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Abstract. Under the premise that the instantaneous speed can be accurately measured or precise 
estimated, order tracking is considered to be a classical and effective technique for non-stationary 
vibration analysis of rotating machinery. The meshing frequency components of the vibration 
signal measured from complex gearbox system interfere with each other mutually. The energy 
centrobaric correction method exhibits exact instantaneous frequency estimation (IFE) ability 
under the interference, but is susceptible to strong noise. Combining with time-varying filter and 
energy centrobaric correction method, a tacholess order tracking technique for gear fault diagnosis 
under the rotating frequency multi-linear fluctuation is proposed. The time-varying filter is 
designed to filter the strong noise signal, and then IFE could be accurately calculated from the 
filtered signal by energy centrobaric correction method. The instantaneous phase of reference shaft 
based on the Vold-Kalman filter (VKF) is used for angular resampling of the original vibration 
signal. The results show that the shaft rotating speed could be accurately identified from extracted 
gear meshing components. The order spectrum obtained by the proposed method with tacholess 
is substantially the same as the order spectrum obtained by a tachometer. Simulation analysis and 
experimental results verify the advantages of proposed tacholess order tracking technology for 
monitoring and fault diagnosis of gearbox vibration under the condition of strong noise and large 
speed variation. 
Keywords: time-varying filter, energy centrobaric correction method, VKF, order tracking. 

1. Introduction 

Working under speed fluctuation, rotating machines are usually easier to reflect the inherent 
characteristics and fault characteristics of the system [1]. When the broken tooth fault of the gear 
meshes with other gear, the response exhibits impact characteristics [2]. The driving speed curve 
of the traditional mine hoist mainly adopts the trapezoidal line diagram [3], the motor speed will 
fluctuate multiple linear, and the gearbox system will undergo linear acceleration, uniform speed 
and linear deceleration. Converting the time domain non-stationary vibration into frequency 
domain signals directly will result in spectral blurring [4]. Order tracking is a method of great 
value for vibration signal analysis because of its effectiveness in identifying and separating 
speed-related vibration [5]. Tacholess order tracking technology has gotten widespread concern, 
for avoiding installation of tachometers or angle encoders by estimating instantaneous frequency 
of shaft [4, 6] or instantaneous phase of shaft [7, 8]. The angular-stationary signal acquired from 
non-stationary signal by equal angle resampling can represent fault features more intuitively [9].  

The Chebyshev type II filter is called type Inverse Chebyshev filter, the magnitude response 
has a maximally flat passband and equiripple stopband [10, 11]. The vibration signal is divided 
into consecutive non-coincident multi-segment signals, each of which can be approximated as a 
quasi-stationary signal. As part of the time-varying filter, a different Chebyshev II filter is 
provided for each segmented signal component. 

https://crossmark.crossref.org/dialog/?doi=10.21595/jve.2019.20098&domain=pdf&date_stamp=2019-08-15
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The instantaneous frequency (IF) of the filtered signal filtered by the time varying filter can 
be estimated based on vibration analysis. The energy centrobaric correction method is widely used 
in IFE, as a kind of discrete spectrum correction technology, its related theory was proposed by 
Ding Kang et al [12]. According to the torsional vibration of an engine, the rotational speed of the 
crankshaft can be determined by the energy centrobaric correction method [13]. The instantaneous 
rotational frequency of eccentric DC shaft is estimated based on the energy centrobaric correction 
method [14]. Lin Hinbin et al. [15] improved the energy centrobaric correction method to estimate 
the speed of a reciprocating engine, which worked in a steady-state or small speed fluctuation 
condition. He GuoLin et al. [9, 16] improved energy centrobaric correction method to identify 
rotational speed of planetary gear shaft in wind turbine under wide speed variation conditions.  

After rotation frequency of the shaft or the meshing frequency of gear known, the key of order 
tracking is equal angle resampling of vibration signal, according to the instantaneous phase of the 
reference shaft. Zhao Ming et al. [17] proposed a Chirplet-based estimation of instantaneous 
meshing frequency approach and then phase of shaft was obtained by gear meshing component 
extracted based on VKF. In Ref. [7], acquired by generalized demodulation and Hilbert transform, 
instantaneous phase of an adaptively filtered fault bearing signal can provide reference for equal 
angle resampling of filtered envelopes, which filtered based on Fast-kurtogram. The instantaneous 
frequency of filtered bearing signal obtained by the short-time Fourier transform (STFT), which 
filtered by the fast-spectrum kurtosis, then the angular domain signal and the order spectrum were 
obtained by a new resampling algorithm [18]. S. Schmidt et al. [19] improved the maximum value 
tracking algorithm and combined VKF to extract the instantaneous phase information of the 
vibration signal. The instantaneous phase of the shaft can be obtained by integrating the 
instantaneous frequency, which is identified by dynamic path optimization [20]. In the absence of 
a tachometer, the instantaneous frequency of sun gear can be extracted from complex vibration 
signal of planetary gearbox by local mean decomposition (LMD) and synchro squeezing transform 
(SST), with sun gear has a broken tooth [21]. However, considering that the fixed shaft gearbox 
is at low-speed stage, the gears may be the first to fail due to excessive torque. When it is difficult 
to extract the instantaneous frequency of the sun gear from the strong noise signal directly, how 
to diagnose low speed gear failures under tacholess is worth exploring. 

