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ABSTRACT

The Suitability of Low-Cost MeasurementSystems for Rolling Element Bearing

Vibration Monitoring

Jarno Junnola

Universty of Oulu, Degree Programnué Mechanical Engineering
Maser 6 s t h&p.i+41lp2AppEtixes

Supervisorat the universityToni Liedes

The aim of this thesis is tstudyif inexpensive vibration monitoring systemould be
suitable forcondition monitoring of rolling elememtearing and if theycould beable to
detect bearingdefects at an early stag@s a starting point the followinget of
requirements for the stgmm have been definethe system should be priced below 100
a, it should be able to measure the vibr
the amplituderesolution of the system should ben@inimum 16bits. The aility of the
system to be part of internet of thin{JeT) is also seen as positive thing and an
advantage. While searching fon adequate system, a market review consisting low
cost vibration monitoring devices and lawest vibration monitoring componeniss
beendone. A secondary aim of the work is kighlight the impact of different
components of the signal chain to the measured vibration signal itself and familiarize
the reader with the signal chain found in vibration monitoring.

To fulfill the main objective of the thesis, a broad market rewsas performed and it
was mainly done bysearchingthe Internet. Experimental tests for the i{owst
equipmenivere also done to find out their real competence. The suitability of the found
componentsvere tested in various ways including calibrations of aoeheters and an
investigationof the capability of Raspberry Pi 3 model B single board computer. The
cgpability of Raspberryto act as a platform for accelerometers and its ability to sample
the incoming higkfrequency signalfrom accelerometerswere cheked. The effects of

the vibration monitoring components to the gathered da#@® examined through
simulations done with math software called MathcBlde literature reviewthat was
carried out is usetb introduce the signal path of the vibration mongrsignal hand in

hand with the simulations.



The results of the work include staikthe-art information of low cost vibration
monitoring devices and introduction to some not so familiar vibration monitoring
options that may have the potential to beduse bearing condition monitoring. The
documentedsignal chain simulation modeshown in theappendixes contribute to the
understanding of vibration signal chain and allow for their further usecdhausion

of this thesisid hat a 100 tightforadighgualityiasd génerghurpose
vibration monitoring device for early bearing defect detection.

Keywords:condition monitoring, bearings, vibration
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Diplomity6 2017, 7%. + 41s.liiteita

TyOn ohjaajayliopistolla: Toni Liedes

Tyon tavoitteena on tutkia kykeneekd edullinen varahtelynmittauslaitteisto
vierintédlaakereiden kunmealvontaan ja laakerivian aikaiseen tunnistamiseen.
Lahtokohtana annettujen vaatimuksien mukaan laitteiston tulisi olla hinnaltaan alle 100
a, sen ol i si kyettav?a mittamaan va&arahte
laitteiston anplitudiresoluution tilisi olla minimissaan 1®ittia. Myds laitteiston kyky

olla osa laitteiden Internetia (internet of things; 10T) katsotaan eduksi. Kykenevaa
laitteistoa etsiessa tydssa esitellaan myos katsaus talla hetkella markkinoilta 10ytyviin
edullisiin varahtelymittuslaitteisiin ja varahtelymittauskomponentteihin. Toissijaisena
tavoitteena tydssa on tuoda esille varahtelymittauslaitteistoissa olevien komponenttien
vaikutus varahtelysignaaliketjuun ja mittauslaitteistolla saatuun dataan seka perehdyttaa

lukijaansa véhtelysignaaliketjuun.

Paatavoitteen tayttdmiseksi suoritettin laaja markkinakatsaus paaosin Internetia
kayttden. Myds markkinoilta I6ydettyjen varahtelymittauskomponenttien soveltuvuutta
testattiin  kokeellisesti muun muassa edullisia kiihtyvyysantréilibroiden seka
tutkien Raspberry Pi 3 model Byhden piirilevyn tietokoneen ominaisuuksia. Tyossa
arvioitiin ja testattiin Raspberryn kykenevyytta toimia alustana kiihtyvyysantureille ja
kyvykkyyttd naytteistdd Kiihtyvyysantureilta tulevaa korkeatalegista signaalia.
Varahtelymittauskomponenttien vaikutusta varahtelysignaaliin ja siitd saatavaan
informaation tutkittin Mathcad-laskentaohjelmalla tehtyjen simulointien myo6ta.
Varéahtelysignaaliketjuun tutustuttiin - simulointien lisaksi ja simulointiewkena

kirjallisuuskatsauksen muodossa.



Tyon tuloksena  saavutettin  laaja katsaus taman  hetken  edullisiin
varahtelymittauslaitteistoihin ~ ja  tuotiin  esiin  my6s mahdollisesti hieman
tuntemattomiakin  varahtelymittausratkaisuja, joilla  voi olla  potentiaalia
kunnonvalvonnan vardhtelymittauksiin.  Tyon liitteend olevat signaaliketjun
simulointimallit edesauttavat ymmartamaan varahtelymittauksen signaaliketjua seka
mahdol |l istavat my°s niiden jatkok?2yt?°n.
tiukka laadkkaaseen ja yleiskayttdiseen varahtelymittauksegerustuvaan

vierintdlaakereidekunnonvalvontalaitteeseen.

Asiasanatkunnonvalvonta, laakerit, varahtely
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1 INTRODUCTION

Vibration monitoring is the most used method in condition monitonhgotating
machinesand it canalso beused in operational control and troubleshootiNghynek,
Lumme 2004, p. 17)Bearings are seen as one the most critical parts defining the health
of machines and theiremaining lifetime in current production machin@d-Thalji

2016, p.11) The conditionof a bearingis usually followed by monitoring vibratios

and normallyaccelerometerare used as instruments sensethe vibratiors (Tandon,
Choudhury 1999, p.469 & p.474, Safizadeh, Latifi 2014,.p.2)

Unfortunately the total price ofa vibration monitoring devicefor detecting bearing
faults may be a five figure numbemwhich motivatesthe searchfor cheaper options
(TEquipment 2017)The decrease in price of vibration anitoring devicesmakesit
economically beneficialo carry outvibration monitoring alsowith assets thatlo not
causeso hugerisks to productioror to safety.When introducingcondition monitoring

to new machineshere is alwayghe financial questioni.e. doesthe company gain or
lose with condition monitoring.The aain is usually measured in money and thus the
price ofthemeasuring equipment has a meanifge gain could also ba safer working

environment or better product qualigarned through condition monitoring

1.1 Research questionsind objectives

Inspired from few aro accelerometers that have come to market, like LIS2DH and
LIS2DS12 from STMicroelectronics it is interestingto know if these low-cost
accelerometersre capable tobe used incondition monitoringof rolling element
bearings Consequentlythe first research question igire accelerometers cheaper than
10 euros capable to be used molling element bearing condition monitoring

applicationsfor early defect detection?

