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Abstract: Motor current signature analysis (MCSA) is a useful technique for planetary gear fault
detection. Motor current signals have easier accessibility and are free from time-varying transfer
path effects. If the fault symptoms in current signals are well understood, it will be more beneficial to
develop effective current signal processing methods. Some researchers have developed mathematical
models to study the characteristics of current signals. However, no one has considered the coupling
of rotor eccentricity and gear failures, resulting in an inaccurate analysis of the current signals. This
study considers the sun gear failure of a planetary gearbox and the eccentricity of the motor rotor. An
improved induction motor model is proposed based on the magnetomotive force (MMF) to simulate
the stator current. By analyzing the current, the modulation relationships of gearbox meshing
frequency, fault frequency, power supply frequency, and gear rotating frequency are obtained. The
proposed model is validated to some extent using experimental data.

Keywords: planetary gear dynamics; magnetomotive force; air gap magnetic field; induction motor;
fault detection

1. Introduction

Planetary gears are widely used in the modern industry. The harsh working environ-
ment often leads to damages to gear parts. If the damage is not detected earlier, it may
cause a large economic loss or catastrophe. Therefore, the condition monitoring and fault
diagnosis of the planetary gearbox is very important for the safe and stable operation of
the equipment [1].

Vibration analysis has been used to detect gear faults for a long time, but they need to
install vibration sensors on a gearbox. The motor current signature analysis (MCSA) uses
motor current for analysis without having to install extra sensors in a gearbox, which can
effectively reduce maintenance and inspection costs.

Researchers have developed advanced signal processing methods that can use motor
current signals for fault diagnosis. Toma [2] proposed a feedforward neural network to
diagnose winding short-circuit faults of a three-phase induction motor with a wound
rotor. The neural network model proposed by Leite [3] overcomes the common voltage
imbalance, measurement noise and variable load in practice when diagnosing motor faults.
difficulty. Touti et al. [4] proposed a current signal preprocessing technology to improve the
sensitivity of gear-related frequencies. Singh et al. [5] use resampling technology (IAR) to
diagnose gearbox faults in non-stationary conditions. Zhang et al. [6] propose an algorithm
for detecting gear wear. In the current signals, the fundamental frequency of the power
supply and its harmonics dominate signals. Furthermore, the fault symptoms are very
weak in current signals, especially for early gear damages. Therefore, when using MCSA
to diagnose gear failures, how to identify and extract weak signals becomes an important
research topic.
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In addition to the existing advanced signal processing methods, researchers tried
to develop electromechanical dynamic models to identify fault symptoms in the motor
current signals. Gligorijevic et al. [7] mentions that online detection is one of the effective
means to avoid the deterioration of system faults. The non-invasiveness of current detec-
tion provides favorable conditions for online detection systems. In many actual industrial
processes, process failures will leave a clear trend [8] in the monitored sensors, and the
characteristics of the current that are easy to monitor can identify abnormalities in the
process. Ottewill et al. [9] used the space vector model to simulate the stator current, and
studies showed that planetary gearbox faults could be detected from the motor current.
Capolino et al. [10] proposed a planetary gear dynamics model related to a wound rotor
induction motor based on the equivalent circuit diagram of the rotor-end short-circuit
induction motor. Feki et al. [11] proposed a mechatronic model using the Krone trans-
form (based on the stator current of a motor) and explained the possibility of measuring
the position and size of the spur gear defect through the stator current. Kia et al. [12]
established a coupling model (integration of spur gear dynamic model and stator shafting
reference Frame motor model) and studied the electromechanical system of a spur gearbox.
Later, researchers developed the electromechanical coupling model based on the magnetic
conduction network. Feki et al. [13] established a permeable network model (PNM) and a
dynamic model of spur gears and proposed an iterative solution technique. Han et al. [1]
established a lumped parameter torsion model of the motor-planetary gearbox-coupling
system based on the magnetic equivalent circuit (MEC). An iterative numerical integration
method was proposed to solve the MEC model. The lumped parameter model can perform
qualitative analysis on the gear-motor coupling system, while the model based on the
permeation network can perform quantitative analysis. However, the electromagnetic
conversion relationship is hidden in the above model. If the electromagnetic conversion
relationship of the motor can be extracted, it will be beneficial to understand the effect of
the gearbox on the current signal.

