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Abstract

The digitalization of industrial processes with e.g. the goal to increase the availability of production processes in general
and to support the individualization of many products in particular leads to an increasing demand in sensor data. The state
of the art for condition monitoring of involute gear trains is the measurement of structure-borne vibration with acceleration
sensors. New approaches, such as measuring the instantaneous angular speed (IAS), are gaining in popularity. Machine
manufacturers usually wish to use existing sensors or measurement points, where little or no effort is needed to implement
the sensor concept. Magnetoresistive (MR) sensors fulfil this complex set of requirements to a high degree: They are
comparatively easy to integrate, can be added as an optional component and provide sufficient accuracy.

The authors have developed different sensor concepts using MR sensors for measuring IAS in a 1-stage helical gear box.
Multiple tests with artificial tooth flank damages have been carried out to evaluate the damage detection potential of the
sensor concepts. Finally, a spectrum analysis of the first gear mesh frequency and surrounding sidebands demonstrates the
capability for detecting tooth flank damage with different MR sensor concepts.

Machbarkeitsstudie zur Messung der Momentanen Winkelgeschwindigkeit mit Magnetoresistiven
Sensoren in Schragverzahnten Stirnradgetrieben

Zusammenfassung

Die Digitalisierung von industriellen Prozessen mit dem Ziel, die Verfiigbarkeit von Produktionsprozessen im Allgemeinen
zu erhohen und die Individualisierung vieler Produkte zu unterstiitzen, fiihrt zu einem steigenden Bedarf an Sensordaten.
Stand der Technik zur Zustandsiiberwachung von Evolventengetrieben ist die Messung von Korperschall mit Beschleu-
nigungssensoren. Neue Ansitze, wie z.B. die Messung der momentanen Winkelgeschwindigkeit (IAS), gewinnen an
Bedeutung. Maschinenhersteller wollen in der Regel vorhandene Sensoren oder Messstellen nutzen, bei denen ein geringer
oder gar kein Aufwand zur Umsetzung des Sensorkonzepts erforderlich ist. Magnetoresistive (MR) Sensoren erfiillen diesen
komplexen Anforderungen in hohem Mafle: Sie sind vergleichsweise einfach zu integrieren, konnen optional hinzugefiigt
werden und bieten eine ausreichende Genauigkeit.

Die Autoren haben verschiedene Sensorkonzepte mit MR-Sensoren zur Messung der momentanen Winkelgeschwindigkeit
in einem einstufigen Stirnradgetriebe entwickelt. Es wurden mehrere Tests mit kiinstlich eingebrachten Zahnflankenschiden
durchgefiihrt, um das Potenzial der Sensorkonzepte Schiden zu erkennen zu bewerten. Die Auswertung findet mit einer
Spektrumsanalyse der ersten Zahneingriffsfrequenz und der umliegenden Seitenbénder statt.
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1 Introduction

Several current mega-trends in engineering accelerate the
development of new sensor concepts. The digitalization of
industrial processes with e.g. the goal to increase the avail-
ability of production processes in general and to support
the individualization of many products in particular [1], re-
quires additional sensor data. Independent of the maturity
level of the system under consideration, mechatronic, smart
and intelligent systems all require sensor data for control,
reliability, interoperability and autonomy. Intelligent sen-
sors, which can monitor the condition of critical machine
components, are an “enabling technology” for availability-
oriented Product-Service-Systems. They provide informa-
tion that can be offered as a service. Pay-per-Use business
models are now appearing in the machine tool, printing
machine and packaging machine industries, which rely on
accurate information about machine condition, in order to
guarantee an agreed level of machine availability [2, 3].
Hence, many different approaches are applied to gather in-
formation about the condition of machine elements, such
as gears, rolling bearings or ball screws.

An established model to support condition monitoring
of involute gear trains is based on an order analysis of the
system vibrations with one or three-dimensional accelerom-
eters and an associated method is to measure acoustic emis-
sions. However, new approaches such as the measurement
of instantaneous angular speed (IAS) are gaining in popular-
ity [4, 5]. This measuring technique makes special demands
of the sensors used. They must not only be small, precise
and robust, but must also have a high bandwidth and a low
power requirement. In addition to this, the manufacturer of
the machine often wishes to use existing sensors or mea-
surement points to realize this additional functionality, that
is, they wish to avoid the implementation of additional sen-
sors if possible. Until now optical encoders have typically
been used for measuring IAS. However, these encoders are
attached to a shaft and therefore directly influence the power
transmitting elements.