A low-cost complete measurement system for bearings from acceleromgtecdssed
vibration signalwas anotbr motivation Are there complete measurement systems

which can measure signals up toQd Hzwith a minimum resolution of 16it and are
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theseavailable under 100 eurok wasalsohopeal thatthe measurement system would
have sore sort of readiness level f@T. The £cond research question lis:it possible
to get a vibration monitoring system under 100 euros that is capaiheasuresignals
with frequency content up to D00 Hz,to give processed vibration signal informatio

of bearingfaultsand isconnectable to be part of internet of things?

Related tothe previous questionsthe third question handles about what kind of
parametersneasurement devices have avitht kind of meaning do they have related to
the gathered da. The tird question isWhat is the meaning of individual vibration
monitoring components (ADC, filter, amplifier etc.) in signal chain and tdovihey

affect to the gathered information?

In summary it can be said thahé main objective of this thesis to find out if it is
possible to do bearing condition monitoring with really esfétctive equipmentTo
reach this main objectivea number of secondary objectives have to be reached:
evolution of bearing fauwt haveto be knownat some state, theeaded properties for
bearing measurement devideave to be defined so that the desieee able to detect
bearing failure in an early stage and market review has to bdoneto get the

knowledge otheavailable measurement systems and compomemtadys.

1.2 Contents of the thesis

The thesis covers areas from explaining why condition monitoring is dortleeto
availability of lowcost bearing monitoring systems. The thesis tries to shed light on
which kind of components are included in vibration measunémevices, which kind

of properties do these components have, which kind of changes come to measurement
results if these properties are changed and which kind of properties are needed from
vibration measurement device components to be usdkeimolling elementbearing
condition monitoringThe following content of the thesis @ividedinto 9x chapters to

cover the subjects mentioned:
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- Chapter 2 explains why condition monitoring is darel presents ways how
rolling element bearing condition monitoringsi done icluding vibration
monitoring,temperature monitoring and lubricant analysis

- Chapter Explainsthefeatures of different measurement devdoenponents and
shows their effect on measuring results.

- Chapter summarize the market review of vibrattomeasurement devices.

- Chapter Hrresentshetesting of Raspberry PIEVAL-AD7609, ADXL001 and
ACH 01.

- Chapter &iscusses about the results gained from chagiérand 6.

- Chapter Toffers the thesisummaryand proposals for future work.

1.3 Scientific cantribution of the thesis

This thesisshows the current state of cheap vibration meag devices and possible
few considerablelow-cost approaches to be used in vibration based condition
monitoring. Some of the vibration monitoring components are sintulated the
simulationmethodsare described irthe appendixes. Simulations clarithie suitability

of different kind ofvibration monitoring devices.
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2 CONDITION MONITORING

Condition monitoringtools are used in Condition Based Maintenanceaurtalysethe
curent health condition of an asset and consequently, set up proper preventive
maintenanceschedulegBengtsson 2004, p.1)Without knowing the state dhe usage

of the machine it is impossible to do chtion based or predictive maintenance.
Condition monitoringhas showra huge positive effect on increasitige utilization rate

of machines and increasing profitablen@dshynek, Lumme 2004, p.7 & Jl). The

profits of condition monitoring aranincrease in productivitya better possibility to do
scheduled/planned maintenancg, better utilization of downtime, a decrease in
unplanned shutdowns arah increase inthe lifetime of machinegNohynek, Lumme

2004, p.11)

2.1 Financial benefits

By sacrificing working hours and financial resources to condition monitoring gives
huge savings from maintenan@éohyrek, Lumme 2004, p.13By doing the condition
monitoring right it decreases unexpected shutdowns, decreases unnecessary machine
openings, reduces the need for big spare part storages and shortens the unavoidable,
planned and necessary downtinfehynek, Lumme 2004, p.13Powntimes can be

divided in two parts: waiting time and maintenance tifdohynek, Lumme 2004,

p.12) Waiting time consistd noticingthe failure, picking up the pper documents for

the case, reserving personnel to do the maintenance, reserving tools for maintenance,
reserving spare parts from a storage and purchasing spare parts if those cannot be found
from storaggNohynek, Lumme 2004, p.12)ust aftefollowing all the previous steps

that are included in the waiting time it is possible to start the maintenance itself.

All of the tasks of the waiting time can be done while processesunning if condition
monitoring is used and thus shorti&e downtime ancconsequentlsase money. Alsp
the maintenance time itself can be reduced if condition monitorirappsied The

maintenance time reduction comes from the facts that maintecandee planned more
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precis¢y when the failure is known beforehand and failures befixed before they

grow for more serious breakdowns.

Other financial benefit comes from the decrease of unplanned shutdowns. When there
are fewer shutdowns the usage tnes of machines are higheand, therefore, the
availability of the asset increases. This way the Overall Equipf#itiency also
increases, thus, increasing the profitability mostcasesunplanned shutdowns can be
reduced more than 50 % when movimgnh corrective maintenance to condition

monitoring based maintenan@¢ohynek, Lumme 2004, p.12)

2.2 Safety aspect

Machine failures oimproper use can cause very expensive financiasldsit more
importartly, the worst scenarigvould beif the personnelget injured. Machines with

high safety risks are equipped with measuremesystemsi.e. condition monitoring
systemghat control the machingy themselves. For exampléafailure or malfunction

is deteted the safety system cahut downthe machine or otherwise put it in safe
mode andconsequentlyprevent expensive failures or personnel injuris®hynek,
Lumme 2004, p.15)Typical systems among othehat have this kind of safety systems

are turbines, compressors, machines with pistons, grinders and big electric motors
(Nohynek, Lumme 2004, p.15Fonsequentlyin generalization big, expensive and high

revolution rate machines usually have safety systems.