The MMF method has a good effect on the analysis of the electromagnetic conversion
relationship of the motor. A few people used the MMF method to build a stator current
model to study planetary gearbox faults. This method expresses the magnetic permeability
as a function of space and time and expands it with a Fourier series, which reduces the
calculation complexity. Therefore, it is easier to calculate the permeability for a rotor with
eccentricity than the above models. It seems feasible to use this method to study the cou-
pling of rotor eccentricity and gear failures. Moreover, due to the time and space harmonics
of the motor, many frequency sidebands exist in the stator current signals. If these sideband
frequencies are not identified accurately, it will be hard to locate gear damage frequencies
accurately. The MMF method is traditionally used for the calculation of the magnetic airgap
field for rotor and stator slotting or static and dynamic eccentricity [14,15]. It was used
in [16] to identify the effect of bearing fault-related load torque oscillations on the stator
current, but it lacks the connection between mathematical model and experiment. Nandi
et al. [17] used this method to study the stator current of the motor rotor under mixed
eccentricity, extend this method to motors of any structure. Chen et al. [18] established the
AM-FM model of the stator current of the planetary gearbox asynchronous motor using
the MMF method, a new current signal processing method is proposed to improve the
detection success rate. Blotd et al. [19] studied the effect of torque oscillation on the stator
current of induction motors. It shows that time-frequency analysis is an effective tool for
analyzing current. Kia et al. [20] presented a theoretical framework based on the torque
oscillation caused by the unique torsional vibration in the gearbox. In the stator current
model established by the MMF method, the dynamic response of the motor rotor’s speed
and angle is very important.

In References [14-20], the authors used transient torque or steady-state torque to
express the motor rotor speed and the potential magnetic angle between the motor stator
and rotor. The use of transient and steady states to express speed and angle is simple
and clear. However, the method lacks correlation with the physical parameters of the
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gearbox (such as gear meshing stiffness). Although the speed of rotor and rotation angle
information can also be obtained using encoders, sometimes, it is inconvenient to install
the sensor. This paper uses the lumped parameter model of the planetary gearbox to
simulate the speed and angle information of the rotor, which can consider more realistic
physical parameters.

The coupling effect of rotor eccentricity and gear failure was rarely considered in
existing studies. Rotor eccentricity can be regarded as static or dynamic eccentricity. When
an eccentric fault occurs in the rotor, the rotor no longer rotates around the center of the
stator, resulting in an uneven air gap magnetic field, which affects the current induced by
the rotor bar on the stator winding and changes the characteristics of the stator current. Due
to the complex and changing operating environment, static eccentricity faults and dynamic
eccentricity faults often exist at the same time. When the center of rotation is between the
stator bore axis and the rotor axis, two types of eccentricity exist (mixed eccentricity) [21].
As shown in Figure 1, If the center of rotation is concentric with the axis of the rotor, but
outside the axis of the stator hole, a static eccentricity occurs. The dynamic eccentricity
occurs if the center of rotation is outside the rotor axis but concentric with the stator axis.
Among them, O;0 stands for static eccentricity, and OO, stands for dynamic eccentricity.
The blank part between the stator and the rotor represents the air gap magnetic field of the
motor, which is generally uniform.

< / ‘ J] 4 '/,’
. Rotor guide ba
¥y Rotor

e el
Stator Stator winding
Figure 1. Mixing eccentricity.

