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A. Introduction

A.1.1 Aim of this application guide

This application guide is intended to provide an overview of electrical bearing current effects in
rolling bearing s, related to bearing damage concerning the questions

- Which typical failure s occur due to bearingcurrents?

- What are electrical bearing currents?

- How do electrical bearing currents occur?

- What are the main influencing parameters onelectrical bearing currents?

- How can electrical bearing currents be measured or at leastdetected?

- Which remedial actions canbe used to reduceelectrical bearing currents?

This application guide is based onthe research resultsof the industrial consortium with focus on
bearing currents at the Institute for Electrial Energy Conversiorat the TU Darmstadt This appli-
cation guide is based as well on thefollowing published Ph.D. thesesof the Institute for Electrial
Energy Conversiorl], [2], [3] of the TU Darmstadtand of Leibniz University Hannover[4] , [5] ,
[6] , Germany. Further selected results fromthree Ph.D. theses ofTU Wien[7], [8], [9] , Vienna
Austria, and two other universities [10] , [11] are used together with other published literature
sources for the research concerning electrical bearing currents and for this application guide.
This application guide is focussedprimarily to be used by application engineers and drive opera-
tors to give a first-hand overview on electrical bearing current effects. Further details are availa-
ble in the cited literature. Thus this application guide cannot answer each question concerning
electrical bearing currents, especially with theoretical background.

The first contact of an engineer with electrical bearing currents is often due to a damage of
at least one bearingin a drive systemin one of the drive elements, e.g. the electrical motor, the
gear or the encoder. Investigating the causes of the bearing failure in an inverter-operated drive
system often at the first glance it seems tobe caused by electricalbearing currents! But often
this is not true (Figure 1), and then the drive operator is asking for qualified help. This applica-

tion guide may such a first aid.

A.1.2 Not all bearing problems are due to bearing currents

While mechanical bearings of inverter-fed drive systemsmay fail due to inverter-induced electri-
cal bearing currents, other causes of failureare often present, too, e.g. lubricant contamination
by dust or debris, mechanical under- or overloading (Figure 2), mechanical or thermal bearing
damage (Chapter B) etc. Therefore, before discussing bearing failures due to electrical bearing
currents, any other possible failure causesshould be excluded. In some rare caseswo different
failures may evenoccur at the same time Thus the electrical bearing current effects do not need

to be alwaysthe dominating cause for failure.
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In case of kearing damagesby electrical bearing currents the effects are not solely caused by the

electrical machine or the feeding inverter alone, but the whole system setip of the drivetrain
must be considered when looking for the source of bearing current flow. This system setup cam-
sists of the motor cables, the feeding inverter and its type of output voltage pulse pattern, the
electrical motor type and size, the type of mechanical bearing in the motor, gear and encoder
and their kind of lubrication, as well the operation conditions, e.g. variable speedoperation,
continuous or not continuous operation, big acceleration or deceleration, vibrations, etc. Each
drive train component may influence the generation and type of electrical bearing current, mak-

ing it difficult to give a general statement on the causeand-effect chain of electrical bearing cur-

rents.
Improper Indirect Material
bearing failures, 4% defe;:ts and
mounting, 5% manufacturing
9. 9% _— errors, 1%
Inadequate
begnng / Lubricant
selection, 10% contamination,
\ 25%
Insufficient
lubricant _/
quantity, 15%
\
Unsuitable
lubrication,
Excessively 20%
long time
lubrication
without

renewing, 20%
Figure 1. Distribution of common bearing failure causeq12]

Many publications, discussing bearing currents, are available, but a general method to distin-
guish bearing failures, caused by electrical bearing currents,is not given in these publications.
The engineer is often faced with a quantity of detailed information, which has to be analysed
thoroughly. For this purpose this application guide proposes an approach toanalyse inverter-
operated drive systems concerning electrical bearing current effects in roller bearings. Sleeve
bearings are lesssensitive to bearing current damages due to the bigger contact surface and
hence smaller bearing current density. Moreover their use is often restricted to largemachines,
which are not so often fed by inverters, and - if so - are fed with inverters of lower switching
frequency and with less du/dt in the inverter voltage output pattern . Hence the probability of

bearing current occurrence is smaller.

6 Version 2.3 - 28.09.2021



Falowing approach for clarifying the influence of bearing currents is recommended:

Before starting in case of a bearing damagewith measurements on bearingcurrents, all other
related issues must beidentified , because according to Figure 1, bearing failure due to inverter-
induced bearing currents may beless than 4% of all bearing failures. First of all, possible me-
chanical failure causes(bearing & lubricant issues kind of mechanical installation* )-must be
excluded, which count for more than 96% of all bearing failures. These mechanical parameters
are boundary conditions for the bearing system anyway, and have therefore to be taken into

account at any rate also for bearing currents failures.

A single electrical bearing current occurrence as a short current spike (exceptextreme current
densities such as during a strong flash-over) does not destroy the bearing at once. To destroy a
bearing, a continuous electric bearing current must occur such as a repetitive sparking at inverter
switching frequency with an apparent bearing current density higher than 0.1 A/mm . The bear-
ing current occurrence probability rate is proportional with the inverter switching frequency,
because at each switching instant a change of electrical voltage at the bearing occursThe dam-
age mechanism fortypical electrical bearing damage according Figure 5 and Figure 6 may be
complicated and is not always easily straightforward explained. In some casesit was found, that

mechanical vibrations are also part of the damage process.

Lubricant
contamination

Excessively long time
lubrication without

Improper
lubrication

renewing Improper lubricant

Inadequate bearing
selection

Insufficient
lubricant quality

Ilnadequate lubrication |

Over

Load imbalance |ubrication

Misalignment

Common cause | | r mounting

of bearing failure

Excessive or uneven
heating

Material defects and
manufacturing errors

Overload

Electrically damaged
bearing

I Indirect failure |

Vibrations

High
temperature

Figure 2: Common bearing failures[12]
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A.1.3 Recommended approach of analysis

When can we state a bearing failure? For some operators already a noisy bearing is called a
&lamaged bearingp  _ | b f c | ac _ Butofterpthysliseonlydan epjlyssigncthat a bearing
damage will occur. Usually a roller bearing failure is stated when by frequency analysis of the
measured bearing vibration signal a dominating vibration amplitude at roller element bypass
frequency is detected! But independent from the bearing failure definition, t he procedure of
analysis is always the same.
This application guide provides necessary information required for such analysisdescribedin the
follow ing chapters:

a) What are bearing currents?

b) What are typical damage patterns due to electrical bearing currents?

c) What kind of faults or improper design of the electric and mechanical systemmay lead

to bearing currents damage®
d) What kind of remedial actions may be recommended?

e) How can electrical bearing currents be measured?

1) Checking a roller bearing concerning a possible  bearing failure :

When the system is still running and no modification at the drive system had been done, ame-
chanical vibration measurement with an envelope analysis concerning the frequency spectrum of
the vibration signal should be done. Most of the bearing manufacturers supply a software tool to
calculate the roller element bypassfrequencies for their bearings. If a dominating vibration a m-

plitude at such a bypass frejuency is deteced, pleaseproceedaccording to Chapter B.
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1)} For the case that electrical bearing currents may be the cause of failure :

a) For the case the bearing is already dissembled doncerning bearing current type see

Chapter D) (If bearing is still assembled,go to part b)

By analysing the damageddissembled roller bearing and the lubricant (see Chapter B)

along with the drive system topology information, first hints may be extracted which

kind of bearing current hasoccurred. For these hints, theminimum required data are:

i. Drive system:

V  Type of industrial application of the drive system?

V  Bearing type? Bearing is affected at drive end or nondrive end side?

V  Type of used lubricant i.e.: conductive lubricant: yes/no?

V  Switching frequency of the feeding inverter?

V  Machine and inverter type (see rameplates)

V Inverter output filter used? Such as e.gcommon-mode ring cores, sine
fiter,du/dt-dgj rcp* - =

V  Type of used notor cable, i.e. unshielded or shielded? Shield connection
type to the grounding system?

V  Type of the feeding grid at the inverter input terminals type: IT or TN?

V Is a gearbox used? If so, is the motor ®upling el. insulated: yes/ no?

V  Which kind of auxiliary devicesexist such asgrounding brushes, tacho

generator, encoder, viorar gml  qcl gmpqg* - =

ii. Operating data:

\%
\%
\%

Speed(fixed value or variable speed ? High acceleration/deceleration?
Temperature of the bearings or of nearby motor parts?

Kind of duty cycle? Usedspeedtorque profile ?

iii. Operating documentsand additional information :

\%
\%

Maintenance book

Observations of maintenance workers

Additional data of drive lay-out:

\%
\%

Electrical machine arrangement: One-axis or multi -axis drives?

Inverter operation with a) Direct torque control, b) Pulse width modula-
tion, c) Hysteresis control?

Used nverter topology i.e. 2-Levetinverter, 3-Levetinverter, Si-IGBT or
Si-MOSFET or SIGMOSFET elements?

Infeed part of the inverter from the grid via 8Active front endu (AFE) or
§ Bde rectifier front endu(DFE)?

As a result a hint

occurred or not. Maybe in addition a system assemblingproblem may be suspected

may be given that a certain type of electrical bearing current has
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b) Local inspection of the damaged systemand measurements
i Verification of grounding and EMC failures (seeChapter E)
V Check the connections of the grounding cable and check the require-
ments of the components supplier concerning all cable installationd
ii. Measurements GeeChapter C)
V  Common-mode current
Common-mode voltage
Parasitic leakage currents
Bearing voltage

Bearing and ambient temperature

< < < < <

Additional vibration and positioning measurements

c) Evaluation of bearing current type (seeChapter D):

Comment: This can as well be done in parallel with part b)

d) Deriving counter-measures
i For that further information is required on
V Radial and axial mechanical bearing load force
V Definition of available remedial resourcesversus permitted technical
and economic conditions

V  Clarifying the drive system circuit diagrams

ii. Choosing the remedial action bagd on the evaluated information and measure-

ments
iii. Installation of remedial counter-measuresand measurementson their effective-

ness

10
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Figure 3: Diagnostic flow chart

B. Clasdication and Determination of Bearing Damage

Figure 4 gives an overview of the bearing 8 f ¢ _ @sseSsmentFor a still assembled and opera-

ing drive system an immediate disassembly of themotor is not recommended, if there is only

§entlepaudible noise coming from the bearing. First vibration measurements are recommended

So when the system is still running and it is not clear if a bearing damage exists, a diagnostic
should start by the mechanical assessmenbf the bearings with vibration measurement tech-

niques such as measuredvibration acceleration, measured signal crest factor and envelope fre-

quency analysis of the vibration acceleration signal at the bearing end shield of the machine. A

roller bearing failure is given, when in the envelope frequency analysis of the measured bearing
vibration signal a distinct, considerably high vibration amplitude at roller element bypass fre-

quency of the bearing is detected.This could be caused by adamaged inner or outer bearing race
surface or surface damage obne or several rolling elements and as wellas a damage of thecage.
In case of already disassembled bearings different assessmenimethods are available. The lubri-

cant colour and consistencyand the bearing surfacescan be checked. By disassembling the bear-

ing some general rules should be regarded accordingo the published bearing failure catalogues

(e.g.[18],[19], [22], [23]):
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1. Analyse the ambient conditions of the total drive system and make a protocol by photo-

graph pictures!
2. The colour and lubricant distribution in the bearing should be protocolled by photo-
graphs[18] .
3. Be aware, that due to the dissembling by pressing on the outerbearing ring additional
bearing failures can be created.
Try not to pollute the lubricant while disassembling the bearing.
Use alminium foil (no plastic) to conserve the bearingfor further investigation e.g. at a
diagnostic institute (or ask your diagnostic institute for proper foils)!
The first rating concerning the lubricant (according to 2.) can be done just by personal evala-
tion. For more detailed research possibilities are available (Figure 9), which are described in the
Chapter § dbricant diagnosticsy & Af B.h3).c p
The investigation of the bearing surfaces(Chapter B.1.1) can be done by an opticalinspec-
tion, further with a surface -reflecting light microscope analysis or with high resolution by a
Scanning Electron Microscope (SEM). The optical inspection of the surfacestogether with the
given damage patternsin the above noted failure catalogues[18], [19], [22], [23], also regard-
ing further special bearing problems (such as mentioned in Chapter B.1.5), allow a first hint
concerning the damage issues.The degree of bearing damage (Chapter B.1.1) desciibes, how

strong the bearing surface has been altered e.g.due to bearing currents.

- Mech.
Bearing race
assessment

—f=0--F=T

Other surface

condition type reference

Figure 4. Bearing assessmenstructure

Lubrication I Lubrication

“n -
5 H g
k= T - 2
£ 2 o =
E-] = o =4
-] ° 2
17} = -
a o H &=
e 2
w <

Table 1 gives an overview which attributes can beinvestigated and assessedy the bearing diag-

nostics and which surface damage pattern corresponds to which cause oflamage The diagnostic
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methods according toFigure4 _j j mu _ bcagdagsimdi nosmpuedal k& af | ga |

bearing failures and damages due to electricalbearing currents.
Table 1 gives the overview, which criteria you finally take into account to prepare a diagnostic.
The bearing current types are exlained in detail in Chapter D.

Table 1: Comparison of typical attributes concerning bearing current types and the comparison
with similar failure causes referencedn Figure 8.

Typical attributes Similar failures causes Current type

Surface: - Indentations of foreign bod-
- Grey race (grade 0,1,2) ies
- SRM sponge texture - Slippage tracks (
Lubricant: - Micro pitting due to fatigue
- Higher iron content of lubricant
- Other parameter near to
normal ageing
Technical operation parameter:
- Low bearing loads, near
to the bearing minimum
loading

EDM bearing current
(Chapter D.1.2)

Surface: - Temperature influences
- Epcw p_ac &e - False&rinelling p
- Slug on the surface
Lubricant:
- Strong ageing
- Bleed out
- &Resinifiedu
Technical operation condition:
- Grounding failures
- Shaft height >200mm no
insulating bearing on one
side mounted

Circulating bearing current

Rotor-to-ground current
(Chapter D.1.4)

(Chapter D.1.3)

Surface: - White etching cracks (short Bearing current
- Destroyed bearing surface time) influence

depending on run time - Surface fatigue

(grade 5)

B.1.1 Optical bearing surface analysisand bearing damage grades

There are different optical analysis methods to scan the bearing surface, which differ in the reso-
lution grade:

a) Eyes

b) Reflecting microscope

c) Scanning electron micrograph SEM
Several further methods exist to analyse the material changes of the bearing surfaces, but they
are typically cost intensive. Other methods to determine the surface characteristics e.g. roudp-
ness,are not further discussed here, because it igtypically not necessary for thebearing damage
diagnostics. Especially, the SEM is a more detailed diagnostic method and gives enough clear
hints to determine the bearing failure. All above mentioned investigation methods are supplied

by the bearing manufactures or at an independent research institute. Typical bearing failures due
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to electrical bearing currents are given in Figure 5 and Figure 6. For their explanation bearing

current types are named, which are given in ChapterD.

A)

B)

C)

D)

E)

F)

G)

Figure 5. ' - a
ter D.1.2). Especially the M shows in case of EDMbearing currents a sponge textureof
the material surface (Figure 5 b). The chemical lubricant analysis typically shows an n-
crease of ironparticles.

In the case of circulating bearing currents (Chapter D.1.4) and rotor-to-ground bearing
currents (Chapter D.1.3) with the usually much higher current density the lubricant oil is
gcn_p_rcb dpmk rfc epc _ledcankisstrpnghc Sagedd ~ | oee
rating COOH-radicals from the lubricant molecules. By the carbon C from these COOH
radicals the lubricant is black-coloured and &esinifiedu (Figure 5 e) due to the loss of
oily content (bleeding) .

