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ABSTRACT

Wired sensor systems are currently used to mortiter
performance and health of electric motors. Sinee d@nsors
need to be wired, these systems can only use fewsose
modalities which are generally insufficient to det¢he wide
range of faults in motors. Wireless sensors, onother hand,
allow access to sensors mounted in accessibleidasaéand on
rotating parts. They are easy to install and maintdowever,
the reliability of the transmission due to electegnetic
interference and the fidelity of the data due tghhivinding
temperatures inside the motor need to be examiried.paper
studies the feasibility of wireless sensors insgd200hp AC
induction motor. Two wireless sensors are attadhsitle the
motor - one on the stator frame and one on thdimgtahaft. A
wired sensor is attached on the outside of thersteame to
study the fidelity of data from the wireless sengdre packet
delivery performance as a function of spatial larain terms
of direction and distance with respect to the tstggon and the
fidelity of data received by the base station &wudied.

The results show that an average of 97% and 87 Bfbeo
data from the wireless sensor attached on therdraime and
shaft respectively is received at the base statlars showing
that wireless sensors can be reliably used insiglenotor.

1. INTRODUCTION

Electric motors are used in a wide range of indaistr
applications and consume a significant portionrargy of the
industrial sector [1-3]. Their inefficiencies andilfire cause
substantial losses in the form of increased eneagts and
maintenance costs. Online condition monitoring @aprove
the reliability, availability and maintainabilityf @lectric motors
by providing early warning of impending failured.[2

Current solutions for condition monitoring rely evired
sensor systems where the sensor is connected tata d
acquisition system by cables [3-6]. Although wisghsors are
reliable, they are difficult to mount on rotatingaohinery and

inconvenient in high temperature applications. €shbtan be
easily damaged when exposed to harsh conditiosgallation
of wired sensors can become a difficult task du¢heowiring
requirements and limited accessibility. The instadin and
maintenance cost of these cables are usually mqrensive
than the sensors themselves [3].

Wireless sensors on the other hand can be usesiiate
locations where the phenomena of interest actwaityr. They
can, thus quickly localize inefficiencies and détabnormal
behavior. Wireless sensors also allow easy andibfeex
installation. The monitoring system can thus be gensive.

The use of wireless sensors for induction motonsdwver
raises some concerns. When a wireless sensor
communicates over a wireless link, it has to comtesith the
effects of radio communication such as backgrouRdnBise,
fading, interference and other issues related teir th
surroundings [7]. Radio transmission and commuiunat
performance can be impeded in machinery, becaese¢tallic
environment could affect the signal strength of thieeless
communication channel and create packet-losseswitb data
exchange [8].

The purpose of this research is to study the fdigiof
wireless sensors to monitor the health of largeiétion motors.
This paper presents an experimental study on thekepa
delivery performance and data fidelity of wirelssmsors used
inside a 200hp AC motor. The packet delivery perfamce is
related to the reliability in the wireless commuation [9]. The
data fidelity of wireless sensors measures theitgjuatiwireless
communication used in induction motors.

node

2. MATERIALS AND METHODOLOGY

The motor used in this research was a three-ph@6e 2
horse power (hp) alternating current (AC) motor nming at
1800 rpm and a voltage of 460 volts.

The wireless sensor mote used in this research is a
Mica2Dot [11] micro-sensor mote. The Mica2Dot sensode
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is battery powered and about 25mm in diameter. Jdresor Figure 1: Wireless Sensors attached to the a) Shafhd b) Stator Frame
mote operates with the TinyOS software operatirggesy. The

sensors network node hardware consists of a miccegsor, Figure 1la shows the wireless sensor on a metde pla
data storage, analog-to-digital converters (ADCa),data (9mmx5.5mmx0.5mm), wrapped around with resin tape
transceiver, and an energy source [10] In th|$)5tuhe attached to the motor inside the stator frame. The

wireless sensor board used is a MPR500CA procesgbradio
platform. The Mica2Dot mote has 18 solderless esiganpins
connecting 6 analog inputs, digital I/O and a deria
communication. It is connected to the wireless sebsard via

a ring of 18 solderless expansion pins. A Mica2Dubte
together with a wireless sensor board is a serste.nThe base
station board in this study is a Mote Interface Blo&VIB),
MIB510CA. The MIB510 allows for the aggregation senhsor
network data on a computer.

