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ARTICLE INFO ABSTRACT

Keywords: Planetary gearboxes are widely used in heavy industries such as wind power, transportation, and
Planetary gearboxes manufacturing, and their reliability is critical for ensuring the stable operation of mechanical
Gear localized fault systems. Fault detection and diagnosis in planetary gearboxes are important for ensuring system

Dynamic model
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Time-varying mesh stiffness
Gear eccentricity

safety. In gear transmission systems, the features of localized faults typically manifest as
sidebands around the meshing frequency in the spectrum or as gear rotation frequency in
the envelope spectrum. However, factors such as gear eccentricity and shaft runout can also
produce localized gear fault-like spectral features. This makes it difficult to detect localized
faults based on characteristic spectral line analysis and sideband energy ratio, especially in
complex systems like planetary gearboxes. Recently, the instantaneous angular speed (IAS)
signal has emerged as a promising alternative, offering advantages such as eliminating the
need for order tracking and being unaffected by time-varying signal transmission paths in
planetary gear sets. In this work, we develop a modified planetary gearbox dynamic model and
investigate the effects of gear fault and eccentricity on mesh stiffness. Utilizing the developed
model, IAS signals are generated, and their waveforms and order spectra analyzed. Additionally,
we propose an abnormal-preserving spectral component reconstruction method to extract and
enhance abnormal components within the signal. The results indicate that localized gear fault
and eccentricity exhibit the same periodicity, both generating fault-related sidebands around
meshing orders in the order spectrum, and fault characteristic components in the envelope
spectrum. However, after abnormal component reconstruction, gear faults exhibit distinct
periodic jitters, accompanied by a significant increase in kurtosis. In contrast, the kurtosis of
the reconstructed signal in the case of gear eccentricity does not show a noticeable increase.
This distinction allows the accurate identification of gear localized fault in gear systems. The
findings are validated experimentally on a planetary gearbox test rig.

1. Introduction

The planetary gearbox has numerous advantages, such as a large load capacity, high transmission ratio, and smooth operation,
which makes it widely used, e.g., in wind power [1,2], and transportation [3-5] applications. However, due to the complexity and
severity of the working conditions, gear faults, such as pitting, wear and cracks, may occur [6]. If the fault is severe, it may lead
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to production interruptions and even accidentally casualties. Therefore, condition monitoring, and fault detection and diagnosis of
planetary gearboxes are extremely important for the reliability and safety of the power transmission system.

Most of the signal processing methods for fault diagnosis of planetary gearboxes are based on vibration signal [7-11], acoustic
emission (AE) [12,13] and current [14] signals. However, these methods often face the disadvantages of serious signal modulation
and acquire complex signal processing [15,16]. Recently, instantaneous angular speed (IAS) signals provide rich fault information
in rotating machinery because of the close correlation with torsional dynamics, it has been adopted for fault detection in gear-
containing systems. The torque is transmitted through gear meshing and directly reflected in the IAS, which are acquired using rotary
encoders with equal-angle sampling, eliminating the need for order tracking [17]. These advantageous characteristics have made
IAS-based signal processing an effective way for fault detection in rotating machinery, including bearings [18-201, gears [17,21] and
spindles [22]. Zhao et al. [23] proposed a kurtosis-guided local polynomial differentiator (KLPD) to estimate the IAS based on the
encoder signal and, then, identify gear faults through the waveform of IAS. Zeng et al. [24] developed a dual detector self-denoising
method to suppress the false IAS caused by encoder errors, enabling fault diagnosis of planetary gearboxes from the IAS order spectra.
Feng et al. [25] demonstrated that rotary encoder signals are free from additional amplitude modulation caused by vibration signal
time-varying transmission paths, making IAS more suitable for fault detection in planetary gearboxes. For both vibration, AE and IAS
signals, localized gear faults typically manifest as sidebands around the meshing frequency in the spectrum or as the gear rotation
frequency in the envelope spectrum within gear transmission systems. However, factors such as shaft runout and gear eccentricity
can also produce spectral features similar to those of gear faults [26]. This complicates the detection of localized gear faults based
solely on spectral analysis and sideband energy ratio related with fault characteristic frequencies, especially in complex systems
like planetary gearboxes. Therefore, it is not sufficient to assume that the mere presence of these frequency components in the
order spectrum indicates a localized gear fault. Therefore, it is important to investigate the distinctive characteristics of IAS signals
corresponding to localized gear faults and gear eccentricity. This will help guide the development of more targeted fault feature
extraction methods and algorithms for planetary gearboxes.

