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Abstract 

To solve the problem of air gap eccentric fault of traction motor, the fault characteris‑
tic frequency is close to the fundamental frequency, and the decomposed frequency 
affects each other, which is easy to cause spectrum aliasing. A reconstruction of vari‑
ational mode decomposition method is proposed (reconstructed variational mode 
decomposition, RVMD); first of all, to construct and solve the variational stator current 
signal problem, to find the best decomposition number, and to obtain multiple modal 
functions, and to realize the effective separation and frequency profile of each compo‑
nent of the signal. Then, the decomposed modal function components with different 
frequencies and different amplitude can keep the decomposed positions unchanged 
and be reconstructed to form a new frequency spectrum. Experimental results show 
that the proposed RVMD method can detect weak faults timely and effectively, and has 
good application value.
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Introduction
The weak fault detection of traction motor is of great significance to ensure the safe 
operation of high-speed trains. Through the effective monitoring and diagnosis of the 
weak fault in the early stage of faults, it can prevent the further expansion of faults 
and prevent the occurrence of major accidents. Common types of traction motor fault 
include air gap eccentric fault, rotor fault, stator fault and bearing fault [1, 2].

About air gap eccentric fault detection of traction motor, Cameron deduced and verify 
from the traditional magnetoguide wave and magnetic motive force of the motor, some 
frequency-specific current components will appear in the stator current, which pro-
vides an effective method for detecting and studying the fault of the air gap [3]. Ceban 
A completed the air gap eccentric fault monitoring by establishing a neural network that 
maps the overlap area of the rotor and the air gap change under the air gap eccentric 
[4]. Hwang D H proposed a method by using radial magnetic flux sensor to compare 
the induced electromotive force waveform in healthy and eccentric states, and use this 
as the basis for detecting eccentric faults [5]. Ceban A proposed the axial magnetic flux 
change in the case of external magnetic field [6]. Seungdeog Choi, through the iterative 
analysis of multiple fault characteristic modes in the motor current signal proposed a 
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robust diagnostic technology for air gap eccentric fault detection. Under the conditions 
of high noise and nonlinear machine operation, it can not only ensure high monitor-
ing accuracy, but also reduce the misdetection rate and leakage rate [7]. Jun-Kyu Park 
proposed a fault detection algorithm for the mixed short circuit, dynamic eccentric 
fault, and use a system matrix to diagnose and distinguish the fault types [8]. For the 
motor air gap eccentric fault diagnosis, different detection methods have been formed 
according to different diagnostic systems. Starting from the fault monitoring amount, it 
mainly includes current monitoring, magnetic field monitoring, voltage monitoring and 
vibration monitoring, among which the current monitoring mode is the most common. 
At present, the research on the motor air gap eccentric fault diagnosis is limited to the 
eccentric fault to a certain degree, and there are relatively few studies on the early eccen-
tric fault diagnosis due to the difficulty in detecting and extracting the fault features.

In the early eccentric fault of traction motor, because the fault characteristic current 
is very weak, it is often submerged in the noise of the system operation, and the fault 
characteristic frequency is very close to the base frequency of the stator current, so the 
conventional detection method is often difficult to realize the detection well.

Variational mode decomposition (VMD) [9, 10] published in 2014 is a new signal pro-
cessing method with good adaptability. It has the advantages of good noise robustness, 
high algorithm efficiency and no need for signal pretreatment in view of the good VMD 
denoising effect and no need to preprocess the signal. Because the fault characteristic 
frequency of the traction motor is close to the base frequency, the decomposed fre-
quency affects each other, and the spectrum is easy to overlap, which causes the failure 
feature to appear, and the effect of directly using VMD for fault monitoring is not ideal. 
Therefore, this paper proposes a fault detection method based on the reconstructed var-
iational mode decomposition (RVMD). This method constructs the variational problem 
of detection signal, and solves multiple modal functions. By superposition and recon-
structing the modal function, the weak fault detection of traction motor air gap eccen-
tric is well realized.

The content of this article is as follows: (1) principles analysis of air gap eccentric fault; 
(2) RVMD Introduction of the fault detection method; (3) weak fault detection of trac-
tion motors based on RVMD; (4) experimental validation of the proposed method.

