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Abstract. Most machines contain rolling element bearings. Thus, utilizing these machine el-
ements as sensors is a huge opportunity for sensor integration without increasing design space
or weakening the structure. The electrical impedance of a rolling bearing operated in hydro-
dynamic lubrication conditions mainly depends on the bearing’s capacitance, as a usually non-
conductive lubricant separates the surfaces of rolling elements and raceways. This capacitance
depends on the Hertz’ian area and the lubrication film thickness, which are in turn functions
of the bearing load. Thus, the bearing can be utilized as a load sensor. In this study, recent
improvements to the capacitance model are discussed and compared with experimental results,
marking considerable progress towards white-box models of rolling bearings utilized as load
sensors and enabling simple sensor integration of load sensors in rotating machines close to the
process and hence the zone of interest.
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1 INTRODUCTION

The sensor-based use of the electrical properties of rolling bearings is becoming increasingly
important as a potentially area-wide concept for accelerating digitization [1]. To this end, black
box models, usually realized with machine learning algorithms, can reproduce the behavior of
the data they were trained with. White box models that could be used for arbitrary lubricants,
geometries, etc. are currently being improved [2, 3, 4]. Thus, influences on the capacitance,
which were previously represented by rather inaccurate constant influence factors [5, 6], could
be replaced for the point contact by phenomenological equations for the respective operating
state, [3, 4, 7]. The electrical impedance of rolling bearings in fluid film lubrication depends on
the capacitance of the rolling contacts. Figure 1.a shows an example of a capacitance network
of a deep groove ball bearing with a conductive cage, according to [8].

Under radial load, the various rolling elements experience different forces, and a load zone
is formed. Opposite the load zone, there are unloaded rolling elements in the rolling bearing
with clearance at low axial loads. In the loaded rolling elements, Figure 1.b, a Hertz’ian contact
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Figure 1: Representation of the deep groove ball bearing as a capacitance network: a) individual capacitances of
the rolling contacts with conductive cage, b) Hertz’ian area of the loaded single contact [9].

area Aper, With the central lubricant film thickness h is formed, while the unloaded rolling
elements remain undeformed between the inner and outer ring. In rolling bearing applications
with a fully formed lubricant film in the load zone, the relevant electrical quantity for describing
the electrical behavior is the capacitance, since the metallic bodies are separated from each
other and common lubricants exhibit a very high resistivity [10]. Thus, the lubricant acts as a
dielectric, and the rolling elements and raceway form electrodes. In this work, the full procedure
for calculating the mentioned capacitance is displayed, and results are discussed and compared
with measurement results.

2 MATERIALS AND METHODS

In this section, the proposed bearing capacitance model is explained in detail. Inverting this
model delivers a white box model using relevant input parameters like the measured impedance,
the rotational speed, and oil temperature to calculate lubrication film thickness or bearing load.
Basic input parameters to the forward model, besides the bearing geometry and materials, Table
1 and lubricant parameters, Table 2, are:

e the radial load F: and

* the axial load F;, acting on the bearing,

* the rotational speed n of the inner ring assuming the outer ring is at standstill,
* the temperature 7(; of the oil when entering the bearing and

* the diametral clearance P4 under operation conditions.

2.1 Bearing Geometry

All required input parameters for the bearing geometry and material are listed in Table 1.
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Table 1: Bearing geometry and material parameters of a 6205 deep groove ball bearing.

Symbol Parameter Value
d Basic bore diameter 25 mm
D Basic outside diameter 52 mm
Dgrg Rolling element diameter 7.938 mm
B Basic width 15mm
A Number of rolling elements 9
fi Inner race conformity ratio 0.52
fo Outer race conformity ratio 0.53
B; Width of inner race 5.03 mm
B, Width of outer race 4.82 mm
FEg Young’s modulus 207 GPa
Vst Poisson’s ratio 0.3
ayse  Thermal heat expansion coefficient 1.15 x 107> K™*
Ost Density 7810kgm ™3

First, in order to calculate basic geometry parameters, the free contact angle o needs to be
calculated. It describes the angle between the ball-to-raceway contact point and the radial axis
at a minimal axial and no radial load. It depends on the bearing’s clearance Py, the rolling
element diameter Dgy and the race conformity ratios f; and f, via the dimensionless distance
between the race radii center points, B, = f; + f, — 1, [11],

_ T (1)
. = arccos 2BmDRE .

For each ball-on-race contact, the effective radii resulting from the Hertz’ian theory [12] are
calculated according to [13],

Drg(dm — DRE cos «) Drg(dm + Drg cos a)
Rx,i = 2d ) X,0 — 2d ) (2)

o fiDre _ foDRrE 3)
T e T g 1

Thereby, 2, defines the effective radius in the rolling direction, and R, the effective radius
perpendicular to the rolling direction. The index i describes the contact on the inner ring,
and o describes the contact on the outer ring. The bearing pitch diameter can be estimated

as dy, = (d + D)/2. Subsequently, the curvature sum R and curvature difference I" can be
calculated [13],
}%xi}%xi ]%xo}%xp

- e (4)

Rsi = 75 . o 1lso = )
7 Rx,i + Rx,i ’ Rx,o + Rx,o
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Then, for both, Hertz’ian contact deformation and lubrication film thickness calculations, the
reduced Young’s modulus of contact partners can be calculated from the Young’s moduli Frg
and i, and the Poisson’s ratios vgg and v4ing [13],

2

E = . 6)
1-vip 1’l’rzing
ERE Ering

2.2 Lubricant parameters

All required lubricant parameters are listed in Table 2.