It is well known that establishing a mechanical system dynamics model with fault parts and conducting dynamic characteristic
analysis is one of the effective and crucial approaches to assist in developing and validating fault diagnosis methods [27-29].
However, current research related to the dynamic characteristics of planetary gearboxes is mainly associated with vibration signals
under normal and gear fault condition. For example, Liang et al. [30] developed a dynamic model incorporating the effect of multiple
vibration sources and the effect of the transmission path, to model the vibration signals of a planetary gearbox and investigate the
vibration properties in the healthy condition and in the cracked tooth condition. Han et al. [31] established an improved lumped
parameter dynamic model and observed the amplitude modulation phenomenon and the frequency modulation phenomenon in
the simulated results. Jiang et al. [32] proposed a dynamic model of a planetary gearbox with localized gear faults using time-
varying mesh stiffness [33,34] as the main excitation source, and analyzed the spectral characteristics of vibration signals under
fault conditions. Hu et al. [35] added the bearing stiffness formula into the gear system model and proposed a translational-torsional
model for the planetary gear set, and eventually analyzed the time-domain and frequency-domain symptoms of vibration to improve
the recognition of the fault mechanism. Qin et al. [36] used a time-varying mesh stiffness model incorporating time-varying friction
to study the effects of varying degrees of pitting at different locations, illustrating the roles of both mesh stiffness and friction
excitation in the dynamic responses of planetary gearboxes. Although some of these works on the dynamic modeling of planetary
gearboxes include torsional dynamics, they do not analyze torsional direction signals and lack a detailed force analysis of the planet
gears. For instance, they directly adopt a force analysis method that examines the forces on the planet gears as the moment of
inertia of the planet gears and two meshing forces (external meshing between the sun gear and the planet gear, and internal meshing
between the ring and planet gear). Although such equilibrium differential equations of a mechanical system may have a solution,
the resulting calculations are likely to be inaccurate. This is because, unlike the sun gear, which transmits torque to the planet gear
via gear meshing, the planet gears transmit torque to the carrier through the planet shafts, driving the carrier to rotate around its
center. This requires a tangential force centered at the carrier’s center, with the radius being the distance from the planet gear’s
center to the carrier’s center, and the direction tangential to the carrier’s rotation. Moreover, these models do not consider the
effect of gear eccentricity on the signal. They also lack a comparative analysis of the dynamic behaviors and signal characteristics
associated with localized gear fault and eccentricity.

To address these issues, we establish a modified lumped-parameter model of the planetary gear sets that simulates IAS signals
of each rotating part, including the sun, the planets, the ring and the carrier. The effect of localized gear fault and gear eccentricity
on the time-varying mesh stiffness of gears is analyzed. Then, IAS signals of the planetary gear sets are simulated using time-
varying mesh stiffness as the excitation, and the obtained simulated signals are analyzed in both the waveform and order domains
to investigate the effect of gear fault and shaft eccentricity on IAS dynamic behavior. In addition, to extract and enhance abnormal
components in the signal for improved identification of gear fault and eccentricity, we propose an abnormal-preserving spectral
component reconstruction method. Analysis of simulated IAS signals under different conditions reveals that localized gear fault and
eccentricity share the same periodicity in the IAS waveform, and both generate fault-related sidebands around meshing orders in
the order spectrum and fault characteristic components in the envelope spectrum. After abnormal component reconstruction, gear
faults appear as obvious periodic jitters with a higher kurtosis value.

The main innovations and contributions of this paper are as follows:

» The effect of gear eccentricity on the time-varying mesh stiffness is analyzed, the pure torsional lumped-parameter dynamic
model of the planetary gearbox is improved, and IAS dynamic behavior under gear fault and eccentricity conditions is
investigated.
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Fig. 1. Lumped-parameter-model of the planetary gear sets.

» An abnormal-preserving spectral component reconstruction method is proposed to effectively distinguish identical order/fre-
quency components generated by different excitations, such as localized gear faults and gear eccentricity.

The remaining sections of this paper are organized as follows. Section 2 presents a modified lumped-parameter pure torsional
dynamic model of a planetary gear set. Section 3 analyzes the effect of gear fault and gear eccentricity on time-varying mesh stiffness.
Section 4 utilizes the time-varying mesh stiffness under different conditions as the excitation for the modified dynamic model to
generate IAS simulation signals, followed by an analysis of IAS dynamic behavior under various conditions. Section 5 introduces
the abnormal-preserving spectral component reconstruction method and applies it to process the simulated IAS signals. Section 6
provides experimental validation. Finally, Section 7 summarizes the conclusions.

2. Modified lumped-parameter model for planetary gear set

The IAS signal of a planetary gearbox is closely related to the torque transmitted by its rotating components. In a planetary
gearbox, the torques acting on each component differ and interact with one another. Therefore, it is necessary to analyze the torque
distribution across the different components of the planetary gear sets. By examining the relationship between torque and IAS, the
dynamic behavior and characteristics of the IAS signals can be studied.

2.1. IAS dynamics analysis of planetary gear set

To focus on the IAS components corresponding to each rotating part in planetary gear sets during the gear meshing process and
to reasonably simplify the dynamic model, the following assumptions are made: (1) the modeling only considers rotational degrees
of freedom, where the sun, the planet, the ring gear and the carrier are treated as rigid bodies. The weight of the shafts and the
box are evenly distributed to the sun gear, the planet gears, the ring gear and the carrier, respectively; (2) the parts are modeled as
circular mass blocks with a diameter equal to the diameter of the base circle; (3) the interaction between gear meshes is modeled
using spring force that acts along the line of action. The simplified model does not take into account the subordinate interference
factors such as backlash, meshing friction, transmission errors, manufacturing and assembly errors; (4) The damping used in the
dynamic model is represented by the damping coefficient, and this type of damping is viscous damping.
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A modified lumped-parameter model is established for a 2K-H planetary gear set as depicted in Fig. 1. The model consists of one
sun gear s, one ring r, one carrier ¢ and three equally-spaced planets p;, (i = 1, 2, 3). In the established lumped-parameter model,
the torque is introduced through the sun gear shaft and transmitted through the carrier to the output shaft. In this model, the ring
gear is fixed in place on the gearbox, whereas the other components rotate around their respective centers. The parameters 6,, 6.,
and 6, represent the angular displacements of the sun gear, ring and carrier around the center of the planetary gear sets. The symbol
0, (i =1, 2, 3) indicates the rotation angular displacement of the ith planet around its center. The parameters k;, and c,, denote
the mesh stiffness and meshing damping of the meshing point of the sun gear and the ith planet, respectively. Similarly, k,,; and

¢, stand for the mesh stiffness and meshing damping of the meshing point of the ring and the ith planet, respectively. The symbols
k; and c;, (where j =s, r, c) denote the torsional stiffness and torsional damping of the sun gear, ring and carrier, respectively; k
and Cpi represent the bending stiffness and damping of the planet shaft, respectively. The mechanical analysis is conducted on each
component in the model and presented below.

