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Abstract

The accuracy of fault diagnostic systems for induction motors relies on a comparison of the
currently extracted sensory features with those captured during normal operation. To detect the timing of
these impacts from vibration signals accurately, this paper presented an efficiency diagnosis method
based on empirical mode decomposition (EMD), aimed to diagnose the air-gap eccentricity fault of
induction motors. Analyses the Hilbert modulus spectrum of stator current in induction motors by EMD, to
obtain the fault characteristics frequency f, accurately, and distinguish the fault characteristics
component from the fundamental wave in stator current. The simulation result demonstrated the high
sensitivity and clarity of this proposed method, efficiently distinguish the fault frequency from the basic
frequency in the stator current.
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1. Introduction

As the backbone of modern industry, induction motors covers a broad range of
mechanical equipment and plays an important role in industrial applications. With rapid
development of science and technology, rotating machinery in modern industry is growing
larger, more precise and more automatic. Its potential faults become more difficult to find. Fault
diagnostics of induction motors are very important to ensure safe operation; timely maintenance
can increase operation reliability and preventive rescue, especially in high power applications.
The induction motor faults are generally classified as either mechanical or insulation system
faults. Common mechanical faults include rotor bar breakage, rotor end ring cracking, static
and/or dynamic air-gap irregularities, stator winding faults, bent shaft, misalignment, and
bearing gearbox failures. Statistical data show that the mechanical faults are responsible for
more than 95% of all failures [1-4].

Air-gap eccentricity is one of the main faults of induction motors. It is appearances in
almost all the induction motors. When it happens, the motor generates imbalanced
electromagnetic force and leads to the rotor vibration, thus the performance of the bearing is
worsen. This makes several faults, such as stator core deformation, winding wore and insulated
damage. And some faults even worse—stator rotor winding, core damage, even the “sweep
boring”. Therefore, detecting and diagnosing the air-gap eccentricity fault is of significant value
to the safety operating of the induction motors [5-7].

Conventional signal processing techniques include time-domain statistical analysis and
Fourier transform, which have proved to be effective in fault diagnosis of rotating machinery.
However, these techniques are based on the assumption that the process generating signals is
stationary and linear. They usually result in false information when they are applied to the
mechanical fault signals, because the mechanical faults by nature are non-stationary and
transient events

The empirical mode decomposition (EMD) is a novel signal analysis tool, whereby the
underlying notion of instantaneous frequency provides insight into the time-frequency signal
features ™. This technique has been first introduced in ocean research and has since become
an established tool for the analysis of non-stationary and nonlinear data with a number of
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important applications in signal processing. Unlike other signal decomposition techniques, which
map the signal space onto a space spanned by a predefined basis, the idea behind this method
is to decompose a general data set into a number of “basis functions” termed intrinsic mode
functions (IMFs), which are derived directly from the data, in a natural way 23 spite of the
well-established and understood EMD-based analysis of real-valued processes, a major issue
that prevents a wider application of EMD in signal processing is that this concept has been
developed strictly for real-valued data. On the other hand, several important signal processing
areas (telecommunications ™ *, sonar ¥, radar, machinery "®* to mention but a few) use
complex-valued data structures. To analyze these within the EMD framework, it is necessary to
develop an extension of the standard EMD suitable for dealing with complex-valued data. In
addition, a strong motivation for the development of the EMD for complex-valued data comes
from the concept of so-called instantaneous frequency, which gives EMD an edge over other
established time-frequency analyzers [8-13].

The EMD method has attracted considerable attention and been widely applied to fault
diagnosis of rotating machinery recently. This paper applied the EMD technique to the spectrum
analysis of Hilbert modulus of stator current in induction motors, and obtained the fault
characteristics frequency. This method can efficiently detect the air-gap eccentricity fault of
induction motors, thus can hence the operating reliability of induction motors. It is shown that
the proposed method based on EMD obtains a more precise diagnosis result.

2. EMD Technique and Basic Theory

EMD is a self-adaptive analysis method for nonlinear and non-stationary signals. It may
decompose a complicated signal into a collection of intrinsic mode functions (IMFs) based on
the local characteristic time scale of the signal. EMD technique was first proposed by Huang et
al. as part of the Hilbert-Huang transform (HHT) in 1998, which has been proven to be an
effective method in analyzing the non-stationary signals for fault detection. It aims to break up
any signal into a sum of oscillating components extracted directly from this one in an adaptive
way. These components (or IMF for “Intrinsic Functions Mode”) are interpreted like non-
stationary forms of waves (i.e., modulated in amplitude and frequency) being able to be possibly
associated nonlinear oscillations [14-15].

