Conductive Simmerrings help prevent electrical discharge machining in
modern electrical powertrains
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Abstract:
Electric motors used in e-mobility place completely new requirements on the radial shaft seals, Simmerrings, used
in these applications. In the past, research and development work has focused on reducing friction in combustion
engines and driveline systems in combination with increasingly higher performance lubricants. With electric motors and the downstream transmission, however, extremely high speeds in conjunction with a short-circuit function
for bearing currents are crucial points.
The shafts with which an electric drive performs its work are electrically isolated from the housing in many operating conditions. The insulation is created by the lubricating films in the contact zones of the bearings and shaft
seals, which are necessary in order for these components to function permanently [1]. Alternating currents and
their electromagnetic fields change the electrical potential between the rotor and the stator and the rotor charges
up. The currents can only be grounded by using the earthed housing. Grounding can only take place if the currents
can pass from the shaft to the housing via an electrical connection. Such an electrical connection can be established
with the help of conductive nonwovens developed by Freudenberg Sealing Technologies, which can also be applied to seals to save space. The impedance of such grounding elements can be tested for the first time in a wide
range of operating conditions by using a specially developed test setup. For example, impedance of approx. 50
ohms within a frequency range of between 5 kHz and 1 MHz was measured on a nonwoven on a 32 mm shaft at
80 °C, at a speed of 15,000 rpm and with a service life of 240 hours.
Conductive nonwovens are already being mass produced today. They effectively prevent bearing damage, also
thanks to their additional dirt-repellent function against dust, abrasive particles and dirty water. The products are
also continuously being further developed to meet future requirements, such as shielding against electromagnetic
interference (EMI).
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by the lubricating films in the contact zones of the
bearings and shaft seals that are vital to these components functioning permanently [1]. Alternating currents and their electromagnetic fields change the electrical potential between the rotor and the stator – the
rotor charges. The currents can only be grounded by
using the earthed housing. The discharge via grounding can only take place if the currents can pass from
the shaft to the housing via an electrical connection. If
no such connection has been made, the current for the
transition will seek the point with the lowest resistance: the bearing. This results in an abrupt local
discharge in which current is transferred from the inner
ring of the bearing to the outer ring via the rolling elements and thus flows through the bearing.

1. Introduction
The electric motors used in e-mobility place completely new requirements on the Simmerrings used in
these applications.
In the past, research and development work on combustion engines has been on reducing friction in combination with increasingly higher performance lubricants. But electric motors and the downstream transmissions must cope with extremely high speeds in conjunction with a short-circuit function for bearing currents.
The shafts with which an electric drive carries out its
function are electrically isolated from the housing in
many operating conditions. The insulation is created
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Figure 1: Different degrees of bearing damages [2, 3, 4]

During the current transfer with a high current density
between the rolling elements and the bearing rings,
discharge flashes occur, which lead to a martensitic
microstructure change in the bearing materials used,
for example, and are often also made visible by a
striped surface pattern, Figure 1.

housing and the shaft. Seals usually consist of electrically insulating materials and are not suited to perform
this task.

2. Problem solving based on conductive
nonwovens

Freudenberg Sealing Technologies (FST) has been
mass producing a so-called electrically conductive
nonwoven disc for several years now. The advantage
is that it is firmly connected to the shaft sealing ring
and requires virtually no additional installation space,
Figure 2. Here, the conductivity of the nonwoven is
achieved by special fibers embedded in a matrix. The
system has been mass produced for electric vehicles
for years and reliably prevents bearing damages. The
electrical impedance of this solution is already at a
very low level.

These structural changes in conjunction with the existing mechanical bearing load cause such massive and
permanent damage to the bearing surfaces that acoustic abnormalities can often occur. In fact, fatigue fractures can then even result in total failure of the bearing
later on due to material fatigue and material eruptions
on the surface [2, 3, 4].
In principle, bearing damage can be divided into five
degrees with degrees 1 to 4 being surface damage and
degree 0 corresponding to the original surface that
would still allow normal operation.
This type of electrical damage can definitely be prevented: A permanent electrical contact between the
shaft and the housing is the only thing that must be ensured. Then the electrical charge will flow continuously and neither a high electrical potential between
the shaft and the housing nor an abrupt discharge via
the bearings will occur. Solutions that have impedances of around 10 to 100 Ω in a wide frequency range
(to reduce EDM – electrical discharge machining)
have gained great acceptance. If the impedance across
all operating states is even lower than 10 Ω, the solution is assumed to be able to improve EMI (electromagnetic interference) issues as well.
The combination of a shaft grounding element with
Simmerrings, which are already used to seal the bearing lubricants, is a particularly ideal solution to this
problem as this leads to a significant reduction in installation space. The challenge is to find current transmitters that are in permanent contact with both the

Figure 2: A Simmerring integrated conductive nonwoven
disc
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FST’s development expertise has been focused on the
further development of this solution in recent years.
Here, both the composition of the basic nonwoven and
the product design have been improved to optimize the
grounding function and the service life of the product
under the most demanding conditions (speeds, dynamic and thermal loads, minimized friction and wear)
[5]. The result is a new generation of grounding products with improved mechanical properties (elasticity,
relaxation), resulting in much more constant grounding performance over time and an equivalent lifetime
as a radial shaft seal.
The nonwoven grounding solution can be used both as
a stand-alone solution and as an integrated function of
various FST sealing concepts, e.g. LFS (Low Friction
Simmerrings), B2LV (conductive nonwoven flanged
in a metal housing) and the gas lubricated mechanical
face seal Levitex for passenger car applications or
BAUM radial shaft seals for industrially used electric
motors and gears, Figure 3.
Figure 3: Electrically conductive nonwoven disc integrated
into the a) LFS and b) Levitex function or as c) a “standalone solution.”

