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Abstract 

Gear Transmission Error (TE) is often considered as the main cause of gear whine. TE represents the difference between the 
perfectly kinematic transmission of motion and the one actually achieved. TE vibrations are extremely small and pose significant 
measurement challenges. This article demonstrates how low-cost digital encoders can be successfully used together with the 
Elapsed Time Method to simplify TE measurement with respect to the traditional Direct Method. A precision gear pair test rig is 
exploited to compare the two methods from a theoretical and an experimental point of view. Following the observations drawn 
from such comparison, a measuring chain is set up to validate the proposed procedure on a real case all-electric vehicle gearbox. It 
is shown how TE represents a useful gearbox NVH indicator and how it can be used to support gear microgeometry design. 
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1. Introduction 

Gearboxes are used in a wide variety of applications (vehicles, helicopters, aircrafts, wind turbines, industrial 
machinery) as a solution to transfer power from a generator to a user which has significantly different torque and 
speed characteristics. Gearboxes are also known to play a critical role for acoustic comfort and durability in such 
applications. The present article identifies gear Transmission Error (TE) as a metric to describe the noise and vibration 
characteristic of a gearbox and provides a methodology to accurately measure it. Although the discussion is of general 
applicability, here the focus is on the specific relevance of TE measurement for cylindrical involute gears and on the 
suitability and application of the measurement methodology to a real-case all-electric vehicle gearbox. Electrification 
is in fact one of the most important trends in today’s automotive industry and poses a series of unprecedented 
challenges. One of these is related to the interiors acoustic comfort, which becomes dominated especially by the 
gearbox given the absence of masking noise from the internal combustion engine. The contributions of the present 
article will be positioned through this introduction into the frame of gearbox NVH issues, with a few references to 
simulation in order to establish a link towards physical causes; then the state of the art for TE measurement will be 
discussed. The article will continue with the analysis of TE as an insightful NVH indicator/metric for a gearbox, then 
with a comparison of the Elapsed Time Method (ETM) and the Direct Method (DM) both from a theoretical and an 
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instrumentation standpoint and finally with the discussion of measurement results on a precision gear pair test rig and 
the real-case all-electric vehicle power unit. 

1.1. Transmission Error and gearbox NVH issues 

Gearbox noise emission can be either structure born or airborne. In fact, torsional vibrations travel across the 
driveline and become coupled to lateral vibrations at gear meshes, giving rise to undesired dynamic response through 
bearings and support locations.  Such undesired response can be due to either amplification at resonances or strong 
excitation sources; sources can be classified into two major categories: external and internal.  

External excitation sources are due to input or output torque irregularities and usually lead to contact loss, impacts 
and to the related broadband noise known as gear rattle. Rattle issues are uncommon for electric vehicles, since electric 
motors deliver a very smooth torque application. The classical example of gear rattle in the automotive field is in fact 
related to diesel engines running in idle or lightly loaded conditions. In such conditions, the engine torque ripple can 
overcome the torque transmitted by the gearbox so that the teeth come out of contact [1]. Such problem is usually 
successfully described and solved thanks to numerical simulations which are able to correctly describe the torque 
ripple and the torsional dynamic properties of the driveline (1D models). In fact, for rattle problems, it is sufficient to 
describe rotors by rigid-body inertia moments and gear meshes by constant stiffness coefficients [2, 3]. The estimation 
of damping represents the most difficult technical challenge and it is usually performed by tuning coefficients on 
experimental data after that the resonance frequencies of interest are correctly captured. From a measurement point of 
view, driveline torsional vibrations due to load irregularity are relatively high in amplitude and do not require 
particularly tight measurement accuracy [4]. A variety of instruments and techniques is available for such 
measurement [5]. 

Internal excitation sources are mostly due to gear meshing [6]. They generate harmonic oscillations of the 
transmitted torque and lead typically to tonal noise known as gear whine. Gear whine represents the main concern for 
acoustic comfort in an electric vehicle, since its tonality can be considerably prominent on the interior noise floor. 
Whine problems are extremely challenging both from a simulation and from a measurement point of view. For what 
concerns simulations, the involved physical phenomena are intrinsically three-dimensional: the distribution of contact 
pressure on tooth surfaces during the meshing process determines how load is transferred when a new tooth pair enters 
into contact or leaves contact. A smooth load transfer is crucial to reduce gear meshing vibrations and is achieved 
only through intentional and well-designed tooth surface microgeometry modifications [7, 8]. Such microgeometry 
modifications make the difference between a quiet and a noisy gearbox, therefore they must be carefully optimized. 
Furthermore, gears are fully coupled -and are interacting with- static and dynamic deflections at connection points 
(e.g. bearings, splines, elastomeric couplings) and at the supporting structure, requiring the solution of a system-level 
problem with flexible bodies [9]. The solution of such problem is intrinsically stiff on a spatial and on a temporal 
scale. From a spatial point of view, large structural deflections induce misalignments which determine the local 
solution of contacting tooth surfaces with moving contact points, involving geometric and contact nonlinearities. From 
a temporal point of view, gears generate small-amplitude high-frequency vibrations which are affected by significantly 
larger motions of the supporting structure (e.g. eccentricities or global driveline torsional resonances). This requires 
that the full system dynamics are solved using considerably small timestep and solution tolerances. Given the required 
mesh refinement, non-linear Finite Element simulations currently yield impractical computational effort and cannot 
be used for dynamic simulations [10]. Specific methodologies with different complexity have been developed for 
gearbox dynamics, like semi-empirical [11, 12], analytical [13], FE [14], multibody [15, 16], and hybrid models [17, 
18, 19], however, no general technique is currently available.  

This background of uncertainty makes gearbox testing of crucial importance for a successful design. 
Severe challenges are present also from a testing point of view. Gear whine vibrations are in fact extremely small 

but at the same time powerful: tooth deflections and microgeometry modifications are in the order of 10-6 m [6], 
however they act on a gear mesh stiffness which is in the order of 108 – 109 N/m. Such meshing vibrations convert 
into shaft angular vibrations in the order of 10-4 degrees. Although very limited experimental measurements are 
available, as reported in the next subsection, gear TE is considered to be directly related to gear meshing vibrations; 
the related reasons are analyzed in Section 2. 

