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Abstract

Gearbox monitoring is considered an important scientific focus for predicting preventative maintenance plans. In these
systems, mechanical defects such as loading problems, eccentricity and torsional vibrations lead to shaft fatigue and
other damage to various other mechanical components. Various methods have been developed to detect and identify
the presence of defects in gearboxes. In this paper, we investigate the effect of gearbox faults on the current signal by
defining an analytical correlation between the physical presence of the fault and the stator current. The theoretical
development is supported by experimental measurements taken on a back-to-back planetary gearbox. Planetary
gearbox faults result in the motor’s input torque oscillations, generating amplitude and frequency modulation (AM-FM).
These modulations have an effect on stator current signals. The study of the stator current was followed by that of
vibration signal and acoustic pressure taken simultaneously under the same operating conditions. This comparative
investigation aims to present the differences between different techniques and highlight the efficiency of each.
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Introduction brand-new diagnostic capability for tracking plane-
tary gearboxes under various external stress scenarios.
Vibration analysis was extensively used to investigate
gears in different conditions and in for defect detec-
tion. However, measuring vibration signals inside the
gearbox is impossible in some cases or very difficult
because of the inaccessibility constraints in mounting
the sensors.® Therefore, scientific innovations are
nowadays oriented toward different sophisticated
techniques such as Motor Current Signature Analysis
(MCSA), Acoustic Emission (AE) and Acoustic
Pressure (AP). Many studies have explored the rela-
tionship between the dynamic behavior of gear sets
and the motor’s electrical response. The purpose of

Since gearboxes are crucial for powering various
mechanical systems, monitoring them is crucial for
ensuring performance and effectiveness. As a result of
their crucial function, condition monitoring of these
mechanisms has been ongoing and involves the status
of many physical phenomena. To reduce the high
costs of production stops followed by mounting, dis-
mounting, and corrective maintenance, researchers
have focused on experimental testing while building
numerical models to give tools to identify any
abnormality, pinpoint it, and, in general, to avoid
anomalies. Vibration analysis has been the preemi-
nent technique for checking the condition of rotating

machinery under various operating situations for the
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these research is to study the relationship between the
electromagnetic effect in motors and the inherent
vibration characteristics of the gearbox.” as well as
how to monitor the mechanical system using electric
inputs. The MCSA was also utilized to detect mechan-
ical imbalance in any component of the motor, as
demonstrated in the work of Balan et al,'’ Feki
et al.,'! and Ottewill et al.'> Within the same context,
Kia et al.'>!¥ justified the presence of the gear mesh
frequency components in the torque spectrum by the
torsional vibrations induced by transmission error in
gear pairs. These observations were followed by ana-
lytical studies that reported the vibration’s impact on
the current signals. In this context, Zhou et al. have
worked on studying the impact of a wheel flat on the
current signal in a traction motor."> Identifying the
defect was related to the frequency of the flat wheel
and the gear. The associated frequency facilitates
tracking, in general, any rotary component defect by
means of a current signal.

In fact, the stator current is multi-component
phase-modulated. In recent research, Goa et al.'®
have highlighted the efficiency of the Motor current
signature analysis in localizing planetary gear defects.
Gear failures are represented in the current signal by
sidebands around the permanent magnet synchro-
nous generators, producing frequencies with a spac-
ing equal to the gear fault characteristic frequencies
using the Fourier spectrum. The modulation index
value determines the amplitude of each gearbox-
related frequency component in the stator current
spectrum. Other studies discovered that the spinning
frequencies associated with the motor may be clearly
detected in the current spectrum at various ampli-
tudes. However, observing the components related to
mesh frequency is still critical due to its low-level
energy. The presence of these components in the sta-
tor current is mainly due to the mesh frequency of the
vibration transmitted to the mechanical torque.'”'®

Yet, less attention was given to the use of acous-
tic pressure as a condition monitoring indicator
because of the noisy environment, which can disturb
the identification of components related to the main
gear defect frequencies in gears.'”** Therefore, effi-
cient isolation of the system from any external
source of noise is extremely required to distinguish
different sources of vibration. Some researchers
worked on correlating different techniques, such as
acoustic pressure, vibration signals, and current sig-
natures to investigate the gearbox’s behavior and
detect the presence of any gear’s fault. For planetary
gears, research activities were mainly focused on
studying the impact of the gear’s geometric defects
on vibration signals.’' Safa®? also, initiated the
study of the impact of the gear defects on motor cur-
rent and compared it to vibration signals recorded
simultaneously.