The bearing surface shows aggreyprace (Figure 5 a) in an early stage of bearing current
flow due to small craters of small arcing, which are overrun by the roller elements, lead-
ing to the greyish surface. In a later stage fluting (Figure 5d) may occur. The SEM pic-
tures show small slugs (Figure 5 f) on the material surface, and the roughness of the su-

face is increased strongly.

In case of big EDM bearing currents peaks big craters of the short arcs occur (Figure
6a).

If fluting ( Figure 5d, Figure 6 b) occurs on the bearing surface this increased surface
roughnesscauses8oudp ¢ _pgl eq, G mackire ads to bestappeyl to avoiél
increased friction heat, which causes intensiveoil loss, which gives further friction heat,

until e.g. the cage will break and the bearing will block.

Bearings are manufactured usually from ferritic steel. So the magnetic field of the bear-
ing current flow at big bearing currents magnetizes also the tearing steel parts. Due to
the iron remanence the dissembled bearing partsshow a magnetic behaviour, especially
when they are cut into two pieces (Figure 7).

An overview on the aging and destroying development process is given inFigure 8,

where in the first stage a &reyprace according to C) is visible.

14
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Riffel |
Riffel  Riffe

d) e) f)

Figure 5: Typical bearing damagescausedby bearing currents. Bearing grease consists ghineral
oil and thickener.

a) Grey race,inner ring of the bearing of the nondrive end after 2000h operation time under
EDM bearing currents (Chapter D.1.2)

b) SEM-picture by SchaefflerTechnologiesAG & Co.KG: 3000times amplification of the inner
ring surfaceof the bearing of the nondrive end bearing after 200th operation time under
EDM bearing current (Chapter D.1.2

c) Crater resp. arc points at the inner bearing ring surfaceof the drive end bearing after 50th
operation time

d) Fluting (in Germani Ri f &téhé iongr ring surface of the bearing

e) Blackened lubricant grease after 43% operation time under rotor-to-ground bearing currents
(Chapter D.1.3 loading.

f)  SEM-picture by SchaefflerTechnologiesAG & Co.KG: 3000times amplification of the inner
ring surface

Fluting
3
o) EFFLER
£ T i) -
23
g
% % Source: SchaefflerTechnologies AG & Co. KG| Source: Schaeffler Technologies AG & Co. KG
— o a) b)

Figure 6: a) Bearing raceof aroller bearing with EDM bearing current crater s (ChapterD.1.2).

Source SchaefflerTechnologiesAG & Co.KG,
b) Angular contact ball bearing with fluting . Source: SchaefflerTechnologiesAG & Co.KG
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Figure 7: Lifted two halves of acut bearing (type 6317) holding together by remanence magnet
force. The bearing suffered @culating bearing currents for 2000h [3].

B.1.2 Grades of bearing current surfaces damages

For the comparability the damagedbearing inner and outer ring track surfacesare classified here
in six grades (Figure 8) according to [5], where the Grades 1 - 3 are indicators for the typical
damage of bearing race surfaces by § Dj sprdgd tebearing currents. Grade 0 is a normal bear-
ing race surface, which can occur dueto different operation conditions and with this surface a
normal bearing operation is possible. Grades 1 - 3 allow typically a normal operation of the
bearing, but audible noise due to some minor damageis possible A vibration measurement with
a frequency analysiswill show already with Grade 2, but at latest with Grade 3, typically bypass
frequencies which give a hint on the already damaged bearing track surfaces If such a meas-
urement is done with the described result (e.g. Grade 2), the bearing should be monitored by
vibration measurement to see, whether the vibration amplitude at bypass frequency increases
with time or keeps stable. Maintenance should be planned if there is an increasedetected, either

in the audible noise behaviour or in the vibration measurementsignal.

16 Version 2.3 - 28.09.2021



Fatigue damage

Fluting

medium
Grade 3

l

Grade 2

1

Grade 1

light

Grade 0

Figure 8: Different grades of bearing damage[5]

If there are then during maintenance found at the dissembled bearing at the ring track surfaces
or roller element surfaces some small arcing points (diameter < 1 mm), this would be typical for
bearings in inverter-fed machines. In these cases theelectrical bearing current is mostly the main
cause for the bearing damage If such a bearing current damage exists a more detailed bearing
surface investigation via SEM pictures could support the assumption of acting bearing currents
Especially when there are two or more effects assumed to be responsible for the bearing damage,
a more detailed investigation is necessary.A detailed description of how to proceed for bearing

current failure analysis is given,e.g.in8§ D? E UO0j x] _ecp9-alldBlcl p n_ec
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B.1.3 Lubricant diagnostic

The easiestway to do a lubricant diagnostic is done by optical investigation
a) with the eyes and
b) by haptic testing, i.e. by rubbing the lubricant between the fingers to feel the consistency
of the lubricant (please cansider in that case the safety instructions of the lubricant
manufacturer).

The condition of the lubricant can be determined first via:

- colour,
- haptic testing of consistency,
- texture (] s = p g asoffy &le-gledy, &hickenedy)

~

- odour (usually a damagedlubricant smellsbadbs ¢ r m 8§ spl).cbpy n_prgajcq

First optical lubricant analysis __results for a damage d lubricant _in such typical facts as :

- thereis no or less lubricant in the bearing as at the beginning of operation,
- the lubricant is dark coloured,
- the lubricant is thickened, e.g. adhesive orresinous,

- the lubricant has an unobtrusive appearance

| I
|
1

% J \ J \ J \ J % J

element analysis

o
- °
£ ®
o ™
s §
£ o
o 5
= =
2 +
© =
o

worked penetration
solid contaminations
Infrared Spectroscopy

} water content ‘

mechanical stress
kind of particles
particles
water
chemical components

mechanical stress, oil bleeding

aging, changes of lubricant properties
mechanical stress, physical changes
mechanical stress
aging
hints of cantaminations, grease mixing, wear
base oil, additivation, liquid contaminations,

identification, aging, additive reduction, liquid
contaminations

Figure 9: Lubricant diagnostics: Analysis methods
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Detailed analyss methods for the determination of the lubricant condition are available at lubri-

cant and bearing manufactureshandbooks or by their customer support. Commercially operated
research laboratories as given inFigure 9 also offer their services for analysis.For further analy-
sise.g. at the manufacturer’s lab it is necessaryto have a sample of lubricant for further investi-
gation.
Typical analytic methods at the manufacturer’s lab or at a research labare:
I Infrared spectroscopy for determination of a ging (destruction of carboxylic acid -COOH),
identification of lubricant parameters determination of oxidation processes
Il. Gas chromatography mass spectrometryGCMSfor determination of lubricant compos-
tion and further cracking products as well asderived products.

M. Element analysisfor determination of a dditive components, iron particle content, etc.

B.1.4 Issue White Etching Cracks (WEC)

White etching crack damages (WEC) are cracks in the microstructure below the bearing race
surface which have a white shape, when they are etched20] , [21] . WEC isnot discussedin this
application guide. It should be noted that WECs and electrical bearing currents can occur simul-
taneoudy, and electrical bearing current flow may accelerate WEGs. The resulting damage is a
massive damage to the rolling elements and the bearing surfaces of the bearingsThis occurs
especially when within the usual service life the following fatigue damage pattern occurs a
strong surface ageing is visible, e.gwhen big or many surface spalling dees in the bearing sur-
face exist. With the above discussedsurface diagnostic methods the bearing manufacture can

classfy the bearing damage, if it is caused byWEGs or by other sources of damage

B.1.5 Comparison of bearing race surface damage due to electrical bearing

current currents or due to other failure causes

In some cases it is not easy to determine the failure cause-and-effect chain of bearing damage
without doubts . Especialy the bearing damagein the beginning or the totally damaged bearing,
e.g. broken cage will not allow a direct hint of the causes for damage. Typically the following
damage patterns may bewrong interpreted:
A) Adhesive wearin the bearing due to mixed friction instead of bearing currents
B) Craters due to lubricant pollution e.g. by particlesinstead by arcing due to EDM bearing
currents (Chapter D) or similar damage due to wrong mounting or dissembling the bear-
ing
C) Bearing overtemperature caused e.g. by bigrotor-to-ground bearing currents (Chapter

D), but also by wrong bearing design
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D) Fluting caused by mechanical vibration eg. at stand still, called vibration damages due

to false Srinellingp

E) Bearing surface camage due to corrosion

F) Note: A hybrid bearing (e.g. steel rings with ceramic roller elements) cannot be de-
stroyed by bearing currents because due to the insulating behaviour of the ceramic rol-
ing elements no bearing current flow is possible. Further usually due to the too large dis-

charge distances between the conductive rings no flaskover occurs.

The mentioned examples areillustrated by the following pictures:

Case A:Mixed friction vs. bearing currents
In this case the bearing operates dueto several issues in the mixedlubrication area. A grey pat-

tern on the bearing surface is developed due tothis operation.

Comparable surface Bearing current surface

IBCG,IBCC

Source: Schaeffler Technologies AG & Co. KG

Adhesive wear Grade 0

Figure 10: Adhesive wearvs.bearing currents (IBCE: inverter induced EDM bearing currents,
IBCG: inverter induced rotor -to-ground bearing currents, IBCC: inverter induced circulating
bearing currents)

Case B:Due to a wrong mounting, due to a polluted lubricant or due to some dust a bearing

damage may occur. In case of dust these dust particles are overrun by the rolling elements and

are pressed into the bearing surface, resulting in visible small craters.
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Comparable surface Bearing current sur- Exterior view
face

—

IBCG,IBCC

Contamination Grade 0

Figure 11: Contamination of lubricant by particles vs. bearing currents (IBCE: inverter induced
EDM bearing currents, IBCG: inverter induced rotor -to-ground bearing currents, IBCC: inverter
induced circulating bearing currents)

Case C Bearing operates at tm high temperature

For high bearing temperature (> 100 °C) a strong degradation startsfor typical lubricants. T he
chemical structure is destroyed. The lubricant can be coloured black. Similar lubricant modific a-
tions can occur, when an electrical current is flowing thr ough the bearing’s lubricant. So in case
of over-temperature as well as in case of bigger bearing currents blackened greasean be found.
But in case of bearing currents also the raceway of the bearing will show a characteristic dan-
age, e.g. craters or fluting. Therefore the surfaces of the bearingracewayshave to be analysed to

clarify, if current flow is the reason for the | ubricant’s degradation (see ChapterB.1.3).

CaseD: Distinguish false brinelling damage from bearing currents damage:False brinelling dam-

age is causeddue to micro vibration e.g. mechanical oscillations or vibrations

False brinelling marks Surface caused by kearing
currents

1
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Figure 12 False brineling marks vs. bearing currents. False brinnelling marks are bright, welt
defined, and surrounded by debris.
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CaseE: Corrosion can causecraters on the bearing race surface, which typically differ from the

types of craters caused by bearing currents.
Carrosion surface Surface caused by kearing currents

L 3

[25]

Figure 13: Corrosion vs. rotor -to-ground bearing currents

CaseF: Fluting caused not by electrical bearing currents, but by other mechanical influence such
as mechanical vibration at stand still. Especially in case of hybrid bearingsfluting or craters can-
not be caused by an electrical continuous current or by EDM bearig discharge, because the e-

ramic roller elements are insulating, building up a big flash-over distance.

Comparable surfaceof hybrid bearing outer ring

Fluting at a hybrid bearing

Source: Schaeffler Technologies AG & Co. KG

Figure 14: Fluting at a hybrid bearing is not caused by bearing currents due to the impossibility of
electrical current flow and big flash-over gap between ball and bearing racewvhich is too big for

typical bearing voltages at inverter geration to ignite an arc.
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A general overview is given in the damage catalogues of the bearing manufactures. This litera-
ture [18], [19], [20], [21], [22], [23] is only a part of the available literature. More information
is available at the homepages of he manufacturers, eg. Schaeffler, SKF, NSK, NTN, FAG, Koyo,

et al.

C.Bearing current measurement

In this Chapter we consider inverter-operated motors, where the inverter will generate at its
output a pulsed common-mode voltage ucy with switching frequency, feeding the motor termi-
nals. For further information see also (Chapter D).

Bearing currents (Chapter D) can be measured when the electric machine and in some cases the
whole drive system ismodified [1], [3] . For a determination of bearing currents a modification
of the bearing seats is required (see ChaptelC.1.7.). An overview for measurementmethods and
necessary modifications is given in[26] . Some measuremens at a non-modified drive system are
as well possible, but one usually does not getthe bearing current itself. Instead typically the
bearing and phase voltage and the common-mode currents of the drive system can be meas-
ured. What kind of measurement is required in case of a bearingfailure depends on the possibil-
ties for measurement at the investigateddrive. For example, an industrial drive application in the
field does not allow any big drive modification. So typically the bearing voltage (Chapter C.1.6),
common-mode voltage (Chapter C.1.2) or the drive-system commonmode current (Chapter
C.1.4) can be measured If necessary, in some cases also measurements of the rotéao-ground
bearing current may be demanded and can be done, according to Chapte€.1.8.

The common-mode voltage can easily be measured with a machine which is connected in star
where there can be applied an electrical connection to the winding star point. In case of na-
chines without access to the stafpoint or with a delta connection, a star point adapter has to be
used. Independent of the motor winding connection it is also possible to measure the three
phaseto-ground voltages and calculate the commonmode voltage from the sum of the three

phaseto-ground voltages (C.1.2-1).

C.1.1 Minimum requirements for bearing current measurement s

Bearing currents occurtypically with frequenciesin the range of

a) 100kHz - 1 MHz for rotor-to-ground-bearing currents and for circulating bearing cur-

rents, and

b) several MHz for EDM bearing currents.
Hence for getting details of a), the oscilloscope window has to be set in the time scale in
1 £ 5 <per division for circulating- and rotor-to-ground bearing currents (Chapter D.1.3).
For EDM bearing currents (Chapter D.1.2) the time scale is set to seeral ns per division. So the
necessary resolution of the osdloscope must be at least500 Megasamplesper second For the

mentioned measurements typically following equipment is used partially or fully [26], [27] :
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a. Oscilloscopewith minimum bandwidth of 500 MHz

HF-Rogowski coil up to 10 MHz or current probe up to 50 MHz for measuring the bear-
ing and common-mode current (Figure 18), a passive current transformer up to 20MHz

c. Voltage probeup to 150 MHz for measuring the bearing voltage or phase voltage

d. Differential voltage probes up to 100 MHz for measuring the common-mode voltage up
to 2500 V, and the bearing voltage up to 70 V

Additional equipment:
a. Contacts for contacting rotating components
b. Star-point adapter (Figure 15)

: 1

Figure 15: Star point adapter at the motor terminals, with 2.2MY resistance and 1®F capacitance
in parallel per phase and then connecteth star to make ameasurement of the commosmode vot-
agepossibleat non-accessible winding staipoint or delta connected stator windings

C.1.2 Measurement of common -mode voltage ucm

Star connection of the three motor winding phases

If the star-point of the motor windings ( which has astar connection of the three phases) is accs-
sible, the common-mode voltage is measurable between this star point and the motor housing,
preferably at the motor grounding point. Due to the rather high voltage fed by IGBT-voltage
source inverter e.g. at Ug. = 580V DC link voltage (at 400 V grid) and due to the additional volt-
age overshootsof typically up to 100% rated voltage, causedby reflected traveling voltage waves

on the motor supply cable, adifferential probe is needed.

Delta connection or non -accessible star point of the three motor winding phases
If the motor phases are delta connected or the star point is notaccessible the star point adapter,
which creates a synthetic star point (Figure 15), is to be used to measure the commonmode

voltage ucy,syn Which is identical with ucy.

Measuring the phase -to-ground voltages and calculating with them the common -mode

voltage
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Regardles of the type stator winding connection, the common-mode motor voltage can be de-
termined by measuring the three phaseto-ground voltages uyg, Uyg and uyg at the same time and

by calculating the common-mode voltage with (C.1.2-1).