 
 



1.2. Literature survey on Transmission Error measurement 

TE is traditionally considered to be a metric for gearbox NVH, since it is related to varying displacements at the 
tooth mesh and triggers oscillating angular motions [6]. There is however little experimental evidence of correlation 
towards gearbox noise or gearbox case vibrations [20], limited availability of experimental data and incomplete 
discussion of measurement methods which can be industrially viable. As discussed in this section, reasons for such 
lacks are related to the complexity of the measurement. In fact, TE measurements have been traditionally limited to 
isolated gear pairs tested under extremely light load conditions mainly to verify gear manufacturing accuracy [21]. 
Measurement examples on specifically designed gear test rigs are also available in literature [22, 23, 24, 25]. Although 
such boundary conditions are extremely different from the ones the gears are subject to in the gearbox assembly, it is 
possible to see how substantial information can already be drawn from single flank TE measurement [26]. More 
recently, attempts to extend the single flank measurement philosophy to the case of loaded gears and investigate the 
interactions between tooth deflections and microgeometry are being made [27]. In the same reference the main 
measurement challenges are explained and can be summarized into an extreme accuracy requirement, in the order of 
10-5 deg, to be reached with non-intrusive instrumentation, which is also robust towards assembly errors. These 
challenges explain the rarity of TE measurements in real-life gearbox. Reference [20] represents one of the few 
discussions of TE measurement on a series production manual transmission, showing how TE can be measured in 
quasistatic conditions by means of encoders and in dynamic conditions by means of accelerometers. A few operating 
conditions are discussed for a few microgeometry variants and correlation between dynamic measurements and noise 
is found. No discussion of instrumentation and measurement methods is provided by the paper. An additional 
industrial reference can be found in [28], where measurements on an assembled rear axle are performed by encoders. 
More controversial correlations towards noise are reported for a planetary gearbox in [29], where the TE is measured 
in a non-intrusive way by laser vibrometry and seems to have little influence on emitted noise. The need for industrially 
viable measurement methods is clearly outlined in a related work [30], along with a description of main ones and 
related instrumentation.  

Concerning instrumentation for TE measurement, three main classes can be identified: optical rotary encoders, 
rotational laser vibrometers and paired linear accelerometers.  

High-accuracy analog encoders and low-cost digital encoders can be distinguished within optical rotary encoders. 
The most established way of measuring TE uses high-accuracy analog encoders with a high number of angular 
divisions which typically output a sinusoidal voltage waveform. The sinusoidal waveform completes one period every 
angular division. Numbers of angular divisions are typically 18000 [25] and 36000 [24], however they can even reach 
90000 [31] and 225000 [34]. The number of samples per rotation can be further increased by interpolating the analog 
sinusoid and resolve fractions of an angular division, given the extreme accuracy of such instruments. Typical error 
figures are below ±1% of the grating period [31] and allow placing up to 100 interpolation points within one analog 
sinusoid. Therefore millions of angular divisions per rotation can be easily reached by interpolation. As pointed out 
in [6], it is important to analyze measurement error by Fourier analysis in order domain, where most of the error 
appears to be concentrated at low orders [32, 33] and therefore favourably far from tooth meshing orders. High 
accuracy encoders can have separate scanning head and grating disk; in this case it is important that the two are 
accurately positioned and aligned with respect to each other [34]. To simplify mounting, integrated rotor/stator 
assemblies can be used: these can have a connecting shaft [35] or a connecting hub [36]; the latter improves connection 
stiffness and alignment [36].  

More recently, low-cost digital encoders have been successfully used to measure TE [37, 39, 40]. These encoders 
have much lower numbers of angular divisions with respect to high-accuracy analog encoders, in particular from 1800 
to 4096 for the referenced articles. Measurement error amplitudes are mentioned in [6] to be surprisingly comparable 
to those of the high-accuracy analog encoders; quantitative measurements are shown in [38] for a 5000 divisions 
analog encoder which is interpolated to reach 20000 divisions and in [39] for two equal digital encoders having 3600 
divisions. A lower number of angular divisions is expected to decrease measurement accuracy [37, 41]. 

Examples of TE measurement by laser vibrometry are limited and can be found in [29, 30, 42]. Rotational laser 
vibrometers measure angular velocity and provide the main advantage of a contactless measurement. Although 
accuracy improves with speed, the integration required to calculate TE from velocity represents an operation which 
can introduce errors. Practical limitations include the necessity of visual access to the shaft to be measured, which 
should also be oil-free. The high cost of the laser instrumentation might represent an additional practical limitation.  

Linear accelerometers can be tangentially mounted to the gear bodies to measure rotational acceleration and 
calculate TE [6, 20, 25]. A more recent study shows how also the full field of oscillating rigid-body motion can be 



  

reconstructed [43]. Accelerometers provide significant advantages for dynamic measurements, since the transfer path 
between the torsional vibration source and the instrument is kept to a minimum limiting unwanted resonance effects. 
Furthermore, since accelerations increase with the square of the angular frequency the accuracy of the TE 
measurement quickly improves with speed. On the other hand, double integration of acceleration to obtain TE 
represents a complex operation [43] and the measurement becomes more complex from the instrumentation point of 
view [25], because accelerometers require precise calibration and alignment with respect to the gear bodies and the 
rotation axis. Furthermore signals need to be acquired from rotating components, e.g. by slip rings or by telemetry. 
Challenges arise in both cases for required space for mounting and balancing; additional issues for slip rings are due 
to electric noise introduced by contacting brushes and due to wear of the slip ring itself, while for telemetry are time 
synchronization of channels and supply of power. 

Concerning measurement methods, a more dedicated and general review can be found in [44]. In particular, a main 
distinction can be made for measurement methods, which can be subdivided in timing methods and ADC methods. 
The traditional approach to measure TE via high-accuracy analog encoders belongs to the ADC methods: it aims at a 
direct measurement of the angular position by resolving the smallest angular oscillation of interest thanks to analog 
encoders yielding a high number of angular divisions. This method will be discussed in Section 3.1.1 and will be 
referred to as the Direct Method (DM). In the attempt of improving speed limitations a timing method has been used 
more recently [37], namely the Elapsed Time Method (ETM), which will be discussed in Section 3.1.2. This is an 
indirect measurement method, which aims at an accurate angle reconstruction relying on a high-frequency timer, 
provided that aliasing requirements are correctly satisfied. An additional method to measure TE is based on phase 
analysis via a comparator [45] or demodulation [41]. These methods will not be treated in this article. 

Within the outlined background on TE measurement and given the insightfulness of this physical quantity (Section 
2), the present article provides the following original contributions: 

- a unitary discussion of the DM and the ETM requirements is performed in Section 3.1 based on the same 
reference application: a precision gear pair test rig; 

- in the same section a specially designed assembly is exploited in conjunction with a calibrated high-accuracy 
reference to obtain a direct assessment of the measurement error of low-cost digital encoders, with its standard 
deviation in angle and order domain, for encoders having different numbers of angular divisions; 

- limitations of the measurement methods and of the required instrumentation (high-accuracy analog encoders 
and low-cost digital encoders) are thoroughly discussed in Section 3.2; 

- using the precision gear pair test rig, TE measurements are obtained and compared for the DM and the ETM 
methods in Section 4; 

- the same test rig is used in combination with a pure-involute high-precision gear pair to push the limits of ETM 
by reducing TE amplitudes as a function of torque and demonstrate the accuracy of the measurement chain; 

- the same measurement chain is applied in Section 5 to a series production gearbox for an all-electric vehicle 
to measure in-situ TE under load and evaluate its repeatability; a discussion of the usefulness of this 
measurement is also provided. 

