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Monitoring the behavior of physical structures and processes gives valuable infor
about their condition and perimance. This information can be used to improve sa
reliability and performance of the monitored physical struct@@mplex systems @
today require efficient and intelligent monitoring strategies which will help forr
causeeffect relations betweecertain variable and problera. Wireless sensing is
promising technology for monitoring applications due to its advantages, e.
installation times and costslany systems were successfullypiemented over the la
decade.However these systemseaoften hard to use and designed for a spe
purposeMoreover, high sampling rate data collection with these systems can tak
times due to limited bandwidth of the wireless networks.

In this thesis,a wireless monitoring toolkit is developemhd t can be defined as
portable, easyo-use, simpleo-setup and fast monitoring system to be used
simultaneous muHlparameter monitoring of physical structures and proceSdes
toolkit consists of user interfacea,novel data acquisition system igh optimizes
wireless communication speed in the networkeaktime monitoring application, ¢
communication test applicatipa high sampling rate applicatioandwireless sensor,
hardware equipped with multiple sensors and IEEE 802.15.4 sraBiealtime
monitoring application has a flexible, reliable and efficient structure due to its dy
and multitask operation. These two features distinguish this application from
wireless monitoring applications.

Testson a wooden bridge, a laboratoryase trolley crangand an industrial bridge
craneshow thatthe developed system works seamlessly in industrial environme
well as in laboratory environmenfata collected in these case studies provide valy
information about the condition and rfmance of the monitored structures &
systems, as shown by the data analysis performed.

The thesis includes aeview of state ofthe art wireless monitoring systenand
determinedramework ofa general purpose wireless monitoring system to be use
condition monitoring and performance optimization purposes.

Keywords: wireless monitoring, performance optimization, condition monito
structural health monitoring, crane monitoring, wireless sensmntroller tuning
wireless sensor networks
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Time between two consecutive synchaation packets
Peak velocity infm/g|

Peak to peak voltage range

Voltage range of DAC module
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1 Introduction
1.1 Background and Motivation

More than $1 trillionis estimated to be spent each year to replace perfectly good
equipment. The main reason for this is the lack of reliable aneetfestive methods
that can predict the equigndnlifet2002). r emai ni |

Physical structures such asidges, machines, motors, airplanes or buildings have
typical modes of vibration, acoustic emissions and response to stimuli. Monitoring these
behaviors provide valuable information on wear, fatigue or other mechanical changes
(Culler et al., 2004). Ths information can be used to improve safety, reliability and
performance of thenonitored physical structurélowever, a8 systemsand structures
become more complex day by day, forming a caffect relationship between certain
variables and problera becomesharder. For example, there are usually between five
hundred to five thousand regulatory controllers in a continuous process industry facility
and only about one third of these industrial controllers provide an accepableof

performance (Desborougial., 2001).

Condition monitoring and performance optimization are two approaches that are used to
develop optimal systemsThese two fields are interconnectetr example, a
malfunctioning valve in a contrébop will affect the performance of the wkoplant.

The performance can bmprovedif intelligent condition monitoring and maintenance
strategies are employed (Hagglund, 1995). Similarly an overhead crane with optimum
control will cause fewer vibrations on the load and eventually less detennattbe
structure. This means reduced need for maintenance and longer lifetime of the crane
(Okuboet al, 1997).Intelligent performance optimizatiostrategies such as root cause
analysis (Anderseret al, 2006) andcondition monitoring methods such asulti-
parametermonitoring (Tavner, 2008) are likely to play an important role in future
monitoring operationdVNireless sensing technologgn play an important role in future

condition monitoring and performance optimization strategies

Reduced size anpower consumption of wireless sensors combined with their certain

advantages in installation times and costs compared to traditional wired sensing



techniques led them to be the promising technology for many monitoring and control
applications. However, 8y have certain limitations in terms of power, bandwidth,
memorysize, security and reliabilityAllocation of the resources in an efficient way and
developnent of reliable systems remains a challenge. Even so, sevéraless
monitoringsystems have begmesented in recent years in a variety of fields such as i
structural health monitorin@_ynch et al, 2006),building automation (Osterlindt al,
2007), pipeline monitoring (Stoianoet al, 2007), food and agriculture industries
(Wanget al, 2006),environmental monitoring (Yickt al, 2008) condition monitoring

of electrical machines (Tuonone2D09, etc.

