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Vibratory monitoring of gear transmissions in variable regime
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Abstract — This paper falls within the context of diagnosis of rotating machines in speed variable regime.
Based on simulation signals, this work has the purpose to find relevant indicators for the diagnosis of
gear transmissions in a variable regime. Two indicators are proposed; the first indicator is the RMS value
applied to the vibration signal divided by its corresponding instantaneous frequency. The second is the
normalised gear frequency by averaging speed. The gear frequency and averaging speed are estimated
from the spectrogram. To test the proposed indicators simulate signals have been used. These signals are
the results of a dynamic modelling of the gears transmission and are calculated by using the Newmark
integration diagram. This dynamic modelling takes into account the eccentricity defect.
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Nomenclature

ep and eq Wheel eccentricities

R, and Ry Radii of the wheels base circles

0, and 6, Rotation angles of wheels

yp and yg Displacements of shaft supports

(02 Drive shaft frequency

2 Driven shaft frequency

M, and M, Masses of the pinion and gear

I, and I, Moments of inertia of the pinion and gear
K. Variable mesh stiffness

K, Stiffness of the supports of the gears
K, Averaged mesh stiffness

2K, Variation rate of mesh stiffness

® Phase displacement

€ Contact ratio factor

1 Introduction

In theory, many models are elaborated in order to
interpret faithfully the real conditions for predicting
the dynamic behavior of gear transmissions. Historically,
models are based on mass-spring-damper model with con-
centrated parameters, considering the gear as two rigid
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cylinders linked by constant or varying mesh stiffness.
Many of these models are favouring the torsional effects
and are neglecting those which are flexural in order to ob-
tain a model with only one degree of freedom [1]. In refer-
ence [2], a numerical model have been developed allowing
the defects effect simulation on gear teeth and two kinds
of defects were analyzed: cracks and surface defects. By
taking in consideration the damping, the relation between
the damping effect and the applied charge has been high-
lighted [3]. In references [4,5], the authors have adopted a
dynamic modeling of all elastic components of the trans-
mission (gears, shafts, bearings and housing) based on
finite elements discretization.

In the other hand, many researchers have developed
techniques allowing the gear defects detection and diag-
nosis, based on the vibration signals analysis [6-14]. In
the gear mechanical system, the defects presence changes
the vibration signature. In reference [7], the author has
proposed the envelope analysis of a demodulated ampli-
tude signal filtered around a harmonic in order to detect
the crack defect presence. In reference [8], the Wigner-
Ville distribution has been used to detect the presence of
the crack and other defects. In reference [9], the authors
have developed a transfer function to filter the vibrat-
ing signals produced by gear housing, in order to recover
the torsional vibrations coming directly from the gear-
ing. In reference [10], the authors have used the wavelet
transform in order to detect the eccentricity defects and
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have optimized some multi-resolution parameters. In ref-
erence [11], the authors have proposed a comparative
study between the time- frequency approach, by applying
the Kullback divergence on a spectrogram, and the cy-
clostationarity analysis, by using the spectral correlation.
In reference [12], the authors have suggested indicators
based on synchronous cepstral for the diagnosis of com-
plex gear transmission. In reference [13], it is suggested
to use an angular re-sampling technique combined with
the instantaneous speed variation and transmission errors
techniques for the detection of gears defects.

The gear transmissions defects monitoring is more
complicated when the operating parameters of systems
are variable especially for the speed and for the load. This
kind of operating regime is prevalent in industry, for ex-
ample the tramway, plane motors, wind turbine etc. Un-
der these non-stationary operations, the amplitude and
frequency components are always changing because of
speed variation (or load variation). This affects clearly the
classical diagnosis tools, which are not suitable for non-
stationary analysis, and therefore a potential fault can
be masked. Recently, this problematic was addressed by
many research’s works. In reference [14], it is found that
the classical spectral indicator (gear frequency) is linear
with the operating conditions indicators. This linearity
forms a slope which is used as parameter for monitor-
ing the planetary gearbox used in bucket wheel excava-
tors. In reference [15], the authors present the results of
an algorithm of vibration statistical analysis, applied on
a test bench which simulates the wind turbine machine
functioning under variable speed and load conditions. For
the bearing defect monitoring in rotating machines that
work under non-stationary regime, [16] the author has
suggested a new indicator, based on accelerometer and
optical encoder signals that are acquired simultaneously.
An algorithm to estimate the instantaneous speed from
optical encoder signal is applied. Then, each sample of
accelerometer signal is divided by its corresponding in-
stantaneous speed and the RMS value is applied to the
resulting signal.