At present, there are few researches on fault diagnosis of low-speed gears transmission system 
for strong noise under variable speed. In order to execute tacholess order tracking on high noise 
signal, time-varying filter and energy centrobaric correction method are used for filtering and 
estimating instantaneous frequency, respectively. Angular-stationary signal is obtained by equal 
angle resampling under the phase of reference shaft known. 

The rest of this paper is organized as follows. The relevant theory is briefly reviewed in 
Section 2. The procedures of the proposed method are described in Section 3. The feasibility of 
the proposed method is validated by simulations in Section 4 and experiments in Section 5. Finally, 
conclusions are given in Section 6. 

2. Theory introduction 

2.1. IFE based on energy centrobaric correction method 

The IF of a single harmonic signal can be estimated from the first-moment of the 
time-frequency distribution (TFD) [22]. But for realistic engineering signals, which contain 
multiple frequency components, the IF of single harmonic component cannot be estimated directly 
from TFD [13]. The individual component’s first-moment of STFT equals to IF approximately 
[9, 13, 14], which can be extracted by peak search commonly. The first-moment of TFD can be 
expressed as [23]: 
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𝑓௜(𝑡) = ׬ 𝑓𝑇𝐹𝐷(𝑡, 𝑓)𝑑𝑓ାஶିஶ׬ 𝑇𝐹𝐷(𝑡, 𝑓)𝑑𝑓ାஶିஶ ≈ ׬ 𝑓|𝑆𝑇𝐹𝑇(𝑡, 𝑓)|ଶାஶିஶ 𝑑𝑓׬ |𝑆𝑇𝐹𝑇(𝑡, 𝑓)|ଶାஶିஶ 𝑑𝑓 , (1) 

where 𝑇𝐹𝐷(𝑡, 𝑓) and 𝑆𝑇𝐹𝑇(𝑡, 𝑓) relate to power TFD and STFT of signal respectively.  
By some symmetric spectral window functions, the energy centers are located in or close to 

origin of the coordinate system [9, 13, 14]. The side lobes of the Hanning symmetric window 
function decay rapidly [9], providing high correction accuracy in spectrum analysis. 

The corrected frequency 𝑓଴ and amplitude 𝐴௞ of energy centrobaric correction method could 
be defined as: 

𝑓଴ = ቆ∑ (𝑘 + 𝑖)𝐺௞ା௜௡௜ୀି௡∑ 𝐺௞ା௜௜ୀ௡௜ୀି௡ ∆𝑓ቇ଴.ହ ,   𝑛 = ∞, (2) 

𝐴௞ = ൬𝐾௧ ෍ 𝐺௞ା௜௡௜ୀି௡ ൰଴.ହ, (3) 

where 𝑘 and ∆𝑓 correspond to the line number of the maximum power amplitude and frequency 
resolution, respectively. 𝐺௞ relates to value of the 𝑘th power spectral line. 𝐾௧ is energy recovery 
coefficient of the window function used in the analysis. 

Energy centrobaric correction method can be used for instantaneous frequency estimation, 
since Eq. (2) is discrete expression of Eq. (1) essentially. 

The procedures of IFE based on the energy centrobaric correction method are described below:  
Step 1: Assuming the length of the vibration signal 𝑥 is 𝐿, the overlap rate 𝑒. Choose a kind of 

window function for correction, the points for window shifting are 𝑑𝑁 = (1 − 𝑒)𝑀. The length 
of each segment signal to be analyzed is 𝑀. The vibration signal 𝑥 is divided into “𝑁𝑢𝑚” segment 
signals, 𝑁𝑢𝑚 = 𝑖𝑛𝑡((𝐿 − 𝑀)/𝑑𝑁),  where “𝑖𝑛𝑡((𝐿 − 𝑀)/𝑑𝑁)”  denotes rounding of  (𝐿 − 𝑀)/𝑑𝑁. For the 𝑛 + 1th segment signal (𝑛 ∈ [0, 𝑁𝑢𝑚 − 1]), the relative position in 𝑥 is 𝑖𝑛𝑡[(𝑛 ∗ 𝑑𝑁 + 1): (𝑛 ∗ 𝑑𝑁 + 𝑀)]. The time corresponding to the midpoint of the segment signal 
is (𝑛 ∗ 𝑑𝑁 + 𝑀/2)/𝑓௦. 

