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In this article, the frequency characteristics of the forces and torques in the various
cycloidal gearbox designs were investigated. The aim of the article is the search
for frequency patterns that could be used in the formulation of a fault diagnosis
methodology. Numerical analysis was performed in the cycloidal gearbox without
defects as well as in cycloidal gearboxes with lobe defects or with removed lobes. The
results of the numerical analysis were obtained in the multibody dynamics model of
the cycloidal gearbox, implemented in Fortran and using the 2nd-order Runge-Kutta
method for the integration of the motion equations. The used model is planar and
uses Hunt and Crossley’s nonlinear contact modelling algorithm, which was modified
using the Heaviside function and backlash to fit cycloidal gearbox model convergence
demands. In the analysis of fault diagnosis methods, the coherence function and Morris
minimum-bandwidth wavelets were used. It is difficult to find a unique pattern in the
results to use in the fault diagnosis because of the random characteristics of the torques
at the input and output shafts. Based on obtained results, a promising, low-vibration
cycloidal gearbox design with removed 7 lobes of the single wheel was studied using
the FFT algorithm.

1. Introduction

Fault diagnosis is a developing research branch, rising to new levels with
improvements in neural networks and wavelets. Using statistics, digital signal pro-
cessing, wavelets, neural networks or spectral analysis researchers look for methods
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of presentation and selection of the specified signal features identifying defects. The
signals are measured and processed by microcontrollers and processors of newer
generations allowing for faster analysis and application of the new algorithms [1, 2].

Methods of gearbox diagnostics are often based on the entities concerning
the rotational motion of shafts. It may be angle of rotation, angular speed, angular
acceleration and input or output torque. In cycloidal gearboxes, the output torque is a
random signal. In the models of cycloidal gearbox programmed using mathematical
software or various computer programming languages, the important role plays
contact modelling. In advanced models, nonlinear dependence between penetration,
force and energy dissipation appears, which influences other dynamical parameters
of gearbox parts (angular velocity and angular acceleration of the cycloidal wheels,
input and output shafts). These nonlinear dependences lead to an unpredictable
random form of the output torque and difficulties in the extraction of the defect-
identifying signal features.

Successful fault diagnosis of the cycloidal gearbox was presented in [3], where
multifractal analysis of the vertical vibrations by the wavelet leader method was
performed. Analysis of the log-cumulants in [3] allowed for a distinction between
a healthy gearbox and one containing fault in general.

In works [4, 5], which concern topic of the dynamic analysis and backlash
it was mentioned, that developing a multibody dynamics model of the cycloidal
gearbox with contact modelling is difficult and complex. Research on the improve-
ment of the cycloidal gearbox models lead to the implementation in the Fortran
programming language the parametrized cycloidal gearbox model for transient
analysis [6–8]. This model allows for modification of the geometry of the gearbox
as well as the contact and dynamic parameters. The feature of geometry modifica-
tion allows for the application of the mentioned models in fault diagnosis. Studying
the spectral characteristics and time courses of the dynamical entities in the cy-
cloidal gearbox [4–6, 9] built the motivation for searching features in the spectrum
of the output torque and origins of the specified elements of the spectrum. Reveal-
ing the meaning of the given beans in the spectrum allows for the application of
this knowledge in the fault diagnosis.

Contemporary works concerning this topic are [10, 11], where kinematical er-
ror and contact were studied. In [12], the distributed wear in the planetary gearbox
was analysed in the scope of fault diagnosis, in [13–15] analysis of the gearboxes
with removed teeth was performed and [16–21] concern other defects in the gear-
boxes.

Works that deal with application of the advanced methods in studying spectral
characteristics of cycloidal gearboxes are rare [3].

In this article, the search for the frequency features, which characterize the
defect in the specified lobe has been carried out. Based on the methodology pre-
sented in [18, 22], the MATLAB coherence function was used to find the influence
of the defect in the single lobe on the output torque frequency spectrum. It will
be shown in the results chapter of this article, that the coherence function is not
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precise enough to identify the defect located in the specified lobe. The next step
in the analysis, arising from too little information in the coherence functions, is to
check the distribution of the multiple frequency levels of the output torque in the
time domain. This step can be done by the application of wavelets. MATLAB in-
clude a high number of predefined wavelets, 130 of which were applied to compute
scalograms of the output torque and it was still difficult to find explicit dependence
between localization of defect and scalogram features. Significant changes have
been found only in the Morris minimum-bandwidth wavelet “mb32.3” [23]. The
research presented in this article not only concerns fault diagnosis topics.