2. Transmission Error insightfulness 

TE represents for a gear pair the difference between the ideal kinematic transmission of motion and the one 
achieved in reality. If gears were rigid bodies, perfectly aligned and with perfectly conjugate tooth surfaces (e.g., 
involute profiles), the TE would be zero and the transmission of motion could be described analytically by the gear 
ratio. In reality, a variety of causes introduces deviations from ideal conditions and generates a variable TE. Two main 
quantitative definitions of TE are adopted by the gearbox engineering community. Given for each gear the rotation 
angle 𝜃! and the base radius 𝑟"! (Fig.  1), TE can be expressed as an angle or as a linear displacement.  

 



 

Fig.  1. Geometry for the definition of TE as a relative rotation and as a linear displacement along the Line of Action. 

The angular definition is useful for torsional vibrations analysis, since it provides the relationship between the 
actual angular position of the driven shaft with respect to an input shaft rotation: 

 
TE# = θ$ −

r%&
r%$

θ& (1) 

 
The linear displacement definition is related to forces exchanged by the gears, which are oriented along the Line 

of Action of the gear pair. This definition is usually the most useful for gear designers as it provides information on 
the required magnitude and shape for teeth microgeometry [7, 46] and is given by: 
 

𝑇𝐸'() = 𝑟"$𝜃$ − 𝑟"&𝜃& (2) 
 

For this reason such definition is the one most commonly used and is also adopted in the present article. 
Being defined by a difference, TE provides a quantitative description of meshing vibrations in terms of relative 

rotations or linear displacements between the gears. TE oscillations are considered to be the cause of gear whine since 
they can be directly related to dynamic contact forces through the gear mesh stiffness and damping, and since they are 
also affected by the most relevant aspects for gear meshing and gearbox design [6, 47]. A brief discussion of the main 
aspects related to gear mesh vibrations can be found in the following sub-sections. 

2.1. Time-varying gear mesh stiffness 

Variations of gear mesh stiffness are inherent with the process of gear meshing: for a continuous motion 
transmission, before one tooth pair leaves contact, a new tooth pair must have already entered into contact to take 
over. This process involves transfer and redistribution of the total contact load among the teeth, causing a varying 
stiffness dependent on the number of teeth instantaneously in contact (Fig.  2). The induced oscillations in the total 
elastic deflection of the gear mesh directly translate into a TE. 

 

  
(a) (b) 

Fig.  2. Varying mesh stiffness along the mesh cycle. (a) low stiffness: one meshing tooth pair; (b) high stiffness: two meshing tooth pairs. 

Oscillations of gear mesh stiffness were shown to be important sources of internal excitation [48, 49, 50] and of 
instability due to parametric resonance [51, 52]. 

An additional source of variable mesh stiffness is related to the geometry of the gear body. The presence of holes 



  

in the gear body affects the foundation stiffness of meshing teeth. Especially in the case of lightweight thin-rim gears, 
holes in the gear body (Fig.  3) can introduce amplitude modulation in the mesh deflection and therefore in the TE 
[53].   
 

 

 
(a) (b) 

Fig.  3. (a) Lightweight gear with holes in the gear body; (b) Sidebands in the calculated TE. 

 

2.2. Tooth microgeometry and surface imperfections 

Tooth microgeometry modifications are intentional deviations from the theoretical involutes, introduced on tooth 
surfaces by removing a few micrometres of material in the profile and/or the lead direction (Fig.  4). Usual 
modifications belong to a limited and well established set, as described in [54]. More complex topography is nowadays 
also possible [55]. 

 

 

Fig.  4. Example of microgeometry modifications along the profile (P) and the lead (L) directions. 

These modifications are useful to reduce the negative effects that tooth deflections, geometric imperfections and 
misalignments have on gear meshing. In particular, profile modifications like tip and root relief are used to achieve a 
smooth transfer of load at tooth handovers. Profile modification is optimal at a given transmitted load, by achieving 
minimal TE variability, and is a cause of load-dependent nonlinearity in the dynamic response of the gear pair [56]. 
Modifications like lead slope and lead crowning are used respectively to compensate for a fixed and a variable amount 
of angular misalignment between the gears [57]. 

Besides intentional microgeometry modifications, unavoidable deviations from ideal tooth surfaces occur due to 
manufacturing errors. These errors can be considered and characterized similarly to microgeometry modifications but 
they are usually variable from tooth to tooth [58]. A classification and description of gear manufacturing errors can 
be found in [59]. 

 
 

2.3. Misalignments 



Gear misalignments are deviations from the nominal relative positioning of a gear pair and can be usefully  
distinguished in 5 components, two rotation and three displacements, on three axes: the line of action (LOA), the 
offline line of action (OLOA) and the axis of rotation [16].  

Misalignments can be dependent or independent on loads. Load dependent misalignments are due to structural 
deflections. Main contributors to deflection for a gear are the shaft, the gear carrier or housing, the gear body itself 
and the supporting bearings. Load independent misalignments take the name of assembly errors. Main contributors to 
these misalignments are bearing positioning tolerances and clearances and gear axis eccentricity and alignment with 
respect to the actual axis of rotation. It is worth to note that misalignments induced by displaced bearing locations 
remain constant during gear rotation and affect TE uniformly for all the teeth, namely, in frequency domain, they only 
affect the amplitude and phase of the gear mesh harmonics; while misalignments induced by eccentric/tilted gear axis 
with respect to the rotation axis vary with shaft rotation and are instead responsible for additional harmonic content 
and amplitude modulation of the TE [26]. In particular, gear eccentricity introduces frequency content at sidebands 
which are spaced with multiples of the first order of the shaft supporting the eccentric gear; gear axis alignment 
introduces frequency content at sidebands which are spaced with multiples of even orders of shaft rotation. 

3. Measurement requirements and comparison between the Direct Method (DM) and the Elapsed Time 
Method (ETM) 

A precision gear pair test rig (Fig.  ) is used hereafter to measure TE using the DM and the ETM and to compare 
the requirements for each method. The test rig [60, 61], available at Siemens, allows heavy instrumentation of a test 
gear pair under accurately known conditions of load, speed and relative positioning. In particular shafts are 
instrumented with traditional high-resolution analogue encoders and digital low-cost encoders. In this way both the 
DM and the ETM can be applied to measure TE. Through-shaft encoders with integrated bearings are preferred in 
order to avoid connection couplings and manual alignment between encoder scanning head and graduated disk. 

 
 

  
(a) (b) 

Fig.  5. Precision Gear Pair Test Rig: (a) CAD model of the test side; (b) physical installation. 

Main specifications of the test rig are reported in Table 1. 

Table 1. Main specifications of the Precision Gear Pair Test Rig. 