6 - (C.1.2-1)

o
Motor star point inside the motor housing
U | " stator winding !
T 1 J |
V4 I I
° 1 I | P e —— - | R —
w | — 1 can |
TR — _ __ 1T I
! I Ucm
I______-' :__Csw—f :
—H:I—\ ! — rotor |
| — : ! “re
i — I ! \ | Cooe Conoe| |
| _! uCM,syn : Cr-f T : Yo
synthetic star point : ; !
I i e
________________ ]

Figure 16: Equivalent circuit for measurement of the commormode voliage by using a stapoint

adapter( isynt hetic star pointod)

C.1.3 Measurement of the stator -to-ground current s

The stator-to-ground current can be measured:

a. Indirectly by total current measurement at the motor feeding cable at the motor terminal
without the grounding cable ( Figure 17, measurement point A )

b. Directly:
bl) if the motor shaft not coupled or its coupling to the load is electrically insulated:
Figure 17, measurement point B
b2) if the motor shaft is coupled without electrical insulation to the load (e.g. a gear or
pump etc.): Measurement of the statorto-ground current at the electric grounding cable
acoording to Figure 17, measurement point B; and in addition rotor -to-ground currents

via measurement point C1 or C2

If a measurement at the motor terminal box is not possible in the drive sysems, the alternative

measurement position is at the inverter terminal.
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Measuremens at the motor side

Measurement point Measurement point C1
___________ o omwemweR N
' Grid ! Rectifier* i DC-Link* ! Inverter* i\ Cable/ ii Motor Gear/
' i i Gy ! \Filter ! Load
dc+ 1 "

-

'
Fmmmmmmmmmm e o
'

-

Rogowski coil

b) Measurementpoint A ¢) Measurement point B

Figure 17: Measurement of thestator-to-ground currents at the motor: a) Overview of the mea-
urement positions, b) Measurement of the stateto-ground current ig at a 1.5kW-induction ma-
chine with a Rogowski coi] which measures the sumof the three phase currents, ¢) Measurement of
the stator-to-ground current at a 110kW -induction machine with a current probe by measuring the
current at the stator-to-ground cable

C.1.4 Measurement of the overall common -mode current

The overall common-mode current can be only measured at the inverter according toFigure 18
at the measurement point D. In the ideal case of identical electrical potential in points D and E,

the measurementresult at point D should be the same as point E.
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Measurement pointD
B N | I
DC-Link* 11 Inverter* | Cable/ ii Motor i Gear/ !
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! " ! '
! " i ! i H !
= ;:—I -| -| e = R
' N K I " I " 1 H
[ E: :l.----1'-. JE T, .:._..--I:_._.-.:-_.--.I
IU H H 1 ' 1
H 4y ] 1 1 1
N L g P : :
¥ Lo ! :
i P i .
_________________ —] __________________________' 1 I I
<P : : :
v i vl i
i 11 |UE2 11 [UEs 11| UEa
(] it (] il
1 1N v (4

b) Measurement point D ¢) Measurement point E

Figure 18 Measurement of the statorto-ground current at the inverter: a) Overview of the mea-
urement positions b) Measurement of the commormode current at a 22kW -induction machine
with a Rogowski coil which measuresthe sumof the three phase currentsc) Measurement of the
commonmode current at a 22kW -induction machine with a Rogowski coil by measuring the cu
rent at the grounding cable which is connected to the motar
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C.1.5 Determination of a parasitic grounding current

For measuring parasitic grounding currents which do not flow directly by the cable shielding and
the motor-to-inverter grounding connection back to the inverter, the measurement depicted in
Figure 19 could be done with a Rogowski coil. This parasitic grounding current as the residual
common-mode current by further grounding connections is included in the sum of the three
phase currents and the current by the grounding cable. Therefore with the Rogowski coil around

the total motor cable connections this residual commonmode current will be also measured.

Figure 19: Measurement of the sum of thehree phase currents and the current by the grounding
cableto determine thelocal residual commormodecurrent e.g.by further grounding connections
at a 22kW -induction motor.

C.1.6 Measurement of the bearing voltage

The bearing voltage u, occurs between inner and outer bearing ring and is measured according
to Figure 20. For the connection of the voltage measurement deviceto the outer and inner bear-
ing ring or the shaft different possibilities exist such as a conducting screw connection at the end
shield close to the outer bearing ring and a sliding carbon brush contact at the shaft close to the
inner bearing ring. With all these different methods it has to be looked for that there is no inter-
ruption of the se connection during the measurements, because suclan interruption can cause
voltage signals which look like a discharge current and will lead to a wrong diagnosis. The two
conductors from inner and outer bearing ring to the voltage measurement device must be twisted

or be used as coaxial arrangemento avoid EMI with HF EM background noise.
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Figure 20: Measurement of the bearing voltage between rotor and end shield at the DE of a
110kW -induction machine with a voltage probe, in case of roteto-ground currents a differential
voltage probe is recommended

C.1.7 Necessary modification s of measurement set-up for bearing current

measurement

The bearing current may be measured as described in[1], [2], [3], [4], [5], [6] . The bearing
current is forced to flow via an insulation layer between outer bearing ring and end shield bear-
ing seat via a conductor, which bridges the insulation layer. This flow via the conductor is not
the inner discharge bearing current (EDM), but it is proportional to the real EDM current and in
the same order of magnitude. In case of rotorto-ground bearing currents or circulating bearing
currents this current flow is identical with the bearing current . Hence for that measurement a
modification of the bearing seat is necessary Figure 21). An insulation layer hasto be inserted
“cruccl “c_pgle _I'b “c_pgle qgc_r* ° pcpbehydass’
which bridges the insulation layer. The current flow in the bypass is measured e.g. by aHF cur-
rent probe. The insulation layer may be either an insulation foil (e.g. Kapton of 0.5 mm thick-
ness) as depicted in Figure 21, or in case of an electrically insulated beaing that Al-oxide-
insulation layer at the outer bearing ring . Note that the measurementcircuit changes the resut-
ing HF impedance of the current path for the bearing current slightly, because due to the inse-
tion of that insulation a small additional capacitanceC exists at this position and the bypassca-
ble adds a smallresistanceR and inductance L. This R-C-L damped series resonance circuit has a
high resonance frequency, which influences the bearing current only in a minor way. Anyway the
measured bearing current shape form differs slightly from the real bearing current wave form
without that additional bypass, asdescribed in[1], [2], [3], [4] . [5], [6] .
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0¢ op for
bearing current
measurements layer

current measurement

Copper loop for
bearing current
measurements

c)

Figure 21: Modified motor shield with insulation layer for bearing current measurements with
cable bypass( ibr i dge o or dt @oldikWeimductioro machine and at b) 1.5kW-
induction machine ¢) Measurement at a modified motor shield of m 110kW-induction machine

with a HF current probe.
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C.1.8 Current passing at attached components

In order to measure parasitic commonrmode currents through attached grounded components a
Rogowski coil can be placed around themotor shaft as shown in Figure 22. As other electromag-
netic fields (EM) may also inducetheamgj _q 8 _aiepmsl b CK |I mgqcpu* rfgc
separately by the Rogowski coil, if that coil is positioned outside, but close to the shaft with the

sameenclosedarea.

il "Cable/ i Motor
Filter 1}

..................

...............

Figure 22 Measurement of theparasitic rotor -to-ground currents at the coupling between machine
and load/gear: a) Overview of the measurement positionb) measurement of theotor -to-ground
currentsat a22kW -induction machine with a Rogowski coil.

C.1.9 Alternative EDM measurement techniques by radio frequency (RF)volt-

age measurements

EDM currents are discharge currents at theintact bearing lubricant film. These smallelectrical
arcs generateRF EM waves like an antenna and radiate these waves to the environment. Thes-
fore measuiing these radiated EM wavesby a receiving antennawill give a hint that EDM bea-
ing currents occur within the bearing. Hence by radio frequency voltage measuremens the
sparking in the bearings may be detected[11], Figure 23. Using this radio frequency measue-
ment device (receiving antenna), with increasing distance of the measurement devicefrom the
bearing the measured signal will decay. Further the EM noise generated by other electronic
nearby sources will influence the measured signal. Basically a singlereceiving-antenna meas-
urement is subject to this external radio frequency noise, whereas with two receiving-antennas
by differential signal analysis this external noise can be canceledNote that the RF voltage signal
is influenced due to induced HF shielding eddy currents of the radiated EM waves

- by type of motor housing (e.g. cast iron or aluminum housing),

- by open or closed motor terminal box

- and by other metallic conductive drive parts, e.g. a metallic coupling protection.
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This kind of RF measurement does not detect directly the EDMbearing current, but the magni-

tude of voltage signal, measured over a longer time period, can give along-term trend. Note that
circulating and rotor -to-ground bearing currents, which are not discharge currents, will not be
detected properly by the RF measurement method!

Some measurement deviceslo not give the radio frequency voltage levelitself (e.g. as RMSval-
ue), but they count events, when this RF voltage surpasse a predefined a voltage threshold. The
rate of events is taken as a measure for EDMbearing current occurrence, but gives no infor-
mation on the magnitude of signal amplitude. As it is a single source measurement, any other
EMI may contribute to the counting rate of events and will lead to misinterpretation. Anyway, all
theseradio frequency methods do not allow any statement on the absolute value of bearing cu-

rent and on the degree of bearing damage.

Antenna 1 Antenna 2

F 3

F 3
L . 4

03m - 1.7m

EMCO 931V8 Textronix = e Xilinx Spartan-3
200MHz-2GHz TDS7104 Coaxial FPGA Board
cable

N BHP 100+ Ij 500~ IN
Coaxial cable LCD
500 3m 90-400MHz

CH1 AUX
% 50Q ouT

Antenna Filter Oscilloscope Pulse counter

a) b)

Figure 23: a) Example of a test setugor detecting EDM bearing currents with tworeceiving an-
tennas 1 and 2using the timedifference-of-arriv al method,.ﬁl 8with a time difference of6 ns[11],
and necessarymeasurement equipmentor one receiving-antenna[29]. b) The photographisillu s-
trating the structure of the setup to monitor the electric discharge bearing currentgia radio fre-
guency voltage antenna signalgR9].
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D. Bearing currents

The occurring type of bearing current should be known for selecting the correct counter-

measure. Bearing currents may occur in line-operatedk mr mpq g 8 aj cugemtgas_j M

well as with inverter-fed drive systems.In both casesthe bearing currents may damage the bea-
ings of the considered machine [1] . The classical bearing currents(Table 2 a)) are causal at a
symmetric feeding grid, where the common-mode voltage is zero, mainly by a magnetic asym-
metry within the electrical machine. They occur therefore especially in bigger machines, where
the asymmetry has bigger impact. This asymmetryresults mainly in circulating bearing currents
at rather low frequencies in the low kHz range and below, such as a slot frequency

At a three-phase asymmetric grid a gridfrequent common-mode voltage ucy exists. Due to the
low frequency of f = 50 Hz - 60 Hz the stator winding main insulation capacitance G, leads to
a big common-mode impedance ~ 1/(fACs,.s), hence the stator commonmode current
icm~ Ucw AF ACy is (intentionally) very small, when the winding insulation is intact . In case of a
grounded rotor a part of this very small current may flow as rotor-to-ground current via the bear-
ings, but again with negligible influence.

In case of inverter-operated motors even at the symmetric grid the inverter will generate at its
output a pulsed common-mode voltage ucy with switching frequency, feeding the motor termi-
nals. Due to the steep voltage impul®s with big ducwdt the stator winding -to-ground common-
mode current icy = (ducyw / dt) ACs,s is much bigger than in the above noted grid-operated case
and occurs with the repetition rate of the switching frequency as a series of current impulses.
Also the inverter causes bearing current, which are originating by the same inverter-output
common-mode voltage ucy and are grouped into four types, where only ii), iii), iv) usually may
be harmful to the bearings (Table 2 b)):

i) 8 A_ n _ abgaringtcurents,

i) 8§ Cj c-BiscpaggaK _af gl g | ebeatingBukrénts,

iii) 8HF-Circulatingpbearing currents,

iv) § F itor-to-groundpbearing currents.

The commonmode bearing voltage uy is a part of the terminal common-mode voltage ucy ac-
cording to u,= BVRAucy. Stator-d ¢ b ?A k_afglcaq f _tec _ gk
BVR= ca.0.05- 0.1.

ad i) Together with the small bearing capacitance G, = ca. G, /100 at fully active lubrication

film thickness the capacitive bearing currenti,= (du, /dt) AC, is negligibly small, leading to
small HF dielectric losses in the lubricant. In via the inverter rotor -fed slip-ring induction m a-
chines (mainly as doubly-fed generators) BVR= ca.0.8 - 0.9. Still the small capacitance G,

yields usually harmless capacitive currents.

ad ii) But if the small bearing voltage yields at a given lubrication film thickness a sufficiently

high electric field within the film, surpassing the discharge threshold, a short arc occurs, ds-
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charging the loaded film immediately with a current spike, called EDM bearing current, which

may be harmful, especially in rotor-fed AC machines Typically EDM bearing currents (IBCE) are
critical especially for small machines, as the operation voltage (B560 V DC link) and hence
the bearing voltage and discharge energy are the same for big and small machines, but smaller

bearings suffer more than bigger bearings.

ad iii) The HF magnetic field of the stator winding-to-ground common-mode current
icm = (ducy /dt) AC4,+ induces in the Soopp of stator iron, end shields and rotor shaft and iron a
HF shaft voltage, which drives a circulating current in this 8oopp via the two (non -insulated)
bearings. Rf g q 8agpasj_rgleup “c_pgle a $cp pia the factpq bgpcar]j
0 < BCR< 1. This bearing current ratio BCR depends on the motor geometry In both bearings
this circulating bearing current appears with opposite sign. It is not a discharge current, but a
pulsed current with switching frequency, which is especially big at low motor speed due to the
metallic contact in the bearings. G| gk _jj cjcarpga_j k_afglcqg rfc §j
linked HF flux are too small for inducing a sufficiently big HF shaft voltage to punch through the

bearing lubrication film. So in smaller machines no circulating bearing currents occur (Table 2).

ad iv) In case of a grounded rotor a part of the common-mode currant wg | | dj muto-_q 8pmrm
epmsl by “c¢c_pgle asppclr dpmk rfc qgr _rmp tg_ rfc =~ c
ground. It is like the circulating bearing current directly proportional to icy via a factor < 1,

which depends on the commonmode impedancesof the whole drive system.

Hence, harmful are only EDM-, HF-circulating- and rotor-to-ground bearing currents. All four
inverter-caused bearing currentsi), ii), iii), iv) occur

a) due to the high common-mode du/d t of the inverter output voltage pulse pattern and

b) due to the capacitive behaviour of the motor and the drive system.
Such capacitances occur at all insulating parts such asair, oil, paper, resin, plastics,- * uf gaf
exist between two metallic electrodes, charged at different electrical potential. Such capacitances

exist in each component of an inverter-fed drive drain (inverter, cable, electric machine).
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Table 2: Classification of bearing currents a) Classical bearing currents mainly asCBC: Circulat-
ing bearing current for sinusoidal-fed machine, b) inverter caused bearing currentsasIBCE: Elec-

tric Discharge Machining bearing currents (EDM bearing currents), IBCC: Circulating bearing
currents, IBCG: Rotor -to-ground bearing currents

Classical bearing currents
CBC

Circulating bearing

currents

- Magnetic ring flux due
to magnetic assymetries
- induced shaft voltage

frame

at bigger machine size at
low speed

a)

Inverter-caused bearing currents due to the common-mode voltage

IBCE

IBCC

IBCG

Electric-Discharge-
Machining (EDM)-
bearing currents

High frequency (HF)
circulating bearing
currents

Rotor-to-ground currents

Flash-over the insulating
lubricant.
EDM =, Electric
Discharge Machining”

rolling element

e

raceway

HF ground current
-» HF magnetic ring flux
-> induced shaft voltage

frame

shaft

If shaft is grounded

i.g Rotor-to-
ground
current m

Ty

at medium/high rotor
speed

at bigger machine size a
low speed

b)

Table 3: Significance of HFbearing currents dependon machine size

t | independent of machine
size

. EDM bearing Circulating bear- | Rotor-to-ground

Frame sizex (mm) . . *

currents ing currents bearing currents
Small x < 180 ++ -- -
Medium 18 > x> 315 +/++ +/++ +
Largex > 315 + ++ ++

*in case of direct rotor grounding

Ead bearing current type ii), iii), iv) has a typical wave form and can thus be classifiedogether
with the background information on the drive system configuration. Hence the typical wave

forms and properties for the inverter-fed bearing currents are given in the next chapters.