Fault diagnosis methods can be divided into: model-based methods, signal-based
methods, knowledge-based methods, hybrid methods, and active fault diagnosis meth-
ods [22]. In this paper, the electromechanical dynamics model is established based on
the model method to study the motor current signal used for gear fault detection. The
cou-pling effect of rotor eccentricity and gear failure is considered in this model. The plan-
etary gearbox model reported in [23] is used directly. For a gear-motor coupling system,
the stator current contains a complex of frequency components. It is hard to explain the
generation mechanism of these frequency components. The MMF method can accurately
model the electromagnetic conversion of a motor. It models the magenetic permeability as
a function of time and space, which can be expressed by Fourier series. With Fourier series,
it is very easy to analyze the frequency components and their corresponding sidebands.
Overall, the MMF method can interpret these frequency components and their generation
mechanism more accurately than other method such as the MEC method. Therefore, this
article developed an improved flux model based on the method report in [24]. The speed
and angle dynamic response results of the gear dynamic model is introduced into the
stator current model to obtain the stator current signal under the coupling of two faults
(rotor eccentricity and gear failure). Compared with existing magnetic flux methods, the
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proposed model can represent the coupling effect of two faults and will be more accurate to
analyze the modulation of the meshing frequency, fault frequency, power supply frequency,
and speed frequency in the stator current.

2. Motor Stator Current Modeling

In this section, two models will be developed to simulate the stator current in the
motor-gear electromechanical system, as shown in Figure 2. The lumped parameter model
is used to simulate the planetary gearbox system. This model is the same as the model
created by Kahraman [23]. A MMF method is used to simulate the motor system. The main
factors considered in the model include time-varying speed, angle fluctuation, eccentricity,
and power harmonics.

Gear system Motor system

Gearbox

Figure 2. Motor-gear electromechanical system.

2.1. Planetary Gearbox Dynamic Model

A pure torsional dynamics model of the planetary gearbox is shown in Figure 3.
Each component is treated as a rigid body. Moment of inertia is represented by J., Js,
Ji(j = 1,2,3); subscripts ¢, s, and j indicate the planet carrier, sun gear and the j ~th planetary
gear, respectively. The torsional angular displacement of each component is expressed
as 0;(i = ¢, s,j). The meshing stiffness of the sun gear and planetary gears, ring gear and
planetary gears along the meshing line is represented by k;p; an k;,;, respectively. The
equation of equilibrium of the planetary gearbox is obtained as [23]:

Mij+Cq+K(t)g=T. )

where:

M = diag ([Je + Nmyr2 [ i Ta 1),
g = [0c 00,1 0,0 0,5] ",

T=[-T.T,000],
C = CK(t).

M, C, and K(t) represent the inertia matrix, damping matrix, and time-varying
meshing stiffness matrix, respectively; T. represents the load torque, and T, means the
electromagnetic torque; m,, represents the mass of the planetary gear, and r. is the center
distance between the sun gear and the planetary gear; damping is expressed by propor-
tional damping, and the damping coefficient is {; K(t) represents the average meshing
stiffness matrix.




Machines 2021, 9, 277

50f16

Planet gear2

Figure 3. Planetary gearbox torsional model.

2.2. Stator Current Modeling

The MMEF of the stator winding is generated by the current on the stator winding, and
the current is generated by the voltage applied to the end of the three-phase stator winding.
Assuming the symmetrical three-phase power supply is connected, the m~" (m =1, 2, 3,
corresponding to A, B, C phase) voltage can be expressed as

Vin(t) = Vs cos(kwst — (m —1)27/3), 2)

where V ; is the peak value of the k~* harmonic of the stator winding phase current, and
w; is the power angular frequency (ws = 27t fs). The MMF of the stator winding of each
phase is synthesized, and the MMF of the stator winding produced by the harmonics of
the k=" power supply is obtained as [25]:

F(05,t) = Fx Xy ("’#) cos(kwst — vpb3),

®G)
k=1,357...,v=6u+1 p=0,+1,42,43,...,

where F;  is the amplitude of the harmonic MMEF, ky; is the vth winding coefficient of the
stator winding, and the specific calculation methods of k;, and F; y can be found in [25], v
is the number of spatial harmonics of the harmonic MMEF, p is the number of pole pairs
of the motor, and 6 represents the mechanical angle of the stator in the stator coordinate
system.