With regard to the design shown in Figure 3, it is important that the nonwoven lip offer continuous, uniform electrical resistance and is not only coated on the
surface. As shown, this allows for mounting in all directions and results in independence of wear.

Figure 4: Benchmark of different EDM concepts with regard to key application parameters

Figure 4 shows a comparison of the new nonwovenbased solution for reducing EDM with previous concepts based on carbon brushes or fiber bundles.

by a metal spring, for the conductive nonwoven it is a
rubber spring and the fiber bundle shows no additional
spring element. Regarding the carbon brush, the spring
force is often at a high value which could lead to a wear
effect with contamination issues and resulting maintance work. The balanced contact force of the conductive nonwoven allows a good dynamic conductivity,
but also offers low friction behavior and a long service
life comparable to sealing function.
Other ways of preventing bearing currents include
conductive lubricants, for example. Typical greases for
electric motors consist of an oil (mineral, synthetic, esterified), a soap and an additive package. Typically, in
conductive greases, the additive package consists of a)

Regarding the space-saving in the unit, the Simmerring
with electically conductive nonwoven is based on a
glueing solution which connects the thin conductive
element with an already in place seal (additional space
smaller than 1 mm). This function integration leads to
cost reduction at the customer. For carbon brushes or
a fiber bundle, the solutions require more space due to
their stand alone design. For conductivity in dynamic
operation and service life, a sufficient contact force
over is required. On the carbon brush, this is realized
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conductive particles (e.g. graphite) or b) a conductive
liquid and c) a high polarity of the oil. In all three
cases, the voltage between the shaft and the housing is
minimized by greatly reduced resistance in the contact
zones of the bearing. However, such liquids that contain solid particles such as graphite often do not work
over extended periods of time. This depends on the
particle size, the electrical conductivity and the interaction between the surface and the conductive particles. In addition, it should be noted that these heavily
modified lubricants may be inadequately compatible
with the elastomer materials of seals.
Another possibility is to insulate the shaft with ceramic
hybrid bearings. The non-conductive ceramic reliably
prevents EDM currents. Nevertheless, this defective
process can still be transferred to other components
connected to the motor shaft. For example, in the
downstream transmission, EDM currents may flow between the gears and severely damage them even up to
the point of failure.

of the art, shaft grounding systems such as conductive
nonwovens must be used.

3. Experimental investigation and testing
FST uses a specially developed test procedure [6] to
test and validate the functions of the seal with a conductive nonwoven. This measuring method makes it
possible to compare and evaluate grounding elements
under realistic conditions for the first time. During
product development, it became clear that a static
measurement of the DC resistance could not be used to
make a reliable statement about the function of the
grounding element during dynamic operation. Therefore, the new measuring method to be developed was
designed to test the grounding elements on radial shaft
seal test rigs under the influence of alternating current
frequency, speed, temperature and time.
The test benches used are shown schematically in Figure 5 below. They have test pots equipped with an airbearing which is also suited for measuring friction torques as described below.

Furthermore, electrical filters cannot reliably prevent
EDM currents, therefore, according to the current state

Figure 5: Schematic design of the radial shaft seal test benches

results in the following impedance z
𝑧 𝑢 ∗ 𝑠𝑖𝑛 𝜔𝑡 /𝑖 ∗ sin 𝜔𝑡 𝜑
𝑧 𝑧 ∗ 𝑠𝑖𝑛 𝜔𝑡 /𝑠in 𝜔𝑡 𝜑

In order to measure all relevant frequency ranges for
both bearing currents and EMI, the grounding elements are characterized by using impedance spectroscopy. The impedance is also called AC resistance, or
frequency-dependent electrical resistance. This is due
to the fact that electrical systems can contain both capacitors and inductors which change their resistance
with varying frequency. The Impedance z, like DC resistance, is defined as the ratio of voltage to current
U/I. The time component t, the angular frequency ω as
well as the phase shift between current and voltage, defined as phase angle φ, are added.
𝑧 𝑡
𝑢 𝑡
𝑖 𝑡

𝑢 𝑡 /𝑖 𝑡
𝑢 ∗ 𝑠𝑖𝑛 𝜔𝑡
𝑖 ∗ sin 𝜔𝑡 𝜑

(Eq. 4)
(Eq. 5)

3.1. Test setup for impedance measurement
A vector network analyzer (VNA) that is connected to
the test bench setup is used as the measuring device.
Two identical products are tested at once and connected in series, Figure 6, to rule out the influence of
other contact elements that cannot be calibrated. Afterwards, the impedance measured has to be divided by
two in order to obtain the value for one grounding element. This operation was already performed and
yielded the following results.

