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Abstract: Rotational speed measuring is important in order tracking under non-stational working
conditions. However, sometimes, encoders or coded discs are not easy to mount due to the limited
measurement environment. In this paper, a new in situ gravity acceleration decomposition method
(GAD) is proposed for rotational speed estimation, and it is applied in the order tracking scene for
fault diagnosis of a gearbox under non-stationary working conditions. In the proposed method, a
MEMS accelerometer is locally embedded on the rotating shaft or disc in the tangential direction. The
time-varying gravity acceleration component is sensed by the in situ accelerometer during the rotation
of the shaft or disc. The GAD method is established to exploit the gravity acceleration component
based on the linear-phase finite impulse response (FIR) filter and complete ensemble empirical mode
decomposition with adaptive noise (CEEMDAN) methods. Then, the phase signal of time-varying
gravity acceleration is derived for rotational speed estimations. A motor-shaft—disc experimental
setup is established to verify the correctness and effectiveness of the proposed method in comparison
to a mounted encoder. The results show that both the estimated average and instantaneous rotational
speed agree well with the mounted encoder. Furthermore, both the proposed GAD method and the
traditional vibration-based tacholess speed estimation methods are applied in the context of order
tracking for fault diagnosis of a gearbox. The results demonstrate the superiority of the proposed
method in the detection of tooth spalling faults under non-stationary working conditions.

Keywords: order tracking; fault diagnosis; CEEMDAN; Hilbert transformation

1. Introduction

An accurate measurement of rotational speed is important in condition monitoring,
fault diagnosis and torsional vibration analysis for rotating machinery, e.g., gearbox and
rotor-bearing systems [1-3]. Many common fault diagnosis methods, such as time syn-
chronous average (TSA) and order analysis (OA), all have high requirements for accurate
rotational speed. Therefore, it is of great significance to measure the rotational speed stably
and accurately [4,5].

At present, encoder, toothed or notched encoder discs are the most wildly used
methods for rotational speed measurements. The underlying mechanism of the encoder-
based approach is that as the shaft rotates, a tooth or notch in the encoder disc will generate
a series of pulse signals, and the rotational speed can then be obtained by counting the
number of pulses [6]. The measured instantaneous rotational speed through the encoder-
based method has been successfully applied in fault diagnosis and condition monitoring of
rotating machinery. For instance, Zhao et al. proposed a kurtosis-guided local polynomial
differentiator to estimate the instantaneous angular speed (IAS) of rotating machines based
on the encoder signal; the results demonstrated that the proposed method could not only
detect fault signatures but also identify defective components of a planetary gearbox [7].
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However, sometimes the kurtosis is sensitive to the impulsive noise component, which
is not beneficial for the estimation. Shao et al. introduced a new concept of root mean
square (RMS) value calculations using angle domain signals within small angular ranges;
a new diagnosis algorithm based on the time pulses of an encoder was developed to
overcome the difficulty of fault diagnosis for helical gears at low rotational speeds [8]. But
the angular ranges are difficult to determine, it has a direct influence on the diagnosis
accuracy. Chin et al. presented a novel approach to conducting the rephasing of encoder
signals for absolute dynamic transmission error (DTE) measurements of a gearbox; not only
deviations from an involute profile but also the average wear depths of all teeth were well
estimated [9]. However, the DTE measurement usually needs a higher sampling rate of
the encoder, especially in high rotational speed situations. Zhang et al. proposed a bearing
fault diagnosis method based on angular domain resampling; the non-stationary vibration
signals in the time domain are transformed into the angular domain [10]. Although
encoders have many success cases in rotational speed measurements, DTE estimation and
IAS estimation may not be suitable in some cases, e.g., high rotational speed situations,
limited space, and in an oil-contaminated environment [11].

Therefore, many scholars have tried to estimate the rotational frequency from the
vibration signal [12], current [13], vision [14], etc. Among these rotational frequency estima-
tion methods, the vibration-based method is the most popular one because of its convenient
installation and rich information [15]. The basic principle of the vibration-based estimation
method is that when a machine rotates in varying speed conditions, the rotating frequency
and characteristic frequency also vary synchronously. Hence, the rotating information
can be obtained by extracting the instantaneous frequency or instantaneous phase [16].
For instance, Li et al. introduced a rolling element bearing defect detection method using
the generalized synchrosqueezing transform guided by TF ridge enhancement to settle
the problem of the time-varying shaft speed [17]. However, the TF ridge fusion strategy
sometimes may degrade, especially when there is a big difference between TF ridge 1 and
2. Urbanek et al. investigated a two-step procedure for the estimation of the IAS with large
fluctuations which combines the advantages of phase demodulation and TFR and over-
comes the obstacles of the harmonic overlapping phenomenon [18]. However, this method
imposes stringent requirements on the accuracy of the two resampling procedures involved.
Wang et al. proposed a rotating speed isolation method to extract the instantaneous rotating
frequency based on the short time—frequency transformation (STFT) spectrogram; the fault
characteristic was detected in the angular domain for fault diagnosis [19]. Once the fault
is weak, the speed estimation accuracy may be affected. Rodopoulos et al. presented a
parametric method for the estimation of the instantaneous speed of rotating machines; the
proposed approach exhibited good estimating behavior with computational simplicity [20].
However, the speed estimation may degrade when the harmonic components in the vibra-
tion signal are weak; further, some parameters should be determined before the estimation.
Barrios et al. studied an algorithm to automatically estimate the rotational speed from
the vibration generated by a gear pair; Singular Spectrum Decomposition was used for
decomposing the vibration signal into the mono-component signals, and a non-quadratic
phase coupling analysis was applied in order to detect the amplitude modulations [21].
Above all, many rotational frequency estimation methods have been proposed and applied
for fault diagnosis of rotational machinery, but they still face the problem of large amount
of computation and difficulty in improving the accuracy. Furthermore, the estimation
accuracy is deeply dependent on the extraction of the harmonic components, the starting
point selection of the IF, the resolution of the TFR, the noise components, etc.

