 (g,h),V0484 (i,j) at Fr = 1200 N, Fa = 600 N and n = 4500 min−1.
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