Step 2: According to the 1th segment signal to calculate its power spectrum 𝐺ଵ(𝑓) via fast 
Fourier transform (FFT). Calculate 𝐺ଵᇱ(𝑓) based on Eq. (4). Search number of the spectral line 𝑘ଵ, 
which corresponds to maximum peak value of 𝐺ଵᇱ(𝑓). Calculate the first point of IFE according to 
Eq. (2): 

⎩⎪⎪⎨
⎪⎪⎧𝑔௜(𝑛) = 𝐺௜(𝑛 − 1) + 𝐺௜(𝑛) + 𝐺௜(𝑛 + 1),    𝑛 = 1,2, ⋯ , 𝑁2 − 2,𝑔௜(0) = 𝐺௜(0) + 𝐺௜(1),𝑔௜ ൬𝑁2 − 1൰ = 𝐺௜ ൬𝑁2 − 2൰ + 𝐺௜ ൬𝑁2 − 1൰ ,𝐺௜ᇱ(𝑚) = 𝐾௧𝑔௜(𝑚),     𝑚 = 0,1, ⋯ , 𝑁2 − 1.

 (4) 

Step 3: Set the range of spectral lines search [𝑘௠ିଵ– 𝑗, 𝑘௠ିଵ + 𝑗] (𝑚 ∈ [2, 𝑁𝑢𝑚], 𝑗 is the 
number of line extending to the left and right centered on 𝑘௠ିଵ), according to the spectral line 
number 𝑘௠ିଵ , which related to maximum peak value of 𝐺௠ିଵᇱ (𝑓) from 𝑚-1th segment data. 
Select the 𝑚 th segment signal to calculate its 𝐺௠ᇱ (𝑓) . Search the spectral line 𝑘௠ , which 
corresponds to maximum peak value of 𝐺௠ᇱ (𝑓)  in the scope of coverage. Calculate the 𝑛 th 
frequency estimation point according to Eq. (2). The range of search [𝑘௠ିଵ − 𝑗, 𝑘௠ିଵ + 𝑗] makes 
sure that there is no drastic change between IFE of 𝑚-1th and 𝑚th segment data.  

Step 4: Repeat step 3 𝑁𝑢𝑚-1 times. Data smoothing and interpolation are performed on “𝑁𝑢𝑚” 
IFE points to obtain frequency estimation discrete points for all sampling moments. 
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2.2. Order tracking based on VKF 

The main process of order tracking: signal sampling with constant angular increments, based 
on phase of reference shaft known. Apply cubic spline interpolation to convert time domain 
vibration signals into angular vibration signals [17, 20], and the order spectrum of the angular 
domain vibration is obtained by FFT. 

The premise of order tracking is the phase of the reference shaft known. Currently, there are 
two common methods to obtain the instantaneous phase of the reference shaft, integration directly 
method and method based on VKF: 

(1) Integration directly method: after gear instantaneous meshing frequency is estimated by 
energy centrobaric correction method and transmission ratio is known, the order tracking is 
performed directly based on integration. As shown in Eq. (5), the instantaneous phase information 
of the reference shaft 𝜑(𝑡) can be obtained by integration on instantaneous rotational frequency 
of the shaft 𝑓௥(𝑡): 

𝜑(𝑡) = 2𝜋 න 𝑓௥௧
଴ (𝑡)𝑑𝑡. (5) 

In the case of large speed variation, integration directly method will lead to a big phase 
cumulative error [17]. The bandwidth of VKF is proportional to the instantaneous frequency to 
the rotating speed of machine [24] and instantaneous phase of extracted time-domain harmonic is 
not distorted [17], providing conditions for phase-based equiangular resampling.  

(2) Method based on VKF: as reported in Refs. [17, 19], the pure harmonic component of gear 
meshing 𝑔(𝑡)  is extracted from the original vibration, which corresponds to IFE. The 
instantaneous phase of the reference shaft 𝜑(𝑡)is calculated based on Eq. (6). Where 𝐻൫𝑔(𝑡)൯ 
corresponds to the Hilbert transform of 𝑔(𝑡), 𝑢𝑛𝑤𝑟𝑎𝑝[•] denotes the phase unwrapping operation, 
so that the phase does not jump at pi, reflecting the true phase change. 𝑧 and 𝑛 correspond to the 
number of gear teeth and transmission ratio, respectively: 

𝜑(𝑡) = 𝑢𝑛𝑤𝑟𝑎𝑝 ቆarctan 𝐻൫𝑔(𝑡)൯𝑔(𝑡) ቇ𝑧 × 𝑛 . (6) 

3. Procedures of proposed order tracking technique 

The procedures of the proposed algorithm, which based on time-varying filter and energy 
centrobaric correction method, are implemented by the following steps as illustrated in Fig. 1. 