2.3 Rolling element kearing condition monitoring

Historically condition monitoring was mainly done using senses: bearings were listened
using a wooden stick, temgratures of machines were felt mands, vibrations of
machines were checked by hands or feet and s(Nohynek, Lumme 2004, p.13)
Also, the quality of themanufacturegproduct was one way to followwhe condition of
productionmachiney (Nohynek, Lumme 2004, p.13Jhese previously used methods
have still a place in condition monitoring and they should not be underestimated
nowadays condition monitoring is based on different measuring mett{dlddrynek,
Lumme 2004, p.13)Rolling element barings are mainly monitored using three
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methods: vibration monitoring, temperature monitoring wedrdebris analgis which
includes lubrication analysis(Tandon, Choudhury 1999, p.469put of those three
previously mentioned methodsbration monitoring is the most used ofiEandon,
Choudhury 1999, p.469)The following paragraphwill introduce all of these three

methods

2.3.1Vibration monitoring

Vibration monitoring is the most used method and when gse@ctly it is the best
condition monitoring methotb follow the condition of a rotatingmachine(Nohynek,
Lumme 2004, p.17, Shahzad, Cheng et al. 2013, p.&7ation monitoring can also
be used for operation control to adjust the parameters of a prétesdecause othe
wide usage ahthe effectiveness of vibration monitoring, this thesis will mafobyus

on this method

To detectrolling elementbearing failure in an early stage of failure evolution, vibration
monitoring should be done in the natural frequency area of a beafagral
frequencies are better information sources of defect ¢bammonly followed bearing
fault frequenciesn an early stage because amplitudes of fault frequencies are so small
in the beginning of degradaticand because of the phenomenon called slipggge
Thalji 2016, pp. 4617). Slippage causes that impactsrdu follow the fault frequencies

so accurately and thuke amplitudes of fault frequencies dot increasan the matter
thatthey are gpected to increasalVhen the rolling element passes the early stage fault,
the contact and thempact between rolling elemenénd racewag might awake the
natural frequencie®f bearingracewaysand thus it is wise tanonitor the natural
frequencies obearingracewaysto detect bearing failures in an early stagerough
estimation of natural frequenayf a racewaycan be calculated witthe following

equation (1):

*v=E/( D (1)

where E is the speed of sound in the material and D is the diameteaagway(Sassi,
Badri et al. 2007)If more information like the moment of inertia of the race cross
section, the mass per unit lengthdbr the crossectional constant of a bearing is
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available, then more accurate functiptisat arecollected togetherlso by EiThalji

(2016, pp.4647), can be usedhen calculating naturaldguencies

The mentioned goal of this thesis to findmeasurement system that is capable to
measureup to 10000 Hz signals wouldead toa system which is capable to measure
the natural frequencies of steel bearings from diam&tem upwardsThe capaltity to
measure 10 000 Hz signals means of cotins¢ an ADChas to fulfill the Nyquist
theorem andt has to be able to sample at least 20 000 samples per se®atli,
Ferrari 2002, pp.75455). In comparisona system withthe capability to measure @00

Hz signals wouldead to a device which could detect natural frequencies starting from
30 cm diameter bearingBiametes are calculated with equation (1) firstly solving the
diameter out of the equation andrihgutting variables in place. When we kntvat E

iIs 500 m/s in steely 2 f and f is 10000 Hz or 1000 Hz in theseass, we can
calculate the diameter the following way (J. Johansson, P. e. Martinsson et al. 2007,
p.1980, Méakela 2008, p.95)

D=E/(¥ )=E/(2fx )=5900/(2x10000x) & 0, 030 m,
D=E/(¥ )=E/(2fx )=5900/(2x1000x') & 0, 299 m.

There are plenty of vibration monitoring methods but those earategorizedto two
classes thefirst classmethods are usgefor monitoring overallvibrations and simple
statistical vibration signglarameters afolling bearingsvhile the second assmethods

are more focused omonitoring detailed vibration and wider range ofbearing
parametergNohynek, Lumme 2004, p.18)Vith the first classnethods it is normal to
use two vibration measurement devices: one device to monitor overall vibration in the
range of 10 HZ 1000 Hz anda second one to measure frequendigscdly above
2000 Hz. The overall vibration in the frequencies from 10 Hz to 1000 Hz roughly
reveals the problems redmtto a rotatingshaft such as imbalancenisalignmentand
looseness of connectioflohyn&, Lumme 2004, p.18)'he second measuring device
to monitor frequencies above 2000 Hz is mainly used to detect reliémgentbearing
failures. Itshould benoted that vibration in high frequencies noticeably increase when
lubrication is poor in rolling bearing an indentation occur®r when other bearing

failures appearn(Nohynek, Lumme 2004, p.18The second measurement device might
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also bean ultrasonic measurement device which is used to detect bearloge$ but
also to detect gas and liquid leakagé®hynek, Lumme 2004, p.l8JFirst class
methods are sensitive enough to mongionple machines which doot have multiple
shafs spinning at multiple spes(Nohynek, Lumme 2004, p.18)

When machines have multipkhafs with differentrotational speeds aridr power
transmission unitghe second class measurement devitestbe usedThe first class
devices are not able to separate different vibration sources from each other and it is hard
to detectthe source othe problem(Nohynek, Lumme 2004, p.18fFor examplehigh

overall vibration levels could be esed by a big unbalance in some of #mafs, a
misalignment error, a bearing failure, a looseness of mounting, a resonance of a
structure orthe cavitationof a pump but the first class equipment are not capable to
locate the sourcéNohynek, Lumme 2004, p.18n these more complex cases ame

variousmultichannel spectrum analyzessneeded

With a spectrum analyer it is possible to separate different frequencies and their
amplitudes from the signaDifferent frequencies are caused by different parts of the
machine and thus it is conceivable to follow the state of different machine components
pretty reliably(Nohynek, Lumme 2004, p.19¥pectrum anaizersenable the analysis
andmore complex monitoring that uses sigaahlysis methodkke envelope analysis,

phaseanalysis and cepstrum analy@i¥ohynek, Lumme 2004, p.19)

Kuntoon perustuva kunnossepi handbook fitle translationin English: Condition
Based Mintenanck has a different approach in ategorizingvibration monitoring
devices: vibration pensnd other basic handheld metergortable data collectors,
multiple channel FFT analyzeesxd PC based measurement devices aednanently
mounted online analyzers & data collect@ettinen, Miettinen et al. 2009, pp.259
263) Vibration pensand other basic handheld meterseasureone or multiple
parameters (most commonly overall velocity of vibration frafixed bandwidth) and
they @n havedata transferring and storing capabilities. Vibration pgmdother basic
handheld metersan be usedfor very basic condition monitoringarried outfor
example by an operator while operating a machine. Portable data csliextally hae
a largememay, adisplay anda wide variety of frequency and time domain tools for
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signalanalyss. Portable data collectors can be used by their own or in an interaction
with a computer. Multiple channel FFT analyzarsl PC based measurement devices
have commonly &4 channels, very highample rateand very wide range of signal
analysis tools. Multiple channel FFT analyzarsl PC based measurement devices are
used incase ofdifficult vibration problems and their usage neeskpertise and
theoretical knowledgePemanentlymounted online analyzewnd data collectors are
used with machines that need to be oftemnitored or the measementneed to be
continuous.Permanentlymounted online analyzerand data collectors have usually

versatile tools for signal analgsand signal plotting

PSK standardiation registered associatiorhas also their own perspective to
categorizing vibration monitoring deviceBSK 5705standardcategorizs vibration
monitoring devices dependingn the installation on the measurement location
permanentlymounted, halfixed and portable devices/systenfermanently mounted
and portabledevicesare easily understandable but Hated means that sensors are
permanentlyfixed in place but they are measured with portable device. PSK 5710
standardcategorisesneasurement devicesto 4 types dependingn their signal and
data processing capabilities. Type 1 devicesmsurdhe total/overalllevel of vibration

and one parameter is showing tivalue Type 2 devices measure High frequencies
(typically above 5000 Hzand the level of vibration is expressed with maximum of two
parameters. Type 3 devices have selectable frequency bandwiditheanteasured
vibration can be expressed in time or frequency domain. Type 4 measuremens system

areable to do fdure detection andvento do prediction bout the safe usage time left.