Based on obtained results, the numerical models of new designs of the cycloidal
gearbox were tested. Many scalograms for various wavelets showed a reduction of
the high-frequency components in the gearbox with 7 and 4 consecutive lobes
removed. In the gearbox with 8 removed lobes and with 2nd, 4th, 6th and 8th lobes
removed high temporary vibrations occurred due to locking of the gearbox. These
high amplitudes affect the calculation of scalograms and do not show dependencies
similar to other scalograms. Based on the fact, that high frequencies are reduced in
the gearbox set-ups with 7 removed lobes, two new designs were constructed: the
first with 7 consecutive lobes removed in a single cycloidal wheel, and the second
with 7 consecutive lobes removed in both wheels. The gearbox in the second model
was locked and the analysis of this model was not convergent. The first model
showed a promising reduction of the high-vibration components in the output
torque spectrum. The drawback of this design is increased forces at the internal
sleeves.

2. Analysed gearbox

The analysed single-stage cycloidal gearbox consists of input and output shafts,
two cycloidal wheels, 16 external sleeves and 8 internal sleeves. The shape of both
cycloidal wheels is the same and it is described in parametric equations (1) with
entities given in Table 1. The wheels are counter-rotated by 180◦. The results
visualization software was implemented in Java, using LWJGL (Light Weight Java
Game Library) with OpenGL. The visualization software does not show input and
output shafts with eccentric cams, on which cycloidal wheels are mounted. The
external sleeves are mounted in the ring, they are fixed and can rotate around
their longitudinal axis. The internal sleeves are mounted in the output shaft. The
following modifications of the presented design were studied: the models 1–8 with
wear defects of the consecutive 1–8 lobes. Each wear defect was introduced to the
cycloidal wheel by zeroing the parametric coordinates of the cycloidal wheel in the
range of 0–12◦ for each lobe. The gap was next substituted by the linear function
connecting boundary points of the zeroed region. This kind of defect is a simulation
of the wear of half of the lobe due to friction. The additional models with a) 1st and
5th, b) 1st, 4th and 7th c) 1st, 3rd, 5th and 7th, d) 2nd, 4th, 6th and 8th worn lobes were
also studied. After all presented analyses, two models with completely removed 7
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consecutive lobes in a) single wheel and b) both wheels were analysed to check
the elimination of the high frequencies in the cycloidal gearbox. The model with 8
consecutive worn lobes is presented in Fig. 1.

𝑢(𝛼) = 𝑒𝑧𝑘

𝑚
cos(𝛼) + 𝑒 cos (𝑧𝑘𝛼) − 𝑞 cos(𝛼 + 𝛾),

𝑣(𝛼) = 𝑒𝑧𝑘

𝑚
sin(𝛼) + 𝑒 sin (𝑧𝑘𝛼) − 𝑞 sin(𝛼 + 𝛾),

𝛾 = atan


sin(𝑧𝑠𝛼)

1
𝑚

+ cos(𝑧𝑠𝛼)

 .
(1)

Table 1. Parameters used in the equation (1)

Parameter Description Value

𝑢(𝛼) Horizontal coordinate –

𝑣(𝛼) Vertical coordinate –

𝛼 [rad] Equation parameter 0–2𝜋

𝑒 [m] Eccentricity 0.0028

𝑧𝑘 Number of external sleeves 16

𝑧𝑠 Number of lobes 15

𝑚 Short-width coefficient 0.7

𝑞 [m] Radius of the external sleeve 0.006

Fig. 1. Analysed model of the cycloidal gearbox. The model without defects (left) and the model
with 8 consecutive worn lobes (1st-8th) (right). A – designates the 1st external sleeve,
B – designates the 14th external sleeve, C – designates the external cycloidal wheel,
D – designates the internal cycloidal wheel and E – designates the internal sleeve
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The masses and moments of inertia of the cycloidal gearbox parts used in the
analysis are shown in Table 2. Table 3 contains values of drives and loads. The
dimensions of the cycloidal gearbox are shown in Fig. 2.