Table 2: Lubricant parameters of reference oil FVA Illa by Forschungsvereinigung Antriebstechnik (FVA, Re-
search Association for Drive Technology).

Symbol Parameter Value

K 7.084 x 107° Pas
B Vogel parameters 800.3°C

C 95°C

V3 Kinematic viscosity at 38 °C and ambient pressure 34mm?s™!

ayp Pressure viscosity coefficient 23 GPa ™!

A Heat conductivity 0.133Wm 1 K™!
Ocl Specific resistance 1x10°OQm
€0il Relative permittivity 2.2

The temperature-dependent dynamic viscosity of the oil at ambient pressure can be calcu-
lated according to the Vogel-Fulcher—Tammann equation [14],
B

no = KeTontc . (7)

Measurements for the Vogel parameters K, B and C, cf. Table 2, can be retrieved from [15].
The remaining parameters in Table 2 will become relevant in the following calculations.

2.3 Load distribution

The load distribution is calculated using the temperature-dependent bearing geometry as well
as the geometric intersection of undeformed contact partners, which results in contact forces.
In addition to the deflection forces, hydrodynamic forces are calculated using the approach in
Section 2.4, allowing to estimate the position of unloaded rolling elements. Then, the three-
dimensional position of the inner ring in relation to the outer ring is varied till the equilibrium
of forces is found. More details on the derivation of the load distribution model can be found in

[7].
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2.4 Lubricant film thickness

Next, for each of the 27 = 18 rolling contacts, i.e. Z inner and Z outer contacts, cf. Figure
1.a, the lubrication film thickness is calculated. The film thickness equation of Hamrock and
Dowson [13] consists of four dimensionless parameters, which are described in the following.
For the dimensionless speed parameter, the surface velocity u is required [13],

2 2 2
_ dy, — Dy cos” o

4d.y,

U 2mn . (8)

With the dynamic viscosity 79 (7), the reduced Young’s modulus £’ (6) and the reduced

contact radius in rolling direction 17, (2), the dimensionless speed parameter U can be calculated
[13],

Uu
U= ];’OR . 9)

The dimensionless load parameter is calculated by dividing the rolling element load () by
the reduced Young’s modulus £’ and the reduced radius R, squared [13],

. Q
 E'R2°

(10)

With the pressure viscosity coefficient cy, and, again, the reduced Young’s modulus £’, the
dimensionless material parameter G can be calculated [13],

G=a,F. (11)

With the ellipticity parameter k& = a/b, which is the ratio of the semi axes of the Hertz’ian
contact ellipse [12], finally the dimensionless central lubrication film thickness H can be cal-
culated [13],

Hy = hy/R, = 2.69 U7 GO33 W =097 (1 — 0.61e~ 7)., (12)
Then, a thermal correction of the calculated lubrication film thickness following Kreil is
applied [16],

3.94

hon = hos——
O T 03 94 4 062

(13)

using the thermal load factor L, which is calculated with the material parameter GG (11) and the
speed parameter U (9) [17],

L=G2U)Y*. (14)
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2.5 Capacitance calculation

Lastly, the capacitance of each of the 18 contacts is calculated, cf. Figure 1.a. The relatively
high pressure in rolling contacts requires a pressure-dependent formulation of the lubricant
permittivity provided by Schmidt [18],

_ €oil + 2+ 2(eon — 1)5—;

€oil = 0 15)
eoil + 2 — (eon — 1)%
with the density ratio o’ /oo [18],
¢ 9T 1073(0.101 972 x 1076 p)*-™ o
Qo0 B (106 1/54)0-0385 )

where 55 is the kinematic viscosity at 38 °C, cf. Table 2, p the mean contact pressure retrieved
by the Hertz’ian theory [12] and €y the lubricant’s permittivity at ambient pressure, cf. Table
2. Then, the capacitance of each Hertz’ian contact ellipse is calculated,

AHertz

C1Hertz - 805/011 ) (17)

ho,tn
where gp = 8.8542 x 1072 Fm™! is the vacuum permittivity, Ape, = mab the area of the
Hertz’ian contact ellipse, and hg 1, the thermally corrected lubrication film thickness (13).

The contribution of the area outside the Hertz’ian contact as well as the unloaded rolling
elements Cl,; is calculated using a semi-analytic approximation derived in [19] and applied in
[7]. Then, the total capacitance is calculated from all contact capacitances Ceontact,j = CHerts,j +
Cout,j for loaded and C ; = Coyy,; for unloaded rolling elements and rolling element j with a
conductive cage, cf. Figure 1,

1
= 1 i 1
Z

Z
ijl Ccontact,i,j Zj:l Ccontact,o,j

3 RESULTS AND DISCUSSION

(18)

In this section, the calculation results of the above-described capacitance model are shown,
discussed, and later compared with measurement results.