2.3.2Temperature monitoring

There are three types of temperatseasorsavaiable: touch type, infrared thermometer
and infrared camer@Nohynek, Lumme 2004, p.20Jouch typethermometers are the
simplest ones to use. With touch type thermomdtezsuserdoes not have to worry
about emission factorsef materialsor aboutpossibleinterference caused by reflecting
heat waves(Nohynek, Lumme 2004, p.20)The disadvantagesof touch type
thermometers are that they need quite long sgttimes and that there is not always a
possibility to touch the monitored locati@hohynek, Lumme 2004, p.20)
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With infrared thermometers it is possible to measure temperatures filwtarce up to

100 meters away from the monitored locatilohynek, Lumme 2004, p.20)t is
worth noting that the distance will affect the accuracy of the measureméated
thermometers have wider usability range thauch type thermometershe pssibility

to measure temperature from distance has made it easier to use thermometers for
exampleto monitor electric componentdnfraredthermometersiave been used for a

long time to monitor electric componersisch asfuses, switches and transformers

If there is a need to measure temperature from multiple speas to each other
simultaneouslyhen infrared camera the best metho{Nohynek, Lumme 2004, p.21)
The neded knowledge about fterent interference sources ggeater with infrared
camera and also with infrared thermometer than \wittouch thermometerWith
infraredcameras anthermometes, the user must take in consideratemission factors
of different materials and colouydifferent heat reflections especially from reflecting

surfaces and also the rate of accuracy when measurea ttistance.

Temperature measurements were popular with bearing monitoring but because they
were not able to detect theltaie earlyenough, theyhave beenreplaced with different
methoddike vibration monitoringNohynek, Lumme 2004, p.20, Li, Liang et al. 2015)
Because almost all faulesmit anoticeable amourif heatonce the failure is i more
seriousstage,it is goodto use temperature measurements ascondary or supportive
monitoring method(Nohynek, Lumme 2004)Temperature monitoring is used for
example to olerve unbalance load or bad conditmfrollers of paper machinggalve

leakages opoorlubricationof seal§¥Nohynek, Lumme 2004, p.21)

2.3.3Lubrication monitoring

Lubricationanalysis is one way to monittite condition of machineand it is done by
taking samples fronthe lubricant oil, lubricant grease or even from hydraulic oll
(Miettinen, Miettinen et al. 2009, p.428)ubricant analysis can bring infmation about
the wearing of parts of a machirtege operation of a process, the effectivenesshef
lubricant andeven the lubricant condition itsel{Miettinen, Miettinen et al. 2009,

p.428) By following the amount of particles in a lubricatite material of particleand
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by measuringhe size andhe shape of patrticles it is possible to notice how harsh the
wear d the machine is, what components of the machinesaftering fromwear and

how the conponents wear (abrasioremoval of chipsetc.) (Nohynek, Lumme 2004,

p.23, Miettinen, Miettinen et al. 2009, pp.4336) In the normal state whetubricated
surfacesare moving against each other the particle size could be about 10 micro meters
but when the wearing is severe the amount of particles rises yatathlthe sizes of
particles could bd0 to 100 timedarger than inthe normal statqNohynek, Lumme

2004, p.23)

With lubricant analysis it is possible to detect gearbox and hydraulic system failures
an early stagéMiettinen, Miettinen et al. 2009, p.42HIso, it is claimedthat in many
cases the lubricant analysis detects a beginning failure earlierbdsa vibration
measurementike the overall vibration measements do(Miettinen, Miettiren et al.
2009, p.435 & 437) According to Miettinen et al(2009, p.429) a very powerful
condition monitoring system is achievedubricant analysis is combined with vibration
measurements and espally if also process parametefiike speed and loadare

followed at the same time

Instead of manual particle counting there are alsdess time consuming options
available As a different method to determirlee amount of particle®or solids in a
lubricant is to measure the mass of solida wery thinmembrane aftethe oil has gone
through it (Miettinen, Miettinen et al. 2009, p.431Automated counters aralso
available which can count the comi@enumber of particles in lubricaahdalso count
the number of particlesf different sizgMiettinen, Miettinen et al. 2009, p.432)
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3 COMPONENTS OF A VIBRATION MONITORING
SYSTEM

In Figurel can be seen a basic block diagram of digital data acquisition (DAQ) system.
First a physical signal is sensetth a sensor/transducer. Electrical components always
introduce some noigato a signal and so do also transducers/sensors. tAégrhysical
phenomenon is converted to an electrical signal with a transducer, the signal tipees to
signal conditioning block. Signal conditioning includes amplifying, filtering and
impedance matching betwedhe transducer and an analogieedigital canverter
(ADC). When transducés properties arenprovedin the signal conditioning block it is
time to feed the signal to an ADC. the ADC the signal is quantized and the signal
getsabinary or digital representation. When the signal is in difitahat it can be read

by a processor which could be for example inside of a computer. The digital signal can
be analysed stored, processed digitally (e.gsing Fast Fourier Transform) and/or
graphs of the signal can be plottedthe user. The following gragraphswill explain

each of these blocks mora detail andalso describethe key features of each
component involved in a vibration monitoring signal chain frdhe vibrating

component tahe processor.