Air gap eccentric fault
The long-term operation of the traction motor will wear the stator, rotor and bearing, or 
due to its own manufacturing error, there is a certain deviation between the motor rotor 
and the stator. The type of motor air gap eccentric mainly includes static eccentric and 
dynamic eccentric (as shown in Fig. 1), and the air gap eccentric will cause the motor 
electromagnetic vibration. Due to static eccentricity, a large unilateral magnetic tension 
is produced in the air gap. When the eccentricity is serious, even the rotor and rotors 
interact because the rotating magnetic field frequency passing through the minimum 
gas gap point is f1

/

p . The rotor rotates for each week, the unbalanced magnetic ten-
sion will all change 2p time. Therefore, the vibration frequency and the unbalanced mag-
netic tension frequency caused by the static eccentricity are double (f1 p)× 2p = 2f1 . 
Its frequency is twice that of the power supply. When the dynamic eccentric is eccentric, 
the unbalanced mechanical force and electromagnetic force will be generated inside the 
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motor, and the mechanical vibration will further have an adverse effect on the unbal-
anced electromagnetic force. The rotor velocity and the rotational magnetic field fre-
quency are (1− s)f1

/

p and f1
/

p , respectively. The electromagnetic vibration frequency 
is f1

/

p , and the pulsating in cycle 1
/

2sf
1
.When the motor load increases, the motor 

speed will decrease, the rotation rate will increase, and the pulsation will accelerate.
The general steps of eccentric fault mechanism analysis are as follows: first obtain the 

air gap magnetic potential, then calculate the air gap magnetic flux, and finally analyze 
the various harmonics in the stator current.

The harmonic frequency in the stator current can be calculated by the following equa-
tion [11]:

Where f1 is Power base frequency; nz refers to any integer; Number of rotor slots z2 ; 
nd refers to any integer ( nd = 0 Quiet eccentric, nd = 1, 2, 3 · · · Move eccentric); Motor 
pole logarithm p ; revolutional slip; slip ratio s ; odd integer ns..

Establish the characteristic frequency formula of air gap eccentric fault through elec-
tric field analysis:

Where n = 1, 2, 3, ... , k = 1
/

p, 2
/

p, ... . This equation is a special case of Eq. (1).

Reconstructed variational mode decomposition (RVMD)
The RVMD method uses the VMD to decompose the modal function, and then recon-
struct the modal function by superposition in the frequency domain to obtain the recon-
structed signal.

The acquisition of the mode function is divided into two steps: one is to construct the 
variational problem, and the other is to solve the structured variational problem.

The construction variational problem is to find multiple modal functions uk(t) , so that 
the estimated bandwidth sum of each mode is the minimum, and the constraint is that 
the sum of each mode is equal to the original input signal y.

(1)fag = {(nzz2 ± nd)
(1− s)

p
± ns}f1

(2)fag = [n± k(1− s)]f

Fig. 1 The eccentric geometry model of the air gap: a static eccentricity; b dynamic eccentricity
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Where {uk} = {u1, ...,uk} is each set of modal functions.{ωk} = {ω1, ...,ωk} is the set 
of central frequencies corresponding to each mode uk. ∂t is a partial derivative of the 
time for a function; δ(t) is the unit pulse function and j is a virtual number unit; ∗ ; 
denotes convolution � · �22 shows the square of the L2 norm.

The variational problem is solved by the introduction of an augmented Lagran-
gian to turn the constrained variational problem into a non-constrained variational 
problem,

Where α is secondary punishment factor.  � represents the Lagrange multiplica-
tion operator and L( · ) represents a Lagrangian function. < · > is Internal product 
operation.

