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Industry 4.0 drives the demand for cost-efficient and reliable process data and
condition monitoring. Therefore, visualizing the state of tribological contacts
becomes important, as they are regularly found in the center of many
applications. Utilizing rolling element bearings as sensors and monitoring their
health by the electrical impedancemethod are promising approaches as it allows,
e.g., load sensing and detection of bearing failures. The impedance cannot be
measured directly, but there are various methods available. This paper discusses
advantages and disadvantages and suggests the AC Wheatstone bridge as a
reliable way of measuring impedances with low phase angles at sampling rates in
the kHz range. The corresponding equations are introduced, a simulation built, an
uncertainty mode and effects analysis carried out and sample measurement
results of real rolling elements shown. It can be demonstrated that the AC
Wheatstone bridge meets the proposed requirements for sensory utilization
and condition monitoring when the bearing is operated in the hydrodynamic
regime.
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1 Introduction

1.1 Impedance measurement of rolling bearings

Rolling bearings are central components in manymachines. Because of their crucial role
in leading process forces into the machine structure, bearing failures cause nearly 20% of all
machine breakdowns (Harris and Kotzalas, 2007; Schaeffler Technologies AG and Co. KG,
2000; Becker-Dombrowsky and Kirchner, 2024). With the arising e-mobility, another
bearing fault type gets into the focus of research, namely, surface damages based on harmful
electric bearing currents (Harder et al., 2022a). In both cases, the electric impedance can give
information about the bearing condition.
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To avoid unexpected system faults of machines, a precise
knowledge about the mechanical and electrical bearing loads as
well as health conditions is essential. Martin et al. (2022) showed
that measuring the bearing impedance allows to detect damages in
the runway surfaces like pittings. Becker-Dombrowsky et al. (2023)
used the data generated by Martin et al. and investigated it in time
and frequency domain. Three different phases in rolling bearing
lifetime were identified and the end of bearings’ life could be
detected. So, impedance based condition monitoring of rolling
element bearings is possible. The gauging principle is based on
the description of the electrical behavior of the rolling contact, which
is regarded in the next section.

1.2 Electrical behavior of rolling contacts

Depending on the lubrication film thickness, three different
electrical equivalent models can be described. In case of dry friction,
a direct metallic contact between rolling elements and runways
exists. The observed electrical behavior is equivalent to an ohmic
resistance. With increasing lubrication film thickness, an elasto
hydrodynamic lubrication (EHL) contact is built between the
rolling elements and the runways. Now, the equivalent circuit
can be extended by a capacitor in parallel connection. The
capacitor is the Hertz’ian contact zone, which is formed by the
bearing loads (Prashad, 1988; Muetze, 2003; Gemeinder, 2016;
Schneider et al., 2022a; b). If the lubrication film thickness is
insufficient, breakdown voltages like in electrical discharge
machining (EDM) machines harm the surfaces of the contact
partners. The reason is, that the electric field strength in the
Hertz’ian area is high enough to overbear the dielectric strength
in the EHL contact, so a harmful current can be transmitted through
the lubrication gap. When a sufficient lubrication film separates the
contact partners completely, the EHL contact zone can be modeled
as the described parallel connection of ohmic resistance and
capacitor, in which the capacitive part prevails (Prashad, 1988;
Muetze, 2003; Gemeinder, 2016; Schneider et al., 2022a; b). The
rolling bearing impedance is a result of the impedance of the single
rolling element contact to the runway. These single contacts are
connected in parallel. The single contact itself is modeled as a serial
connection of two plate capacitors, each in parallel connection to an
ohmic resistance. Knowing the electrical properties of rolling
element bearings enables their usage as sensors or their usage as
condition monitoring device. To do so, the impedance has to be
measured during the operation of the bearing. In the next section,
impedance measurement approaches will be presented.

1.3 Impedance measurement methods

Currently, impedance measurement is used for lubrication film
thickness observation (Barz, 1996). Martin et al. could show the
possibilities of using the electric bearing properties for condition
monitoring. They were able to observe the pitting growth after initial
damage in the rolling bearing raceways and to gauge the damage
dimensions (Martin et al., 2022). Becker-Dombrowsky et al.
expanded the analysis of Martin et al. in the time and frequency
domain to enlarge the amount of data using feature engineering

techniques (Becker-Dombrowsky et al., 2023). They are able to
distinguish three rolling bearing operational time phases and to
detect bearings end of life (Becker-Dombrowsky et al., 2023). The
impedance measurement can also be used to identify the load
condition in the bearing (Schirra et al., 2018). So, the rolling
bearing becomes an active element in the measurement circle.
When the impedance is used to explain harmful electric
conditions in the rolling contact, it is a reacting or passive
element. For both approaches, the Hertz’ian contact area has to
be calculated according to Equation 1 (Prashad, 1988):

CHertz � ε0 · εr · AHertz

hc
, (1)

where CHertz is the measured capacitance, ε0 the vacuum
permittivity, εr the relative permittivity, AHertz the Hertz’ian
contact area and hc the lubrication film thickness in the EHL
contact. Approaches for the calculation of the capacitance
contributors are discussed by Puchtler et al. (2022). Based on
the Hertz’ian theory, the load in the rolling contact can be
calculated, which enables more suitable durability analysis and
failure monitoring (Schirra et al., 2019). Maruyama et al. (2023)
are using the impedance measurement approach to detect
lubricants condition in rolling contact. This application field
is not addressed in this article. The following section gives a
short introduction into different impedance measurement
approaches.