The rotation of the sun gear is driven by the torque provided by the motor connected to the sun gear shaft, and this torque is
transmitted by meshing with three planets simultaneously. As a result, the force acting on the sun gear is balanced by the input
torque, three meshing forces from the three meshing points between the sun gear and planets, the inertia moment of the sun gear,
and the equivalent torsional stress of the sun gear shaft. The dynamic equation governing the IAS of the sun gear can be expressed
as

3 3
Js/rs)és + 2 Cspi(gsrs"’_épirp) + Z kspi(05r5+0pirp) + (Cst/rs)gs + (ksr/rs)gs = Tin/rs (1)
n=1 n=1
where J denotes inertia of the sun gear, r; and r,, represent the base circle radius of the sun gear and planets, and T, denotes the
torque input from the sun gear shaft.

A planetary gear set typically consists of multiple planets. Each planet is subject to two meshing forces: one at the sun gear-planet
gear meshing point, which drives the planet to rotate around its own center, and the other at the ring-planet gear meshing point,
which drives the planet to rotate around the center of the planetary gear set. The combined force of the two meshing forces causes
the planet shaft to push the carrier to rotate, which is overlooked in the existing works on the pure torsional dynamic model of the
planetary gear set. After reanalyzing the torque balance, each planet is subject to two meshing force and the tangential pressure
forces from the carrier, balanced by the inertia moment of the rotation of the planet. Thus, the IAS dynamic equation of planets can

be expressed as
/1)y + €5pi@pir, + 055 ) + ki (0,7, + 05 ) @

+ €01y = 0,1) + ki (07, — 0,7,) + (cpir )0, + (kipyr )0, =0

where J, denotes the inertia of the planet, and r, represents the base circle radius of the ring.

Although the ring is fixed to the gearbox, it is subjected to meshing forces at the ring-planet gear meshing points. To balance the
meshing force, the ring gear generates a reaction force. This reaction force is balanced by the meshing forces from three ring-planet
gear meshing points, the torsional stress of the ring, and the inertia moment during the torsional vibration of the ring. Hence, the
IAS dynamic equation of the ring can be expressed by

3
/)b, +Zc,p,(9,r, 6 )+Zk,p,(0,r,— 7))+ (€ /1), + (Kkpy /7,0, = O 3)

For the carrler 1ts rotation is driven by the resultant force formed by the tangential forces of the three planet shafts. The balance
of the carrier is achieved by the tangential resultant force of the three planet shafts, the torsional stress of the carrier shaft, the
output torque and the inertia moment of the carrier itself. The tangential force of each planet shaft is the resultant force of the
meshing force of two meshing points. Therefore, the IAS dynamic equation of the carrier can be expressed as

3 3 3
J./r)0. + z csp,-(ésrs+9p,-rb) + Z kgpi(Ors+0,ry) + Z c,pi(érr,—épirp)
n=1 n=1 n=1 (4)
3

+ Z krpi(errr_epirp) + (Ccr/rc)éc + (kct/rc)ec = Tom/rc
n=1
where J, denotes the inertia of the carrier, r, represents the radius of the carrier and T, denotes the torque output from the carrier
shaft.

2.2. Parameters of the dynamic model

The structural parameters of the planetary gearbox can be obtained by consulting its drawings and manuals. The structural
parameters of the planetary gear set used for simulation are listed in Table 1.

In addition to the fundamental structural parameters of the planetary gear set, it is crucial to take into account the equivalent
torsional stiffness and damping of each component, along with the time-varying mesh stiffness and damping of each meshing pair.
These parameters can be estimated using empirical formulas or mechanical methods.

According to the theoretical knowledge of elasticity, the equivalent torsional stiffness can be estimated in [37] by

Gl,  2Gd*
I~ 32

k; = (5)
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Table 1

Structural parameters of the planetary gear set.
Parameters Sun gear Planets Ring Carrier
Teeth number 21 31 84 /
Module (mm) 1.5 1.5 1.5 /
Pressure angle (°) 20 20 20 /
Mass (kg) 2.12 0.32 0.58 4.79
Radius (mm) 15.75 23.25 63 39
Elastic modulus (MPa) 2.1 x 10°
Poisson’s ratio 0.28

where G denotes the shear modulus of the torsional material (GPa), d represents the diameter of the shaft and [ is the length of the
acting section (m). The equivalent torsional damping can be estimated as in [38] by

“l‘]2
=2 k, ——=— 6
t 57“ IJI A 6

where ¢, indicates the torsional damping ratio, k, denotes the torsional stiffness, J; and J, are the inertia equivalent moments at
both ends of a shaft. The time variation of meshing damping can be ignored [39], and the empirical formula of viscous damping of
gear meshing can be estimated as in [40] by

2 2
— rfdrtd,
e =2 k — < 7
m = 2m V "2+ 2T, @

where ¢, indicates the meshing damping ratio, k,, denotes the mesh stiffness, r; and r, are the base circle radii of the two meshing
gears. J; and J, are the inertia moment of the two meshing gears.
The time-varying mesh stiffness plays an important role in the proposed dynamic model, which is discussed in the next section.