Often the developedireless monitoringystems are complex to uaeddesigned for a
specific purpose which limits their application into @tkHields. Furthermore limited
bandwidth of wireless networks can cause long data collection times when a high
sampling rate is use&tudies address some key issues to be taken into account when
designing monitoring systems such as usability, ease opsepeed, et¢Desborough

et al. 2001). A wireless monitoring toolkjtwhich considersaforementioned issuesan

fill the gap between technology and user
1.2 Scope and Objectives

The scope of this thesis is to develop and test a general purpesess/imonitoring
toolkit to be used for condition monitoring and performance optimization purposes.
Every monitoring application has its own needs and priorities in terms of sampling
frequency, number of nodes, sensors usdibility, etc. Developingecific hardware

or software for these applications can be tand energy consuming. A generic wireless
monitoring toolkit which meets the needs of several monitoring applisatangreatly
speed up the research and developnmetiite field

The main ofective of this thesis is to determirad implementa framework of a
general purpose wireless monitoring toolkit which is easy to use, fast and reliable.
Toolkit should be easy to use so th&dr example,a serviceman can setup the
monitoring system, andollect the measurement data easily without dealing with low
level programming issues. Wireless monitoring toolkit should allocate the resources and

the bandwidth of the network to optimize thgeed ofdata collectiorin order to avoid



long data collectin times Finally the toolkit should be able to provide reliable

information from multiple measurement locati@mslby using several sensors

1.3 Contributions

Contributions of thauthorin the thesisarelisted as follows:

1 A literature reviewhas beerdoneto gaina better understanding of monitoring
applications Desirable characteristics of a general purpose wireless monitoring
toolkit have beemletermined.

1 A wireless monitoring toolkit has been developadd tested The toolkit
consists of wireless sems hardware equippedith multiple sensors, user
interfaces, a novel data acquisition systemwhich optimizes wireless
communicationspeedin the network, areattime monitoring application, a
communication test apphtion and a high sampling raé@plicaion. Reattime
monitoring applicatiorhastwo important features that distinguish it from other
wireless monitoring applicationsdynamic and multtask operation These
features give this applicationflaxible, reliable and efficiergtructure.

1 Wireless monitoring toolkithas beentestedfor structural health monitoring
(SHM) on a model bridge built to scale along wathvired measurement system
This study proved the usability of the wireless senso&HM applications and
provided important insight®r future development directions that will improve
thereliability of wireless sensors.

1 Wireless monitoring toolkihas beertested on a laboratory scale trolley crane
for simultaneousnulti-parametemonitoring of the system properties, ,lead
posiion and crane vibrationdt has been shown that it is possible to measure
system properties with wireless sensors without disturbing the normal operation
of the systenwhich is an essential feature of process monitoring.

1 Tests on the trolley crane systendicated that thevireless sensors equipped
with accelerometers can be used to evaluate dnéral systemperformance.
Measurements alsshowedthe close relation between angular displacement of
the load and the accelerations experienced by the load.

1 Wireless monitoring toolkit has been used to investigate wireless

communication characteristics of the sensor nodes in an industrial environment



Vibrations induced due to movement of an industrial crane were measured and
evaluated.

1 Cosar, E.Il., Bocca, M.and Eri ksson, L. M., 2009,
Wi rel ess Dat a Acqui sition System for
Proceedings of the 2009 ASME/IEEE International Conference on Mechatronic
and Embedded Systems and Applications (MESA 2009), San Diego.

1 Boc c a, M. , Cosar, E. I ., Sal mi nen, J
Reconfigurable Wi reless Sensor Net wor
Proceedings of the 4th International Conference on Structural Health Monitoring
of Intelligent Infrastructure (SHMH# 2009), Zurich, Switzerland.

The work described in this thesis is an outcome of a research project. Following

paragraplpresentpeoplewho havecontributedo different aspects of the work.

Hardware components described in the thesis were mainly pethesgby Juho
Salminen. Accelerometer sensor boamrés designed by Jose Vallet. Driver of
accelerometer sensowas developed by Jose Vallet, Maurizio Bocca and Emre llke
Cosar. Sensor boardgremanufactured by Juho Salminen. Driver for temperature and
humidity sensors on wireless sensor nodess developed by Maurizio Bocca.
Communication test application was developed by Maurizio Bocca and Lasse Eriksson.
Data collected in bridge monitoring case study was analyzed by Maurizio Bteaia.

time monitoring application was developed by Emre llke Cosar under supervision of
Lasse Eriksson. High sampling rate application was developed by Emre llke Cosar,
Maurizio Bocca and Lasse Eriksson. High Speed Portable Wireless Data Acquisition
System for High Data Ratephlications was developed by Emre llke Cosar and Lasse
Eriksson.Rest of thedevelopment, literature revieand analyses were done by Emre

llke Cosar.
1.4 Structure

Structure of this thesis is presented as folloBlsapter2 is a review of wireless sensor
networksin monitoring applicationsKey design considerations for wireless monitoring
systems are giveat the end of this chapter. Chapter 3 describeshardware and
software components developed for the wireless monitoring toolkit. Chapter 4

introducestiree case studies done with the wireless monitoring toolkit and préisents

4



results of these studiesin the conclusions chapter, developed applications and key

findings of the thesis are summarized.



