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ABSTRACT 

Knowledge of instantaneous shaft speed is vital for non-

stationary condition monitoring of rotating machinery in real 

applications. To avoid installing expensive and inconvenient 

encoders, many researchers have developed instantaneous 

speed estimation methods by extracting the shaft speed from 

vibration signals. However, previous methods show 

limitations due to challenges in vibration signals. Therefore, 

we propose a novel instantaneous speed estimation method 

considering the characteristics of vibration harmonics to 

overcome the difficulties. Multiple harmonic components 

and their characteristics are utilized to obtain an accurate 

ridge in the time-frequency representation (TFR). The 

proposed method is validated and compared with the 

previous methods using a gear vibration simulated signal and 

civil aircraft engine dataset. The results show the accuracy 

and robustness of the proposed method. 

1. INTRODUCTION 

Vibration-based instantaneous speed estimation acquires the 

transient speed profile of the rotating machinery in non-

stationary operations without an encoder and tachometer. 

This minimizes the cost and enables condition monitoring of 

rotating machinery under variable speed conditions. 

Therefore, this research field has gained a lot of attention over 

the past decades. But the difficulties in vibration signals 

hinder the application in real industrial sites. The well-known 

difficulties in vibration-based speed estimation are low SNR, 

amplification by resonances, and the presence of multi-

components (Peeters, Leclère, Antoni, Lindahl, Donnal, 

Leeb, and Helsen, 2019). To deal with these problems, recent 

studies tried to make use of multiple harmonics to improve 

performance. Leclère, André, and Antoni (2016) considered 

multiple speed-related components in TFR. Peeters, Antoni, 

Leclère, Verstraeten, and Helsen (2022) utilized multi-

harmonics while applying phase demodulation based on 

Hilbert transform. They showed better accuracy than 

previous methods. However, they also reveal weakness when 

several difficulties exist at the same time. Especially when 

the extreme noises obscure some low-energy harmonics, the 

state-of-the-art methods show tremendous error due to those 

low SNR harmonics.  

In this study, a novel vibration-based instantaneous speed 

estimation is proposed to acquire both accuracy and 

robustness. The proposed method reflects the characteristics 

of vibration harmonics when using multiple harmonics. By 

considering the vibration characteristics, speed-related multi-

components with high SNR can be utilized more efficiently 

to estimate the instantaneous speed.  

2. PROPOSED METHOD 

Vibration signals acquired from rotating machinery have 

multi-components. Among them, some harmonic 

components may have low SNR values. Therefore, it is 
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important to suppress those low-energy harmonics by 

considering harmonics’ characteristics while employing 

multiple harmonics for speed estimation.  

The energy and entropy of harmonic components are the 

critical characteristics of multi-component signals. The 

energy of the vibration harmonic can be reflected by using all 

the energies in the harmonic frequency band as follows: 
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where  𝑆(𝑡, 𝑓)  is the time-frequency representation of the 

signal, and [𝑓𝑖 , 𝑓𝑜] is the frequency band of the 𝑖𝑡ℎ harmonic. 

The entropy of vibration harmonics can be acquired by using 

Rényi entropy as follows: 
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where α  is the order of Rényi entropy, 𝑆𝑛(𝑡, 𝑓)  is the 

normalized TFR.  

TFR-based instantaneous speed estimation utilize the ridge 

which is related to shaft speed. Therefore, the crucial part is 

to build more precise ridge. In the proposed method, multiple 

harmonics having more energy and less entropy are preferred 

to be used for speed estimation. First, by using the concept of 

the multi-order probabilistic approach (MOPA) method 

researched by Leclère et al. (2016), a probability density 

function of instantaneous speed (Ω𝑡 ) for each harmonic is 

defined: 

  | ( ,[ , ])t i i oS t f f   (3) 

where 𝛽𝑖  denotes the  𝑖𝑡ℎ  harmonic component. Then, the 

more accurate ridge is obtained by considering multiple 

harmonic components with the vibration characteristics by 

following equation: 
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where 𝑐𝑖 is the proposed coefficient reflecting characteristics 

of 𝑖𝑡ℎ harmonics as follows: 
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where 𝑛 is the complexity or the number of components of  

𝑖𝑡ℎ  harmonic in TFR calculated by Rényi entropy (Sucic, 

Saulig, and Boashash 2011). Locating 𝐸𝑖  in the numerator 

enables to reflect the importance of the harmonic energy. 