3. Time-varying mesh stiffness
3.1. Time varying mesh stiffness under gear healthy condition

The potential energy method assumes a gear tooth as a non-uniform cantilever beam and uses engineering beam theory to
estimate the mesh stiffness. This method considers the total energy stored in a pair of teeth, including Hertzian contact energy,
bending energy, shear energy and axial compressive energy, corresponding to Hertzian contact stiffness, bending stiffness, shear
stiffness and axial compressive stiffness, respectively. For the gear, the analytical expressions of the Hertzian stiffness k;,, bending
stiffness k,, shear stiffness k, and axial compressive stiffness k, are derived in Ref. [33], which can be expressed by

EL
ky = === 8
R 41— b ®)
1 o i 2 (@) — @) cosa
— =/ 3[1+cosa ((a — a)sina —cosa)|” - 5 da )
ky S [2EL(sina + (ay — @) cos a)*]
1_ /“2 1.2(1 +v) (az - a) cos acos’a, da (10)
kg oy EL [sina + (az - a) cos a]
1 /'Xz (@, — &) cos asin®a, o an
ko Ja, 2EL[sina + (a, — a) cos a]

where E and L represent Young’s modulus and the tooth width, respectively, v is the Poisson’s ratio of the material, where «, is the
angle between the acting force and tangent direction of the base circle, «, is the half tooth angle on the base circle of the external
gear. The mesh stiffness of a single-tooth-pair can be determined using Eq. (12),

-
U R TR R U B |
k= —+—+—F+—+—+—+— a2
‘ <kh kb] ks] kal kbz k52 ka2>

where subscripts 1 and 2 relate to the driving gear and the driven gear, respectively. Considering the contact ratio of the spur gear
is changed between one and two, the total time-varying mesh stiffness of the gear can be expressed by

2 -1
1 1 1 1 1 1 1
ke = z —+—+ + + + + (13)
t <khy,~ kK k ki K k >

Pt S, ap,i S5, ay,i

By substituting the parameters such as the number of gear teeth of each gear into Eq. (13), the time-varying mesh stiffness for
one sun gear-planet gear meshing and one ring-planet gear meshing can be calculated. These results are shown in Figs. 2 and 3,
respectively.
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Fig. 4. Comparison of mesh stiffness under gear healthy condition and sun gear fault condition.

Because one sun gear meshes with three planet gears simultaneously, and there is phase difference among the three meshing
points, the combined effect of the three meshing points ensures smoother meshing of the planetary gear train. The meshing points
between the ring gear and the three planet gears achieve the same effect. The time-varying mesh stiffness of gears meshing is fitted
using Fourier series, with the angle value serving as the variable. This fitted mesh stiffness is, then, used as the dynamic excitation
for the dynamic model.

3.2. Time-varying mesh stiffness under sun gear localized fault condition

A localized gear fault refers to damage occurring on one tooth of the gear. When the faulty tooth engages in meshing, the gear’s
dynamic behavior exhibits abnormal variations. In contrast, during the meshing of the remaining healthy teeth, the gear maintains
its steady-behavior under normal conditions. The localized fault such as tooth surface peeling is simulated by reducing the tooth
thickness, which causes a decrease in the contact ratio when the faulted tooth engages in meshing, as well as a reduction in the
length of the meshing line. Using the evaluation method of time-varying mesh stiffness in Eq. (13), the time-varying mesh stiffness
of one sun-planet gear meshing pair under a sun gear tooth fault condition is obtained, as shown in Fig. 4. Compared to the healthy
meshing condition, a sudden decrease of mesh stiffness can be observed at the position where the faulty tooth is involved in the
meshing (see the red dashed line in Fig. 4).

3.3. Time-varying mesh stiffness under gear eccentricity condition

During the operation of a planetary gearbox, factors such as self-weight of load or varying loading can lead to unavoidable gear
eccentricity. Although slight eccentricity is common in mechanical systems, the signal fluctuations caused by eccentricity share the
same periodicity as those induced by localized gear faults. This presents challenges for fault detection methods based on spectral
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(@ (b)

Fig. 6. Comparison of mesh stiffness between healthy condition and sun gear fault condition.

analysis and sideband energy ratio. Therefore, it is necessary to investigate the dynamic behavior and signal characteristics under
eccentricity condition to differentiate them from those related with localized faults.

Under ideal condition, the meshing force at the meshing point remains stable throughout the gear rotation, and the center
distance between the two meshing gears is constant, denoted as §,, as shown in Fig. 5(b). However, when one gear is eccentric,
during the rotation of the eccentric gear, the center distance changes, exhibiting two states: one where it increases and one where
it decreases, as shown in Fig. 5(a) and (c) with é, and 6,, respectively. The tooth thickness of the relieved meshing point decreases,
whereas the tooth thickness of the compressed meshing point increases. According to Egs. (8) to (13), the mesh stiffness of the gears
in these two states will also decrease and increase, respectively, corresponding to the changes in the center distance. The numerical
variation of the time-varying mesh stiffness of the gear approximately follows a sinusoidal fluctuation, with the rotation frequency
of the eccentric gear as the period.