Therefore, this paper presents sensor concepts for mea-
suring IAS and the detection of gear flank damage. The
sensor concepts have little to no influence on and do not
alter the power transmitting elements. Of particular interest
is the use of a gear wheel as measuring scale. Finally, their
ability to detect artificial tooth flank damage is investigated
to evaluate the possibilities of damage detection.

2 State of the art

An established approach for condition monitoring of gear
boxes is to measure vibration and an associated method is to
measure acoustic emissions. Furthermore, the temperature
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Fig. 1 a Modelling of gear meshing (cf [11]), b stiffness of gear mesh-
ing over multiple teeth for helical gears (cf [13])

may be measured or wear debris monitored [6, 7]. However,
new approaches such as IAS are gaining in popularity [4,
5, 8]. Compared to the vibration measurement on the gear
box housing, the IAS signal is less disturbed by transfer
path effects [9] and the speed information can be used for
an order analysis [10].

2.1 Loaded transmission error

The meshing of two gears can be described as spring and
damper with variable stiffness (see Fig. 1). Since the num-
ber of force-transmitting teeth changes periodically, the
coupling stiffness also changes [11]. This results in an-
gular and speed fluctuations called transmission error (TE).
Besides the described tooth deflection, which is load-depen-
dent, the TE has a non-load-dependent component caused
by geometric deviations from the ideal profile [6, 8]. The
resulting speed fluctuations can be measured as variations
in the IAS and a structure-borne noise excitation that can be
monitored by vibration sensors [4, 12]. In an undamaged
state the gear meshing frequency can be observed. Dam-
ages such as pitting or cracks reduce the mesh stiffness and
cause additional speed fluctuations [4, 12]. This causes an
amplitude and phase modulation that can be observed in
the frequency spectrum as sidebands around the gear mesh
frequency [6].

2.2 Instantaneous angular speed

The IAS w is the angular displacement Ag of the gear
wheel

divided by the corresponding time duration A¢ [5]:

_ Ay
A

The most common [AS measurement is carried out with
optical encoders [10] and is calculated by measuring the
elapsed time between uniformly spaced pulses using a clock
frequency. A pulse generator produces these pulses per de-
fined angular distance [5].
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There are several applications to detect gear damage us-
ing IAS. Roy et al. [14] analysed the gear mesh frequency
and surrounding sidebands to detect different gear damages.
Coats et al. [15] describe a method to reduce speed fluc-
tuations by order-tracking. Thus, IAS can be used for the
extraction of time and frequency domain features to classify
gear faults at varying torque and speed conditions [16].

Other applications use two optical encoders to calculate
the transmission error, which can be used to measure wear
depth [17] or to calculate the IAS difference to reduce ex-
ternal interference [10].

2.3 Magnetoresistive sensors

The magnetoresistive effect describes the change in electri-
cal resistance of a material under the influence of a magnetic
field [18]. This effect is often applied to the measurement
of angular or linear movement. Typically a magnetoresis-
tive sensor measures the movement of a dipole or multipole
magnetic scale or alternatively of a gear wheel where the
magnetic field is generated by a bias magnet [18, 19].

3 Method

In this section, first the test bench and test design and then
the integration of the different MR sensor concepts into the
gearbox are described.

3.1 Testbench

To measure IAS with MR-Sensors in this paper, a gearbox
test bench at the Institute of Product Development and Ma-
chine Elements is used. Fig. 2 shows the Test bench and
the National Instruments data acquisition chassis including
modules.

The Test bench consists of two 1-stage gearboxes (SEW
RX77/AD4). For measuring IAS, the MR sensors shown
in Fig. 3 are integrated into the modified gearbox, accel-
eration sensors are mounted on the gearbox housing and
a temperature sensor measures the oil temperature. The sec-
ond gearbox serves as a backward transformer, the modified
gearbox has an effective transmission ratio of ijoq = —g—}
and the second one has an effective transmission ratio of
Tunmod = —%. The electric motors are 30kW asynchronous
motors.

Fig.2 Experimental Test bench Electric
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The signals are recorded using a National Instruments
data acquisition system with the corresponding modules. It
synchronizes the measurement and serves as a base clock
for the counter measurement.