 
Fig. 1. Flow chart of the proposed order tracking technique 

Step 1: The time-varying filter is set according to the frequency change of the meshing 
component harmonic, which changes obviously, and the energy is outstanding in the STFT power 
spectrum of the vibration signal. Then vibration signal is filtered. 
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Step 2: Obtaining estimation of gear meshing frequency from filtered signal based on energy 
centrobaric correction method. 

Step 3: Considering the transmission system is an inertial system, smooth IFE by cubical 
smoothing algorithm with five-point approximation, apply interpolation to the smooth IFE for 
obtaining the IFE at all sampling moments. 

Step 4: According to the IFE, the harmonic of gear meshing component is extracted from the 
original signal by VKF, and the instantaneous phase of the reference shaft is obtained according 
to the transmission ratio.  

Step 5: According to the instantaneous phase, the equal-angle resampling moment is 
calculated, and the original vibration time domain signal is converted into the angular domain 
signal by interpolation, then the order spectrum is obtained by FFT. 

4. Simulation analysis 

In order to validate proposed algorithm, the simulated signal can be generated according to the 
gearbox vibration model given in Refs. [9, 17]: 

𝑥௧௘௦௧(𝑡) = ෍ 𝑋௠ × [1 + 𝐴௠(𝑡)]ᇣᇧᇧᇧᇤᇧᇧᇧᇥ஺௠௣௟௜௧௨ௗ௘ ௠௢ௗ௨௟௔௧௜௢௡
ெ

௠ୀଵ × cos[𝑚𝑍𝜃௠(𝑡) + 𝐵௠(𝑡) + 𝜑௠]ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇥ஼௔௥௥௜௘௥ + 𝜂ீ௔௨௦௦௜௔௡, (7) 

where 𝑀 is the total number of tooth-meshing harmonics, 𝜃௠(𝑡) is the instantaneous angle of gear 
shaft at time instant 𝑡, 𝑍 is the number of gear teeth, 𝑋௠ and 𝜑௠ are the amplitude and initial 
phase of the 𝑚th meshing harmonic, 𝐴௠(𝑡) and 𝐵௠(𝑡) are the amplitude and phase modulation 
functions, respectively. 𝜂ீ௔௨௦௦௜௔௡ represents the measurement noise. 

Without loss of generality, according to Eq. (7), the specific value of the simulation theoretical 
vibration signal 𝑥 can be expressed as Eq. (8). The sampling frequency is set to 2560 Hz and the 
total time is 12 s: 𝑥 = 𝑥௔ + 𝑥௕ + 𝑥௖ + 𝑥ௗ,𝑥௔ = 15 cos(𝜃௔) + 14 cos(2𝜃௔),
𝑥௕ =

⎩⎪⎪
⎨⎪
⎪⎧13 ቂ1 + 0.6cos ቀ𝜃௕ + 𝜋5ቁቃ × cos [𝑍௕𝜃௕ + 0.5cos(𝜃௕)]+16 ቂ1 + 0.4cos ቀ𝜃௕ + 𝜋4ቁቃ × cos[2𝑍௕𝜃௕ + 0.4cos(𝜃௕)]+14 ቂ1 + 0.3cos ቀ𝜃௕ + 𝜋3ቁቃ × cos[3𝑍௕𝜃௕ + 0.3cos(𝜃௕)]+12 ቂ1 + 0.2cos ቀ𝜃௕ + 𝜋2ቁቃ × cos[4𝑍௕𝜃௕ + 0.2cos(𝜃௕)] ,

𝑥௖ = ൝ 10 ቂ1 + 0.7cos ቀ𝜃௖ − 𝜋3ቁቃ × cos[𝑍௖𝜃௖ + 0.8cos(𝜃௖)]+9 [1 + 0.5cos(𝜃௖ − 𝜋)] × cos[2𝑍௖𝜃௖ + 0.7cos(𝜃௖)] ,
𝑥ௗ = ൞8 ቂ1 + 0.7cos ቀ𝜃ௗ − 𝜋7ቁቃ × cos [𝑍ௗ𝜃ௗ + 0.4cos(𝜃ௗ)]+7 ቂ1 + 0.3cos ቀ𝜃ௗ − 𝜋8ቁቃ × cos[2𝑍ௗ𝜃ௗ + 0.1cos(𝜃ௗ)],

