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Machine condition monitoring in remote locations and harsh environment
where network infrastructure is not feasible, or hardwired network
connectivity is not possible, wireless communications provides an alternative
which also offer installation cost savings, improve reliability and quicker
deployment. This paper describes the implementation of wireless sensor
network (WSN) for early fault diagnosis of rolling element bearings based on
signal autocorrelation technique. A low-power 2.4 GHz wireless HART
transceiver, a low-cost wireless vibration transmitter, 26.76 mv/g
accelerometers and a 1420 wireless gateway with AMS software was
implemented. The research describes the methodology of acquiring peak
values data in high frequency region. The noise was averaged out by applying
four-time averaging and natural frequencies or fault frequencies of bearing
elements was captured. The experimental results show that the signal
autocorrelation algorithm can successfully diagnose the roller bearing faults
at early stage on wireless signal transfer. As the raw data was processed before
wireless transmission on analyzing unit and spectrum was transferred in JPG

format on display unit, minimum power consumption has been noted. The
technique provided a better alternative of wired system for real time condition
monitoring of roller bearings in rotating equipment installed in remote area.
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1. INTRODUCTION

On-line data collection remains a number of barriers like high cost of installation, especially in
hazardous areas. Permanent installation for moving equipment in harsh environment is not justified due to extra
expenses included fiber optic cable, conduit installation, trenching and installation of festooning. Studies show
that the average price for cable installation is $40 per foot in process industries. For on-line vibration
monitoring a high-quality cable is also required for continuous and high-speed data intensive. The wireless
technology overcome these barriers. The wireless ethernet in industrial environments use radio frequency (RF)
transmission with 2.4 GHz and 5.8 GHz bands. The wireless condition monitoring (WCM) offer lower
installation costs. The wireless network has been used for structure health monitoring on for condition
assessment of bridge, turbine blade and aircraft structure [1]-[6].

Bao et al. [1] worked on vibration signals analysis of a bridge structure based a group sparse
optimization algorithm with compressive sensing technique on wireless sensors network. Carbajo et al. [2]
recognized the wireless platform by using three wireless sensor systems for vibration monitoring of turbine
blade with sine sweep. Saxena and Tandon [3] discusses the structural health monitoring of machines by
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comparing wireless technology with already existing wired system. Sergievskiy and Syroezhkin [4] used strain
gauges on WSN for stress measurement of aircraft structure. Vujic¢ et al. [5] describes the application of WSNs
for aircraft structural health monitoring by using micro electro mechanical systems (MEMS) for tracking the
load history of helicopter. Contreras and Ziavras [6] proposed a frequency domain pattern matching technique
based on vibration analysis to perform modeling of structure on a wireless signal network by using a damaged
beam. Khan and Zanwar [7] measured the temperature, pressure and ultrasonic data of oil to monitor the
chemical and physical properties on wireless system by using Zigbee protocol. Michala and Lazakis [8]
presented the work for pressure measurement of an air pump with wireless data transmission on a Zighee
module. Olalere and Dewa [9] presented a remote condition monitoring approach for surveillance of elevators
on wireless network. The condition monitoring of rotating equipment with vibration analysis on wireless
network provides the availability of equipment for long term operation. Elnady et al. [10] performed the modal
analysis of shaft with variation of speed from using impulse-response method on the wireless sensor network
(WSN). Murthy et al. [11] worked on a motor-pump set for classical faults analysis i.e., rotor unbalance,
misalignment and wear and tear of components. The induction motor condition and faults has been studied by
using wireless network [12]-[15]. V et al. [12] worked on condition monitoring of induction motor using
vibration, temperature, speed, humidity, supply voltage and motor current analysis. Rane and Khedkar [13]
compared wireless and wired system for condition monitoring of induction motor. Medina-Garcia et al. [14]
presented work on vibration, motor current and temperature analysis for detection of mechanical faults with
wireless network.

Korkua et al. [15] studied vibration under different levels of imbalance conditions and investigated
behavior of a 3-phase induction machine on WSN. Machine condition monitoring of rotating equipment are
subjected to surveillance of bearing’s health. In rolling element bearings, Hertz contact stresses occur on the
balls and the raceways due to the pressure between the metal’s surfaces. Due to bearing damage, high frequency
vibration (over 20 kHz in the earliest stag) but low in amplitude is generated. These high frequency pulses
cannot be recorded with conventional root mean square (RMS) technique. Therefore, we need techniques
which can remove the low frequency, high amplitude vibration in order to detect high frequency, low amplitude
source of vibration. Signal enveloping and demodulation has been used for capturing the short duration spikes
for bearing health monitoring. The wired system has been used for bearing fault analysis with number of signal
processing techniques [16]-[19]. Vinaya et al. [16] proposed the non-negative matrix factorization (NMF)
method for fault diagnostics of damaged bearing in rotary screw compressor. Xu et al. [17] used the envelope
analysis technique with harmonic-to-noise ratio to capture the periodic impulses on a bearing test rig. Ren et
al. [18] used envelope order spectrum analysis with Wavelet and Hilbert transform. Yassine et al. [19] used
the envelope analysis for observations of various bearing fault condition.