When HHT is applied to analyze the signals, the signals are first decomposed into
several Intrinsic Mode Function (IMF) components by EMD, and then, Hilbert transform is
applied to calculate the instant amplitudes and instant frequency of the IMFs to form the Hilbert
spectrum. Unlike the wavelet transform, for which the user has to pre-determine a mother
wavelet and then the level of decomposition manually, EMD is able to perform decomposition of
the raw signal and automatically determine the level of decomposition based on the nature of
that raw signal.

Any signal can be considered as the superposition of a slow component a(t) (low

frequency) and an approximation called fast component d(t) (high frequency) called detail.

These components are IMF (Intrinsic Modal Functions) interpreted as being non-stationary
waves.

The steps of the EMD procedure are provided as follows.

Step 1) Find the local maxima and local minima of the signals.

Step 2) Construct the lower and upper envelopes of the signals by the cubic spline
based on the local maxima and local minima, respectively.

Step 3) Calculate the mean values m(t) by averaging the lower envelope and the upper

envelope.
Step 4) Subtract the mean values from the original signals to produce the IMF
candidate component h,(t) = f (t)-m(t) . If it is the true IMF, go to the next step. In addition, the

IMF component C,(t) =h,(t) is saved. If it is not the IMF, repeat Steps 1) — 4).The stop condition
for the iteration is given by

L [ha®-h,®)]°
R .
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where h_.(t) and h_(t) denote the IMF candidates of the m-1 and m iterations,

respectively, and, usually, 9D is set between 0.2 and 0.3.
Step 5) Calculate the residual component by subtracting the IMF component obtained in
Step 4) from the original signal res (t) = f (t)-C,(t) - This residual component is treated as new

data and is subjected to the same processes described previously to calculate the next IMF
component.

Step 6) Repeat Steps 1) — 5) until the final residual component becomes a monotonic
function and no more IMF component can be extracted or the envelopes become smaller than a
predetermined value.

Through Steps 1)-6), the original signals f(t) can be decomposed into N empirical

modes (C,-C,)-

3. Hilbert Modules Spectrum Analysis of Stator Current

The power supply of induction motors is supposed to be the ideal three phase sine AC
power, and the structure of the motor is symmetrical. When the motor operates successfully, the
phase current is ideal sine wave. Take phase A for example, define the phase current and the
line current of the motor as [18]:

Ua (t) =U  cos(ut)
ia(t) =1 mcos(wt—¢¢) @

where U, and |, are the amplitude of phase fundamental wave voltage and current,

respectively; ¢f is the power factor angle of the motor.

Air-gap eccentricity involves static eccentricity and dynamic eccentricity, when they
happens at the same time, stator winding will generate induction characteristics frequency
fi£ f, and f;£2f,, in which f +f, are the basic characteristics constituent. If we consider the

fluctuation of torque and rotate speed generated by the current related to this frequency and the
eccentricity magnetic field, we can calculate the fault characteristics frequency f;+mf,,

foee = f1 £ mf, , where fg. means frequency of the fault characteristics in the stator current when
the eccentricity fault happens, f; is the frequency of the power supply, f, is the rotation angle
frequency of the rotor, which equals to (1-s)f;/p, P means the pole number of the induction

motor.
Define the current of phase A as:

{Iecln COS[(Cq Lz )t- ¢1n] }

i = Imcos(agt —@¢) + > +1 goon €O (af + Nt )t = Py ]

= 3)

where 1, lean, lecon respectively means the current amplitude of basic frequency
component, f,-nf, component, f,+nf, component; ¢ , ¢y, ¢#, respectively means the
current's phase angle falls behind the voltage’s of basic frequency component, f;—nf,
component, f;+nf, component.

Analysis the current iy by Hilbert transform:

()= 212 War=x() o
O (4)
2(t) = x(t)+ i x(0)
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According to this equation, we can calculate the Hilbert modulus signal Is(t) ,

laf *)1af :(lmf +Iecln"'IecZn)+2|mf|ec1nCOS(wrt_¢f +¢1n)

I5(t) =

+2l i lecon COS((*)rt —¢ +¢2n) + 2l geanlecon COS(Z(*)rt ~1n +¢2n)

(5)

After analyses the stator current by Hilbert transform, we convert the fundamental wave
which disturb the fault component into AC component, thus can reduce the influence. And the
related |, and |_, was converted to 2sf and 4s , respectively. 4sf equals to | multiply to

|, and its value is very small, which is hard to observe in the spectrum analysis. However,
the AC component may easily submerge the 2sf frequency component, which leads to the

difficulty to obtain the fault characteristics, so the AC component must be filtered. Once the filter
was done, the analysis of the Hilbert modulus signals of the stator current is performed by EMD,
thus can obtain the f component, which can be the criterion of the air-gap eccentricity fault.