Table 2. Mechanical parameters of the cycloidal gearbox parts. The moments of inertia have been
calculated relative to the given part’s centre of mass

Body
Model parameters

Mass [kg] Moment of inertia [kg m2]

Input shaft 0.2341 1.846 · 10−6

Output shaft 1.6345 1.373 · 10−4

Cycloidal wheel 0.5998 1.57538 · 10−4

Internal sleeve 0.048 1.1013 · 10−5

External sleeve 0.048 1.1013 · 10−5

Table 3. Drives and loads of the cycloidal gearbox

Entity Value

Angular velocity of the input shaft [Hz; rad/s; RPM] 8.33; 52.34; 500

Torque applied at the output shaft [Nm] 22

Fig. 2. Dimensions of the cycloidal gearbox used in the analysis [6]

3. Multibody dynamics model of the cycloidal gearbox implemented
in Fortran programming language

Multibody dynamics analysis of the cycloidal gearbox has been performed us-
ing software [24] described in [6]. The modification of the mentioned software was
done including the start of the cycloidal gearbox from the rest position. The contact
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modelling algorithm was also modified aiming to correct energy dissipation. In
the multibody analysis, equation (2) is solved in each iteration of the Runge-Kutta
algorithm. [

M −D𝑇

D 0

] [
¥u
𝝀

]
=

[
F
𝜸

]
, (2)

where: M – mass matrix (contains masses and moments of inertia of the parts),
D – Jacobian matrix, 0 – zero matrix, ¥u – solved accelerations, 𝝀 – solved reaction
forces, F – vector of applied forces and moments, 𝜸 – right-hand side vector of the
acceleration equations.

The mass matrix contains masses and moments of inertia specified in Table 2.
Jacobian matrix was formulated similarly to the model presented in [6] including
the driver-joint. The exceptions in the multibody model concern the right-hand
side acceleration vector 𝜸, applied forces vector F, geometric constraints vector
and velocity constraints vector. Entities 𝜸 and F are parts of the right-hand side
in the system of equations (2). The geometry constraints and velocity constraints
vectors are used in the initial conditions correction subroutine. The drive of the
input shaft has been defined using the following modifications (3)–(5) relative to
the model [6, 24]. The cycloidal gearbox consists of 28 bodies (2 shafts, 2 cycloidal
wheels, 8 internal sleeves and 16 external sleeves). There are 2 constraint equations
for each body in the multibody dynamics model (28 ·2) and the last constraint is the
rotational driver joint (57th constraint equation). The first body is the input shaft.
It has three coordinates in the planar dynamics: two linear displacements 𝑥 and 𝑦
and the angular displacement 𝜑. The third component of the displacement vector
𝑢 is the angular displacement of the input shaft.

Φ28·2+1 = 𝑢3 − 𝑓 (𝑡), (3)
𝑉28·2+1 = 𝑓 ′(𝑡), (4)
𝛾28·2+1 = 𝑓 ′′(𝑡), (5)

where: Φ – constraints vector, 𝑢 – displacements vector, 𝑉 – velocity constraints
vector, 𝛾 – right-hand side accelerations vector, 𝑓 (𝑡), 𝑓 ′(𝑡), 𝑓 ′′(𝑡) – designates the
driver function and its derivatives (6)–(8).

𝑓 (𝑡) =
{
𝑡 < 0.2 s ⇒ 0.5 · 261.8 · 𝑡2,
𝑡 ⩾ 0.2 s ⇒ 52.36 · 𝑡,

(6)

𝑓 ′(𝑡) =
{
𝑡 < 0.2 s ⇒ 261.8 · 𝑡,
𝑡 ⩾ 0.2 s ⇒ 52.36,

(7)

𝑓 ′′(𝑡) =
{
𝑡 < 0.2 s ⇒ 261.8,
𝑡 ⩾ 0.2 s ⇒ 0,

(8)

where: 𝑡 – time [s], value 52.36 is given in [rad/s] and value 261.8 in [rad/s2].
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The load of the output shaft was also modified to rise from the rest state to
the constant value 𝑇out = 22 Nm. The second body is the output shaft. The 6th

coordinate of the applied force vector is the torque (9) applied at the output shaft.