 (8) 

where the parameter values of Eq. (8) are listed in Table 1, and 𝑓௥௔ changes according to Eq. (9). 
As the shaft of 𝑥௕ is considered as reference shaft, all first order characteristic orders are calculated 
in Table 1. To study the immunity to noise of energy centrobaric correction method, add different 
degrees Gaussian noise to 𝑥 for generating noise signals 𝑥ଵ and 𝑥ଶ: 
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𝑓௥௔(𝑡) = ൝8 + 1.625𝑡,   𝑡: 0 s − 4 s,14.5,   𝑡: 4 s − 7 s,14.5 − 1.9𝑡,   𝑡: 7 s − 12 s. (9) 

The STFT power spectra are obtained with short-time Hanning window, where the duration 𝑡 = 0.5 s, and the overlap rate is set to 0.125 s. The STFT power and amplitude spectrum of 𝑥ଵ 
with SNR of 0 dB, are presented in Fig. 2(a). The STFT power and amplitude spectrum of the 
strong noise signal 𝑥ଶ with SNR of –7 dB, are presented in Fig. 2(b). In amplitude spectrum of 
Fig. 2(b), only in the time of 4 s-7 s, characteristic frequency components 𝑓௥௔, 2𝑓௥௔ (14.5, 29 Hz),  1𝑓௠௕ − 4𝑓௠௕ (317, 634, 951, 1268 Hz), 𝑓௠௖ (92 Hz) can be discriminated obviously. But the other 
spectral lines are blurred, and the sidebands of most components are unrecognizable.  

Table 1. Parameter values of the simulated signal 
Signal component 𝑥௔ 𝑥௕ 𝑥௖ 𝑥ௗ 

Tooth number – 𝑍௕ = 100 𝑍௖ = 29 𝑍ௗ = 36 
Instantaneous rotating 

frequency 𝑓௥௔ 𝑓௥௕ = 𝑓௥௖ 𝑓௥ௗ 

Instantaneous meshing 
frequency – 𝑓௠௕ = 𝑍௕𝑓௥௕ 𝑓௠௖ = 𝑍௖𝑓௥௖ 𝑓௠ௗ = 𝑍ௗ𝑓௥ௗ 

Instantaneous angle of shaft 𝜃௔ = 2𝜋 න 𝑓௥௔(𝑡)𝑑𝑡்
଴  𝜃௕ = 𝜃௖ = 0.2188𝜃௔ 𝜃ௗ = 0.29𝜃௖ 

Rotating order / 𝑂 𝑂௥௔ = 4.5714 𝑂௥௕ = 𝑂௥௖ = 1 𝑂௥ௗ = 0.29 
Meshing order / 𝑂 – 𝑂௠௕ = 100 𝑂௠௖ = 29 𝑂௠ௗ = 10.44 

Under 𝑒 = 0.8, 𝑀 = 512, ∆𝑓 = 5 Hz and the corrected spectral line number is extended to 7 
[12], IFE of 𝑥ଵ based on energy centrobaric correction method is shown in Fig. 2(c). Although the 
amplitudes of the meshing harmonic components contained in 𝑥௕ are similar and effect of slight 
noise, the vast majority of IFE points fall on 2𝑓௠௕, as Fig. 2(c) shown. The IFE points of 𝑥ଶ are 
presented in Fig. 2(d). As can be seen by comparing (c) and (d) of Fig. 2, the energy center 
correction method will not be able to perform instantaneous frequency estimation under the 
influence of strong noise. 

 
a) STFT power and amplitude spectra of  𝑥ଵ, SNR of 0 dB 

 
b) STFT power and amplitude spectra of  𝑥ଶ, SNR of –7 dB 

 
c) IFE of 𝑥ଵ 

 
d) IFE of 𝑥ଶ 

Fig. 2. Results of IFE under different noise conditions based on energy centrobaric correction method 



TACHOLESS ORDER TRACKING METHOD FOR GEARBOX BASED ON TIME-VARYING FILTER AND ENERGY CENTROBARIC CORRECTION METHOD.  
SHUANGXI JING, ZHIPENG LUO, JUNFA LENG, ZHIYANG WANG 

1288 JOURNAL OF VIBROENGINEERING. AUGUST 2019, VOLUME 21, ISSUE 5  

The frequency of points at 0.25 s, 3.875 s, 7.125 s, and 11.75 s correspond to 370 Hz, 634 Hz, 
634 Hz, and 235 Hz, respectively, are picked approximately from the STFT power spectrum of 
Fig. 2(b) by combining the amplitude spectrum. As shown in Fig. 3(a), in the periods of  
0 s-3.875 s, 3.875 s-7.125 s, and 7.125 s-12 s, linear interpolation is carried out separately at 
interval of 0.25 s to obtain 2𝑓௠௕∗ . The instantaneous rotation frequency of the 𝑥௕, which can be 
calculated according to 𝑓௥௕∗ = 2𝑓௠௕∗ /(2𝑍௕). 