The microcontroller of the wireless sensor provides
following features: maximum clock frequency of 8 MHL28k
bytes of programmable flash, 4k bytes EEPROM andANsF8
channel 10-bit analog to digital converters (ADQ)daan
external flash memory of 512k bytes used to store
measurements. The radio center frequency at 916afidzdata
transmission rate is 38.4k bytes/s. Typically, gwwer for
computing is 24mW, the transmitting power is 81mid dhe
receiving power is 30 mW.

The wireless sensor using an operating system dcalle
TinyOS. The operating system allows the wirelesdento be
configured to run the sensor application/processang the
network/radio communication stack simultaneously.

This study uses an accelerometer to compare thadrey
response of the vibration measurements betweewitee and
wireless sensor. The accelerometer has an analtigge
output and measurement range of +/- 2g with a seibgiof 2
x10° g.

The wired sensor used in this study is a MEMS gadner
purpose accelerometer, single axle, low-power, wih
measurement range of +/- 4 g, and a sensitivity5@®+/-
15mV/g. The wired sensor is interfaced with theLOX data
acquisition board [11]. The data acquisition boasd an
accelerometer development system that is alsofacied with a
computer. Two laptops are used — one is connedotéte base
station and one is connected to the data acquiditbard.

2.1 Experimental Setup

The motor is mounted on a flat metal table. Trseesors
are used — one wired and two wireless. The wiretdae(@)
monitors the same point on the outside of the sfedine as the
wireless sensor¥) inside the stator frame.

| I

b) Wireless shsor on Shaft

a) Wireless sensor on Stator Frame

accelerometers on the sensors attached to the &tatoe are
directed downwards. Another wireless sensor ichétd on to a
metal collar. The collar is bolted on the shaftle motor also
wrapped around with resin tape; the acceleromstendunted
so that it measures accelerations in the radiatton.

Figure 2, shows a top view of the experiment get ©n
the top left side of Figure 2, the wired sensocdanected to a
data acquisition (DAQ) board. The DAQ board is catad to
a laptop computer. The two wireless sensors cormatmwith
the base station on the bottom right of Figure 2.

Power Source

Data Acquisition
Board (c) ,T\

Motor (a)

Laptop 1 Stator frame

Terminal
Box

Wired Sensaor (b)

Wireless
Sensors (d.g)

Figure 2: Top view of the experiment setup

2.2 Methodology

The spatial dependence of the wireless communitatio
this study is studied by using three base statiorreceive the
signal from different directions and distancesguré 2 above
shows the three different base stations. Each b&d®n is
studied at four different points, 0.5 meters afasin each
other. The farthest distance between the motorbaise station
was 2 meters. The base station, MIB510CA was plateach
point for three trials to collect data. Each thal a time period
of three minutes. A total of 36 trials where penied.

The packet deliver performance is studied by amadythe
successful reception of packets.

2.3 Operation of the Sensor Node

The sensor node collects the data at a samplingidreey
of 100 Hz. The data is collected for 2 secondssinckd in a
buffer. The data is then transmitted from the sensde to the
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receiver in the form of packets. Each measuremata dses 2
bytes of memory; hence the data rate is 200 byte3iwo

additional bytes are used for the time stamp, amelto mark
the Cyclic Redundancy Check (CRC) code. The patRet
number and time stamp are used to compute the rgagee of
packets received.

To send a packet, the application layer invokes t

communication stack with the packet and the addodsthe
destination node of the packet. To ensure thaetlseno other
communication in progress, a medium access co(ittalC) is
performed. When the channel is clear, the MAC lamrds the
packet one byte at a time. Each byte is codedsantlover the
channel. A cyclic redundancy check (CRC) code ismated
over the entire packet and is appended to thertiga®n. The
base station receives the coded bytes and coangtsingle bit
error and flags double bit errors. When the ernpimeket has
been received, a CRC code is computed by the receiv this
packet and is compared to the CRC that was companed
transmitted by the sender. If the CRC from thedserand
receiver do not match, the packet is rejectedhdfpacket does
not match or is incomplete it is considered a dadagacket.
Figure 3 show the packet construction of the datket.

| | [
SR

Figure 3: Packet Construction

Each packet has 29 data bytes. In the data coloneach
packet 20 bytes are used for collected data, twesbfor the
time stamp, and two to mark the CRC checking result

The Berkeley media access control (B-MAC) [12] pomt
is used in this study. B-Mac is a reconfiguralderier sense
multiple access (CSMA) protocol that achieves lawer
processing, collision avoidance, and high chantil&ation.
The B-MAC contains a clear channel assessment (CIGA)
determine if the channel is clear for collision mlemce, and
packet back off, link-layer acknowledgement, and fmwer
listening (LPL) [13].