2 Wireless Sensor Networksn Monitoring Applications

Widespread availability of intelligent, small and cheap sensors enabled human to
understand, monitor and control the environment more than Semsorsthat are
combined with advancedirelesscommunication technologies, formireless sensor
networks (WSN9. Despite their certain limitations in terms of power, bandwidth,
memory size, security and reliabilit))/SNs have gaineda huge ground in many
applications. Main reason for this is their advantages in installation times and costs
compared tdraditional wired sensing technologie Moreover their reduced size and
power consumptiomaveconsiderably increased their applicabilityick et al, 2008.
Figure 1 showsthe classification of WSNs according to their application aré&ash of

these applications have different development perspectieexe they face different

challenges and constraints.

Following the classification in Figure 1, this thesis focuses on public/industrial
monitoring applications, with main emphasis on ¢bod monitoring and performance
optimization. Even so, accumulated experience and gained knowledge can easily be

applied to other fields as well.

Sensor
Network
Tracking Monitoring
Military L] Habitat - Habitat
Enemy Tracking Animal Tracking Secun"dt;_‘ug:;eciionn H— Animal Monitoring
(Zebra, birds, Cane toad)
Business Public/Industrial Bublich =
—————_ LL! Traffic Trackin lelNCUSiri
Human Tracking|™ | " Tracking L Structural Monitoring
Businesss i Factory Monitoring
Inventory Monitoring Inventory Monitoring
Machine Monitoring
Chemical Monitoring
Health Environment

. Environmental Monitoring
(weather, temperature, pressure)

Patient Monitoring

Figurel. Overview of WSN applicationsy(ck et al, 2008).
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In this chapter, currently available wireless sensor netwddchnologieswill be
investigated. Then con@inh monitoring trends and importance of performance
optimization will be discussedlresentation opublic/industrial monitoring strategies
will be followed byintroducingtypical monitoring applications. After tha review of
current state of the art in wireless monitoring applications will be presentey
introducing reference applicatiang-inally, design considerationgor monitoring

systens will be discussed.
2.1 Wireless Sensor Networks

A nodeconsists ohardwareand softwarecomponers, e.g., radiosensor, application,
etc. k is responsible ofmeasurements and communications in a wireless sensor

network. Seé&ection3.2for a detailed description.

Fixed wireless communication technologiesxcluding cellular networkscan be
divided into three main group¥Vireless Local Area NetworkingLAN), Wireless
Personal Area Networking (WPAN) and Wireless Metropolitan Area Networking.
Perspective and limitations of thesereless networking technologiesre different.
Among trese technologiesVLAN and WPAN are designed for indoor ugégure 2
showsthedata rates and indoor rangggresentVLAN and WPANtechnologies.

A
>110Mbps } e
_—  so211g 1
) 802.11a
g > HiperLAN > WLAN
% 1-54 Mbps 802.11b (WI-FI1)
©
8 e i
-
802.15.1
1 Mbps = RAN
20-250 Kbps C
~
T ) -
10 nx100

- Indoor Range (meters)
Figure2. Comparison of indoor ranges and data rates of wireless network techno

(Zheng and Lee, 2004)
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Wireless local area networks (WLAN)ave been developed to replace local area
nework cable. WLAN, standardized withinnstitute of Electrical and Electronics
EngineersIEEE) 802.11(IEEE 802.11, 2009)provides a high bandwidth with the cost
of complex hardware and high power consumptMiPANs have been developed to
connect personalommunication devices within a shorter range. IEEE 802.15 working
group (IEEE 802.15, 2000is working on standardization of WPAN&.comparison of

WLAN and WPAN radio technologiemegivenin Tablel.
Tablel. Comparison of WLAN and WPAN protocols (Letal, 2007)

WPAN WLAN
Bluetooth UuwB Zigbee
WLAN (802.11b)
(802.15.1) (802.15.3a) (802.15.4)
Frequency 868/915 Mz,
24 GHz 3.1-10.6 GHz 2.4 GHz, 5.8 GHz
Band 2.4 GHz
Nominal Range 10m 10m 107 100m 100m
Max. Signal
1 Mbps 110 Mbps 250 kbps 54 Mbps
Rate
Nominal TX -41.3
0-10 dBm (-25)- 0 dBm 15-20 dBm
power dBm/MHz
Number of RF
1-15 1/10, 16 14 (2.4 GHz)
channels
_ BPSK, QPSK,
Modulation BPSK(+ASK),
GFSK BPSK, QPSK COFDM, CCK
type O-QPSK
M-QAM
) DS-UWB, DSSS, CCK,
Spreading FHSS DSSS
MB-OFDM OFDM
Basic cell Piconet Piconet Star BSS
Extension of the Cluster tree,
_ Scatternet  Peerto-peer ESS
basic cell Mesh
Max. number of
8 >65000 2007

cell nodes




IEEE 802.15.1, which is almost iderdlcto Bluetooth standard, is designed for hand
phones and other mobile devices. Leopetldl (2003) have studied the applicability of

Bluetooth to wireless sensor networks.