As shown in Fig. 3(a), the passband cutoff frequencies of the time-varying filter (𝑊𝑠+, 𝑊𝑠 −) 
are set to 2𝑓௠௕∗ + 𝑘𝑓௥௕∗ , 2𝑓௠௕∗ − 𝑘𝑓௥௕∗ , the stopband frequencies of filter are set to 2𝑓௠௕∗ േ 2𝑘𝑓௥௕∗ . 𝑘 
determines the width of the filter range, the appropriate 𝑘 makes the second harmonic of meshing 
component of 𝑥௕  included in the passband range, and makes other components outside of the 
range. The time varying filter is set to filter the strong noise signal 𝑥ଶ. The STFT spectrum of the 
filtered signal and the obtained IFE by energy centrobaric correction method are shown in 
Fig. 3(b). Fig. 3(c) shows the results of smoothing and interpolation on IFE. 

 
a) Passband cutoff frequency of filter 

 
b) IFE of the filtered signal 

 
c) Data smoothing and interpolation 

 
d) RE of IFE 

Fig. 3. IFE of 𝑥ଶ based on time-varying filter and energy centrobaric correction method 

The relative error (RE) and root mean square relative error (RMSRE) are applied to evaluate 
estimation precision of IFE: 

RE(t) = 𝑇𝐼𝐹(𝑡) − 𝐼𝐹𝐸(𝑡)𝑇𝐼𝐹(𝑡) × 100%, (10) 

RMSRE = ቈ∑ (𝑇𝐼𝐹௜ − 𝐼𝐹𝐸௜)ଶே௜ୀଵ∑ 𝑇𝐼𝐹௜ଶே௜ୀଵ /𝑁቉଴.ହ, (11) 

where TIF represents the theoretical instantaneous frequency and 𝑁 denotes the total length of the 
data. The relative error of IFE is shown in Fig. 3(d). The RMSRE and 𝑅𝐸௠௔௫ of IFE are less than 
0.004 % and 1.6 %, respectively. It demonstrates that the proposed method can achieve high 
precision of IFE under strong noise. 

According to the IFE in Fig. 3(c), the second harmonic of 𝑥௕ extracted from 𝑥ଶ by VKF is 
shown in Fig. 4(a). The STFT energy spectrum of this component is shown in Fig. 4(b). It can be 
seen that VKF suppresses other harmonic components effectively. According to Fig. 4(a) and 
Eq. (6), the shaft instantaneous phase of 𝑥௕ is calculated as shown in Fig. 4(c). The error between 
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the obtained phase and the theoretical phase is shown as a line of “Error of filtered signal by VKF” 
in Fig. 4(d). According to Fig. 3(c) and Eq. (5), the integration is performed directly. The error 
between the obtained reference shaft phase based on IFE integration and the theoretical phase is 
shown as the line of “Error of integration on IFE”. According to Fig. 4(d), the phase error based 
on the VKF filtered signal does not exceed 0.08 rad, and the phase error of integrating on the IFE 
directly is nearly 0.3 rad. This also verified the calculated reference shaft phase information based 
on the VKF filtered signal is more accurate than phase information obtained by integrating on IFE 
directly. 

 
a) Extracted meshing component by VKF 

 
b) STFT power spectrum of component 

 
c) Instantaneous phase of the reference shaft 

 
d) Errors of phase estimation 

Fig. 4. Obtain accurate phase information of the reference shaft based on VKF 

 
Fig. 5. The order spectra of 𝑥ଶ based on proposed method and COT 

As shown by the blue IFE-OT line in Fig. 5, the order spectrum of 𝑥ଶ is obtained with reference 
phase information of Fig. 4(c). The orders of 𝑥௔ 1𝑂௥௔, 2𝑂௥௔ (4.57, 9.14𝑂), the orders of 𝑥௕ 1𝑂௠௕, 
2𝑂௠௕ , 3𝑂௠௕  (100, 200, 300𝑂), the orders of 𝑥௖ , 𝑥ௗ  1𝑂௠௖ , 2𝑂௠௖ , 1𝑂௠ௗ , 2𝑂௠ௗ  (29, 58, 10.4, 
20.9 𝑂), and sidebands of 1𝑂௠ௗ (10.15, 10.73𝑂) can be distinguish clearly. The red line shown in 
Fig. 5 is the order spectrum of the computed order tracking (COT) based on the theoretical phase. 
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It can be seen that the order spectrum of the two kind of methods are same basically. 