Through the alternating direction method of multiplication operator, the component 
and center frequency are constantly updated to find the saddle point (optimal solution) 
of the above Lagrange function, and decompose the original input signal into K  narrow-
band eigenmode function components. The value of un+1

k  can be expressed as follows:

Among ωk=ωn+1
k  , �

i
ui(t)= �

i �=k
ui(t)

n+1 . (3)–(7) is Parseval/Plancherel changed to the 

frequency domain,

Change ω of the first term in (6) to ω − ωk and change it to the integral form of the 
non-negative frequency interval,

Find the solution of the secondary optimization problem,

The value problem of the central frequency can also be converted to the frequency 
domain,

(3)







min
{uk },{ωk }
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k
� ∂t [(δ(t)+

j
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−jωk t �22}
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ûi(ω)+

�̂(ω)

2
�22}

(7)ûn+1
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The results of the central frequency calculation are shown in (10):

Inside, ω̂n+1
k (ω) Wiener filter equivalent to f̂ (ω)−�i �=k ûi(ω). ωn+1

k  is the center of 
gravity of the power spectrum of the current mode function. Perform the inverse Fourier 
transform of {ûk(ω)} , which is actually the part of {uk(t)}.

Through the above steps to find the best decomposition number, also obtained the 
specific parameters of each component, realize the effective separation of signal com-
ponents and frequency profile, but the traction motor weak fault frequency and base 
frequency is very close, which results in the decomposition of the component fre-
quency spectrum overlap phenomenon and affects the embodiment of the fault char-
acteristics. Therefore, the next step is to keep the decomposition of the modal function 
components with different frequencies and different amplitude at the decomposed posi-
tions unchanged, and to reconstruct them according to (11) to form a new frequency 
spectrum.

Where ui and rK  are the modal function components and residual terms, respectively, 
and the noise component is filtered out in the new spectrum.

Weak fault detection of traction motors based on RVMD
RVMD process

The weak fault detection method of traction motor based on RVMD is composed of 
three parts: variational problem construction, mode function solution, and mode func-
tion component superposition reconstruction and fault detection decision. The specific 
implementation process is as follows:

 (1) Load the original stator current signal y to construct the variational problem, y 
including the base frequency, fault component and noise;

 (2) Initialize 
{

u1k
}

、
{

ω1
k

}

、�
1 , n is 0;

 (3) n = n+ 1 , Perform the entire cycle;
 (4) Update uk according to (8), execute the first inner cycle;
 (5) k = k + 1 , Repeat steps (4), until k = K  , when the first loop of the inner layer 

ends;
 (6) Update ωk according to (10), execute the second inner cycle;
 (7) k = k + 1 , Repeat steps (6), Until k = K  , the second cycle of the inner layer 

ends;
 (8) Update � as per �̂n+1(ω) ← �̂

n(ω)+ τ [f̂ (ω)−�
k
ûn+1
k (ω)];

(9)ωn+1
k = arg min

ωk

{

∫ ∞

0

(ω − ωk)
2
∣
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2
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(11)frec =
K
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 (9) Repeat steps (3) ~ (8), the discrimination accuracy ε > 0 , If 
�
k

∥

∥

∥
ûn+1
k − ûnk

∥

∥

∥

2

2
/
∥

∥ûnk

∥

∥

2

2
< ε , end the whole cycle and output K  IMF compo-

nents, otherwise return to step (3);
 (10)   Reconstruct the output K  modal function components according to formula 

(11) to realize the weak fault detection of traction motor;
 (11)  Make the corresponding fault detection decision according to the reconstruc-

tion signal.

The step (1) is the variational problem construction. The step (2) ~ (9) is the modal func-
tion according to the variational problem. The step (10) is the modal function component 
superposition reconstruction. The step (11) is the fault detection decision.

RVMD parameter

The main parameters included in the RVMD algorithm are discriminant accuracy ε , noise 
tolerance τ , decomposition scale K  , and penalty factor α . Specifically, the relative decom-
position scale and the penalty factor of the discrimination accuracy and the noise tolerance 
have less influence on the RVMD output results.Therefore, this paper focuses on the selec-
tion of decomposition scale K  and penalty factor α , while the discrimination accuracy and 
noise tolerance often adopt the standard VMD decomposition default value.