In this paper, a new in situ time-varying gravity acceleration decomposition method
(GAD) is proposed for rotational speed estimation, and it is applied in the order tracking
scene for fault diagnosis of a gearbox under non-stationary working conditions. The core
idea of the proposed method is to acquire the time-varying gravity acceleration component
by using an in situ MEMS accelerometer during the rotation of the shaft or disc. The
corresponding decoupling method GAD and instantaneous rotational phase calculation



Appl. Sci. 2024, 14, 4742

30f23

method are presented based on the linear-phase FIR filter design [22], CEEMDAN [23],
Hilbert transformation [24], etc. The correctness and effectiveness of the proposed method
are verified by a motor—shaft—disc experimental setup with a local in situ accelerometer.
The results show that both the average and instantaneous rotational speed can be well
estimated. Furthermore, the GAD method is applied in order tracking for fault diagnosis
of a gearbox, and four kinds of vibration-based estimation methods are compared. The
superiority of the proposed method in the detection of tooth spalling faults under non-
stationary working conditions is verified. Overall, the main contributions of the proposed
method can be outlined as follows:

(1) A new gravity acceleration decomposition method is proposed for rotational
speed estimation.

(2) The time-varying gravity acceleration component is sensed by a tangentially mounted
in situ MEMS accelerometer.

(3) The proposed method yields better results in terms of order tracking than traditional
vibration-based tacholess methods for fault diagnosis of a gearbox.

The rest of this paper is organized as follows. The underlying estimation principle of
the instantaneous rotational speed based on the decoupled gravity acceleration component
of the local in situ accelerometer is introduced in Section 2. The rotational speed estimation
method based on CEEMDAN and Hilbert transformation is presented in Section 3. Then,
the rotational speed estimation principle is verified in Section 4 based on a kinematic
simulation of a rotor with the local in situ accelerometer. Then, six tests are conducted on
an established motor—shaft-disc experimental setup in Section 5. Finally, the conclusions
are drawn in Section 6.

2. Principle of Rotational Speed Estimation Based on In Situ MEMS Accelerometer

The estimation principle of the rotational speed based on gravity signals that are
decoupled from an in situ accelerometer is shown in Figure 1. The core idea of the pro-
posed method is to sense the variation in the gravity acceleration component of an in situ
accelerometer as the disk rotates. Assuming that the in situ accelerometer is a bidirectional
sensor, the sensitive directions are tangential and radial. Thus, the signal composition
function in the two sensitive directions can be written as

St(t) = gecosb(t) + fi [6(¢), | + f2[ (1), 6(1)] + f[(1),0(1)] M

Sy(t) = —gosind(t) + w2(t)er + fu[£(),6(t)] + fs (1), 6(1)] e

where g refers to the gravity acceleration. 6 denotes the rotation angle. 0/%/ y stand for the
vibration acceleration in the torsional, horizontal and vertical directions, respectively. f1[],

f2l[l and f3[] are the projection functions of 0/%/ y in the tangential direction of the in situ
accelerometer. r is the radius of the in situ accelerometer. w means the rotating speed of the
disc or shaft. f4[] and f5[] are the projection functions of x/y in the radial direction of the in
situ accelerometer.
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v

Figure 1. A schematic plot of the estimation principle based on an in situ MEMS accelerometer.
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Based on the observation of Equations (2) and (3), it can be found that the change
process of gravity acceleration is included in both the tangential and radial directions. If
gravity acceleration decoupling is achieved, the one-to-one correspondence relationship
between 6 and t can be obtained, and then, the rotational speed can be estimated based on
the phase calculation of the acquired gravity acceleration component. However, it seems
that the centrifugal acceleration component in the radial direction will be greatly affected
by the instantaneous speed change and has a square relationship. It is expected that the
accurate extraction of gravity acceleration will be disturbed in the case of variable speed in
the radial direction of the in situ accelerometer. Therefore, this paper mainly focuses on an
accurate extraction method for the tangential gravity acceleration component.

The key problem to be solved by this paper is to decouple the gravity acceleration
component as accurately as possible, because the phase angle of the gravity acceleration
component directly determines the estimation accuracy of the rotational speed.

3. Order Tracking Based on the Proposed GAD Method

Figure 2 depicts the flowchart of the rotational speed estimation method based on GAD;
there are mainly three steps in rotational speed estimation: data acquisition, decoupling of
gravity acceleration and rotational speed evaluation. In step 1, a local in situ accelerometer
is mounted on the rotating disc, and then, the signal is transferred from a wireless data
transmission system; after that, the acquired signals are stored in the data acquisition
system. In step 2, the GAD method is applied to derive the rotational phase for speed
estimation. A low-pass filter is firstly adopted to suppress the high-frequency component of
the torsional, horizontal and vertical vibration, and then, phase compensation is presented;
after that, the mode decomposition method is used to improve the accuracy of the gravity
acceleration component. In step 3, the rotational phase and speed are estimated based on
Hilbert transformation and the phased unwrapping method. Furthermore, the estimated
rotational speed is applied in the order tracking scene for fault diagnosis of a gearbox under
non-stationary working conditions.

Pearson correlation Hilbert
analysis transformation

CEEMDAN

Gravity components
extraction

Gravity-dominated Analytic gravity signal

Decomposed Modes modes reconstruction & angular phase

Step 2

Gravity

Gear pair vibration l Gear pair vibration
components in angle domain

Figure 2. A flowchart of the rotational speed estimation method and its application in order tracking.