This paper aims mainly to compare the capabilities
of the vibration signal, current signature, and the

acoustic pressure to describe the behavior of a back-
to-back planetary gearbox using an experimental-
based approach. The work is structured as follows:
Section 2 describes the experimental setup, composed
of a two-stage planetary gearbox driven by an asyn-
chronous motor. Also, this section presents a deep
overview of all the sensors used and their locations
on the test bench. We present two gear defects: one
crack implemented on one of the three planets and a
pitting defined on the sun.

In section 3, an analytical analysis explains the
impact of vibrations resulting from mechanical sys-
tems on the driving machine. In section 4, various
experimental observations in both the time and fre-
quency domains are presented using the Fast Fourier
Transform. In this section, we will establish a com-
parison between results to discuss the accuracy of
each technique in describing the dynamic response of
the gear’s system, especially in the presence of defects.
Finally, section 5 states conclusions from the results
obtained in this paper and proposes future works.

The experimental test bench

The experimental rig

The experimental investigation work reported in this
paper is done on a test rig, shown in Figure 1. It is
divided into two components, the features of which
are shown in Table 1. A three-phase asynchronous
motor is controlled by a Siemens inverter. The
mechanical part is designed as a back-to-back plane-
tary gearbox, which is made up of two identical pla-
netary gearbox stages (reaction and test).

Figure 1 presents different parts, which are made
up of an exterior ring, three planets mounted on a car-
rier 1, and a sun that serves as the input gear. Back-
to-back design provides mechanical power circulation
for energy efficiency. Both gearboxes are linked by a
stiff hollow shaft that carries both carriers and a sec-
ond one that links the response gearbox’s sun to the
test sun.”>** Reaction gear refers to the first planetary
gear set, which has a fixed ring, and test gear, which
has a free ring. The reaction gearbox is connected to
an arm to allow adding the external load.

Instrumentations

This study involves different physical parameters. In
order to ensure multidomain investigations of the test
bench, current signals, acoustic pressure signals, and
vibration signals will be recorded. Figure 2 illustrates
the disposition of each sensor on the test bench. To
measure the phase current, clamp meters of type
Fluke 1200s AC with 10mA/V sensitivity were
attached to the motor’s input. A tri-axial acceler-
ometer with a sensitivity of 127.02mV/g is also
mounted on the test ring to capture the system’s
vibration signal. Simultaneously, an optic tachometer
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Figure I. The experimental set-up: (a) the test bench and (b) the gearbox.
Table I. The experimental test bench parameters.
Component
The motor Operating configuration

Frequency (Hz) Power Connection Speed (rpm) Poles

50 15 kw Triangle connected 1460 4
The gearbox Component

Carrier Planet Ring Sun

Number | 3 | |

Teeth number - 24 65 16

Mass (kg) 3.65 1.22 28.1 0.49

of type Compact VLS7 with pulse tapes was installed on
the shaft connecting the motor to the gearbox to moni-
tor the input shaft’s angular velocity. Finally, to record
the acoustic pressure of the system two microphones
with 0.16mV/Pa sensitivity each, were placed near the
test gearbox. For the system isolation sheets of 10 mm
were used to isolate the motor and the gearboxes.

For the data collection, all the sensors were con-
nected to an LMS SCADAS316 monitored by LMS
Test Lab software.

Key frequencies

For planetary gears, the transmission ratio depends
on the fixed gear. In our case, the ring is held fixed
(w, = 0 ),the sun is the input of the system, and the
carrier is the output. The transmission ratio Ry, when
the ring is held fixed,** is defined by:

Ny Z,+Z7Z

R.. = S
sc N. Z.
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Figure 2. Instrumentations.

Table 2. Key frequencies.

Frequencies Expression Value (Hz)
Supply frequency — 50
Sun frequency F Fo= 3% 24.4
Carrier frequency F. F.= RF_s 482
Planet passing F,, Fop =3 Fc 14.46
Planet frequency F, Fo =2RFs 732
Sun frequency with Fee=F, — Fc 19.58
respect to the carrier F,

planet frequency with Foc = Fee 13.05
respect to the carrier F, ®

Mesh frequency Fgp, Fem = Z-Fc 320.3

In the same context, the sun-planet gear ratio, which

S A _ N, _ Z
is given by: Rgp, = N~ 7

where; N; is the rotational speed (rpm) of the ith
gear. Table 2 illustrates the key frequencies that char-

acterize each rotating part of the system.

