
Aleksei Romanenko

STUDY OF INVERTER-INDUCED BEARING DAMAGE 
MONITORING IN VARIABLE-SPEED-DRIVEN MOTOR 
SYSTEMS

Acta Universitatis 
Lappeenrantaensis 781

Thesis for the degree of Doctor of Science (Technology) to be presented with 
due permission for public examination and criticism in the Auditorium 2303 at 
Lappeenranta University of Technology, Lappeenranta, Finland on the 13th of 
December, 2017, at 13:00.









































































































































































































































































The frequency analysis reveals that the vibrations around 2.5 

kHz vary. This is apparent from the spectra in Figure 13. Fur-

thermore, changes of its second harmonic (5kHz) can be no-

ticed. Figure 14 shows the trends of the components at 75 Hz, 

125 Hz and 2.5 kHz. 

Fig. 13. The amplitude spectra of acceleration up to 7500 Hz, 

when (a) t = 339.8 h and (b) t = 456.8 h. 

Fig. 14. The trend of rms acceleration in the range of (a) 70.8 

- 80.6 Hz, (b) 119.6 - 129.4 Hz and (c) 2495.1 - 2504.9 Hz. 

Practical experience has shown that bearing faults cause vibra-

tions in the high frequency range of 2 - 4 kHz (Kowal, 1999). 

Sidebands of either BPFO, BPFI or a combination of both can 

also occur. From this perspective the spectrum in the Figure 15 

is interesting, because it has a peak at the frequency of 2500 

Hz - 2 x BPFI. 

Fig. 15. The amplitude spectrum of acceleration up to 7500 

Hz, when t = 1380 h. 

Based on the obtained results, we decided to make an envelope 

analysis using a band-pass filtering over the frequency range 

of 2 - 5 kHz. The envelope spectra were down-sampled by av-

eraging to steps of 5 Hz and 500 minutes. The spectrogram is 

presented in Figure 16. The main harmonics are multiples of 

25 Hz and 100 Hz. The spectrum in Figure 12 reveals that there 

is vibration around 300 Hz at the sideband frequencies of 300 

Hz - n, 300 Hz + n and also at the frequency of 315 Hz. 

Fig. 16. Spectrogram of enveloped acceleration (g) using a 

band-pass filter from 2 to 5 kHz. 

4. DISCUSSION

The visual representation of these spectra as a spectrogram 

provides a convenient representation of the frequency compo-

sition changes in the vibration signal as the bearing damage 

evolves. Among these frequencies and bands several criteria 

can be selected for the quantitative evaluation of the bearing 

damage. While most of them provide some insight into the 

bearings’ state of health, they do not allow predicting the fail-

ure reliably as a standalone criterion. Such criteria are usually 

implemented as part of a neural networks based, fuzzy deci-

sion-making or some other artificial intelligence system 

(Lahdelma and Juuso, 2011).  

New criteria can be added to the system by the implementation 

of monitoring for other physical processes apart from vibration 

and electrical current monitoring. One of such processes is the 

monitoring of electromagnetic pulses emitted by the dis-

charges taking place in the bearings. The discharge activity un-

der certain conditions seems to have some correlation with the 

vibrations occurring during machine operation. This effect 

might be caused by electromagnetic coupling between the vi-

bration measurement system and discharge sparks. However, 

such disruptions are expected to be wide-band and unlikely to 



 

 

   

 

have the same characteristic frequencies as the mechanical 

parts of the system. On the one hand, the discharges are ex-

pected to depend on vibration and shaft rotational speed as 

both affect the thickness of the grease layer (Muetze et al., 

2011). On the other hand, the process of discharging is also 

affected by the chemistry of the grease (Romanenko et al., 

2015). Therefore, a universal relationship between the instan-

taneous discharge activity of a bearing and its state of health 

might be very difficult, if not impossible, to derive, given the 

current state of knowledge of the discharge and damage pro-

cesses. The absence of such would make this method a good 

addition to other diagnosis criteria but not a complete replace-

ment.  

Comparing the two test runs it seems that the change in the 

rotational speed of the electrical machine is likely to affect the 

bearing health degradation process, which is in line with the 

influence of the shaft rotational speed on the discharge activity 

and the occurrence of high discharge activity during the “start-

up test” observed by Muetze et al. (2011). The variable speed 

and load conditions promote the intensity of the discharging 

activity, which in some cases (i.e. in lifetime greased bearings) 

reduces the lifetime of the bearing.  

The observed changes at some characteristic frequencies can 

be explained by the presence of melted trace areas in the bear-

ing. A single area at the bottom of the bearing where the melted 

race starts to appear in first place should result in increased 

vibrations at the ball pass outer ring frequency in the same way 

it happens for a single damage point (Lindh, 2003). However, 

as the trace becomes larger it would probably disappear from 

this frequency as the track becomes sufficiently uniform and it 

is unclear what would be the characteristic frequencies for 

such complex damage pattern. Thus, further theoretical re-

search and modelling is necessary to analyse the possible ef-

fects of fluting patterns and the presence of local melting areas 

on the vibration spectra. 

The analysis showed that the levels of the vibration component 

at 2.5 kHz vary. Around this frequency there were also side-

bands which correspond to the fault frequencies BPFI and 

BPFO. These observations support the results (Kowal, 1999) 

according to which EDM causes vibrations in the high fre-

quency range of 2 - 4 kHz. There was also some variation in 

the vibration at the second harmonic of 2.5 kHz. The vibration 

level trend showed that the 2.5 kHz vibration was mostly low, 

but at times the levels were high. The vibrations at the rota-

tional frequency were quite stable. The acceleration compo-

nent of 75 Hz varied and was mainly higher than the 125 Hz 

component, although the latter had high values at times as 

well. 

Some short time domain signals showed strong impacts. The 

connection between these impacts and the electric discharges 

is worth to be examined closer. There were similarities be-

tween the rms values of the vibrations and the temperature val-

ues, especially when jerk and snap were used. It is also worth 

paying attention to the connection between the logarithm of 

the lowest observed discharge activity and the rms values of 

vibrations, because there were similarities between these 

trends as well (Figure 7 and 8). 

5. CONCLUSIONS 

The initial studies in detecting the occurrence of the electro-

static discharge machine (EDM) currents have been encourag-

ing. The rms of the first and second time derivatives of accel-

eration respond well to the changes in the high frequency vi-

brations. There are similarities between their rms values and 

the logarithm of the lowest detected level of observed dis-

charge activity. Similarity was also quite clear between the 

temperature and the vibrations. In the future, more long-term 

tests could be performed, and real and complex order time de-

rivatives and lp norms could be used. 
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Abstract—The emergence of high-frequency converters has 

introduced additional stress on the bearings of the systems they 

are used in: the high-frequency components of the converter 

output voltage may lead to building up of voltage across the 

bearings.  If it exceeds the voltage that the bearing can withstand 

these voltages may cause a discharge leading to so-called “dis-

charge bearing currents”.  This paper studies the influence of 

such discharges on the grease chemical composition, a parame-

ter that is considered key for the further understanding of the 

bearing damage mechanism itself.  The composition is analysed 

using Fourier Transform Infrared spectroscopy and X-Ray 

crystallography. 

Keywords—ball bearings, lubricants, discharges (electric), 

degradation, condition monitoring, variable speed drives. 

I. INTRODUCTION 

Electric machines are frequently used in industrial appli-

cations.  Modern frequency controlled power systems allow 

precise speed control at frequencies ranging from zero to sev-

eral hundreds of revolutions per second.  However, this appli-

cation of frequency controlled power supplies poses addi-

tional problems to the reliability of these machines. 

One of the problems arises from the presence of high-fre-

quency harmonics in the spectrum of the pulse-width modu-

lated (PWM) signal the electric machine is supplied with.  The 

high-frequency components may lead to parasitic effects 

within the system.  Notably, voltage may build up through ca-

pacitive coupling between the shaft and the stator of the ma-

chine [1-3].  Such voltages may cause electrostatic discharges 

to occur within the bearings, resulting in localized high tem-

peratures and leading to bearing damage (pitting at the bearing 

surfaces) [4, 5] and grease chemical degradation [6].  This 

damage can decrease lubrication capability, and increase vi-

brations and friction as well as overall bearing temperature, 

which, in turn, may result in bearing overloading and failure 

[7].  While different mitigation techniques for such bearing 

currents have been proposed by different authors [8-11] the 

bearing damage mechanism itself has still not been fully un-

derstood today.   

In this paper we focus on the grease degradation processes 

by quantifying the discharge activity via a radio-frequency de-

tection methods and comparing the changes of the chemical 

composition of the grease of two bearings: one subjected only 

to mechanical wear during the test run and another, subjected 

to high-frequency electrical field and discharges as well.  The 

authors of [12] suggest that discharge activity can degrade the 

grease film leading to increased local friction heating of the 

grease-metal contact.  The thermal aging on the other hand is 

known to affect the grease lubrication properties due to oxida-

tion reactions [13].  Such oxidation changes the composition 

of the grease, i.e. the ratio between the oil base and additional 

thickeners.  This change can be detected using Fourier Trans-

form Infrared spectroscopy (FTIR), which is sensitive to the 

carbon-oxygen bonds in organic components of the grease, 

and by X-Ray crystallography (XRD) analysis that allows de-

tecting the presence of crystalline structures formed i.e. by sil-

icate compounds [14]. 

II. METHOD

A. Equipment 

The wear setup consisted of two 3-phase, 15 kW, 4-pole 

squirrel cage induction motors, coupled with an electrically 

insulated coupling,  an antenna EMCO 93148 connected to an 

R&S RTO1014 oscilloscope, an ABB ACS 400 frequency 

converter, a sine voltage generator Hameg HM-8131-2, and a 

PC.  The test bearings were of type 6309 C3 lubricated with 

mineral oil-based grease with multi soap thickener.  The volt-

age was supplied to the shaft using a mercurial contact Mer-

cotac 110.  The grease chemical composition analysis was 

performed using a Perkin Elmer Spotlight 200 FTIR imaging 

system and a Brucker D8 advance X-ray diffractometer. 

B. Runtime sampled parameters 

The electrostatic discharge machining activity was rec-

orded by a Rhode Schwartz oscilloscope.  The discharge ac-

tivity was monitored by counting the falling edges at the level 

of 5 mV of the antenna output.  Each event corresponds to 

10000 falling edges.  For each trigger event the oscilloscope 

produced a pulse to signal the counting field-programming 

gate array (FPGA).  Every 30 seconds, the FPGA sent the 

counted discharges to the PC via the COM-link.  The meas-

urements were sampled every 30 seconds.  At the same time 

the temperature at the end-shield close to the drive end bearing 

was sampled.  Every five minutes the vibration was measured 



by an accelerometer attached to the stator of the machine to 

detect possible indicators of bearing degradation. 

C. Test programm 

For the experimental test run the driving motor was rotat-

ing the load motor at a specified rotation speed.  The bearings 

of the load motor were electrically insulated with a polyeth-

ylene sleeve from the stator frame while the drive end bear-

ing’s insulation was short circuited by the external voltage 

generator.  The generator provided the shaft to stator frame 

excitation voltage at 60 V peak to peak with 300 kHz fre-

quency.  For further details, we refer to [15].  The prerun pe-

riod of the new bearings lasted for 126.5 hours.  The bearings 

were prerun at nominal speed without any external voltage ap-

plied.  The fundamental frequency of the supply voltage FF 

ranged from 13 to 50 Hz and was changed several times 

throughout the test program as detailed in Table I.  Interval no. 

2 corresponds to a dead stop of the motor due to a power fail-

ure in the frequency converter supply circuit.  Because the mo-

tor came to stop, no discharge activity occurred during this 

interval.  Interval no.  7 had a variable speed setting resulting 

in a change of shaft rotation speed as described by  

n1(t) = 1425 + 75 sin(0.05 t) rpm, (1) 

for  0 s ≤ t ≤ 240 s, and 

n2(t) = 1500 rpm (2) 

for 240 s ≤ t ≤ 300 s.  This pattern was repeated every five 

minutes.   

The experiment was stopped when the detected discharge 

activity stayed low (below 1 event per 30 seconds) for a pro-

longed period of time (500 hours) despite the efforts to in-

crease it by changing the speed of motor. 

D. Grease sampling and analysis 

The samples were obtained from the area, formed by the 

ball and the cage (Fig. 1), where the grease that was washed 

from the bearing-cage pocket formed clusters.  Sampling was 

performed for three grease samples: one from new grease 

from the manufacturer package and two from: the non-drive 

end and the drive end bearings that were subjected to the wear 

runs described above, out of which only the drive end bearing 

had been subjected to electrical wear through electric dis-

charges.   