Parameter Range Uncertainty 

Speed 0 to 4500 rpm (0 to 75 Hz) Measured 

Torque 0 to 500 Nm ±0.05% 

Angular misalignments 0 to 2 mrad 0.1 mrad 

Parallel misalignments 0 to 0.3 mm 0.020 mm 

 
 
A spur test gear pair in aligned conditions is analysed in this article. Test gears have the same number of teeth 𝑍 =

57, realizing a 1:1 gear ratio, and a base radius of 𝑟" = 69.631	𝑚𝑚. Tooth surfaces are case hardened and precision 
ground to ISO 3 quality, with an overall tolerance on tooth surfaces of ±1	𝜇𝑚. 

Signals are acquired using an LMS SCADAS Mobile system. In particular RV4 modules are used to acquire digital 
signals, while V8E modules are used for analog signals. The measurement and the data processing are performed 

Low-cost 
encoders 

High-resolution encoders 



  

using LMS Test.Lab Signature Testing. Main specifications of the acquisition system are reported in Table 2. 

Table 2. Main specifications of the acquisition system. 

Acquisition mode Maximum input rate Time accuracy Clock frequency 

RV4 digital tacho input 1 MHz 1.2 ns 820 MHz 

V8E analog input 204.8 KHz -- -- 

 
In order to proceed with the measurement it is necessary to select the encoders based on aliasing and measurement 

accuracy requirements. Such requirements involve evaluations of angular vibrations which must be measured by the 
encoders and evaluations of linear vibrations due to gear meshing. These two are related in relative terms by the TE 
definition (2), which can be used to convert relative displacements along the line of action of the gear pair into angles 
which must be measured by each encoder. Assuming that the encoders used to measure TE have similar measurement 
errors and that the total error must stay below 10% of the TE magnitude to be measured, 𝑇𝐸#, then the maximum 
error, 𝑒*, allowed for each of the encoders becomes: 

  

𝑒* <
0.1 ∙ 𝑇𝐸#
𝑟"& + 𝑟"$

 (3) 

 
Accuracy requirements can be set after an expected TE magnitude is established by preliminary simulations. In the 

specific case of the test rig the TE is expected to have a peak to peak value of 5	𝜇𝑚 for the operating conditions of 
interest. If this is considered equal to 𝑇𝐸#, we obtain: 

 
𝑒* < 0.2 ∙ 10+,	𝑑𝑒𝑔 (4) 

 
Aliasing requirements must be verified similarly for both the DM and the ETM. Such requirements can be easily 

set according to the Nyquist theorem by calculating the gear mesh orders or the gear mesh frequencies and considering, 
still from preliminary simulations, the index of the highest harmonic of interest: 

 
𝑁-!. = 2𝑠𝑖-/0𝑍 (5) 

 
Taking a safety factor on the Nyquist lower bound 𝑠 = 2 and choosing the index of the highest harmonic of interest 

from the same preliminary simulations 𝑖-/0 = 3, the minimum number of angular divisions for each encoder 
becomes: 

 
𝑁-!. = 684 (6) 

 
It should be noted that the choice of the index 𝑖-/0 depends on the particular case to be analyzed; for example it 

might be known that a specific system resonance is excited by a given gear order, or a criterion on the maximum 
allowed TE amplitude could be adopted. In any case with a different index the procedure being followed would not 
change, therefore the current value assumed for 𝑖-/0 will be kept in the continuation of the article.  

The minimal requirements calculated above are translated with the next subsection into real specifications for the 
DM and the ETM, so that the two methods can be compared. 

 
 

3.1. Measurement accuracy requirements verification 

3.1.1. Direct Method (DM) 
According to the DM, it is necessary to resolve the smallest angular vibration of interest. This can be taken as one 

order of magnitude smaller of the TE magnitude: 



 
∆𝜃-!. = 0.1 ∙ 𝑇𝐸# (7) 

 
 Hence the required number of angular divisions, 𝑁12, can be calculated as: 

 

𝑁12 =
2𝜋

∆𝜃-!.
≈ 880	000 (8) 

 
In order to achieve this number of angular divisions, a high-resolution analogue encoder can be used. In particular 

the model Heidenhain RON 285 was selected since it has a smallest recommended measuring step of 0.1 ∙ 10+,	𝑑𝑒𝑔 
which is four times smaller than ∆𝜃-!. and two times smaller than the maximum allowed error e*. Furthermore the 
measurement error is accurately documented by means of a calibration diagram provided for each encoder by the 
manufacturer (see next subsection). The selected encoder outputs 18000 sinusoidal voltage waveform periods per 
rotation so that further interpolation can be performed on each analogue period. In this specific case 50 intermediate 
points would be sufficient to reach the required number of angular divisions. An example of measured voltage 
waveforms is provided in Fig.   for one encoder channel. 

 

 

Fig.  6. Measured voltage waveform for one high-resolution analogue encoder channel. 

Given the number of angular divisions, 𝑁12 ≈ 880	000, and the minimum number of angular divisions which is 
sufficient to verify aliasing requirements, 𝑁-!. = 684, it is important to note that the requirement is exceeded by 
about 1200 times. 

This represents a key limitation of the DM, since the encoder will have to generate signals with extremely high 
frequency already at low speed. Comparisons for our specific case are reported in section 3.2. 

 

3.1.2. Elapsed Time Method (ETM) 
According to the ETM, measurement accuracy is influenced by the measurement error of each encoder and by the 

time accuracy of the acquisition system. In fact, the ETM allows reconstructing a continuous angle by interpolation 
from a discrete set of angular increments, thanks to an accurate measurement of time at which each increment 
happened [37]. In order to achieve sufficient time accuracy, encoders must output a digital signal which is periodic 
with each angular increment; a high-frequency clock can then trigger on this digital signal to assign a timestamp to 
each detection of a new angular increment. 

Given the extremely small vibration amplitudes to be measured, it is useful to evaluate the accuracy requirements 
of the full measuring chain (Fig.  ). Particular care is being taken here to follow the terminology guidelines provided 
by the International Vocabulary of Metrology [62]. The total measurement error on a new angular increment, 𝐸∆*, 
will be: 

 
𝐸∆* = ΩI𝑒∆4 + 𝑒5 + 𝑒6J + 𝑒∆*(𝜃!) (9) 

 
Where Ω represents the instantaneous angular velocity of the measured shaft, which converts the error on time in 

angle units; 𝑒∆4 is the timing error and is due to the finite resolution of the high-frequency clock; 𝑒5 is the rise time 
error and is due to the time required for the digital square wave to reach the acquisition trigger level; 𝑒6 is the 
propagation time error and is due to the cable travelling time for the signal to reach the acquisition system and 𝑒∆*(𝜃!) 



  

is the encoder grating error due to uneven spacing at each angular increment 𝜃!. 
 

 

Fig.  7. Angle measuring chain for a low-cost digital encoder. 