Gears defects

Electro-erosion was used to create the defects investi-
gated in these tests. As seen in Figure 3, a pitting is
also introduced on the planet’s root. The cut was
made along the length of the tooth, with a depth and
breadth of 2 and 5mm, respectively. In the case of
the solar fault shown in Figure 3(b), a 3 mm-deep
fracture was introduced.

The electromechanical impact of the
dynamic behavior on the current
signature

Before getting involved in studying the impact of the
planetary gearboxes dynamics on the current signal,

(b) ‘

Figure 3. The teeth defect introduced on the gears: (a) a
pitting on the planet and (b) a crack on the sun.

an explanation of the physical origin of the propaga-
tion of the vibrations generated by the mechanical
system to the driven part is presented.

In fact, torque oscillation causes the interaction
between the motor and the mechanical system. It has
been demonstrated that the rotation and mesh fre-
quency components are added to the torque signal as
a result of torsional vibrations caused by load oscilla-
tions in the output gears and stiffness fluctuations
caused by variation in the number of tooth pairs in
contact.”> The magnetomotive force MMF and per-
meance wave technique are used to investigate the
effect of a periodic load torque fluctuation on cur-
rent.”® The load fluctuation is mainly due to the
mechanical contact and especially to geometry
defects. In the presence of external perturbation, the
load variation is given as:

Tload(t) = Tc + Tper Cos (wpert) (1)
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where: T,: constant component, 7', .. is the ampli-
tude of the load torque oscillation, and wper = 27fper.

The motor speed can be obtained from the torque
using this mathematical expression:

ZT(I) = Tmolor(t) - Tload([) = Jd;)lr (2)

w, = %J (Trotor(T) = Tioaa(T))dr (3)

t

The motor torque is equal to the 7,: constant part of
the load expression in the steady state. As a result, the
rotor velocity w, is expressed by:

1 T,
w, = — —J(T wcos(w.))dr + C= — sin(w.t) + w
J Jo,
t

(4)

So, the mechanical rotor position is given by the inte-
gration of the mechanical speed:

1

0.(t) = Jw,.(T)d = — J;F)L' cos(w.t) + w,ot (5)

2
c

10

For a healthy motor in ideal operating conditions
0,(t) = w,ot, consider the integration constant zero.
The mechanical rotor position 6, oscillations have an
effect on the rotor MMF. The rotor MMF in the
rotor reference frame (R), which is treated as a wave
with p pole pairs and a frequency sfy,, is expressed by:

FP@,1) = Fycos (pb — swyt) (6)

where:0 = 6 + 6, as seen in Figure 4.

! T
0 =60 — wot — J—ajzcos (w1) (7)

C

Using the expression w,) = %ws,, the rotor MMF
may be translated to the stationary stator reference
frame as:

Fﬁf)(e, 1) = Fcos(ph — wyt — Beos(wpert)) (8)

Ther
where; B =p Ju‘)’;"_.

As seen in equation (8), Bcos(wp.,t) characterizes
the phase modulation in the phase of the MMF wave.
The reason causing the oscillation of the torque has
no direct impact on the MMF of the stator.
Therefore, it can be written as follows:

Fy(0,1) = Fycos(ph — wst — @) 9)

We define the air gap flux density, B(6, 7) as the total
MMF multiplied by the permeance A (which is con-
sidered a constant for the sake of simplicity:

B(ea Z) = (Fst(en Z) + Frt(aa l))A
= Bscos(p0 — wgt — @) (10)
+ Bcos(ph — wyt — Beos(wpert))

There is a phase modulation of the flux density B(6, t)
for the flux ®(t). ®(t) s calculated by performing a
simple integration of B(0,?) regarding the winding
structure, which has no effect on the frequencies of
the flux harmonic components, just on their ampli-
tudes. As a result, @(t) is an arbitrary phase that may
be stated in the following way:

(1) = dscos(wst + @) + d,cos(wst + Beos(w.t))

(11)

Moreover, the relationship between the current and
the magnetic flux is given by Farady law as follows:

V() = RI(t) + % (12)

with V(1) is the voltage introduced from the source.
The derivation of the flux from (11) yields:

de(r) _

o wgdsin(wgt + @;) — Wy, sin(wgt
+ Beos(wpert)) + @per B, sin(wyt
+ Beos(wpert))sin(wst)

(13)

Finally, the stator current in any selected phase will
be given by the expression below:
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Figure 5. The current signal in the time domain.

