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ABSTRACT

The detection of incipient single-tooth gear faults in gearboxes operating under various speed and load
conditions is investigated. The problem is of high importance as the timely detection of critical gear
faults may enhance safety and significantly reduce maintenance costs. The effects of the considered
faults on the observed gearbox dynamics are minor and largely masked by those effects of the various
rotating speeds and loads, thus leading to a challenging fault detection problem. The study focuses on
exploring the potential of two methods, both based on Multiple Model framework: A non-parametric
Order Spectrum (OS) based, and a parametric AutoRegressive (AR) model-based. Both involve angular
resampling of random vibration signals via computed order tracking using the tachometer signal from a
reference gearbox shaft. Their performance is assessed with the gearbox in the healthy state, as well as
under two distinct levels of incipient single-tooth pinion fault using thousands of experiments run under
21 rotating speeds and 4 different loads. The results demonstrate the methods’ effectiveness, as well as
their superiority over an alternative approach based on Wavelet Packet Decomposition.

Keywords: Gear faults, robust fault detection, vibration-based methods, statistical time series methods,
incipient faults.

1. INTRODUCTION

Gearboxes play a vital role in many industrial systems by ensuring efficient and smooth power transmis-
sion. Automated Condition Monitoring (CM) of gearboxes —particularly for detecting incipient gear
faults — can greatly enhance safety and reduce maintenance costs [[I]]. Vibration-based CM has emerged



as a leading approach because it leverages vibration signals that are easily captured during normal op-
eration and contain critical information for fault detection. However, the harsh and noisy environments
in which gearboxes typically operate, combined with varying operating conditions (such as speed and
load) and uncertainty, may diminish diagnostic performance and reliability. This underscores the need
for methods capable of achieving high diagnostic performance under varying conditions and uncertainty

[I1].

The available vibration-data-based methods may be classified into two broad families: Non-parametric
and parametric. The former addresses the problem using non-parametric modeling of the measured
signals and the underlying gearbox dynamics, while the latter utilizes parametric modeling.

Most studies in the literature rely on non-parametric methods that extract various features from the vibra-
tion signals such as peak value, RMS, kurtosis, and crest factor in the time-domain [2} 3], mean frequency
in the frequency domain [2], time-frequency representations such as the spectrogram [2], or other spe-
cialized features for gear fault detection [2]]. In many studies signals are processed using techniques like
Wavelet Packet Decomposition (WPD) [2| 14H7]] or Empirical Mode Decomposition (EMD) [2]] to extract
features from wavelet coefficients or intrinsic mode functions, sometimes followed by dimensionality
reduction techniques [4} [7]]. These features are then either directly used for fault detection, or are fed
into classifiers such as Support Vector Machines [3]] or k-Nearest Neighbors [4] for early detection of
gear cracks under different speeds and loads. More recently Convolutional and Deep Neural Networks
[8H10]] have also been employed for this purpose. Yet, a key drawback of non-parametric methods is their
reliance on extensive data records from both healthy and faulty states; a requirement very hardly met in
industrial settings. Moreover, the considered fault types and their effects on the vibration characteristics
often need to be also known.

In contrast, parametric methods address the problem by first applying filtering and denoising techniques
(such as Time Synchronous Averaging) and then identifying parametric models (such as AutoRegressive
with eXogenous input, that is ARX type models) to capture the underlying dynamics. Faults are sub-
sequently detected via model residual analysis, by examining characteristics such as variance, kurtosis,
and so on. In this direction, AR [[11} [12]], ARX [13], or Vector AR (VAR) [14, [15] models have been
employed for gear fault detection under a limited range of loads. Besides focusing only on load variation,
these studies report on run-to-failure experiments without emphasizing early fault detection.

The goal of this study is to overcome some of the aforementioned limitations via two statistical time
series type methods, one non-parametric and one parametric, both operating on angular resampled vibra-
tion signals and using a Multiple Model (MM) framework [[16] and a similarity distance metric for fault
detection. The non-parametric method relies on the Order Spectrum, while the parametric on AR mod-
eling. Both are designed to maintain detection performance under varying conditions and uncertainty
(robustness), while using a single accelerometer and a tachometer.

The performance of the two methods is systematically assessed via thousands of experiments on a single-
stage spur gearbox. Experiments include the healthy state and two levels of incipient single-tooth pinion
faults across 21 rotating speeds and 4 load levels. Results are presented via similarity distance plots
and Receiver Operating Characteristic (ROC) curves [17]. A comparative analysis with an alternative
method, within the same MM framework but based on Wavelet Packet Decomposition [6], is also per-
formed. It is finally noted that the study constitutes an extension of our earlier, preliminary, work in
which a parametric AR based method was applied to a simpler rotating machinery problem operating
under different speeds [18}[19].

2. THE EXPERIMENTAL SET-UP

This section describes the experimental set-up employed, the vibration data acquisition, as well as the
effects of different operating conditions and incipient gear faults on the vibration signals.
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