3.1. The Main Procedure of the GAD Method

As illustrated in Figure 2, the first step of the method is to mount the local in situ
accelerometer. In this paper, the accelerometer is mounted tangentially to avoid the in-
fluence of centrifugal acceleration, i.e., in the circumferential direction or opposite to the
rotation. Then, a linear-phase FIR filter and CEEMDAN are employed for time-varying
gravity acceleration detection.
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3.1.1. Linear-Phase Filter for Gravity Acceleration Component Detection

In order to detect the time-varying gravity acceleration component and ensure that
the waveform does not change, a linear-phase FIR low-pass filter is designed based on the
window function [25]. Firstly, the desired amplitude—frequency characteristics are given as

. —jwu <

joy ) € (Jw| < we)
Ha(e'™) { 0 (we < |w] < m) ®)
where a denotes the time delay. Then, the desired unit pulse responses with a linear-phase
can be obtained as

sinfw.(n — w)]
m(n— a)

ha(n) L /7r H (ej“’)ef“’”dw = i/7r IRl dy = 4)
d d 27T, —7T

:ﬂ_n

a;% (5)

Then, the window function is adopted to cut off h; to obtain a finite length sequence:

h(n) = hy(n)wy(n) (n=0,1,...,N—1) (6)
2A
V= 7

where wy denotes the window function, N refers to the filter length, A means the constant
related to the window function and Aw represents the transition band width between the
passband and stopband.

The band containing the gravity acceleration component can be calculated based on
the derived filter, as follows:

Sg(t) = h=Sig(t) 8)

where Sig(t) represents the acquired vibration signal of the local in situ accelerometer. And
it is known that there is a linear-phase delay after FIR filtering, so a phase compensation
step is applied, in which the phase delay in the design filter is #, and the compensated
signal is marked as Sg.

3.1.2. Noise Suppression for Gravity Acceleration Component Based on CEEMDAN

Based on the proposed estimation principle illustrated in Section 2, it is known that
the rotating phase of the gravity acceleration component has a significant influence on the
instantaneous rotational speed accuracy. And the rotating phase is calculated from the
acquired vibration signal. Therefore, it is important to improve the signal-to-noise ratio
(SNR) of the decoupled gravity acceleration component, and the expected ultimate goal is
to make the signal only contain a single component of gravity.

To achieve this goal, the CEEMDAN method is adopted for SNR improvement, which
is an improved version based on EEMD proposed by Torres et al. in 2011 [23,26]. The
CEEMDAN method is essentially a variation of the EEMD algorithm that provides an
exact reconstruction of the original signal and better spectral separation of the modes,
with a lower computational cost. However, there are also some disadvantages of the
CEEMDAN method, i.e., a large computation cost, poor decomposition performance with
large noises, etc. Hence, the CEEMDAN method is only used as an example to decompose
the signal. Empirical wavelet transformation (EWT) [27] and the ICEEMDAN method [28]
will also be used and compared in the decomposition of the vibration signal. Details of the
procedure of noise suppression of the gravity acceleration component based on CEEMDAN
are as follows:

Step 1: First IMF detection from the gravity acceleration component Sgc[n].
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re = corr(m?k, Sgc> =

Decompose the I realizations Sgc [n] + eow' [n],i=1,2, ..., to obtain their first modes
and compute their average:

IMFy[n] = 1 X1, IMF{[1] = TMFy 1] ©)

I

where w' refers to white noise with N(0, 1).
Step 2: First residue r1[n1] calculation.

Calculate the first residue as follows:
r1[n] = Sg[n] — IMF4 [n]. (10)
Step 3: Second IMF detection from residue r1[#].
Decompose the realizations r1[n] 4 €1 E; (w'[n]) until you obtain their first EMD mode
and define the second mode as follows:

IMEs[n] = 130 Ex (raln] + 1 Ex (/) ) (1)

where Ej(e) is defined as an operator that produces the jth mode of a signal obtained by the
EMD algorithm.

Step 4: kth residue r¢[n] calculation.
Calculate the kth residue, k =2, ..., K, as follows:

reln] = r_q[n] — IMFi[n]. (12)

Step 5: (k + 1)th IMF detection.

Decompose the realizations r¢[n] + exEx (w'[n]) until you obtain their first EMD mode
and define the (k + 1)th mode as follows:

IMF 4 1)[n] = %Zle Ex (rln] + exEx (w'[n]) ). (13)

Step 6: Repetition of step 4 and 5.

Go to step 4 for the next k until the obtained residue is no longer feasible to be decomposed.
Therefore, the gravity acceleration component Se[1] can be expressed as follows:

Secln] = Y_i_, IMFy + R[n] (14)

where R[n] represents the last residue. Then, the Pearson correlation coefficients [29]
between each IMF and Sg are calculated. It is expected that the IMF with the highest
coefficient contains the most information about the gravity acceleration component due to
low-pass filtering in Section 3.1.1. The calculation equation can be obtained as follows:

YN, [I/]\Z?k(n) — mean (I/I\\/H—"kﬂ [Sgc(n) — mean (Sgc) ]

(15)

YN, [I/]\ﬁk(rz) — mean (I/]\ka)r\/zyzl [Sgc(n) — mean(Sgc)]z

Finally, the IMFs containing the gravity acceleration component will be selected for rota-
tional speed estimation based on the Pearson relationship coefficient, which is obtained
as follows: - o o

Sgc_d(t) = w1eIMFq + wyeIMF> + ...+ wgel MFg (16)

1, Th
Wy = T > v (17)
0, 7. <Thr
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where Thr is the selected threshold, which is set as the mean value of the relationship
coefficients in this paper.