Physical Transducer Signal | Analog - Digital
e | I , Computer
System Sensor Conditioning ‘ Converter

| I B B

' | L I L
Physical Signal Noisy Electrical Signal Conditioned Signal = T

il R

e

Digitalized Signal

Figurel. Digital Data Aqyuisition SystenfZarate 2016)



22

3.1 Accelerometels

An accelerometer is a transducer which produces a current or a volhge
proportional tothe accelerationlevel to which it is exposed t¢Broch 1980, p.100)
There are different designs to reach this accelerometer definition and the following

chapters wilintroduce some of the designs

Accelerometers have characteristics which specify their propentgssfér function,
sensitivity, measurement range, linearity, noise, bandwidth and resonant frequency are
some of the used qualifying factors for acceleromeftehdban 2086, pp.396397,
Wilson 2005, p.151) A transfer function tells the relation betwe#me measured
voltage/charge anthe acceleratiorevel. Sensitivity is the factor defining how much
voltage or current is produced per acceleration unit and it can be negasomV/g The
measurement range character defines the overall acceleration raggesiat the
accelerometer can measure. Linearity defines the maximum error from a linear transfer
function overthe specified measurement range. Noise tells the amount wanted
distortion that every sensor produces tte output signal. Bandwidth states the
frequency range of vibration that the accelerometer is able to catch. Resonant frequency
of the accelerometer is one of the factors that define the bandwidth of éheracteter.

3.1.1Piezoelectric

A piezoelectric accelerometer is the most common accelerometer type and it is broadly
used in vibration analysi@Nilson 2005, p.137)The functionality of a piezoelectric
accelermeter is based otie piezoelectric material inside of them. These piezoelectric
elements are usually madé quartz or artificially polarized polycrystalline ceramic
(Broch 1980 p.100, Wilson 2005, p.141When a piezoelectric material is compressed,
stretched or sheared, it generadeslectric charge on the surface. This kind of charge
creation is calledhe piezoelectric effec{Urban 2016, pp.16405) To capture this
electric charge, at least two electrodes are needed.

A seismic mass inside a piedtectric accelerometer is attached to the piezoelectric
material and when exposed to acceleration the mass starts to andvehares,

compresses or stretches the piezoelectric mai@rakth 1980, p.100)The voltage or
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charge coming out of the accelerometer is relative to the acceleration it is subjected to.
By following the voltage/charge and knowing the transfer function it is possible to

know the acceleratiolevel.

There are two common types of piezoelectric accelerometers: share and compression
type. Figure 2 shows a drawing of a compression typezoelectric accelerometer that
includes an amplifierin the share type the moving mass causes sharing to the
piezoelectric element/elements and in the compression type the mass causes
compression(Broch 1980 p.100) The d$are type is usually used for -altound

applications whereabhe compression type is usually designed for more particular ones.

Figure2. Compression type piezoelectric accelerometer with amp(fiexhiem 2016)

The pezoelectric accelerometers have wide linear amplitude range, wide frequency
bandwidth, brilliant durability and thus wide usabili(groch 1980, p.100, Wilson
2005, p.137)They are considered to be all around accelerometers agdathewidely

used in condition monitoringBroch 1980, p.100)As a drawback, piezoelectric
acceleometers arenuch more expensive thaime MEMS or piezo film accelerometers
(Doscher 2016, p. 23)

3.1.2Piezofilm

The pezo film accelerometers agespecific form of piezoelectric accelerometerbe
piezo film accelerometers are very light, flexible, bendable, deformable, mechanically
durable and easy to form farspecific measuring locatiofGatti, Ferrari 2002, p74,

Urban 2016, p.112)The pezo film accelerometers are coated with metal electrodes and
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also protecting plastic can be ugdteasurement Specialties 199%he pezo films are
commonly made out gbolyvinylidene fluoride (PVDF/PVF2) which is shaped in thin
layers(Gatti, Ferrari 2002, p.674)

3.1.3MEMS

MEMS acronym comes frorthe words Micro Electro Mechanical Systems. There are
different MEMS sensorsof different applications. For exampié is possible to find
MEMS gyroscopes, MEMS accelerometers and MEMS pressure sensors from the
markets. With the termMEMS sensor# is mean sensors that are made usthgsame

kind of manufacturing methods agth integrated circuits (ICkalled semiconductor
manufacturing processe@rank 2013, p.1l) MEMS are often highly integrated
apparatuses which combine microelectronics and micro machined structures together
(Frank 2013, p.9)By using these semiconductor manufacturing processes it is possible
to produce a lot of sensors to one wafer at once andyttuslow price tag for a single
sensol(Miettinen, Miettinen et al. 2009, p.244)

The MEMS sensors are tiny and light in weight and thus they are good in measuring
locations wherdhe accelerometer must be light atite size must be sma{lAgoston

2012, p.278) The MEMS accel erometerso functional
capacitive opiezoresistivgphenomenoiiMcGrath, Scanaill 2013, p.2IJhe @pacitive

MEMS acceleometers have capacitor plates attached to a spiithga suspended mass

which is capable to move when the accelerometer is subjected to acceleration. Other
capacitor plates are anchored in place and when the mass theysp betweerthe
anchored andheat t ached capacitor pl ates change
geometry andhe capacitance which is measur@wdoston 2012, p.278)

The pezoresistive MEMS accelerometers have piezoresistive mateteched to
cantilever beams which move whtte accelerometer is exposed to acceleration. When
thebeams deform their resistive properties change and this change is proporttbeal to
acceleratiorevel (McGrath, Scanaill 2013, p.21Jhe change in resistivity is measured
andthe level ofacceleration is derived from the measured chgmpGrath, Scanaill
2013, p.20)
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3.2 Amplifi ers

An amplifiers basic tasksi to amplify the incoming signal while introducirgw
electrical noise or other errors like offset and gain error. Amplifiers have also other
purposes: improvinghe signal to noise ratio, being a frequency filter, being an
impedance matching block andifg an isolator between a sensor and the rest of the
coming circuit afterthe sensor(Urban 2016, p.199)Amplifiers can be made from
components (semiconductors, resistors, capacitors, inductors etchebaitare also
readymade amplifier integrated circuits in which these components are already included
(Urban 2016, p.198)

After amplifying the signal, it goes to a filter and to an ADC. An amplifier endhkes
use ofthe resolution of the ADC more efficiently even with low level signilfere are
different types of amplifiers available: operational amplifiers, programngsbie
amplifiers, instrumentation amplifiers, programmagéen instrumentation ampikrs,
chopper amplifiers, isolation amplifiers et@Measurement Computing corp. 2012,
pp.3947, Wilson 2005, p.45)The simulations shown iRigure 3 - Figure 6 show the
effect of amplification to the gained information. The simulations are donemwth
software calledMathcad and the whole simulations canftnendin appendies 1 and 2.
Some of the arame¢rsshown in appendes 1 and Zincluding for example the gain)

need to behange to match the different cases

In Figure3 andFigure4 the effect of amplification is simulated by using a sine signal
with anadded shock signal which simulateg impulsegenerated by bearing defects.
The impulsevibrates at 3000 Hz. The raw signal is shown in blue and the sampled
signal in red in both figures. The analogue to digital conversion is doneawgHbit