IEEE 802.15.3 is a physical and MAC layer standard for high data rate W/RAIS
designedor reattime muti-media streaming of video and music. Devices that employ
this standard include wireless speakers, portable video electronics, wireless gaming

tools, cordless phones, printers and televis(¥insk et al, 2008)

Several wiréess sensor network standards, which define the necessary functions and
protocols for networking of the sensor nodes, have been developed with low power
consumption goal. Some of these standards include IEEE 802.15.4, ZigBee,
WirelessHART, ISA 100.11, IETBELOWPAN, and Wibre€Yick et al, 2008)

IEEE 802.15.4 is the proposed standard for low rate wireless personal area networks
(LR-WP A N 6 iy standard aims low cosf deployment, low complexity and low
power consumption. The IEEE 802.15.4 standard,ighadl in spring 2003, defines the
characteristics of physical and MAC layers. The physical layer irEIBE2.15.4
supports three frequency band450 MHz,915 MHz bandand 868 MHz all using the

Direct Sequence Spread Spectrum (DSSS) access (Badmtiet al, 2007).Some of

the key features of these bands are listethinle2.

The MAC layer in IEEE 802.15.4 is responsible for validating frames, frame delivery,

network interface, network synchronization, device associationsacuity services.

Table2. IEEE 802.15.4 radio features (Baroatial, 2007).

2450 MHz 915 MHz 868 MHz

Gross data rate 250 kbps 40 kbps 20 kbps
No. of Channel 16 10 1
Modulation O-QPSK BPSK BPSK
Chip pseudenoise sequence 32 15 15
Bit per symbol 4 1 1
Symbol period 16/ms 24 ms 49ms




A

APPLICATION/PROFILES ‘ User Defined

APPLICATION FRAMEWORK

FigB
NETWORK/SECURITY Albance
LAYERS
MAC LAYER
|IEEE
PHY LAYER |

Figure3. IEEE 802.15.4 mtocol stack Craig, 2009.

The MAC layer controls access to the radio channel using carrier sense multiple access
with collision avoidance (CSMACA) mechanism. Residential, industrial, and

environmental monitoring applications widely use IEEE 802.1%i¢k(et al,, 2008).

ZigBee is a higher layer communication protocol built on IEEE 802.15.4 standards for
LR-PANSs (Figure 3). ZigBee Alliance, including more than 70 members, established
ZigBee protocol to add network, security and application software to the IEEE 802.15.4
standardZigBee Alliance, 2009)ZigBee is optimized for automation sensor networks,
where there is naeed for high bandwidth, but low power usage, low cost, low latency
and high qualityof-service are requiredErikssonet al, 208 b). ZigBee devices

support mesh networks enabling hundreds to thousands of dexidésgtogether.

WirelessHART is a wigless network communication protocol for process measurement
and control applications built on IEEE 802.15.4 for low power 2.4 GHz operation. Mesh
networking, channel hopping and tiregnchronized messaging are some of the key
features of WirelessHART.

6LowPAN is a Internet Protocol version @Pv6) basedow powerwireless personal
areanetwork It is based on IEEE 802.15sfandardand it enableow power deviceso

communicate directly witinternet protocollP) devices

ISA 100.11a is another staardl working on 2.4 GHz band and it is designed for low
data rate wireless monitoring and process automation. It provides simple, flexible, and

scalable security functionalitgYick et al, 2008).
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Companies that provideommercially available wireless semsnetwork devices
include Crossbov, Moteiv, Dust Networks, MillenialpeBensinodeand Sensicast.
Available products usually offer easy to use platforms to be utilized according to the
requirements of intended applications.

2.2 Condition Monitoring and Performance Optimization

2.2.1 Condition M onitoring

Condition monitoring programs aim to assess and trend the condition of monitored
equipment in order to minimize risks and economic impact of an unexpected failure or
shutdown (Rao, 1996When it is done efficientlycondition monitoring strategies can

significantly reduce the cost of maintenance.

Table 3 shows four types of maintenance strategies, basic philosophies of these
maintenance strategies and related costs calculated per horsepeweyear.
Horsepower is a widely used unit in industry to stdie paver required to drive

machinery One horsepower is equal to 745.7 Wétilebley et al, 2008.

It is seen fromTable 3 that as the intelligence of maintenanstrategy is increased,
costs decrease. Intelligent maintenance operations employ predictive and reliability

centered strategies that require extensive monitoring of target systems.

As complexity of the systems increase, it becomes harder to deterrnmeseeffect
relationship between certain variableand problemm Root cause analysis is the
structured investigation of the true cause of a problem and identification of necessary
actions to eliminate it (Andersest al, 2006). Condition monitoring systes play an
important role in gaining system knowledghich enables detection of real root causes

of problems.
2.2.2 Performance Optimization

Performance optimization, or performance tuning, aims to improve system performance.
In a continuous process industrgcility, such as an oil refinery, chemical plaat,
paper mill, therecould easily be fromfive hundred to five thousand regulatory

controllers, most of which angroportionalintegratderivative(PI1D) controllers. Only
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Table3. Types of maintenancérategies (Modified from O&M Best Practices, 2002, ch. 5, gf). 6

Types of Maintenance ' . Cost
_ Basic philosophy
Strategies (/hplyr)

Reactive Maintenance 9§ Allow machinery to run to failure.
(Breakdown or Rutto- Repar or replace damaged equipment whe  $18

Failure Maintenance) obvious problems occur.