3.2. Rotational Speed Estimation and Order Tracking

In this section, the rotating phase of the gravity acceleration component is first calcu-
lated from its analytic signal based on Hilbert transformation. The analytic signal of the
gravity acceleration component can be obtained as follows:

ggc_d(i}) = Sgc_d(t) +j§gc_d<t) = A(t).ejtp(t) (18)

1 /+°° S¢c a(T)

égc_d(t) = H{Sgc_d(t)} = Sgc_d(t) ® E = e PR dt (19)

where § ¢c_d(t) represents the signal after Hilbert transformation, and H{} means the Hilbert

operator. Sy, 4(t) denotes the obtained analytic signal. A(t) and ¢(f) refer to the instanta-
neous amplitude and phase, which can be determined as follows [30]:

At) = /8 gea(h) + 82, (1) (20)

§gc_d(t)
Sgc_d(t)

Based on Equations (22) and (23), the amplitude and phase of the gravity acceleration
component are obtained. It can be seen from the estimation principle of rotational speed
based on the decoupling of gravity variation that there is a one-to-one correspondence
relationship between 6 and t. Hence, the rotational angle and speed can be estimated
further from ¢(t). Since the instantaneous phase angle of ¢(f) is in the interval [—, 7t], the
real-time rotation angle ¢’ () of the rotating disk or shaft relative to the initial moment can
be obtained by using the unwrap method; thus, the obtained rotation angle is calculated, as
illustrated in Figure 3.

A

¢(t) = arctan (21)

|

] I S S S S S S
0 N 2 3l A S 6lf Tif 8IE 9 10[f -
Time (s)

Figure 3. A schematic plot of the unwrapped phase angle of the gravity acceleration component.

Suppose the obtained phase angle is noted as 6 = [01, 07, .. ., On]%, the instantaneous
rotational speed can be calculated as follows:

a)(t) = ii = [Aelofs AonfS A93.fs . AQN_10fS]T (22)

AO =[N0 AO, ABs ... AB, 1]T = [0, — 0105 —0,0,—05 ... Oy —On_1]T  (23)
1
s

Therefore, the rotational speed can be obtained based on the above methodology. It
can be inferred that the resolution of the instantaneous angle in the proposed method is

At (24)
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equal to the sampling frequency minus 1, which is much lower compared to the traditional
encoder method.

4. Validation of the Rotational Speed Estimation Principle Using GAD
4.1. Experimental Setup

In order to verify the correctness and effectiveness of the proposed rotational speed
estimation methodology, a motor-shaft—disc experimental setup is established. The setup
mainly consists of a converter, a motor, a shaft, a disc, an encoder, etc., as illustrated in
Figure 4. One in situ accelerometer is mounted on one end of the disc with the sensitive
direction in the tangential direction. The mounting radius of the in situ accelerometer
is approximately 20 mm. The selected accelerometer type is ADXL 1001 from Analog
Devices in the Norwood, MA, USA, the measuring range is 100 g and the sensitive value
is 20 mv/g. In the experiment, an E6HZ-CWZ6C incremental encoder of OMRON from
Kyoto, Japan is used to record the rotation angle in this paper, which is mounted on the
end of the extension shaft. The encoder line is 360 P/R. The rotational speed is controlled
by adjusting the converter.

In-situ MEMS
/"acc elerometer

Wireless in-
situ MEMS

Converter

(@) (®)
Figure 4. The established experimental setup: (a) sketch diagram; (b) photograph.

Two tests are conducted based on the experimental setup: Test 01 involves the startup
procedure, where the initial motor speed gradually increases from 0 r/min to 700 r/min
within a time span ranging from 1.5 s to 9.9 s. Conversely, Test 02 focuses on the run-down
procedure, during which the initial motor speed decreases from 620 r/min to 0 r/min
within a time frame varying from 1.5 s to 8.5 s. The sampling frequency for the encoder is
set as 204.8 kHz to guarantee the high-resolution accuracy of the encoder. And the sampling
frequency for the in situ accelerometer is set as 4096 Hz. The sampling time length for both
of the two measurement quantities is set as 10 s.

4.2. Speed Estimation Result Comparisons
(i) Test 01: startup working condition

The acquired acceleration signals from the tangential in situ accelerometer are illus-
trated in Figure 5. As can be seen from the original plot and the zoomed-in one, there
exists a big sinusoidal periodic signal in the tangential accelerometer. The frequency of
the sinusoidal periodic component grows over time, with a period similar to the rotational
frequency of the disc. According to the signal composition analyzation in Equation (2), the
sinusoidal periodic signal is caused by the time-varying gravity acceleration component.
Hence, the rotational speed can be estimated by decoupling the gravity acceleration com-
ponent from the acquired acceleration signal. However, it is obvious there are lots of noise
components and interferences that need to be suppressed, as shown in Figure 5.
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Figure 5. The (a) acquired local embedded acceleration signals under the Test 01 working condition

and (b) the zoomed-in plot.

According to Equation (6) and the rated speed of the experimental setup, the cutoff
frequency of the linear-phase low-pass filter is set as 100 Hz. The filtered local embedded
acceleration signals are then obtained, as shown in Figure 6. Compared to the raw signals in
Figure 5, lots of high-frequency components are suppressed based on the linear-phase low-
pass filter, so the period of the gravity acceleration component becomes clearer. However,
there are still lots of oscillations in both the low-speed range and high-speed range of the
startup working condition, which is not conducive to the accurate estimation of the speed.

‘ ® 10
e xzaen | [xrarss Oscillations —
) vioosn | |vioier o 0 xaas
\ r F 1 ‘ 'w < 5 5 scitlations
il H g
‘ ‘ 20 0
=]
1 H £ 5 5
N J ( )
” 10 1014 i
X235 o040
¥ 0o ¥ 04013
‘ 15 ‘ ‘ ‘ ‘ 15 ‘ ‘ ‘
4 6 8 10 2 21 22 23 24 25 8 81 82 83 84 85
Time [s] Time [s] Time [s]

Figure 6. The (a) filtered local embedded acceleration signals and (b) the zoomed-in plot.