The wireless system has been successfully applied for roller bearings faults analysis with
demodulation and envelope analysis technique [20]-[27]. Feng et al. [20] used envelope analysis on a wireless
sensor for bearing fault analysis with reduce data size and power consumption technique. Ikram et al. [21]
presented the work for identification of ball-bearing problems of a motor on a wireless vibration system by
using vibration enveloping technique and temperature measurement. Sadiki et al. [22] worked on real-time
monitoring for predictive analysis of a Turbine’s thrust bearing using wireless signal transverse technique.
Myhrea et al. [23] presented work on vibration monitoring with wireless sensors on motor-pump set in a water
pumping station. Ramirez et al. [24] presented the work on on wireless vibration monitoring using power
spectral distribution (PSD) and enveloped signal analysis technique. In [25], [26] proposed optimum band-pass
filtering with envelope analysis on a WSN for bearing fault diagnosis. Lu et al. [27] investigated bearings
condition using the under sampled signals acquired on a WSN.

Like enveloping and demodulation, signal autocorrelation technique can also be used to detect the
bearings faults by monitoring vibration at a very high rate. With autocorrelation technique, high-frequency
stress waves can be detected to monitor the roller bearing health. In this paper we used the WSN for early fault
diagnosis of roller bearings by using signal autocorrelation technique. To minimize the transfer load of
vibration data, the frequency spectrum has been transferred in JPG file using wireless HART protocols. The
research also describes the requirements of wireless instrumentation, sampling setting to capture the frequency
peaks in high frequency region. The behavior of under stress faulty bearing and a good bearing bearing on
WSN has been experienced. A test rig has been devised and a low-power 2.4 GHz wireless HART transceiver,
a low-cost wireless vibration transmitter, 26.76 mv/g accelerometers and a wireless gateway with AMS
software has been implemented.

2. THEORETICAL BACKGROUND
The short duration higher frequency waves called stress waves are generated when a rolling element
in a bearing passes over a defect. The parameters required to captured these stress waves are amplitude, time
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and rate at which stresses are occurring. We required to calculate the amplitude (x), time (t) and frequency (f)
at which these stress events are occurring. The autocorrelation signal processing technique can be used to
calculate these parameters. With autocorrelation, we captured, and analyzed the sequential discrete time
intervals for identifying bearing defects frequencies i.e., BPFO, BPFI, BSF and FTF. These impacts are
measured in G’s in the peak values of time waveform. This analysis enables for identification as well as severity
assessment of the defects in roller bearings. The highest amplitude signal (peak value) due to stress waves are
holds then signal in G’s is passed through a high pass filter greater than or equal to the Nyquist frequency. This
high frequency impacting data (peak) acquired after removing the machine noise and unwanted low frequencies
which are due to imbalance, misalignment, looseness or resonance etc. For analysis the data is then brought
back to fundamental frequency with in F-Max as shown in Figure 1.

Jibration Signal Highnass Filter ullwave Rectify Digital Peak FFT
. Impact Detection r
“M h‘yﬂwﬂ' { . [ ”"“UJJ
. LS ALl L“_LMAN_;LLLL

Figure 1. The data processing for signal autocorrelation technique

The auto correlation function is a strong tool for analyzing periodic vibration signals (repeating
pattern) in time domain. The autocorrelation signal processing technique not only enhance the signal but also
remove the noise from the signal. The autocorrelation function of x(t) is given as:

Ry(9) = lim (2) Jy X@x(e + Dyt (1)

Where R, (1) is autocorrelation function, X(t) is signal at time “t” and “T” is total time. This continuous
function is converted from continuous (analog) to discrete with A/D converter and low pass filter eliminate
any aliasing. The envelope of a bearing vibration signal usually consists of the periodic fault signal and
background noise, which can be described as:

Y(t)=x(t)+w(t) )

Where x(t) is fault impact generated periodically and w(t) is white noise or unwanted signals. So, the
autocorrelated function may be given as:

Ryy(2)=Rxx(7) + Rxw(z) + Rwx(z) + Rww(7) (3)
Being random signal, white noise become zero and we can omit it. So we conclude from (3) as:
Ryy(D)=Rx(7) (4)

If number of points are 1024, then a set of numbers for 400-line resolution may be represented as a set by:
{Xi}=X1, X2, X3, ....X1024.