1.3.1 Charging curve detection
This measurement method is used for lubrication film thickness

detection. It utilizes direct current as a carrier signal. To get the
impedance of the EHL contact, the known current is let through the
bearing. Then the time is measured until a defined voltage level is
reached. With this information, the capacitance and the impedance
can be calculated. The capacitance is proportional to the time
(Barz, 1996).

1.3.2 Current and voltage measurement
This gauging method is based on the Ohm’s law for the

alternating current (AC) circuit. By measuring the bearing
voltage over the time and the current through the bearing, the
impedance can be calculated (Keysight Technologies, 2020). It is
applicable for measurement frequencies between 10 kHz and
100 MHz. Its accuracy depends on the voltage and current
measurement systems, which is defined by the working
frequency of the gauging device (Keysight Technologies,
2020). The measurement errors can be corrected or
minimized, when the inner ohmic resistance of the device is
lower than the measured impedance. So, this method is mainly
used for detecting higher impedances (Plaßmann and
Schulz, 2016).

1.3.3 Voltage comparison
The voltage comparison is able to minimize measurement

errors, because it is based on a voltage divider. That means, it
needs a known reference impedance Z ref to detect the unknown
impedance Z x. The voltages over the reference impedance v ref and
the generator voltage vgen are measured and the searched impedance
is calculated by following equation (Lerch, 2016):
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Z x �
vgen
v ref

− 1( )Z ref . (2)

The equivalent circuit is shown in Figure 1A. The advantage
of this method is, that systematic errors will be minimized
(Lerch, 2016). But the inner resistance of the voltage gauging
device has to be higher than the observed impedance. If it is not
possible to realize this, the reference impedance has to be in the
same range as the observed impedance to reduce
measurement errors.

1.3.4 Measurement bridge
Measurement bridges are able to use direct and alternating

current as carrier signal. They need three known reference
impedances to detect the unknown fourth impedance. The
generator voltage and the bridge voltage are measured using an
oscilloscope or equivalent device (Lerch, 2016). The unknown
impedance is calculated by transforming Equation 3 for the
searched impedance (Lerch, 2016):

v m � Z xZ 2 − Z 1Z 3

Z 1 + Z x( ) Z 2 + Z 3( )vgen. (3)

An equivalent circuit of a measurement bridge is shown in
Figure 1B. The inner resistance of the measurement device and
the resistance of the wires can lead to errors, which has to be
considered. The main advantage of this measurement principle is its
robustness against environmental influences (Plaßmann and Schulz,
2016) and its sensitivity (Mitvalsky, 1964). According to the
measurement task, an AC Wheatstone bridge can be configured
in different ways (Cone, 1920). Another variant is the balanced AC
Wheatstone bridge, where a reference impedance is tuned until the
bridge voltage is zero v m � 0V (Takagishi, 1980). For further
research into AC Wheatstone method, Gupta et al. (2020) and
Rybski et al. (2015) and for its application, Chattopadhyay et al.
(2012) should be mentioned.

1.3.5 Comparison of measurement methods
In this subsection, the suitability of the single impedance

measurement methods for the single contact measurement and
the rolling bearing operational time observation will be
discussed. The charging curve detection can lead to currents
when metallic contacts occur. Thus, a constant signal during the

operational time will not be possible. So, the charging curve
detection is not suitable for the aim of this paper. The current and
voltage measurement method needs a lower inner ohmic
resistance of the measurement devices than the observed
impedance to reduce measurement errors. The inner resistance
of the used oscilloscope is higher than one mega ohm. The rolling
bearing impedance for a carrier signal of 20 kHz is about several
kilo ohms, which means it is lower than the inner resistance. So
this method is not applicable for this case. The voltage
comparison method has been used to detect rolling bearing
damages by Martin et al. (2022). The bearing seat isolation of
the test rig chamber was used as a reference impedance, which
can be influenced by the environment and the tests themselves.
The carrier signal was about 2.5 MHz. This reference impedance
can not be adapted to the expected rolling bearing impedance, so
a possible measurement error can not be reduced. An external
reference impedance could be adapted and avoid measurement
errors. This would be able with a measurement bridge. Because of
its robustness against environmental influences, an alternating
voltage measurement bridge is more suitable for the single
contact and operational time observation. So the measurement
bridge is chosen as a new impedance measurement approach. It
will be compared to the voltage comparison method in this paper
as state of the art in the next sections. In general, the electrical
parameters have to be chosen carefully, because all kinds of
currents might be harmful to the bearing when the current
density in the contact zone is to high (Muetze, 2003; Harder
et al., 2022b). In this research, the current density is low enough
to avoid harmful currents.