3. RESULTS AND DISCUSSION
The following results show the packet
wireless sensors inside the motor and the basmrstaiThe
packet reception rate of the wireless sensors lofowl points
(P1-P4) from Base One, Two, and Three (B1-B3) lfer stator
and shaft are shown in Figure 4 and Figure 5, ciysdy.

Note the symbols B1P1 represents B1= Base One dnd P

Point One. The height of the green (dark) barsesgnts the
percentage of the packets that were received coetpleassing

delivery
performance of the wireless communication betweba t

the CRC check, percentage of normal packets (NNPhe
yellow (light) bars represent the damaged packiets, (vere
corrupted), did not pass the CRC check.

Figure 4 shows the packet reception rate from #resar
node on the stator frame. The performance of theless
senor node attached to the stator frame did ngt waich with
distance. The packet performance based on théidodaad a
slight variation; Base Three had the most damagexkegis of
4.6% CRC. Overall the sensor node attached tettter frame
received an average reception rate of 97.10% ofnabr
packets.

Figure 4: Spatial Characterization of the WirelessSensor on the Stator
(Note: B1P1= B1-Base One P1-Point One)

Table 1 is a summary of the packet delivery pertoroe of
the wireless sensor on the stator frame; showavbeage of all
four points.

Table 1: Average Packet Delivery Performance (Statd-rame)

Base Ond Base Twp Base Three Megn
NNP 97.73% 98.17% 95.40% 97.10%
CRC 2.27% 1.83% 4.60% 2.90%

Figure 5 shows the packet performance of the vasele
sensor on the shaft of the motor. The performafiche sensor
attached to the shaft did vary based on the locatfahe base
station. Base One and Three had bad receptiorcoatpare to
Base Two. The packet delivery performance of thelass
sensor node on the shaft had nearly four times rdaneaged
packets CRC then the wireless sensor on the dtatoe.
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acceleration in the radial direction, Base One @hdee are
parallel in this direction whereas Base Two is pericular.
The wireless sensor on the shaft was exposed tgnantdc
field, rotating at nearly 1800rpms, and electronaigrfield.
Figure 7 shows the packet delivery performance hef t

wireless sensor on the shaft, when the motor is @kd ON.
This was performed to study the signal transmisdieing
exposed to an electromagnetic field while runnihd&0rpms
in radial direction. The data was taken on Base (&),
points one through four (P1-P4). Each point wds r@eters
apart.

P "% # %&
Figure 5: Spatial Characterization of the WirelessSensor on the Shaft

Table 2 is a summary of the packet delivery pertoroe of
the wireless sensor on the shaft; shows the averhgé four
points.

Table 2: Average Packet Delivery Performance (Shaft
Base Ond Base Twp Base Three Megn
NNP 84.90% 93.14% 85.73% 87.93%
CRC 15.10% 6.86% 14.27% 12.07%

Figure 6 shows the packet delivery performance hef t
wireless sensor on the stator frame and shaftraé thistances
(P1=0.5m, P2=1m, and P3=5m) on Base Two. This was
performed to study the signal tra_nsmission at mrmstances. When the motor was OFF the reception rate had aerage
The results show that the reception rate of theleés sensor of 98%. Figure 7 shows the signal transmissiorfopeiing
on the stator frame does not vary much at fartietadces. The poorly at farther distances when the motor was ONared to

reception rate from the wireless sensor on thet di@akever when it was OFF. The packet delivery performancemthe
shows a big decline. motor was ON had a low reception rate of 73.8%atfarthest
point and an average of 84.9% from all four poin@n Figure
6, the wireless sensor on the shaft did have al&@djne on the
reception rate at farthest distance compared towineless
senor on the stator frame. The wireless sensdnh@shaft had
more damaged packets at farther distances beingsespto a
different environment (dynamic and electromagnésid) than
the wireless sensor on the stator frame.
o Variations of the received power are usually causethe
change in the transmission medium or paths of tirelegs
— signals [14]. Fading effects can be caused byirttezference
between multiple versions of the transmitted sigvtach arrive
at the receiver at slightly different times [14]here are three
different propagation effects that can occur in tmetor
Figure 6: Packet Delivery Performance at 5 meters environment i) Reflection when an electromagnetigna
encounters a surface that is large relative tontaeelength of
Table 1 and 2, shows the average packet delivery the signal. ii) Diffraction when a radio wave ennters an
performance of the wireless sensor on the stadondrand shaft ~ edge, wave propagates in different directions, Sigattering
respectively, both show Base One and Three haviad b occurs when the size of the obstacle is on therooflehe
reception rate compare to Base Two. Recall thatwineless wavelength of the signal or less, and an incomiiggmas is
sensor on the stator frame had a slight variatiaeed on scattered into several weaker outgoing signals [18].
location whereas the wireless sensor on the shdftnfrore than Considering the geometric structure inside an ACtomo
twice the damaged packets on Base One and Threlee T electromagnetic waves encounter a lot of fadingatéf These
wireless sensor on the shaft was positioned to umeathe effects just mentioned could cause the wirelessasigo