The FTIR is based on the phenomenon of photons with 

certain wavelengths in the IR spectrum being consumed by 

the atoms of molecules due to resonant frequencies in the 

chemical bonds of those molecules.  The method is frequently 

Fig. 1. Used bearings: non drive-end(left) and drive-end (right) with the sampled areas marked by white circles. 

TABLE I. MOTOR SPEED SETTINGS DURING THE EXPERIMENT 

Interval tstart  

[hours] 

Duration 

[hours] 

FF  

[Hz] 

0 0 126.5 50 

1 126.5 40.2 50 

2 166.7 28.8 0 

3 195.5 67.3 13 

4 262.8 23 30 

5 285.8 27.8 13 

6 313.6 3.8 20 

7 317.4 114 varying, eqs.  (1), (2) 

8 431.4 52.4 50 

9 483.8 66.9 20 

10 550.7 389.5 50 



used to detect groups and specific types of chemical bonds in 

organic chemistry.   

The XRD scan is performed by measuring the amount of 

photons reflected under certain angles due to elastic scattering 

in regular crystal structures.  This method allows detecting the 

presence of crystals and other regular structures in material 

analysis.  The relationship between the angle between the fall-

ing and reflected particle 2θ, distance d between the consecu-

tive planes of crystal structure, and the wavelength of the fall-

ing particle λ was initially discovered by William Lawrence 

and William Henry Bragg [16]. 

III. RESULTS AND ANALYSIS

A. Temperature monitoring 

The recorded bearing temperatures are presented in Fig. 2 

below.  The temperatures measured with three probes embed-

ded into the end-shield of the drive located in the vertices of 

equilateral triangles around the shaft 3 cm away from the sur-

face of the shaft varied between 31 and 34 degrees Celsius 

when the motor was run at speeds greater than 1200 rpm and 

between 29 and 32 degrees at other speeds.   

B. Discharge activity monitoring 

The log scale discharge activity plot is presented in Fig. 3. 

During the prerun period (126.5 hours) the discharge activity 

stayed below the ambient noise level (0.0022 events per sec-

ond).  When the shaft voltage was applied, noteworthy dis-

charges started to occur.  At constant speed, the discharge ac-

tivity decayed until the speed was changed.  The new speed 

was selected as follows: the speed was varied to identify the 

operating point of maximum discharge activity.  The state of 

the bearing was monitored with the oscilloscope using the 

shaft to frame voltage.  At t = 317.4 hours the speed reference 

was set to the varying speed mode.  During this mode of op-

eration the discharge activity first started to rise, reached a 

maximum of 197 events per second, before it started to decay.  

Then, two more cycles of constant speed operation were set, 

resulting in the bearing going into resistive mode of operation. 

At this point, the discharge activity no longer grew signifi-

cantly after changes in speed setting, in contrast to the previ-

ously observed increases.  So the speed was set to 50 Hz con-

stant so as to minimize the interference and observe the dis-

charge activity variation during what was expected to be the 

final stage of bearing degradation.  When the discharge activ-

ity dropped below 0.16 events per second, the sensitivity of 

the scope was changed to output pulses every 100 instead of 

every 10000 edges.  The discharge activity varied signifi-

cantly despite the fact that the speed was kept constant.  One 

possible explanation may be given by short time and very 

small variations of the local speed in the contact area, due to 

the instantaneous discharge events and their effects on the lo-

cal material interfaces caused sufficient vibration to partially 

restore the grease in the contact areas of the bearing.   

C.  Infrared spectroscopy of grease samples 

Fig. 2.  Temperature measurements during the test run. 

Fig. 3.  Discharge activity plot for the test run over 940 hours. 



The overall absorption rate of a sample can vary depend-

ing on the amount of material sampled.  Therefore, some scal-

ing is required.  One possibility is to scale the whole plot 

against one of the strong spikes.  This scaling was performed 

against the value of the absorption at 2920 cm-1.  The results 

of the scaled FTIR spectrometry are presented in Fig. 4.  The 

samples show absorption spikes at several wave numbers with 

the strongest ones occurring at 720, 876, 1377, 1451, 1561, 

1579, 2851, 2954, 2920, and 3365 cm-1.  In order to quantify 

the relative changes in the grease composition the weighting 

of peak absorption rates was performed according to  

𝑤𝑖̅̅ ̅ =
𝑤𝑖

∑ 𝑤𝑗
10
𝑗=1

100% , (3) 

where wi is the spike absorption rate maximal value.  Both ab-

solute and relative rates are presented in Table II.  The analy-

sis of the FTIR spectra of the grease samples shows the fol-

lowing significant features: 

 Minor changes in the C-H stretch region 2800-

3000 cm-1 are present.  The strength ratio between the

absorption of 2921 cm-1 and 2851 cm-1 bands changed

from 1.51 in the new grease sample to 1.41 and 1.39 

for the non-drive end and the drive end-bearing sam-

ples correspondingly.  According to [17] a tendency to 

such changes is present in alkanes as their main carbon 

chains get shorter which is expected as base oil suffers 

mechanical and thermal (electrical discharges) wear. 

 The bands 710-715, 1440-1470 cm-1 and 1570-

1590 cm-1 are related to the spectrum consumption of

lithium soap thickeners.  An IR spectrum of lithium

soap of stearic acid is presented in Fig. 5.  The amount

of thickener in the grease sampled from the “wash-out”

grease pocket is lower than the one of a new grease

which can be explained by the sample point selection:

the washed out grease is unlikely to contain the same

or more thickener than the new grease because it was

pushed out from between the rolling surfaces and be-

cause the base oil is more liquid than the thickener.

 The bands 850-890 cm-1 and 1420-1440 cm-1 demon-

strate the presence of additional components in the

grease composition.  These bands may be related to

TABLE II. ABSORPTION SPIKES’ PEAK VALUES 

Wave number Non drive end 

bearing sample 

Drive end 

bearing sample 

New grease 

Absolute Relative Absolute Relative Absolute Relative 

3365 0.0067 0.4 % 0.0261 1.6 % 0.0038 0.4 % 

2954 0.1229 7.7 % 0.1292 8.1 % 0.1004 11.4 % 

2920 0.3054 19.1 % 0.3057 19.2 % 0.2397 27.3 % 

2851 0.2168 13.6 % 0.2203 13.9 % 0.1587 18.1 % 

1579 0.1636 10.3 % 0.1481 9.3 % 0.1019 11.6 % 

1561 0.1383 8.7 % 0.1413 8.9 % 0.0678 7.7 % 

1451 0.3173 19.9 % 0.2808 17.7 % 0.1156 13.2 % 

1377 0.1335 8.4 % 0.1453 9.1 % 0.0507 5.8 % 

876 0.1388 8.7 % 0.135 8.5 % 0.0213 2.4 % 

720 0.0525 3.3 % 0.0566 3.6 % 0.0186 2.1 % 

Fig. 4.  Fourier transform infrared spectrometry of test samples. 



calcium carbonate (calcite) which seems be used as an 

additive in this grease’s composition.  The IR spectrum 

of calcite is presented in Fig. 6.  The significant in-

crease in calcite content can be explained similarly as 

the increase of the base oil – it can be easier washed 

out.  The grease sample that was subject of discharging 

features lesser relative absorption of calcite related 

bands suggesting that calcite has somehow partici-

pated in the chemical reactions.   

 A new wide absorption band has appeared in the IR

spectra of the drive-end bearing grease sample.  The

band spans 3200 to 3600 cm-1.  According to [12, 19]

this band indicates the presence of a hydroxyl groups.

The appearance of such groups can be explained by

hydration (breaking of the double oxygen bond) of the

ketone group of lithium soap.  Such reaction would

turn the soap into alcohol or carboxylic acid affecting

the mixture’s chemical properties.

D. X-Ray difractometry of grease samples 

A wide-angle XRD scan was performed on the samples 

using CuKa X-rays.  The detection angle span covered the 

“2θ” angles (with a “2” angle corresponding to the angle be-

tween the falling and the reflected ray) from 10 to 90 degrees. 

To decrease the influence of the sample’s volume on the final 

result each of the measured data set was scaled by its maxi-

mum value which for all sets occurred at the incidence angle 

of 2θ = 29.47 deg.   

The scaled results are presented in Fig. 7.  The analysis 

shows a number of narrow sharp spikes at phase angles corre-

sponding to those of calcite.  The relative intensities of these 

spikes suggest that this material is present in the grease com-

position which corresponds to the presence of certain frequen-

cies in the FTIR spectra as well.  The main differences be-

tween the new grease sample and those that suffered from me-

chanical and electrical wear is increased noisiness of the sam-

ple and appearance of new wide band spikes.  This can be ex-

plained by a shift of resonant frequencies of different organic 

compounds as their intermolecular distances vary as decom-

position or chemical alteration of molecules occurs.   

Fig. 5.  IR spectrum of lithium stearate [18].
Fig. 6.  IR spectrum of calcium carbonide (calcite) [18].

Fig. 7.  The scaled X-ray diffractometry results.  Caclite reference phases are provided by Crystallography Open Database [20,21,22]. 



IV. SUMMARY AND DISCUSSION 

The detailed analysis of the grease composition shows sig-

nificant changes between the samples of new grease and 

greases from bearings that were subjected to pure mechanical 

and a combination of mechanical and electrical wear.  While 

both worn samples seem to have significant changes of the 

proportions between thickener, base oil and additives, these 

do not seem to be critical on their own.  However, the base 

oils suffered chemical reactions that led to a larger variety of 

organic compounds and number of reflection spikes in the dif-

fraction joined together into wide reflection angular bands.  

Such changes in composition can affect the viscosity as hy-

drocarbons become more liquid when the length of their car-

bon chains is reduced.  In addition, the appearance of a hy-

droxyl group in the grease subjected to electrical discharges 

may further liquefy the solution by forming alcohols or car-

boxylic acids.  This change is arguably dangerous for a bear-

ing’s health as the load capacity varies and the grease may lose 

its chemical neutrality. 

The discharge activity monitoring presents another inter-

esting insight into the process: it seems that the discharge ac-

tivity does not have a self-amplifying pattern until the bear-

ing’s condition becomes sufficiently bad.  After every change 

of speed the discharge activity first increased strongly and 

then slowly decayed to some level that seemed to be sustain-

ing for as long as the rate at which fresh grease was supplied 

to the contact area was sufficient to overcome the degradation 

resulting in direct conductivity of the grease (so called resis-

tive mode).   

Further study is necessary to determine the chemical pro-

cesses occurring in the grease under electrostatic discharge ac-

tivity: So far it is unclear if the heat or the extreme electrical 

field density can restore the thickener soap to its original acid 

and how such acid would react with other components of this 

grease.  It is also important to determine if other grease types 

(i.e. synthetic greases) suffer from similar transformations and 

how other additives may affect the process.   
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Abstract–Bearing faults may significantly reduce the useful 

life of electric machines.  With the advent of modern fast-

switching frequency converters, electric currents induced by 

the high-frequency common-mode voltage of these converters 

have been recognized as additional, sometimes severe, contrib-

utors to bearing degradation.  The degradation is understood 

to progress both by damaging bearing surfaces and by altering 

the chemical composition of lubrication greases, which can lead 

to ineffective lubrication and reduction in permissible mechan-

ical bearing load.  This paper studies the effect of grease degra-

dation due to discharge currents on the grease electric proper-

ties of several greases typically used with electric drives. 

Index Terms–ball bearings, fault diagnosis, materials relia-

bility, accelerated aging, electrostatic discharges, variable 

speed drives. 

I. INTRODUCTION 

Bearing faults may significantly interfere with the relia-

bility of electric machines.  According to several studies, re-

viewed in [1], bearing failures cause between 13 % and 44 % 

of motor faults.  The authors of [2] name mechanical break-

age (70.53 % of reported bearing faults) and overheating 

(22.11 %) as the most frequent initiators for bearing damage, 

and high vibration (50.5 %), persistent overloading 

(22.77 %), and poor lubrication (12.87 %) as the most fre-

quent contributors to eventual bearing failure.   