In a planetary gear set, when all gears mesh normally without eccentricity, the center distance 5, between the sun gear and the
three planet gears are all equal, as shown in Fig. 6(a). The time-varying mesh stiffness at the three meshing points does not exhibit
any amplitude fluctuations. When the sun gear has eccentricity, the center distances between the sun gear and the three planet
gears are no longer equal. The center distance with one planet gear §;, decreases, resulting in compressed meshing, whereas the
center distances with the other two planet gears 6, and §; increase, leading to relieved meshing, as shown in Fig. 6(b). The tooth
thickness of the compressed sun-planet meshing point increases, whereas the tooth thickness of the other two sun-planet relieved
meshing points decrease. As the eccentric sun gear rotates, the compression and relief of the sun-planet meshing points varied
periodically. The time-varying mesh stiffness associated with this process changes with the rotational frequency of the sun gear and
can be mathematically expressed as:

kiei = ki sin(fs + @;) 14

where k,.; represents the time-varying mesh stiffness between the ith planet gear and the sun eccentric gear, i is the index of the
planet gear, f is the absolute rotation frequency of the sun gear, ¢, is the phase difference of the meshing between the ith planet
gear and the sun gear.

The mesh stiffness of the three meshing points under the sun gear eccentricity condition is shown in Fig. 7. It can be observed
that the eccentricity affects all meshing points between the sun gear and the three planet gears. When the eccentric sun gear has
a fault, the meshing of the faulty tooth with each planet gear causes a decrease in stiffness, and the effect of eccentricity on the
time-varying mesh stiffness also persists, as shown in Fig. 8.
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Table 2
Characteristic orders of the planetary gear set.
Items Order (Carrier as reference) Order (Sun gear as reference)
Rotation order of the carrier (O,) 1 0.2
Rotation order of the sun gear (O,) 5 1
Meshing order (O,,) 84 16.8
Absolute rotation order of the sun gear (O; — O,) 4 0.8
Sun gear abnormal order (O,,) 12 2.4

4. Analysis of simulated IAS signal
4.1. Simulation introduction

To investigate the composition and dynamic behavior of IAS in planetary gearboxes and the effect of gear localized fault and
gear eccentricity on IAS signals, it is necessary to obtain simulated signals under gear healthy, gear localized fault, gear eccentricity
and gear localized fault with eccentricity conditions. Therefore, using the lumped-parameter model described in Section 2, four
simulations were conducted on a planetary gear set, with the time-varying mesh stiffness under different conditions serving as
internal excitation. The simulations were performed assuming an input speed of 900 r/min and a load torque of 75 Nm. Subsequently,
the resulting simulated IAS signals were analyzed.

Based on transmission theory of planetary gear sets [41], Eqs. (15) and (16) can be used to calculate the transmission ratio n
and the meshing order O,, of planetary gear set, respectively. Eq. (16) can be used to calculate the absolute rotation order between
the sun gear and the carrier, where O, represents the rotation order of the sun gear, O, represents the rotation order of the planet
carrier, and O, — O, represents the absolute rotation order of the sun gear with respect to the carrier. Each planet gear meshes with
the faulty tooth of sun gear once in one absolute revolution of the sun gear, resulting in a total of three jitters and the gear fault
order given by O, = 3(0, — O,). Because the eccentric sun gear completes one full revolution, speed modulation occurs with each
planet gear. The superposition of these modulations from all three planet gears results in the combined modulation order O,, = O,,.
In this study, the gear fault order O,, and combined modulation order O, are collectively referred to as abnormal order O,,. Using
the parameters in Table 1, the characteristic orders can be calculated. These characteristic orders are listed in Table 2,

n=(N,/N,)+]1 as)
0, =N,0,=N,0,+0,) =Ny (0, -0,) (16)
O: - Oc = Oc(Nr/Ns) (17)

4.2. Simulated IAS signal analysis

The mesh stiffness calculation method described in Section 3 was employed to calculate the time-varying mesh stiffness under
four conditions: gear healthy, sun gear localized fault, sun gear eccentricity and gear localized fault with eccentricity. The stiffness
were, then, respectively used as excitations for the dynamic model to generate simulated IAS signals corresponding to each condition.
In order to display the detail of the IAS fluctuation more clearly and facilitate subsequent order spectrum analysis, the average speed
was removed. Because the encoder in this study is mounted on the carrier shaft of the planetary gearbox, the simulated IAS signal
of the carrier shaft is used for processing and analysis. The resulting IAS fluctuations for these three conditions are plotted in Fig.
9, presenting data covering 5 cycles (31.4 rad) of carrier rotation T ..

The simulated IAS fluctuation under gear healthy condition is shown in Fig. 9(a), demonstrating minimal numerical value
variations, which result from the alternation of single and double teeth meshing. In contrast, the IAS fluctuation under the sun
gear fault condition shown in Fig. 9(b) and (d) exhibits abnormal signal jitters with a periodicity of T, due to the meshing of the
faulty tooth. However, the IAS fluctuation under the sun gear eccentricity condition, shown in Fig. 9(c), displays abnormal signal
modulation components, also exhibiting a periodicity of T . All three abnormal conditions exhibit distinct peaks in the IAS signals,
making it challenging to distinguish the specific abnormal types based on the waveform.