5. Application to the gear fault detection 

Multi-stage gearbox test bench is used for experiment to verify the effectiveness of the 
proposed method. Test bench drive system is shown in Fig. 6(a) and the last stage meshing gear 
is set to have a broken tooth failure. As show in Fig. 6(b), inverter motor drives the gearbox  
system, which consisted by one stage of planetary gearbox and two stages of fixed shaft gearbox, 
faulty gear is 𝑍ଷ. Torque load is set to 41 N·m, which is applied by magnetic powder brakes. The 
sampling frequency is 5120 Hz, and the acquisition time is 15 s. Characteristic orders are listed in 
Table 2, where 𝑂௥, 𝑂ௌ, 𝑂௉ denote the rotating order of motor, sungear, planet carrier, respectively, 𝑂௣௠ and 𝑂௠ denote the meshing order of planetary gearbox and fixed-shaft gearbox, respectively. 
The gear fault characteristic order is 𝑂௥ଶ (1𝑂), and its corresponding meshing order is 𝑂௠ଶ(36𝑂).  

The pulse signal of the motor shaft is measured by tachometer as shown in Fig. 7(a). The 
vibration acceleration signal x3 measured on the bearing seat cover beside the failed gear is shown 
in Fig. 7(b). Fig. 7(c) presents the STFT power spectrum of 𝑥ଷ. It can be observed that the principal 
components are time-varying and fluctuant along with the rotating frequency. The actual 
frequency of the planetary meshing second harmonic can be obtained according to the 
transmission ratio and rotating frequency of shaft. As presented in Fig. 7(d), the IF of planetary 
meshing second harmonic is estimated via the energy centrobaric correction method. The IFE 
points coincide with 2𝑓௣௠ on the whole, except for the times of start and end sampling. These 
abnormal points of IFE are caused by the low vibration energy and these harmonic components 
interfering with each other mutually at low speeds. It is considered that SNR of the measured 
signal 𝑥ଷ is not smaller enough overall. 

 
a) Arrangement of test bench and faulty gear 

 
b) The structure of system and placement of sensors 

Fig. 6. Introduction of multi-stage gearbox test bench 

Table 2. Characteristic orders of gearbox 
Items Planetary gearbox Fixed gearbox 

Tooth number 𝑍ௌ = 28 𝑍௉ = 36 𝑍ோ = 100 𝑍ଵ = 29 𝑍ଶ = 100 𝑍ଷ = 36 𝑍ସ = 90 
Shaft rotating order / 𝑂 𝑂௥ = 𝑂ௌ = 15.7 𝑂௉ = 3.45 𝑂௥ଵ = 3.45 𝑂௥ଶ = 1 𝑂௥ଷ = 0.4 

Meshing order / 𝑂 𝑂௣௠ = 344.8 𝑂௠ଵ = 100 𝑂௠ଶ = 36 

As shown in Fig. 8(a), in order to verify the effectiveness of the proposed method under strong 
noise, noise signal 𝑥ସ is obtained by adding Gaussian white noise SNR of 1 dB into the original 
vibration signal 𝑥ଷ. The STFT energy spectrum and the partial amplification amplitude spectrum 
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of 𝑥ସ are shown in Fig. 8(b). From the amplitude spectrum, it can be seen that the frequency lines 
are blurred. As shown in Fig. 8(c), The points of IFE partial overlap with the IF of planetary gear 
meshing harmonic components 1𝑓௣௠ , 2𝑓௣௠ , 3𝑓௣௠  and the IF of the first stage of the reducer 
meshing 1𝑓௠ଵ. So, IFE of single meshing harmonic component cannot be obtained from 𝑥ସ by 
energy centrobaric correction method directly. 

 
a) Tacho pulse of inverter motor shaft 

 
b) Vibration acceleration signal 𝑥ଷ 

 
c) The STFT power of 𝑥ଷ 

 
d) IFE of 𝑥ଷ 

Fig. 7. Measured signal and IFE based on energy centrobaric correction method 

 
a) Noise signal 𝑥ସ 

 
b) The STFT power and amplitude spectrums of 𝑥ସ 

 
c) IFE of 𝑥ସ 

Fig. 8. IFE of high noise signal based on energy centrobaric correction method 

Pick up two points of each period in the STFT power spectrum by combining the amplitude 
spectrum in Fig. 8(b). The corresponding frequency at times of 0.75 s, 6.05 s, 8.15 s, and 13.65 s 
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are 612 Hz, 1744 Hz, 1744 Hz, and 516 Hz, respectively. The passband cutoff frequencies of the 
time-varying filter are shown in Fig. 9(a). The STFT power spectrum of the filtered signal is shown 
in Fig. 9(b), IFE of the filtered signal is acquired by energy centrobaric correction method. The 
result of smoothing and interpolation on the IFE is shown in Fig. 9(c). The relative error of IFE 
and the actual planetary gear meshing second harmonic frequency is shown in Fig. 9(d). The 𝑅𝐸௠௔௫ and RMSRE of IFE are less than 2 % and 0.003 %, respectively. 