Then, the CEEMDAN method, ICEEMDAN method and EWT method are applied
to the filtered local embedded acceleration signals to decouple the gravity acceleration
components. The decomposed IMFs of the filtered acceleration signals based on the three
methods are shown in Figure 7; there are 18, 15 and 15 decomposed IMFs in the three
methods, the desired IMFs are highlighted by the red dashed frame in Figure 7. In the
CEEMDAN method, it is found that the noise components are mainly decomposed into the
first 8 IMFs, while the time-varying gravity components are decomposed into IMF 9 to 11,
as shown in Figure 7a,b. But it seems there are still some high-frequency noises in IMF 9.
In the ICEEMDAN method, the noise components are mainly located at the first 5 IMFs,
while the time-varying gravity components are decomposed into IMF 6 to 10, and it seems
the high-frequency noise suppression performance in IMF 6 to 10 is better, as shown in
Figure 7c,d. In the EWT method, clearly decomposition of the vibration signal in the time
and frequency dimension can be observed; the noise components are mainly located at the
first 7 IMFs, while the time-varying gravity components are decomposed into IMF 8 to 14.
The noise suppression performance based on the EWT method seems to be the best among
the three methods, as depicted in Figure 7e,f.
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Figure 7. The decomposed IMFs of the filtered local embedded acceleration signals: (a) IMFs 1~9 and
(b) IMFs 10-18 based on CEEMDAN; (c) IMFs 1~8 and (d) IMFs 9-15 based on ICEEMDAN; (e) IMFs
1~8 and (f) IMFs 9-15 based on EWT.

The Pearson correlation coefficients between each IMF and the filtered local embedded
acceleration signals are calculated for the three methods, as illustrated by the blue solid
line in Figure 8. In this paper, the average value of all IMF correlation coefficients is used
as the threshold to select sensitive IMFs, as shown by the red dotted line in Figure 8. It is
found that the IMFs containing more time-varying gravity acceleration components are
well selected based on the three methods.
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Decomposed modes

Decomposed modes

Decomposed modes

Figure 8. The calculated correlation coefficients of the IMFs and local embedded acceleration signals
under Test 01: (a) CEEMDAN; (b) ICEEMDAN; (c) EWT.

The reconstructed gravity acceleration components under the Test 01 working condi-
tion based on the three methods are then obtained and compared, as shown in Figure 9.
Most of the oscillations are suppressed in all of the three methods, especially in the high-
speed range. And the magnitude of the reconstructed sinusoidal periodic component ap-
proximately equals the gravity in all of the three methods. During the initial startup phase,
the presence of oscillations and noticeable differences among the CEEMDAN, ICEEMDAN
and EWT methods are observed. Notably, the EWT method exhibits superior noise suppres-
sion performance. However, it is also observed that there are some reconstruction errors
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before the actual startup, which may be attributed to noise or interference. In conclusion,
the utilization of the CEEMDAN, ICEEMDAN and EWT methods for decomposition and
reconstruction reveals minimal differences among the three approaches. As a result, these
minor variations are likely to have a negligible impact on the estimation errors of the
rotational speed. This suggests that the choice of decomposition technique, within the
range of these three methods, may not significantly affect the overall accuracy of rotational
speed estimation. Therefore, the reconstruction results based on the CEEMDAN method
are still used as the example.
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Figure 9. The (a) reconstructed time-varying gravity component under Test 01 based on the three
methods and (b) the zoomed-in plot.

The acquired encoder signals under the Test 01 working condition are shown in
Figure 10. There are two kinds of square waves of the encoder: encoder-phase Z and
encoder-phase A, corresponding to 1 trigger per revolution and 360 triggers per revolution.
Thus, the average speed per revolution and instantaneous speed of the disc can be calculated
from encoder-phase Z and encoder-phase A, respectively. It is found that the frequency of
the square wave trigger grows over time for both encoder-phase Z and encoder-phase A,
corresponding to the startup process of Test 01.
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Figure 10. The acquired encoder signal under the Test 01 working condition: (a) encoder signal;
(b) zoomed-in plot.