3.1 Theoretical results

Figure 2 shows the calculated total capacitance as a contour plot with the radial load F;
on the horizontal axis and the axial load F, on the vertical axis. The capacitance increases
monotonically with both, radial and axial load. Three factors contribute to this behavior. Firstly,
the lubrication film thickness ho (12) decreases with load W o< () (10) even with a small
exponent hy oc W97 (12). Secondly, a higher impact results from the Hertz’ian area Aper,
(17), which is increasing with the load as well. Thirdly, the permittivity of the oil €, increases
with pressure (15). Furthermore, an asymmetric influence of radial and axial loads can be
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Figure 2: Total capacitance C' of a 6205-C3 deep groove roller bearing under combined load in dependency of
axial load F, and radial load F; at an oil temperature of T;; = 60 °C and a rotational speed of n = 3000 rpm.

observed. For load angles § = arctan (F,/F,) & 70° the influence of the radial load seems
negligible. On the other hand, small axial loads have a higher influence on the total capacitance
as more rolling elements bear load and thus contribute to the total capacitance.

Figure 3 shows the calculated bearing capacitance as a contour plot, with the oil temper-
ature Ty on the vertical axis at pure radial load, F, = 0. The capacitance monotonically
increases with the temperature. The temperature’s influence on the lubricant film thickness
is indirect, as the viscosity is highly dependent on the temperature. Thus, in the range of
Toa = 20°C to 120°C the viscosity ranges from 1, = 0.005Pas to 0.283 Pas. Via the
speed parameter U (9), the film thickness has a significant dependency on the dynamic vis-
cosity hy oc U%ST oc 057, This influence is slightly limited by the thermal correction, (13).
The temperature influence at higher loads doesn’t affect the unloaded regions, which have a
higher impact at low loads.

Figure 4 shows the calculated total capacitance with the rotational speed n on the vertical
axis for pure radial load. An increasing rotational speed causes a decrease in capacitance, which
is due to the higher lubricant film thickness at higher speeds, hy oc U%¢7 oc n%67 (8),(9),(12).

3.2 Experimental results

Experiments were carried out at a bearing test rig at the authors’ institute, which is described
in detail in [7]. An electric motor drives a shaft with four deep groove roller bearings. Hydraulic
cylinders apply a radial and an axial load on the shaft. The test bearing is a 6205-C3 bearing
with a glass-fiber-reinforced polyamid PA66 cage, and the support bearings are hybrid bearings
to reduce stay capacitances. FVA reference oil IIla was used for lubrication at a volume flow
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Bearing capacitance C in pF
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Figure 3: Total capacitance C of a 6205-C3 deep groove roller bearing under pure radial load F} in dependency
of the oil temperature 7oy at a rotational speed of n = 3000 rpm.
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Figure 4: Total capacitance C' of a 6205-C3 deep groove roller bearing under pure radial load F; in dependency
of the rotational speed n at an oil temperature of T; = 60 °C.

rate of 10 L./min and preheated to the designated temperature To; before being led into the
test chamber. The loads were tested in a randomized order, but the oil temperature was not
included in the randomization because of the long heating time and energy consumption. The
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capacitance was measured at a carrier frequency of f = 8kHz, 20kHz and 100 kHz for 15s
each. Then, results were averaged, the standard deviation was calculated and displayed as error
bars in Figure 5. The calculations are based on the actual sensor values of the test rig.

In Figure 5 a generally good agreement between the white box model and measurements, as
compared to e.g. [4], can be observed. Measurements at 7T(; = 90 °C show a higher deviation
for higher loads. This might be due to partial mixed lubrication, where the surface roughness
of the contact partners becomes relevant, which is not accounted for in the current model. On
the other hand, deviations at very low loads at the load angle 5 = 15° can be observed. This
is due to the hydraulic system applying the axial load, which is not capable of setting an axial
load as low as required. Subsequently, the actual load angle at low loads is greater than 15°. For
a statistically meaningful result, more bearings of the same kind should be tested. This would
also help to decrease the standard deviation of some test points.
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Figure 5: Measured (circles with error bars) and calculated (line) capacitance C' of a 6205-C3 deep groove roller
bearing for different oil temperatures To;, load angles 8 = arctan (F} /F},) and rotational speeds n in dependency
of the radial load F;.

4 CONCLUSION

In this work, the current state of a continuously improved white box model of a sensory-
utilizable deep groove ball bearing has been presented. The proposed model does not rely on
black box approaches, which either work for a limited number of bearing geometries and lu-
bricants or require an excessive amount of data for training all relevant parameters. Unlike
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previous work, it also omits any correction factors for capacitance calculation and describes the
physical behavior well, as seen in a comparison of calculation results with corresponding mea-
surements. Thus, this work marks a further step towards a full understanding of the electrical
behavior of ball bearings and, therefore, towards the white box modeling of sensory-utilized
rolling bearings.
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