ADC which ha& the input range from5 volts to +5 volts. InFigure 3, the signal is
sampled without amplification and Figure4 the signal is amplified by a factor of 10
(pleasenctice the scales of figes). The anplification can be also expressed as decibels
which is often the case.
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Figure4. Analogue to digital conversiomif a signd which is amplified by a factor of
10.
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In Figure 5 and Figure 6 the previously shown signals can be seemhanfrequency
domain and it can also be seen how thermtdion at high frequencies is lost the

signal is sampled without proper amplification. The informatbhigh frequencies is
very importantfor early bearing defect detectighlohynek, Lumme 2004, p.18, El
Thalji 2016, p.46) Interestingly a phenomenon of FFT and sidebasdsiso more

clearly shown in thepectrunof theamplified signal
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Figureb. Spectrumfrom unamplified signal.
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Figure6. Spectrumfrom signal which is amplified by a factor of 10.
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Operational amplifier or OIAMP is seen as one of the principle building blocks for
amplifiers(Urban 2016, p.199A good ORAMP hasthe following features high input
resistance (measured in Gq), |l ow out put
capacitive loads without becoming unstable, low input offset voltage, low bias current,
very high operoop gain(up to 1074 10"6), low noise, high opating bandwidth and

low sensitivity to power supply and environmentariations (Urban 2016, pp.199
200)

The mentioned opeloop gain is frequency depended and it also changes according to
variations inthe supply voltage, load and temperatgban 2016, p.200)This open

loop instability is the reason whiie OP-AMPs are rarely used ithe openloop mode.
Usually the OP-AMPs are used with feedbadomponents ira so called closetbop
mode which improvesghe gain stability, linearity and output impedanddgrban 2016,
p.201) As a rule of thumb, it is said that the clodedp gain should be 100 tirae
smaller thanthe openloop gain at the highest frequency of interest for moderate

accuracy and 1000 times smaller for more accurate ri&edan 2016, p.201)

3.3Filters

The most common filter types are Bariworth, Bessel and Chebysh@ieasurement
Computing corp. 2012, p.47, Gaura, Newman 2006, p.13yf these can be used for
low-pass, higkpass, banghass andbandreject filtering(Measurement Computing corp.
2012, p.47) Low-pass filtering meanthe attenuaion of high frequencies. Higpass
filtering means the opposite to the kpass filtering: @enuaton of low frequencies.
Bandpass filtering allows a certain bandwidth of frequencies to go through but
attenuates the rest. Bangject filtering attenuatea certain frequency bandwidth but

lets the rest go through.

All of the three filter types d&ve their own characteristics. Butterworth has the flattest
passband but it introduces a AHorear phase respong®leasurement Computing corp.
2012, p.48, Gaura,&vman 2006, p.131hebyshev has the steepest attenuating curve
but it has a ripple effect beforthe cutting point frequency, ring effect with a step

response and even more Horear phase response than Butterwqfitheasurement
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Computing corp. 2012, p.48, Gaura, Newman 2006, p.1Bd3sel is something in
between the two previous ones. Bessel dudfiavea steep response curve but is has

the best phase linetyriand step respong®&leasurement Computing corp. 2012, p.48,
Gaura, Newman 2006, p.131h Figure 7 are showrthe low-pass filter respaes br
different filter typesThe Chebyshev type | filter is shown in blubge Bessel in red and

the Butterworth in yellow. All the shown filteraremodeledu si ng Mat hcadods
functions and all of them hauke cut off frequency at 10 Hz wth is markedwith a

dash line. The simulation for filters can be founéppendix 2.

Gain [1]

i i

Chebyshev type |

Bessel

Butterworth b —

= .
i B 12 16 20 24 28 12 56

Frequency [Hz]

Figure7. Chebyshev |, Bessel & Butterworth filter gain responsesdifudt 10 Hz).

3.3.1Anti -Aliasing Filter s
Aliasing is a phenomenon that ocswhen a signal is not sampled witlhigh enough

sample rateThe Nyquist theorem says thatsignal should be sampled at least twice as
fast as the si gn@attdsrrarh20aRhp@=+755)flfthe Myguesin c y
theorem is not followed, high signals will be reflected to low frequencies when sampled
and this will ruin the sampt result andthis phenomenomvill be difficult to notice

from the result(Gatti, Ferrari 2002, pp.75456). In Figure 8 and Figure 9 the anti
aliasing phenomenon is simulated. This simulation was done in a similar way that is
shown in appendix 2 with little variation: in this simulatiorthe example signal was
combined from sine waves with different frequencies than shtwe-FT was done
twice with different sampling frequencies and Hanning window, noise and logarithmic

scale on FFTwvere not used.
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Figure 8 and Figure 9 show thespectrumanalysedrom a signal which is constructed
from four sine waves havinpe amplitudeof 1 each athe followingfrequencies 100
Hz, 250 Hz, 300 Hz and 500 Hz. Figure8, the signal is sampled withe sample rate

of 512 samples per second and-igure9 it is sampled with 1024 samples per second.
By looking atthe figures it is easy to notice hdie Nyquist theorem holdspuand how

aliasing occurs ithesignal is not sampled with a sample ridi&t ishigh enough.

Amplitude [V] . 12 100 212 250

L L
0 5 30 160 125 150 175 21N x5 XS0 1

Frequency [Hz]

Figure8. Aliasing occurring whethe highest frequency component is 500 Hz #mel
sample rate is 512 Hz.
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4 (S
0 50 180 150 200 50 380 350 A0 150 s60 V50
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Figure9. No aliasingtaking placewhenthe Nyquist theorem is followedhe highest
frequency component is 500 Hz aheé sample rate is 1024 Hz.

Often, a signal contains unknown high frequencies that might also be higher than the

feasible sample rata ithe used ADC or higher frequencies than is reasonable to sample
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to catch the phenomenon that is really of interest. Because of these high frequencies an
antialiasing or lowpass filter is needed and it must be analogue and before the ADC in
the signal pth (Gatti, Ferrari 2002, p.763With these lowpass filters, it is possible to

cut off these high frequencies and the need for saghple ratés reduced.

An ideal filter would have a sharp cuttingeffuency point, rectangular shape, flat
transition section before the cutting frequency and straight to zero value after the cutting
point without a transition sectidi@atti, Ferrari 2002, p.756) he realife filters donot

have these features but instead they have a smooth cutting frequency point and a
transition section before and after the cutting point Egare 7 and Figure 10). The
behaviourof the filter around the cutting point depends on the type of the filter. There

are four different antaliasing filter types: Bessel, Butterworth, Chebyshev and elliptic.