If "t" is the lag time and by integrating x(t) x (t + t) the autocorrelation function becomes:

1
R=—%1L1 X Xiv, (®)
where M is equal to or less than N/2 number of points for {X} both in positive and negative. If j=1 (mean
square), then (5) become mean square of {X;}. If {Ri} is set of autocorrelation function then first component
in the autocorrelation set {Ri}is the largest and noise tends to disappear, a new function (Cj) become:

Cjzé[R], R2....RM] (6)

The Cj values are between +1. The noise will be average out to zero. So “Cj” is a measure of the
degree of correlation at each value of j(t) with highly correlated values approaching £1. It means we isolates
the peak energy of interest.
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3. SYSTEM IMPLIMENTATION AND DATA ACQUISITION

An experimental test rig was devised which consists on a motor running at 1465 rpm (24.41 Hz),
flexible coupling, two roller bearings and a disk of aluminum weighing 270 gm rotating between the bearings.
The data was collected on test rig bearings housing as shown in Figure 2. Wireless vibration sensors
(piezoelectric accelerometers) of 26.76 mv/g with integrated cable attached with wireless transmitter 9420 were
installed on the bearing (UC204-12) casings of test rig in radial and and axial directions.

Wireless Gateway

Processing Unit

Power Module f———""] e ——r—

Figure 2. The experimental test rig with wireless signal transfer set-up

The bearing installed between coupling and aluminum disk is a good bearing with no physical damage
while the second bearing installed at outside of test rig is same type defective bearing with miner damaged
cage. The induced defect of the roller bearing is shown in Figure 3. The geometric parameters of UC 204-12
roller bearing were calculated with following formulas [25]:

(Ball Spin Frequency) BSFzz%[l—(d/D)ZCOSZ(ﬂ) )
(Fundamental Train Frequency) FTF=%T[1—(d/D)COS(ﬂ)] (8)
(Ball pass Frequency Outer race) BPFO="7fT[1—(d/D)COS(¢)] 9
(Ball pass Frequency Inner race) BPFI="7fr[1+(d/D)COS(0)] (10)

Where “d” is the roller diameter, “D”is the pitch diameter, fr is the shaft speed, “n”is the number of rolling
elements and “@ “is the bearing contact angle. The frequency factors of UC 204-12 roller bearing are given in
Table 1.

. Good Bearing

Faulty Béaring'with
Damaged Cage

Figure 3. The good and defective bearing used for analysis for wireless CM

The test rig was powerup and data was collected in horizontal, vertical and axial direction on healthy
and defective bearings. The vibration data acquisition and signal transmission is in a sequence that the
accelerometers captured vibration signal then transmitted the signal to wireless Hart transmitter 9420 at 60 sec
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transmission rate and transmission speed around 250 kbps. Sensors communicate with gateway 1420 through
vibration transmitter wirelessly as data packets transverse. At the receiving end, gateway receives the data and
create the timewave form and frequency spectrum in graphical representation. On PC (display unit), the data
is received via ethernet cable. The block diagram of wireless condition monitoring system (hardware and
software), requirements and communication are shown in Figure 4. A 1000 Hz high pass filter with four-time
averages has been set.

Table 1. Bearing characteristic frequencies (Hz) for 1465 rpm

Frequency factor (FF) Basic Fr. factors  Frequency (Hz)
Over rolling FF on outer ring 3.0522 74.50
Over rolling FF on inner ring 49478 120.77
Over rolling FF on rolling element 1.9916 48.61
Ring pass FF on rolling element 0.3815 9.312

The rule of thumb is to set the FMAX greater than 3" hormonic of frequency relevant to component
having maximum frequency. The maximum fault frequency of roller bearing UC 204-12 is the ball pass
frequency of the inner race (BPFI) of i.e., 120.77, so we have set the frequency span 1000 Hz (F-Max) which
is more than 3rd hormonic of BPFI i.e. 362.31 Hz. The acquired data captured the peak values in high frequency
region and unwanted peaks were removed. The data was brought back to below 1 KHz for visualization and
early fault diagnostics of bearings. The noise was averaged out and natural frequencies or fault frequencies of
bearing elements were captured successfully.
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jemmmn | Transducer | === == ==
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Figure 4. Flow chart of router configuration from transmitter to gateway and coordination unit

4. RESULTS AND DISCUSSION

The high frequency spikes due to excitation of natural frequency of bearing elements were captured
using auto correlation technique on wireless network. The captured frequency spectrums in form of G’s
transferred in JPG format through wireless-hart protocol are shown Figures 5-7. The RMS values of good
bearing in horizontal direction is 1.069 g as shown in Figure 5(a) whereas defective bearing exhibit 2.198 g as
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shown in Figure 5(b). Similarly, in Figures 6(a) and (b), the RMS value of good bearing is 1.728 g and defective
bearing has extended value of RMS i.e 2.774 g. The RMS expression of good and defective bearing in axial
direction also confirm the condition of good and defective bearingare as shown in Figures 7(a) and (b). It is
noted that good bearing has almost half value i.e. 0.528 g than the defective one which has 1.216 g RMS.