𝐹6 = 𝑙 (𝑡), (9)

where 𝑙 (𝑡) is time function defined in (10).

𝑙 (𝑡) =
{
𝑡 < 0.2 s ⇒ 110 · 𝑡,
𝑡 ⩾ 0.2 s ⇒ 22,

(10)

where: value 110 is given in [Nm/s], value 22 is in [Nm] and 𝑡 is in [s].
The contact modelling algorithm has been modified to distinguish if the contact

points’ relative velocity has a positive or negative value. This approach allows for
guaranteeing energy dissipation during unloading (11).

𝐹𝑁 =

{
𝑣nzj < 0 ⇒ 𝐾𝑝𝑐 · 𝛿1.5 − 𝐶𝑝𝑐 ·

��𝑣𝑛𝑧 𝑗 �� ,
𝑣nzj > 0 ⇒ 𝐾𝑝𝑐 · 𝛿1.5 + 𝐶𝑝𝑐 ·

��𝑣𝑛𝑧 𝑗 �� , (11)

where: 𝐹𝑁 – contact normal force, 𝑣nzj – relative velocity of the contact points,
𝐾𝑝𝑐 – contact stiffness (this parameter depend on the surface curvature of the
contacting bodies), 𝛿 – penetration depth, 𝐶𝑝𝑐 – contact damping.

The contact stiffness and contact damping are modelled using Heaviside step
function (12)–(13).

𝐾𝑝𝑐 =


𝛿 < 0 ⇒ 0,

𝛿 ∈ (0; 0.00001) ⇒
𝐾𝑝𝑐 max

0.00001
𝛿,

𝛿 > 0.00001 ⇒ 𝐾𝑝𝑐 max,

(12)

𝐶𝑝𝑐 =


𝛿 < 0 ⇒ 0,

𝛿 ∈ (0; 0.00001) ⇒
𝐶𝑝𝑐 max

0.00001
𝛿,

𝛿 > 0.00001 ⇒ 𝐶𝑝𝑐 max ,

(13)

where: 𝐾𝑝𝑐 max is the value of the contact stiffness calculated from (14) [11, 25]
and 𝐶𝑝𝑐 max is 150 [Ns/m] [8].

𝐾𝑝𝑐 max =
4𝐻

3𝜋(ℎ𝑐 + ℎ𝑝)

√︄
𝑅𝑐𝑅𝑝

𝑅𝑐 + 𝑅𝑝

, (14)

where: 𝑅𝑐, 𝑅𝑝 – designates curvature radiuses of the cycloidal wheel and external
sleeve respectively, 𝐻 = 0.01 is the scale coefficient of the contact stiffness, ℎ𝑐 and



416 Roman KRÓL

ℎ𝑝 are given in (15) and 16).

ℎ𝑐 =
1 − 𝑣2

𝑐

𝜋𝐸𝑐

, (15)

ℎ𝑝 =
1−𝑣2

𝑝

𝜋𝐸𝑝

, (16)

where: 𝑣𝑐, 𝑣𝑝 – Poisson ratios of the cycloidal wheel and external sleeves material
respectively, 𝐸𝑐, 𝐸𝑝 – Young moduli of the cycloidal wheel and external sleeves
material respectively.

4. Designs of the cycloidal gearbox with artificial wear defects

It was mentioned in section 2, that wear of the single lobe has been modelled
by the removal of half of the lobe and substitution of the removed part by the linear
function connecting both ends in the remained part of the cycloid. Eight analyses
have been performed for the artificial wear defect introduction to the consecutive
lobes. The results of the analyses (the forces acting on the 14th external sleeve, the
forces acting on the 1st internal sleeve, the input torque and the output torque) are
presented in Figs. 3–7.