) _ Schedule maintenance activities at
Preventive Maintenance _ o
) predetermined time intervals.
(Time-Based $13
_ Repair or replace damaged equipment befc
Maintenance) _
obvious problems occur.

o _ Schedule maintenance activities when
Predidive Maintenance _ _ N
N mechanical or operational conditions warra
(ConditionBased _ _ $9
, Repair or replace damaged equipment beft
Maintenance) _
obvious problems occur.

1 Utilizes predictive/preventive maintenance

o techniques with root cause failure analysis
Reliability Centered o '
_ _ detect and pinpoint the precise problems,

Maintenance (Prd\ctive
) combined with advanced installation and $6
or Prevenbn ) ) ) ) _
_ repair techniques, including potential
Maintenance) _ _ o _
equipment redesign or modiétion to avad

or eliminate problems from oarring.

about one third of industrial controllers used in these facilities provide an acceptable

level of performance (Desboroughal.,2001).

Performance evaluation of industrial plants and subprocdassessential for high
product quality and economical operation. Over the years advanced methods have been
developed to assess performance of devices and control loops. However there are a few
generic solutions for plant wide monitoring due to the compleofi even a small real

world plant (Holtta, 2009).

Monitoring the system to gather data is the first step in performance assessment. Studies
address some key issues to be taken into account when designing industrial process
control monitoring systems (RCS) (Desborouglet al.,2001):
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1 A simple to use, maintain, and setup PCMS that allows quick and easy access to
information is desired by practicing control engineers.

1 It is difficult and time consuming to collect and analyze -temé, high
frequency timeseries data.

1 Performance monitoring with legacy control systems is usually not possible
since these old systems do not have enough computing power. Moreover they
lack the capacity to transfer data to more powerful platforms due to their limited
bandwidths

1 Dynamic process models are not available for most of the controllers and they

are very expensive to obtain.

In this respect, imple to use, easy to sep, fast, and reaime process monitoring

systems can contribute to performance optimizaticheprocesses.
2.3 Public/Industrial Monitoring S trategies

In this section, notintrusive monitoring concept is introduced. Then a comparison of
wireless and wired monitoring, and continuous and periodic monitoring strategies will

be given.
2.3.1 Non-Intrusive Monitor ing

Norrintrusive monitoring aims to monitor the condition of a machine or process without
disturbing its operationindustrial machines are planned to be continuously running
during their lifecycles and every minute thase stoppededuces their profitality. In

the case of industrial processes, additional hardware connected to the process increase
the risk of technicaproblems which may eventually cause a shutdown (Hoéltta, 2009).

Thus, norintrusive strategies are the most economical type of monitoring
2.3.2 Wireless vs. Wired Monitoring

It has been shown that the cost of installing and wiring a sensor exceeds the cost of
sensor itself by more than ten times (Sanderford, 2002). Costs related to wires and
deployments of these wires in an industrial/publiciemment arenot in question when

wireless sensors are usduicreasednobility of wireless sensors makes tmenitoring
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system more flexible compared to their wired counterpart. Furthermore it is not always
feasible to place wires in industrial environrteesuch as in mediurar high voltage

environments andnrotating parts of the machines (Nordman, 2004).

Despite their certain advantages, WSNs have their own resource constraints and design
considerations. Resource constraints include limited amount nefrgy, short
communications range, low bandwidth, and limited processing and storage capacity of
nodes. Design considerations for a WSN depend on the appli@ti the monitored

environmen{Yick et al, 2008.
2.3.3 Continuous vs. Periodic Monitoring

It is possible to dividepublic/industrial monitoringapplications into two groups:
continuous (ofine) and periodic monitoring. Periodic monitoring apations use
measurements takem @ periodical basis and analysis of these measurements, whereas
a continuos monitoring system takes measurements from the monitored structure or
machine continuously and generates warnings and alarms if necesdaeyiodic
monitoring usuallyrefers to manual data collection. With this technique, workers
physically connect PDAsroother portable data acquisitia@evicesto the monitored
equipment for maintenance or calibration purposes (Lapedus, ZD03ne systems

are more reliable and allow frequent data collection. However they are not always
feasible due taoheinitial costof purchaseand deploynent On-line monitoring systems
aresuitablefor equipment and systems thatvha potentialcost impact greater than $
250, 000and theydo not provide a sufficient return for the majority of the equipment in

a typical industrial dployment (Krishnamulnl et al, 2005).

Table 4 shows cost analysis of threeedictive maintenance (PdMypproaches for a
typical factory deployment: Manual data collection with hand held instruments, a
traditional wired odine monitoring system, and an online monitoring system where
device is powered with wires but wireless transmission is used to transfer data
(Krishnamurhy et al, 2005).