The possibility of additional bearing damage caused by 

inverter-induced bearing currents in modern variable-speed 

drive systems has been well recognized.  Different authors 

have described cause-and-effect chains for this potential 

damage, allowing selection of appropriate mitigation tech-

niques (e.g.  [3]–[10]).  Understanding of the damage mech-

anism itself as it takes place inside the bearing is, however, 

still only very rudimentary.  The degradation is generally un-

derstood to progress by the bearing currents (i) damaging the 

bearing surfaces [11] and (ii) altering the chemical composi-

tion of the grease [12].  The latter can lead to ineffective lu-

brication and reduction of the permissible mechanical bear-

ing load.   

This paper studies the effect of grease degradation due to 

discharge currents on the grease breakdown field strength of 

four different greases typically used with electric machines. 

We limit our discussion to electric discharge bearing currents 

1 A.  Romanenko is with Lappeenranta University of Technology, Lap-

peenranta, Finland (e-mail: Aleksei.Romanenko@lut.fi). 
2 A.  Muetze is with Graz University of Technology, Graz, Austria (e-mail 

Muetze@tugraz.at) 

that occur as discharges following voltage that has been built 

up across the bearing.  The influence of further bearing 

grease and surface degradation that might occur due to (for a 

given time) continuous flow of current through a bearing fol-

lowing a breakdown, as it may be the case with high-fre-

quency circulating bearing currents, is minimized in this 

setup, since the electrostatic discharge generator used is not 

able to provide significant long-term current output.  Further-

more, the paper discusses correlations between grease chem-

ical composition and rheological properties: the relationship 

between grease viscosity and shear rate. 

II. METHOD

A. Test equipment 

The influence of repetitive discharges on the grease break-

down field strength was analysed as follows.  The equipment 

comprised a 1-axis micrometric screw modified by welding 

a bearing ball (17.5 mm diameter) to the shaft of the screw 

on one side and a copper-covered part of a 2.54 mm thick 

printed circuit board made of FR4 insulating material with 

copper outer layers on both sides (Fig.  1), an electrostatic 

discharge generator, and a portable oscilloscope.   

Fig.  1.  Sketch of the experimental test setup.  1) 17.5 mm diameter bearing 

ball.  2) Modified 1-axis micrometric screw for exposure of bearing grease 

to electric discharges.  3) Printed circuit board fragment made of FR4 insu-

lating material. 

It should be noted that this setup only allows for analysis 

of discharges occurring in a static arrangement.  However, 

this approach is justified because of the significantly shorter 

times of the discharges (discharge times between a few nano- 
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and a few microseconds) than typical times between individ-

ual switching instances (at typical switching frequencies of a 

few kilohertz) and rotational speed of the bearings (of up to 

several hundreds of hertz).   

The distance SB travelled by the point on a surface of a 

bearing ball during a single spark event is estimated by 

𝑆𝐵 = 𝑟𝑐𝐹𝑆 (1 −
𝑟𝑏

2

𝑟𝑐
2) 𝑡 𝜋, (1) 

with the bearing ball radius rb = 8.75 mm, bearing cage ra-

dius rc = 36.25 mm, which are the dimensions of 6309ZZ 

bearing, a typical shaft rotational frequency of FS = 25 Hz, 

and t = 1 us as an approximation of the duration of a single 

discharge spark.  From this, we obtain SB = 2.7 um.  This 

value is in the same order of magnitude than the thickness of 

the grease lubricating film in rolling element bearings used 

with electric drives such as those motivating the work of this 

paper.  Hence the shear rate, calculated by 

𝛾̇ =
𝑣

ℎ
, (2) 

is in the range of (0.5…2) s-1, assuming a film thickness h of 

(1…4) um and a bearing surface velocity v of 2 um/s.  How-

ever, this typical film thickness is much smaller than the 

plate-to-ball distance of the test set up used in this investiga-

tion.  Possible scaling effects will need to be included in the 

further analysis of the results obtained. 

B. Viscosity measurements 

The rheometry of grease samples was performed using an 

Anton Paar MCR 302 rheometer for three temperatures: 25, 

40, and 60 °C.  Three sets of 20 measurements were per-

formed for each of the greases.  Each set corresponds to one 

of the three temperatures and shear rates from 0.1 to 10 s-1 

with logarithmic steps.   

C. Breakdown voltage measurements 

The measurements were performed on four different types 

of grease, “grease A” to “grease D”, at a plate-to-ball dis-

tance of D = 100 um.  Table I gives an overview of the base 

oil, thickener types, and additives of the four investigated 

greases.   

 For each type of grease investigated, 10 samples were in-

vestigated consecutively.  Prior to each measurement of an 

individual sample, the space between the ball and the plate 

was cleaned.  Then, the new grease sample was added with 

the ball at approximately 5 mm from the plate, and the dis-

tance between the ball and the plate was then reduced to the 

desired distance by one-directional movement.  After initial 

positioning, the electrostatic discharge was initiated as fol-

lows: The maximal test voltage was set to 5 kV.  The trigger 

of the oscilloscope was set to the falling edge of the input 

signal (single measurement mode).  Voltage was applied un-

til a discharge was detected by the oscilloscope.  Then, the 

maximum voltage occurring within 0.1 us before this dis-

charge was recorded, and the procedure was repeated again 

to obtain the next discharge measurement.   

For each investigated sample, this procedure was repeated 

until one of the following two conditions was met: (a) the 

sample became conductive (the ball-plate system no longer 

showed capacitive behaviour, preventing any further voltage 

building across the bearing, no discharges were detected us-

ing the wireless detection method described in [13]), or (b) 

70 measurements were performed.   

III. RESULTS

A. Viscosity analysis 

Fig.  2 shows the results of the rheometry of the investi-

gated grease samples.  Some points in the plot seem to be 

kneeing at lower shear rates, which may be explained by ex-

cessive viscosity of these samples affecting the measure-

ments.  Thus, the points below 1 s-1 shear rate were excluded 

from all sets.   

For each of the sets, and for each of the three temperatures 

measured, curve fitting was applied to the remaining points 

to obtain the viscosity of the grease as a function of the shear 

rate: The measured viscosities were fit to the so-called Power 

Law [14] 

𝜂 = 𝐾𝛾̇𝑛−1 (3) 

where  is the viscosity, 𝛾̇ is the shear rate, n is the power 

law index defined by the properties of the material, and K is 

the material dependent proportional coefficient.  The propor-

tional coefficients were approximated by a linear function of 

temperature 

K(T) = K0 + kT (4) 

where T is the temperature, K0 is the proportional coefficient 

at T = 0 °C, and k is a temperature dependent coefficient.  The 

results of this curve fitting process are shown in Table II over-

leaf. 

B. Breakdown voltage analysis 

The statistical analysis of the sampled data was performed 

to determine the nature of the data distribution.  First, Pear-

son’s chi-squared test [15] was evaluated for each full data 

set to confirm that the initial variations in the measured data 

were significant.  The test provided the probability p with 

TABLE I 
BASE OIL AND THICKENER TYPES OF INVESTIGATED GREASES 

Grease Base oil type Thickener type Additive 

A mineral oil multi-soap 

complex 

-- 

B mineral oil aluminum com-

plex 

-- 

C synthetic (sil-

icone) 

silicone based -- 

D synthetic 

(poly-alpha-

olefins) 

lithium com-

plex 

Extreme pressure 

and polytetrafluoroeth-

ylene 

Fig.  2.  Measured breakdown voltages.



which the tested data sets might belong to a normal distribu-

tion.  The results are shown in Table III.  Some samples be-

came conductive too fast and thus were too short to be ana-

lysed with the chi-squared test.  The samples for which the 

null-hypothesis significance strength is less than 0.05 were 

analysed further. 

Each set of measured results was analysed as follows: For 

each of the four greases investigated, the data sets were 

grouped so that the first measurements of each set are in 

group 1, the second measurements of each set in group 2, the 

third measurements of each set in group 3, and so on.  For 

each group the minimal, average, and maximal breakdown 

voltages were calculated.  These values are presented in Fig.  

3. For all sets of each grease, the average decline of the volt-

age over the first three measurements, KVD, was calculated 

by  

KVD = (1 - Uavg,3/Uavg,1) 100 %  (5) 

where Uavg,i is the average breakdown voltage of the ith 

group.  The average variation KAVG was calculated as 

𝐾𝐴𝑉𝐺 =
∑ ∑ 𝑘𝑟𝑒𝑙,𝑖,𝑗

10
𝑗=1

69
𝑖=1

𝑁𝑛𝑜𝑛𝐷𝐶−10
, (6) 

where NnonDC is the total number of measurements over all 

sets of data of one type of grease before the corresponding 
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A 25 0.1443 966.4326 

1230.2 -11.036 A 40 0.1289 767.5365 

A 60 0.1109 577.1500 

B 25 0.1276 384.0011 

457.7 -3.272 B 40 0.0564 312.5129 

B 60 0.0124 267.4456 

C 25 0.0913 1007.8 

1145 -5.024 C 40 0.1064 964.4926 

C 60 0.0789 834.8803 

D 25 0.1303 591.2107 

731.0 -5.483 D 40 0.1157 516.3991 

D 60 0.1210 399.9867 

TABLE III 
CHI-SQUARED TEST OF MEASURED SAMPLES: NULL HYPOTHESIS 

STRENGTH, PROBABILITY P THE TESTED DATA SETS BELONG TO A NOR-

MAL DISTRIBUTION 

Sample Grease A Grease B Grease C Grease D 

1 0.00544 0.06062 1.32E-06 8.78E-05 

2 0.038897 0.069667 4.27E-11 0.000184 

3 0.001061 0.000181 1.77E-07 0.001815 

4 0.033019 0.635161 - 8.05E-07 

5 0.072616 - - 3.81E-07 

6 0.107985 0.000464 0.00603 0.007107 

7 0.05267 - 9.39E-07 0.057971 

8 0.009139 - 0.016195 2.45E-07 

9 0.030844 5.55E-05 0.369496 0.080343 

10 0.021462 0.147534 1.95E-06 0.092969 

Fig.  2.  Grease samples rheometry results. 



grease sample became conductive.  The coefficient krel,i.j was 

calculated for all the measurements before the grease became 

conductive as the relative change of the breakdown voltage 

between two consecutive readings  

 krel,i,j = │
(𝑈𝑗,i+1− 𝑈𝑗,i)

(𝑈𝑗,i+1 + 𝑈𝑗,i)
 │∙100 %,   (7) 

where Uj,i is the ith voltage measured in the jth series.  The 

coefficient krel,i,j is defined as 0 for all samples after the 

grease has become conductive.  Table IV shows the measured 

breakdown voltages.   

Samples C and D feature rapid (59.62 % and 58.97 %) 

drops of the initial breakdown voltage while samples A and 

B demonstrate much less rapid decreases of only 25.51 % 

and 46.45 % respectively.  The individual sets of samples 

show from 10.99 to 11.47 % variation between the consecu-

tive measurements.  The difference between the smallest and 

the largest value is, however, only 0.48 %, which is very 

small when compared to the absolute values of the average 

variation KAVG.   

IV. DISCUSSION 

The results show that different types of grease may have 

different abilities to sustain their initial dielectric properties 

after a discharge has happened.   

With the samples that became conductive, only a few hun-

dreds of volts built up across the gap, and the values were 

lower than those that material with the dielectric strength of 

air (3 kV per 1 mm of thickness) would be able to sustain.  

Such behaviour has previously been reported in [16] and is 

considered to be caused by local film thickening, leading to 

metal-to-metal contact formation.  In the work presented in 

this paper it was, however, not possible for the metallic parts 

to come into contact, which suggests that the grease became 

locally saturated with ionized particles conducting electric 

charge.   

The results demonstrate the consequent reduction in die-

lectric strength of the grease samples as a result of the elec-

tric discharges.  This can be explained by electrostatic dis-

charge imbued oxidation and thermal decomposition of 

grease components, which may generate particles with die-

lectric strengths smaller than those of the initial components, 

thus reducing the grease’s overall dielectric strength and in-

creasing its dispersion.  It is also possible that the conductive 

elements inside the grease cause the decline in apparent 

breakdown voltage as some parts of the grease conduct the 

potential through some parts of the gap.  The decline in 

TABLE IV 
MEASURED BREAKDOWN VOLTAGES 

Grease Decline of average voltage during 

the first three measurements  

KAVG NnonDC 

A 46.45 % 10.99% 379 

B 25.51 % 11.02% 178 

C 59.62 % 11.16% 315 

D 58.97 % 11.47% 421 
 

Fig.  3.  Measured breakdown voltages. 



breakdown strength might cause the decline in apparent dis-

charge activity over time in an electric machine as the grease 

goes into resistive mode, reducing the voltage load between 

the shaft and frame of the machine.  This is in line with the 

observed decline of peak discharge activity over time for dif-

ferent shaft rotational speeds and the change of the rotational 

speed at which this maximum occurs at [17]. 