The order spectra of the IAS fluctuations under gear healthy, sun gear localized fault, sun gear eccentricity and sun gear
localized fault with eccentricity conditions are shown in Fig. 10(a), (b), (c) and (d), respectively. Under gear healthy conditions,
the order spectrum contains only spectral lines related with meshing order O,,. However, under the sun gear localized fault, sun
gear eccentricity, and sun gear localized fault with eccentricity conditions, sideband spectral lines related with O, appear around
the meshing order O,, in the order spectrum. Although the distribution and amplitude of the abnormal order spectral lines differ
between the sun gear localized fault, sun gear eccentricity and sun gear localized fault with eccentricity conditions, distinguishing
these three conditions based solely on the presence of the abnormal order components is challenging.

The envelope spectra of the IAS fluctuations under the four conditions are shown in Fig. 11(a), (b), (c) and (d), respectively.
Under the gear healthy conditions, the envelope spectrum does not exhibit any spectral lines related with abnormal order O,,. In all
the sun gear localized fault, sun gear eccentricity, and sun gear localized fault combined with eccentricity conditions, spectral lines
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localized fault combined with eccentricity conditions.

related to abnormal order O, appear in the envelope spectrum. The presence of abnormal order O, in the envelope spectrum only
indicates that a component with a rotational speed corresponding to that order is operating differently from the healthy conditions.
However, it cannot determine whether the gear has suffered a localized fault. Therefore, accurately extracting and reconstructing
the signal components related to the abnormal order O, is required to analyze the cause of the abnormality in the IAS signals
measured.

5. Abnormal-preserving spectral component reconstruction method
5.1. Introduction of reconstruction method

The abnormal components introduced by gear localized fault or gear eccentricity are not dominant in the IAS signal. Despite
sharing same characteristic order O,, and similar spectral features — such as sidebands around meshing orders and abnormal order-
related spectral lines in the envelope spectrum — their amplitude and distribution differ. To effectively highlight these abnormal
components, it is important to accurately extract the relevant spectral lines and perform a targeted reconstruction.

Because IAS signal is obtained using an encoder with equal-angle sampling, accurately extracting these spectral components
is feasible, and without requiring additional order-tracking techniques typically needed for vibration signals. The main steps of
abnormal-preserving spectral component reconstruction include: first, performing a Fourier transform on the IAS signal to obtain
its order spectrum information:

N-1
X(f)=Flias()} = Y ias(i)e™ki/N (18)
n=0
where, F represents the Fourier transform, X (f) denotes the corresponding order spectrum, and N is the data length.

The IAS signal is directly obtained using the encoder signal, eliminating the need for equal-angle resampling. As a result,
abnormal orders remain fixed, ensuring accurate identification and extraction of fault-related spectral lines. Then, construct the
harmonics of the abnormal order O, into an abnormal order sequence f,, where the harmonics of the meshing order O,, are removed.
Although the meshing order O,, is multiple of the abnormal order O, it is the dominant component in the order information of
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combined with eccentricity conditions.

both the normal and abnormal conditions. Preserve the abnormal orders in the IAS order spectrum to highlight the spectral lines
related to the abnormal orders:

N
Xee() = X(N)- D60 = fo) 19)
k=1

where o() represents the Dirac delta function, which takes the value of 1 at the abnormal order and O at all other orders. Finally,
the IAS components related to the abnormal order spectral lines are reconstructed by performing the inverse Fourier transform:
N-1

iasge(i) = % Z X,o(f)e2mi/N (20)
m=0

5.2. Abnormal component reconstruction and analysis of simulated IAS

The Abnormal-preserving spectral component reconstruction was performed on the simulated IAS under gear healthy, sun gear
localized fault, sun gear eccentricity, and sun gear localized fault combined with eccentricity conditions. The resulting reconstructed
signals are shown in Fig. 12(a), (b), (c) and (d), respectively. Under gear healthy conditions, the reconstructed IAS exhibits no
abnormal jitters or modulation components; under the sun gear localized fault combined with eccentricity conditions, evident
periodic jitters appear in the reconstructed IAS, with a period of T ,;; and under the sun gear eccentricity conditions, the reconstructed
IAS exhibits periodic modulation without jitters.

The components corresponding to the same abnormal characteristic order O, in both conditions are effectively extracted and
reconstructed, with distinct fault features being enhanced: jitters for localized gear fault and modulation effects for gear eccentricity.
The kurtosis values of the raw simulated IAS signals and the reconstructed IAS signals were calculated, as shown in Table 3. This
enables a clear differentiation between localized sun gear fault and sun gear eccentricity.

The sideband energy ratio (SER) is defined as the ratio of the sum of the sideband amplitudes on either side of the meshing
frequency to the amplitude of the meshing frequency itself [42], and is considered one of the effective indicators for detecting gear
faults:

Zgl {Sideband amplitude};

: ; . @D
Meshing frequency’s amplitude

SER=

where, M is the number of selected sidebands.
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Table 3
Kurtosis of raw simulated IAS and reconstructed IAS.
Condition Kurtosis of raw simulated IAS Kurtosis of reconstructed simulated IAS
Gear healthy 3.34 3.36
Sun gear localized fault 3.52 6.87
Sun gear eccentricity 3.50 3.46
Sun gear localized fault with eccentricity 3.54 6.23

Table 4
SER values at each meshing order of the simulated signals under different conditions.
Condition 1x meshing order 2x meshing order 3x meshing order
Gear healthy 0 0 0
Sun gear localized fault 0.184 1.044 1.661
Sun gear eccentricity 0.094 0.671 0.542
Sun gear localized fault with eccentricity 0.207 1.053 2.137

Ji Magnetic Powder Brake

1L

Fig. 13. Planetary gearbox transmission test rig.