Based on Hilbert transformation and the phase angle calculation method in Section 3.2,
the average rotational speed per revolution and instantaneous rotational speed are esti-
mated from the reconstructed gravity acceleration component. It is noted that the average
rotational speed per revolution is determined by the average of the instantaneous RPMs per
revolution. The estimated average and instantaneous rotational speeds for the Test 01 work-
ing condition and their relative errors are illustrated in Figure 11. The analysis is conducted
on the time segment spanning from 2 s to 10 s. Within this period, it is observed that the
estimated average rotational frequency underwent a significant increase, specifically from
2.44 Hz to 11.59 Hz. This translates to a speed range varying from 146.56 r/min to 695.37
r/min. Notably, this estimated increase in rotational frequency and corresponding speed
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range exhibits minimal deviation from the results obtained from the encoder, as shown
in Figure 11a. Similarly, the estimated instantaneous rotation speed also achieves good
agreement with the encoder instantaneous speed, as depicted in Figure 11b. It is concluded
that both the estimated average rotational speed and instantaneous rotational speed of the
proposed method closely match those calculated by the encoder. It seems that most of the
relative errors in the estimated average rotational speeds are within +0.5%, and most of
the relative errors for the estimated instantaneous rotational speeds are within £4%.
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Figure 11. The estimated average and instantaneous rotational speeds for the Test 01 working
condition: (a) average speed per revolution and (b) instantaneous speed.
(ii) Test 02: run-down working condition
Then, the proposed method is applied to Test 02. The reconstructed gravity accel-
eration component under Test 02 based on the CEEMDAN method and the estimated
rotational speed are obtained, as shown in Figures 12 and 13.
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Figure 12. The (a) reconstructed gravity acceleration component under Test 02 and (b) the zoomed-in plot.
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Figure 13. The estimated average and instantaneous rotational speeds for the Test 02 working
condition: (a) average speed per revolution and (b) instantaneous speed.
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From Figure 12, it can be found that the gravity acceleration components are well
reconstructed and most of the oscillations are suppressed. Similarly, some oscillations can
still be observed at a low-speed range. The magnitude of the reconstructed sinusoidal
periodic component is approximately equal to the gravity. In Figure 13, the analysis
is conducted on the time segment spanning from 0 s to 7 s. Within this period, it is
observed that the estimated average rotational frequency underwent a significant decrease,
specifically from 10.37 Hz to 2.41 Hz. This translates to a speed range varying from
622.19 r/min to 144.80 r/min. Notably, this estimated decrease in rotational frequency
and corresponding speed range also exhibits minimal deviation from the results obtained
from the encoder, as shown in Figure 13a. Similarly, the estimated instantaneous rotation
speed also achieves good agreement with the encoder instantaneous speed, as illustrated in
Figure 13b. Both the estimated average rotational speed and instantaneous rotational speed
of the proposed method closely match those calculated by the encoder. It seems that most
of the relative errors in the estimated average rotational speeds are within +0.5%, and most
of the relative errors for the estimated instantaneous rotational speeds are within £5%.

Furthermore, the effectiveness of the proposed GAD method is also verified under
some stable rotational speed conditions. The rotation speeds are preset at 310 r/min,
410 r/min, 520 r/min and 620 r/min. The estimation results are listed in Table 1 and
boxplots of the estimation errors are shown in Figure 14, outliers are plotted by red dots. It
is found that both the estimation results of the average and instantaneous speed achieve a
concentrate distribution. The estimated average speed errors are limited to £1%, while the
estimated instantaneous speed errors remain within +5%, indicating the high accuracy of
the proposed GAD method for order tracking.

Table 1. The errors of the estimated rotational speed based on the GAD method under stable working
conditions.

Preset Rotation Speed

Items
310 t/min 410 t/min 520 r/min 620 r/min
Encoder Z 307.90~311.22 412.35~412.78 519.97~520.72 621.95~622.55
Es“mast;;jezverage 309.47~313.15 408.43~416.12 516.14~524.58 617.36~627.47
Error —0.74~0.45% —0.83~1.02% —0.92~0.82% —0.81~0.79%
Encoder A 306.23~313.84 406.74~417.63 512.80~527.14 613.22~630.44
_ Estimated 303.20~318.64 401.39~426.50 500.25~537.17 605.45~636.76
instantaneous speed
Error —3.61~3.63% —4.85~3.72% —3.55~3.59% —3.80~3.15%
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Figure 14. The estimation errors based on the proposed method: (a) the estimated average speed and
(b) the estimated instantaneous speed.

5. Application in Order Tracking for Fault Diagnosis of Gearbox

As the rotational speed can be well estimated based on the proposed GAD method, it
is further applied in order tracking for a gearbox with a local fault under non-stationary
conditions. A gearbox test setup with a spalling fault under non-stationary conditions
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is constructed, including a two-stage gearbox, a driven motor, a magnetic powder brake
and several couplings and control units, as shown in Figure 15. The teeth numbers of
the two-stage gearbox are 23/39 and 25/53, respectively. The photograph of the wireless
in situ acceleration test system is shown in Figure 16: a sensor board containing four
MEMS accelerometers in the tangential direction is mounted at one end of the gear, and a
ESP8266 chip is used for wireless transmission of the measured signals. Furthermore, an ICP
accelerometer is mounted at the bearing housing; both the vibration signals from MEMS and
the ICP sensor are acquired synchronously. The fault gear with the MEMS accelerometer is
mounted at the second stage of the gearbox. The detailed design parameters of the gear
pair are listed in Table 2.
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Figure 16. A photograph of the wireless in situ acceleration test system.

Table 2. The parameters of the gears.

Parameter Value Parameter Value
Module (mm) 3 Pressure angle (°) 20
Tip clearance (mm) 0.25 Addendum (mm) 1
Tooth width (mm) 60

The seeded spalling fault is shown in Figure 17, where ws /ds /Is represent the width/depth/
length, respectively. In this study, the width and depth are set as 3 mm and 1 mm. The
length of the spalling fault is set as 15 mm (small fault), 30 mm (medium fault) and 60 mm
(large fault), the seeded spalling fault is highlighted in Figure 17b by a red dashed frame. A
total of six datasets are acquired, corresponding to two distinct load conditions of 20 Nm
and 40 Nm, with a speed ranging from 500 r/min to 900 r/min for each type of spalling
fault condition. These datasets are summarized in Table 3. The sampling frequency is
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is used for analysis.

Figure 17. (a) A schematic diagram of the seeded spalling fault (b) photograph of the seeded
spalling fault.

Table 3. The acquired six datasets.