The grease sample D demonstrated the best long-term re-

sistance to degradation which may be explained by its syn-

thetic base oil, composed of poly-alpha-olefins which are 

known for their resistance to thermal oxidation processes.  

Mineral oil samples A and B feature less rapid initial degra-

dation of dielectric strength than the synthetic ones.  The 

sample labelled B features very slow initial degradation, 

which might be contributed to its low viscosity: The particles 

damaged by discharge might have a chance to be replaced 

with fresh grease due to intensive molecular movement dur-

ing heat dissipation processes.  This is also in line with the 

analysis performed in [17], which suggests that a higher tem-

perature of bearing results in the rise of discharge activity.  

Their findings can be explained if we consider that higher 

temperatures result in lower grease viscosity which in turn 

improves the rate at which the damaged grease is washed out. 

The breakdown field strengths observed in the experiment 

reported on in this paper varied between 20-50 V/um at the 

initial discharges for each sample and 4-20 V/um when the 

greases’ electric properties had been altered by discharges 

already.  This is in the line with the observed typical dis-

charge field strength of 15 V/um for rolling element bearings 

installed in variable speed drives in the field [18].   

The test setup comprises a scaled (approx.  1:100) real life 

case with the assumption that the rotational speed does not 

affect the process during a single electrostatic discharge. 

Thus, when interpreting the findings in the context of rolling 

element bearings used with variable speed drives, some ab-

solute values measured will need to be scaled: The maximum 

test voltage of the electrostatic discharge generator, 5 kV, 

corresponds to approximately 50 V occurring across the 

bearing, which is a realistic value for electric machines of 

variable speed drives installed in the field.  Furthermore, the 

discharge generator provided a constant voltage in contrast 

to the higher harmonics contained in the voltage bearings of 

variable speed drive systems are submitted to.  However, the 

discharges typically happen during times of constant voltage 

across the bearings, and the harmonics are considered low 

enough to not affect the dielectric constant of the material.   

The exact energy dispatched into the system is not con-

trolled, which might lead to a rather large variability of long-

term results.  This variability might be explained by the os-

cillations in the generator-bearing capacitance circuit hap-

pening after the discharge.  Organic oil and wax molecules 

are dipoles and are susceptible to the effect of molecular po-

larization [19] which might persist even if the field is re-

moved.  Hence these oscillations might polarize the mole-

cules of grease in either positive or negative polarization 

with respect to the applied voltage increasing or decreasing 

the relative permittivity for the following discharge.  Further-

more, significant uncertainty comes from the potential pres-

ence of air bubbles in the shortest path of the current decreas-

ing the effective dielectric strength.  In the investigation, this 

effect was minimized by the high number of tests carried out 

for each of the configurations analysed.   

While such uncertainties may challenge the analysis of the 

results, they are in line with the situation with real life appli-

cations, where the voltage across the bearings changes along 

with the variability of the individual switching incidences, 

and where air might be included within the grease, what 

might even be a function of the greases’ rheological proper-

ties. 

Further research on the characteristics of the grease con-

ductivity is required, as the findings observed need to be un-

derstood in the context of those reported on in other studies: 

Increased surface roughness due to surface melting was sug-

gested to reduce the distance between the bearing’s ball and 

running surfaces, decreasing the resistance of the grease 

layer [17].  In [20], a hypothetical possibility of ball and ring 

surfaces melting together due to short-term local melting of 

surfaces at the moment an electrostatic discharge occurs is 

mentioned.  Such melting would create a direct conducting 

path turning the bearing into resistive mode.  Furthermore, 

the findings on the modification of the grease dielectric prop-

erties complement those on the effect of the energy intro-

duced into the system by the discharges on the bearing sur-

face, resulting either in melting or vaporization of the surface 

[11], and the possibility of further flattening of the small cra-

ters that has been cited to not affect the bearing life [21]. 
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Effects of Electrostatic Discharges on Bearing

Grease Dielectric Strength and Composition
A. Romanenko, Student Member, IEEE, A. Muetze, Fellow, IEEE, J. Ahola

Abstract—Bearing faults may significantly reduce the useful
life of electric machines. With the advent of modern fast-
switching frequency converters, electric currents induced by the
high-frequency common-mode voltage of these converters have
been recognised as additional, sometimes severe, contributors to
bearing degradation. The degradation is understood to progress
both by damaging the bearing surfaces and by altering the
chemical composition of the lubrication greases, which can lead
to ineffective lubrication and reduction in permissible mechanical
bearing load. This paper studies the effect of grease degradation
due to discharge currents on the grease dielectric strength and
chemical composition of several greases typically used with
electric drives. From this, conclusions on the grease selection
for variable speed drive applications are drawn.

Index Terms—Ball bearings, fault diagnosis, materials relia-
bility, accelerated aging, electrostatic discharges, variable speed
drives.

I. INTRODUCTION

BEARING faults may significantly interfere with the relia-

bility of electric machines. According to several studies,

reviewed in [1], bearing failures cause between 13 % and

44 % of motor faults. The authors of [2] name mechanical

breakage (70.53 % of reported bearing faults) and over-heating

(22.11 %) as the most frequent initiators for bearing damage,

and high vibration (50.5 %), persistent over-loading (22.77 %),

and poor lubrication (12.87 %) as the most frequent contribu-

tors to eventual bearing failure.

The possibility of additional bearing damage caused by

inverter-induced bearing currents in modern variable-speed

drive systems has been well recognised. Different authors have

described cause-and-effect chains for this potential damage,

allowing selection of appropriate mitigation techniques (e.g.

[3], [4], [5], [6], [7], [8], [9], [10]). Understanding of the

damage mechanism itself as it takes place inside the bearing

is, however, still only very rudimentary. The degradation

is generally understood to progress by the bearing currents

(i) damaging the bearing surfaces [11] and (ii) altering the

chemical composition of the grease [12]. The latter can lead

to ineffective lubrication and reduction of the permissible

mechanical bearing load.

Extending the preliminary results presented in [13], this

paper studies the effect of grease degradation due to discharge

currents on the grease breakdown field strength and chemical

A. Romanenko is with Lappeenranta University of Technology, Lappeen-
ranta, Finland (e-mail: Aleksei.Romanenko@lut.fi).
A. Muetze is with Graz University of Technology, Graz, Austria (e-mail
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J. Ahola is with Lappeenranta University of Technology, Lappeenranta,
Finland (e-mail: Jero.Ahola@lut.fi).

composition of four different greases typically used with

electric machines. We limit our discussion to electric discharge

bearing currents that occur as discharges following voltage that

has been built up across the bearing. The influence of further

bearing grease and surface degradation that might occur due

to (for a given time) continuous flow of current through a

bearing following a breakdown, as it may be the case with

high-frequency circulating bearing currents, is minimised in

this setup, since the electrostatic discharge generator used

is not able to provide significant long-term current output.

Furthermore, the paper discusses correlations between grease

chemical composition and rheological properties: the rela-

tionship between grease viscosity and shear rate. From this,

conclusions on the grease selection for variable speed drive

applications are drawn.

II. METHOD

A. Test equipment

The influence of repetitive discharges on the grease break-

down field strength was analysed as follows. The equipment

comprised a 1-axis micrometric screw modified by welding a

bearing ball (17.5 mm diameter) to the shaft of the screw on

one side and a copper-covered part of a 2.54 mm thick printed

circuit board made of FR4 insulating material with copper

outer layers on both sides (Fig. 1), an electrostatic discharge

generator, and a portable oscilloscope. It should be noted that

this setup only allows for analysis of discharges occurring

in a static arrangement. However, this approach is justified

because of the significantly shorter times of the discharges

(discharge times between a few nano and a few microseconds)

than typical times between individual switching instances (at

typical switching frequencies of a few kilohertz) and rotational

speed of the bearings (of up to several hundreds of hertz).

The distance SB travelled by the point on a surface of a

bearing ball during a single spark event is estimated by

SB = rCFS

(

1−
r2b
r2c

)

tπ, (1)

with the bearing ball radius rb = 8.75 mm, bearing cage radius

rc = 36.25 mm, which are the dimensions of 6309ZZ bearing,

a typical shaft rotational frequency of FS = 25 Hz, and t =

1 µs as an approximation of the duration of a single discharge

spark. From this, we obtain SB = 2.7 µm. This value is in

the same order of magnitude than the thickness of the grease

lubricating film in rolling element bearings used with electric

drives such as those motivating the work of this paper. Hence

the shear rate, calculated by
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D

Fig. 1. Sketch of the experimental test setup. 1) 17.5 mm diameter bearing
ball. 2) Modified 1-axis micrometric screw for exposure of bearing grease to
electric discharges. 3) Printed circuit board fragment made of FR4 insulating
material.

ẏ =
v

h′
, (2)

is in the range of (0.5 . . . 2) s−1, assuming a film thickness h

of (1 . . . 4) µm and a bearing surface velocity v of 2 µm/s.

However, this typical film thickness is much smaller than

the plate-to-ball distance of the test set up used in this

investigation. Possible scaling effects will need to be included

in the further analysis of the results obtained.

B. Viscosity measurements

The rheometry of grease samples was performed using an

Anton Paar MCR 302 rheometer for three temperatures: 25,

40, and 60 ◦C. Three sets of 20 measurements were performed

for each of the greases. Each set corresponds to one of the

three temperatures and shear rates from 0.1 to 10 s−1 with

logarithmic steps.

C. Breakdown voltage measurements

The measurements were performed on four different types

of grease, grease A to grease D, at a plate-to-ball distance

of D = 100 µm. Table I gives an overview of the base oil,

thickener types, and additives of the four investigated greases.

For each type of grease investigated, 10 samples were in-

vestigated consecutively. Prior to each measurement of an

individual sample, the space between the ball and the plate

was cleaned. Then, the new grease sample was added with

the ball at approximately 5 mm from the plate, and the

distance between the ball and the plate was then reduced

to the desired distance by one-directional movement. After

initial positioning, the electrostatic discharge was initiated

as follows: The maximal test voltage was set to 5 kV. The

trigger of the oscilloscope was set to the falling edge of the

input signal (single measurement mode). Voltage was applied

until a discharge was detected by the oscilloscope. Then, the

maximum voltage occurring within 0.1 µs before this discharge

was recorded, and the procedure was repeated again to obtain

the next discharge measurement.

For each investigated sample, this procedure was repeated

until one of the following two conditions was met: (a) the

sample became conductive (the ball-plate system no longer

TABLE I
BASE OIL AND THICKENER TYPES OF INVESTIGATED

GREASES

Grease Base oil type Thickener type Additive

A mineral oil multi-soap
complex

–

B mineral oil aluminium
complex

–

C synthetic
silicone

silicone based –

D synthetic poly-
alphaolefines

lithium complex extreme pressure
and polytetrafluo-
roethylene
(PTFE)

showed capacitive behaviour, preventing any further voltage

building across the bearing, no discharges were detected using

the wireless detection method described in [14]), or (b) 70

measurements were performed.

D. Continuous discharging degradation

The test setup was reconfigured to provide continuous power

supply via high-voltage DC rectifier (2.5 kV max. voltage,

3 W maximal power). With this power source the effects of

discharging on grease composition and mechanical properties

were further studied as follows.

For each tested grease a set of six degradation sequences

were performed. At the beginning of each sequence the fresh

grease was applied between the ball and the plate, while the

distance between the two was 3 mm. Then, the voltage source

was set to output 1350 V DC which was controlled using a

FLUKE 87 True RMS multimeter. After applying the voltage

the distance d was decreased with steps of 2 µm until the initial

discharge happened (this distance is defined as didp). From

that point the distance was increased in steps of 280 µm in

order to increase the thickness of grease layer and prevent the

grease from going into direct conductivity. After the increase

the system was left to discharge continuously for 1 hour. Then,

the damaged grease samples were obtained from the gap and

the procedure was started from the beginning.

E. Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was used to

analyse the quantitative changes in the grease composition due

the electrostatic discharges. The method, thoroughly described

in [15], is commonly used in the analysis of organic com-

pounds as it is sensitive to the presence of certain functional

groups in organic molecules. Each functional group has one

or multiple frequency bands in the infrared range at which it

absorbs energy due to natural frequencies of its stretching,

bending or other types of movements relative to the other

atoms in the molecule. These resonance frequencies vary

slightly with changes in the rest of the molecule (apart from

the functional group they are specific to) and can overlap

with resonances of other groups present in molecules of

the compound. The absorption rate relates to the number of

molecules in the compound as

T = e−µℓ, (3)
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where µ is the Napierian attenuation coefficient - constant

for material under similar external conditions and ℓ de-

fines thickness of the material layer. Eq. (3) is known as

Beer–Lambert–Bouguer law [15] and can be used to track

changes in proportions of molecules in compounds.