4. Case Studies and Simulation Results
Take one certain induction motor of air-gap eccentricity fault for example, define
s=0.015, f;=50HZ, p=2, for phase A, the current signal is:

i af (1) =10cos(2ry) +0.2c08] (f; = T, ) 2nt | +0.2c08] (fy + f, ) 2nt | ()

where f =(1-s)f/p.
The fault current and its Hilbert modulus of phase A shown as Figure 1.
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Figure 1 The fault current and its Hilbert modulus of phase A

Analysis the fault current by Hilbert transform according to EMD, once the AC
components of the Hilbert modulus signals were filtered, then perform the decomposition by
EMD. Figure 2 shows the simulation result.

By decomposition the stator current Hilbert modulus with EMD, four IMFs obtained, the
first one is the f, component. In Figure 3, the analysis is performed during 0~1s, the EMD can

accurately decompose the f, component, which frequency is 24.62Hz, and amplitude is 8.
Which almost match the theory calculation, and the deco posited IMF1 component can be used
as the criterion of fault. The simulation result demonstrates that: even the “sweep boring”

happens to the induction motor; this proposed method can successfully obtain the fault
characteristics component, so it has a high precision.
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Figure 2. Decomposition of stator current Hilbert modulus
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Figure 3 Fault characteristics component fr

From the results of the simulation experiment, it can be seen that the EMD method is
able to solve the problem of mode mixing and achieve better decomposition results than the
conventional method. Thus, the proposed method based on EMD is a powerful tool for early
rub-impact fault diagnosis in rotating machinery. It is also a promising diagnosis method for
other faults occurring in rotating machinery. But, as some experts said, every method has its
shortcomings. For the advanced signal processing techniques presently used in fault diagnosis,
wavelet transform, spectral kurtosis, analysis, EMD, etc., it is difficult to find one technique is
superior to the others in any cases. Generally, aiming at the specific diagnosis problem, the best
one may be selected by comparison.
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5. Conclusion

Conventional machine fault diagnostic methods use the increase in vibration energy at
the broad frequency spectrum or at a selective high-frequency spectrum as a vital indicator in
detecting the occurrence of the impacts caused by faulty components. However, it has the
problem of mode mixing, so we propose a new method based on EMD to overcome this
shortcoming in this paper. EMD is based on the local characteristic time scales of a signal and
could decompose the complicated signal into a set of complete and almost orthogonal
components named IMF. The IMFs represent the natural oscillatory mode embedded in the
signal and work as the basis functions, which are determined by the signal itself, rather than
pre-determined kernels. Thus, it is a self-adaptive signal processing method that can be applied
to nonlinear and non-stationary process perfectly. The EMD method provides a powerful tool for
nonlinear and non-stationary signal analysis.

When the air-gap eccentricity fault occurs, analysis the stator current with Hilbert
transform, then the fault characteristics component can be achieved. And through the analysis
of Hilbert modulus spectrum of stator current in induction motors by EMD, this proposed method
can successfully obtain the fault characteristics component f,, thus can distinguish the fault

characteristics component from the fundamental wave in stator current. And the simulation
result showed that the proposed method is able to extract the fault characteristic information
and identify the faults effectively. At the same time, it is shown that the proposed method based
on EMD obtains a more precise diagnosis result.

References

[1] Cheolsoo Park, David Looney, Preben Kidmose, et al. Time-Frequency Analysis of EEG Asymmetry
Using Bivariate Empirical Mode Decomposition. |IEEE Transactions on Neural Systems and
Rehabilitation Engineering. 2011; 19(4): 366-373.

[2] Antonio Garcia Espinosa, Javier A Rosero, Jordi Cusid’o, et al. Fault Detection by Means of Hilbert—
Huang Transform of the Stator Current in a PMSM with Demagnetization. |IEEE Transactions on
Energy Conversion, 2010; 25(2): 312-318.

[3] Stuti Shukla, S Mishra, Bhim Singh. Empirical-Mode Decomposition With Hilbert Transform for Power
Quality Assessment. IEEE Transactions on Power Delivery, 2009; 24 (4): 2159-2165.

[4] Z Gong, E Nyborg, and G Oommen. Acoustic emission monitoring of steel railroad bridges. Mater.
Eval. 1992; 50(7): 883-887.

[51 P Samuel, D Pines. A review of vibration-based techniques for helicopter transmission diagnostics.
Sound Vib, 2005; 282(1/2): 475-508.