Due to the influence of stator and rotor slotting and iron core magnetic saturation, the
air gap permeability is varying. The carter coefficients K. and K, are introduced for the
effect of stator and rotor slotting, and the saturation coefficient K; is introduced for the
effect of iron core saturation. The expression of the air gap permeability of the eccentric
mixing rotor is as Equation (4) [26].

A(65,1) = Ao + Ages cos(63) + Apeg cos(6s — 6;),

P @

Ho
KCSKCVKS‘S :

In Equation (4), p is the vacuum permeability, 6 means the average air gap length of
the motor, e; represents the static eccentricity, e; means the dynamic eccentricity, and 6; is
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shown in Figure 4. The stator flux density is obtained by Formulas (2) and (3), as shown in
Equation (5).
B3 (65, 1) = F (65, £)A(65, 1)
= By, cos(kwst — vpts)
(B cos(kwgt — (vp £1)62) 5)
+ (20 cos(kawt — (op 4 1)65 =+ 0,)

Bs,k,y = Fs,k,yAO Z;o (I%) .

Figure 4. Coordinate system conversion.

Convert the stator flux density B$(65,t) to the rotor coordinate system, and calculate
the size of the flux linkage generated on the rotor. The conversion relationship between the
stator coordinate system and the rotor coordinate system is shown in Figure 4 where 6;
represents the angular difference between the stator and the rotor when the rotor speed
fluctuates, X;Y; represents the stator coordinate system, and X,Y; represents the rotor
coordinate system.

The mathematical expression for the conversion of the stator and rotor coordinate
systemis 8 = 6] + 0;; 0, represents the mechanical angle of the rotor in the rotor coordinate
system. The transformed stator flux density in the rotor coordinate system is shown in
Equation (6).

B} (67, t) = B,y cos(kwst — vpby — vpb;)
+ Bokas cos(kwst — (vp £1)07 — (vp £1)8)) ©)
-I-M cos(kwst — (vp £1)0F — vpby).

The stator flux density in the rotor produces flux linkage in the rotor windings,
as shown in Figure 5. Here, 4, represents the mechanical slot pitch angle of the rotor
(ay = 21t/ Ny) and N, represents the number of rotor slots. The symbols R, and Ry, represent
the resistance of the rotor end ring and the bar resistance, respectively.
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Figure 5. Diagram of single-turn squirrel cage rotor winding.

~t" winding of the rotor, as shown in Equation (7).

Calculate the flux linkage in the n
In Equation (7), [, represents the axial length of the motor and D; represents the inner

circle diameter of the stator.

Wi = J o o 1oy DB} (8], £)dey

= wr,n,o,vp Cos(kwst - vp(n - 1)ar — vat)
—H'bins (vp£1) COS(kat - (Up + 1)((” - 1)“?’ + 91‘)

_H/Jrn d,(vp+1) COS(kat - (Up + 1)(” - 1)“? - UPQt) (7)
lefDs B,
¢rnovp M?,ipkﬂsnl(%)
_ lefDsBsgyes . [ (vptla,
lpj n,s,(vp£l) — (vp:l:l)ﬂ Sln( 2
_ lefDsBs i uea (vp£l)a,
r nd,(vpx1) — (vpilgl 51n< 2 ) :

Calculate the current of the n~* winding of the rotor in Figure 5 as Equation (8). In Equa-
tion (8) Ry,r represents the resistance of the n~t" rotor winding, Ry = Ry + erRr /27 pz' kso
represents the rotor skew coefficient [20].