The filter response of Butterworth, Chebyshev type 1, Chebyshev type 2 and Elliptic
filter can be seen iRigure 10. Filterds order defines tFh

section after the cutting frequency point.
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Figurel0. Response curves of different lgpass filterdDamato 2016)
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3.4 Analogue-to-digital converters

The task of an analogueto-digital converter (ADC)is to convert analage signak to
digital signas. ADC will give a rounded or quantized digital value of the anaéog
signal whenever a certain amount of time has passed by (santptiep In other
words previously continuous analagsignal is converted to defined values at discrete
time instants and depending dme esolution there are certain finite steps offered
within a ranggGatti, Ferrari 2002, p.750 & p.752)his sampling and quantization are
the main steps in performing analego-digital conversior{Gati, Ferrari 2002, p.750)

There are several characteristics that are good to know when dealing with ADCs. The
resolution is measured in bits and the number of bits define how small changes are
possible to be detecté@atti, Ferrari 2002, p.752The sample rate is also an important
factor as seen in the previous section handling the phenomenon of aliasing. The sample
rate defines the number of samples that is possible to gather in a ¢6eatimdFerrari

2002, p.751) Sometimes the sample rate is given per channel and sometimes it is the
total sample rate/throughput rate of an ADC that should be divided by the number of
channels if the sample rate per chel is wanted. The number of channels can also be
meaningful when the ADC chips or measurement devices with ADCs are chosen. Also,
the valid input range and valid input type should be taken into consideration. The input
range defines the acceptable inpottage variation that the ADC can hand(@atti,

Ferrari 2002, p.752) The input type can be either differential or singieled
(Measurement @mputing corp. 2012, p.39)

Figure 11-Figure 14 show the effect of the resolution of an ADC. ADC has an input
range from5V to +5V and the resolution of 8 bit Figure11 and18 bit in Figure12.

From the figures it is possible to see what kind of effect the resolution has on the results.
It is worth mentioning that if the impulses are sampled without adding them to the sine
wave as shown in the figuwsethe 8bit ADC does not react to those small impulses at
all. In Figure 11 and Figure 12 the analogue signal is in blue and the signal after

sampling is in red.
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Figurel2. 18bit ADC conversion.

Figure 13 and Figure 14 show the same kind of results as did the previously shown
frequency domain figures related to @m@plification: the impulse is vibrating at 3000

Hz and this kind of high frequency information is lost due to the low resolution. The



34

spectrum of the higher resolution signal reveals also sidebands like did the spectrum of
the amplified signal. As mentied before, the information related to the high
frequencies is crucial for early detection of a bearing defect. The simulations have been
done using Mathcad and detailed mathematical presentations can be found in appendix
1 and 2.
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The mentioned sideband effect of FFT is reduced when overlapping is included with
Hannng windowing. InFigurel5 andFigure16 a Hanningwindow with overlapping is

applied to the previously shownl# and 18bit signal data. 2048 samples are used

from the ADC data which leads to 3 setdata when the windows are 1024 points wide

and 50 % overlapping is used. After windowing, FFT is carried out to these individual
windows and the average of these spectra is calculated. These averaged spectra can be
seen inFigure 15 and in Figure 16 that support the conclusion that high frequency
information is lost if the ADC doeasot have high enough resolution.
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Figurel5. Spectrum, &it ADC, HanningWindow with 50% overlappg.
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Figurel6. Spectrum, 1&it ADC, Hanningwindow, with 50 % overlapping.
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There are several ADC designs in the market. Usually, when choosing an ADC there is
a tradeoff between the accuracy, the sample rate, the resolutmse rand power
consumption(Frank 2013, p.76)Popular analogut-digital conversion techniques
include successive approximation, parallel/flash and sidetta (Frank 2013, p.77)

The next chapters will talk a bit more about parallel, successive approximation and

sigmadelta conversion techniques.

3.4.1Flash/Parallel ADC

The parall el ADCbs functionality is buil
(Gatti, Ferrari 2002, p.757Yhe voltage divider divides the attached reference voltage

to 2"n1 equal steps, where n is the resolution/bit number of the ADC, and passes these
voltages to comparator&Gatti, Ferrari 2002, p.757)The input signal is fed to all
comparators at once. After the comparators the signal goes to the encodin@slalick
Ferrari 2002, p.57).

The parallel ADC is the fastest ADC type and with the parallel ADC it is conceivable to
reach the sample rate of hundreds of mega samples per J€&aitigd Ferrari 2002,
p.757) The fast sample rate enabled because of all the bits are determined parallel at
once at the same time instd@atti, Ferrari 2002, p.757The parallel ADCs are used in
digital scopes and digitizer&atti, Ferrari 2002, p.757)The resolutionis usually
relatively low because of the price is defined by the needed number of comparators
(Gatti, Ferrari 2002, p.757)Jsuallythe maximum resolution for a parallel ADC is 8

bit, which leads to 255 comparatd@atti, Ferrari 2002, p.757)

3.4.2Successive Approximation (SAR) ADC

The SAR type ADC consists of a successive approximatigister (SAR), digitato-
analogue converter (DAC), one comparator, a reference voltage and usually a sample
and hold circuit. An analogue signal is fed to a comparator where it is compared to the
voltage coming from the DAC. The DAC represents a voltage is defined by the

SAR in a digital from. The voltage that the DAC feeds changes and those changes
follow a strategy of binomial search. The binominal search feslisck pulses whera
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i s the number of ADC bit s. A fesukt is the laise s e |
SARG6s digital bi n a(Gatti, veardri 2092, fpe&3758Y e t he DA

The SAR ADCs are referred as general ADCs. The SAR ADCs are relatively fast (up to
1 MHz sample rate)ral their price is also moderate. The price and the speed have led to
the situation where the SAR ADCs are the most common ADCs that can be found in
data acquisition board@Gatti, Ferrari 2002, p.758)

3.4.3SigmaDelta( Ep) ADC

The sigmadelta or the deltaigma analoguéo-digital converter is based on high
sample rateand digital filtering and it is easy tminect this converter model the
digital signal processing (DSP) integrated cirgiitank 2013, p.78)The sigmadelta
converter has integrators, summeBAC and aquantizer(Frank 2013, p.78)The
number of integrators and summers depend on the order afotheerter. After the
summer, integrator and quantizer the signal goes to a decimation filter. In the
deci mati on f i1 teffband qubandzation i ngiseais Gesnoved,uthe
decimation/sample rate reduction happens and the extraaliasing rejegon is
provided(Frank 2013, p.79)Getting the noise down improves the number of effective
bits, the sampl e r at @rocessingydata transmissiome, btqrisg s i
etc.) and the additionantralias rejection loosens the requirements for-aldising

filter.