3.2 Testdesign

The experiments are operated in four quadrants. Electric
motor 1 is speed-controlled and electric motor 2 is torque-
controlled. Speed and torque direction are defined as shown
in Fig. 2. The speed varies from 300 to 20001 and the
torque starts at O Nm up to 96 Nm, both non-equidistantly
distributed. The speed is measured and set at electric mo-
tor 1. The damage is artificially milled with a cylindrical-
shaped diamond cutter onto the tooth flank of the pinion
wheel. The first three damage levels simulate pitting, as
round pits are milled with the diamond cutter tip into the
tooth flank, starting with one tooth and expanding to three
teeth. Afterward, the whole tooth flank is damaged using the
diamond cutter cylindrical face. At each damage level, the
before mentioned speed and torque parameters are varied.

3.3 Modifications of the gearbox

To integrate the MR sensors, the gearbox is modified. The
sensors integrated are shown in Fig. 3. One spur gear with
straight teeth is mounted onto the RX77 shaft as a measur-
ing scale of Sensor B. Sensor A and Sensor B are fixed to
the housing with an aluminum bracket. The sensing gap is

Fig.4 Implementation of MR
sensors using the gear as mea-
suring scale

2021/06/11 16:39

set by adjusting the sensors and calibrating the analog sen-
sor signal. The measuring scale for Sensor D is an encoder
magnet. The encoder magnet is centrally glued to the front
side of the AD4 shaft. The measuring scale of Sensor C is
an incremental pole ring glued onto the RX77 shaft outside
of the housing.

3.4 Measuring concepts

To evaluate the feasibility of magnetoresistive sensors
within the given scope, four different sensor concepts were
selected for integration. All sensors are based on the same
principle and are composed of two Wheatstone bridges.
The raw output signals depend on the angle between sensor
and magnetic field direction with a 90° phase shift and
are sinusoidal-like oscillations. The following information
was extracted from the respective datasheets and product
information.

Sensor A is an anisotropic magnetoresistive (AMR)
position sensor designed for highly dynamic non-con-
tact measuring of the rotational speed of a ferromagnetic
toothed wheel with high flexibility regarding permissible
tooth pitches and also regarding the air gap between sensor
and gear. The sensor itself consists of a sensor head with
a magnetoresistive element and bias magnet plus a remote
processing unit. Both units are accommodated in solid
sealed aluminum housings. Sensor B contains a giant mag-
netoresistive (GMR) tooth sensor combined with a bias
magnet and a high-resolution 9-bit interpolation-IC. The

Sensor

Sensor
A

Sensor
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Sensor B module is designed for several tooth structures
with a 1 mm pitch. Sensor C is an AMR position sensor.
The MR strips of this sensor are geometrically matched
to a pole length of 0.5mm (equal to a magnetic period of
I mm). Sensor D is a position sensor based on the tunnel
magnetoresistive (TMR) effect. As one electric period cor-
responds to one magnetic period, the sensor is capable of
absolute angle measurement over 360° for example at the
end of a motor shaft.

In this contribution the output of the MR sensors are
two sinusoidal-like signals with a 90° phase shift for each
tooth or pole. The angle ¢ is calculated using the atan2-
function [20]. The angle calculated in this way is processed
by unwrapping and scaling with the number of teeth or
poles to obtain the correct angle for one revolution. Finally,
the IAS is calculated with Eq. 1.

This contribution aims to evaluate the resolution and
measurement accuracy of IAS measuring concepts with MR
sensors to detect gear damages. The measuring scale of Sen-
sor A is the standard helical gear of the RX77 (see Fig. 4).
The installation space between helical gear and housing
is used to integrate Sensor A. Thus, this sensor concept
doesn’t influence the functionality of the gearbox and no
change in the basic function is required. Sensor A gener-
ates one sinusoidal signal per gear tooth, so the accuracy is
limited and the speed direction cannot be measured using
one sensor. Therefore, a second sensor with an offset of 1%
teeth was integrated so that the phase shift between the two
sensors is n times 360°+90°.

Due to the 51 teeth of the helical gear, the resolution is
less compared to Sensor B (95 teeth) and Sensor C (256
poles). The measuring scale of Sensor B is not correctly
aligned and shows an axial movement of 1.5mm, caused
by imperfections during the assembly. This results in a de-
viation of the sensing gap and poor signals of Sensor B.

Fig.5 Peaks for five turns plot- 2.95 1
ted over one turn of the Sensor A 2:“:;
1
at 700 and 35 Nm 204! Rev3
Rev 4
Rev 5
2.93
£
=
=292
£
<]
(=]
8291
©
> A
20+
\f
2.89 ‘
2.88 :
0 5 10

Due to the resulting measurement errors, Sensor B is not
further considered in this contribution.