APy n ks
Ir,n(t) = — lst’ Rur
sin(kwst — vpby — vp(n — 1)ay)
sin(kwst — (vp£1)((n —1)a, + 6;)
sin(kwst — (vp £ 1)(n —1)a, — vpb;) ®)
r,n,0,0 ksv
Irsn 0,0p - ¥ R”f (kws - va?)

ks
I = l/J”’ﬁ‘%(kws (op £ 1)w,)

rn,s,(vpEl)
L) kso
s — Irnd,(op£1) 0 —
I”,”/d/(vp:tl) o Rur (kws var)

. Irs n,0,0p

+Ir,n,s,(vp:|:l)
s

rnd,(vp£1)

The MMF generated by the induced current of the n~*" winding of the rotor is

F (67, 1) = Lrn(t)Ny (67) ©)

where NJ,(6!) represents the winding function of the n~* winding of the rotor, and its

eXP[eSSlOIllS 2; |.

r ry
NH(GV) - )\;l AT
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After calculation, the total rotor winding MMF harmonics are as shown in Equation (11):

Nr
E(6,t) = 21 {Ff,nlolvp/A sin(kwst — (vp £ A)(n — 1)a, — vpby £ A6L)
n—=

vpxt1+4+A)(n—1)a, — (vp£1)6; + A6
n—1)a, — (vp £1)0; — A6L)]

—

+ Frs,n,s,(vpil),)\ [sin(kwst —
+ sin(kwst — (vp£1—A)

—~

+ B i openyplsin(kwst — (op £ 1+ A)(n — 1)a, — opb; + A67)
+ sin(kwst — (vp +1—=A)(n—1)a, —opb; — A0L)]} (11)
sin
rs,n,o,vp, = /\El Iﬁ,n,o,vp ,En ) (kws - UPZUr)
x sm(/\ )
Frs,n,s,(vp:tl),)\ = /\gl 5,n,s,(vp:|:l) ATT (kws ("Up + 1)w7’)

s s sin 47 )
Fr,n,d,(vpil),/\ = /\gl Ir,n,d,(vpil) T Am (kws - Upw")

Then, multiply Equation (11) with the air gap permeability A(6%,t) to obtain the rotor
flux density. The rotor flux density will form a turn chain with the stator winding, thereby
generating an induced electromotive force on the stator winding. However, not all the rotor
flux density harmonics can produce induced electromotive force in the stator windings, as
shown in Figure 6. A motor with a pole pair number p generates vp or vp & 1 magnetic
fields in the air gap. Due to the mismatch of the number of pole pairs, the vp £ 1 magnetic
field generated by the rotor cannot induce the back electromotive force on the stator side.

Stator
\\

Air gap | yp—2 -1 vp w+1 vp+2

Rotor @ w1 @ v +1 @

Figure 6. Motor magnetic field harmonics.

Take the motor pole pair number p = 2 used in this article as an example. Considering
the fundamental wave (v = 1), the rotor flux density harmonics that can generate induced
electromotive force in the stator windings are shown in Equation (12).

B{(65,t) = N/ F} 2 2 Ao sin(kwst — 265)
—I—NrFr 151172085 sin(kwst —265)

+N:F;, 330806 sin(kwst — 265)
+N,F? Aoey sm(kwst —26%)
5)

rndll

+N, F$ . d,3,3/\0€d sin(kwst — 265
—i—Nrand 1 1Aoes sin(kwst — 0y — 265)
+N7Fr i3, 3Ages sin(kwst + 6y —
+N,F" sl 1A0€d sin(kwst + 0 —

+N,F? 3A06d sin(kwst — 0y — 268

r,n,s,3,

(12)

265)
26%)
5)-

It can be seen from Equations (5) and (12) that when considering the speed fluctuation
of the planetary gearbox and the rotor eccentricity, the total air gap flux density in the
motor is