[6] T Toutountzakis, C Tan, and D Mba. Application of acoustic emission to seeded gear fault detection.
NDT & E Int. 2005; 38(1): 27-36.

[7]1 B Eftekharnejad, D Mba. Seeded fault detection on helical gears with acoustic emission. Appl. Acoust.
2009; 70(4): 547-555.

[8] C Tan, P Irving, and D Mba. A comparative experimental study on the diagnostic and prognostic
capabilities of acoustics emission, vibration and spectrometric oil analysis for spur gears. Mech. Syst.
Signal Process. 2007; 21(1): 208-233.

[9] D Mba. The use of acoustic emission for estimation of bearing defect size. Failure Anal. Prevention.
2008; 8: 188-192.

[10] JS Cheng, DJ Yu, JS Tang, et al. Application of frequency family separation method based upon
EMD and local Hilbert energy spectrum method to gear fault diagnosis. Mechanism and Machine
Theory. 2008; 43: 712-723.

[11] B Liu, S Riemenschneider, Y Xu. Gearbox fault diagnosis using empirical mode decomposition and
Hilbert spectrum. Mechanical Systems and Signal Processing. 2006; 20(3): 718-734.

[12]R Yan, R Gao. Hilbert-Huang transform-based vibration signal analysis for machine health
monitoring. IEEE Trans. Instrum. Meas. 2006; 55(6): 2320-2329.

[13] VK Rai, AR Mohanty. Bearing fault diagnosis using FFT of intrinsic mode functions in Hilbert-Huang
transform. Mechanical Systems and Signal Processing. 2007; 21: 2607-2615.

[14] C Tan, D Mba. Limitation of acoustic emission for identifying seeded defects in gearboxes. Journal of
Nondestruct. Eval. 2005; 24 (1): 11-28.

[15] M Elforjani, D Mba. Detecting natural crack initiation and growth in slow speed shafts with the acoustic
emission technology. Eng. Failure Anal. 2009; 16 (7): 2121-2129.

[16] Liu Tong, Yang Jia-giang, Huang Jin. Induction motor stator winding fault diagnosis based on zero
sequence voltage after switch-off. Journal of Zhejiang University (Engineering Science). 2006; 40(8):
1361-1364.

Air-gap Eccentricity Fault Diagnosis of Induction Motors Using EMD (ZHANG Lin)



4174 N e-ISSN: 2087-278X

[17] LIU Zhenxing, LI Yuetang, ZHANG Wenrong, ZHANG Xiongxi. Fault Diagnosis Way Based on HHT
and Generalized Fourier Transform in Induction Motor Fed with Variable Frequency Power. Journal of
Tongji University (Natural Science). 2010; 38(12): 1832-1835.

[18] DONG Tao, CHENG Pei-yuan, FAN Bo, WANG Dong-xu, Detection for Broken Bar Based on
Frequency Spectrum Analysis of Hilbert Modulus. Electric Machines & Control Application. 2010;
37(2): 53-56.

[19] Na Chen, Shaopu Yang, Cunzhi Pan. Application of Fault Detection based on Hybrid Intelligent
Methods. TELKOMNIKA Indonesian Journal of Electrical Engineering. 2012; 1(8).

[20] Feng Yongxin. Study of Fault Diagnosis Method for Wind Turbine with Decision Classification
Algorithms and Expert System. TELKOMNIKA Indonesian Journal of Electrical Engineering. 2012;
10(5).

[21] B Frankenstein, B Hentschel, F Schubert, et al. Condition monitoring of windmill rotor blades. 4th Eur.
Workshop Struct. Health Monitoring. Poland. 2008; 1233-1239.

[22] R Li, D He, E Bechhoefe. Investigation on fault detection for split torque gearbox using acoustic
emission and vibration signals. Proc. Annu. Conf. Prognostics Health Manage. Soc. San Diego, CA.
2009; 1-11.

[23] R Li, D He, E Bechhoefe. Gear fault location detection for split torque gearbox using AE sensors.
Proc. Amer. Helicopter Soc. 66th Annu. Forum. Phoenix, AZ. 2010; 1-18.

[24] J Cui, X Zheng, M Li, et al. Health diagnosis for aircraft based on EMD and neural network. Proc. Int.
Conf. Meas. Technol. Mechatron. Autom. Zhangjiajie, China. 2009; 677-680.

[25] T Xu, Z Feng. Tool wear identifying based on EMD and SVM with AE sensor. Proc. 9th Int. Conf.
Electron. Meas. Instrum, Beijing, China. 2009; 9(2): 948-952.

TELKOMNIKA Vol. 11, No. 7, July 2013 : 4168 — 4174