According to the IFE in Fig. 9(c), the planetary gear meshing second harmonic is obtained by 
the VKF. The STFT power spectrum of this harmonic is shown in Fig. 10(a). The instantaneous 
phase of the reference shaft, is shown in Fig. 10(b). 

 
a) Passband cutoff frequency of filter 

 
b) IFE of filtered signal 

 
c) Data smoothing and interpolation 

 
d) RE of IFE 

Fig. 9. IFE of high noise signal based on time-varying filter and energy centrobaric correction method 

 
a) STFT power spectrum of component 

 
b) Instantaneous phase of reference shaft 

Fig. 10. Instantaneous phase of reference shaft based on VKF 

As Fig. 11 IFE-OT shown, Order spectrum of 𝑥ସ is given in, based on Fig. 10(b). It can be 
distinguish clearly from IFE-OT based on proposed method: the orders of motor rotating 1𝑂௥, 2𝑂௥, 
3𝑂௥  (15.7, 31.5, 47.1 𝑂 ), planetary meshing characteristics 1𝑂௣௠  (344.8𝑂),  meshing 
characteristics of 𝑍ଵ /𝑍ଶ , 1𝑂௠ଵ , 2𝑂௠ଵ , 3𝑂௠ଵ  (100, 200, 300 𝑂 ). The 𝑍ଷ /𝑍ସ  meshing orders  
1𝑂௠ଶ-5𝑂௠ଶ (36, 72, 108, 144, 180𝑂) of IFE-OT are anastomosis to the order features of COT. 
But, as the faulty gear 𝑍ଷ is located in the low-speed stage of the system, the vibration energy of 
the faulty gear generated is weaker than the vibration energy of high-speed normal gear generated. 
Therefore, relying solely on the order spectrum, it is hard to directly determine whether 𝑍ଷ gear is 
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faulty. 
In order to further verify the effectiveness of the proposed methods, the proposed tacholess 

order tracking method is further combined with the Fast-kurtogram technique [25] to detect the 
fault of gearbox. The parameters of appropriate filter are selected and the vibration 𝑥ସ in the 
angular domain is filtered. Fig. 12(a) is kurtosis diagram of 𝑥ସ. The central order and the optimal 
level of the optimal analysis can be determined as 234𝑂 and 5level. The square envelope spectrum 
is shown in Fig. 12(b). It can be seen that the characteristic order of the reference shaft (1𝑂) and 
its harmonics (2-20𝑂) are quite abundant. The frequency change of the modulation component 
with the largest energy is the same as the change of the frequency of the reference shaft, thereby 
verifying that the fault gear is on the reference shaft. Comparing the normal gear order (100𝑂) 
with the fault gear order (36𝑂) in Fig. 11, the orders corresponding to meshing of gear 𝑍ଷ (36𝑂) 
and its sidebands (34, 35, 37𝑂) in the partial enlarged view are obvious. No significant sidebands 
appeared on either side of the 𝑍ଶ meshing order (100𝑂). These characteristics indicate that 𝑍ଷ gear 
is a faulty gear. 

 
Fig. 11. The order spectra of x4 based on proposed method and COT 

 
a) Fast kurtosis spectrum of 𝑥ସ 

 
b) Filtered envelope spectrum 

Fig. 12. Diagnosis the location of the fault gear 

6. Conclusions 

Aiming at the shortcomings of energy centrobaric correction method, we proposed a tacholess 
order tracking method based on time-varying filter and energy centrobaric correction method. The 
time varying filter limits the frequency estimation to a specific range that varies over time. The 
energy centrobaric correction method is adopted to estimate frequency in this range, thereby 
overcoming the drawback of sensitive to strong noise. Simulations and experiments verify the 
accuracy of IFE based on proposed method. The obtained order spectrum by the method is in 
agreement with the order spectrum by COT to a considerable extent. In addition, it is demonstrated 
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that the proposed method can be further combined with other signal processing technique, such as 
Fast-kurtogram, etc., to extract the feature of fault of mechanical systems under multi-linear 
fluctuation without tachometer. The proposed tacholess order tracking technology may be of great 
application value, especially in the vibration condition monitoring and fault diagnosis of the 
traditional mine hoisting gearbox. 
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