1.4 Contributions of this paper

In this paper, the approach of the AC Wheatstone bridge is
investigated and refined for rolling bearing applications. The
necessary equations to calculate the complex impedance from the
measurement while taking the loading effect into account are
derived. Furthermore, the procedure to retrieve the reference
impedances from measurements on the assembled AC bridge are
presented. An uncertainty mode and effects analysis (UMEA)
systematically exposes uncertainties of the method. A simulation
is used to gain information of the influence of noise and the

FIGURE 1
Circuit diagrams of (A) the voltage comparison method and (B) the AC Wheatstone bridge.
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frequency response of the method. Lastly, two examplary use cases
of impedance measurement of rolling bearings are presented to
show the usability of the measurement method for the
intended use case.

2 Materials and methods

2.1 Alternating voltage measurement
bridge function

In the following, the AC Wheatstone bridge as described in
Section 1.3.4; Figure 1B is enhanced. To take the loading effect of the
differential oscilloscope probe measuring vm into account, the
probe’s impedance Zm is introduced. Then, solving for Zm the
following equation can be derived,

Z x � Z 1

Z 3Z m + Z 2 + Z 3( )Z m + Z 2Z 3[ ]v m/vgen

Z 2Z m − Z 2 + Z 3( ) Z m + Z 1( ) + 1[ ]v m/vgen
. (4)

The generator voltage phase is defined as arg(vgen) � 0° and
therefore, vgen is a real number. Z 1, Z 2, Z 3 and Zm are known and
considered constant. Thus, only the complex voltage ratio vm/vgen
must be measured during the experiment. This is done by a digital
differential oscilloscope with the sampling rate fm or sampling
interval Tm � 1/fm. A subscript k will be assigned to each sample. A
phase information cannot be derived reliably from a single sample,
therefore, a moving sum is used which covers a number of N
samples symmetrically around k. Then, a discrete cross-correlation
(Alessio, 2016) over these N samples is carried out. The correlation
with the generator voltage delivers the real part of vm/vgen with a
multiplication with 2/(Nv̂2) which yields the correct amplitude of
the voltage ratio. For the calculation of the imaginary part, a 90°
phase shifted signal of the input voltage vgen* is calculated.

Re v m,k/vgen,k{ } � 2

Nv̂2
∑k+N/2

i�k−N/2
v m,ivgen,i, (5)

Im v m,k/vgen,k{ } � 2

Nv̂2
∑k+N/2

i�k−N/2
v m,ivgen,i* . (6)

Subsequently, a first order low pass filter at fm/2 is applied to
remove any remaining ripple and to avoid any false interpretation of
the signal, as higher frequencies will not be reliably measured. To
reduce the effect of any stray capacitances and cable inductances, an
open-short adjustment is carried out. Therefore, the impedance is
measured with the device under test (DUT) removed (Z open) and
shorted (Z short). These values are used in Equation 7 to retrieve the
DUT’s impedance from the measured impedance Z x, Equation 4,
(Mühl, 2020),

Z DUT � Z x − Z short

1 − Z x − Z short( )/ Z open − Z short( ). (7)

Finally, the parallel capacitance CDUT and resistance RDUT of the
equivalent circuit at the carrier frequency ω � 2πfgen can be
calculated as

CDUT � − Im Z DUT{ }
ω |Z DUT|2

, (8)

RDUT � Re Z DUT{ } + Im Z DUT{ }2
Re Z DUT{ } . (9)

2.1.1 Measurement uncertainty
The impedances Z 1, Z 2, Z 3 and Zm cannot be measured

directly once the bridge is assembled and connected to the
oscilloscope. As these cables contribute to the impedances, they
cannot be measured before assembly. The assembled bridge is a
four-terminal circuit, hence, the six impedances between the
terminals can be calculated from six measurements between
different terminals each. The four poles are denominated as 0, 1,
2 and 3, cf. Figure 1B. The impedance Z ij describes the single
impedance between poles i and j. The impedance Zm,ij, Equation
10, describes the measured capacitance between the poles i and j
including the effects of all other impedances in the network,

Z m,ij �
Z ij Z jkZ jl Z ik + Z kl + Z ij( ) + Z ikZ ij Z jk + Z jl + Z kl( ) + Z kl Z jlZ ik + Z jkZ ij( )[ ]

Z ij Z jk + Z jl( ) Z ik + Z ij( ) + Z kl Z jk + Z ik( ) Z jl + Z ij( )
+Z ijZ kl Z jk + Z jl + Z ik + Z ij( ) + Z jkZ jl Z ik + Z ij( ) + Z ikZ ij Z jk + Z jl( )

with i, j, k, l ∈ 0, 1, 2, 3{ }. (10)
Using the trust-region dogleg algorithm implemented as fsolve

inMatlab, allZ ij can be retrieved by the measuredZm,ij. For the AC
Wheatstone bridge used, the following values were retrieved,
corresponding to an RC-equivalent according to Equations 8, 9.

• Z 12 0 C1 � 990.56(3) pF R1 � 15805(879) kΩ
• Z 13 0 C2 � 989.29(6) pF R2 � 11594(1034) kΩ
• Z 03 0 C3 � 1059.54(2) pF R3 � 890(2) kΩ
• Z 23 0 Cm � 4.22(4) pF Rm � 28236(5700) kΩ

The impedance Z 01 is parallel to the power source and therefore
not considered. Z 02 is parallel to the DUT and will be therefore
considered by the open measurement. In case, the open
measurement cannot be carried out, this value can be used as
Z open.