The HF electrical potential difference across the bearing, called bearing voltage u,, depends on
the grounding system HF capacitive and inductive parameters A typical inverter -fed drive system
and its grounding conditions, according to Figure 24, have all or a part of the shown compo-

nents: DClink -Inverter, with a B6 rectifier or active front end, grid and motor cable connections,

grid and motor side filter s, electrical machine&a _j j ¢ b

rwnc* mp ' |

j m_.Db

k _afglec

&1

mr

geara{cogrpwhpel type, or belt

gf mul
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Figure 24: Typical inverter-fed drive system with its characterization according to IEC 6180@ of
the properties of the earthing (grounding) system.

The grounding properties and their possible influence on bearing currents depend on the in-
stalled grid type (TN- or IT-grid, see DIN VDE 0100-310). Thus a correct electric installation of
the drive system with all components is absolutdy necessary to reduce the probability ofoccur-
rence of bearing currents. The total HF common-mode system behaviour is mainly described by
its capacitive components (e.g. the capacitive coupling of the cable conductors and ground), as
inductive components have a high HF impedance, whereas capacitive impedance decrease with
frequency. Note that the high-frequency model e.g. of the motor cable consists of inductances
and capacitances in a kind of daisy chain resulting in travelling vo ltage waves between inverter
output and motor terminal with voltage overshoot due to wave reflections at the high impedance
of inductive winding motor input terminal. This voltage overshoot due to the reflection depends
on motor size, cable length, du/dt of voltage impulses and of the cable type.This overshoot de-
cays, as the electric energy per voltage impulse Bters the motor winding, hence minimum and
maximum steady state values of the common-mode voltage ucy at the motor terminals are not

influenced by the cable type, seeFigure 46.

D.1.1 Bearing current evaluation methods

In order to determine, whether a bearing current amplitude is critical or not to the bearing life
time, different research experiments have been carried out at modified electrical AC test ma-
chines, mainly cage induction motors. In real drive systens there is often the problem, that no

bearing current can be measureddirectly. But if there is a bearing current measurement possible
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one can derive the electric current and energy per bearing size, namely perHertZ'ian area be-
tween roller elements and bearing race way due to elastic deformation mainly of the roller ele-
ments under the mechanical baring forces in order to get limits, which are independent of the
different bearing sizes. As the bearing current flows punctually at a much smaller area than the
HertZ'ian area, the corresponding current density is much smaller than the real one. It is there-
forecaled 8 nn_pcl ru ¢ _pgl Ehe aestpcpl pdwer pdyr disclipgge ov bearing
asppclr 8ctclrpy f_qg _jgm rm ~¢c c¢ct_js_rcb ncp
flow resp. more electrical power, before being severely damaged.Therefore the energy per dis-
charge as an absolute valu€g[3], [9] is useful as a limit value only in combination with a given
bearing size.Qm _j gm c, e, rfc cjcarpga_|j bggaf pec
where again the HertZ'ian area is a useful parameter. Electric energy or power as values in J or

W allow only in combination with a given bearing size a limiting value.

- Apparent bearing current density J, [1] , [3]
- Energy[3],[9]
- Apparent bearing power Y, [5]

Apparentbearing current densityJy:

The appararent current density is defined as the measured amplitude of the bearing current,

divided by the total Hertz%g _ | amd Areq, af the loaded bearing.
Following values have been checked as useful limitfor the apparent bearing current density:

Bearing will be destroyed soon %> 1A/mm?
Bearing may be destroyed 0.1< G, < 1LA/mm?
Bearing will be probably not destroyed @, < 0.1 A/mm ?

Energy method¢Only published for EDM bearing currents [3] ):

The discharge energy during an EDM event is the time integral over the instantaneous electrical
power in the bearing (which is the product of time signals of bearing voltage and bearing
current). For the investigated bearing sizes it was found, that a bearing may bedestroyed, if the
discharge energy is> 4nJ, which occurs repetitively at switching frequency of e.g. 8 kHz. For
bigger bearing sizes bigger energy value limits will exist. For higher switching frequencies smal-
er energy values will already lead to damage. As mentioned, electric energy or power as values

in J or W allow only in combination with a given bearing size a limiting value.
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Apparentbearing power (Only published for EDM bearing currents [5] ):

Apparent power Y, for EDM bearing currents is obtained by multip lying the voltage amplitude
before arcing and the first EDM bearing current peak amplitude after arcing. For example for a
bearing type 6210 C3 in [5], it is measured that above 20VA the bearing will be destroyed. In

more detail:

Bearing will be destroy soon "y > 60 VA
Bearing can be destroyed 20< Y < 60 VA
Bearing will not be destroyed "y < 20VA

In order to compare different bearing sizes the apparent bearing power is related to the total
Hertz%g _ |  amd of thedearing:

Y YO0, — YO

As mentioned, it is important how often the bearing currents penetrate the bearing [3], [5] . All
investigations have been done for typical IGBT inverter switching frequencies of several kHzFor
these values the above noted limits are valid.A reduction of switching frequency leads to a re-

duction of bearing current events and thus to alonger bearing life time.

l. The inverter voltage pulse pattern as _voltage source of the bearing currents at
inverter -operation

The bearing currents at inverter-operation are caused by the commonmode voltage ucy, which
can be measured at the starpoint of the motor terminal (Figure 25). Figure 25 shows the voltage
measurements atthe motor terminal s with the phaseto-ground voltages uyg, Uyg and uyg, as well
the three line-to-line voltages uy, Uwy, Uyy and the corresponding common-mode voltage ucy.
The commonmode voltage can be as well calculated by the arithretic average of the three
phasevoltages ([13] , seeChapter 8). The common-mode current occurs at each switching event
and pass the capacitance which are located towards the ground (Figure 25). Hence the ground
current and the bearing current occurrence probability are proportional to the switching fre-

quency.
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Figure 25: a) Measured lineto-ground voltages at operation with 2n unshielded motor cable, DC
link voltage 560V, 4 kHz switching frequency, b)measured commormode statorto-ground cur-
rent on a 240kW -induction motor, c) measurementpoints at a star connected 1.8W -induction
machine for thecommonmodevoltageucy at the starpoint at the motor terminals.
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1. The influence of the motor supply cable on bearing currents [15]

For a review of a bearing damage or for the minimization of bearing current failures during sys-
tem design, the cable issue has to be takn into account. The capacitances and inductances per
unit length of the motor cable and the cable length, connected between inverter and motor, must
be charged or discharged at each voltage step of the inverter. Thus the cable has an influence on
the waveform of the voltage and acts similar to a low-passfilter. But depending on the length of
the cable and on the du/d t of the voltage pulses the corresponding travelling voltage waves may
cause due to voltage wave reflections at the motor terminals anovervoltage there. For electric
drive drains the terminating impedance of the cable is defined by the machineinput impedance,
which due to the winding inductance is big for high frequencies. Henceit is usually much higher
than the wave impedance of the motor cable. Therefore especially with smaller motors (lower
kW-range) with their higher number of turns per phase and thus higher winding impedance the
common-mode voltage is nearly doubled by wave reflections. Thustwice the nominal voltage of
the machine according to IEC 6003 [14] may occur. The second case why the cable tojz is
important is the EMC case where the increase of ground currents has to be discussed. According
to Figure 26 a capacitance to ground existsalso for cables. Due to the voltage steps acommon-
mode current flow across this capacitanceexists as a part of the total common-mode current. So
the cable has an influence on the ground currents hence also on the rotorto-ground bearing
currents. The lower the common-mode impedance of the cable to the ground, the less rotorto-

ground current will flow via the m otor bearings in case of grounded rotor (Figure 27).

Cabletype influence on:
- Common-mode current
- Common-mode voltage overshoot at motor terminals
- EMC (shielded vs. unshielded cable)

a) b)
iz) R jol’ ix(Z) Ly : L_
——p— s > W
M"zl ——Ch
o L _— woll o
' — jaC 2 E——
ui(z) | uy(z) ol L ¢
M‘zsl ——C=
Ry L maf] == cuw
| < dz a - —
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e
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Figure 26: Equivalent circuit of a cablefor a) one phase, b) for a three phase cable with consider
tion of the line and coupling elementsneglecing the lowvalued conductancess [15]
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Figure 27: Influence ofthe cable type onrotor -to-ground bearing currents

1. The electric machine as capacitive network

The most common used AC electrical machines are induction machines (IM, mostly with cage
rotor) and (permanent magnet) synchronous machines (SM resp. PMSM). Here cage induction
machine and PM synchronous machine are consideredBoth machine types havebasically the
same type of equivalent capacitive network, which is of interest at higher frequencies hence
especially at inverter operation (Figure 28). Three typical cases for the dectric potential of the
rotor of the electric machine are common:

- The rotor (and a coupled load) are electrically contacted via the bearings (either resis-
tive at metallic bearing contact or capacitive at fully intact lubrication film ) to the
grounded frame (Figure 28)

- Therotor is directly grounded (e.g. by load like in a rolling mill by the steel rolls, or by a
coupled planetary gear via the cog-wheels, or by grounding brushes to avoid electrostatic
charging of the rotor etc.). A rotor is grounded in defined way, when a constant low im-
pedance (also at HF) electric connection to ground is given(Figure 29).

- The rotor is intentionally electrically insulated (e.g. by an electrically insulated coupling
to the load an encoder and by hybrid or ceramic bearings). Hence its potential isfloating
and is defined by capacitive coupling only.

Depending on the coupled drive components to the rotor ( e.g. encoder (Chapter BIV) or gears
(Chapter B-V) and belt drive systemsetc.), the capacitive equivalent network has to be modified
(Figure 30, Figure 31). Thus the rotor may have an electric ground connection not always, but
only at certain time intervals, or always, e.g. depending onthe lubrication state of the metallic
lubricated roller bearings with either partial metallic contact ( 8nixedp lubrication) or full lubric a-
tion with completely intact lubrication film thickness . For belt drive systems also electrostatic
charging of the rotor is possible, which can causedischarges at the bearingsas EDM bearing

currents.
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Figure 28 Equivalent capacitive circuit of an inner rotor cageinduction or permanent magnet
synchronous machine with_insulated rotor, ucy: common-mode voltage,uy,: bearing voltage;icwu:
common-mode current, isg Stator-to-ground current, Cg,: stator winding-to-frame capacitance,
Cswr: Stator winding-to-rotor capacitance, C, s rotor -to-frame capacitance, C,: bearing capag-
tance, DE:drive end, NDE: nondrive end, Zg,: grounding impedanceof the machine housing
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Figure 29: Equivalent capacitive circuit of an inner rotor cageinduction or permanent magnet
synchronousmachine with a grounded rotor, ucy: commorrmode voltage,uy: bearing voltage;icu:
common-mode current, isy Stator-to-ground current, igq: rotor-to-ground current, Ce,: stator
winding-to-frame capacitance,C,,.: Stator winding-to-rotor capacitance, C,;: rotor -to-stator ca-
pacitance,Cy,: bearing capacitance, DE: drive end, NDE: non drive endZg;:grounding impedance
of the machine housing Zgs:grounding impedance of the rotor of the electical machine
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V. Subsystem encoder: HFE-equivalent circuit _of an E-Machine with an encoder

For position or speed control in many applications an encoder is used often directly coupled to

the rotor of the E-machine. The encoder cantherefore be also affected by the three bearing cu-

rent types ii), iii), iv) , as the encoder bearings Figure 30) are in parallel to the machine rotor

bearings. For EDM bearing currents the bearing voltage actsin the same way at the encoder
bearings as at the parallel motor bearing. In case of circulating bearing currents with insulated

rotor bearing e.g. at the non-drive end (NDE), and the encoder mounted on that NDE, the circu-

lating bearing current loop will be closedvia the encoder bearings Hence the encoder bearings
may be damaged.

A rotor-to-ground current can flow via the encoder bearings when e.g. the metallic shielding of

the encoder cable is connected at both ends (at the machine side andat the inverter side, as it
should be done for full EMI protection), because thenan electrical grounding path from the rotor

to ground existsvia the encoder.

Winding
Cowr
Rotor T 1
| 1 N I
Cupe Cr ConpE _UbVNDE Coene|  Comnes
Stator 2

Figure 30: HF-capacitive network for induction machines (IM) and permanent magnet syncho-
nous machine (PMSM) with an idealized encoder and with idealizéd motor bearings; Machine
Capacitances: sw: stator winding-to-frame, sw-r: stator winding-to-rotor, r-f: rotor-to-frame,
Cope: bearing capacitance drive end,Cynpe: bearing capacitance nordrive-end, C, enc bearing
capacitance encodeu,: bearing voltage,ucy: commonmode voltage, statorto-ground impedance
Zsy

V. Subsystem Gear: HFE-equivalent circuit _of an E-Machine with a _gear [6]

If a geaibox is coupled to rotor of the machine, the capacitive HF voltage is acting via a voltage
divider also on that component. Depending on the type of gear the type of equivalent capacitive
models varies strongly (e.g. single stage gear boxFigure 31). It is therefore recommended to
contact a gearexpert in case of damage to the bearing gears A general description to the flow of

HF bearing currents in gearsis given in [6] .
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Figure 31: Combined equivalent circuit for a drivetrain consisting of an electricalmotor and a
singlestage gearbox

VI. Influence of grounding conditions

The grounding conditions influence strongly the magnitude and the paths of HF grounding cur-
rents. With low HF impedance this will lead to higher grounding currents, which may lead to
higher bearing currents, if the rotor is grounded . Three issuesstrongly depend on the grounding
conditions of an electrical inverter-fed drive system

A) Avoiding a parasitic ground current flow

B) Floating rotor electrical potential

C) Measures to ensure eletromagnetic compatibility (EMC)

A) Avoiding a parasitic ground current flow

Aground currentflow g g a _j j ¢ bwh&mitflgws ig gnrugfaxegeen way e.g.

1) At multiple grounding ,

1)} At ring grounding,

1)) If the main grounding impedance is in reality much higher as expected
V) If grounding paths exist, which were not intended

Hence the grounding system shall always be planned thoroughly with an electriccircuit plan. Be
careful in adding additional grounding cables at the existing drive without following the original

grounding concept.

B) Floating rotor electrical potential

A floating rotor electrical potential is especiallyfound, where:
1) no defined rotor grounding,
1)} a bad rotor grounding (with an unstable rotor -to-ground connection),
1)} a too high rotor grounding HF impedance
V) an additional voltage source, which is electrically coupled to the rotor (such as a
electrostatic charging by belt friction or steam turbine friction in generator sets)
exists. Such a floating potential can put the rotor to unwanted high electrical potentials with

high discharge currents in the rotor bearings and should be avoided.
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C) Measures to ensure éectromagnetic compatibility (EMC):

1) Proper grounding is a demand for good EMC, henceobey A) and B),
1)} Suitable selection ofdrive system componentswith proper EMC design,
1)) Use fully shielded motor cables with the cable shield connected by special connet
ors fully to the metallic surface of motor and inverter housing .
In order to comply with demands C 1), I 1), Ill) follow the EMC and grounding guidelines in the
technical handbooks of the manufacturers for the used drive components, when installing the

inverter-fed drive.