F. X-Ray diffractometry

During X-Ray diffractometry (XRD) the electrons of certain

wavelength are projected onto the sample from different angles

to find such angles at which, due to diffraction in crystalline

structures, the electrons are reflected into the detector with

amplified magnitude. The angle at which diffraction peak is

observed is related to the intermolecular space in the crystal

structure according to Bragg’s law

nλ = 2d sin(θ) (4)

where n is the peak order, λ is the electron wavelength, d

is the intermolecular distance, θ is half the diffraction angle.

The measurements were performed using CuKα emission with

λ = 1.5444260 Å.

III. RESULTS

A. Viscosity analysis

Fig. 2 shows the results of the rheometry of the investigated

grease samples. Some points in the plot seem to be kneeing

at lower shear rates, which may be explained by excessive

viscosity of these samples affecting the measurements. Thus,

the points below 1 s−1 shear rate were excluded from all sets.

For each of the sets, and for each of the three temperatures

measured, curve fitting was applied to the remaining points to

obtain the viscosity of the grease as a function of the shear

rate: The measured viscosities were fit to the so-called Power

Law [16]

η = Kẏn-1 (5)

where η is the viscosity, ẏ is the shear rate, n is the power

law index defined by the properties of the material, and K

is the material dependent proportional coefficient.The propor-

tional coefficients were approximated by a linear function of

temperature

K(T ) = K0 + kT (6)

where T is the temperature, K0 is the proportional coefficient

at T = 0 ◦C, and k is a temperature dependent coefficient.

The results of this curve fitting process are shown in Table II.

B. Breakdown voltage analysis

The statistical analysis of the sampled data was performed

to determine the nature of the data distribution. First, Pearson’s

chi-squared test [17] was evaluated for each full data set to

confirm that the initial variations in the measured data were

significant. The test provided the probability p with which

the tested data sets might belong to a normal distribution.

The results are shown in Table III. Some samples became

conductive too fast and thus were too short to be analysed with

the chi-squared test. The samples for which the null-hypothesis

significance strength is less than 0.05 were analysed further.

Each set of measured results was analysed as follows:

For each of the four greases investigated, the data sets were

grouped so that the first measurements of each set are in group

1, the second measurements of each set in group 2, the third

measurements of each set in group 3, and so on. For each
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Fig. 2. Grease samples rheometry results.
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TABLE II
OVERVIEW OF VISCOSITY MEASUREMENTS
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en

t
h
[P

a
s/

◦
C
]

A 25 0.1443 966.4326
A 40 0.1289 767.5365 1230.2 -11.036
A 60 0.1109 577.1500

B 25 0.1270 384.0011
B 40 0.0564 312.5129 457.7 -3.272
B 60 0.0124 267.4456

C 25 0.0913 1007.8
C 40 0.1064 964.4926 1145 -5.024
C 60 0.0789 834.8803

D 25 0.01303 591.2107
D 40 0.1157 516.3991 731.0 -5.483
D 60 0.1210 399.9867

group the minimal, average, and maximal breakdown voltages

were calculated. These values are presented in Fig. 3. For all

sets of each grease, the average decline of the voltage over

the first three measurements, KVD, was calculated by

KVD =
1− Uavg3

Uavg1

100%, (7)

where Uavg,i is the average breakdown voltage of the ith group.

The average variation KAVG was calculated as

KAVG =

∑

69

i=1

∑10
j=1 krel,i,j

NnonDC − 10
, (8)

where NnonDC is the total number of measurements over all

sets of data of one type of grease before the corresponding

grease sample became conductive. The coefficient krel,i.j was

calculated for all the measurements before the grease became

conductive as the relative change of the breakdown voltage

between two consecutive readings

krel,i,j =

∣

∣

∣

∣

Ui+1,j − Ui,j

Ui+1,j + Ui,j

∣

∣

∣

∣

100%, (9)

where Uj,i is the ith voltage measured in the jth series. The

coefficient krel,i,j is defined as 0 for all samples after the

grease has become conductive. Table IV shows the measured

breakdown voltages.

Samples C and D feature rapid (59.62 % and 58.97 %)

drops of the initial breakdown voltage while samples A and

B demonstrate much less rapid decreases of only 25.51 % and

46.45 % respectively. The individual sets of samples show

from 10.99 to 11.47 % variation between the consecutive

measurements. The difference between the smallest and the

largest value is, however, only 0.48 %, which is very small

when compared to the absolute values of the average variation

KAVG.

C. Grease composition analysis

1) FTIR: The FTIR spectra of the damaged and the new

grease samples were compared. The results are presented in

Fig. 4. The measurements for greases A, B and D were scaled

using the peak value of 2800 - 3000 cm−1 band to compensate
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Fig. 3. Measured breakdown voltage.
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TABLE III
CHI-SQUARED TEST OF MEASURED SAMPLES: NULL

HYPOTHESIS STRENGTH, PROBABILITY P THE TESTED DATA
SETS BELONG TO A NORMAL DISTRIBUTION

Samples GreaseA GreaseB GreaseC GreaseD

1 0.00544 0.06002 1.32E-06 B.78E-05

2 0.038897 0.069667 4.27E-11 0.000184

3 0.001061 0.000181 1.77E-07 0.001815

4 0.033019 0.635161 – 8.05E-07

5 0.072616 – – 3.81E-07

6 0.107985 0.000464 0.00603 0.007107

7 0.05267 – 9-39E-07 0.057971

8 0.009139 – 0.016195 2.45E-07

9 0.030844 5.55E-05 0.369496 0.080343

10 0.021462 0.147534 1.95E-06 0.092969

TABLE IV
MEASURED BREAKDOWN VOLTAGES

Grease Decline of average voltage
during the first three mea-
surements

KAVG NnonDC

A 46.45 % 10.99 % 379

B 25.51 % 11.02 % 178

C 59.62 % 11.16 % 315

D 58.97 % 11.47 % 421

for possible variations in sample size. The measurements of

grease C was scaled using peak value around wavenumber

700 cm−1.

The analysis of silicone-based grease presented only minor

variations in spectral composition. This is possible due to the

main component of the grease not containing molecules with

functional groups observable with FTIR.

Both natural and synthetic non-silicone greases present

a significant decrease in the absorption rate of peaks with

wavenumbers from 400 to 1700 cm−1. I.e. Lithium stearate

(lithium soap), which is used as a thickener in some of the

tested greases, has absorption peaks next to wavenumbers 710 -

715, 1440 - 1470 and 1570 - 1590 cm−1 [18]. This indicates a

notable decline in the amount of all functional groups with

respect to variations of the CH bond stretching band (at

wavenumbers 2800 - 3000 cm−1) which is common to alkanes

and most other organic molecules. Such decline suggests that

the grease composition was significantly altered by decrease in

additives and thickeners. The composition of grease A seems

to be less affected by the discharging than the composition of

the other non-silicone greases.

2) XRD: The results of the XRD analysis are presented

in Fig. 5. The results were scaled and shifted using the

highest peak magnitude and background level to compensate

for variations in sample size. The following observations and

conclusions can be drawn from this measurement:

• Grease A contains multiple peaks related to the presence

of calcite [18].

• Greases B and C present wide and weak diffraction

peaks that can be explained be diffraction in amorphous

compounds of grease. Hence the variation in relative peak

strength indicates changes in the composition.
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Fig. 4. Changes in FTIR spectra.
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Fig. 5. Changes in X-Ray difractometry measurements.

• Grease D indicates three single narrow peaks which

might be related to polytetrafluoroethylene (PTFE) used

as additive in this grease. The peak shift of peak location

might be explained by changes in the structure of PTFE

crystals due to discharges. Another possibility is that

some thickener molecules produced metal atoms (i.e.

Lithium) which then formed crystal structures.

IV. DISCUSSION

A. Grease dielectric properties

The results show that different types of grease may have

different abilities to sustain their initial dielectric properties

after a discharge has happened.

With the samples that became conductive, only a few

hundreds of volts built up across the gap, and the values were

lower than those that material with the dielectric strength of

air (3 kV per 1 mm of thickness) would be able to sustain.

Such behaviour has previously been reported in [19] and is

considered to be caused by local film thickening, leading to

metal-to-metal contact formation. In the work presented in this

paper it was, however, not possible for the metallic parts to

come into contact, which suggests that the grease became

locally saturated with ionised particles conducting electric

charge

The results demonstrate the consequent reduction in di-

electric strength of the grease samples as a result of the

electric discharges. This can be explained by electrostatic

discharge imbued oxidation and thermal decomposition of

grease components, which may generate particles with dielec-

tric strengths smaller than those of the initial components, thus

reducing the grease’s overall dielectric strength and increasing

its dispersion. It is also possible that the conductive elements

inside the grease cause the decline in apparent breakdown

voltage as some parts of the grease conduct the potential

through some parts of the gap. The decline in breakdown

strength might cause the decline in apparent discharge activity

over time in an electric machine as the grease goes into

resistive mode, reducing the voltage load between the shaft

and frame of the machine. This is in line with the observed

decline of peak discharge activity over time for different shaft

rotational speeds and the change of the rotational speed at

which this maximum occurs at [20].

The grease sample D demonstrated the best long-term resis-

tance to degradation which may be explained by its synthetic

base oil, composed of poly-alpha-olefines which are known

for their resistance to thermal oxidation processes. Mineral

oil samples A and B feature less rapid initial degradation

of dielectric strength than the synthetic ones. The sample

labelled B features very slow initial degradation, which might

be contributed to its low viscosity: The particles damaged by

discharge might have a chance to be replaced with fresh grease

due to intensive molecular movement during heat dissipation

processes. This is also in line with the analysis performed

in [20], which suggests that a higher temperature of bearing

results in the rise of discharge activity. Their findings can be

explained if we consider that higher temperatures result in

lower grease viscosity which in turn improves the rate at which

the damaged grease is washed out.

The breakdown field strengths observed in the experiment

reported on in this paper varied between 20 - 50 V/µm at the

initial discharges for each sample and 4 - 20 V/µm when the

greases’ electric properties had been altered by discharges

already. This is in line with the observed typical discharge

field strength of 15 V/µm for rolling element bearings installed

in variable speed drives in the field [21].
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B. Grease composition

A notable decline in the absorption of IR waves in the bands

that are related to additives and thickeners was observed. The

changes are expected due the organic nature of the greases,

high applied electric field densities and high local increases

in temperature which provide energy for chemical reactions

or catalyse them. The results of XRD indicate no appear-

ance of melted metal particles (from melted copper or steel

surfaces) in the grease samples. Such particles are common

in the grease samples obtained from damaged bearings. The

absence of such particles in this study is explained by the

lack of mechanical contact between electrodes and significant

movement of the tested grease samples. The analysis of grease

sample D, however, featured disappearance of one resonance

peak and appearance of a new one, which can be explained

by the changes in the structure of the PTFE additive. The

lack of metal particles in the grease composition suggests

another explanation of grease conductivity phenomenon during

continuous discharging.

At large, such changes in grease composition will reduce

the viscosity of the grease, which is supported by thickener

components. The decrease of viscosity means that the thick-

ness of the grease film will decrease, potentially subjecting

rolling surfaces to additional mechanical friction. Hence, such

change in grease composition can potentially affect the lifetime

of the bearing subject to the electrostatic discharges due to

the bearing currents. Note that the alternative scenario where

changes in grease composition result in higher thickness would

also be potentially harmful as thicker grease would have

limited ability to spread and mix inside the bearing.

Additionally, both the high electric field density prior to

the discharge and the high temperatures resulting from it

might become a source of hydrogen ions and molecules.

Such molecules are theorised to be one of the causes of

white etching cracks (WEC) on bearing rolling surfaces

[22]. WEC eventually lead to bearing mechanical destruction.

The hypothesis on the formation of ionised particles is also

supported by the drop in breakdown voltage and potential

direct conductivity achieved by the grease samples under the

conditions of continuous application of electrical field.