Selection of the decomposition scale K

Before decomposition, the value of decomposition scale K  is determined. If the K  is small, 
the number of components is small, and if the K  is large, the number of components is 
large. The less or more decomposition number is not conducive to the decomposi-
tion effect, in which the decomposition number will filter out part of the starting signal 
information, and the decomposition number will make the central frequency band of the 
decomposed component overlap. Therefore, the value of the decomposition scale K  can be 
determined by trying to gather together the method:

1) Input the original signal;
2) The decomposition scale K  was set to 2, and the penalty factor, discriminant accu-

racy, and noise tolerance were set to the standard VMD decomposition default val-
ues, respectively, α=2000 , ε=1.0× 10−7 , τ=0;

3) According to the above parameters to achieve the input signal decomposition and 
the frequency spectrum of each component;

4) Check whether the center frequencies in the spectrum overlap; if no overlap occurs, 
make K = K + 1 , return to step 3 to continue VMD decomposition, otherwise out-
put K = K − 1 . If center frequency overlap occurs at K= 2 , increase K  value until 
no overlap occurs, and then follow the no overlap step.

Selection of the punishment factor α

Introducing the penalty factor transforms the variational problem from the constraint to 
non-constraint condition, which mainly affects the convergence rate and bandwidth of the 
decomposition component.
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Experimental
Experimental platform

In the established dSPACE hardware realizes the weak fault injection of the traction 
motor on the ring semi-physical platform of the CRH2 EMU traction drive system, the 
references [12–14] gives a detailed introduction, and the fault injection simulation plat-
form can be downloaded on the website http:// gfist. csu. edu. cn/ indexE. html. The experi-
mental device used here included a dSPACE-based CRH2 EMU traction drive control 
system controller in the loop real-time fault semi-physical platform (Fig. 2).

Selection of the RVMD parameters

Decomposition scale K

Through the analysis of the important parameters of RVMD in “Reconstructed vari-
ational mode decomposition (RVMD)” section, the original signal is decomposed 
with different K  values. The other parameters are α=2000 , ε=1.0× 10−7 , τ=0 , and 
the central frequency change curve during the decomposition of RVMD is shown in 
Fig. 3.

We can find from Fig.  3, when K= 2 , the decomposition results are shown in 
Fig. 3a, and the center frequencies of the two components of the signal decomposi-
tion overlap;

When K= 3 , the decomposition results are shown in Fig. 3b. The three components 
of the signal decomposition do not overlap each other and contain all the characteristic 
frequency band information of the original signal.

When K= 4 , the decomposition results are shown in Fig.  3c. Although the four 
components of the signal decomposition are not overlapping, they are close to each 
other.

Further increase of the K  . When K= 5 , the decomposition result is shown in Fig. 3d, 
and the central frequency of the decomposition component appears seriously stacked in 
the high frequency part.

Therefore, Consider the aliasing problem between signal decomposition components 
and center frequency, we can select K= 3.

Fig. 2 Semi‑physical platform of the CRH2 EMU traction drive system

http://gfist.csu.edu.cn/indexE.html
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Penalty factor α

Different penalty factors are used to decompose the original signal. The decomposition 
scale value is 3, and the penalty factor is taken from 100 to 12,800. The decomposition 
results under different penalty factors are shown in Fig. 4, where the abscissa represents 
the center frequency of the decomposition component, and the overlapping or close 
separation indicates that the decomposition effect is not good.

1) Punishment factor of 100

 The central frequency map shows that the high frequency component contains two 
components simultaneously, causing serious modal aliasing.

2) The penalty factor of 200–1600
 When the penalty factor varies in this range, the mode stacking phenomenon is still 

very serious, and the VMD cannot decompose the modes of different central fre-
quencies.

3) Punishment factor of 3200–12,800
 When the penalty factor changes in this range, although the mode mixture appears, 

the component center frequency gets closer and closer as the penalty factor 
increases.

Therefore, it is found that the smaller the value of α , the more likely it is to over-
lap; with the increase of α , the decomposition effect of RVMD is better, but the value 
of α is not too large, and the center frequency of the modal component will be close.

Meanwhile, the change in the penalty factor α also has an effect on the calculation 
time of the RVMD program. Table 1 reflects the relationship between the two, which 
shows that the RVMD procedure takes less time to take the range from 400 to 6400, 
so the penalty factor α usually takes this range, and the shortest time is required for 
800.