$ % $ %&
Figure 7: Packet Delivery Performance when motor i©FF and ON
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propagate through different paths arriving at theemna of the One factor to help distinguish the results is tmsider the

receiver with different amplitude, phase, and t[t. method the wireless and wired sensor were attadheslwired
sensor was attached using double-sided tape whédteas
3.1 Data Fidelity wireless sensor was attached on a metal plate.
A wired sensor and a data acquisition system aesl to Data was taken with the wireless sensor attached wi

analyze the fidelity of the wireless sensor attdcbe the stator double sided tape. Comparing the wireless sensdrvared
frame. Figures 8-10 shows the vibration frequentglysis of sensor with double-sided tape, peaks at 10 Hz, 20aHd 30

the a) wireless and b) wired sensor on the steaond. Hz did match. The remaining frequency peaks naoichiag
could be due to other factors or due to the miemsers
themselves.

Wireless vibration sensor frequency analysis (8131) Wired vibration sensor frequency analysis (B131)

The performance on the wireless sensor attacheth®n
shaft on Base One, Two, and Three is shown in Eidgdar The
frequency spectrum from the three different badeswns the
main peak at approximately 30 Hz. Note that comsparwith
wired sensors is not possible in this case, sincedwsensors
were not mounted on the rotating shaft.
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Wireless Base Three
L Wireless vibration sensor frequency analysis (B331) ) Wired vibration sensor frequency analysis (B331) Figure 11 Vibration frequency analySiS on the Shaf
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4. CONCLUSION

800 800

%m %m This paper studied the feasibility of wireless seasfor

s T condition monitoring of large AC induction motoihe packet
- " delivery performance and data fidelity from theeldéiss sensors
. . were taken as indications of feasibility. The wasd sensor

0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 3 40 45 50
f(Hz) f(Hz)

a) Wireless Base Three b) Wired Base Three
Figure 10: Vibration analysis stator frame, Base Thee

placed on the stator frame provided sufficient drdtne packet
delivery performance. The wireless sensor on thafts
performed less satisfactorily, but still yielded liable

The accelerometer on the wired and wireless sans®m information. _The facto_rs that govern _the_ packetivdey
sampling rate of 100 Hz. The motor is running @Q rpm performance in the wireless communication systems a
hence 30 Hz is the main frequency peak. The f epectr:a difficult to isolate in studying the impact of diffent factors on
of the wired and wireless sensor have prominengjuieacy pacIT:et dti“\/?g/ ﬁfrfo;Tﬁnce_. | the Gatiit
peaks at 30 Hz. The frequency spectrum of thelegisesensor or the Tigefity of Ihe wireless sensor on the ame,
has other frequency peaks at 12 Hz, 13 Hz, and A7 Fhe the frquency_ sp_ectrf_;\ d'd. result a frequency pedks) Hz.
frequency spectrum of the wired sensor has addition Further investigation is being performed_to stuldy tagse of
frequency peaks at 10 Hz, 11 Hz, and 20 Hz. Fuorthe the unknown frequen_cy peaks surrounding th? dort_npaak
investigation is required to see the cause of tliexgiencies and the causes of differences between the wiredvareless

. . . Sensors.
and difference between the wireless and wired sereslts.
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Further feasibility of wireless sensors will depeungon
their ability to scavenge energy from ambient sesrcCurrent
wireless sensors use batteries that must replaesddpcally.
Possible sources of energy scavenging could be whadtions
or rotation, and the electromagnetic fields inrtetor.

Further work is required to study the effects ofitirpath
interference  and electromagnetic interactions one th
performance of the wireless sensor inside the m&iach work
could be conducted by modifying the carrier frequeor the
power level of the radio.
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