However, overlapping of adjacent harmonics or extreme 

noise in the given frequency range may overemphasize the 

energy value. Therefore, the number of components is used 

for denominator to release the overemphasizing problem. 

Thus, the proposed coefficient allows to focus on the high 

energy harmonics while multiple harmonics are used.  

3. CASE STUDY 

The gear vibration simulated signal compares the 

performance of the proposed method and previous methods. 

The simulated signal is composed of 10,000 samples, and the 

sampling frequency is 5,000Hz. To add the problems for 

speed estimation, white Gaussian noise with very low SNR is 

applied. The speed change is getting bigger in the profile. 

Furthermore, similar to the real gear vibration signal, the 

simulated signal has multiple harmonics of shaft frequency 

and gear mesh frequency (GMF), and the energy of higher 

harmonics are lower. The spectrogram of the simulated signal 

is shown in Fig. 1.  

 
Fig. 1 Spectrogram of the gear vibration simulated signal 
 

For comparison, single harmonic phase demodulation (SHD) 

and multi-order probabilistic approach (MOPA) are used. For 

MOPA and the proposed method, every three harmonics of 

shaft and gear mesh frequency are applied. Fig. 2 shows the 

estimation results of each method with the encoder profile. 

The SHD method shows the worst result among them. 

Because the SHD method uses only a single harmonic and is 

based on the Hilbert transform, it is vulnerable to the presence 

of adjacent harmonics occurring by large speed changes. The 

MOPA method shows much better results than SHD 

throughout the whole time by using multiple harmonics. 

However, MOPA shows large errors for 15s and 18.5s. 

Because the MOPA method treats all the harmonics equally, 

the higher harmonics with low energies hinder the accurate 

estimation. The estimation result obtained by the proposed 

method follows the encoder profile best.  

 
Fig. 2 Estimated instantaneous speed profiles of each method 
for the gear vibration simulated signal 
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Fig. 3 displays the mean and median absolute error for each 

method. SHD shows the worst result. MOPA acquires better 

results for both errors than SHD. The proposed method 

reduces the Mean absolute error significantly compared to the 

MOPA. However, the median absolute error is slightly lower 

for MOPA than the proposed method. This is because of the 

smoothing process in the MOPA. In the proposed method, the 

smoothing process is not employed because of the overfitting 

issue (Peng, Smith, Randall, Peng, and Mechefske, 2021). 

Thus, this case study shows the effectiveness of the proposed 

method for speed estimation. 

 

 
Fig. 3 Mean and median absolute errors of the results for each 
method on the gear vibration simulated signal 

 

For more verification, the proposed method is demonstrated 

by the popular civil aircraft engine data provided by the 

Safran contest Conference Surveillance 8, Roanne, France 

(Antoni., Griffaton, André, Avendaño-Valencia, Bonnardot, 

Cardona-Morales, Castellanos-Dominguez, Daga, Leclère, 

Vicuña, Acuña, Ompusunggu, and Sierra-Alonso, 2017). 

The objective of the data is to estimate the instantaneous 

speed of the high-pressure (HP) shaft in the aircraft engine 

as shown in Fig. 4 and Fig. 5. 

 

 
Fig. 4 Overview of the aircraft engine and the gearbox  
 

Fig. 6 shows the estimation results of MOPA and the 

proposed method. For both methods, 15 harmonics of the HP 

shaft and the radial drive shaft (RDS) are used for speed 

estimation. The MOPA method shows inaccurate results 

around 160s leading to a large mean absolute error value of 

0.0792. However, the proposed method correctly estimates 

and yields a much lower mean absolute error value of 0.0391.  

 
Fig. 5 Kinematics of the gearbox in the aircraft engine  
 

 
Fig. 6 Estimated instantaneous speed profiles of each method 
for the Surveillance 8 aircraft engine data 

4. CONCLUSION 

In this study, a novel tacholess instantaneous speed 

estimation method is developed by considering the 

characteristics of vibration harmonics. The proposed 

coefficient reflects the energy and entropy of the harmonics 

to utilize the high SNR harmonics and minimize using low 

energy harmonics. The simulated vibration signal and the 

civil aircraft engine dataset validate the proposed method. 

The comparative results demonstrate that the proposed 

method has better performance. 
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