Load Small Fault Medium Fault Large Fault
20 Nm #1 #2 #3
40 Nm #4 #5 #6

In this study, the #1 dataset is analyzed as an example to show the effectiveness of the
proposed method. The time domain waveform of the sped-up data is shown in Figure 18.
An obvious increasing trend in the amplitude is observed as the rotation speed grows. In
the zoomed-in plot, obvious sine waveforms are found. The time intervals T; and T, are
consistent with the rotation frequencies of the middle shaft under the working conditions
of 500 rpm and 700 rpm. The corresponding spectrum of the time domain waveform is
shown in Figure 19; the dominant frequencies mainly concentrate at 172.3 Hz, 442.8 Hz,
664.2 Hz, etc., none of which are meshing frequency components at either 500 rpm or at
700 rpm. In the zoomed-in spectrum, characteristic frequencies of 500 rpm, 700 rpm and
900 rpm working conditions are found together, which increase the difficulty in accurate
fault diagnosis. In addition, the “frequency smearing” phenomenon is found due to the
non-stationary condition of the rotation speed, as depicted in Figure 19b. Furthermore,
Figure 20 depicts the time domain waveform and spectrum of the vibration signals acquired
from the ICP accelerometer. It is noteworthy that, analogous to the previous observations,
there is a discernible upward trend in the amplitude with increasing rotation speed in the
time domain. However, it is crucial to point out that the maximum amplitude recorded
is approximately one-fifth of that observed in the MEMS sensor. In the corresponding
spectrum, it is observed that the dominant frequencies primarily cluster around 2300 Hz.
Additionally, the phenomenon of “frequency smearing” is evident, which is attributed to
the non-stationary nature of the rotation speed.
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Figure 18. Time domain waveforms of the in situ accelerometer under sped-up working conditions:
(a) raw signal and (b) zoomed-in plot.
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Figure 20. Acquired signals of the bearing housing accelerometer under sped-up working conditions:
(a) time domain and (b) frequency spectrum.

In order to show the superiority of the proposed GAD method, the traditional
vibration-based tacholess method in Ref. [19] is compared, in which the ridge of the
instantaneous rotating frequency can be detected from the time-frequency representation
(TFR) of the vibration signal based on the STFT method. The proposed GAD method is
designated as Method 1, the tacholess method utilizing in situ MEMS signals is designated
as Method 2 [19] and the tacholess method reliant on bearing housing vibration signals
is designated as Method 3. Furthermore, it is known that the spectrogram has some dis-
advantages that cannot give all information existing images, and it is a little difficult to
determine the time step and overlap of the STFT method. So, one more tacholess method
reliant on bearing housing vibration signals based on the Choi-Williams method is also
compared, which is designated as Method 4 [31].

The estimated rotational speed and angle based on the three methods are depicted in
Figure 21. The reconstructed time-varying gravity acceleration signal and the estimated
rotation angle are shown in Figure 21a,b. The maximum magnitude of the time-varying
gravity acceleration signal nearly reaches 10, and its frequency exhibits a direct correlation
with the rotational speed, increasing as the latter increases. This correlation is precise
and consistent with the rotational speed of the middle shaft. Figure 21b illustrates the
estimated rotational angle plot, clearly demonstrating the slope variations resulting from
changes in rotational speed. Notably, the absence of pronounced non-smooth regions is
detrimental to the process of angle resampling. In Method 2 and Method 3, the TFR is
derived based on the STFT method with a time overlap of 0.05 s and a window length
of 0.5 s. This results in a time resolution of 0.05 s and a frequency resolution of 2 Hz
in the estimation of rotational speed. Within the TFR, the gear meshing frequency of
the first gear pair is chosen as the tracking frequency. As evident from Figure 21c,e,
both Method 2 and Method 3 exhibit numerous estimation errors in the rotational speed
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ridge curves. Consequently, these estimation errors give rise to non-smooth regions in
Figure 21d,{, ultimately leading to resampling errors in the subsequent steps. Utilizing the
Choi-Williams method, the TFR of the bearing housing vibration signals has been derived
and is presented in Figure 21g. While a refined TFR image (red color) is observable, it is
noted that the estimated TF ridge (blue dashed line) exhibits heightened sensitivity due to
the superior TFR resolution compared to that achieved using short-time Fourier transform
(STFT). Consequently, significant estimation errors in the rotation angle are discernible (the
real rotational speed is plotted by black solid line), as illustrated in Figure 21h. Furthermore,
the rotational speed experiences an instantaneous acceleration from one speed regime to
another, with the transient period between successive speeds being approximately 0.05 s
in the six acquired datasets. In cases where the transition duration is exceedingly brief,
it can exacerbate the time resolution error, stemming from the inherent limitations of the
STFT method. Consequently, the time resolution of the analysis may be adversely affected,
introducing potential inaccuracies in the subsequent interpretation of the results.
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Figure 21. Cont.
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Figure 21. The (a) reconstructed time-varying gravity acceleration signal and (b) estimated rotational
angle based on Method 1, (c) the estimated rotational speed and (d) angle based on Method 2, and
(e) the estimated rotational speed and (f) angle based on Method 3, (g) the estimated rotational speed
and (h) angle based on Method 4.

Comparisons between the calculated angle domain and time domain waveforms of the
four methods are performed, as depicted in Figure 22. Some samples are denoted in both
the time domain and calculated angle domain. It has been observed that the conversion
errors from the time domain to the angle domain are lower for the proposed Method 1
compared to Methods 2, Method 3 and Method 4. This finding aligns well with the results
presented in Figure 21, indicating a higher accuracy in the estimated rotation frequency
of Method 1. Additionally, due to the window length of 0.5 s in Methods 2 and 3, signals
within the final 0.5 s period cannot be converted into the angle domain.

Time Angle
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Figure 22. A comparison between the original time domain signal and the resampled angle domain
signal based on (a) Method 1, (b) Method 2, (c) Method 3 and (d) Method 4.