Wireless Autocorrelation Spectrum in Horizontal Direction
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Figure 5. Wireless autocorrelation frequency spectrum acquired in horizontal direction (a) good bearing and
(b) defective bearing

Wireless Autocorrelation Spectrum in Vertical Direction
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Figure 6. Wireless autocorrelation frequency spectrum acquired in vertical direction (a) good bearing
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Wireless Autocorrelation Spectrum in Vertical Direction
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Figure 7. Wireless autocorrelation frequency spectrum acquired in axial direction (a) good bearing and
(b) defective bearing
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The RMS vibration spectral data of healthy and defective bearings in horizontal, vertical and axial
direction shows that defective bearing has almost double RMS value than healthy bearing. It shows the severity
of bearing faults appears in radial as well as in axial direction. The frequency spectrums of defective bearing
in Figures 5-7 shows the unnecessary frequency peaks which are required to be investigated for detailed
analysis and root cause analysis (RCA). The comparison data in Table 2 shows that when a fault appears and
progressively increases in severity, the peak g-level correspondingly trend upward in radial and axial direction
of roller bearing frequency spectrum.

Table 2. Data of defective and good bearings based on 1000 F-MAX

Accelerometer plane  Defective bearing (G’s) Good bearing (G’s)
Horizontal 2.198 1.069
Vertical 2.774 1.728
Axial 1.216 0.528

The acquired wireless vibration signals have been analyzed with AMS software on analysis unit. The
data acquired in horizontal direction has been analyzed for capturing the resonance frequencies of bearing
components. Figure 8 show the vibration data (frequency & time wave) acquired on healthy and damaged
bearing. The spectrum and waveform indicate clear difference in G’s amplitude captured from stress wave
generated in healthy and faulty bearing. The spectrums of faulty bearing show with clear fault of cage (FTF)
and inner race fault (BPFI) frequency as calculated in Table 2. This is clear identification of faults at an early
stage. It can be clearly observed in the faulty bearing spectrum that a high energy vibration zone is present
around the 120 Hz and 480 Hz corresponds to natural frequency of ball spin frequency and inner race fault
frequency.
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Figure 8. Wireless frequency and timewave spectrum recorded on faulty and good bearings

The time wave form has high Pk-Pk value in faulty bearing i.e 8.92 G’s and crest factor of 3.52 is
observed in faulty bearing. Whereas Pk-Pk value of good bearing in time waveform has significant decrease in
signal amplitude which is 3.15 G’s and crest factor is 2.80. The spectrum alert (in time wave form) provides
alarm thresholds. When a fault appears, it progressively increases and peak g-level will correspondingly trend
upward. The zoom analysis of frequency spectrum of faulty bearing is shown in Figure 9 which display the
marked peak frequencies captured at 9.31 Hz, 120 Hz and 480 Hz. These frequencies match with BPFIl and FTF
and their hormonics as calculated in Table 1. The comparative scenario of frequency spectrum and timewave
form recorded on good and faulty bearing provides the ability to carry out severity assessment of fault.
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Figure 9. Defective bearing frequency spectrum showing inner race fault and cage fault

5. CONCLUSION

The WSN accompany with signal aautocorrelation technique has been implemented for early fault
diagnostics of roller bearings. Based on the experimental results, it has been proved that autocorrelation
technique with WSN is capable of acquiring data in high frequency region for early faults diagnosis and severity
assessment of rolling element bearings with wireless signal transfer. From the analysis results obtained from
healthy and defective bearing, we may conclude that in the faulty bearing, excitation in the high frequency zone
is generated which may be detected at an early stage. The Stress waves generated due to fault events exhibit the
the peak values associated with resonance frequency which are useful for early fault detection in roller bearings.
The following recommendations are also may be considered: the sampling frequency and number of points
must be sufficient to diagnose the harmonics of fault frequencies; F-Max must be three times higher than the
BPFI fault frequency for rolling element bearings; the setting of high-pass filter should be greater than the
maximum bandwidth value for capturing the peak frequencies in signal autocorrelation; the trending
parameters are Pk-Pk value in timewave form and energy in frequency spectrum.
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