C. Research applicability and limitations

The test setup comprises a scaled (approx. 1:100) real life

case with the assumption that the rotational speed does not

affect the process during a single electrostatic discharge. Thus,

when interpreting the findings in the context of rolling element

bearings used with variable speed drives, some absolute values

measured will need to be scaled: The maximum test voltage

of the electrostatic discharge generator, 5 kV, corresponds to

approximately 50 V occurring across the bearing, which is a

realistic value for electric machines of variable speed drives

installed in the field. Furthermore, the discharge generator

provided a constant voltage in contrast to the higher harmonics

contained in the voltage bearings of variable speed drive

systems are submitted to. However, the discharges typically

happen during times of constant voltage across the bearings,

and the harmonics are considered low enough to not affect the

dielectric constant of the material.

The exact energy dispatched into the system is not con-

trolled, which might lead to a rather large variability of long-

term results. This variability might be explained by the oscil-

lations in the generator-bearing capacitance circuit happening

after the discharge. Organic oil and wax molecules are dipoles

and are susceptible to the effect of molecular polarisation [23]

which might persist even if the field is removed. Hence these

oscillations might polarise the molecules of grease in either

positive or negative polarisation with respect to the applied

voltage increasing or decreasing the relative permittivity for

the following discharge. Furthermore, significant uncertainty

comes from the potential presence of air bubbles in the shortest

path of the current decreasing the effective dielectric strength.

In the investigation, this effect was minimised by the high

number of tests carried out for each of the configurations

analysed.

While such uncertainties may challenge the analysis of the

results, they are in line with the situation with real life appli-

cations, where the voltage across the bearings changes along

with the variability of the individual switching incidences, and

where air might be included within the grease, what might

even be a function of the greases’ rheological properties.

D. Summary and further study

Continuous electrostatic discharging through the lubricating

greases investigated has shown to lead to significant degrada-

tion of the greases’ dielectric properties: the results of this

study suggest formation of a conducting channel consisting of

ionised particles that result from chemical decomposition of

original grease components: mainly additives and thickeners.

Such change in grease composition can potentially cause bear-

ing mechanical overloading and corrosive effects on bearing

rolling surfaces. This aspect should be carefully considered in

the grease selection for VSD applications, notably with respect

to the bearing load capacity, as the grease composition (and

its change) do affect the greases’ rheological properties. Fur-

thermore, a certain temperature margin should be provided, to

account for the local heating due to the electrostatic discharges.

Further research on the characteristics of the grease con-

ductivity and composition changes is required, as the findings

observed need to be understood in the context of those reported

on in other studies: Increased surface roughness due to surface

melting was suggested to reduce the distance between the

bearing’s ball and running surfaces, decreasing the resistance

of the grease layer [20]. In [24], a hypothetical possibility

of ball and ring surfaces melting together due to short-

term local melting of surfaces at the moment an electrostatic

discharge occurs is mentioned. Such melting would create a

direct conducting path turning the bearing into resistive mode.

Furthermore, the findings on the modification of the grease

dielectric properties complement those on the effect of the

energy introduced into the system by the discharges on the

bearing surface, resulting either in melting or vaporisation of

the surface [11], and the possibility of further flattening of the

small craters that has been cited to not affect the bearing life

[25].
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Incipient Bearing Damage Monitoring of 940-Hour

Variable Speed Drive System Operation
A. Romanenko, Student Member, IEEE, A. Muetze, Fellow, IEEE, J. Ahola

Abstract—Inverter-induced high-frequency bearing currents
are a recognised cause of bearing failure in frequency converter-
fed electric machines. Mechanical bearing faults are generally
identified by vibration measurements. In our work, we submit
bearings to electric discharge machining bearing currents, mea-
sure the electrical stress placed on the bearings, the resulting
vibration signal and operating temperature, and apply time
and frequency domain signal processing techniques for feature
extraction. Experiments are run for 940 hours of operation, so
as to study the incipient bearing failure behaviour. After the end
of the test run the bearing surfaces are inspected using scanning
electron microscopy.

Index Terms—Ball bearings, converter machine interactions,
diagnostics, induction machine, wireless sensors.

I. INTRODUCTION

IT has been well recognised that modern variable-speed

drives that use fast-switching inverters can engender a

variety of parasitic phenomena. Among these phenomena are

inverter-induced bearing currents that can cause significant

harm and eventually lead to the failure of the motor and

generator bearings (and also adjacent gears and gear bearings

within such drive systems).

Several types of inverter-induced bearing currents have been

identified, such as capacitive displacement, electric discharge

machining (EDM), high-frequency circulating, and rotor-to-

ground currents. With EDM currents, that are in the focus

of this work, electric discharges occur statistically distributed

between the raceways of the inner and outer ring and the

rolling elements of a bearing. While the exact mechanism of

bearing failure due to such bearing currents is not understood,

it has been well established that such currents can be a starting

point for bearing damage.

This paper investigates the development of EDM-type

inverter-induced bearing damage during a laboratory test run

with a specially modified motor setup using vibration analysis,

non-intrusive discharge activity monitoring and temperature

monitoring techniques. From this, conclusions are drawn on

the process of pitting damage progression and on the vibration

criteria selection for prediction of this type of damage.

Followed by a brief review of bearing damage modelling,

damage mitigation and monitoring techniques, the paper first

describes the approach used and explains the selection of the

different motor operating modes. The methodology used for

A. Romanenko is with Lappeenranta University of Technology, Lappeen-
ranta, Finland (e-mail: Aleksei.Romanenko@lut.fi).
A. Muetze is with Graz University of Technology, Graz, Austria (e-mail:
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J. Ahola is with Lappeenranta University of Technology, Lappeenranta,
Finland (e-mail: Jero.Ahola@lut.fi).

the data processing is then presented. In the second part,

the results of different types of analysis are discussed and

correlations identified. From these results, hypotheses for fault

development are derived.

II. STATE OF THE ART REVIEW

A. Bearing damage modelling and damage mitigation

Different authors have described the cause-and-effect chains

of inverter induced bearing damage, allowing the selection of

appropriate mitigation techniques. The works on modelling

of the bearing current phenomenon started by the authors of

[1], who first presented lumped-parameter model of electrical

machine structural elements, and [2], who proposed a hy-

pothesis explaining the origination of high-frequency bearing

currents in systems with PWM drives and investigates the

influence of machine dimensions and operation parameters

on the phenomenon. Several years later [3] assembled and

reviewed the hypotheses regarding the possible damage causes.

Several approaches for current prevention and damage

mitigation several studies have emerged in the recent years.

For example, in [4]–[6] electrostatic shielding of motor was

investigated and bearing life-time dependency of average

current density was presented. [3] suggested ground level

equalisation between components of the system, insulated

bearings, reduction of PWM switching frequency and dV
dt

rate using common mode chokes and reactors as bearing

current mitigation techniques. The same study also suggested

the use of a Faraday cage as a mitigation technique. In

[7] a case study of fluting in a paper mill was presented.

Different mitigation techniques were studied and rejected by

the authors. The solution proposed was to connect rotating

and stationary parts with low impedance path which was a

newly proposed technique. [8] suggested the use of inductive

filters to reduce high-frequency components in PWM drives.

In [9] cable shielding and bearing insulation effect on bearing

currents in machines of different sizes was studied. The paper

also suggested the use of hybrid bearings with ceramic balls

to suppress the bearing currents. A summarising review of

damage mitigation techniques and comparison their efficiency

is presented in [10].

B. Damage monitoring techniques

One of the earliest proposals of bearing damage monitoring

using methods based on frequency composition of vibration

signal measured or estimated from stator currents was pre-

sented in [11]. The technique was initially proposed as a

sensorless monitoring of RMS vibration levels of different

frequencies. The substitution is possible as the stator current
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is an effective measure of torque which in its turn correlates to

RMS vibration levels as it takes additional torque to overcome

defects that cause the vibration increase. The approach was

later developed by different authors. I.e. [12] presents the

detection of macroscopic damages such as race crack, hole

or seal displacement using frequency components of stator

current. Different authors also attempted the application of

such techniques to detection of fluting pattern and pitting race

resulting from bearing currents.

According to [13], EDM currents first lead to pitting of the

outer or inner ring and in later stages to an increase in wide-

band vibration. The authors of [14] explain that the usability

of vibration monitoring for predictive maintenance of inverter-

induced bearing failures is rather limited, mainly because of

lack of knowledge of the damage evolution within the bearing,

from incipient damage, at which stage countermeasures can be

applied and operational continued, to severe damage prevent-

ing further operation. A general approach for application of

vibration based condition monitoring for evaluation of bearing

remaining useful life (RUL) in the presence of inverter-induced

bearing currents is described in [15]. Another study [16]

suggests RUL estimation using a Kalman filter technique

applied to vibration measurements.

The direct vibration monitoring was selected to be the

main technique for this study as stator current monitoring was

considered to be mainly the derivative of vibration monitoring

and thereof containing less information.

III. EQUIPMENT AND METHODS

A. Laboratory setup

The test rig comprises a low-voltage off-the shelf squirrel

cage induction motor (3-phase, 15 kW, 4-pole) and a load

machine of similar type coupled with an insulating coupler

(Figs. 1,2). The test motor has 6309 deep groove ball bearings

with a clearance of C3, greased with an off the shelf lithium-

soap-based grease. Both bearings of the test motor are elec-

trically insulated towards the frame by polyethylene sleeves.

The drive-end (DE) bearing insulation is short-circuited by

a short wire, enabling intrusive bearing current measurement

(R&S ZC-20, DC-100MHz) and allowing the bearing current

to influence the bearing’s state. Thus, with the exception of

a negligible fraction flowing through the two capacitances

Fig. 1. Photo of the laboratory test setup.

between the bearing outer ring and the stator frame and

between the rotor and the stator frame, the bearing current

will always flow through the DE bearing. To generate the

discharge currents, voltage is supplied to the motor non-drive

end (NDE) between the motor shaft and the frame with a

signal generator (Phillips PM5135) connected to a galvanically

isolating transformer with a 2:1 winding ratio. The out-put

signal from the transformer is supplied to the rotor by means

of an electric slip ring (Mercotac 110, contact resistance

Rcontact < 1mΩ, max. current Imax = 10A, max. frequency

Fmax = 200 MHz). The bearing voltage is measured with a

high impedance differential probe (R&S ZT-01 DC-100MHz)

from the terminals of the coupler. The measurement equipment

further comprises a piezoelectric vibration measurement sen-

sor (Kistler 8\712A5M1, ±5g, BW = 0.5-8000 Hz) supplied by

a Kistler type 5114 voltage source, four temperature sensors

(EPCOS - B57560G104F 100 kOhm thermistors): three for

measurement of the bearing outer ring temperature and one for

the measurement of the load machine stator frame temperature,

as well as a radio-frequency (RF) measurement setup for the

counting of pulses originating from the bearing discharges

[17], [18], thereby providing the so-called “discharge activity”

(DA). The RF measurement equipment includes an antenna

(EMCO 93148), an oscilloscope (R&S RTO1014) and a digital

pulse counter. The SEM pictures are taken with a Hitachi

SU3500 scanning electron microscope.

B. Test program

Fig.3 illustrates the test program conducted with the test

setup. The bearings were submitted to electric stress by a

sinusoidal voltage generator with 60 Vpp open-loop peak-to-

peak voltage and 300 kHz frequency, as described above.

The EDM DA was monitored with a non-intrusive RF-based

bearing current detection method [17] and additional recording

of the bearing temperature. The state of health of the bearing

was monitored by vibration measurement to make it possible

to establish the relation of any incipient failure within the

bearing to the electric stress the bearing had been subject-

ed to. The sampling of bearing temperatures, vibration and

discharges, as described below, was started and the motor was

run for a total of 940 hours. The bearings were then inspected

visually and with an electron microscope to assess their state

of health and correlate it with the results of the vibration

measurements.

Fig. 2. Schematic of laboratory test setup. 1) RF measurement equipment; 2)
Current measurements; 3) Piezo-electric accelerometer installed in the same
plane as DE bearing; 4) Bearing insulation; 5) Frame; 6) Stator; 7) Insulating
coupler; 8) Driving motor; 9) Test motor; 10) Adjustable voltage source; 11)
Shaft voltage measurements.
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Fig. 3. Test program conducted with the laboratory test setup.

TABLE I
ROTATING FIELD FREQUENCY SELECTION

Interval no. tstart, hours Duration, hours FF, Hz

0 0 125.5 50

1 125.5 40.2 50

2 166.7 28.8 0∗

3 195.5 67.3 13

4 262.8 23 30

5 285.8 27.8 13

6 313.6 3.8 20

7 317.4 114 varying, eq. (1)

8 431.4 52.4 50

9 483.8 66.9 20

10 550.7 389.5 50

* The drive had to be stopped for 30 hours for maintenance on the
measurement equipment to be performed.