An increase in the number of consecutive defects leads to an increase in the
force peaks during the analysis. The surface of the analysed external sleeve turns
in contact with the surface of the defect, whose curvature radius is infinite. There
is a rise of the contact force between the surface of the external sleeve and the
surface of the cycloidal wheel, which can lead to a deepening of the wear. For the
single wear defect, there is a single contact force peak of 600 N and another above
400 N, while in the cycloidal gearbox without defects, the contact force is lower
than 200 N. For two consecutive defects, there are similar two peaks. For three,
the number of force peaks increases to three (one peak with 600 N and two above
400 N). For 4 defects, there are two peaks above 700 N, three peaks of 600 N and
two of 400 N. Increasing the number of defects to 5–7 lobes lead to 5–6 force
peaks of 400–600 N. In the analysis with the artificial wear defect introduced in the
8 consecutive lobes, high amplitude oscillations of the dynamical entities appear
in the first 0.12 s of analysis. These oscillations emerge after the locking of the
cycloidal gearbox and originate in the contact modelling subroutines. After 0.13 s,
the oscillations stabilize and the analysis is convergent.

There is little influence of the defects on the forces acting on the internal sleeves.
For up to three consecutive defects of the lobes, there are little to no differences
relative to the cycloidal gearbox without defects. For 5 and more defects, oscillations
with amplitude up to 50 N appear when the contact forces reach their maximum
values. For the 8 defects of the consecutive lobes, high oscillations at the beginning
stage of analysis appear as it was mentioned earlier. During the start of the gearbox,
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Fig. 3. Forces acting on the 14th external sleeve for the artificial wear defect introduced in the 1–8
consecutive lobes

the values of the forces acting on the internal sleeves in the model with defects are
smaller than in the cycloidal gearbox without defects. The near-maximum value
oscillations appear during work with stabilized angular velocity. The smaller value
of the force acting at the 1st internal sleeve is related to the cycloidal wheel static
force equilibrium equation (17).∑︁

𝐹in +
∑︁

𝐹ex + 𝑅 = 0, (17)

where:
∑︁

𝐹in – the sum of forces acting at the internal sleeves,
∑︁

𝐹ex – the sum
of forces acting on the external sleeves, 𝑅 – the reaction force at the cams of the
input shaft, where cycloidal wheels are mounted.
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The output shaft after the start of the cycloidal gearbox (𝑡 > 0.2 s) is loaded
by the constant torque (10). The output loading torque imposes the reaction forces
in the cams of the input shaft, on which cycloidal wheels are mounted. The force
equilibrium (17) for the cycloidal wheel assumes that the reaction force 𝑅 has an
average value. Based on the 𝑅 reaction force, torque at the input shaft (Fig. 5) was
calculated. If we assume constant 𝑅, then the increase in the sum of forces acting on
the external sleeves (Fig. 3) leads to a decrease in the forces acting on the internal
sleeves (Fig. 4).

Fig. 4. Forces acting on the 1st internal sleeve for the artificial wear defect introduced in the 1–8
consecutive lobes

Torque at the input shaft has been calculated based on reaction forces in
the centre points of two cams, on which cycloidal wheel bearings are mounted.
The force pair is parallel and displaced by two eccentricities. The torque at the
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Fig. 5. Torque at the input shaft for the artificial wear defect introduced in the 1–8 consecutive lobes

input shaft increases the amplitude of vibration with the increase in the number of
artificial wear defects of the consecutive lobes. However, it is difficult to distinguish
between the intensity of vibrations for the 5 or more defects. The calculated torque
is a random signal, which rises and falls in amplitude in unpredictable periods.
This property of the cycloidal gearbox leads to difficulties in the formulation of
the fault diagnosis methods. It is possible to find force peaks specific for the given
defect in the time course of the contact forces, but it is difficult to extract features,
which contain information about defects, from the input torque time course.

It was mentioned in the description of the contact forces that high amplitude
oscillations appear in the beginning stage of the analysis, in the time course of the
input torque.
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Fig. 6. Torque at the output shaft for the artificial wear defect introduced in the 1–8 consecutive lobes

In the time course of the torque at the output shaft (Fig. 6), the highest amplitude
of vibrations arises in the models with artificial wear defects of the 5, 6 and 8
consecutive lobes. The amount of fluctuations rises for the models with defects of
1, 2, 3 and 4 consecutive lobes. However, it is difficult to find strict rules, which
allow us to extract features which concern defects from the time course of the
output torque and use them in the automatic fault diagnosis algorithm.

The enlarged period of the torque at the output shaft shown in Fig. 7 presents
the random distribution of the increased amplitude periods. The amplitude of the
output torque is higher for the greater number of defects in general, but it is still
difficult to reveal how the output torque time course is exactly affected by the defect
in the given lobe.