D.1.2 EDM bearing currents

,

Cj c-biscipaggaK _a f g I(EDPM)b&aring currents aredischarge currents via short electrical
arcs, which occur when the charged lubrication film is electrically punched t hrough. Such EDM
bearing currents are generated in bearings of inverter-fed machines because a partBVRof the
stator winding common-mode voltage ucy is charging as bearing voltage u, at each inverter
switching the bearing acrossthe gl r _ar cj car pga _-gk mc bg_| ludaschpt 'filng
thickness hgeease (S€€ the capacitive network of the electrical machine (Figure 32) and coupled
drive components (Figure 24)). The ratio of the bearing voltage to the common-mode voltage is
called bearing voltage ratio (BVR, equation (D1.2-1) and is typically in the range of 0 - 10% for
stator-fed electrical machines and up to 90% for rotor-fed electrical machines

If the corresponding electric field strength in the bearing’s lubrication film E, = uy/ hyrease IS low-
er than the electric breakdown field strength E;, of the lubricant, then the bearing voltage uy, is
the part BVRof stator winding the common-mode voltage, which is fed by the inverter. If E, sur-
passesEy, the oppositely charged inner and outer bearing ring and roller elements are dis-
af _pechb wugrf _ g f .nrprrtypicalphigh-i@p@dpmce |(ubricaht end' typical film
thickness alreadya small bearing voltage of e.g. 0.5V may cause such ararc acrossthe lubricant
film with its discharge current called EDM bearing current. This may happen as well in the bear-
ings of a coupled encoder or in the gear bearing, which are in the electrical network in parallel to

the motor bearings, depending on the local flash-over conditions.
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Figure 32: a) HF-Capacitive network for inner rotor cage induction machine (M) and permanent
magnet synchronous machineRMSM) with idealized bearings Machine capacitances:sw-f: stator
winding-to-frame, sw-r: stator winding-to-rotor, r-f: rotor-to-frame, C,pe: bearing capacitance
drive end, Cynpe: bearing capacitance nordrive-end, uy: bearing voltage, ucy: commonmode
voltage, statorground-impedanceZ,, b) Measurement position of bearing voltage at the drive end
of aninduction machine with inner rotor.
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For EDM bearing currents the following is typical: (see Figure 34)

- A suddenbreakdown of the bearing voltage u, at the time t,., when the discharge occurs

- This EDM-breakdown time t,. is usually different from the time tcy, when the common
mode voltage ucy and hence the stator-to-ground current change due to inverter switch-
ing

- It may occur that no EDM bearing currents occur although the inverter is switching

- With increased inverter switching frequency the common-mode voltage and the bearing
voltage change more often, somore often an EDM bearing current event may occur.

- EDM bearing currents may only occur, if the lubricating film thickness is insulating suff i-
ciently to allow a voltage build -up, so when the bearing operates in mixed and full lubr i-
cation state, mainly at high-impedancelubricants.

- As with increasing bearing temperature the viscosity of lubricant decreases and thus the
film thickness, the same thickness like in a cold bearing will occur at higher speed dueto
the hydrodynamic build-up effect. Hence in a hot machine the EDM occurs at higher
speed than in a cold machine.

- Typical bearing damage due to EDM are arc craters at the bearing raceway and roller k&
ement surfaces, which may lead due to the overrolling effect of the crater rims to a
greyggqf qgqspd_ac, Rfc bggaf _pec clcpew dupri-sqgs _jjw 1

cant significantly (see Chapter B).
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Influence of the bearing operation _state:

Bearing temperature:

- Consider a bearing at given speed and load forceThe higher the bearing temperature,
the smaller the lubrication film thickness and the bigger the electric field strength at a
given bearing voltage. So the film will break down alr eady at a small bearing voltage.So
for each discharge event, thedischarge energy is lower and the bearing current ampli-

tude is smaller than at bigger lubrication film thickness, as shownin Figure 43.

Bearing load:
- Consider a bearing at given speed and temperature. A tgher bearing load force leads to
a bigger HertZ'ian and a smaller apparent EDM bearing current density, especially at

higher axial bearing load.

Bearing type:

- Radial and axial roller bearings typically have no metallic contact in the nominal opera-
tonrange _r 8dsjj js pga_rgmlpy g, cButinaxialdpdatingsar | s  pg e
all e.g. roller ball elements have the same load force, so the discharge may happen at all
elements with the same probability. In radial bearings the roller elements in the load
zone suffer from the discharges due to the narrow film thickness there. So fluting will
occur at the roller elements and the inner ring raceway surface uniformly distributed,
but at the outer ring raceway surface only in the load zone.

- For bearings with possible rim contact such ascylindrical roller bearings, the arc may oc-

cur due to a short distance to the rim.
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Figure 33 Measurement for 1ms of EDM bearing current for a especialy prepared inverter-fed
1.5kW-induction machine (insulating layer at the bearing seat),speedof n =300min™, average
inner/outer ring bearing temperaturet ., = 24 °C, radial bearing load F, = 63N, axial bearing load
F.=50N: Channel 17 bearing voltage u,, channel 27 commornmode voltage ucy, channel 41
EDM bearing current iy, .
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Figure 34: Example for an EDM bearing current event for an especialy prepared inverter-fed
1.5kW-induction machine (insulating layer at the bearing seat)speedof n = 1500min, average
inner/outer ring bearing temperaturet ,, = 58 °C, radial bearing load F, = 63N, axial bearing load
F.=50N: Channel 17 bearing voltageu,, channel 2 i commonmode voltage ucy, channel 31 sta-
tor-to-ground current ig = isq, channel 47 EDM bearing current i,

D.1.3 Rotor-to-ground bearing currents

Rotor-to-ground bearing currents may occur, when the rotor is grounded intentionally or inhe r-
ently via the drive system via a grounding connection. The rotor grounding condition is therefore
intentionally by brush sliding contacts and grounding cable, but oftenitisan g | f ¢ pparésiticyu 8§
grounding connection, e.g. via the shielding of the encoder cable or via the coupled shaft and
cog-wheel of a coupled gear. As both bearings are electricaly in parallel, the share of current per
bearing depends on the actual bearing impedance and may fluctuate between 0% and 100%
current share. Once one bearing has taken over the ground current, it very often stays conductive
and bears the full 100% rotor-to-ground current load. The ratio of stator-to-ground impedance to
rotor-to-ground impedance (Zsg / Zgg In Fig. 35: Zg, [ Zgs) defineq t gasppc8 r bgtgbcpp
amount of ground current flowing by th e rotor-to-ground path via the bearings. Hence the rotor-
to-ground current wave shape is similar to the stator-to-ground current wave shape Both are
summing up to be the total common-mode HF current flowing acrossthe stator winding insul a-
tion due to the capacitive coupling, caused by the commonrmode voltage.

Hence anincrease of the amplitude of the total winding -to-ground directly increasesthe ampli-
tude of the rotor-to-ground current. The total winding -to-ground current is depending via the
common-mode voltage onthe used inverter output-voltage pulse pattern, on the type and length

of the motor cable, on the inverter output filter s (if there are any) and as well the motor geome-
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try (stator slot count, slot insulation thickness, winding overhang geometry, geometrical dimen-
sions, etc.) have a big influence. In case of rotor-fed electrical machines the rotor slot count and
geometry are of decisive influence
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Figure 35: a) HF-Capacitive network for stator-fed, inner rotor induction machines (IM) and per-
manentmagnet synchronous maching(PMSM) with (idealized) capacitive bearings Motor capad-
tances: sw-f: stator winding-to-frame, swr: stator winding-to-rotor, r-f: rotor -to-frame, Cypg:
bearing capacitance drive endC, npe: bearing capacitance nordrive end, u,: bearing voltage,ucy:
commornrmode voltage, statorto-ground impedanceZg; (red dashed line: possible rotoito-ground
current path, rotor-to-ground impedanceZgs), b) Measurement point €.9.Rogowskicoil) for rotor -
to-ground current igg.
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Figure 36. Example for a measured rotorto-ground current at an especialy prepared inverter-fed
1.5kW -induction machine, speedof n = 1500min™, bearing type 6205 C3averageouter/inner ring
bearing temperature t ,,, = 100°C, radial bearing load F, = 240N, axial bearing load F, = 350N:
Channel 17 bearing voltage up, channel 27 commonmode voltage ucy, channel 37 stator-to-
ground current ig = i, channel 4i rotor -to-ground bearing current iy,
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Figure 37: Example for a measuredrotor-to-ground bearing current at an especialy prepared
inverter-fed 110kW -induction machine with grounded rotor. Grease type: Arcanol MULTI3, bear-
ing type 6317C3, rotor speedn = 300min™, average bearing temperature ., = 70 °C, radial bear-
ing load F, =250 N and axial bearing loadF,=130N: Channel 17 bearing current i, at drive
end, channel27 stator-to-ground current iy = isg, channel3 7 rotor -to-ground current i

For rotor-to-ground bearing currents it is typical, that they:

have the samewave shape as the statorto-ground current,

occur with their peak amplitudes at the same time tcy as the statorto-ground current
peaks

occurs at the same timetcy, when the common-mode voltage is changed due to switch-
ing,

occur with a rate, which i s proportional to inverter switching frequency,

very often do not occur directly after starting the drive, but with a certain time delay (to
get the bearing into a conductive state).

cause due to their considerable magnitude a greyish raceway, but very often in the long
run fluting of the bearing raceway and a stongly aged lubricant, which is black coloured

(see Chapter B)
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Inf luence of the bearing operation __state on the rotor -to-ground bearing currents :

Bearing temperature:

- Noinfluence

Bearing load:
- Higher bearing loads, especially higher axial bearing loads, leads via the increased
HertZ'ian area to lower apparent bearing current density and allow longer operation

time until final bearing failure

Bearing type:
- Independ of bearing type

Lubrication type:
- Grease lubricated systers are destroyed fasterthan oil lubricated systems
- Low-impedance lubricants are not suitable to reduce the rotor-to-ground bearing cur-

rents

D.1.4 Circulating bearing currents

Circulating bearing currents occur only in bigger inverter-fed AC machines with typical machine
frame sizes bigger than 225mm, corresponding to a typical rated power above 50kW at
1500/min . The circulating bearing current is driven by a parasitic HF shaft voltage, which is
induced by a parasitic HF circulating magnetic flux, which is excited by the total winding -to-
ground current, which at insulated rotors is identical with the stator-to-ground current isg The
stator-to-ground current is caused ininverter-fed AC machines due to the common-mode wind-
ing voltage, fed by the inverter. At the stator winding -to-stator capacity G+ (Figure 35) this

capacitive current occurs and rises with increaseddu/d t-voltage rise of the inverter pulse-width

modulated output voltage. Rf ¢ n_p_ggrga FD agpasj _p k_elierga

tuted by the stator iron stack, the end shields with the bearings, and the rotor shaft. This flux
magnitude rises with the machine size. Above a frame size 250mm its induced HF loop voltage
(with a frequency in the range of some hundreds of kHz) is big enough to drive the circulating
bearing current in that loop, if the roller bearings are not insulated. If the bearings are insuating
via the lubrication film or via the intended bearing insulation, no circulating current will flow.

Then this induced HF voltage can be measured eg. as HF shaft voltage between the two outer

bearing rings at NDE and DE. If a circular bearing currentis flowing, the corresponding voltage

bpmn bsc rm rf _r asppc | HBspecrallyaas|pwspeedie.g.81§0mind Fig. t mj r

38), when the bearings have a partially metallic contact between inner and outer bearing ring
via the roller elements, they are conductive. Hence noninsulated bearings show especially at low
speed considerably high circulating bearing current. Again, with a coupled gear, this circulating

bearing current may also flow via the gear bearing, if the DE bearing of the motor is insulated.
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Hence an insulated coupling to the gear or an insulated DE gear bearing can interrupt the circu-

lating current flow. Note that the bearing current signal at DE and NDE has the same wave

shape, but with the same current direction from outer to inner bearing ring with opposite polar i-

ty (Fig.40).?7q rfc 8jmmnpu _arqgq _q _ qcamlb_pw ugtbgle md

to-ground current as the primary current and the circulating bearing current as the secondary
current, both stator-to-ground current and circulating bearing current have the same wave shape
(Fig. 38). The ratio of amplitudes of circulating bearing current and stator -to-ground current is

caicb 8 ¢ _pgl e BCRwith@<+ BCRx 1 rwhichudepends on frequency andusually
decreases strongly with rising speed, as the bearings impedance risgig. 38: n = 150/min, BCR
= ca. 0.2). Other parameters, that influence the bearing impedance andthus the BCR are bea-

ing temperature and bearing load.

Note that due to magnetic asymmetries especially in 2pole cage induction machines of bigger
frame size, but also due to rotor eccentricities, a parasitic circular magnetic flux may occur e.g. at
stator slot frequency. This low-frequent flux is excited by the fundamental stator current and

induces a low-frequent shaft voltage, which causes additional low-frequent circular bearing cur-

pclraq, Rf cqgc _bbgrgml _j 8 a | _ q ganger thebeaangsp Goanfer p

measures are identical with those for HF circular bearing currents.

Channel 1: Stator-to-ground current isq
" N\
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o
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Channel 2: Bearing current iy pe
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w
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<
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timet/ ¢€s

Figure 38 Example for a measured circulating bearing current for an especialy prepared inverter-
fed 110kW-cageinduction machine, speedof n = 150min™, averageouter/inner ring bearing tem-
perature t ., = 40 °C, radial bearing load F, = 2500N, axial bearing load F, = 1300N: Channel 171
stator-to-ground current ig, chamel 2 7 circulating bearing current at drive end side i, pe (from
inner to outer bearing ring) , channel 37 circulating bearing current at non-drive end side i, npe
(from outer to inner bearing ring)

Hence the circulating bearing current can only flow with considerable amplitude, if the Sooppis
conductive, hence when the impedance of the bearings is small. This is the caseas long as the
bearings operate in a conductive case hence at low speed with metallic contact in the bearings
At elevated speed bearings withsynthetic and mineral high-impedance oil lubricat ion operate in

full lubrication and will red uce the circulating bearing current to a harmless value. But then dis-
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charge currents (EDM) may occur, which will for short time lead the bearing into conductive
state, causing again an intermittent circulating bearing current. Low-impedance lubricants are
therefore not suitable for the reduction of bearing currents. A typical method to prevent circulat-

ing currents in electric machines is the use of insubted bearings, at least at on side eg. DE

Figure 39: Current flow in case of circulating bearing airrents, presented at110kW -cageinduction
machine (here with belt drives at both sides)

1—— [iecroy
.5 ps T 1
5.8V S P S S Bearing voltage Uy pe
2 I
.5 ps f T
| - 2 .
1.50 A I—— J’;\\,,W“ﬂi‘vf‘u%"“__ D - — Stator-to-ground current isg
3
E__p-:-A ™~ I 2
0.7 e Bearing current DE i, pe
J'ul—
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.75 A R ———— " Bearing current NDE iy npe
||. _. / \/ T
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0 78my  DC ¥ %—— & HofF 50.0 ns STOPPED

Figure 40: Example for a measured circulating bearing current for an especialy prepared inverter-
fed 110kW-cageinduction machine, speedof n = 300 min™, averageinner/outer ring bearing tem-
perature t ., = 40 °C, radial bearing load F, = 2500N, axial bearing load F, = 1300N: Channel 171
bearing voltageuy, channel 2i stator-to-ground current isg channel 3i circulating bearing current
at drive end side i, pe (current direction from inner to outer ring), channel 4i circulating bearing
current non-drive end sideiy, npe (current direction from inner to outer ring).

A typical AC machine in the field application, which therefore has no special insulated bearing
seats does not allow the circulating bearing current measurement. Therefore only the bearing
voltage and the stator ground current could be measured. Due to the ohmic behaviour of the

conductive bearing the measured signal wave formsof the bearing voltage (being proportional to
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the bearing current) and stator-to-ground current should be similar (Fig. 40). This is a strong

hint that a circulating bearing current is flowing. In spedal cases of big machines, a placing of

the Rogowskicoil around the shaft within the machine might be possible to measure the circulad-

ing bearing current directly.