C. Test sequence speed selection

The rotational speed of the motor shaft was varied over the

course of the test run to facilitate bearing grease degradation

and bearing wear. The time intervals were selecting following

the monitoring of the DA. When DA levels were low (less

than 30 discharges per second) for continuous period of time

(longer than 2 hours) the operation mode was changed. At the

beginning of each time interval speed between 0 and 1500 rpm

that provided the maximal amount of detected discharges was

chosen. This selection is possible due to the dependence of DA

intensity on grease thickness and temperature which are in turn

vary with shaft rotation speed. The new point of maximum

DA was selected 10 times until the maximal DA activity

point stabilised at 1500 rpm. The complete sequence of speed

changes is presented in Table I. The bearing was initially run

at a supply of frequency FF of 50 Hz (n = 1500 rpm) for

125.5 hours without any voltage applied to the shaft of the

machine. The external voltage source was then turned on. After

317.6 hours the frequency at which the maximum of discharge

activity was observed shifted close to 50 Hz and the speed was

selected to vary between 45 Hz and 50 Hz according to:

f(t) = 2.5 sin(0.1πt) + 45, (1)

where t is the time in seconds from the beginning of the

varying speed mode. For 114 hours, the machine was operated

sequentially in varying speed mode for 4 minutes and at

constant speed (50 Hz/1500 rpm) for 1 minute for the vibration

measurements to be taken under constant and well-defined

conditions. At t = 431.4 hours constant speed operation

continued.

D. Discharge activity monitoring

The antenna was directed to the DE of the test motor, at

approximately 1 m distance (Fig. 1). The RF pulses were

measured with an oscilloscope over a 50 ohms termination.

The triggering voltage to detect RF pulses was adjusted to 5

mV, detecting the rising edge crossing. The DA was deter-

mined from the number of counted crosses sampled over time

windows of 30 s. This number is understood to be proportional

to the number of electrostatic discharges occurring in the

bearing [19].

E. Vibration monitoring

The vibration signal from the motor DE (20 kSamples/s,

400 kSamples record length, 16 bit samples with 0.305 mV

[3.05 mm/s2 ] resolution), the bearing temperature, and the

detected RF signals were measured and periodically stored

using a general purpose data acquisition system. (Period times

of 30 seconds for the temperature and RF signal, 5 minutes

for the vibration measurements respectively.)

The output of the acceleration sensor is independent of

its supply voltage level. The main error in the acceleration

measurements is due to the sensitivity error, which is max-

imum 5 %, and a long term stability error, which is 1 % in

the worst case. Thus, the maximum error of the acceleration

measurements is 6 % of the absolute readings.

Spectral analysis was selected to analyse the measured

vibrations because it allows a good trade-off between com-

putational effort (allowing processing of significant amounts

of data) and insight into the degradation process. The sam-

pled data was processed with the Cooley-Tukey fast Fourier

transform algorithm [20]. This algorithm computes the discrete

Fourier transform for an input vector of size N according to:

X(k) =

N
∑

j=1

x(j)ω
(j−1)(k−1)

N , (2)

ωN = e(−2πi)/N , (3)

where k = 1 . . . N, j = 1 . . . N, x(j) is the jth element of the

input vector, X(k) is the kth element of the transformation

result vector, ωN is the Nth root of unity. The transformation

was applied to each set of 400000 samples of voltage recorded

by the digital acquisition platform, after which the transformed

signal was down sampled to a resolution of 1 Hz by the aver-

aging magnitudes of consecutive frequency components. The

acceleration sensitivity of the sensor is 1 V per 9.8 m/s2. The

result of the transformation is a vector containing frequency

components from 0.05 Hz to 10 kHz. The magnitudes of the

vector components were then summed up for each 1 Hz band.
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The resulting plots were combined into a continuous surface

plot representing the magnitude of the signal in each band over

the duration of the experiment.

F. Temperature measurements

The temperatures were measured from three sensors located

approximately 1 cm away from the DE bearing, denominated

bearing probes A, B and C, and a sensor located next to the

coil stack on the upper quarter of the stator approximately

30 cm from the DE bearing. Each reading was taken as an

average value of 30000 samples sampled at 1 kHz.

The worst case error of the temperatures measured with a

single probe is 0.52 K ± 0.5 % of the respective value.

G. Scanning electron microscope imaging

The accelerating field voltage of the scanning microscope

was varied between 5 and 15 kV. The lower energy scan of 5

kV is typically used to examine the surface without penetrating

it. Higher energy (here 15 kV) is used to reduce noise at high

magnification images. Higher energy however causes deeper

electron penetration of the surface and thus comes at the price

of reduced sensitivity to phenomena at the material’s surface.

IV. RESULTS OF EXPERIMENTAL INVESTIGATIONS

A. Visual inspection

For the visual inspection, both bearings were cut into

segments. The segments of the inner and outer rings of the

NDE bearing (that had not been subjected to discharge bearing

currents) showed no signs of pitting or other damage. The DE’s

rings had a visible grey trace of 2-3 mm width. The width and

intensity of the trace on the outer ring varied, with maximum

width and intensity at the point that had been located at the

bottom during operation. The inner ring’s trace was uniformly

coloured.

B. Scanning electron microscope imaging

Figs. 4 and 5 respectively show the DE used bearing surface

(back-scattering electron topographic mode, BSE-TOPO) as

if illuminated by direct light from its top-left corner at 45

degrees and the relative mass of the chemical elements (back-

scattering electron composition mode, BSE-COMP): lighter

areas are heavier elements (metals) and darker areas are lighter

elements (organics). The accumulations formed by grease

residues and metal areas are observable from comparison of

both plots. Based on the BSE-COMP and BSE-TOPO plots,

these accumulations comprise two types of features:

- Type A: craters (which seem to have mechanical origin)

of different sizes (up to 5 µm) and shapes filled with organic

elements.

- Type B: small (<1.5 µm in diameter) round-shaped

“droplets” of non-organic elements surrounded by organic

elements. The formation of these droplets is understood to

be due to cohesive forces pulling molten steel together while

it is suspended in the grease “basin”. The droplets then cool

down and freeze.

Polishing traces are clearly visible in areas of the bearing

that have not been subjected to discharges. The NDE surfaces

contained only type A features while the DE bearing shows

type B features in the grey trace areas. The lighter trace areas

seem to have fewer type B features. This behaviour suggests

that darkening of the surface happens due to the appearance

of type B features. Such behaviour can be expected as the

dimensions of such features are similar to the wavelength

of visible light: 0.38 µm to 0.72 µm. The smooth transition

in colour from light to dark suggests that the process is

continuous and not self-healing as the initial polishing traces

never get restored.

C. Bearing temperature during running time

Fig. 6 presents the four measured temperatures. During the

experiment, the temperature measured around the bearing seat

varied between 27.5 and 35.5 degrees Celsius, with notable

changes in average value shortly after changes of speed. The

temperatures within the same speed settings had no clear

long-term pattern of trends. However, during the last period

of measurements (after t = 550.7 hours) rapid variations of

temperatures were observed, despite the fact that the speed

was kept constant. Such variations likely originate directly

from within the bearing. On the limited data available such

behaviour could be attributed to variations in grease properties

in the surface contact area (including but not limited to the

discharge area).

The noise of the environment and the power source resulted

in a standard deviation of a single sample below 0.25 degrees

Celsius. However, at some time intervals the noise of the

test environment became significantly higher, up to 1 degrees

Celsius.

D. RF discharges count

Fig. 7 shows the measured DA over the duration of the

experiment, which changes over time, as reported in [19]. The

measured DA over the first 125.5 hours mainly consisted of

the background noise level of the test laboratory.

Initially, several changes of the speed were performed

(described in Section II.C) that resulted in sharp short-term

rises of DA followed by gradual decreases of the DA. Such

changes were done to obtain again a new point of maximum

DA. When such method of increasing the discharge activity

was recognised as inefficient (the decays became too rapid)

the varying motor speed pattern was introduced. In this mode

of operation the DA increased until it reached its maximum

(3.27·105 discharges per second, at 411.3 hours running time)

and then the short-term maxima of discharge activity began to

decay. Subsequent changes of the speed reference to 20 and

50 Hz did not increase the DA further, and the DA dropped

rapidly below the levels observed before the variable speed

operation mode. Finally, the DA stayed at levels lower than

104 discharges per second for the last 450 hours of the

experiment. This decaying behaviour is in line with findings of

[19]. The increase in DA during the variable speed operation

could be explained by increased intensity of regreasing of the

contact area.
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Fig. 4. Electron microscope images of the light trace area of the used DE bearing’s outer ring topology (left) and surface material composition (right).
Dash-dotted ellipses depict the locations of some “type A” features. Dashed circles depict the locations of some of the largest “type B” features.

Fig. 5. Electron microscope images of the trace area of used DE bearing’s inner ring topology (left) and surface material composition (right).

Fig. 8 presents the total number of discharges counted from

the beginning of the experiment. The total number of detected

discharges over the duration of the experiment is 6.64· 109.

41.45 % of these discharges occurred between 125.4 and 166.6

hours. This period is related to the initial DA of new grease.

Another 55.27 % occurred between 240 and 550 hours while

the system was mostly operated in variable speed mode.

V. ANALYSIS

A. Analysis of vibration measurements

Selected results of vibration sampling are shown in Figs. 9

and 10: samples of the undamaged bearing system (during the

pre-run period) and after the bearing started to show significant

increase in vibration intensity. The raw data samples suggest

an increased frequency of occurrence of high acceleration

spikes in the latter set of samples. In addition, the vibration

magnitudes seem to have increased. Such changes would

suggest an increase in roughness of the bearing surface,

lubricating grease degradation or other mechanical damage.

The intervals with FF different from 50 Hz were excluded

from the interpretation as the speed not only affects the base

harmonic frequency but also the intensity of friction and

temperature of operation, as can be seen from Fig. 6.

For electric machines operating with rolling element bear-

ings, changes in vibration levels are mainly expected at three

different frequencies [21]:

Outer ring pass frequency:

FBPO =
NB

2
FS(1 −

Db

Dc

) (4)

Inner ring pass frequency:

FBPI =
NB

2
FS(1 +

Db

Dc

) (5)

Ball rotation frequency:

FB =
Dc

2Db

FS(1 −
Db

2

Dc
2
) (6)
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Fig. 8. Total discharges counted since the beginning of experiment

where Db and Dc are the bearing ball and cage diameters

respectively, NB - number of balls and FS is the shaft rotational

frequency. For the test setup, the corresponding values are Db

= 17.5 mm, Dc = 72.5 mm, NB = 8 and FS = 25 Hz, giving

FBPO = 75.86 Hz, and FB = 48.77 Hz, FBPI = 124.14 Hz.

The frequency domain representation of the vibration at the

end of the experiment (t = 940 hours) is shown in Fig. 11.

The response contains several strong components which are:

- multiples of the shaft speed of rotation (25 Hz);

- harmonics, related to the mechanics of bearing components

are present, notably FB and its harmonics, FBPO, FBPI;
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Fig. 9. Vibration samples taken during the pre-run period of measurements
at t equal 0 (a), 60 (b) and 120 (c) hours.

- high-frequency components which can be attributed to the

natural mechanical resonances present in the system. These

components are present in two bands. The first band spans

from 2 to 3 kHz, the second from 7 to 10 kHz.

The evolution of the characteristic frequency components

FB, FBPO, and FBPI over time is presented in Fig. 12. The

vibration magnitude at FB seems to have a positive trend after

the system has been run at lower than nominal rotation speeds

for 120 hours. There is a period of significant vibration (>0.8

m/s2) at the FBPO frequency which corresponds to the period

of variable rotation speed. Based on the data available such

increase would seem to be caused by either additional mechan-

ical stress during the variable speed operation, high-intensity

prolonged DA or both at the same time. The magnitudes of the
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Fig. 10. Vibration samples taken during the last period of measurements at
t equal 640 (a), 790 (b) and 940 (c) hours.

FBPI components would seem to be affected by the variable-

speed operation mode in the same way as FBPO, though to a

smaller extent.