2.2 Uncertainty consideration

The UMEAmethodology is used for the analysis of uncertainties
in the context of product development. It is divided into five steps,
which are briefly described below. Figure 2 schematically shows the
procedure for this methodology.

The first step is an environment and target analysis, in which the
systems to be considered are defined by means of system boundaries
and differentiated from other systems (Engelhardt, 2012). Interfaces
to other systems are named and their influences on the system under
consideration are taken into account. This is followed by the
identification of uncertainties, in which these are named, and
their causes are investigated. For this, system models are
necessary in order to be able to describe the influences
sufficiently precisely (Engelhardt, 2012). Then the uncertainty
effects are determined, which is followed by the penultimate step
of the UMEA methodology, the uncertainty evaluation. Based on
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this, a final decision is made regarding the countermeasures to be
applied (Engelhardt, 2012).

First, the investigated system is described. On the basis of this
description, the necessary system boundaries are defined and the
disturbance, input, output and secondary variables acting on it are
identified. The definitions of these quantities given below follow that
of Mathias and are briefly presented here (Mathias, 2016).

• The input variable is a desired quantity which is converted
into an output quantity based on the system behavior.
Thereby real input quantities can differ from the
desired ones.

• An output variable is a desired variable that is formed from
the input variables and the disturbance variables as a result of
the system behavior. The goal is that the system produces an
output variable that corresponds to the desired output
variable. Deviations are possible in this regard.

• Disturbance variables represent undesirable effects on the
system, which can thus cause deviations in the
output variables.

• Secondary variables are unwanted variables that result from
the system behavior. They can in turn act as disturbance
variables on neighboring systems.

As can be seen from the definitions, disturbance variables and
secondary variables have largely the same effect and can therefore
be regarded as equivalent (Mathias, 2016). Thus, no distinction is
made between them in the identification of disturbances by means
of lists.

2.3 Simulation model

A Matlab Simulink model was developed to investigate the
behavior of the AC Wheatstone bridge in ideal conditions.
Figure 3 shows the diagram of the model. The parallel
connection of a variable capacitor and a resistor simulates the
DUT. The impedances Z 1, Z 2 and Z 3 are modeled using a real
capacitor with a parallel resistance of the values retrieved in
Section 2.1.1. Similarly, the oscilloscope is modeled by an ideal
voltage sensor in parallel with a real capacitor. The voltage signals
of bridge voltage vm and the generator vgen are then sampled with
the sampling rate fs and resolution (12 bit) of the oscilloscope
used. For some tests, a white noise is added to the measured
bridge voltage simulating electric interference. The resulting
signal is then processed with the same scripts later used for
measurements in the real application. The simulation of 10 ms is

FIGURE 2
UMEA approach process.

FIGURE 3
Matlab Simulink simulation model of the AC Wheatstone bridge.
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then carried out using Matlab’s ode14x solver with a fixed step
size of 0.05/fs.

2.4 Application tests

2.4.1 Rolling bearing test rig
The rolling bearing test rig has four test chambers which can

be operated independently. Four rolling element bearings are run
in a single chamber. All bearings are loaded radially and in
addition, two bearings can be loaded axially if necessary. Each
chamber is equipped with an own recirculating oil lubrication
system, so oil lubrication besides grease lubrication can be
investigated. For test observation, axial and radial vibration
sensors and four temperature sensors are located at the
chamber. In addition, the motor speed and torque is
monitored to enlarge the system information spectrum.
Figure 4 shows a cross-section of one chamber. The two
rolling bearings in the center induce the radial loads to the
two outer bearings. The outer bearings can be loaded axially
by the hydraulic actuator on the left side. The radial load
induction is also realized by a hydraulic actuator above
the chamber.

To avoid parasitic currents and other disturbing factors based on
electric phenomena, the steel bearing seats are surrounded by a
50 mm thick isolation layer made from fiber glass. For the
electrically investigated bearings, the isolation is over-bridged
using contact pins. The shaft is contacted by a slip ring.

2.4.2 Single contact test
An application of the impedance measurement method

described is testing single steel ball bearings. Therefore, a
ceramic ball of a hybrid bearing is replaced by a steel ball of
the same diameter, as first described by Jabłonka et al. (2018).
Thus, the impedance of a single ball can be measured. Some test
results as well as the calculation of the changed mechanical
behavior due to different elasticities and thermal expansion
coefficients of steel and ceramic, is described in Puchtler et al.
(2023a). For small load angles β � tan(Fa/Fr) a high change of
capacitance during an orbit of the steel ball is expected due to the
distinct load zone. Thus, a capacitance maximum will appear with
each cage revolution.

2.4.3 Fatigue tests
To investigate the applicability of the new measurement

approach, fatigue tests were run at the test rig described in
Section 2.4.1. Two different rolling bearing types are used, deep
groove ball bearings (6205) and angular deep groove ball bearings
(7205). Both bearing types have the same dimensions. All bearings
are loaded by a resulting load ratio of C/P � 1.6 with changing load
angle β. The rotational speed is stationary at 5,000 min−1. Fully
lubrication is applied using the recirculating oil lubrication system of
the test chamber with an oil flow of 10 L min−1. The tests are run
until the sensor system of the test rig detects a damage. Tests with a
duration more than 300 h are ended and will not be investigated in
this research. The results of the fatigue tests are compared to the data
of Martin et al. The data quality is important as well as the accuracy
based on the calculations.