For circulating bearing currents it is typical, that they:

- havethe wave form shapes as the statorto-ground-current,

- occur at the same timetcy as the statorto-ground current,

- occur at the same timetcy, when the common-mode voltage changes

- have an occurrence rateproportional with the switching frequency ,

- occur mainly in the low speed range, if high impedance lubricants are used in the bea-
ings (which is mostly the case),

- occur only in bigger AC machines, typically > 50 kW or frame sizes > 250 mm

- cause due to their considerable magnitude a greyish raceway, but very often in the long
run fluting of the bearing raceway and a strongly aged lubricant, which is black coloured

(see ChapterB)

Influence of the bearing operations state:

Bearing temperature:
- Strong influence of bearing temperature, because hot bearings with then low lubricant
viscosity have smaller lubricant thickness and are easier penetated by circulating bear-

ing currents

Bearing load:
- Higher bearing loads, especially higher axial bearing loads, leads via the increased
HertZ'ian area to lower apparent bearing current density and allow longer operation

time until final bearing failure

Bearing type:
- Independ of bearing type

Lubrication type:
- Grease lubricated systers are destroyed faster than oil lubricated systems

- Low-impedance lubricants are not suitable to reduce the circulating bearing currents
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D.1.5 Bearing currents at other machine types

So far, mainly cage induction machines have been discussed due to their wide use in industrial
applications. PM synchronous machines with inner rotor are usually less sensitive to bearing
currents, especially with surface mounted magnets due to thebigger equivalent magnetic air gap.
Other types of AC machines have differentequivalent capacitive circuits, which define the occur-
ring HF bearing currents. Two often discussed machine topologies are the doublyfed induction
machine (DFIM), used as wind generator, and the permanent synchronous machineswith outer

rotor, used in small power application for variable-speed fan drives

a) Doubly -fed induction machine (DFIM) [16]

For the rotor-fed DFIM the BVR is very big, typically in the range of 60% é 80% Thus the bear-
ing voltage exceeds thethreshold voltage nearly always, so an electricbreakdown occurs any-
way, and an EDM bearing current flows. Hence, in DFIMs the bearings remain nearly always
electrically conductive after such an initial electric discharge (EDM bearing current event), and
the lubricant loses its isolating properties. Therefore at each change of the rotor-side common-
mode voltage a high rotor-to-ground current flows via the big rotor winding -to-rotor capacitance
Cw-r directly to the ground, if the rotor is grounded, and will not pass by the bearings. This can
be seen in the simplified equivalent circuit in Figure 41. Therefore the bearings have to be inai-

lated in any case,and the rotor has to be grounded to avoid a bearing current flow .

stator-winding Cow-rw rotor-winding
-— . | | . .
L1
CSW'F _ Crw-r
1 rotor 1
Ucwm,grid - ! - f{ - T Cru-f Ucm,inv
| Cr f
Cb,DE —_— ——Cb NDE

Figure 41: Equivalent circuit for doubly -fed induction machines (DFIM), bearing voltageu, from
the rotor -side commonrmode voltageucw inv. The statorside commonmode voltageucy has grid-
frequency eg. 50 Hz and therefore does not generate any considerable commuaode current. HF
machine capacitances of a DFIM, sw: statowinding, rw: rotor winding, f: frame, r: rotor, b: bea r-
ing, DE: drive end, NDE: nondrive end (The dashed lineencircles the statorfed cageinduction
machine where the noninsulated rotor cage has the same electrical potential as the rotor iron r)
(Figure 28).
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b) Permanent -magnet synchronous machine with outer rotor

The equivalent circuit with HF parasitic capacitances for PMSM with outer rotor design is similar
to induction machines, shown for a small fan drive in Figure 42 b). Due to the small size of this
motor no circulating bearing currents can occur, but only discharge bearing currents. The appa-

ent bearing current density is high for such small machines if the same rated voltage is used as

for bigger machines, becauseof the smallerHertz%g | _pc_ md rfc gk _jj c_pgl e
permanent magne rotor N stator winding
Csw-r== J_Cswr
stator \g C
winding Yom| == Caus rotor bNDE
stator
Co,pe u,
Cop C v ib,DET T\ qiibNDE
Shaft . b,NDE ‘ ' \- . ol
bearing isg frame Crt
AR R Y - L
a) b)

Figure 42 a) Schematic cross section of the upper half affan drive with parasitic machine capaé¢-
tances, b) Equivalent capacitive circuit for calculating the bearing voltage), from the common
mode voltageucy via the HF machine capacitancesucy: commorrmode voltage,u,: bearing volt-
age, sw: stator winding, r: rotor, f: frame, isg: statorto-ground current, DE: drive end, NDE: non-
drive end).

D.1.6 Influence of lubricant condition o n bearing currents

The condition of the lubrication film influences the bearing current type, amplitude and probabil-
ity of occurrence. Depending on the operation parameters (speed, bearing load, bearing tempe-
ature) the lubricated bearing state could be conductive, mixed friction or full y lubricated. For
conductive state (metallic contact between inner and outer bearing ring) the bearing behaves
electrically resistive, in the mixed friction state the bearing changesbetween resistive and capaé
tive behaviour and in the full y lubricated state the bearing behaves electrically as a capacitance
Further the electric properties of the lubricant have an influence on the electric behaviour of the
lubricated bearing. So we distinguish between low impedance and high impedance lubricant as
Low-Impedance GreasgLIG) and High-Impedance-Grease(HIG) with a difference in conductiv i-

ty by typically 6 orders of magnitude 10°.
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Figure 43. Measured EDM bearing current occurrenceat a 1.5kW-induction motor, bearing type
6205 C3 drive end. Measured pk-to-pk EDM bearing currents a) for a High-Impedance Grease
(HIG) and b) for a Low-ImpedanceGrease (IG ) for different bearing temperatures and speed$3]
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Figure 44: Measuredoccurrenceof EDM bearing current events ata 1.5kW -induction motor,
bearing type 6205 C3non-drive end. High-ImpedanceGrease HIG ), outer/inner ring average
bearing temperature 50°C and 80°C. [3]

Influence of lubricant properties on the bearing currents:

a) EDM bearing currents

High-impedance lubricant:

As explained above, the EDMbearing current amplitude rises with increased film thickness,

hence at a given temperature with rising speed, as film thickness increases with rising speed.
Above a certain speed (and thickness) the bearing voltages not any longer able to cause a film

discharge, so the EDMbearing currents vanish or get seldom events. With higher tempeature

and thus lower lubricant viscosity the same film thickness occurs at higher speed, so the max
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mum of EDM bearing current occurrence shifts with rising bearing temperature to higher speed

values. So EDM peak currentstypically occur with the highest amplitudes in a certain band of
bearing temperature and rotor speed. The biggest amplitudes were measured at a specifiaor-
malized lubricant film thickness (film thickness divided by surface roughness) = 3 - 5. With
too high bearing temperature the low viscosity and corresponding lower lubricant film thickness

leads only to small bearing current amplitudes (Fig. 43a).

Low-impedance lubricant:

The conductive behaviour of the lubricant does not allow a voltage build-up across the film, so
no discharge currents can occur (Fig. 8b). Hence a LIG is a good countermeasure to reduce
EDM bearing currents (Fig. 44).

b) Rotor-to-ground bearingcurrents

As the total grounding circuit impedance determines the rotor -to-ground current flow, the type
of HIG or LIG influences the rotor-to-ground current flow only in a minor way. Hence f or rotor -
to-ground bearing currents with apparent current densities above 0.3A/mm >a damage of the
bearing can occur independent of the lubricant type. At higher radial and axial load e.g. for radi-
al bearings, the lower current density allow the bearing to withstand longer the se currents with-

out damage.

c) Circulating bearing currents

High-impedance lubricant:

The amplitude and the speed range, where circulating bearing currents occur, depend on the
bearing and as well on the lubricant type and its electric properties. For HIG circulating bearing

currents mainly occur in the non- or mixed lubricated state, hence at low speed At rated speed
with its full lubrication there w ill not be a circulating bearing current. But this could change due
to longer operation time, if conductive particles due to abrasion in the bearing contaminate the

lubricant and allows it to be come more conductive. The also at higher speed such circulating
bearing current flow is possible. So according to ICE60034 it isrecommendedthat one bearing is

insulated for machines above a frame size of 315nm.

Low-impedance lubricant:
Especially for LIG thebearing will be conductive also at elevated speed and therewill be circulat-
ing currents over the full speed range So a good combination might be a motor with one insu-

lated bearing to interrupt circulating bearing currents and a LIG to avoid EDM bearing currents.
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E. Grounding aspects which cause or increase bearing cu

rents effect

According to Chapter D, the possibilities to reduce HF commorn-mode bearing current effects are
mainly based on the reduction of the spectral amplitudes of the common-mode sources, hence:

a) inverter output common-mode voltage,

b) inverter output and electric machines common-mode currents,

¢) parasitic HF electrical voltages which act directly at the bearing.
But also the grounding system may cause additional parasitic HF currents, which may influence
the HF bearing currents. The drive component- or drive system suppliers havetherefore design
handbooks with technical guidelines, where they describethe systeminstallation for minimizing
bearing currents (Chapter D) and EMC effects. Typically those applied methods, which reduce
HF bearing current effects, may reduce as wellEMC effects. Only in the optimum case these
guidelines are dready considered in the design phase when the power train is set up. In other
cases they might be disregardede.g. due to too high installation costs, either in the case when a
drive system isnewly installed or if an existing drive system isretrofit or added with new com-
ponents. Hence an inappropriate installation might be done, which may lead to the generating of
HF bearing currents. Then the discussion starts on the reasons for the parasitic currents and on
responsibility. Often different companies are contributing to the installed drive system, so the
decision on who is responsible is often difficult.
Therefore, to avoid such a situation, e.g. h case d adding additional components to an existing
drive system the original actual drive systemsetup must be analysedthoroughly, checking the
wiring plan with the existing installation , before adding new components. Concerning commort
mode currents like the grounding and HF bearing currents, the actual electric grounding imped-
ance hasto be measuredand the grounding wiring has to be analysed, alsoif only a part of the
drive system is changed.The grounding issues such as defined sufficiently low HF grounding
gkncb_1 ac gfloatimgp _ t mg potef@ial @have to be discussedA floating potential may
increase the electrical commonmode potential at the bearings and at the motor terminals, which
may influence bearing EDM currents and rotor-to-ground bearing currents. Further a check of
rfc epmsl bgle ugpgle qf msj b _j pamsitich Rdyehtdldwgtox _r g ml md
an acceptable level acc. to VDE0100
Basically §Single point groundingpor 8Meshedelectrical groundingp ggq nmgqg | ¢

- Single point electrical grounding: All drive components must be ground-connected d-

rectly to a single 8 | ¢ s rpgint fo avoid circulating parasitic currents in the electrical

grounding system! Conductive cable shelding should only be connected to the ground

only on one cable terminal side!

- Meshed electrical grounding If the grounding is done at several different points to avoid
jmle epmsl bgle amllcargmlg* uc ecr _ 8kcqgfchbp

circulating currents between parallel grounding paths are possible. These itculating cur-
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rents may be minimized by using only a small size of the total grounding mesh, if poss-
ble! Conductive cable shelding should then be connected to the ground on both cable

terminal sides!

Some typical electrical installation errors concerning a proper HF grounding are listed below.

a.

An electrical grounding system is missing!

Electrical grounding connection is done directly on the painted housing e.g. of an electi-
cal machine, without before scratching away the paint. The electrically insulating paint
layer will lead to a non-grounded situation.

High HF impedance electrical grounding, which may lead to floating potentials. Too high
grounding impedance may be caused bytoo small grounding cable cross setion!

Grounding cable especially for HF ground currents are composed withstranded conduc-
tors instead of a massivesolid conductor:

0 Too high HF-impedance, if no stranded conductor arrangement is used.

0 Motor cable shielding is connected to low-frequency terminal block, without a
direct connection to the inverter-drive-system

A too high grounding impedance may also occur, if the dectrical stator grounding is
done via the long feeding motor cable neutral conductor instead of using a local short
electrical grounding conductor to a nearby grounding point.

Electrical grounding systemerrors of the building, where the drive is installed:

o Electrical grounding systemin the building is not meshed, thus high compens-
tion currents can occur.

o If electrically connected drive systemsare in different buildings (e.g. inverters at
Building I and motor s at Building 1) , and no electrical grounding connection be-
tween the two buildings exist

o Improper grounding by using existing building system components e.g. a steel
cable of an elevator, instead of using a proper grounding cable

Electrical grounding connection is interrupted due to high-impedance metal corrosion

Ignored parallel grounding paths, e.g. an unintentionally electrically bridged bearing in-
sulation or an accidental rotor grounding via a gear or rolling mill . Additional (often i g-
nored) grounding paths are:

o0 Encoder and encoder cableshields, general connected only on one side
0 Conductive hydraulic tubes

0 Conductive tubes of the re-lubrication system

o]

Conductive connections of sensor systemsfor e.g. vibration or temperature meas-
urement

0 Conductive attachmentsto the motor such ase.g. brakes

?  igtail pconnection of the motor cable shield to the conductive motor housing allows
HF noise to be radiated to other components and should be avoided by fully connected
shields on the whole shield circumference e.g. with special cable glands.

Shield connection by wrong cable gland:
o0 Plasticcable grand
0 Wrong size of cable gland

0 Not fully connected shield connectedto the cable gland

60
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k. Mounting error s of the motor cable shield may occur, even if the correct components are
used, but:

0 The cable $ielding wires are sheared offby too strong screwing of the gland
o0 Not enough shielding wires connected to the cable gland

I.  Motor cable shielding is not connected to motor and inverter conductive housing parts,
which are connected e.g. on the inverter side to the grounding system

m. In some casesas an extraordinary effect a @pacitive coupling between motor cable and
sensor cablemay occur, especially if they are lying close side by side and are not prope
ly shielded (e.g. no shields or shieldsnotpramc pj w aml | carcb* qgcc

F. Remedial actions

A remedial action can already be chosen at the designstate of the drive system, but as well later
on, to reduce the effects due bearing currents or EMCproblems. The Standard IEC 60034 [14]
offers several possibilities to reduce bearing currenteffects. Dfferent remedial actions are dis-
cussedin the following for the different bearing current types, because notall possible remedial
actions help for each bearing current problem. Generally a filtering of the common -mode invert-
er output voltage as a general HF commonmode source will reduce HF bearing currents, but
such filters are available only at smaller inverter ratings due to their size and cost. Further a gen-
eral possibility is to reduce the slew rate du/dt and the inverter switching frequency of the in-
verter output voltage pattern to reduce the capacitive reasons for current flow. This was the case
with older thyristor -switched inverters, but then on the expense of higher additional losses in the
electrical machines due to the nonsinusoidal motor currents, which of course is unwanted.
Hence following remedial actions may be grauped as follows:

A) Remedial actionsat the drive system:

- Reduction of common-mode voltage and transient motor terminal overvoltage via
common-mode voltage filter and - to a smaller extent - via the HF motor cable imped-
ance

- Reduction of common -mode current via common-mode voltage filter and (cheaper) via
common-mode current filter, and by the backflow of CM current via the Cable shielding

B) Remedial actions at the bearing:

1) du/d t- and EDM bearing currents:
- Reduction or avoiding of potential difference across the bearing
1)} Rotor-to-ground- and circulating bearing currents
- Having a bypass of the current across the bearingto avoid current flow by the
bearing.
- Increase of the HF impedance for the bearing current path e.g. via common

mode rings.
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Table 4: Available remedial actions

Bearing current type

Countermeasure

EDM

bearing currents

Circulating bearing

currents

Rotor -to-ground bea r-

ing currents

Inverter side

Shielded motor

Poor, small increase

Not effective V due to smaller Effective

cable ) "
ground impedance

Common-mode ] ] ]

Not effective Effective Effective
choke,
du/d tilter Not effective Effective Effective

Machine side
Hybrid bearings Effective Effective Effective
Ceramic bearings | Effective Effective Effective
) Effective: Carry the
. Not effective: .