Design constraints valid for most public/industrial wireless monitoring systems are
reliability, re-configurability and energy efficiency. Reliability can be further divided

into two classes: communication reliability and measurement reliability.
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Table4. Cost breakdown of three PdapproachegKrishnamurthyet al, 2005).

Manual Online Wireless Data / Wired
Collection System Power
#Wired APs (Access Points 0 450 35
#WirelessAPs 0 0 875
#Analyzers 8 1 1
Hardware Costs
Sensors (installed) $1,260,000 $1,260,000 $1,260,000
Wired APs $0 $2,250,000 $17,500
WirelessAPs $0 $0 $262,500
Analyzers $144,000  $18,000 $18,000
Installation Costs
Wired APs $0 $3,375,000 $262,500
WirelessAPs $0 $0 $1,726,974
Labor (Collection Costs)  $168,000 $3,360 $3,360
Total Costs $1,572,000 $6,906,360 $3,550,834
Total Costsw/o Sensors ~ $312,000 $5,646,360 $2,290,834

Communication reliability can be defined as the ratio of correctly received packets to
the total transmitted packets. Difference between measured data and the real data is
defined as measurement reliability.-Benfigurability of a WSN is its capacity to adopt

into new environmental and operational conditions. Energy efficiency is another key
design consideration in WSNs since most of the systems are battery powered. Replacing
these batteries introduces new casthe monitoring system (Waat al, 2008).

As explained earlier, continuous monitoring strategy is feasible for the systems that
have a high cost impact hence above defined constraints hold for wireless continuous
monitoring systems and there is a hugeant of research done on WSN to meet these

design requirements. However in the case of a periodic monitoring system design

considerations are slightly differenih such a systg, the idea is a servicemawould
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install these sensors in a periodic mannadanergy efficiencywould not be a critical
issue Furthermore, communication reliability is not a key design consideyafiae in
the case of broken linkshe system can be reconfigured by changing communication
parameters or the places of the nod@s. the other handdata reliability and re

configurability are still of utmost importanéer a wireless periodic monitoring system
2.4 Typical Monitoring Applications

In this sectiorthe most commormonitoring techniques and their application araaes
introduced.

2.4.1 Vibration Monitoring

Vibration is a widely used indicator of condition. A loose screw on an
electromechanical machine or a crack on a bridge wilange the vibration
characteristicsAn accelerometeia velocimeter or a proximetean be usetb monitor
these vibration characteristicRoot mean square (RMS) techniques and spectrum

analysis are commonly used practices in induStayner, 2008)

Following subsections present two commeibration monitoring methods: overall
transverse vibratioomonitoring and spectrum analysi$hese vibration monitoring
techniques are presented in context of rotating machines. Other vibration monitoring
applications also employ similar methptieswever findings on other fields are usually

not standardized.
2.4.1.1 Overall Transverse Vibration Monitoring

Overall transverse vibration monitoring is the simplest but least effective technique used
for rotating machineryMeasurements are done by measuring RMS value of the
vibration acceleration or velocity on the nmtaing side of the machine over a
bandwidth of 0.041 kHz or 0.0210 kHz (Tavner, 2008)RMS valueis calculated by

1.0
ers: _ax|2 ) (1)
\lnizl
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wheren is the number of sampleg, is thei" value of the sampled signal ang,_is the

resulting RMS value.

A serviceman can determine the machine state with alegiometer, a velocimeter or a
proximeter. Velocimeters and proximeters are more suitable for low frequencies,
whereas accelerometeperform better when monitoring highiequencies (Tavner,

2008).Conversion formulaghat are usetb calculate vibrationeserityare presented in

(2) - (7).

D=19.1%10 *( / f) 2)
D=70.4*1C *(A/ f?) ©)
V =52.36*10° *D* f (4)
Vv =3.68*10 *(A/ f) (5)
A=14.2*10° *D* f* (6)
A=0.27*10° *V* 7)

D is the peako-peak displacement imm, V is the peak velocity im/s, A is the peak
acceleration imV/s?, andf is the frequency in rpnOver the years,everal guidelines
were developed tosaesselative running condition of rotating machingssed on RMS
vibrations. These standards do not give diagnostic information, but indicate the
machinery health at a given vibration levelp to date standard is the ISO 10816
1:1995, which defines gersd conditions and procedures for the measurement and
analysis on the nerotating parts of machines operating in the 10 to 200 Hz (600 to
12,000rpm) frequency rangelable5 showsthe ISO 10816 vibration severity chart for
four clases of machines
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Table5. ISO 10816 vibration severity chart (Monarcetstrument, 2002).
VIBRATION SEVERITY PER ISO 10816

Class lil
large rigid
foundation

Class IV
large soft
foundation

Class Il
medium
machines

Class |
small
machines

Machine

inls | mm/s

0.01] 0.28
0.02] 0.45
0.03] 0.7
0.04] 1.12
0.07] 1.80
0.11] 2.80 satisfactory
0.18] 4.50
0.28] 7.10 unsatigfactory
0.44] 11.2
0.70] 18.0
0.71] 28.0
1.10{ 45.0