3 Results and discussion

3.1 UMEA

In this section, the predominant disturbance variables are
identified. For this purpose, system boundaries are defined first
and then the disturbance variables acting on the respective system
are determined. These are evaluated in accordance with the
methodology described in Section 2.2. This is followed by an
explanation of possible solutions for dealing with the
disturbance variables.

3.1.1 Disturbance identification
The analyzed system consists of the measuring system for

determining the impedance of the test bearings, which includes
the signal lines and the oscilloscope. It also includes the connection
contacts of the bearing seats and the associated measuring leads. In
addition, the lines of the carrier signal, which is generated by a signal
generator, and the signal generator itself are counted as part of the
system. The measurement system mentioned here must be
distinguished from the systems installed in the test bench for test
bench operation.

The measuring system for impedance measurement
considered in this paper uses an AC voltage as a carrier signal,
from whose changes conclusions are drawn about the states of the
test bearings. Thus, this electrical signal represents an input
variable for the measuring system. In order to operate the
measuring system, components such as the oscilloscope require
electrical energy, which therefore also represents an input variable.
The measuring system perceives the changes in the impedance,
whereby it generates electrical signals as an output variable, which
are further processed by software after analog-to-digital
conversion. The identified disturbance factors are displayed
in Figure 5.

The determination of external disturbances is based on the use
of checklists. The identified disturbance variables are now presented
here and their effects will be evaluated.

3.1.1.1 Material-bound waves
Neighboring test stands and test setups as well as test chambers

can result in the transmission of sound waves. These occur in the

FIGURE 4
Cross section of one rolling bearing test rig chamber. According
to (Becker-Dombrowsky et al., 2024)
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form of structure-borne sound when they are transmitted via the
foundation to the test stand and thus the test station. Furthermore,
structure-borne sound can be transmitted to the test chamber
through the base plate on which the motor and test chamber are
mounted. In addition, structure-borne noise is transmitted between
the test stations by the test stand frame. Another possibility is
transmission as airborne sound directly to the test station and
test chamber. The sound can cause vibrations that can be
reflected in the measurement signal.

3.1.1.2 Electricity and magnetism
In the systems of the test station, the test chamber and the

measuring system, electrical operating currents are present
during normal operation, as are current changes and
fluctuating electrical voltages. Since all measurement methods
in question use a carrier signal in the form of an electrical voltage,
this can be affected by changes in current, normal operating
currents and voltage changes. A greater interference potential
results from unequal charge levels. This can result in unintended
current flows that affect the measurements as such. Grounding
problems are also assigned to this area. Galvanic coupling of the
signal generator used and the test stand may occur due to a
ground loop. This occurs when the respective housings are
grounded via the protective contacts of their mains
connections because of the protection against contact. As a
result, interference currents are induced, which can directly
influence the carrier signal and therefore also the
measurement. Since electric motors are used to generate the
speeds required for the tests, electromagnetic fields can also
occur which affect the measuring system. Likewise, influences
by neighboring test stands, which work with stronger
electromagnetic fields, are possible. In order to be able to
make more detailed statements on this, field measurements
must be carried out in the test hall.

3.1.1.3 Motion-based phenomena
Because the test rig is located in the Earth’s gravitational

field, Newtonian gravity is present for all systems. However, this
has no direct effect on the measurements and affects all systems
equally. Thus, gravity is not considered further as a
disturbance variable.

3.1.1.4 Foreign solids and liquids
Due to dusts in the ambient air, deposits of these may occur on

the system under consideration. The same applies to greases and
oils. Since the measuring system is not encapsulated from the
environment, it is subject to the humidity of the environment.
All the factors mentioned have an equal effect on the system,
and their effect on the measurement must be questioned.

Nevertheless, there is a risk of measurement system failure due
to ingress of foreign matter such as dust particles into the
measurement equipment. However, these problems are usually
solved on the manufacturer’s side, so they will not be discussed
in detail here. In the case of slip ring contacting, contamination up to
the formation of an oxide layer can occur. These can influence the
measurement signal.

3.1.1.5 Thermodynamics
Due to the environment and the operation of the test stand itself,

the phenomena of heat dissipation and heat supply occur. These can
result in changes in resistance, which can lead to falsification of
measurement results. The following Figure 6 summarizes the
findings with regard to the disturbance variables acting on the
measurement system.

3.1.2 Disturbance evaluation
Structure-borne and airborne noise have a medium

uncertainty level and a medium effect, since they reach the
measurement point over longer distances or components with
damping material properties lie in between. A direct influence
on the measurements cannot be excluded. The impact is
classified as medium, since vibrations due to structure-borne
and airborne noise are part of the operating conditions of
bearings. Since the slip ring is directly in the signal flow, the
effects due to contamination on the measurement signal are
high. However, the uncertainty level is low because
contaminants are removed by rotation as a result of
operation. Electromagnetic fields are able to induce currents
(Schwab and Kürner, 2007), so their effects are classified as very
high. However, since there are distances through air between the
sources and the measurement system, the uncertainty level is
considered low. Changes in temperature can result in changes in
resistance, which directly influence the electrical behavior of the
measuring section (Mühl, 2020). Therefore, they have a medium
effect on the measurement quality, whereas the uncertainty level
is to be classified as high. The reason for this is the non-enclosed
environment of the test stand and the measuring system,
whereby changes in the environmental influences have a
direct effect on the systems. Unknown or not fully known
reference variables are to be classified as high in amount and
impact. Since they are directly included in the evaluation, all

FIGURE 5
Input and output parameters of the measurement system.