Errors on time are delays in acquiring samples and become more important with linear trend as angular velocity 
increases. 𝑒∆4 arises from the time quantisation performed by the acquisition system clock and therefore generates 
random error. 𝑒5 is typically constant and depends on the performance of the digital signal electronics. 𝑒6 is similarly 
constant and depends on the cable length to be travelled by the signal. While 𝑒5 and 𝑒6 affect angle measurement 
trueness, 𝑒∆4 affects angle measurement precision. 𝑒∆*(𝜃) is assumed to be mainly a source of systematic measurement 
error due to manufacturing errors which make the gratings unequally spaced or due to eccentricity and misalignment 
of the encoder graduated disk. Therefore such error also affects measurement trueness. This assumption is validated 
in the course of this paragraph. 

Values for the above-mentioned sources of error can be found on the specifications provided by the encoder 
manufacturer [63] and the acquisition system manufacturer [64]. In particular, considering the Heidenhain ERN family 
of low-cost digital encoders and the LMS SCADAS acquisition system: 
 

𝑒∆4 = 	1.2 ∙ 10+7	𝑠 (10) 
 

𝑒5 = 10 ∙ 10+7	𝑠 (11) 
 

𝑒6 = 6 ∙ 10+7	𝑠   (per meter cable) (12) 
 

 These values are reported in degrees at different shaft speeds in Table 3 and should be compared to (4) to assess 
the impact on the required measurement accuracy. 

Table 3. Low-cost digital encoder (ERN types) errors for different shaft speeds. 

Shaft speed 
[rpm] 

Encoder grating error 
𝑒∆" [deg] 

Rise time error 
𝛺𝑒# [deg] 

Propagation time error 
𝛺𝑒$ [deg/1m cable] 

Timing error 
𝛺𝑒∆% [deg] 

10 

-- 

+0.55E-6 +0.36E-6 0 to +0.72E-6 

2450 +0.15E-3 +0.09E-3 0 to +0.017E-3 

4500 +0.27E-3 +0.16E-3 0 to +0.033E-3 

 
A few observations can be drawn from Table 3. All time errors are negligible at low speed. The error due to timing 

is two orders of magnitude below the accuracy requirement across the full speed range. Therefore the acquisition 
system does not introduce particular limitations to measurement accuracy. Care should be taken for errors due to rise 
and propagation time: encoders of the same family and having the same cables length must be used, so that the related 
errors are very similar, and since TE is calculated by the angles difference such errors cancel out. 

No information is available on the encoder grating error as the encoder manufacturer does not provide calibration 



diagrams for low-cost encoders. For that reason, the encoder grating error has been measured for different encoder 
types having different number of angular divisions above the Nyquist requirement (Table 4). 

Table 4. Low-cost digital encoders: analyzed types and number of angular divisions. 

Encoder type Number of angular divisions 

ERN 120 5000 

ERN 420 

5000 

2048 

1024 

 
The grating error for the low-cost digital encoders has been measured by taking a high-resolution analogue encoder 

as reference angular position. 
The results of such measurement is graphed in Fig. 8 along two shaft rotations for the ERN 120 encoder against 

the calibration chart of the high-resolution analogue encoder. Results appear to be extremely repeatable, as highlighted 
by tight 95% confidence bounds calculated for the low-cost digital encoder over 20 full rotations. The low-cost digital 
encoder has an overall accuracy of 3 ∙ 10+, deg, while the high-resolution analogue encoder has an overall accuracy 
of 1.32 ∙ 10+8 deg. This might lead us to the conclusion that the high-resolution encoder is therefore above ten times 
more accurate with respect to the low cost digital encoder. 

 

 

Fig.  8. Measurement error along two shaft rotations in angle domain for one high-resolution analogue RON 285 encoder and one low-cost digital 
ERN 120 encoder. 

However, as pointed out in [6], it is important to analyse the order content of the measurement error rather than its 
overall peak to peak value. Fig.9 shows a comparison in this sense between the low-cost digital encoder and the high-
resolution analogue encoder. Results show how the measurement error, both for high-resolution and low-cost encoders 
is concentrated at the first few shaft orders. The high-resolution encoder remains substantially more accurate than the 
low-cost digital encoder, however after order 20 the error amplitude stays below 1 ∙ 10+9 deg for both encoders. Since 
gear meshing orders are typically above order 20, the encoder grating error for the digital low-cost encoder can be 
considered equal to the same value  𝑒∆* = 1 ∙ 10+9 deg. 

 



  

 

Fig.9. Fourier Transform in order domain of the measurement error for the same high-resolution analogue RON 285 encoder and low-cost digital 
ERN 120 encoder. 

A similar analysis can be repeated for the ERN 420 encoders to observe how measurement error depends on the 
number of angular divisions. Measurements are still extremely repeatable; this time standard deviation is calculated 
after performing the Fourier Transform to order domain for each shaft rotation. Best-fit curves are also obtained after 
selecting an exponential model as in (13), where O represent the order number, and using the coefficients in Table 5. 
Results are shown in Fig.   and show similar behaviour and values as in Fig.9. A standard deviation below the average 
value of the error confirms the systematic nature of the error across the full order range. A comparison between best-
fit models is reported in Fig.   and highlights equivalent performance for the encoders having 5000 and 2048 angular 
divisions and a slightly higher error for the one with 1024. This allows drawing the conclusion that a higher number 
of angular divisions results in a limited improvement on measurement accuracy. 

 
log&:[𝑒∆*(O)] = 	𝑎& + 𝑎$exp	(−𝑎,O) + 𝑎8 exp(−𝑎9O) (13) 

Table 5. Best-fit model coefficients for the encoder error amplitudes in order domain. 

Model 
coefficients 

Fourier Transform 

1024 2048 5000 

𝑎1 -8.274 -5.784 -6.093 
𝑎2 2.517 2.903 1.972 
𝑎3 0.311 0.614 0.288 
𝑎4 3.553 1.540 1.493 
𝑎5 0.003 0.050 0.020 

 
 



 

    
 

(a) (b) (c) 

Fig.  5. Fourier Transform in order domain of the measurement error and the related standard deviation for different low-cost digital ERN 420 
encoders: (a) 5000, (b) 2048, (c) 1024 angular divisions. Dashed lines represent best-fit models. 

 

Fig.  11. Comparison of the best-fit models for measurement error amplitudes and standard deviations in order domain of different low-cost 
digital ERN 420 encoders: (a) 5000, (b) 2048, (c) 1024 angular divisions. 

As a conclusion of this subsection, a graphic summary to compare all the discussed errors (Table 3, Fig.9) for all 
shaft speeds is presented in Fig.  . All error components are at least ten times below the smallest angular vibration of 
interest ∆𝜃-!. if care is taken to ensure cancellation of rise time and propagation time errors. Therefore digital 
encoders are suitable to accurately measure TE. 

 



  

 

Fig.  6. Summary of all the analysed encoder errors for different shaft speeds. 