Ground brush Effective:  Short-out bearing current, does

Protects only one

contact the bearing voltage ) not protect bearings in
bearing )
driven load
_ Effective, but does not
Conductive seal- ) ) ] ]
] ) Very Effective Effective protect bearings in
ing disk )
driven load
_ Effective: Depends on
Conductive N )
condition of materi- Poor Poor
greases 2
als.
Effective, but does not
Microfiber Ring 2 | Effective Effective protect bearings in
driven load
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Motor c able

The motor cable should not only provide reliably the inverter current flow to the motor, but its
HF differential and common-mode components havesome additional influence on the inverter -
fed drive system. One big issue for cable is theHF crosstalk between parallel cables, lyingin the
neighbourhood, causing eg. to disturbance in signal lines or EMI effects, such as aninduced HF
voltage in the controller cable, leading to disturbances of the signal transmission and controller
action. Due to the high slew rate du/dt of modern fast switching IGBT- or SiC-based MOSFET
inverters with their nearly ideal voltage steps (in the range of rise time of ns), the cable capad-
tances to ground are charged or dischargedat each voltage step causing a HF grounding cur-
rent. The travelling voltage waves at each switching event causevoltage reflections at the motor
terminals with an unwanted voltage overshoot, which depends on the parameters ofcable (such
as cable length) and of the connected components(such as the motor winding input impedance).
The influence of motor cable type and length on the bearing currents was investigated at TU
Darmstadt for two power levels and different cable length [1] , where unshielded and shielded

cables were researched up to 50m length (Table 5).

Table 5: Cable length up to 50 m: I nfluence of cable typeon bearing currents[1]

Motor power ]
ovel cable type Length /m Effect and Evaluation
eve

Y-JZ (unshielded) 2/10/50 Same EDM bearing currents for all

cable lengths and for unshielded as
11 kw _ well as shielded cable

NY-CY (shielded) 50 )
Lower rotor-to-ground bearing cur-

rents for shielded cables

. Circulating bearing currents remain
NYY-J (unshielded) 10/50
almost unaffected

110 kW Circulating bearing currents remain
2YSLCYJ (shielded) 10/50/80 almost unaffected. Lower rotor-to-

ground bearing currents.

) Circulating bearing currents remain
NYY-J (unshielded) 10 (parallel)
almost unaffected

500 kW Circulating bearing currents remain
2YSLCVYJ (shielded) 10 (parallel) almost unaffected. Lower rotor-to-

ground bearing currents.
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c ddc a Bhieldety s g lc g mabshi§ldednud k&nSabiep may be summarized ad1]

Use of a shielded instead of unshielded motor cableincreases theHF stator ground cur-
rents by up to 40% due to the lower HF grounding impedance.

Shielded or unshielded cable type does not influence the amplitude and occurrence of
EDM bearing currents of small motors, but leads to increase of the circulating bearing
current amplitude s at high motor speed of large electrical motors.

The influence of shielded or unshielded cable type on bearing current occurrence is
much smaller than the influence of motor size (e.g. small motors have no circulating

bearing currents).

Influence of motor cable length [1]

A reduction of the cable length does not influence the EDM bearing currents, andit
leaves amost unaffected the circulating bearing currents that occur at low motor speed
at larger motors. Hence the influence of motor cable length on bearing current ampli-
tude is negligible, as it is much smaller than the influence of shielded or unshielded mo-
tor cable type, and much smaller than the impact of motor size.

HF stator-to-ground current is in most casesreduced with reduced motor cable length

due to the smaller cableto-ground capacitance

Influence of stator grounding configuration (with out rotor grounding) [1]

If unshielded motor cable is used and the di/d t at the motor terminals is not limited by
a filter, large rotor -to-ground currents pass the bearings. The magnitude of the currents
increases with increasing length of the motor cable. Use of shielded motor cablesreduces
the rotor-to-ground bearing currents. Maximum length of the motor cable in the investi-

gations wasl, =50 m.
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NYY

L2

L3

Sector-shaped conductor

2YSLCYK

small Relative price for motor cable high

high |Expected amplitude of rotor-to-ground current small

Figure 45 Cross-sectionof the three different investigatedunshielded (NYY, NYCWY) and shiet-

ed (2YSLCYK) three-phase lowvoltage motorcable types

Table 6: Motor cablelength 50 é

3 t:anfluence on bearing currens [TU Darmstadt]

Motor power

Motor cabletype

Cable length /m

Effect and Evaluation

level
NYY-J (unshielded) 50/150/300 Same EDM bearing currents for
- all cable lengths,
11kw,
- for unshielded/shielded cables.
15 kW 2YSLCX-J (shielded) 50/150/300 .
Lower rotor-to-ground bearing
currents for shielded cable type.
NYY-J (unshielded) 50/150/300 Nearly no influence on bearing
_ currents for thesetwo different
NYCWY (unshielded) 50/150/300 )
unshielded cable types.
110 kW
Slight reduction of circulating
2YSLCX-J (shielded) 50/150/300 bearing currents in comparison
with unshielded cable types.
Version 2.3 - 28.09.2021 65




NYY, 50m

NYY, 150m

NYY, 300m

400 400 400
200 200 200
> > >
Z 0 Z 0 - 0
= = =
-200 -200 S -200
s =1 S
-400 -400 -400
200 0 200 400 200 0 200 400 200 0 200 400
t/us t/us t/us
NYCWY, 50m NYCWY, 150m NYCWY, 300m
400 400 400
200 200 200
> > >
< 0 Z o Z 0
. - P
= 200 s 200 3 200
S 400 S 400 400
200 i 200 400 200 0 200 400 200 0 200 400
tius tiys t/iys
2YSLCYK, 50m 2YSLCYK, 150m 2YSLCYK, 300m
400 400 400
200 200 200
> > >
< 0 < a Z 0
2 200 2 200 3 200
= o 5
-400 -400 -400
200 0 200 400 200 0 200 400 200 0 200 400

t/ps

t/ps

t/us

Figure 46. Measured commonmode voltagesucy at the motor terminal of a 4-pole 1 1 0 -clage/
induction machinein dependenceot abl e | ength (50 m, 150 m, 300 m)
NYY, unshielded NYCWY, shielded 2YSLCYK), seeFigure 45. Two-level IGBT-voltage source
inverter with 560 V DC |Iink voltage and switching

Electrical bearing bypass

In order to protect the bearings from all different kinds of bearing currents, an electric parallel
bypass as bridge over thebearing from inner to outer ring is added as remedial action. Thus the
bearing voltage over the bearing is shorted or strongly reduced, thus avoiding EDM bearing cu-
rents. In case of circulaing bearing currents and rotor-to-ground bearing currents this highly
conductive bridge takes over the current. This added parallel electric path as a remedial action
works only properly, if the HF impedance of this bridge is smaller than the bearing impedance.
The bearing impedanceis low for low speed operation due to partially metallic contact. Here
circulating bearing currents may flow. It increases with increasing speed due to the bigger lubri-
cation fil thickness. In this speed range EDMbearing currents may occur ([3], [5] ). Examples
for such low impedance bypasses asemedial actions are discussed in the next subchapters:

- Graphite brushesas aclassi@al remedial action,

- Conductive salings as a newer remedial action,

- Carbon micro fibres at a metallic ring (microfiber ring) , touching the conductive rotor

shaft.

Of course, all these bridges need tocontact the rotating shaft, so friction will lead to wear, need-
ing a maintenance inspection at certain intervals, and in case of need an exchange of the worn
bridge. Sliding contacts require maintenance. In order to ensure a safe, longlasting contact with
low brush contact impedance, the operating and environmental conditions must be taken into

account. In addition to the perhaps too high circumferential speed at the sliding contact, the
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influ ence of contamination of the sliding electrical contact by oil, dust and other contamination

must be considered

= Bearings are insulated to the housing

>y = Bearing insulation only on drive end is
J_ Cowr bridged by a short cable for measuring

stator winding

bearing currents
non-drive drive
Uem Cows end rotor
Cb NDE l C,f
R )
bypass \ |so NDE )
ISO.
v ’b NDE

frame stator-to-ground

lsg
current

— drive end
C,,(Fr =63 N, F, =50 N, 4 = 60 °C, n= 1500 rpm) = 45 pF
Cisope = 3.4 nF

Cisonoe = 2.5 nF

Figure 47: Electric circuit for the EDM bearing current measurement with a conductive bypass at
the non-drive end sideRyypase The specifiedvalues refer to ad-polel . 5 -c&g¥ihduction machine.

non-drive
end

stator winding Bearing at pon-drive end is insulated
> J_ to the housing
C

Sw-r

ucm sw -f
—
Cb NDE | C,_f _l__LCb,DE
Rbypass - H Up
150 NDE C - 4 Ib.DE
iso,DE J
v o, NDE
frame \
Z,<Z,

Figure 48: Electric circuit for the rotor -to-ground bearing current measurementwith a conductive
bypass at the nordrive end sideRyypassand a grounded rotor.

)

Graphite brushes

Graphite brushes are sliding contacts which require maintenance.As described in %ction F, re-
medial actions for the reduction of bearing currents are grouped into two main areas with the
purpose of:

(B.l) Avoiding of potential difference (bearing voltage u,) across the bearings to reduce EDM
bearing currents. The effectiveness of this measure depends strongly on the operating conditions
and maintenance status.

(B.Il) Bypass of rotor-to-ground and circulating bearing currents across the motor bearing
When the grounding brush is mounted on DE, the driven load is not protected by this measure
(see Figure 49 a-c). When the grounding brushes are mountedon NDE, the use of an insulated
coupling to the load machine is required to prevent circulating bearing currents in the loop of

motor and load.
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Figure 49: HF-capacitive network for cageinduction machines with
a) grounding brush (red) at drive endside (DE) b) Rotor-to-ground current flow without ground-
ing brush, ¢) Rotor-to-ground current flow with DE-side grounding brush.
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Conductive Sealing

The conductive sealing Simmerring® bridges the bearing electrically across the bearing by a co-
ductive non-woven sliding material. It is designed for the use in electrical motors and gears
(Figure 50) especially for automotive applications. The main advantage is the wide applicable
temperature range (-40 °C to +250 °C) and the high electrical conductivity (bridge resistance

< 10 X This value is independent of direction of rotation.

Installation situations
Conductive carbon fiber-PTFE

A

In the gearing mechanism (series) In the electric motor

Figure 50: Cross-section of theconductive sealingSimmerring® , made ofelectrically conductive
non-wovensealingmaterial [31].

The conductive sealing Simmerring® was tested for EDM and rotor-to-ground bearing currents at
an especially prepared 4-pole 1.5 kW-cage induction machine, where bearing currents could be
measured [30] . The installation of the conductive sealing Simmerring® was done according to

Figure 47 at the NDE of the electric machine.

conductive stator adapter with
inner diameter 40 H8

shaft seal with
conductive carbon
fiber-PTFE

metal ring with outer diameter
28 h11, shrunk on rotor shaft

Figure 51: Installation of one conductive sealingSimmerring® at the NDE of an especialy prepared
4-pole 1.5kW -cageinduction machine for bearing current measurement affU Darmstadt.

The capacitive electrical equivalent circuit for the 1.5 kW-induction machine with the installed
conductive sealing Simmerring® for the EDM bearing current measurement is shown in Figure

47. The conductive sealing Simmerring® reduces the electrical potential across the bearing to
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such low voltage levels that discharges and arcing at the lubricant filmin the neighbouring bear-

ings is avoided. Hence no EDM bearing currents may flow.

Figure 48 shows the equivalent capacitive electric network of the 1.5 kW-induction machine for
grounded rotor with installed conductive sealing Simmerring® in parallel to the bearings. In this
case rotor-to-ground bearing currents will flow, which should use the conductive sealing Sim-
merring as bypass to the bearings. Hence theconductive sealing Simmerring® should have a
smaller resistance than the bearingimpedance, so that the current flows across the conductive
sealing Simmerring® and not via the parallel bearings. It was proven by experiment that above a
speed ofapprox. 600/min the lubricant film increases the bearing impedance sufficiently, so that
the rotor-to-ground current flows mainly across the conductive sealing Simmerring®. This leads
to a reduction of bearing current flow of approx. 94.5%. Below 600 rpm the bearing is in mixed
friction and metallic contact, so that the bearing current reduction is not so big, being dependent

on the impedance ratio of conductive sealing Simmerring® and the bearing impedance.

Microfiber ring

The conductive microfiber ring is an electrical bypass of the bearing. Many hundreds of carbon
microfibers ensure, that there are always a lot of them with their tips in close contact with the
conductive shaft surface. The increase of electric field strength at the sharp ends of the micro
fibres cause locd small discharges when being separated from the shaft surface, which immed
ately re-establishes the electrical contact between ring and shaft. Even if a lot of fibres are worn,
there are many others still active, so that the microfiber ring may be used fa long term without
much maintenance. A further advantage isthe low mechanical friction, if any. It must be secured
that the microfibers are not sticking together due to environmental influences like grease can-

tamination. Two examples of microfiber ring s are shown in Figure 52.

Figure 52 Two examples of microfiber ring s with multitudes of conductive microfibers electrically
in parallel [32].

70 Version 2.3 - 28.09.2021



Conductive Grease

Bearings are generally lubricated by grease, apart from special applications such as e.g. high
speed movemen{ where a steady direct inflow of small amounts of oil dropsis_ nnj g enimi- _q 8§
mum oil lubrication i Grease is used, as most of the bearings can be lubricated only infrequently,
so that the lubricating oil would not stay in position. Grease is a solid or semisolid lubricant
formed as a dispersion of thickening agents in a liquid lubricant. Hence it generally consists of a
soap emulsified with oil (e.g. mineral or synthetic oil), keeping the oil by the soapin right posi-
tion. Having a high initial viscosity, the grease drops undershear forces to give the effect of an
oil-lubricated bearing of approximately the same viscosity as the base oil used in the grease. This
change in visa mq gshear t&ngingu ' qr gj j i ccnq stmcorrespbndimyfmuchggamqgr w
epc_rcp dpgargml _j af p_ar cpgaqr ghenge itrisfnotlusefbldpp c ar 8k gl
very high-speed application).
For lubricating bearings of electrical motors, the typical bearing consists of the lubricating oil
(such asmineral oil, synthetic hydro carbon oil, ester oil, etc.), of the above noted thickener and
in many cases ofan additive package e.g. for bearing surface protection. The specific electrical
resistivity is generally rather high with 10° - /*.W®m (High-Impedance Grease HIG) By using
conductive grease the bearing voltage buildup may be reduced considerably, thus avoiding a
sudden electrical discharge when surpassing the breakdown field strength in the lubricating film.
EDM bearing currents are by this method strongly reduced. Suchconductive greasehas a specific
electrical resistivity of typically 10° - /® W®m (Low-Impedance Grease LIG. This decrease of
pcggqrgtgrw ~w _ d_ar mp md r wnagditionaljcampdnentsinthe - /[ . .
additive package, e.g.

a) electrically conductive solid particles (e.g. graphite particles to avoid too high friction )
or

b) a conductive fluid such as ionic fluids.
The bearing voltage is strongly reduced due to the strongly decreased resistance between the
contact areasof ball and raceway. The conductive lubricant is a good remedial action on EDM
bearing currents , but not on rotor -to-ground currents or circulating currents  [3] .
In Table 7 Low-Impedance Grease (LIG)G2 and G4 and High-Impedance-Grease (HIG) G1, G3,
G5 are compared in their effect on EDM bearing currents, and in Table 8 with regard to rotor -to-
ground bearing currents [3] , [5] . G1 is a standard HIG with mineral oil as a low price commer-
cially available product. The HIG G3 is based on ester oil and G5 orsynthetic oil. The LIG G2 is
based on ester oil and has an ionic liquid, whereas G4 is based on synthetic oil and contains
small dispersed graphite solid particles.G2 ... G5 are tailor-made test samples manufactured by
company Klaber Lubrication MiinchenSE & Co. KGand were designed especially for thesetests.
The conductive lubricant G4 with solid graphite particles according to a) usually does not keep
up its lowered resistivity in the long run (above 1000 hours at rated conditions), as the conduc-

tive solid particles are pressed aside by the huge local contact pressure in the mechanical bearing
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contact. The LIG G2 led during a 1000 hour test to a stable operation with reduced EDM bearing

currents. The bearing races after the test showed also a vergood surface condition (Table 7).