M

1(1) = —(V()— (14)

I(t) = %(V(l) - [~

In the work presented by Feng et al.,”’ the gear
fault generates a load torque oscillation that produces
both FM (Frequency Modulation) and AM
(Amplitude Modulation) effects on the stator current,
with the supply frequency as a carrier frequency. The
FM and AM frequencies are equal to the key fre-
quencies of the gearboxes (meshing frequency, rotat-
ing frequency, and default frequency in the case of
defective gears).

The current is expressed, finally, as follows:

I(t) - lvt(t) + ll[(t)
+ Lsin(wgt + Beos(wpert))

Lysin(wgt + (py)
(16)

With: i,(¢) is the result from the stator MMF, which
is unaffected by the torque variation and the i,(¢), a
direct result of the rotor MMF, is the term used to
describe the phase modulation caused by torque
variability. Feng et al. used this demonstration that
explains the impact of the torque fluctuation on the
stator current to describe the electro-mechanical
interaction between the motors and the mechanical
systems.

Experimental study

The objective beyond this work is to study the impact
of a tooth defect in the planetary gearbox on the cur-
rent signature. Therefore, we started by analyzing the
motor current signal under different operating condi-
tions. The first step was to independently investigate
the state of the motor before its connection to the
mechanical system. Later, the electrical signal of the

s sin(wgt + @) + sin(wgt + Beos(wpert)) [—w

motor will be presented for the healthy configuration

and in the presence of a tooth defect. Finally, in order
|

xd)r + wperﬂqsrsm(wst)] ] ( 1 5)

to validate the results, the current signal will be com-
pared with the vibration and the acoustic radiation
signals.

Free motor state investigation

Figure 5 presents the phase current signal’s time
domain evolution. The electrical fundamental period
is dominant.

In the ideal case, the current measured in one phase
should be perfectly sinusoidal. Therefore, it presents a
lot of imperfections, which can be related to the sector
or the power supply.”® Figure 6 illustrates the fre-
quency spectrum for free motor, showing the funda-
mental frequency at 50 Hz.

Besides the fundamental frequency, we notice the
presence of the harmonics (second, third, fourth, and
fifth). These harmonics are not always related to a
probable motor fault but also to variations in motor
load, inertia, torque, supply voltage, or speed oscilla-
tion of the motor.”

Within the same context, besides the supply fre-
quency and its harmonics, the current spectrum in
Figure 6 shows additional frequencies with important
amplitudes. Although the motor is, theoretically, sup-
posed to be well built, its assembly is impossible with-
out getting a minimum residual eccentricity. In
addition, the process of aligning the motor and load
will never be perfect. Hence, additional forces will
appear increasing the eccentricity of the rotor. On the
other hand, the state of wear and the characteristics
of the bearing seat will also influence the position of
the rotor within the static housing. The combination
of all these phenomena will lead to mate eccentricity,
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Figure 6. The frequency spectrum of the free motor’s current signal.

which involves static and dynamic eccentricity. The
coexistence of static and dynamic eccentricity will
give rise to harmonics (25.5 and 74.5 Hz) given by the
equation (17) for n = 1, even in healthy motors.*

fooe = FrnF, (17)

wheren = 1,2,3....

The rotor may be regarded healthy if the amplitude
of these harmonics is more than 50dB less than the
amplitude of the fundamental frequency component.*!

The impact of the planetary gearbox on
measurements

The mechanical system described in section.2 is con-
nected to the motor. The impact of the gearboxes on
the spectra of the current signal is shown in Figure 7.
The results are plotted for the free motor (in blue) and
for the current after connecting the motor to the test
bench (in red).