3.2. TE measurement limitations 

3.2.1. Maximum angular speed 
The maximum angular speed at which TE can be measured is limited by the lowest among the following: 
 

- Mechanical permissible speed 
- Speed at which the photocell bandwidth is saturated 
- Speed at which square wave edges are separated (only for digital encoders) 
- Speed at which the acquisition system input rate is saturated 

 
The mechanical permissible speed is defined as the speed at which the encoder can run to have infinite fatigue life. 

Such speed is reported by the encoder manufacturer and is mainly determined by the bearings of the encoder. When 
the mechanical permissible speed is exceeded the bearings start accumulating damage. Therefore, if needed, this speed 
can be exceeded at the cost of replacing the encoder when deterioration on the measurement becomes noticeable. 

All the remaining speed limitations are due to electronics. A photocell together with related electronic circuitry is 
used to detect light by the imaging scanning principle and to generate either the analogue or the digital waveform. 
Such electronic system can generate a synchronous waveform with the passage of the encoder gratings within a finite 
bandwidth. The bandwidth at which the electronics attenuate the output waveform of -3dB in amplitude is equal to 
𝑓; = 300	𝐾𝐻𝑧 for ERN encoders and to 𝑓; = 180	𝐾𝐻𝑧 for RON encoders. The angular speed in rpm at which this 
limitation is reached can be calculated as: 

 

𝑛; =
60𝑓;
𝑁  (14) 

 
It is worth mentioning that above this frequency the output signal would reduce its amplitude and would have an 

increasing phase delay, however in case of need such bandwidth can be extended by measuring the frequency response 
function of the electronics.  

Furthermore, for digital signals, the electronic system is able to generate a square wave with a given minimum time 
between two subsequent edges of a square wave cycle (edge separation time). The edge separation time for digital 
encoders belonging to the ERN family is 𝑡< = 0.39 ∙ 10+=	𝑠. The angular speed in rpm at which this limitation is 
reached can be calculated as: 

 

𝑛< =
60

𝑡< ∙ 2𝑁
 (15) 

 
Finally, at a given angular speed, the acquisition system must be able to acquire the waveform generated by the 

encoders. In case of analogue signals, the maximum input rate allowed by the acquisition system is 𝑓/ = 204.8	𝐾𝐻𝑧 



for analog signals (sampling frequency) and 𝑓/ = 1	𝑀𝐻𝑧 for digital signals (pulse rate). It should be noted that the 
maximum pulse rate of 1 MHz can be reached using the pulse skip functionality of the RV4 module [65]. Encoder 
pulses can in fact be skipped while still aliasing requirements are verified, namely until the actual number of pulses 
per rotation used stays above (6) requirement aliasing. However until 204.8 KHz it is not needed to skip pulses and 
the decision is fully dependent on engineering judgement. The angular speed at which the acquisition is reached can 
be calculated as: 

 

𝑛/ =
60𝑓/
𝑁  (16) 

 
Speed values for all the analysed encoders are compared in Table 6 with the first limiting speed highlighted in bold. 

A clearer graphic representation of the same data is reported in Fig.  . 

Table 6. Speed limitations for all the analysed encoders. 

    Encoders performance Acquisition System 
Performance 

Encoder 
type 

Angular 
divisions 

Interpolated 
angular 
divisions 

Ratio with 
Nyquist 
requirement 

Mechanical 
permissible speed  
[rpm] 

Minimum edge 
separation speed 
[rpm] 

Photocell 
saturation 
speed 
[rpm] 

Input rate 
saturation speed 
[rpm] 

RON 285 18000 ~880000 1200 3000 -- 600 14 

ERN 120 5000 -- 7.3 6000 15400 3600 12000 

ERN 420 

5000 -- 7.3 12000 15400 3600 12000 

2048 -- 3.0 12000 37550 8790 14650 

1024 -- 1.5 12000 75000 17580 14650 

 

 

Fig.  7. Speed limitations for all the analysed encoders: graphical comparison. 

Table 6 and Fig. 13 show one of the main advantages of the ETM over the DM: the maximum possible angular 
speed for the ETM is at least in the order of a hundred times higher with respect to the DM. The table also shows how 
limitations due to the response of the photocell are reached well before the mechanical and the acquisition system 
limits. In fact, only for the high-resolution analogue encoder the acquisition system limits the maximum speed to 14 
rpm. Even if this limitation was not present, the photocell would limit the maximum speed to only 600 rpm. Therefore, 
given the specifications reported in Table 6, it is possible to say that speed limitations are set by the encoders. Actually 
the mechanical permissible speed represents the speed limitation only in the case of the encoder with the lowest 
number of angular divisions. In fact, speed limitations due to electronics are inversely proportional to the number of 



  

angular divisions of the encoder. Given that the error is weakly dependent on the number of angular divisions (Fig.  ), 
if photocell saturation becomes a limiting factor, it is advisable to select the first available number of angular divisions 
above the aliasing requirement. 

3.2.2. Required mounting tolerances 
The second key measurement limitation stems from the mounting tolerances required by each encoder type. In 

particular high-resolution analogue encoders require tighter alignment tolerances which are usually difficult to achieve 
in industrial environment (Fig.  1. These tolerances are needed to ensure that the absolute encoder error is kept to a 
minimum. Since most of this error is concentrated at low orders (Fig.  , Fig.9) and TE accuracy requirements are less 
strict at low orders, a higher error can be tolerated for the sake of mounting simplifications. In fact for the low-cost 
encoders it is not necessary to guarantee alignment between encoder stator and rotor. This is possible because the 
stator of the low-cost encoders is kept aligned with respect to the shaft by an integrated high-precision double-row 
ball bearing. Mounting can thus be simplified thanks to a mounting system which is torsionally stiff but compliant in 
out of plane rotations.  

 

 

 
 

(a) (b) (c) 

Fig.  14. Main characteristics of tolerance schemes for the high-resolution analogue encoder RON 285 (a) and for the low-cost digital encoders 
ERN 120 (b) and ERN 420 (c). 

In the case of the present gear test rig, a floating mounting system which is insensitive to shaft misalignment has 
been devised to keep the high-resolution encoder aligned. A positioning element has been manufactured as shown in 
Fig.  . In particular, the inner bores of the encoders are normally aligned on the shaft easily, while the stator of the 
high-resolution encoder is aligned with respect to the stator of the low-cost digital encoder. Thanks to the high-
precision bearing, the stator of the low-cost encoder has been taken as a reference after coordinate machine 
measurement. Using the positioning element, the high-accuracy encoder becomes insensitive to misalignment. 

 



  
(a) (b) 

Fig.  8. (a) Encoders positioning element and positioning surfaces (indicated by dashed lines); (b) Encoders installation. 