Vibration Velocity Vrms

2.4.1.2 SpectrumAnalysis

Goal of spectrum analysis in monitoring applications is to relate various frequencies
seen in spectra (plot of amplitude versus frequency) to the various physical phenomena
(Goldman, 1999) Measured overall vilation signal containsmultiple smaller
vibrations due to the condition of the monitored structure or magtgnenisalignment

of rotating machines, crack on a brigdgetc The overall vibration signal cabe

analyzed to reveal individual contributingneponentgBrown, 2006)

When a continuous waveform is to be analyzed digitally, data has to be sampled
(usually at equally spaced intervals of time) in order to produce a time series of discrete
samples to be fed into a digital computeuch a time seriesompletely represents the
continuous waveform if this waveform is frequency bandted and the samples are
taken at a rate that is at least twice the highest frequemcyNyquist frequency)
present in the wavefornSpectrum of such a time series dam defined byDiscrete

Fourier Transform (DFT)DFT iscalculatedby

N-1
A =a X.exp(- jrk IN)
keo : (8
r=0,--,N -1
whereA, is ther™ coefficient of the DFT and denotes th&" sample of the time series

which consists oN samples anjjrepresentﬁ. TheK" FastFourierTransform(FFT)
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Figure4. Spectrum analysisf a vibration signal taken from a rotating machine (Brown, 2006).

algorithmis a rapid and efficiemhethod to compute DFT of a time sertega(Cochran
et al, 1967). Figure 4 shows spectrum analysis of a vibration sigteden from a

rotating machine
2.4.1.3 Vibration Monitoring A pplications
Vibration M onitoring for Rotating Machines

Rotating machinery constitutes the core of trausiry. During the last decades a great
amount of research has been conducted and several electrical, mechanical and other
condition monitoring techniques have been developed to improve reliability of these

devices.

Spectral transverse vibration monitayins a widely used modern technique when
monitoring rotating maching3avner, 2008)In this technique, spectra are reduced to a
simple sequence of numbers at discrete frequencies. These numbers can then be used
with criteria such as ISO 10816 assess dalth condition of the machin&igure 5

shows the basis of this techniglre the figure, ebaselines setaccording tanaximum

expectedvibratiors andanoperational envelops set above this.

19



Operation limit

Vibration velocity

Base line

Monitcred record

Lower frequency limits used L Higher frequency limits used Frequency

Figure5. Operational envelope around a vibration spectral response (Tavner, 2008

Other condition monitoring tecdiques, for rotating electrical machines, utilizing
vibration signature include chock pulse method, torsional vibration monitoring and

specific spectral transverse vibration monitoring (Tavner, 2008).

Vibration monitoring is used to discover and diagnaswide variety of problems
related to rotating machinerguch asunbalance, eccentric rotors, misalignment,
resonance problems, mechanical looseness/weakmess; rub, sleewdearing
problems, rolling element bearing problems, flimsduced vibration prdems, gear

problems, electrical problems, and belt drive problems (O&M Best Practices, 2002).

Table 6 shows examples of how vibration monitoring can be ueedktect problems

related tarotating machiney.
Vibration Monitoring in Structural Health Monitoring

Civil structures deteriorate over time due to harsh environmental conditions, hurricanes,
earthquakes, corrosion and fatigik=attime and periodic structural health monitoring
(SHM) has a great potential to reduce theaffef these catastrophic events (Lymth

al., 2006). Over the last decade, many vibration based structural damage detection
methods have been developed (Doebénhgl, 1998; Sohret al.,2001).
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Table6. Vibration monitoring ofrotating machines (Modified from MAAR2009.

Machine Condition Indication Sensor

. Excessive 1X and 1.5X RPN
80 Kilowatt Standby

Resonance @ vibration amplitude (3600

Generator(3600 Accelerometer
1.5X RPM RPM/60Hz, 5400 RPM/90
RPM)
Hz)
Large Propylene Failure to Achieve Operating
Process Rotor bow Speed, Trip When Passing o
) ) _ - _ Proximity
Refrigeration from inter Critical Speed, Excessive 1) o
robes
Compressor(5700 stage seal rub  Amplitudes on all Probes P
RPM) (5700RPM/95Hz)
Excessive Vibration (Shaking
Loosenss
_ _ at 1X RPM (540RPM/9H2z)
Vertical Pump induced N .
resonance verified with  Accelerometer
Motor (540 RPM) Resonance at _
transient capture, coagbwn
1X RPM _
and impact tests
Piping and
Vertical Motor Base  Excessive sporadic amplitud
Safety Injection Resonance, at 46% of RPM (819 Accelerometet
Pump (1781 RPM) Turbulence, @ RPM/13.7 Hz), Impact tests
Whirl