The evolution of the vibration signal spectral composition

over time is shown in Fig. 13. There seems to be a steady

increase in vibration magnitude in the 2.3-2.7 kHz band over

the duration of the experiment. Another notable observation is

the pulsing increases of the magnitudes of the 4.5-5 kHz and

7-10 kHz bands. This behaviour would seem to be triggered

by some event that happened between the end of the variable

speed mode of operation and t = 570 hours, when the system

was set to constant speed operation mode for the last time.

In order to analyse the effect of bearing surface roughness

and local elevations a 3-5 kHz band envelope spectrum (as

described in [22]) was computed. The envelope was obtained

as an absolute value of the timed-domain representation of

the filtered signal. The filtering was performed by zeroing

frequency components outside of this band in the fast Fourier

transform of the original signal and computing the inverse

transform for the resulting frequency domain representation.

The results of the transform are presented as spectrograms

of per band vibration intensity versus time in Fig. 14. The

increase over time of the magnitudes is clearly visible. The

frequencies related to FBPO and its harmonics appear in the

spectrum when the system is suffering the most significant

DA. Notably, at the same time, the normal spectrum indicates

a very small intensity of vibration in the 3-5 kHz band apart

from a floating frequency that drifts from 3.4 to 3.8 kHz over

the duration of 180 hours during the variable speed operation.

Later (t >550 h), when the system is run at constant nominal

speed other multiples of the rotational frequency (25 Hz)

appear in the spectrum. The data seem to suggest that some

mechanical degradation occurred first in the bearing outer ring,

which caused further bearing deterioration. This observation is

in line with the results reported in [13] suggesting that fluting

damage first occurs as surface deterioration of the outer ring

and then progresses to the inner ring.

B. Vibration spectral composition modelling

1) Model description: The shaft displacing forces were

modelled to evaluate the expected changes in the vibration

signal frequency composition of a multipoint damage, nor-

mally distributed around single central point, from the case of

a single point damaged described by eqs. (4)-(6).

The 2-dimensional model presents a single axial section of

a ball bearing. The model was developed assuming tight non-

lubricated contact between outer ring, inner ring and balls.

The local increments in rolling surface height were modelled

as sinusoidal-shaped bumps according to equation

hbump(α) = lbump

[

cos

(

π
6
(α − αcentre)

lbump

2πRsurf

)

− cos(
π

6
)

]

, (7)

where lbump is the modelled bump length, Rsurf - nominal

radius of a rolling surface.

The force exerted by the bump on the shaft is estimated

with the simplified Hertzian contact equation

F (R) = 4

3
E∗R1/2d3/2 (8)

where R is the contact sphere radius, d is contact depth and

equivalent elastic modulus

1

E∗
=

1 − ν2
1

E1

+
1 − ν2

2

E2

(9)

where E1 = E2 and assumed to be equal to elastic modulus

of stainless steel (180 · 109 Nm2) and ν1 = ν2 are assumed

to be Poisson’s ratios of stainless steel and equal to 0.3. The

total force exerted on the shaft is computed as vector sum of

individual forces produced by bearings. The direction of the

applied force is assumed to be aligned with ball centre to the

shaft centre radius.

Fi(α) = F (houter(αi) + hinner(βi)) (10)

where houter and hinner are the corresponding cumulative height

of the outer and inner bearing ring at the point of ball to ring

contact and angles

αi(t) = θi + 2πFcaget (11)

βi(t) = θi + 2πFshaftt − 2πFcaget (12)

define the variation of that contact point in time, t. The angles

θi define the initial shift of each ball in cage and are equal to
2π
N

, 4π
N

,...,2π. The rotation frequencies are

Fcage = Fshaft

Rinner

Rinner +Router

(13)

and Fshaft, which is the shaft rotation speed and assumed to be

25 Hz. Rinner = 27.5 mm and Router = 45 mm are the bearing

inner and outer race radii.
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Fig. 11. Frequency composition of the vibration signal at the end of the experiment.

The outer ring defect due to pitting was modelled as a set of

single point damages normally distributed around the centre

angle mean value αc of π
2

(corresponding to the bottom of

the bearing) with 95 % of points distributed over an area with

length of 6σdd. The size of each damage was fixed as lbump =

10 µm.

2) Results of vibration spectral composition modelling:

First, the total number of defects was fixed at 500 while the

deviation of the distribution was increased from 0.01 rad to

0.2 rad with a step of 0.01 rad. For each value 100 model

runs with different sets of damage points were performed.

The results are presented in Fig. 15. The figure features

the mean values of the magnitudes over 100 test runs and

3σ interval around the mean value based on the standard

deviation in each set of 100 model results. The modelling

shows that the magnitudes of the harmonics from the first to

the eighth decreased rapidly as the damage spread increased

from 0.01 to 0.1 rad. After that point the harmonic variation

is insignificant when compared to the magnitude variation

between the samples due to the probabilistic nature of damage

distribution. This observation suggests that for a given bearing

damage the vibration magnitude at a single frequency might be

affected significantly by the layout of the damage. Hence, the

damages that were caused by discharge currents with similar

energies might not cause the same vibration characteristics,

even if all other parameters, except for the distribution of the

0 100 200 300 400 500 600 700 800 900 1,000
0

0.1

0.2

0.3

Runtime, hours

V
ib

ra
ti

o
n

in
te

n
si

ty
,

m
/s

2 (a)

0 100 200 300 400 500 600 700 800 900 1,000
0

0.2

0.4

0.6

0.8

Runtime, hours

V
ib

ra
ti

o
n

in
te

n
si

ty
,

m
/s

2 (b)

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
0

0.2

0.4

Runtime, hours

V
ib

ra
ti

o
n

in
te

n
si

ty
,

m
/s

2 (c)

Fig. 12. Vibrations in 1 Hz bands around the characteristic frequency components FB (a), FBPO(b) and FBPI (c) of a normal spectrum. The data on the FBPI

plot is clipped during the pre-run period.
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damage, might be the same. The higher order harmonics seem

to be less affected be the increase in damage spread then the

lower order harmonics.

In a second step the increase of vibration magnitudes with

the increase of the damage is modelled. The results are shown

in Fig. 16. The spread of the damage was fixed as 0.2 radians

while the number of damage points varied from 100 to 2000

points in steps of 100 points. The figure features high-order

harmonics of vibration signal in the band from 2 to 3.5

kHz. The harmonics behave similarly show slight increase in

magnitude as the damage increases. However, the rate at which

the standard deviation of the magnitudes grows is higher than

that of their mean value.

This confirms that single frequency components are not

suitable for the monitoring of bearing damage due to discharge

bearing currents. Fig. 17 presents the result of aggregation

of all high-frequency components in the 2 to 5 kHz band.

The aggregated value grows with the increase in the number

of damage points the same way as the mean value of the

high frequency harmonics. However, due to the averaging of

multiple frequencies the standard deviation values are much

lower than those of the single frequency components. This

suggests the use of sums of high frequency harmonics as an

efficient vibration-based damage criteria for pitting damage.

For example Fig. 13 shows a vibration increase in bands above

1 kHz while the low-frequency bands and primary harmonic

for outer ring damage (Fig. 12) show no observable variation.

C. Discharge energy analysis

For completion, the total energy introduced into the DE

bearing during the test run is established. In [23] the total

of capacitances across bearings (the bearing capacitance itself

combined with the rotor-to-stator capacitance) of the same

type, operating in the same machine were determined. This

capacitance was computed to 0.36 nF at 23 ◦C and 0.89 nF

at 37 ◦C. Assuming a linear relationship, the capacitance as a

function of temperature is interpolated by

Ctot = 0.0379(T − 23) + 0.36, (14)

where T is the machine frame temperature in degrees Celsius.

The average temperature during the experiment varied between

25.5 and 35.5 degrees Celsius. From this interpolation the

capacitance is estimated to vary between 0.46 nF (25.5 ◦C

value) and 0.83 nF (33 ◦C value). The order of magnitude

of these values is in agreement with published capacitance

values, such as the results presented in [24].

The larger value (at 35.5 ◦C) was used to estimate the upper

bound of energy released from within the bearing onto the

bearing surface during a discharge:

E =
Ctot U

2

2
, (15)

where Ctot is the estimated worst-case capacitance and U is

the maximum shaft voltage. For the chosen supply voltage of

60 Vpp, the energy of a single discharge is E = 373.5 nJ. Note

that the true upper bound of energy released into the bearing

could be even higher, as additional energy might be released

from the rotor-to-frame capacitance. However, according to

[14], such energy level would be sufficient to vaporise craters

with radii up to 1.38 µm and melt craters with radii up to

2.57 µm while the electron microscope analysis shows features

with diameters between 0.5 and 1.5 µm. The formation of

such features corresponds to the discharges happening in a

0.83 nF capacitance at voltages around 10 V. It was observed
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Fig. 15. FBPO harmonics change with the spread of damage.

that the discharges mostly happen before the shaft voltage

has reached the peak value of the applied shaft voltage. Such

behaviour can prevent the shaft voltage from reaching higher

values as the bearing temporarily goes into resistive mode

[23]. Furthermore, it is possible that some of the energy

dissipated during the discharge is dissipated into the grease

film, contributing to its degeneration.

Assuming discharges occurring at 10 V and given the cal-

culations above, we estimate the energy introduced into the

bearing by the discharges as 275.6 J or 85 µW of average

discharge power over the duration of the experiment. This

amount of energy introduced into the DE bearing led to the

detectable vibration changes. This estimate is considered to

be important for further research and comparison with other

future works as a measure of damage.

VI. SUMMARY

In this paper the development of EDM-type inverter-induced

bearing damage was investigated in a 940-hours long run of a

specially modified test setup. The test system was operated in

conditions that simulated a 60 Vpp 300 kHz voltage occurring

between the test motor shaft and the stator frame eventually

causing discharges in the DE bearing. Based on detailed

monitoring and analysis of multiple parameters the following

observations were made:

- Visual inspection showed grey traces on the surfaces of the

bearing subjected to discharges that are absent on the surfaces

of bearing that was subjected only to mechanical wear. This

complements the observations made in [25], in which the

bearing in the state of initial formation of a similar trace under

conditions of lower peak to peak voltage applied and less total

discharge activity observed.

- The scanning electron microscope picturing reveals that

the surface has been damaged with two distinct types of

damage: formation of craters (features of complex shape with

sizes from 2 to 10 micrometres in longest dimension) and, in

the contrast to frequently reported pitting craters, small (<1.5

µm) elevations.

- The DA gradually decayed after each sharp rise that

followed a step change of speed as already reported on in

[19]. However, after the speed mode was set to variable the

DA only increased for the first 90 hours and then decayed to

a level where it was no longer significantly affected by any

changes in the speed of the motor shaft.
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Fig. 16. FBPO harmonics change with the number of damage points - the increase in average magnitude is mostly negated by the increase in standard
deviation.
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Fig. 17. Variation of 2-5 kHz band signal with the increase in number of
single point damages.

- Vibration analysis showed a more than three times increase

in the peak value of vibrations over 20 seconds by the end

of experiment in comparison to the levels at the beginning

of experiment. This increase as well as the absence of a

significant increase in the base frequencies for outer and

inner ring damage corresponds to the predictions of modelling

presented in Subsection V.B of this paper as well as to

observations reported in [13]

- The findings suggest that the monitoring of a single

frequency is not suitable for detection of outer/inner ring

damage due to EDM currents. The simultaneous monitoring of

multiple high-frequency components of vibration is proposed

because it allows to alleviate the influence of distribution

variations of the damage points and increases the confidence

level of vibration monitoring measurements.

The increase detected through vibration monitoring in the

FBPO component at early stages of the test run (300-500 hours)

suggested a defect in the outer ring of a bearing. According to

further analysis of the vibration monitoring data and vibration

modelling it is likely that this defect first occurred as a single

point damage on the outer surface of the DE bearing. As the

duration of the experiment was short compared to the expected

lifetime of this bearing under this loading scenario it appears

that the main degradation caused to the bearing occurred

because of the DA. Based on information obtained from the

RF monitoring system it seems that the DA was reduced

by the increased vibration because most of the accumulated



IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. X, NO. X, XXX 201X 12

energy introduced into the bearing by the discharges had been

released before the significant increase in vibration appeared.

In the presence of vibrations, the capacitance might discharge

at lower voltage levels already, possibly under the influence of

metal particles in the grease passing the rolling element and/or

surface more closely. Hence, the latter damage would seem to

be caused mostly by mechanical overloading of both the DE

and the NDE bearings. This explanation is supported by the

appearance of mechanical degradation in both bearings seen

in the SEM imaging. On the data available it would seem that

the damaged caused to bearing was not self-healing although

not yet destructive.
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