4. Measurement results 

The discussion carried out in the previous section is now applied to measure TE for two different gear pairs, 
mounted one at a time on the described precision gear pair test rig. Measurements have been performed at low speed 
(~10 rpm) and simultaneously by the DM, using high-resolution analogue RON 285 encoders, and by the ETM, using 
low-cost digital ERN 120 encoders. The TE will convert into a dynamic excitation when gears are spin at higher speed 
including system resonance and lubrication effects, which are not discussed in this paper.  

The first gear pair has industrial quality helical gears (ISO 7); each gear has 64 teeth to achieve 1:1 ratio. This gear 
pair will be used to discuss general characteristics of gear TE and to verify the overall difference between the DM and 
the ETM. The second gear pair is a high-precision spur gear pair (ISO 3) with unmodified tooth surfaces, namely with 
pure involutes. Each gear has 57 teeth, still to achieve 1:1 ratio. This gear pair will be used to understand the practical 
accuracy limits of the ETM, namely to answer the question: what happens if the TE lies actually below the amplitude 
assumed after simulations? In particular, since tooth surfaces of this second gear pair are pure involutes, TE is expected 
to tend towards zero if the transmitted torque is also reduced towards zero. TE analysis will therefore be performed 
varying the transmitted torque and observing trends for different gear meshing orders. 

4.1. Industrial quality gear pair 

Gear TE measured at a transmitted torque of 200 Nm is reported in Fig.   for the DM and for the ETM across two 
full shaft rotations. The first important observation is that the results obtained using each method are overlapping, 
confirming that the low-cost digital encoders can be used in combination with the ETM to obtain accurate TE 
measurements. 

 

 

Positioning  
Element 



  

Fig.  9. Measured TE in angle domain for two shaft rotations: comparison between the DM using high-resolution analogue encoders and the ETM 
using low-cost digital encoders. 

Furthermore two expected characteristics of TE [66] can be observed (as discussed in Sections 1 and 2): the signal 
can be decomposed into a high-amplitude long wave component and a low-amplitude short wave component. These 
two components are shown separately in Fig.   by filtering below and above order 5, the operation is discussed without 
loss of generality for the ETM measurement case. The long wave has practically a purely sinusoidal trend with a 
fundamental period equal to the shaft rotation, highlighting that it is due to gear eccentricity with respect to the shaft 
axis of rotation. The absence of vibrations periodic with second shaft order highlights that the gear axis is well aligned 
with the shaft axis of rotation. The short wave component has a much smaller amplitude and completes 64 cycles per 
shaft rotation, one cycle per tooth. Irregularities on the shape of each tooth period are due to manufacturing errors. 

 

 

Fig.  10. Decomposition of the measured TE signal into the long and the short wave components. 

Similar observations can be made more accurately looking at the order content of the TE (Fig.  ). The same figure 
also shows the order content of the composite encoder error, obtained by the sum of the two low-resolution digital 
encoders phased with respect to the same arbitrary angular position reference pulse. The angular error made by the 
encoders is converted into TE units using (4). 

 

 

Fig.  11. Fourier Transform in order domain of the measured TE and comparison with the composite error of the low-cost encoders converted in 
micron. 



Concerning the encoders, it can be observed how the composite error stays well below a TE of hundredth of a 
micron at gear mesh orders, highlighting once again the high accuracy of the measurement. 

The long wave TE component shows dominant eccentricity (shaft order 1) and very limited misalignment (shaft 
order 2) contributions (Table 7) with a first order with amplitude of 76	𝜇𝑚 followed by a second order which is about 
20 times smaller. High TE amplitudes are typical at low orders and this explains why higher encoder errors can be 
tolerated there. 

The short wave TE component is mostly dominated by the first tooth meshing order (Table 7), followed by the 
higher meshing orders and limited sideband activity about 10 times smaller. 

 
 
 

Table 7. Comparison of the most important order components of the measured TE signal. 

Shaft orders  Mesh orders  Sidebands around first mesh order 

Order TE Amplitude 
[𝜇𝑚] 

Ratio w.r.t. 
order 1 

 Order TE Amplitude 
[𝜇𝑚] 

Ratio w.r.t. 
order 64 

 Order TE Amplitude 
[𝜇𝑚] 

Ratio w.r.t. 
order 64 

1 75.880 100%  64 5.178 100%  64-1 0.580 11.2% 

2 3.451 4.5%  128 0.676 13.1%  64+1 0.600 11.6% 

3 1.252 1.6%  192 0.273 5.3%  64-2 0.201 3.9% 

4 0.526 0.7%      64+2 0.265 5.1% 

5 0.273 0.4%         

  

4.2. High-precision pure-involute gear pair 

As stated, the availability of unmodified precision spur gears allows us not to push the limits of the measurement 
method. Since teeth of this new gear pair are perfectly conjugate, TE is expected to converge to zero when torque is 
reduced. Measurement are now performed relying only on the ETM and measurement and accuracy is verified by 
looking at TE trends with respect to the transmitted torque. A long wave TE amplitude standing below 10 𝜇𝑚 
highlights extremely low eccentricity and misalignment, therefore it will be directly filtered from the TE signal. 
Furthermore the extreme accuracy of tooth surfaces yields a very repeatable TE on a tooth to tooth basis, as highlighted 
by the tight 95% confidence bounds in Fig.  . Repeatable oscillations on the high plateau of each TE curve is expected 
to be due to sub-micron waviness of tooth surfaces. A slight decrease of repeatability can be observed when a new 
tooth comes into contact; this is expected to be due to impulsive non-conjugate contact, happening because tooth 
deflections cause involute distortions. Such deviations from perfect involutes is however very limited and indeed TE 
converges towards zero for a very low torque value. This demonstrate very good confidence and accuracy margins 
provided by the combination of the ETM and the low-cost encoders. 

 



  

 

Fig.  19. Averaged TE on a tooth-to-tooth basis with 95% confidence bounds for two mesh cycles and varying torque. 

A better evaluation of measurement accuracy can be performed by looking at the order content of the TE as a 
function of torque (Fig.  ). Since no microgeometry modifications are applied, mesh deflections are expected to be 
substantially linear with load [56]. Linear trends are observed for all tooth orders with repeatable measurement of 0.05 
𝜇𝑚. 

 

 

Fig.  12. Spectral amplitude for the first five meshing orders and best linear fit as a function of the applied torque (for orders 3, 4 and 5 please 
notice the different y axis scale).. 

After the consideration just outlined, the accuracy of the measurement procedure using the ETM can be considered 
validated for the precision gear pair test rig. The robustness of the procedure will be verified in the next section with 
an industrial application case. 

5. Application to an all-electric vehicle gearbox 

Order 1x57 

Order 2x57 

Order 3x57 

Order 4x57 

Order 5x57 



5.1. Gearbox and drive unit description 

The gearbox under investigation is a fixed gear ratio speed reducer used in the power unit of an all-electric vehicle. 
For confidentiality reasons internal or quantitative details of such power unit are not revealed. Such quantitative values 
are however not needed to discuss the installation and the main outcome of the measurement campaign. The speed 
reducer consists of a conventional three-shaft gearbox design two parallel helical gear pairs (Errore. L'origine 
riferimento non è stata trovata.).  