Crane Vibration Monitoring

Bridge, overhead and deck cranes use a trolley to move their loads. For these types of
cranes, there are two options toaddish a higher speed and hence a faster operation: to
increase maximum speed of the trolley and to decrease time spent for acceleration and
deceleration. These methods increase trolley acceleration at the expense of introduced
vibrations. These vibratien eventually cause various problems such as structural
fatigue, operator discomfort, etc. The vibration information taken from a crane can be
used to tune the controllers (Okuéioal, 1997).
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Besides the applications mentioned in this section, vibrationitoring has been
studied for various other purposes such as pipeline monitoring (Stogrady 2007)

and road surface monitoring (Erikssetnal.,2008 a).
2.4.2 Temperature Monitoring

Temperature monitoringith simple sensors, narrow bandwidths (<1 Hz)d low data
rate signals, has shown to be an effective monitoring technique for rotating electrical
machines Overloaded machines or malfunctioning coolant circuits can be detected by

monitoring temperatures at one or more locations (Tavner, 2008).

Applications of temperature monitoring combined with humiditgasurementsare

used to enhance the productivity of greenhouses, to investigate effects of environmental
conditions on the buildingdpr fault detection and diagnostics HVAC (Heating
Ventilation Air Conditioning) systems, artd monitor food conditior{seeSection2.5).

2.4.3 Ultrasonic Monitoring

Sound waves that have a frequency level above 20 kHz are defined as ultrasounds.
Ultrasounds travel in a straight path athal rot penetrate solid surfaces. Many fluid
systems and most rotating equipment will emit sound patterns in ultrasonic frequency
spectrum. Equipment condition can be monitored by observing these ultrasonic wave
emissions. Fluid leaks, vacuum leaks and steap failures can be identified by
ultrasonic monitoring. Furthermore it is possible to detect electrical and mechanical

abnormalities by monitoring ultrasonic wave emissions (O&M Best Practices, 2002).

2.4.4 Other Monitoring Techniques

Pressureoil, speed, flav, level, and pH monitoring techniques arher widely used
monitoring techniques many industrial plantsBesides these techniquesscharge
electrical current, flux, and powenonitoring are used to assesmdition of electrical
machines (Tavner,a®8). Many of these monitoring techniques are discussed and their
applicability and suitability for wireless condition monitoring is evaluated in
(Tuononen, 2009).
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2.4.5 Multi -parameter monitoring

Multi-parametermonitoring can be described as combining a nunddeindicators
together into a single monitoring systeto improve detection. For example
temperature, chemical degradation or vibration signals can be used alowgbide
electrical signals to assess health condition of electrical machines. This &pgnes
operators aetter confidence.Multi-parameter methods alelieved to play a major

role inmachinecondition monitoringn the future(Tavner, 2008).
2.5 Review of WirelessMonitoring Applications

Various transducers have successfully been intetjiate wireless nodes and several
academic and commercial applications have been developed. In this section some of

these reference applications will be introduced.
2.5.1 Academic Studiesand Applications

PipeNET of Cambridge University, aims to monitor wateartsmission pipelines to
detect and localize leaks using wireless sensor neswdhe system is also used to
monitor water quality and level in water transmission and distribution systems.
PipeNET system employs pressure, flow, acoustic/vibration, level pH sensors.
Figure 6 showshigh level description ofhreepipeline monitoring scenaridstoianov

et al, 2007) PipeNET is a good example of a wireless monitoring systnce it
combines several transducers, wireless mangostrategies and application areas into

one monitoring system.

Krishnamurthyet al. (2005) studied applicability of industrial wireless sensor networks
for predictive maintenance purposes. Nodes equipped with accelerometer sensors and

ZigBee radios wertested in a semiconductor fabrication plant and in an oil tanker.

Applicability of wireless monitoring systems in building automation (Osterindl,
2007) and HVAC systems (Oks al, 2008; KintnerMeyer et al, 2004) has been
studied.

Intensive reearch is being conducted on WSN applications for SHM and several

prototypes were proposed in recent years. These prototypes utilize nodes equipped with
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Figure6. Monitoring system for water transmissipipelines(Stoianovet al, 2007)

accelerometer sensors and ZigBee radios (Paiizald 2008 Xu et al, 2004 Boccaet
al., 2009.

A wireless sensor network has been implemented and deployed in a petroleum facility.
Effects of latency and environmental noise on a W&#e investigated Johnstoneet
al., 2007)

Several other wireless monitoring applications have been developefaddrand
agriculture industrieWanget al, 2006) volcanic monitoringhealth monitoring, and
environmental monitoring (Yickt al, 2008).

2.5.2 Commeraal Applications

In this sectiona number of commercial wireless monitoring systears described
Emerson ProcesManagement provides smart wireless field network solutions for
process and asset monitorirthat employ temperature, pressure, vibration, pH,
corrosion, flow, and level transducers and WirelessHAd®Mmmunication protocol
(Emerson, 2009)Honeywell, anothekey player insensors and sensing applications
industry,uses their own OneWireless universal mesh netwehich sugorts multiple

industral protocols and applications simultaneougly monitor plants(Honeywell,
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