FIGURE 6
Disturbance factors on the measurement system.
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uncertainties associated with them are therefore also included
in the result. Interference capacitance and contact resistances
have a direct effect on the electrical path and can thus cause
undefined current flows that directly influence the electrical
behavior. Therefore, their effects on the measurement are very
high. Due to the test chamber design, their uncertainty level is
considered high. Line inductance and the associated line
resistances occur in almost all test leads, and their
uncertainty level must therefore be classified as very high.
Their effects are not negligible because they conduct the
electrical signals to the evaluation equipment. Incorrect
mounting of bearings has to be classified high in its effect,
because it may cause changed operating conditions, which do
not correspond to the rule. In case of insufficient mounting
skills and knowledge, their uncertainty level is very high. As the
previous evaluations make clear, uncertainties acting directly in
or on the signal flow are to be considered very high in their
effects. Therefore, undefined current flows, grounding
problems and also damaged or insufficient insulation are
extremely critical in their effect. They allow for changes
in the electrical operating behavior, making the models on
which the measurement is based only partially or no longer
reflect the behavior. Since undefined current flows as a result of
several factors and a grounding problem are given by the
current technical status of the test chamber, its uncertainty
level is very high. This also applies in the case of insulation, if
damage is present. Figure 7 summarizes the results of the
evaluation.

3.1.3 Disturbance handling
In the following, only disturbance variables that have been

classified as critical or no longer acceptable according to the
Zurich hazard analysis method are considered with regard to
their controllability. In order to find approaches for dealing with
the disturbance variables, Mathias’ catalog of principles is used
at this point (Mathias, 2016). Priority is given to the elimination
of the disturbance variable or its influence, since an influence on
the measurement can thus be excluded and consideration in the
evaluation is no longer necessary.

3.1.3.1 Material-bound waves
Structure-borne sound waves due to adjacent test equipment can

be reduced or suppressed by decoupling the rolling bearing test rig
from the ground (Mathias, 2016). This is already done. The extent to
which the effects on measurement were prevented cannot be
assessed at this point.

3.1.3.2 Electricity and magnetism
To reduce the influence of electromagnetic fields, it is

recommended to shield the electrical conductors of the
measuring system or to use shielded cables (Mathias, 2016).
Currently, bayonet nut connector (BNC) cables are mainly used
as measuring lines. They are a form of coaxial cable and are suitable
for the low-loss transmission of high-frequency signals
(Rossmann, 2018). However, they exhibit parasitic effects which
cannot be neglected (Schwab and Kürner, 2007). Therefore, these
must be taken into account in the evaluation of the impedance
signals. Another problem with coaxial cables is the effect they have
on ground loops (Schwab and Kürner, 2007). Therefore,
appropriate countermeasures must be taken. In order to reduce
the influence of ground loops, a separate housing grounding of the
test chamber is provided for the endurance tests. This is not
grounded via a mains connection, but connected to a grounding
bar subsequently installed in the test field. In this way, interference
currents from the enclosure are to be discharged directly via the
building ground and only have a minor effect on the carrier signal.
The effect of this consideration will be checked in the course of this
paper in later tests.

3.1.3.3 Thermodynamics
All three systems considered are subject to the same climatic

conditions. Therefore, the influences on the impedance
measurement caused by temperature changes are to be taken into
account and compensated by the measurement and evaluation
procedure. Measuring bridges generally have the advantage that
they can compensate for disturbing influences such as temperature
changes and also have a high measuring sensitivity (Mühl, 2020). In
addition, the compensation of the resistances of the BNC lines is
provided in the evaluation algorithm.

FIGURE 7
Disturbance factor assessment.
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3.2 Simulation tests

In the following, results retrieved from the Matlab/Simulink
simulation model of the AC Wheatstone bridge as introduced in
Section 2.3 are presented.

3.2.1 Frequency influence
First, the frequency range in which capacitance changes can be

measured reliably is investigated. Figure 8 shows simulation results
of the Matlab/Simulink model described in Section 2.3. The
capacitance was sinusoidally varied with a mean value of 500 pF,
an amplitude of 400 pF and a varied frequency of 10 . . . 500 Hz as
depicted on the x-axis. The y-axis shows the results of the peak
simulated measurements as triangles and the true peaks of 100 pF
and 900 pF as lines. It can be shown that the relative deviation wC �
(Creal − Cmeas)/Creal of the real values at a 10th of the balance
capacitance is linearly dependent on the generator frequency
fgen. It can be shown that this error can be approximated for a
given capacitance change frequency fC as

wC � 1000 · fC

fgen
( )

2

. (11)

Thus, a limit frequency can be derived for a maximum error of
5% at fC � fgen/141 or for a maximum error of 0.1% at fC �
fgen/1000 according to Equation 11.