B(65,t) = B5(65,t) + BL(65,t). (13)
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According to the virtual displacement method, the general formula of the electromag-
netic torque of the motor can be derived [28]:

a Wm

Te = _P afssr s

(14)

where ;5 represents the motor power angle and W, is the magnetic energy in the air gap
magnetic field, which can be expressed as

_ UB(egft)z 7Dslef5 2 s £\2 gps
W,y — /O 3o = /O B(6S, 1)2d6:. (15)

The flux linkage produced by the air gap flux density B(6%, ) at the x~*" coil of the

m~" phase is
[\

Pelt) = / 1y DLB(65, £)de, (16)

where a;, a, represents the mechanical angle of the effective side of the x~# coil in the
inner circle of the stator, as shown in Figure 7. Add the flux linkages of all coils of phase m

to get the total flux linkage y, (t).

aq ar

WZ

|
Stator slot

Figure 7. Mechanical angle of the stator winding coil.

According to the stator loop voltage equation [28], the m~* phase stator current is

dpm (t)
Vi (£) —
Im(t):—( )R ar_ 17)

where Vj,,(t) represents the m~*" voltage of the stator winding, and R; represents the m "

stator winding resistance.

3. Stator Current Simulation Analysis

In this section, the model in Section 2 is used to simulate the motor stator current.
The entire system is simulated using Matlab. The planetary gear dynamics equations are
solved by the Runge-Kutta method. Each response of gear dynamics is submitted to the
MMF equation to obtain the current, as shown in Figure 8. The physical parameters of the
gearbox are shown in Table 1. The planetary gearbox consists of one sun gear, one fixed
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ring gear and three planetary gears. The planetary gears are evenly distributed around the
sun gear.

Voltage source
78 7
I}
MMF
W, I
0: B(6:,1)
&y s
dt dt ||
Gearbox F—1 T, dﬂ
dt

Figure 8. Model structure for Matlab coding.

Table 1. Gearbox parameters [1].

Parameters Ring Gear Sun Gear Planet Gear
Number of teeth 143 63 16
Module (mm) 2.25
Pressure angle 20

The time-varying meshing stiffness is evaluated using the potential energy method [29].
When the single and double teeth alternately mesh, or the sun gear has a localized tooth de-
fect, the gear stiffness will change suddenly. Figure 9 shows the change of the sun gear stiff-
ness with time in one cycle. The meshing frequency is fi = frZying /(1 + Zying/ Zsun) (Hz),
where f; is the rotation frequency of the sun gear. The failure frequency of localized tooth
defect of the sun gear is fi, = Nfy/ Zsun (Hz) .

6.5

[=——health = = fault|

5.5'/ 1

Meshing Stitfness (N/m)

" . L
0 1 2
Meshing period (Tm)

3.5

9%}

Figure 9. Time-varying gear meshing stiffness of sun-planet.

The motor selected for the simulation is a small three-phase asynchronous motor. The
motor parameters are given in Table 2.
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Table 2. Y100L2-4 Motor parameters.

Parameters Stator Rotor
Number of slots 36 32
Number of turns 31 1

Winding type Single cross Squirrel cage

Rated voltage (U/v) 220
Inner diameter (mm) 98

Core length (L/mm) 135
Number of poles (p) 2

Rated slip (s) 0.02

Air gap length (g9 /mm) 0.3

PF 0.83

The size of each phase of the motor flux is related to the winding form. In order to
accurately calculate Equation (16), the space angle of each phase winding inside the stator
needs to be accurately given. The Y100L2-4 motor adopts single-layer cross winding as
shown in Figure 10. The A-phase coil group is represented by red; the B-phase coil group
is represented by green, and the C-phase coil group is represented by blue. Each phase
coil group is composed of 6 coils, and each coil occupies two slots of the stator. Taking the
left side of the coil as the upper side and the right side as the lower side, and calculate the
mechanical angle of each phase winding side based on slot 1, as shown in Table 3.