A high-resolution sensor concept on the RX77 shaft is
the incremental pole ring with 256 poles. This pole ring
is the measuring scale of Sensor C, which integrated pulse
generator generates 2'3 pulses per revolution. The pole ring
is additionally attached to the shaft outside of the housing
(see Fig. 3). On the AD4 shaft, the absolute position is mea-
sured with an encoder magnet at the front side by Sensor D.
The pulse generator generates 2'? pulses per revolution. To
validate the damage detection with the described MR sensor
concepts, acceleration sensors are mounted onto the hous-
ing of the AD4 (see Fig. 2), one is on the top and the other
one on the side of the housing. The PT1000 temperature
sensor measures the oil temperature of the modified gear.
The test data was published by Koch et al. 2021 [21].

4 Results and discussion

In this section the MR sensor concepts described in chap-
ter 3 are evaluated in regard to the detection of tooth flank
damage. First, Sensor A in respect to the gear wheel as
measuring scale is analysed. Second, damaged and undam-
aged data are examined in the frequency domain to evaluate
the sensor concepts A, C and D as well as the acceleration
sensor regarding the detection of the artificial tooth flank
damage. Further data pre-processing is not applied.

4.1 Evaluation of helical gear as measuring scale

Sensor A generates one analog sinusoidal-like wave signal
per tooth for each of the two sensors used in this concept.
It is sensitive to variations to the orientation of the mag-
netic field, which is created by a permanent magnet and
influenced by the teeth of the gear wheel. To evaluate the

15 20 25 30 35 40 45 50

Tooth
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influence of the teeth of the gear wheel, the amplitude of
every tooth is analysed. In Fig. 5 the highest peak of the si-
nusoidal-like oscillation of one revolution is plotted against
the number of teeth. Five revolutions are considered to eval-
uate repeatability. Each tooth has a specific peak voltage,
which is highly repeatable over multiple revolutions. This
variation can be caused by varying working distances and
geometrical arrangements due to manufacturing and assem-
bly deviations of the gear wheel and the orientation of the
sensor in respect to the gear wheel.

In the following, the order spectrum of the IAS is anal-
ysed. First, the gear mesh frequency (GMF) is calculated
using the shaft speed of the AD4 adapter (nsp4 = 2000-L)
and the number of teeth of the pinion (zZpipion = 21):

GME = 6"AD4

s
0 min

* Zpinion = 700Hz (2)
The order is calculated using the shaft frequency, which

connects the two gearboxes frx77. It is calculated using the

GMF and the number of teeth of the gear (zgeor = 51):

GMF
=13.7Hz

Srx77 = (3)
Zgear

So, the GMF is located at the 51st order and the side-
bands are one apart in the order spectrum normalised with
fo77 (see Flg 6)

The gear mesh frequency and higher orders of the modi-
fied gear are identifiable in the order spectrum of Sensor A
(see Fig. 6). Sidebands at the distance of the rotational fre-
quency superimpose the signal over the whole frequency
range. This is caused by the signal deviation of every tooth
per revolution, as shown in Fig. 5, causing a strong sideband
effect similar to a distributed damage [6].
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4.2 Tooth flank damage detection with MR sensors

Damage detection of involute gear trains can be carried
out with an order and sideband analysis [6]. The damage
of the tooth flank is artificially milled onto the tooth flank
as described in Chapter 3. For the following evaluation,
one entire tooth flank is damaged and two adjacent tooth
flanks have artificial pitting, as shown in Fig. 7. The aim of
the artificial damage is to provide first evidence that tooth
flank damage can be detected by measuring IAS with the
presented MR sensor concepts. Furthermore, the manual
milling process is not precise and the gear meshing contact
zone is not exactly known. Therefore, in this contribution,
large damages are milled onto the tooth flank, which cer-
tainly influences the meshing of the gears.

The first order gear mesh frequency (51st order in the
spectrum in Fig. 8) and the first five sidebands are analysed
at ZOOOﬁ and 70 Nm. Increasing Sidebands with the fre-
quency of the pinion wheel shaft are expected around the
gear mesh frequency due to the artificial tooth flank dam-

Fig. 7 Artificially milled tooth flank damage and pitting’s on the pin-
ion wheel
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age. In Fig. 8 the spectrum analysis of the damaged and
undamaged state is shown, the gear mesh frequency and
the sidebands are displayed by vertical lines.