3.2.2 Noise influence
Then, a white noise signal was added to the measured bridge

voltage um as seen in Figure 3 to investigate the effect of possible
disturbances in the real system, cf. Section 3.1. Figure 9A shows the
effect of a high noise amplitude resulting in a signal-to-noise ratio
(SNR) of −4 dB. Even though the noise power is greater than the
signal power and the actual sine-like signal is barely visible, still the
resulting calculated capacitance is right order of magnitude though
significantly below the true value of 100 pF. It can be also seen that
the real part of the impedance briefly dips below 0Ω. Therefore, it is
possible to retrieve negative real parts of impedance if there is a lot of
noise compared to the signal. In real applications as later shown in

FIGURE 8
Simulation results of a sinusoidal changing capacitance CDUT � 100 . . .900 pF at a rate of 10 . . . 5,000 Hz measured with a generator frequency of
fgen � 5 kHz, 25 kHz and 100 kHz. Displayed are the minimal and maximal values of the sinusoidal capacitance retrieved from the simulated
measurement with the sampling frequency fs � 36 · fgen.

FIGURE 9
Simulation results of the AC Wheatstone bridge with additional white noise on the measured bridge voltage with a generator frequency of fgen �
25 kHz and a sampling frequency fs � 900kHz (A) Bridge voltage signal vm with white noise (−4 dB SNR) and resulting DUT impedance ZDUT and
capacitance CDUT (B) Mean capacitance and standard deviation of the simulated measurement of the proposed AC wheatstone bridge method in
comparison with the voltage comparison method and the true capacitance. A higher SNR corresponds to a lower white noise power.
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Figure 10A, the SNR is much better. Figure 9B shows the influence of
a rising SNR on the measured capacitance mean, which converges
towards the true value of 500 pF and the standard deviation shown
as error bars reducing continuously.

For comparison, a simulation model of the voltage comparison
method, Figure 1A, was developed. The Simulink model, Figure 3,
was adapted to the corresponding circuit, using a 7.5 kΩ reference
resistor to achieve the same balance impedance at fm = 25 kHz as C1

for the AC bridge circuit. The evaluation procedure of the
simulation results is mostly analog to the one described in
Section 2.1. Firstly, the voltage ratio vm/vgen is calculated
according to Equations 5, 6. Then, after applying a first order
lowpass filter at fm/2, the reciprocal value is used in Equation 2
to calculate the capacitance.

It can be seen that for all signal-to-noise ratios, the AC
Wheatstone bridge shows a smaller deviation from the true
value than the voltage comparison method. Similarly, the
standard deviation of the results is smaller for the newly
proposed method.

3.3 Single contact test

Measuring a single steel ball deep groove ball bearing (6205) with
the alternating voltage measurement bridge under load results in two
voltage signals, which are depicted in Figure 10A. The voltage signal
vgen shows the chosen sinusoidal curve with an amplitude of 6 V and a
frequency of 20 kHz. The measured voltage signal vm shows the same
frequency and no phase shift, with a lower amplitude of approximately
1.15 V. The reduced amplitude results from the electrical circuit of the
used measurement bridge (Figure 1B) combined with the altered
electrical behavior of the single steel ball bearing.

Using the proposed methods of Section 2.1 the capacitance
signal over time can be calculated from the raw vgen and v m signals
(Figure 10B). Each cage rotation can be easily separated by a
significant peak in capacitance. As the steel ball reaches the load
zone, the gap between the steel surfaces of the ball and raceway gets
smaller and thus the capacitance increases. Outside the load zone,
the geometrically restricted gap between the ball and raceway
induces a minimum capacitance of 18 pF. The noise and
variation observed when comparing each rotation stem from
system distortions, as discussed in Section 3.1.

FIGURE 10
Raw (A) and calculated (B) results of a single steel ball bearing at TOil � 30°C, n � 1000min−1, fgen � 20kHz, and Fr � 2525N.

FIGURE 11
Averaged capacitancemeasurements of single steel ball bearing at
TOil � 30°C, n � 1000min−1, fgen � 20kHz, and multiple radial forces.

FIGURE 12
Pitting damage at the inner ring of bearing A, bearing type 6205,
radial load Fr � 9375N, load ratio C/P � 1.6, load angle β � 0 °,
rotational speed n � 5000min−1, oil flow of 10 L min−1. The arrow
indicates the rolling direction.
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Separating each rotation of the ball bearing, an averaged
capacitance signal can be extracted for different load
conditions. In Figure 11 multiple averaged capacitance
measurements are depicted with varying radial force Fr and
constant oil temperature TOil, rotation speed n and
measurement frequency fgen. The measuring time was 15 s. At
a rotational speed of n � 1000min−1, 250 shaft revolutions and
around 99 orbits of the steel ball were captured and averaged.
Increasing radial forces result in higher capacitances inside the
load zone, as already discussed. However, capacitances outside
the load zone are decreasing with rising radial forces. This effect
is caused by the deflection of the balls under load. Higher loads
result in a more deflected ball inside the load zone, thus more
space on the other side of the ball bearing is present. This larger
gap induces a lower capacitance compared to ball bearings under
less radial force.