Calculate the SER values of the 1x, 2x, and 3x meshing orders based on the order spectra of the simulated IAS signals under
the four conditions shown in Fig. 10, respectively, as presented in Table 4. The table shows that under the gear healthy condition,
there is no noise or interference from rotational orders, and all SER values are zero. Under the conditions of sun gear localized
fault and sun gear localized fault with eccentricity, evident increase in the SER values for the 1%, 2x, and 3x meshing orders
is observed compared to the healthy condition, indicating gear faults. However, under the sun gear eccentricity condition, the
SER values for the 1%, 2%, and 3x meshing orders also increase. Although these values are not as high as those observed under
gear fault conditions, they still interfere with fault detection based on SER. The proposed abnormal-preserving spectral component
reconstruction method effectively identifies gear faults from gear shaft eccentricity in terms of the reconstructed signal’s waveform
and kurtosis, demonstrating the advantages of the proposed approach.

6. Experimental study

The experiments are conducted on a planetary gearbox transmission test rig, illustrated in Fig. 13. This setup includes a servo
motor with rated power of 3 kW and rated speed of 1500 r/min, a tested planetary gearbox with nominal power of 2 kW-4 kW
and rated speed of 1500 r/min, and a magnetic powder brake with rated torque of 100 Nm. An optical incremental encoder with
resolution of 2500 pulses per revolution (PPR) is installed on the output shaft of the planetary gearbox to acquire the IAS signal. The
2500 PPR incremental optical encoder is one of the most commonly used resolutions in industrial applications, offering sufficient
resolution to meet the requirements for gear fault detection in planetary gearboxes. A schematic diagram of the test rig is shown in
Fig. 14.

In the experiment, the input speed of the sun gear shaft was set to 900 r/min. By setting the input current of the magnetic
powder brake to 0.75 A (with rated current of 1 A), the load torque value similar to that in the simulation can be achieved. The
time points of the rising edge of the encoder signal are recorded by a high-speed counter using the Field-Programmable Gate Array
(FPGA). A tooth spalling fault is artificially introduced on the sun gear to simulate a localized fault, as depicted in Fig. 15.

6.1. Measured IAS signal analysis

The recorded encoder signals under normal, sun gear localized fault conditions are processed using the elapsed time method [43]
and differential algorithm to obtain the measured IAS signals. Even if the gears are all healthy, assembly errors, load variations and
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Fig. 14. Schematic diagram of the test rig.

Fig. 15. Faulty sun gear used in the experiment.

other factors can introduce a certain degree of eccentricity into the acquired IAS signal. As a result, obtaining an ideal, interference-
free IAS signal becomes challenging. Therefore, in experimental studies, the normal operating conditions should correspond to
the gear eccentricity conditions in simulation, and the sun gear fault condition should correspond to the sun gear localized fault
combined with eccentricity conditions in simulation. Fig. 16 presents the detail of the measured IAS signals, both showing data for 5
rotations (31.4 rad) of the carrier. Ignoring the noise present in the measured signals, the waveform of the IAS signal under normal
conditions, shown in Fig. 16(a), consists of only the single-tooth and double-tooth meshings of the healthy gear teeth, with minor
fluctuations caused by their one and two teeth alternating meshing. Additionally, unavoidable manufacturing and assembly errors
introduce gear eccentricity, leading to slight amplitude modulation in the signal and generating impact-like peaks in the waveform.
The IAS waveform under the sun gear localized fault condition, depicted in Fig. 16(b) exhibit evident jitters. The simulated and
measured signals exhibit consistency in their waveforms. This consistency not only validates the validity of the dynamic model but
also reflects the actual dynamic behavior of the IAS signal in the planetary gearbox during operation.

The order spectra of the measured IAS signals are shown in Fig. 17. Due to the unavoidable manufacturing and installation
errors in practical engineering applications, as well as the influence of couplings and other transmission components, additional
rotational order interferences are present in the order spectra. Consequently, in addition to the meshing order components and those
related to the rotational order of the sun gear, extra spectral lines are observed. These additional components may be attributed
to the rotational orders of the carrier and planet gears, and their harmonics. Specifically, the carrier-related harmonics correspond
to multiples of the 1x rotational order, and the characteristic orders related to the planet gears can be calculated based on the
gear ratio of the planetary gearbox. Moreover, components corresponding to the motor control frequency and its harmonics may
also appear in the spectrum, which are related to the number of pole pairs of the servo motor. In both the normal and sun gear
fault conditions, the dominant spectral lines in the order spectrum is the meshing orders. The localized sun gear fault introduces
obvious sideband spectral lines related to the abnormal order O, around the meshing order, a key spectral feature of the sun gear
fault. However, in the IAS order spectrum under the normal condition, sideband spectral lines related to the abnormal order O,
also appear around the meshing order. The presence of this feature may be attributed either to a fault in the sun gear or to the
eccentricity of the sun gear shaft. Consequently, relying solely on the appearance of abnormal sidebands as an indicator of sun gear
faults is inaccurate. This also leads to the ineffectiveness of methods such as the sideband energy ratio, because both gear fault and
gear eccentricity can cause an increase in this ratio.