In the spectrum of the acceleration sensor and the IAS
spectrum of Sensor C, sidebands in the frequency spec-
trum of the damaged pinion wheel shaft are significantly
increased, especially the sidebands of orders three to six.
The IAS spectrum of Sensor C also shows distinct side-
bands with the rotation frequency of the gear wheel shaft.
For the IAS spectrum of Sensor A, the sidebands in the fre-
quency spectrum of the damaged pinion are also elevated
compared to the undamaged state, but not as significantly
as in the previously described spectra. This is due to the

high sideband amplitudes that occur even in the undamaged
state, as shown in Fig. 6. Because the gear wheel is used
as a measuring scale and the manufacturing and assembly
deviations cause amplitude and phase modulation. The IAS
spectrum of Sensor D shows little change of sidebands in
the spectrum, but no clear rise of sidebands in the damaged
compared to the undamaged state can be observed. How-
ever, further investigations are necessary to evaluate if this
observation is caused by the damage or other influencing
factors.

In addition to this visual analysis of the spectrum, the
increase of the GMF and surrounding five sidebands are
calculated by dividing the amplitude of the damaged by

Table 1 Amplitude quotient

-5 —4 -3 -2 -1 GMF  +1 +2 +3 +4 +5
value of damaged by undamaged
of the GMF and five surrounding Acceleration 75 0.1 14 36 4 0.6 0.5 12 7 11 37
sidebands Sensor A 0.7 26 6 7 2 1 2 2 6 74 3
Sensor C 14 7 5 2 1 1 0.6 0.8 0.8 3
Sensor D 2 1 0.6 0.5 3 0.7 0.2 0.2 0.5 0.5 0.6
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the undamaged state. The change of this quotient value
is shown in Table 1 rounded to one significant digit. Sig-
nificant increases can be seen for the acceleration sensor,
Sensor A and C, but there are also decreasing amplitudes
in the damaged state. However, the increase is much higher
than the decrease, which indicates the damage. Neverthe-
less, this has to be further investigated to clearly state that
tooth flank damage can be detected.

4.3 Discussion

Summing up the analysis, it can be stated that tooth flank
damage influences the first gear mesh frequency and the
surrounding five sidebands. This change can be detected
with the integrated MR sensors A and C. The MR sensor
concept A has a high phase and amplitude modulation due
to manufacturing deviations of the gear wheel and possible
assembly deviations of the gearbox as well as the sensor
in respect to the gear wheel, which superimposes the phase
and amplitude modulation caused by tooth flank damage.
Comparing the MR sensor concepts with the acceleration
sensor, the amplitude of the sidebands increases less. The
main cause could be the described amplitude and phase
modulation due to manufacturing and assembly deviations.
For an order analysis, however, the sensor concept using an
acceleration sensor additionally needs the speed informa-
tion. This information is inherent in the IAS signal so that
no further sensors or information are needed for an order
analysis.

An excerpt of the test data is discussed in this contribu-
tion [21], further evaluations should be carried out to gain
more confidence in the results presented.

5 Conclusion

In this contribution, four different sensor concepts using
MR sensors to measure IAS in a one-stage gearbox are pre-
sented, which have little (Sensor C and D) to no influence
(Sensor A and B) on the power transmitting elements. To
evaluate the detection of tooth flank damage with these con-
cepts, tests were carried out with artificial damage milled
onto the tooth flank. The results were compared to an ac-
celeration sensor and evaluated by an order analysis of the
first gear mesh frequency and the surrounding sidebands.
The evaluation of the MR sensor concepts has shown
that the presented MR sensor concepts A and C can detect
tooth flank damages of helical gears. Using the gear wheel
as a measuring scale the tooth-specific deviation has a sig-
nificant influence on the signal, which raises two questions:
Can this be used for a tooth-specific evaluation or can this
effect be reduced by pre-processing of the sensor data?

@ Springer

The MR sensor concepts have been evaluated on artificial
damages, it still needs to be verified that real and less severe
damages can also be detected.

This study does not yet take the information of the ab-
solute position into account to extract information, which
can also enhance the damage detection possibilities. Fur-
thermore, the spectrum of the raw IAS data was evaluated,
no pre-processing was carried out, which could improve the
detection of gear damage even in the case of minor dam-
age. As the speed information is inherent in the IAS signal
a speed-independent damage detection is possible.

Furthermore, there is still a need to optimize the integra-
tion process, as the manufacturing and assembly deviations
significantly influence the acquired signal, or reduce this
influence by pre-processing of the raw signal.
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