The comparison between the current signals con-
firms the presence of additional peaks, which corre-
spond to key frequencies of the planetary gearboxes.
The existence of mechanical frequencies in the motor
current signal is seen as a modulation of the supply
frequency (given 50 Hz). Figure 7(b) shows compo-
nents related to gear meshing frequency: ’FfiFgm’.
Likewise, Figure 7(c) shows sidebands around the
fundamental frequency, which confirm the influence
of each mechanical component. The fact that carrier
frequency and its harmonics have noticeable ampli-
tude at: |[Fr£nF.|, n € N is explained by the effect of
carrier gravity as detailed in Hammami et al.** Also,
the movements of sun are transmitted through the
input shaft to the motor, affecting the current signal

as well. This is well observed by the presence of sun
related frequencies: Fr+F. Hence, we notice the pres-
ence of a relative planet frequency Fr*F,. with an
important amplitude. In fact, the presence of this fre-
quency is probably related to some mounting prob-
lems on one of the planets. These frequencies are
confirmed by vibrational signals obtained simultane-
ously while measuring the current signals.

In the following sections, the current signal results
will be compared to those of vibration and acoustic
pressure for different case studies.

The effect of the planet’s fault on measurement

Time domain. In this section, we are studying the effect
of the groove introduced on one of the planets on dif-
ferent measured signals, as shown in Section 2.4.
Figure 8 illustrates the current, vibration and acoustic
pressure signals for this defect. The impact of the
presence of this defect can be observed with different
degrees of clarity for the three signals.

Introducing the planet defect has impacted the
vibration signals and the acoustic pressure, as illu-
strated in Figure 8(c) for the time signal by the peri-
odic increase of the amplitude. However, the impact
of the planet defect on the current time signal, as
shown in Figure 8(a), is barely visible. Therefore, in
order to go deeper in the investigations and check the
frequency content of the signals, spectra are studied.

Frequency domain. Figure 9 depicts a comparison
between two spectra of current time signals shown in
the last section for the healthy and defected cases to
highlight the impact of the planet tooth defect on the
current signal.

The pitting included on the planet has affected the
current signals by increasing the amplitude of some
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Figure 7. The current signal (blue: for free motor, red: the motor is already connected to the planetary gearbox): (a) zoom in
frequency range [0 Hz; 300 Hz], (b) zoom in frequency range [260 Hz; 400 Hz], and (c) current signal in the presence of defect [0 Hz;

100 Hz].

frequency components in addition to other frequen-
cies that emerge. The changes in the amplitude of
some frequencies, such as the components related to
sun frequency (Fr=F;) after including the pitting are
more consistent in MCSA. Furthermore, we notice
additional frequencies, as seen in Table 3, due to the
presence of tooth defects located at: |FftnFcthdp
where: (p =0 and n=134 or; p=1and n=1 or;
n=0 and p=2). This influence impacts the

movement of the carrier, which explains the emer-
gence of the frequencies related to the carrier and its
harmonics in the current spectrum (Figure 9).

Figure 10 shows the impact of pitting on both the
vibration and acoustic pressure by comparing the sig-
nals in the healthy configuration and in the presence
of a planet defect. Figure 10(b) illustrates the appear-
ance of the pitting frequency (Fq, = 13.35Hz). The
figure highlights that the impact of the pitting on the
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signal, (b) the vibration signal of the test gearbox, and (c) the acoustic

vibration is more significant (5 times 5. 10~%) than the
impact recorded by the microphones (5.107%). This
contrast is inversely explained by the distance separat-
ing the accelerometer and the microphones from the
defected gear. Literally, this distance impacts the
attenuation of the defect’s signature, and as a conse-
quence, the amplitude of its frequency in the fre-
quency spectra.

In Figure 11, the spectrum shows that not only the
defect frequency is pointed up by the planet pitting,
but also drawn attention to the appearance of the car-
rier frequency and its harmonics (nF., n ={1,2,3.....}).
The appearance of the carrier frequencies and their
harmonics on the experimental spectra is connected to

pressure.

the carrier’s gravity as an extra source of vibrations.
Indeed, pitting excites the carrier more, implying that
the accelerometer receives more force. Thus, gravity is
more accentuated as a periodic excitation source in
the case of a defected configuration.

However, in Figure 12 in both the vibration signals
and the acoustic pressure, the impact of the planet
pitting is enhanced by the appearance of other side-
bands given by |FgminFC idep|. Finally, in the
same spectra comparing between the healthy config-
uration and the current spectrum in the presence of
the planet pitting, we notice the increase of the ampli-
tude related to the carrier frequency mFym +nF. (ie.:
921Hz, 931 Hz..).
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The current signal in the presence of planet defect and in the healthy configuration
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Figure 1 1. The vibration spectrum in the presence of planet defect comparing the acoustic pressure recorded in both

configuration healthy and in the presence of planet pitting.