The envelope order spectra of the measured IAS signals under the normal and the sun gear fault conditions are shown in Fig.
18(a) and (b), respectively. In both conditions, the IAS envelope spectra exhibit evident abnormal order O,; harmonics. Although

14



J. Fan et al. Journal of Sound and Vibration 619 (2025) 119374

1 T T T T T T
(a)
E‘ 0.5 3
£
=R
N
S5t g
-1 1 1 I I I I
0 5 10 15 20 25 30
1 T T T T T T
(b)
= 055 -
£
S0 |
%]
=05 e
1 I I I I I I
0 5 10 15 20 25 30
Angular displacement [rad]
Fig. 16. Waveform of IAS signals under (a) normal, and (b) sun gear fault conditions.
0.06 T T T T
(@) <O, 20,
0041 e -
= 30
= 0 -0 | 0 +0 / m
m.oasy “m. “as 20 -0 |20 +0
©n
0.02 - mas | <YV _
< vy y |
0 ‘]“L\]\L‘Am o L] \THIM\I“THM m ”HIMTM“ ‘\T.M. Ll ,\‘.A bl i Ll el
0 50 100 150 200 250 300
0.06 T 47/\0 T T T
0] } o,
(=]
= 0.04 0 -0 i
s\ci m¢ as / 30
= 0 +0 0,10, .
2002 20,,,:)(” v 30,-0, (30,70, -
0 JL el ] m}w L u‘m‘mT.‘ Ll \.\u.m.\\h\h\mﬂ L ‘.w\.TM Lol a8l 8 ot si
0 50 100 150 200 250 300
Order [x]
Fig. 17. Order spectra of measured IAS signals under (a) normal and (b) sun gear fault conditions.
Table 5
Kurtosis of raw measured IAS and reconstructed IAS.
Condition Kurtosis of raw measured IAS Kurtosis of reconstructed measured IAS
Normal 3.72 3.81
Sun gear fault 4.43 6.24

the amplitude and distribution of the harmonic spectral lines are more prominent in the sun gear fault condition, the presence of
this feature in both conditions poses challenges for accurately identifying the sun gear fault.

6.2. Abnormal component reconstruction and analysis of measured IAS

The measured IAS signals under both normal and sun gear fault conditions were processed using the proposed abnormal-
preserving spectral component reconstruction method. The resulting reconstructed signals are shown in Fig. 19(a) and (b),
respectively. Under normal condition, the reconstructed IAS exhibits no abnormal jitters component; under the sun gear fault
conditions, evident periodic jitters appear in the reconstructed IAS, with a period of T,,. The kurtosis values of the original IAS
signals and the reconstructed IAS signals were calculated, as shown in Table 5. It was observed that the kurtosis value of the IAS
signal under the sun gear fault condition significantly increased after reconstruction, indicating that the impacts corresponding to
the localized gear fault in the original signal were effectively extracted.

The SER values for the 1x, 2x, and 3x meshing orders from the order spectra of the measured IAS signals under the normal
and sun gear fault conditions are calculated and presented in Table 6. The SER values under the sun gear fault condition are higher
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Fig. 19. Reconstructed measured IAS signal under (a) normal and (b) sun gear fault conditions.

Table 6

SER values at each meshing order of the measured signals under different conditions.
Condition 1x meshing order 2x meshing order 3x meshing order
Normal 0.532 0.776 0.943
Sun gear fault 1.308 1.647 1.985

than those under the normal condition. However, relying solely on the SER values in the normal condition cannot determine the
gear’s health, because the SER values are not negligible. Evident signal jitter is observed in the reconstructed IAS signals obtained
using the abnormal component. Additionally, the kurtosis value of the reconstructed signal under the sun gear fault condition is
significantly higher than that under the normal condition, demonstrating a more effective fault identification capability compared
to the SER indicator.

7. Conclusion and discussion

A modified torsional dynamic model in the angular domain for planetary gearboxes has been developed through a comprehensive
torque balance analysis. By analyzing the time-varying mesh stiffness under gear healthy, sun gear localized fault, and gear
eccentricity conditions, and incorporating these conditions as variables into the dynamic model, the simulated IAS signals can
be obtained. The correctness of the model has been verified by analyzing simulated and experimentally measured IAS signals.
Furthermore, the influence of gear localized fault and gear eccentricity on the dynamic behavior of IAS has been examined. To
enhance fault identification, an abnormal-preserving spectral component reconstruction method has been proposed to extract and
identify gear fault. The key findings of this paper can be summarized as follows:
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(1) Torque balance analysis of the gear under localized faults and shaft eccentricity conditions reveals that both conditions
influence the time-varying mesh stiffness. A localized gear fault causes a sudden drop in mesh stiffness when the faulty tooth
meshes, whereas gear shaft eccentricity introduces a periodic modulation to the time-varying mesh stiffness.

(2) The dynamic behavior of the signal components induced by localized gear faults and gear eccentricity exhibits the same
periodicity, resulting in identical characteristic orders. However, the amplitude and distribution of the spectral lines corresponding
to these characteristic orders differ between the two conditions in the order spectrum.

(3) Accurate extraction and reconstruction of the spectral lines corresponding to abnormal characteristic orders enable effective
differentiation between localized gear faults and gear eccentricity. The IAS signal reconstructed for localized gear faults exhibits
evident periodic jitters and a significant increase in kurtosis, whereas the reconstructed IAS signal for gear shaft eccentricity does
not exhibit these characteristics.
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