Analysis of the single stage cycloidal gearbox with lobe defects. Fault diagnosis. . . 421

Fig. 7. Torque at the output shaft for the artificial wear defect introduced in the 1–8 consecutive
lobes (enlarged time scope 0.3–0.4 s)

Time courses of the input and output torques can be studied using the coherence
function, which will show how these entities could be affected by the defects of the
lobes. The discrete wavelet transform can be also investigated to show the changes
in the frequency components over the analysis time.

5. Spectral analysis of the torque at the output shaft for the cycloidal
gearbox with artificial wear defects

The coherence function is defined in (18). If the frequency components of
the torque from the healthy gearbox and from the gearbox with defects are equal,
the coherence function value is 1.0. Differences in the spectral components of the
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signals lead to the smaller than 1.0 value of the coherence function.

𝐶𝑥𝑦 ( 𝑓 ) =
��𝑆𝑥𝑦 ( 𝑓 )��2

𝑆𝑥𝑥 ( 𝑓 )𝑆𝑦𝑦 ( 𝑓 )
, (18)

where: 𝐶𝑥𝑦 – magnitude-square coherence of the signals 𝑥(𝑡) and 𝑦(𝑡), 𝑆𝑥𝑦 –
cross-spectral density of the signals 𝑥(𝑡) and 𝑦(𝑡), 𝑆𝑥𝑥 , 𝑆𝑦𝑦 – spectral density of
the signals 𝑥(𝑡) and 𝑦(𝑡) respectively.

The time courses of the input torque and the output torque have been calculated
in the analysis with the time 0.6 s and time stepΔ𝑡 = 10−5 s. The coherence function
has been calculated using the default MATLAB library of functions [26]. Figs. 8
and 9 show values of the coherence functions for the input and the output torques
respectively, for the frequency range 0–1500 Hz.

Fig. 8. Magnitude-squared coherence (MSC) of the input torque in the healthy cycloidal gearbox
and in the cycloidal gearbox with the artificial wear defect in the 1–8 consecutive lobes

Calculation of the magnitude-square coherence for the two torques does not
show dependence between the number of defects and affected frequency beans. For
the input torque (Fig. 8), the coherence diagram for the defect in 4 consecutive lobes
is more coherent with the input torque in the healthy gearbox than the diagram for
defects of 2 or 3 consecutive lobes. For the output torque (Fig. 9) the diagrams for
the 2, 5 and 6 worn lobes show small values of coherence in the range of 500-600
Hz, which is absent in the diagrams for the 3 and 4 worn lobes.

The DFT (Discrete Fourier Transform) do not show changes in the spectral
components over time. The solution of the wavelet scalograms can improve the
investigation of the torque features affected by the artificial wear defects. The author
used 130 kinds of wavelets from the MATLAB default library [27]. Scalograms of
these wavelets showed various time-frequency characteristics. The most interesting
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Fig. 9. Magnitude-squared coherence (MSC) of the output torque in the healthy cycloidal gearbox
and the cycloidal gearbox with the artificial wear defect in the 1–8 consecutive lobes

results have been obtained for the mb32.3 group of wavelets. The Discrete Wavelet
Transform has been solved and Discrete Transform Absolute Coefficients have
been shown for the output torque in the models with 1–8 consecutive worn lobes
(Figs. 10 and 11). To analyse the influence of artificial wear defects, the variants of
the models with random order of defects have been studied (Fig. 12). The Discrete
Transform Absolute Coefficients have been shown for 12 levels, where the 1st level

Fig. 10. Wavelet group mb32.3 scalograms of the output torque for the artificial wear defects of 1–4
consecutive lobes
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corresponds to the highest frequencies and the 12th level corresponds to the lowest
frequencies.

Fig. 11. Wavelet group mb32.3 scalograms of the output torque for the artificial wear defects of 5–8
consecutive lobes

Fig. 12. Wavelet group mb32.3 scalograms of the output torque for the artificial wear defects of the
random order of lobes
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The highest value of the discrete transform absolute coefficient is designated
by the darkest colour, while the smallest value is by the brightest. The colour scale
has been set to 64 colour levels from the brightest: 1, to the darkest: 64.