In addition, the order spectrum and order envelope spectrum are obtained from the
derived angle domain signal from the three methods, as shown in Figure 23, where one
order equals the rotating frequency of the middle shaft. In Method 1, it can be observed
that the spectrum density concentrates at 25, 39 and 50 orders, where the 39th order is the
1st harmonics of the meshing frequency of the 1st gear pair, and the 50th order is the 2nd
harmonics of the meshing frequency of the 2nd gear pair. The modulation sidebands can be
observed in the zoomed-in plot around 25 orders, where 25 & 1 orders are obvious, which is
in accordance with the characteristic frequency of the spalling fault, as shown in Figure 23a.
The order envelope spectrum of Method 1 is illustrated in Figure 23b where distinct spectral
components of order 1 and its harmonics can be found. In Method 2, it is observed that
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the spectrum density is concentrated at 39 and 50 orders. Although modulation sidebands
are identifiable, a frequency smearing phenomenon persists, indicating conversion errors
from the time domain to the angle domain, as shown in Figure 23c. Additionally, when
comparing the order envelope spectrum, it appears that the characteristic frequencies
associated with spalling faults are less pronounced in Method 2 compared to Method 1, as
demonstrated in Figure 23d. In Method 3, the gear meshing frequency and its harmonics
do not dominate the signal components. Although modulation sidebands can be observed
around the meshing frequency of the second gear pair, their presence is insufficient, as
demonstrated in Figure 23e. Consequently, the characteristic frequencies associated with
spalling faults are not clearly evident in the corresponding order envelope spectrum, as
shown in Figure 23f. In Method 4, the resonance frequencies dominate the signal. Almost
no modulation sidebands can be observed around the meshing frequency due to the
large conversion error, as demonstrated in Figure 23g. Consequently, the characteristic
frequencies associated with spalling faults are not clearly evident in the corresponding
order envelope spectrum, as shown in Figure 23h.
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Figure 23. The (a) order spectrum and (b) its envelope spectrum based on Method 1, (c) the order
spectrum and (d) its envelope spectrum based on Method 2, (e) the order spectrum and (f) its envelope

spectrum based on Method 3, and (g) the order spectrum and (h) its envelope spectrum based on
Method 4.
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Based on the analysis presented, it can be concluded that the proposed method
exhibits superior performance in rotational speed estimation and order tracking within
gearboxes. Furthermore, it is effective in assisting with the diagnosis of localized faults
under non-stationary operating conditions. These findings suggest that the proposed
method offers good insights for enhancing fault detection and diagnostic capabilities in
non-stationary applications.

To demonstrate the superior performance of the proposed method compared to the
other two methods, the mean peak ratio (MPR) [24] is employed as a metric to assess the
fault-related components in the demodulation spectrum. A higher MPR value indicates
superior demodulation performance. The MPR is defined as follows:

N,
Z (Pi - As)
MPR = 201log;, lle (25)
S
b
X Sk
A = "b:”_ - (26)

where Nj, denotes the number of harmonics of the fault characteristic frequency required
for computing an MPR, and it is fixed at 4 in this study. Additionally, P; represents the
amplitude of the spectral peak that corresponds to the ith harmonic of the fault characteristic
frequency. The symbol A; denotes the average value of spectral components within the
range from the a-th order to the b-th order. Lastly, Sy signifies the amplitude of the kth
spectral component.

The MPR values obtained from the four methods across the six datasets are presented
in Figure 24. A noteworthy observation emerges from the analysis, indicating that the
proposed Method 1 significantly outperforms Method 2, Method 3 and Method 4 in terms
of MPR values across the entire datasets of six working conditions. To be precise, Method 1
achieves an average gain of 5.36 dB over Method 2, 4.06 dB over Method 3 and a substantial
7.27 dB over Method 4. This remarkable performance can be primarily attributed to the
enhanced accuracy of speed estimation achieved by Method 1 compared to the three
alternative methods.
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Figure 24. MPR values of the three methods in different working conditions.

6. Conclusions

In this paper, a new in situ GAD is proposed for rotational speed estimation, and it is
applied in the order tracking scene for fault diagnosis of a gearbox under non-stationary
working conditions. The core contribution of the paper is to discover and utilize the
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time-varying gravity acceleration relative to the phase change in the rotation obtained
by the tangential in situ accelerometer. A corresponding GAD method for the gravity
acceleration component is first proposed based on linear-phase FIR filter, CEEMDAN and
Hilbert transformation methods. The correctness and effectiveness of the proposed method
are verified by a motor—shaft-disc experimental setup. Furthermore, the proposed method
is successfully applied in order tracking for fault diagnosis of a gearbox. Based on the
analyzation of the results, conclusions can be drawn as follows:

(1) The principle of estimating rotational speed based on decoupling the gravity acceler-
ation component from the tangential in situ accelerometer measurements is indeed
feasible. By employing techniques such as filtering or signal processing algorithms,
the gravity component can be separated from the tangential acceleration component,
enabling the calculation of rotational speed.

(2) The utilization of the CEEMDAN, ICEEMDAN and EWT methods for decomposition
and reconstruction reveals minimal differences among the three approaches. As a
result, these minor variations are likely to have a negligible impact on the estimation
errors of the rotational speed. This suggests that the choice of decomposition tech-
nique, within the range of these three methods, may not significantly affect the overall
accuracy of rotational speed estimation.

(38) The proposed method demonstrates satisfactory estimation performance for both
average and instantaneous rotational speeds. Specifically, the majority of the relative
estimation errors for the average rotational speeds are confined to within +0.5%,
indicating a high level of accuracy. Similarly, for the instantaneous rotational speeds,
most of the relative estimation errors are within +5%, demonstrating a reasonable
degree of precision compared to encoder-based measurement methods.

(4) The proposed method exhibits superior performance in rotational speed estimation
and order tracking within gearboxes, achieving an average gain of 5.36 dB over
Method 2, 4.06 dB over Method 3 and a substantial 7.27 dB over Method 4.

Above all, the average and instantaneous rotational speeds can be well estimated based
on the proposed GAD method, which offers good insights for enhancing fault detection
and diagnostic capabilities in non-stationary applications.
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