Figure 10. Schematic diagram of single layer cross winding.

Table 3. Mechanical angle of each phase wind side.

Phase Number Mechanical Angle (Left/Right)
T 5 1

A &3 i wr
/7 9/ 3 /0

7r /51 dr /81 17n s 4n

B 27/ 1ix 157, 17n s /70
6 9 9 18 7 18

13 /71 7 s 11w 237 /571

C Py /g T /3
Sl y l6m ,5m ny2n

18 /6 9 /18 3773

3.1. Stator Three-Phase Current

The MMF model of Y100L2-4 is established with the above-mentioned motor parame-
ters, and common harmonic orders (k = 1, 3, 5, 7) are introduced into the simulated input
voltage. The simulation obtains the stator current under the gearbox-motor coupling, as
shown in Figure 11. The current information contained in each phase of the symmetrical
three-phase winding is the same but is 120° behind in phase. Therefore, the article will
only analyze the phase A current to get the gear-related information in the current signal.

In order to analyze the influence of the mixed eccentricity on the gear signal in the
current, the current signals with and without eccentricity were simulated. In the case of
eccentricity, set dynamic eccentricity e; = 0.3, static eccentricity e; = 0.1, and in the case of
no eccentricity e; = es = 0. The obtained current curve is shown in Figure 12. Figure 12a
shows the signal with or without eccentricity in the time domain. In the time domain,
the difference between the two is very small, and only the current without eccentricity
at the peak is slightly smaller than the current with eccentricity. Their frequency domain
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signals are shown in Figure 12b. It should be noted that the power frequency is the main
factor in the current signal, while the frequency related to the gear is relatively small.
In order to suppress the power frequency and its harmonics and enhance the frequency
related to the gear, this paper selects the spectrum to analyze the current signal. When
there is no eccentricity, the current signal contains the fundamental frequency f; and its
harmonics such as 3f;,5f;,7fs. Due to the electromechanical coupling effect and the gear-
related frequency is modulated by the power supply frequency, the modulated frequency
is: fm £ kfs(k =1,3,5,7). When there is eccentricity, the speed frequency (f;) will also be
modulated by the power frequency and its harmonics due to the eccentricity effect. The
modulated frequency is: kfs = f;(k = 1,3,5,7). At the same time, the information related
to the gear will also be modulated by frequency conversion. The obvious frequencies are
fm £ fo £ frand fi, £3fs £ fr.

m=A - - -m=B

Current amplitude (A)

0 0.02 0.04 0.06 0.08 0.1
Times (s)

Figure 11. Stator current.

1.5 T T T T 0
|—wilh eccentricity = = =without eccentricity [——_with eccentricity= = ~without eccentricity|
1 ] 2o | I3 P e 7S Sy d
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Figure 12. A phase stator current with or without eccentricity. (a) Time domain and (b) frequency
domain.

3.2. Stator Winding Current for Sun Gear Failure

Considering the tooth chipping of the sun gear, the stator current of the induction
motor is calculated by the MMF model. And the current spectrum shown in Figure 13 is
obtained. As a comparison, the graph also shows a fault-free current spectrum. It can be
seen that regardless of whether the fault is considered, the main frequency components
in the stator current are the power frequency f; and its harmonics (3fs,5fs, 7fs). The sun
gear’s faulty tooth meshes with all planetary gears (in this study, the number of planets
is N = 3), resulting in a fault frequency, fu = 3fm/Zsun (Hz) and its harmonics 2f;,. In
the spectrum related to the sun gear defect, the power supply frequency fs and fr are also
found due to the electromechanical coupling effect and the eccentric effect. Therefore,
the fault characteristic frequency of the solar fragmentation defect is summarized as
ifn+jfotfsEfi(i=01j=12,...).
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Figure 13. Simulated stator current spectra for the chipping defect at the sun gear.