6. New designs of the cycloidal gearbox based on the spectral
analysis results

The scalogram for the 7 consecutive worn lobes shows a reduction in high
frequencies for levels 1–4 (Fig. 11). Therefore, two new designs of the cycloidal
gearbox have been tested. The first design is the design with 7 consecutive lobes
completely removed from both cycloidal wheels (Fig. 13). The second design is
with 7 consecutive lobes removed in the single cycloidal wheel (Fig. 14).

Fig. 13. New design of the cycloidal gearbox
with 7 consecutive lobes removed in both

cycloidal wheels

Fig. 14. New design of the cycloidal gearbox
with 7 consecutive lobes removed in the

single cycloidal wheel

Performed analyses showed that the mechanism of the cycloidal gearbox with
7 consecutive lobes removed in both wheels has been locked. Successful analysis
has been performed for the model with 7 consecutive lobes removed in the single
wheel (Fig. 14). The results of the analysis are very promising (Fig. 15). The model
with the lobes removed in the single wheel has lower vibrations during the start in
the input and output torques in the time range of 0–0.1 s. The cost of this design is
increased forces acting on the internal sleeves every 2nd rotation of the input shaft.
The values of these forces are 30% higher. When in one of the cycloidal wheels
only a single lobe exerts force on the external sleeve, the output loading torque (10)
acts on only half of the internal sleeves number, which imposes greater forces on
these sleeves. However, the main advantage is that in the model with a complete set
of lobes, the loading of the internal sleeves occurs twice as often as in the gearbox
with the number of teeth reduced in the single cycloidal wheel.

The 8192-point DFT (Discrete Fourier Transform) with Hamming window has
been computed for the output torque in the cycloidal gearbox with complete set
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Fig. 15. Dynamical parameters of the cycloidal gearbox in the model with 7 consecutive lobes
removed in the single cycloidal wheel

of the lobes and in the cycloidal gearbox with 7 consecutive lobes removed in the
single wheel (Figs. 16 and 17).

Fig. 16. DFT of the output torque in the gearbox with a complete set of the lobes (left) and in the
gearbox with the 7 consecutive lobes removed in the single wheel (right)

It can be seen in Figs. 16 and 17 that in the new design of the cycloidal
gearbox with 7 consecutive lobes removed in the single wheel, the amplitudes of
the spectral components in the range of 200–800 Hz are twice as lower as in the
cycloidal gearbox with a complete set of lobes, which proves that using of the
Morris minimum-bandwidth wavelets could reveal important spectral properties
of the cycloidal gearbox.
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Fig. 17. Enlarged DFT diagram for the gearbox with a complete set of the lobes (left) and
for the gearbox with 7 consecutive lobes removed in the single cycloidal wheel

7. Application of the Morris minimum-bandwidth wavelets
in the fault diagnosis

The scalograms in Figs. 10–12 could be used in the development of the new
designs of the cycloidal gearboxes, where it is possible to eliminate vibrations
with increased amplitude in the chosen periods. The main aim of the research
presented in the current article is development of the fault diagnosis methods.
Various scalograms for the wide group of wavelets were studied. It was found that
for the Morris ‘mb32.3’ wavelets there is a gradual rise in the range of the eliminated
frequencies for the successive rise in the artificial wear defects of the lobes. Levels 3
and 4 of the discrete wavelet transform absolute coefficients show this dependence,
while for the other levels, the dependence does not appear. The scalogram shown in
Fig. 18 has been prepared using a different method than those used in Figs. 10–12.
The analysis for the artificial wear defects of the 8 consecutive lobes showed a high
rise in the vibration amplitude at the beginning of the output torque time course.
When the number of defects of the lobes increases, the analyses for the defects of
the 1–7 consecutive lobes did not contain excessive vibration amplitudes, therefore
scalograms of the output torques for analyses with defects of the 1–6 consecutive
lobes have been compared with the analysis for the defect in the 7 consecutive lobes.
In Fig. 18, the dark colour appears in the scalogram, if the absolute coefficients of
the discrete wavelet transform for the given level contain the lowest possible value
(the frequency bean does not exist) both in the scalogram for the 7 consecutive
lobes and for the scalogram with the compared configuration of defects. In general,
there is an increase in the area of the fields containing dark colour with the increase
of the number of defects, which can be used in fault diagnosis to predict the number
of damaged lobes. Unfortunately, the dependence is not fully reliable, as diagrams
for the defects of the 3 and 4 consecutive lobes contain more gaps in the dark colour
fields.
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Fig. 18. Comparison scalograms of the discrete wavelet transform (‘mb32.3’) of the output torque
arising by the selection of lowest amplitude values (dark colour), which overlap with the low

amplitude values in the scalogram for the artificial lobe defects of the 7 consecutive lobes