This work is based on simulated signals of the gears
operating at variable speed regime. The aim is the propo-
sition of relevant indicators on the gears state in variable
regime. Among the most indicators used in the industry,
we have the RMS value and the spectral analysis. These
two indicators are adopted in this work and developed in
the context of the variable regime. The paper is organized
as follows: in Section 2 the adopted model is described. In
Section 3 the dynamic response is detailed. In Section 4
the proposed indicators are given before showing their
application to the simulated signals in the Section 5. A
conclusion is given at the end.

2 Description of the adopted model

The most of behavior dynamic models of the gear
transmissions use discrete models of mass-spring-damper.
The gears are assimilated to rigid cylinders connected

by a mesh stiffness which represents the elastic connec-
tion between teeth. The first works considered that the
mesh stiffness is constant. This consideration requires to
be taken in account in the dynamic equations of various
external excitations, like the errors of form and assem-
bly [17]. Actually, it is admitted that both internal ex-
citation sources to be considered are those produced by
the mesh stiffness fluctuation and those generated by the
shapes gaps on the teeth [18,19].

3 Transmission dynamic response

In general, the static error of gear transmission has
many origins. Many works have been undertaken to ana-
lyze respectively the contribution of each of these origins
to the vibrato-acoustic behavior of gear transmissions and
to determine their frequency characteristics. These origins
may be the geometry defects, resulting from the gears
manufacture and the transmission assembling, or may be
the teeth elastic deformation.

3.1 Excitation induced by eccentricities default

The eccentricity defect is due to the fact that the pitch
circles of the wheels do not have their center on the ro-
tation axis of the corresponding wheel. This defect may
be associated with the incorrect assembly of the wheel on
the shaft and/or the wheel and shaft manufacture. The
eccentricity of a wheel is essentially characterized by the
presence, in the spectrum of the transmission error, of
the spectral component at the rotating frequency of the
eccentric wheel and sidebands around the meshing fre-
quency and its harmonics [20].

The transmission error 6(¢) is the global elastic defor-
mation of teeth at the contact point of a toothed wheels
pair. The following equation presents its formula:

0(t) = 0pRp—04Ry+yp—yg+epsin(f21t)—ey sin(f22t) (1)

3.2 Motion equations

The model showed in the Figure 1 can be formed into
four equations, each one corresponds to a degree of free-
dom. The index p is attributed to the pinion while the
index g is attributed to the gear. v, and y, coordinates
represent the displacements of the pinion and the gear.
Angles 0, and 6, represent their rotations.

M, ijp + (Ky + K.) yp — K R0, — K.y, + K.Ry0, =0
(2)

10, — K.Ryyp + K.R20, + K.Rpy, — K.R,Re0, =0
(3)

Mgy, — Koyp + K R0, + (K, + K.)y, — K.R,0, :(2)
1,0, + K.Rgy, — K.RyRy0, — K.Ryyy + K.R20, = 0
(5)
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Fig. 1. Gear transmission dynamic model.

M; and I; with ¢ = p, g, represent successively masses and
moments of inertia of the pinion and gear. K, presents the
variable mesh stiffness and K, the stiffness of the supports
of the gears. Assuming that the mesh stiffness varies with
the rotation of the drive shaft, its formula is given by [21]:

K, + 2K, Z a; sin(§2,t) + b; cos(£2,t)  (6)

K. =
i=1
a; = —,3 sinfim(e — 2¢)] sin(ine)
i
and
b; = —_E cosim(e — 2¢)] sin(ime) (7)

(s

4 Suggested indicators

RMS value is a very used indicator in the industry. It
consists of measuring the level of static redressed energy
of a vibration signal. Its estimation formula for a vibration
signal is given by:

RMS =

where z(n) is the sample of vibration signal at time n and
N is the number of samples.

The advantage of use the RMS value, in gears mon-
itoring, is its implementation which is extremely easy.
However, it is not very sensitive and in general we use
it when the power of vibration signals in free fault mode
are weak compared with the defect mode [22]. In a vari-
able regime, this indicator is a linear function of rotational
speed. The proposed method consists in eliminating the
influence of speed rotation, which can mask a potential
defect, by dividing the vibratory signal by the instanta-
neous frequency and then applying the RMS value. This
new indicator was employed successfully for the diagnosis
of bearings in variable speed regime [16] and will be the
first indicator used in this work.