Combined defects in the test gearbox

In this section, two types of defects are introduced
simultaneously (crack on one tooth of the sun gear
and pitting on one tooth of the planets). Figure 13 pre-
sents the current spectrum in different configurations
of the gears. The current signal illustrated in Figure 13
investigates the impact of the type, placement, and
dimensions of the defect on the motor current.

In Figure 13, four configurations are presented: (1)
The reference plots, which correspond to a healthy set
of gears; (2) The spectra in the presence of a defected
planet; (3) The spectra in the presence of a sun crack;

and finally, (4) The current frequency spectrum with
both defects.

The current spectrum in green is recorded in the
presence of the sun pitting, considered a local defect.
An impulse signal modulates the vibration signal
when the local fault meshes with one of the planet
gears. As a result, when the local fault exits the mesh-
ing area, the vibration signal returns to normal.
However, the impact of the vibrations accrued from
the sun pitting is observed in the current spectrum by
the related characteristic frequency Fr + Fgys (110 Hz).
When the sun has a local defect, it meshes with the
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Figure 12. The vibration spectrum in the presence of planet defect comparing the acoustic pressure in the presence of planet

pitting in high frequency.
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three planets therefore, its appearance in the current
spectrum is enhanced each time the rotating sun fre-
quency is relative to the carrier Fg + Fy. — Fys (exam-
ple: 80 Hz)

In the same figure, the spectrum presents the
impact of the co-existing of the sun pitting and the
planet defect on the current signal. In addition, the
presented results demonstrate that the presence of
both defects enhances the amplitude of the related
frequencies of each defect, as demonstrated above.
The amplitude of the peak increases as the carrier fre-
quency increases Fy + F. (Figure 13). This frequency
can be explained by the contact between both defects,
which can generate an additional source of vibration
and impact the spectra accordingly.

Conclusion

Using Motor Current Signature Analysis (MCSA),
this article provided a thorough examination of the
effect of tooth defects on stator current by developing
an analytical correlation between the motor current
signal and any torque perturbations. This explanation
was followed by experimental measurements of differ-
ent physical signals. The main results illustrated the
impact of different types of tooth defects on the
motor current signals. The perturbations resulted
from the gear defects in the test planetary gearbox
impacting the phase current signature. This impact is
seen in Frequency Modulation (FM) and Amplitude
Modulation (AM). The temporal signal of the phase
current did not highlight the influence of the mechan-
ical system neither the gears defects. Therefore, a fre-
quency spectrum is presented using the Fast Fourier
Transform. Fortunately, the gear defects are seen in
the current spectrum as additional peaks in lateral
sidebands around the supply frequency. The results
obtained in the current signature were justified by the
vibration signals and the acoustic pressure to high-
light the sensitivity of the approach and justify the
efficiency of the motor current signal analysis in
defect detection. The proposed method has proven its
effectiveness against the acoustic emission and vibra-
tion method. Indeed, the approaches studied in this
paper are sufficiently sensitive to gear defects.
Regarding the implementation of the control devices,
it is better to use more microphones in different direc-
tions and in optimal arrangements. The MCSA is
effective and easy to implement, but its effectiveness
needs to be tested, taking into account the presence
of electro-mechanical faults and their correlations.
The electrical model will be extended in the future,
increasing its complexity to be closer to the real sys-
tem by introducing defects in the electric machine.
Because of its accuracy and, more importantly, its
accessibility under various operating situations, this
methodology would be a leading way to diagnose the
rotating system.
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Appendix

Abbreviations

F¢ Fundamental supply frequency

S Sun

R Ring

P Planet

N Rotational speed

Z (i=s,,p) Teeth number resp. to the sun, ring and planet

F Frequency

Rep The sun-planet gear ratio

Rsc Transmission ratio

Fs Sun frequency

Fe Carrier frequency

Fop Planet passing

Fy Planet frequency

Fec Sun frequency with respect to the carrier

Foc planet frequency with respect to the carrier

Fem Meshing frequency

Tper Amplitude of the load perturbation

Oper The velocity of the load of perturbation

introduced

T Torque load

r Rotor velocity

p Number of pairs of poles

S Motor slip

Rt Rotor

St Stator

B Air gap flux density

| Current

Fre Rotor frequency

F. Rotational frequency

fper The frequency of mechanical perturbation

Fap The defected planet frequency

Fas The defected sun frequency