8. Discussion of the results

The coherence function and Morris minimum-bandwidth wavelets can show
differences in the torques from the healthy cycloidal gearbox and the cycloidal
gearbox with defects. Unfortunately, it needs further research to reveal features
of the calculated or measured signals in this kind of mechanism to accurately
distinguish between the kind of defect or to show its exact localization.

The multibody dynamics model of the cycloidal gearbox [8] allows for the
analysis of the various dynamic parameters including contact stiffness and contact
damping. It can be used to investigate the influence of backlash or the most so-
phisticated kinds of defects of the cycloidal wheels, sleeves or shafts. It is also a
reliable tool to investigate fault diagnosis methods giving the possibility to study
the influence of the various imperfections on the spectral characteristics of the
dynamic entities in the cycloidal gearbox.
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The use of the correct contact modelling methods in the cycloidal gearbox
needs further studies, which will eliminate excessive vibrations arising in the vari-
ous ranges of time in the numerical analysis. Application of the Hunt and Crossley
contact model with the improvements coming from the use of the Heaviside func-
tion guarantees the elimination of the sudden changes in the values of the contact
stiffness and contact damping. To perform accurate studies of the dynamical phe-
nomenon in the cycloidal gearbox, more precise contact modelling methods are
needed. Random characteristic of the output and input torques is significantly af-
fected by the energy dissipation in the contact model, which energy is difficult to
measure in the cycloidal gearbox [28].

Defects of the cycloidal gearbox lobes lead to the emergence of disturbances
in the form of peaks in the time courses of the forces and torques in the studied
model. In general, the greater the number of defects, the more peaks appear during
the work of the gearbox. Unfortunately, it is difficult to find any linear or accurate
qualitative dependencies between the number of defects and the time courses or
spectrums of forces acting on the sleeves or the torques at shafts.

The coherence functions are unique for each number of defects (Figs. 8 and 9).
However, the shape of the frequency beans does not show any gradual dependence,
which would allow us to find the features identifying defects of the calculated
dynamic entities.

A discrete wavelet transform is a successful tool in finding features of the
torques, which identify the specified defects. It shows frequency component changes
in time. Using Morris minimum-bandwidth wavelets with image processing can
lead to invention of the successful fault diagnosis methods in the cycloidal gear-
boxes. High amplitude oscillations in the output torque in the time range of 0–0.1 s
are present in the scalograms (Figs. 10–12). It can be found as a circular shape in
the time range 0–0.2 s at levels 7–9. It should be noted that among a tested group of
wavelets, only the mb32.3 group shows these features. Further research is needed
to modify existing or find suitable wavelet transform to show disturbances of the
output torque, which identify artificial lobe defects.

Fig. 11 shows a lack of vibrations at levels 3 and 4 for the artificial wear
defects of the 7 consecutive lobes. The attempts to remove 7 lobes in a single
cycloidal wheel allowed for the invention of the new design, which is characterized
by the reduction of vibrations. The dynamical entities’ characteristics confirmed
(Figs. 15–17), that the use of Morris minimum-bandwidth wavelets successfully
represents various features of the output torque, which can be exploited in the
formulation of the fault diagnosis methods.

9. Conclusions

The multibody dynamics model of the cycloidal gearbox [8] allows for fast
and versatile analysis. It is possible to study the influence of the various gearbox
modifications on the dynamic parameters. Morris minimum-bandwidth wavelets
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from the MATLAB library can be used in the development of fault diagnosis
methods. Unfortunately, the dependence between the number of damaged lobes
and reduced frequencies is not confirmed to be reliable. This method needs further
investigation and proves that the use of wavelets is very promising in the fault
diagnosis of the cycloidal gearboxes. Further research will be performed, which
concerns the application of the Morris minimum-bandwidth wavelets in the devices
measuring output torque in the cycloidal gearbox laboratory stand.
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