Similar results are present using a calculation model, which
mathematically describes the geometrical correlation of the ball
bearing components and lubricant. Good agreement of calculated
and measured results indicates that the simulation model
(Section 2.3) used to extract the capacitance of the system is
accurate and reliable. Due to mathematical boundaries, only the
hydrodynamic regime with oil lubrication can be considered
(Puchtler et al., 2023b).

3.4 Fatigue tests

Investigations of the data generated by using the alternating
current measurement bridge show that three different phases
can be identified in bearings’ operating life in the frequency
domain. According to Martin et al., a run-in phase, a normal

FIGURE 13
Frequency feature F2 - central frequency - for real part (Re{Z }), imaginary part (Im{Z }), absolute value (|Z |) and phase angle (arg{Z }) over
operational time of bearing A, bearing type 6205, radial load Fr � 9375N, load ratio C/P � 1.6, load angle β � 0 °, rotational speed n � 5000min−1, oil flow
of 10 L min−1. According to (Becker-Dombrowsky et al., 2024)
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operation phase and a failure phase can be detected, which
ensures the usage of the new measurement approach Martin
et al. (2022). In time domain, the real part of the impedance
data of Martin et al. is negative Martin et al. (2022). In contrast,
the real part of the signals generated with this measurement
approach is not negative. That makes sense, because a negative
real part would implicate an energy gain in the system, which is
physically implausible. In general, the measured signals have a
high repeatability in their absolute value under the same
operating conditions. The bearings for these test were
operated under a load ratio C/P � 1.6 and rotational speed
n � 5000min−1. For pure radial loads 13 fatigue test were run
(Becker-Dombrowsky et al., 2024). Figures 12, 13 show
exemplary the results of one fatigue test. Comparing
different bearing types and different load angles, it can be
said that the results are independently of the bearing type.
In case of additional axial load, the signal changes indicating
bearing’s operational life end occur later compared to pure
radial loads. But the significance of the signal changes still
enables a damage detection using this approach (Becker-
Dombrowsky et al., 2024). Therefore, the alternating
measurement bridge can be used as an observation approach
Becker-Dombrowsky et al. (2023).

Figure 12 shows the pitting damage after the bearing test rig
was stopped by the internal vibration observation. The pitting
was not detected sufficiently enough by the internal vibration
observation system of the test bench, which can be seen in its
dimensions.

Investigating the electrical impedance signals of the fatigue
test with the pitting damage shown in Figure 12 in time and
frequency domain increases the information density for
condition monitoring. It is essential to detect the damage
phase and to differentiate between run-in phase and damage
phase. As described by Martin et al. (2022) and Becker-
Dombrowsky et al. (2023), the run-in phase is dominant in
the pure impedance signal over the operational time. Therefore,
different approaches are used to optimize the signal. To do so,
the impedance signal is transformed into frequency domain and
different features have been calculated and plotted over the
operational time to identify significant signal changes. Figure 13
shows exemplary the behavior of the frequency feature F2, the
central frequency, according to Table 2 of Becker-Dombrowsky
et al. (2023) for the real part (Re{Z }), imaginary part (Im{Z }),
absolute value (|Z |) and phase angle (arg{Z }) over the test time
(Becker-Dombrowsky et al., 2023).

The feature signals of real part, imaginary part and absolute
value behave different for run-in phase, normal condition phase and
damage phase. Due to a higher number of metallic contacts in the
run-in phase, the phase angle tends temporary to zero and back
again to − 90 °. Therefore, the central frequency changes
significantly at the first hours, which can be seen in the yellow
graph in Figure 13. This allows the differentiation between these
three phases and enables the phase classification using machine
learning approaches. In addition, the feature changes significantly
hours before the test was stopped by the test-rig internal vibration
observation, which indicates the possibility of a damage early
detection before vibration observation detects damages.
Therefore, the alternating current measurement bridge approach

can be seen as an instrument for damage early detection for rolling
element bearings.

4 Conclusion

In this paper, a visualization technique for rolling bearings,
the impedance measurement, was improved. A suitable
measurement principle was identified and developed to measure
the impedance of rolling element bearings at a several kHz sampling
rate and high disturbance resilience, confirming the axpectations and
assumptions initially made. First, different impedance measurement
principles were introduced and an UMEA was carried out for the most
promising approach, the unbalanced AC Wheatstone bridge. A
simulation model was developed to study disturbance on the
measurement and to investigate the edge frequency up to which a
frequency domain analysis of the measured impedance is meaningful.
To estimate the latter, an equation was derived. Then, the measurement
bridge was physically built and tested in two practical applications.
Firstly, measuring the impedance of single steel ball bearings tomeasure
the contact capacitance of a single ball in a radial deep groove ball
bearing. Secondly, the impedance of a normal radial deep groove ball
bearing was measured over its lifetime in an accelerated fatigue test. In
both tests, the AC Wheatstone bridge delivered low-noise and high-
frequency impedance signals and therefore proofed suitable for its
application in measuring rolling bearing’s impedance. This enables the
visualization of rolling contact characteristics in a broad range of fields.
Wherever a shaft can be electrically accessed with a slip ring and the
bearing seat can be isolated, the bearing’s impedance can be measured,
independent of the application. In future research, remaining useful life
models will be developed for better exploitation with reduced
maintenance costs at the same time. Additionally, the impedance
can be used to retrieve valuable process information, like the
applied load.
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