Fig. 3 Change curve of the center frequency: a K= 2 , α=2000 ; b K= 3, α=2000 ; c K= 4 , α=2000 ; d K= 5 , 
α=2000
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Fig. 4 Center frequency plot of each component at different values under the same value: a K=3, α=100 ; 
b K=3 , α=200 ; c K=3 , α=400 ; d K=3 , α=800 ; e K=3, α=1600 ; f K=3, α=3200 ; g K=3 , α=6400 ; h K=3 , 
α=12800

Table 1 Effect of penalty factor on calculation time

Penalty factor α RVMD run time

100 12.574

200 5.368

400 2.818

800 2.681

1600 2.709

3200 2.735

6400 2.784

12,800 2.932
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Therefore, considering the decomposed central frequency distribution and the 
RVMD running time, the selection of α = 2000 for RVMD is highly reasonable. In 
this paper, the penalty factor α is taken at 2000 when using RVMD to decompose the 
weak fault signal of the traction motor.

Results and discussion
The degree of complete eccentric fault of visual air gap is 1, and the degree of air gap 
eccentric fault is 0.002, 0.0056, and 0.012 on the semi-physical platform, respectively, 
to simulate the weak fault of eccentric air gap.

Figure 5a shows the current waveform of the air gap eccentric fault at 0.0056. Fig-
ure 5b–d shows the three components time-domain waveforms of the RVMD decom-
posed with the decomposition scale K=3 . Directly observing the nos. 2, 3, and 4 
components of stator current RVMD decomposition under different fault degrees, the 
difference is not obvious, and it is difficult to detect the weak fault of air gap eccentric.

The RVMD parameter selection is consistent with the first two weak failures, 
namely K=3 , α=2000 , ε=1.0× 10−7 , and τ=0 . Figure 6 shows the stator A phase cur-
rent frequency spectrum under different weak degrees of failure. Numbers. 2, 3, and 4 
are the main component spectrum of phase A current RVMD decomposition, and no. 
1 is the superimposed reconstructed frequency spectrum (RVMD spectrum) of no. 2, 
3, and 4 components.

Observing the frequency spectrum no. 1 after RVMD can determine whether a mal-
function has occurred and the severity of the malfunction. Figure 6a shows no fault, 
and the A phase current spectrum no. 1 has no fault component on either side of the 
vertical line; even in the early weak fault Fig. 6b, the fault component on both sides; 
the amplitude of fault component in Fig. 6c, d gradually increases and is larger than 
that in Fig. 6b, indicating that the weak fault of the air gap is more serious.

Fig. 5 Current time‑domain waveform: a total current time‑domain waveform; b component 1 time‑domain 
waveform; c component 2 time‑domain waveform; d component 3 time‑domain waveform
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Fig. 6 The A‑phase current RVMD spectrum at each degree of failure: a regular; b fault severity 0.002; c fault 
severity 0.0056; d fault severity 0.012
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The above results show that the RVMD method can effectively detect weak faults in 
the air gap eccentric of traction motors by observing the fault components and their 
amplitude.

Comparison with existing methods

The method proposed in the introduction is mainly used for detecting air gap eccentric 
to a certain extent after the fault occurs and is not suitable for detecting weak faults. 
Moreover, the proposed RVMD method has high efficiency and good operability, and 
performs better than traditional methods such as EMD and VMD in detecting weak 
faults in the air gap eccentric of traction motors.

Conclusions
This article proposes a signal decomposition and reconstruction RVMD method based 
on the VMD method to address the issues of unclear changes in electrical parameters 
and frequency aliasing between fault characteristic frequencies and stator current fun-
damental frequencies in the case of weak faults in traction motors. By reasonably select-
ing important parameters such as decomposition scale and penalty factor, the detection 
signal is constructed and solved through variational problems, achieving effective sepa-
ration of signal components and frequency partitioning; Then, the decomposed differ-
ent modal components are superimposed and reconstructed to form a new spectrum, 
ultimately achieving weak fault detection. The proposed method has effectively achieved 
weak fault detection of air gap eccentric on the semi-physical platform of the traction 
transmission control system. At the same time, this method can also be used for detect-
ing weak faults such as broken rotor bars, inter turn short circuits, and bearings in trac-
tion motors.
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VMD  Variational mode decomposition
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