Table 7: Comparison offive different lubricants G1 €é G5 at -opemated fourpole t e r
15kW!1 cage inductionmotor under EDM-bearing current conditions: Motor bearing type
6205C3, inverter switching frequencyf. = 10kHz, radial bearing load F, = 63N, axial bearing load
F.=50N, speedh = 1500rpm, outer/inner ring average bearing temperature ., ca.60°C

Lubricant Gl G2 G3 G4 G5

Raceway of nner

bearing ring DE

Raceway of nner

bearing ring NDE

Table 8: Comparison offive different lubricants G1 é G5 at -opemated fourpole t e r
1.5kW1 cage induction motor underrotor -to-ground-bearing current conditions with grounded
rotor: Motor bearing type 6205C3, inverter switching frequencyf. = 10kHz, radial bearing

load F, = 63N, axial bearing loadF, = 50N, speedh = 1500rpm, outer/inner ring average bearing
temperaturet , ca.60°C

Lubricant Gl G2 G3 G4 G5

Raceway of nner

bearing ring DE

Bearing condition

after test

For the 1000 h test with a rotor-to-ground current (Table 8) via the DE bearingand an electrical-
ly insulated NDE bearing, an apparent bearing current density of 1.5 A/mm2 was adjusted via
additional parallel terminal -to-housing capacities to increase the rotorto-ground bearing current
artificially. Hence with that critical value, all lubricants showed a strong ageing with darkened
grease Only the bearing with mineral oil based lubricant G1 did not show any fluting, whereas
the raceways of the other bearings were deteriorated by fluting. We conclude that in general
there is at the moment no lubricant available which withstands an apparent bearing current den-

sity above 0.7 A/mm 2 for long run use without considerable aging, which especially affects the-
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COONH parts of the oil molecules[3], [5] . As the loading of the lubricant by electrical effects is
only one part of the story, where first all the mechanical issues must be considered (and other
environmental impacts), you have to ask for suitable greasefor your application your lubricant

sales engineer Only by considering all relevant drive parameters, the best grease option for your

application may be chosen.

Filter

Filtering of the common-mode inverter output voltage or of the motor currents may help to re-
duce HF bearing currents considerably.There are also patents on electrostatic stelding of the
stator winding e.g. with conductive slot wedges especially for open slots or conductve shielding
of the winding overhangs especially for 2-pole motors, where the winding overhang is big. These
electrostatic shields are connected to the stator potential and reduce the capacitive coupling of
the rotor considerably. The BVRgets very small, reducing the bearing voltage u, to small values.
Hence usually EDM bearing currents will vanish. Such shielding measures will not affect circuld-
ing bearing currents or rotor-to-ground bearing currents considerably. Such shielding measures
are very specialalterations of the electrical motor and are not state of the art. Therefore they are
not considered here in detail.

Opposite to that, filters (Table 9) may very often be used even in existing drive setups as an
additional measure to reduce unwanted parasitic electrical HF currents. All content of this fol-
j mu g lilter se§tibnpis based on[28].

Table 9: Overview of the influence of differentfil ter topologies on effects such as EMI, otor issues
suchas bearing currents and inverterissues

(Technical impact: X: beneficial, XX: highly beneficial, XXX: very high beneficial,
Cost: +: cheap, 0 neutral, T: expensive] : Very expensive )

EMI motor inverter
Bearing cur-
rents
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Common mode fing cores | XX | X XXX XXX +
I_leferentlal Mode du/d t- % | x 0
filter
Dual mode du/d t-filter XX | X X XXX | XXX b
Differential mode sine filter XX [ XXX| XX | X | X XX | XX b
Dual mode sine filter XXX XXX XXX | XXX XXX XXX XXX XXX XXX XXX Db
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A) Common-mode ring cores

Nanocrystalline or ferrite ring cores have a high magnetic pemeability. An AC magnetic field
will induce an electrical voltage in the core, but due to their high ohmic resistance the corre-
sponding current will be very small, so additional losses will be also small. If e.g. the three phase
conductors carry in total a common-mode AC current due to a feedng CM voltage eg. from the
inverter, a resulting AC common-mode field will be excited around these conductors. If a CM
ring is placed around these conductors(Figure 52), this CM magnetic field is increased inside the
ring core, resulting in a high AC CM flux. This AC flux induces an additional CM voltage in these
conductors, opposite to the original CM voltage. Thus the total CM voltage and hence the resit-
ing CM current is reduced strongly, improving the EMI immunity of the drive system. In addi-
tion, the reduction of stator CM current in the electrical machine reduces in the same way via the
BCRthe circulating bearing currents (if there are any, e.g. in bigger electrical machines) and

directly the rotor-to-ground bearing currents (if the rotor has a conductive ground connection).

The choice of ring size (diameter and crosssection area) depends geometrically on the motor
cable diameter and electrically on the magnitude of CM cable current, which should be reduced.
Ring core material saturation due to a high CM cable current must be avoided by choosinga
sufficiently big ring cross sectionarea to keep the resulting CM magnetic ring induction below
the saturation limit, which is given by the manufacturer. If this limit is surpassed, an additional
ring increases the resulting cross section area and the CM cable inductance, so the CM cable
current is reduced and thus the ring flux density. By guiding the motor cable more than one time
through the ring increases the exciting CM Ampereturns linear by the number of turns, this in-
creasing linear the flux density in the ring core. Hence the CM induction and its ring flux in-
crease, and the CM cale current is reduced to a bigger extent. Again ring core saturation must
be avoided.

Due to the CM cableto-ground capacities a CM resonance circuit is established by the CM ring
core inductance. The resonance frequency, typically 80i F x 300 kHz, decreases with

- increasedring permeability,

- increasedring core cross section,

- increasednumber of turns of the motor cable via the ring and with

- increased paasitic cable-to-ground and motor-to-ground capacitances, i.e. with longer motor
cable. At this frequency the resulting CM motor cable impedance isat minimum and will lead to
"~ ge AK asppclr amknml cl r _An excitatry of thip esmrsacck aw & 8 p c q
frequency by a CM harmonic inverter output voltage component of this frequency must be avoid-
ed by changing the resonance frequency, eg. by changing the motor cable type or length. Oth-
erwise the CM cable andmotor current is bigger than without CM rings. The resonance effect is
also influenced by the damping due to ring and cable losses by reducing the resonance peak of

CM current and by reducing the resonance frequency slightly. Hence he common-mode motor
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voltage ucy resonanceovershoot depends on ohmic damping, provided mainly by the eddy cur-

rent losses and the hysteresis losses in the ring core

Note that the ring cores haveonly a negligible effect on the phase or line-to-line voltage wave-
forms (which are not Common Mode CM, but Differential Mode DM). Hence the du/dt of the
phase and lineto-line voltage is unaffected, causing still by wave reflection at the motor termi-

nals a voltage overshoot. So CM rings are noteducing the probability of insulation faults in the

motor. As the rings mainly reduce CM currents and not CM voltage(Figure 55), also the occur-

rence of EDM bearing currentsis not affected. As the CM cable current is usually much smaller
than the motor phase currents (DM current!), the influence of CM rings on losses in the inverter,

motor cable or electric motor is very low. An advantage of the ring cores is that they do notre-
duce the phase or lineto-line voltages at the motor terminal (Figure 54), so no additional motor

voltage drop is generated. They can be used in drives with high dynamic cortrol, because nearly

no differential mode inductance is provided.

13G G

Cable Motor

13 43 403
2 T

Figure 53: a) Inverter -cablemotor drive setup with commonmode ring cores b) The FE conductor

Zaks

['1e] [e] |

for grounding of e g. the motor housing passedy outside the ring cores

1200 1000
800 600
> 400 > 200
3 0 5 200
=-400 5°
-800 -600
-1200 -1000
80 85 90 95 t/mSlOO 80 85 90 95 t/ms 100
no filter —— common mode ring cores no filter ~ ———common mode ring cores

Figure 54: Measureddifferential mode motor Figure 55: Measured @mmon-mode motor volt-
voltage upy:. ageucy:
Nearly no voltage shaping effect bying cores.  Very small voltage shaping effect by ring cores.
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Figure 56: Measured commonmode currenticy in a 4-polel 1 0 -ckgéinduction machinewith
shielded motor cabletype 2YSLCYK with length5 0 : anWithout any inverter output filter , b)
with eight common-mode ring cores, type M302 Magnetec Reduction from 17A to 3A.

B) Differential mode du/d tHilter

The reduction of the du/d t of the inverter output voltage reduces the capacitive charging current
of the motor cable, which is proportional to the cable-to-ground capacitance and the du/dt. Also
the motor terminal voltage overshoot due to voltage wave reflections at the terminals is reduced,
depending on cable length and motor input impedance. This can be achieved by a per phase
gltcprcp msrneotorgl misap' | aBRf &8 _nnj ga _odegdoidt-filterd _ Bgddoc
at the inverter output terminal (Figure 57), has the advantage, that below its resonance freque-
cy it does not affect the inverter voltage. For example, the control dynamics of the drive are not
influenced. It consists per phase of a differential mode inductance with parallel ohmic damping
resistor and a capacitance usually star connected Hence it builds up per phase a series res-
nance circuit. Due to its arrangement at the inverter output the filter effect is independent from
cable length and its ground capacitance The resonance frequency of this filteris designed by the
rather small capacities much higher than the switching frequency of the inverter, typically
80kHz - 500kHz. Hence only the high frequency components of the inverter output voltage
above this resonance frequency are reduced strongly, thus reducing the d/d t. The pulsewidth
modulated inverter output voltage pattern remains more or less unaffected. The damping resis-
tors set the voltage overshmt at the motor termina ls. Being DM components, CM effects are not
influenced (Figure58). So, like the motor choke, differential mode du/d t-filters only offer insul a-
tion protection between the phases and not against ground The benefit of a du/d t-filter in co m-
parison to a motor choke isthat the filter effect is decoupled from the cable parameters. Further
the du/d t and the corresponding motor terminal voltage overshoot can be defined in adwance via
the filter parameters, independent of the motor cable length and type, to meet different standard
limits (Figure59). The rather big damping resistors shallavoid a big resonance voltage overshoot.

But then the filter generates quite high ohmic losses As mentioned, it has a beneficial effect on
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inverter and cable losses by dampingthe parasitic cable capacitance charging currents.EMI im-

provement or bearing current reduction is offered by this filter solution only partly by the stray

inductance of the filter inductance.

~
o
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Motor

=
_]
-

Figure 57: Inverter -motor cable-motor drive setup with differential mode du/dt-filter at the inven-

er output terminal

1200 1000
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Z 400 > 200
z 0 5o
5400 =200
-800 -600
-1200 -1000
80 85 90 95 t/mSlOO 80 85 90 95 t/ms 100
no filter —— differential modedu/dtfilter:r no filter —— differential modedu/dtfilterr

Figure 58 Measured dfferential mode motor Figure 59: Measured @mmon mode motor vot-
voltageupy: Strong voltage shaping effectdu/dt ageucy: Nearly no effect by filter. 0 No  f-i |
and peak voltage) with filter. signal anddu/dt-filter signal coincide!
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C) Dual mode (Differential and Common -mode) d v/d tHilter

The Dual Mode filter type offers a common mode low pass circuit in addition to the differential
mode du/d t-filter (Figure52). The Dual Mode or &ll-n mj du/gdt-filters feature a common mode
inductance and might also have aneutral point clamping (star point -connection) to ground or to
DC link, so that also a common mode low pass filter is provided. By that, the shape of the can-
mon mode voltage at the motor terminal is influenced in a defined way, reducing especially the
harmful HF component. Excellent EMI reduction and reduction of rotor-to-ground and circulat-
ing bearing currents like using a couple of nanocrystalline ring cores is provided in addition to
the characteristics of a differential mode du/d t-filter. By reduction of the CM voltage the EDM
bearing currents also strongly reduced. The filter itself is rather big, especially with increased
inverter size, and expensive, bit covers all DM and CM parasitic effects, hence also all bearing

current effects.
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Figure 60: Inverter -motor cable-motor drive setup with dual mode du/dt-filter
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Figure 61: Measured dfferential mode motor Figure 62 Measured mmmon-mode motor volt-
voltage upy: Strong voltage shaping effect (d/dt ageucy: Strong voltage shaping effect (d/dt
and peak voltage) with filter. and peak voltage) with filter.
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D) Differential mode sine filters

A series resonance circuitper phase at the inverter output with a rather low resonance frequency
between the inverter fundamental frequency and the inverter switching frequency reduces all
voltage harmonics due to inverter switching strongly (Figure 64). The filter resonance frequency
is set typically between 500 Hz and 5kHz for IGBT inverters, which have nowadays switching
dpcoscl agc g kHz'innhe ecnedim powes range. Hence the line-to-line and the phase
voltage tend to be nearly sinusoidal, like in a grid feeding situation (Figure 64). So the filter

eliminates PWM and high frequency losses in the motor cable and in the motor. Also, inverter
losses are reduced.The low resonancefrequency is achieved by rather big inductances and a-
pacitances, so the sine filter is rather big and expensie. Because ofthe high inductance value, a
voltage drop of up to 8% nominal voltage at nominal current will occur . This increase in indud-

ance is bad for dynamic change of current. Sathis filter might be used preferably in uncontrolled

or low dynamic controlled drives. Differential mode sine filters have been used as a higkend
filter solution for motor protection in the past to avoid any voltage overshoots at the motor ter-

minals, independent of cable length. So differential mode sine filters only offer insulation prote c-
tion between the phases Being a DM filter, the CM current to ground and the voltage to ground

are not affected (Figure 65). So an additional insulation protection to ground is not possible. The
inductance is built as a differential mode three phase choke. The capacitances arstar-connected
with no connection to ground or DC-link. In comparison to du/d t-filters, the inductance and
capacitance values are higher, and no additional ohmic damping is required EMI improvement
or bearing current reduction is offered by this solution only partly by the stray inductance of the

choke, as no CM voltage reduction is achieved
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Figure 63: Inverter -motor cable-motor setup with a sinefilter
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Figure 64: Measured dfferential mode motor Figure 65: Measured @mmon mode motor volt-
voltage upy: ageucy: Nearly no effect by filter.6 No  f-i |
Pure sine wave voltage. signal anddu/dt-filter signal coincide!

E) Dual mode (Differential and Common -mode) sine filters

Dual Mode or All-pole sine filters are sine filters with a CM current feed back to the DC link or to
the ground (Figure 66). They have occurred on the market since some years and offeia real
high-end motor protection for differential and common mode parasitic effects Common mode
currents are led back to the DGlink directly by the neutral-point clamping of the star-connected
capacitors, which would be the optimal situation. They may also be guided back to ground, if no
DC link connection is available. These Dual Mode sine filters reduce the CM voltage, so inverter
caused bearing currents are avoided. The sine wave lingo-line voltage (Figure 67) avoids the
voltage reflection phenomenon with its motor terminal voltage overshoot. But also the terminal -
to-ground CM voltage is reducedto its fundamental frequency sine wave component (Figure 68),
so motor insulation faults due to inverter supply are avoided. A high EMI reduction is offered by
this solution. The low harmonic current components lead to a reduction of total drive system
losses EMI effects and parasitic HF current flow are excellently reduced. So, even wnshielded
and very long motor cables might be used. In addition, the grid side EMI filter of the inverter can

be designedwith smaller size of components

Figure 66: Inverter-motor cable- motor drive setup with dual mode sine filter. The designed eso-
nance frequency for differential and common modas typically 500Hz é 5kHz for IGBT inver t-
ers.

80 Version 2.3 - 28.09.2021