4. Experimental Validation

In this section, experiments are used to test the accuracy of the proposed model. As
shown in Figure 14, the test rig consists of a three-phase asynchronous induction motor
(Y100L2-4), a 2K-H planetary gearbox, and a magnetic powder brake (maximum torque
50 N-m). A current sensor (FLUKE 80i-110s) is used to measure the instantaneous current
after passing through the stator winding. A defect is manually created on the sun gear by
removing a part of the tooth. The number of gear teeth and the gear module are given in
Table 1.

Sun gear

Chipping teeth

Induction
motor
\

Magnetic R
powder Planetary

- break M gearbox
i ¥ A g
i TR .{1;}7‘ o5,

Torque/speed
transducer

Current
sensor

Figure 14. Gearbox test rig and the sun gear defect.

The speed of the motor is set as f, = 25 Hz. The gear meshing frequency and
characteristic fault frequencies are f,, = 359.75 and f,, = 67.44, respectively. Figure 15
shows the measured time domain signal of the stator current. In the time domain, almost
no-fault symptoms can be seen.

Figure 16 shows the stator current spectrum when the sun gear is healthy or the
sun gear tooth is defective, measured under experimental conditions. The current model
established in terms of frequency content. The working conditions of Figure 16a,b are
torque 0 N-m and 10.5 N-m, respectively. Similar to the simulation results, spectra under
the two working conditions are respectively given in order to confirm the robustness of
the measurement and the main component in the current spectrum is the power supply
frequency and its harmonics (fs, 3fs, 5fs). It can be seen from Figure 16a,b that the influence
of the sun gear failure on the stator current is more obvious in the frequency domain.
Some characteristic frequencies can be found in the frequency domain, such as f;, £ f;
and f; £ fu £ fs, which are in good agreement with the results of other researchers [6].
In addition, when the motor rotor is eccentric, the fault characteristic frequency can be
found in the test spectrum, such as f; + f;, which indicates that the motor system has
an eccentric fault [10,11]. Due to electromechanical coupling, if the planetary gear is not
damaged, but the motor system has an eccentric fault, the characteristic frequencies are
fm £ fs £ fr and fy, £ fs. If the sun gear fails and the motor is eccentric, the characteristic
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frequencies are f,  fs = fr, fu & fo £ fs £ fr and f, £ fs. These frequencies are very
consistent with the results generated by the mathematical model in Section 3, which
verifies our mathematical model to some extent. Therefore, the results of this study can
give a more accurate fault-related frequency of the sun gear tooth defect when the motor

rotor is eccentric.
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Figure 15. Time domain signal of stator current.
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Figure 16. Stator current spectrum at different torques tested for the chipping teeth at the sun gear.
(a) Torque = 0 N-m and (b) torque = 10.5 N-m.
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5. Conclusions

In this study, a torsional dynamic model of the planetary gear system is combined
with an MMF motor model to study the electromechanical coupling effect of the motor-gear
system. The characteristics of stator currents coupled with different internal factors such as
time-varying gear meshing stiffness and rotor eccentricity are studied. The fundamental
frequency of the current and the gear speed can be found in the proposed stator current
model. The modulation frequency of meshing frequency, sun gear failure frequency, rotor
speed frequency, and power supply frequency are observed, which reveals the motor-gear
coupling effect of the system based on the MMF motor model. Besides, the motor eccentric
effect has a significant influence on the diagnosis of sun gear faults. If the eccentricity of the
motor is not considered, the rotation frequency of the motor may be incorrectly diagnosed
as the failure frequency of the sun gear. The experimental tests validate the proposed
model to some degree. Still, there are many frequency components not predicted by this
mathematical model. It will be further improved by considering the transmission error
and friction.

In addition, uncertainties are not considered in the proposed method. They should
be considered for the simulations to match real measurements [30]. In the future, we
will further improve our model by considering uncertainties such as measurement noise,
structured and unstructured uncertainties. The comparison between our proposed method
and the key graph will also be one of the future works.
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