Spectral analysis is one of the most used methods in
research and industry areas for gear transmissions diag-
nosis [22]. By analyzing the evolution of the amplitude of
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Fig. 2. Signal spectrum in the case of constant rotational
speed.

rotation frequencies and gears frequencies, one can distin-
guish gear defects. However in the speed variable regime,
the rotation speed variation deforms the spectrum com-
ponents and therefore prevents the diagnosis. Speed vari-
ation causes a modulation of amplitude and frequency
and therefore always changes the harmonics characteris-
tics of gears. This amplitude and frequency modulation
are considered as a linear function of speed.

The second proposed indicator in this article is the
gear frequency normalized by the average speed. This con-
sists in dividing the vibration signal in equal segments
and for each one of them we detect meshing frequency
amplitude (the big harmonic), then we divide this mesh-
ing frequency by the averaged speed estimated in this
segment. Thus, the new indicator allows overcoming the
speed variation impact on the classical spectral analysis.

4.1 Application to the simulated signals

Figure 2 represents the spectrum of the simulated sig-
nal of an eccentricity error on the pinion (80 x 1075 m)
in a constant regime where rotational frequency is 40 Hz
and the teeth number is 29. From this figure, one can note
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Fig. 3. The selected rotational frequency profile.

the meshing frequency predominance at 1160 Hz and its
harmonics.

In order to test the proposed indicators, we have con-
sidered the simulation signals of gears in variable speed.
The selected profile of the rotational frequency variation
of the drive shaft is shown Figure 3. From this figure,
the rotational frequency increases from 0 to 40 Hz in a
first time, then it is constant for the remaining time. The
choice of this profile is motivated by the existence in many
industrial machines (wind turbine, navy propulsion sys-
tems, tramway) the starting phases and stops which are
repeated infinitely.

For simulation signals, we define our rotational fre-
quency. However, in general, we can use the following
method: filtering pass-band around a characteristic fre-
quency (meshing frequency, rotation frequency in the
signal coming from optical encoder) then applying the
Hilbert transform to get the analytical signal. From this
analytic signal we estimate the phase, and by the phase
derivation we get the instantaneous frequency. This al-
gorithm can be applied to signals captured from optical
encoders, installed in the majority of industrial machines,
in order to estimate the instantaneous frequency. If we
have a variable speed regime, we divide the signal into
segments, where it is assumed that the speed is constant
and then apply this algorithm.

Figure 4a presents the simulate signal of an eccentric-
ity error on the pinion (160 x 107% m) and Figure 4b
presents its spectrum. From these figures; one can note
that the temporal signal amplitude is modulated by the
profile of the rotational frequency and the spectrum of
the signal is difficult to interpret because of the speed
variation that distorts the spectral components. Figure 5
presents the signal in time frequency domain; it is clear
from this figure that the meshing frequency is linear with
speed variation. Also its amplitude evolution is linear with
speed variation.

To make a diagnosis with RMS value, we have divided
the signal into segments of 1024 points and for each seg-
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Fig. 4. (a) The simulated signal in time domain, (b) its spec-
trum for e, = 160 x 107°
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Fig. 5. The spectrogram of the simulated signal for e, =
160 x 107° m
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Fig. 6. RMS value.

ment the RMS value is calculated (Fig. 6). In this figure,
we observe that the RMS value is a linear function of
speed and therefore is strongly influenced by the speed
variation, which prevents the diagnosis, for example, if
a threshold is fixed at 2000, we may well see the three
curves pass through this value.
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Fig. 7. First Indicator.
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Figures 7 and 8 present the two proposed indicators
applied to the simulation signals. For the indicator 1, we
can note that the three curves representing the differ-
ent states of eccentricity error are practically constant
and separable, whatever the rotational frequency varia-
tion (each block presents a different rotational speed).
Likewise, the second indicator, extracted from the spec-
trogram, gives curves allowing to distinguish the three
cases of eccentricity error. In order to highlight this re-
sult the thresholds can be fixed.

5 Conclusion

This work, based on numerical simulation, is a contri-
bution in diagnosis of rotating machines in variable speed
regime which the purpose is the relevant indicators search.

Numerical modeling has allowed to have a first ap-
proach of dynamic behavior of gear transmissions in

variable speed regime. Indeed the simulated signals, in
this paper, have essential characteristics of real signals,
because that the chosen numerical model takes into ac-
count the gear transmission organs and can introduce dif-
ferent errors in order to study their influences in case
where rotation frequency is variable. The proposed indi-
cators are the RMS value applied to the vibration signal
divided by its corresponding instantaneous frequency and
the gear frequency, estimated in each segment, normalized
by its corresponding averaging speed. Compared with the
classical indicators we consider that the new indicators
are promising, because the new indicators are able to di-
agnose a gear transmission in a variable speed regime and
offer advantage to fix the thresholds.
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