(Eq. 1)
(Eq. 2)
(Eq. 3)
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0 rpm makes no sense, Figure 8 contains measurements of two different grounding elements A and B in
a Bode diagram that shows both the impedance and the
phase angle across the frequency. Both elements are
measured at 0 rpm and 1000 rpm. Although element A
has a lower impedance in a static state than element B,
the latter is much more conductive in dynamic operation (factor greater than 10).
0,01
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0,1
1
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Figure 6: Schematic test bench setup for impedance spectroscopy

100m
90

The bore plate can be mounted on the radial shaft seal
test bench after the sealing rings have been assembled.
The network analyzer is then connected to the measurement setup via a connection board. Figure 7 shows
the setup on the test bench.
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Figure 8: Impedance measurement of electrically conductive
elements in a static state and dynamic operation

Measuring shaft grounding systems in a static state is
therefore not a useful method for assessing their function in dynamic operation.
In order to characterize the grounding elements, they
are tested using an endurance run program that includes impedance measurement at different temperature levels and a wide speed range every 24 hours.
The following measurement results are exemplary
for the electrically conductive nonwoven at 120 °C.
For this purpose, the impedance at different speeds
before the endurance run is shown in the Bode
diagram in Figure 9.

Figure 7: Test bench setup for impedance spectroscopy during dynamic operation

3.2. Results of impedance measurement
For the sake of clarity regarding the statement made
above, that measuring the impedance, or even DV resistance, of transmission elements in a static state at
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We can see a slight increase in impedance over the
continuous run. For a closer look, Figure 11 once again
shows the Bode diagram with the measurement after
the 240-hour endurance run.
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Figure 11: Impedance measurement of electrically conductive nonwoven, function-integrated on the LFS, shaft
dimen-sion 32 mm at 120 °C after the endurance run

The impedance increases, especially in the lower speed
range, up to approx. 600 Ω at 100 rpm. At 15,000 rpm,
the impedance only increases to approx. 50 Ω.
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Furthermore, the Bode diagrams clearly show that the
impedance in the upper frequency range decreases and
the phase angle turns negative. This behavior indicates
capacities within the grounding element and its contact
to the shaft, enabling shielding from electromagnetic
radiation at higher frequencies. It should also be noted
that, even after 240 hours, the behavior of the phase
angle remains the same. In the lower frequency range,
it is 0 ° and thus shows a purely resistive behavior. It
has thus been proven that even after a long test period
under the highest loads, there is contact between the
nonwoven and the shaft and further illustrates the low
wear.
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We can see that the impedance decreases with increasing speed, from approx. 200 Ω at 100 rpm to approx.
30 Ω at 15,000 rpm. This is a reproducible behavior of
conductive nonwovens. Figure 10 shows the mean
value of the impedance between 5 and 6 kHz over the
entire 240-hour test period, again at different speeds.
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Figure 9: Impedance measurement of electrically conductive
nonwoven, function-integrated on the LFS, shaft dimension
32 mm at 120 °C before the endurance run
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The test setup used makes it possible to measure
grounding elements from 30 to 150 °C and up to
30,000 rpm. It is also possible to apply a dynamic shaft
runout of up to 0.2 mm. The frequency range of the
measuring signal is currently between 5 kHz and
100 MHz. The further development of the measuring
method also concentrates on reliably and reproducibly

Time t in h

Figure 10: Impedance measurement of electrically conductive nonwoven, function-integrated on the LFS, shaft
dimen-sion 32 mm at 120 °C with the average value of
impedance over 240 h
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measuring even higher frequencies with improved
components and calibration methods, however. FST
currently has several independent test cells available
on which this measurement setup can be flexibly applied.

Table 1 shows the current developments regarding further material optimization of the conductive nonwoven
(integration of even more conductive particles):
Table 1: Electromagnetic parameters of various materials
[5]
Element
Conductivity (S/m)
Silver
6.21 x 107
Copper
5.80 x 107
Aluminum
3.54 x 107
Titanium
2.50 x 106
Carbon
7.25 x 104

3.3. Results of friction loss measurement
Well-known and proven test methods are also used besides the impedance spectroscopy described above.
The validation of the tightness and the determination
of the friction loss are an integral part of the development of grounding elements at FST. The proven,
highly accurate friction torque test benches were used
to determine the influence of the electrically conductive nonwoven on the power loss of a sealing ring, Figure 12.
100

Other possible approaches include a further optimized
product design (shortening of the route) and prevention of oxidation or contamination of the contact surface. Investigations show that it is possible to even reduce the resistance values dynamically into ranges of
1-10 ohms and thus to also obtain an effective shielding product for avoiding EMI (electromagnetic interference).

LFS with Conduction Nonwoven
LFS without Conduction Nonwoven
error bars: standard deviation
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