 

 
 

Fig.  21. Back to back test rig scheme. 

 

5.2. Test rig description and instrumentation 

Similar analyses as described in Section 3 have been performed for each shaft of the gearbox to select the encoder 
types and the number of angular divisions per encoder. Thanks to the advantages previously discussed, the ETM has 
been used together with low-cost digital encoders of type ERN 420. Signals are acquired and processed according to 
the measuring chain in Fig.  . 

 

 

Fig.  13. Measuring chain for signal acquisition and processing for the drive unit. 

A conventional mechanical power recirculation back to back test rig available at the OEM premises is used to 
measure the TE between each gear pair of the gearbox (Errore. L'origine riferimento non è stata trovata.), while 
the power unit is fully assembled. The decision to use a back to back test rig is mainly built on the smooth and exact 
torque loading and the advantages regarding encoder mounting. Two identical power units are used to create a torque 
loop between their input and output shafts. One power unit is referred to as the “slave” unit, since it is only needed to 
retain the load in the system. The power unit on the opposite end of the test rig is referred to as the “test” unit and is 
the one which is instrumented. The slave unit has its output shaft not only connected to the test unit but also to an 
electric motor which drives the system. The input shaft line is split and includes a mechanism to twist two shaft 
segments against each other in order to introduce load on the gears. A torque transducer is used to measure the imposed 
torque. To simplify mounting for the test unit a bellow coupling is used to connect its input shaft to the test rig, while 
the output shaft is connected via a cardan shaft. For reasons of alignment and for the reduction of torsional vibration 



  

interaction between the two power units an elastomer coupling is used to connect the slave unit.  
 

5.3. Measurement results 

Given the periodicity of tooth meshing vibrations with respect to shaft rotations, all data are analysed in angle 
domain rather than in time domain. Spectral analysis is typically performed by Order Tracking, with the exception of 
waterfall plots in case of speed run-up or run-down which usually provide a clearer identification of resonances when 
performed in frequency domain [67]. The discussion is limited for the scope of this article to the case of stationary 
conditions at a given speed. Measurements are first analysed in angle domain as directly obtained from angle 
differences. A typical result is shown in Fig.  2, where the long and short wave TE components can be clearly 
distinguished. One difference with results in Fig.   and Fig.   is that, given a non-integer gear ratio, the fundamental 
period of the long wave is given by the slowest shaft of the gear pair; for the same reason perfect periodicity is not 
achieved from cycle to cycle - theoretically the fundamental period would be the one to have the same two teeth mesh 
again. The same result is taken to order domain with FFT and, given the gearbox kinematics, shafts and gear orders 
are checked. This analysis allows tracing the excitation to each gear and each shaft in order to rate their relative 
contribution. Based on the order analysis, gear mesh orders can be isolated by filtering and analysed separately (Fig.  
2). In this case, long and short wave component have been separated respectively below and above the third harmonic 
of the highest shaft order of the gear pair. In particular, tooth to tooth variability due to manufacturing and the effects 
of modulation can be evaluated. TE metrics can also be calculated to quantify the gear meshing excitation. Peak to 
peak TE value of the short wave component, defined as the difference between maximum and minimum TE value, is 
one of the most common TE metrics. 

 

 
 

Fig.  23. Measured TE on the power unit. Upper: unprocessed TE, Lower: filtered short wave component.  

Peak to peak TE value shows to be repeatable within 0.04 𝜇𝑚 after 5 different measurement runs at given torque. 
Angle synchronous averaging can then be applied after filtering the long wave TE components. The averaging 

period can be either one rotation of the driving shaft or one rotation of the driven shaft. The main effect of averaging 
will be a reduced tooth-to-tooth variability due to manufacturing errors which will simplify considerations on TE 
optimization due to microgeometry modifications. An example of averaged TE at different torques is provided in Fig.  
. The non-linear dependence of TE on torque, mainly due to profile microgeometry, can be observed both in the TE 
amplitude and in the shape of the waveform. 

 

 

Fig.  14. Averaged TE measurements for different torque values. 

An example of the usefulness of the peak to peak as a metric to quantify TE variability is reported in Fig.  . The 

TE
 

TE
 

Angle 



non-linear dependence of TE peak to peak with respect to transmitted torque has a trend which correlates well with 
gearbox normal acceleration RMS value at key housing locations. Local minima happen to be in correspondence of 
torques where the profile modification is optimal. 

 

 

Fig.  15. Comparison between peak to peak TE value (dotted green) and gearbox housing acceleration RMS (blue) as a function of the transmitted 
torque. 

Different profile microgeometry modifications lead to different optimal torques. The proposed measurement 
methodology is therefore well suited for evaluation of different design variants and for correlation towards 
simulations. Ultimately, TE proves to be a good quantitative indicator for gearbox NVH. 

 

6. Conclusions 

Together with an overview of different gearbox NVH aspects, this article provides first a discussion and literature 
references to explain why gear Transmission Error analysis is useful to understand the causes and to tackle gear whine 
(tonal noise). Given the current limitations on gear modelling techniques at a system-level, emphasis is then posed on 
TE measurement. Two experimental test facilities were then used to draw conclusions on TE measurement: a precision 
gear pair test rig available at Siemens and an industrial test rig available at the premises of an OEM. The former was 
used to compare the traditional Direct Method (DM), through high-resolution analogue encoders, and the Elapsed 
Time Method (ETM), through low-cost digital encoders. The latter was used to measure TE on the power unit of an  
all-electric vehicle.  

From a detailed analysis on the precision gear pair test rig, the ETM proves to yield accurate and repeatable TE 
measurement with a resolution in the order of a hundredth of a micron (section 3.1.1 and 4). Besides its accuracy, the 
ETM proves to have several advantages over the traditional DM: 

- a speed range which is in the order of a hundred times or more (3.2.1); 
- encoder instrumentation which is considerably less sensitive to misalignments and more suitable for industrial 

tolerances (3.2.2); 
- reduced costs of instrumentation. 
It is worth to note that the specifications of the high-performance general-purpose acquisition system used in this 

article allow reaching such accuracy and do not limit maximum speed. Speed limitations are in fact due to the encoders. 
Experiments on the OEM test rig show robustness of the method for industrial application. Repeatability in a range 

which is similar to the precision gear pair test rig shows that industrial assembly tolerances do not degrade the quality 
of measurement. In fact, TE measurements prove valuable for quantitative performance comparison of gearbox design 
variants and in view of correlation towards system-level simulations. More in particular TE peak to peak value for the 
short wave component, selected as a metric of TE variability, proves to be a meaningful indicator for gearbox NVH: 
such metric and normal acceleration at key gearbox housing locations show a similar non-linear trend with respect to 
torque. 
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