3.5Processors

After an analogue phenomenon is caught with a sensor, amplified, filtered and
converted to a digital form, the signal is transferred to some processor which processes,
stores and possibly presents graphs of the data. The processor might be for example in a
computer, in a microcontroller unit (MCU) or in a special data acquisition system made
for logging data from sensors. The digital signal processing offers much wider signal
conditioning and signal manipulation capabilities than the analogue signal processing

(Gaura, Newman 2006, p.137or example, with the digital signal processing it is
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possible to use almost any kind ddrsfer functions which are useful in digital filtering
(Gaura, Newman 2006, p.138)

A microprocessor is one processor type that is sometimes confused with the terms
microcomputer and microcontrolléMcGrath, Scanaill 2013, p.56/\ microprocessor

is a central processing unit (CPU) that is integrated to a singlgMiBrath, Scanid

2013, p.56, Gaura, Newman 2006, p.14lIhe CPUs used to be made of multiple
components or chips prior to 1970 and in microprocessors, those components and chips
are combined to the form of just one single cfMrGrath, Scanaill 2013, p.56l is
expected that microprocessors include an arithmetic and logic unit (ALU), a sequencer,
a system bus, and a register array, bunhdbinclude memory or periphera{§&aura,
Newman 2006, p. 140, McGrath, Scanaill 2013, pi®8) The microprocessors are
usually used in sensor systems where a lot of processing power and memory is needed
and these cannot be integrated into a mmntroller or the 1/O hardware capability of

the microcontroller is not suitable to particular sensor tyj@esura, Newman 2006,
p.141) The microprocessors tend to have easier to use instruction sets #ard bet
software developing tools than some of the following options and this is good to take
into consideration especially if complicated software is ne¢@adira, Newman 2006,
p.141)

The already mentioned orbcontroller units (MCU) are single chip configurations that
typically consist of a processor, peripheral interfaces, data memory and program
memory (typically read only memor{aura, Newman 2006, p.141, McGrath, Scanaill
2013, p.56) The microcontrollers were basically developed for embedded devices and
those can be found in mobile phones, washing machines, micrawamsand so on
(McGrath, Scanaill 2013, p.58, Gaura, Newman 2006, p.1B4& microcontrollers
provide a good option for sensor systems depending on the needed processing power,
memory and periphera(§aura, Newman 2006, p.14Nlany features in the stalled

smart sensors (integrated sensing capability, analogue circuity, ADC, input/output bus

etc.) are driven with microcontrolle(scGrath, Scanaill 2013, p.51)

There are also more sophisticated microprocessors available for digital signal
processing called digital signal processors (DSP). The digital signal processors are



39

optimized for signabprocessing requirements which meéor exanple, the ability to
perform fast multiplication operations and a single clock execution dy&sira,
Newman 2006, p.141Yhe DSPs use the-salled Harvard architecture where there are
separate memory psrfor instructions and data allowing the instructions and data to be
transferred simultaneous{Gaura, Newman 2006, p.14The DSPs are faster and give

a possibility to extract more information from thensors than the genejalirpose

mi croprocessors, have improved devel opmel
a possibility to run more diagnostidolmberg, Adgar et al. 2010, p.100)he DSPs

area worthy option in applications that need more sophisticated signal processing like is
the case with digital filter application&Gaura, Newman 2006, p.141) the same way

as with the processdoy integratingmemory and peripherals to the DSP a controller is
formed but in this case it is called digital signal controller (D8Gaura, Newman
2006, p.141)

When the technology has improved also those abwamticned boundaries between the
different processors and microcontrollers has blurred. Nowadays it possible to find
microprocessors that have single cycle arithmetic operations, can perform signal
processing computation at the level of DSPs, have Harvard entthigs, integrated
memories and peripheral&Gaura, Newman 2006, pp.}423) Even though these
microprocessors have all the features of microcontrollers or digital signal controllers
they are not maited as sucf{Gaura, Newman 2006, p.143)
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4 MARKET REVIE W

The market review was done mainly using the internet. Various data acquisition
components and systems were taken into account and various manufactugens o d u c t
were studied. The market review has been done partly having the Raspberry in mind
and thus this can occasionally be seen in some of the chosen components/systems as
Raspberry compatibility like 3.3 V logic levels, 5V/ 3.3V devices or SPI d&gfates.

There were technical demantty the system like the capability to measure 10 kHz
sigrals, to have better than -bit resolution and the price tag of tkéhole system

should be belw 100 0. The market review includes also components and systems that
were found during the market review and do futfill the above listed limits but give
perspective to what is available in the market and at what price. Multiple websites of
manufacturers and suppliers were checked to learn about the state of the art of low cost
data acquisition devices. For example, the avditiaband prices of electronic
components were checked faell known and big suppliers like Farnell element 14,
Digi-key Electronics, RS Components, Mouser Electronics and Arrow Electronics.
During the market overview it was noticed that sometimes tlgn#tion in the data

sheets, and especially in the data sheets of cheaper products, could be quite unclear and
it might take a bit of time to find the information one is looking for. Also, in some cases

all of the necessary information simply was not aldéd.

4.1 Accelerometers

The pages of g@reat numberof sensor manufacturers including STMicroelectronics,
Bosch, NXP, Panasonic, Denso, Invensense, Analog Devices, Sony, Kionix, MEMSIC,
Murata, TE Connectivity, SICK, Monitran, Knowles, IMI Sensors, Meggitt Endevco,
and Sensor Dynamics were studied when low cost accelerometers were searched. A
table of the most interesting accelerometers with their features is given in appdhdix 3.

is possible to find reallgheap accelerometers like KX12P037 MEMS from Kionix

and US2DS12 MEMS and LIS2DH MEMS from STMicroelectronics just for a few
euros. These really cheap accelerometers naturally have their limitations. For example,
the resonance frequency can be low (KXI12B7: 1800 Hz) together with low



41

amplitude range (LIS2DS1& LIS2DH: 16 g) (Kionix 2016, p.7, STMicroelectronics
20164, p.1, STMicroelectronics 2016c, p.Ihere a also positive features with these
above mentioned MEMS accelerometers like that they have ADCs integrated in them:
KX122-1037 has 1#it resolution ADC and LISDS12 & LIS2DH have -bi
resolution ADCgKionix 2016, STMicroelectronics 2016a, STMicroelectronics 2016c)
These lowcost accelerometers are not even close to be able to caG30 18z but
sometimes the resolution mightatoh the wanted 1bits. As long as the frequency
response curve is linear, high frequencies could be measured. Unfortutfeelsta
sheets of these abve mentioned accelerometads not showthe frequency response
curves and thus it is hard to say anything about ttegability at higher frequencies.
The mentimed accelerometers might be fugein condition monitoringof larger
bearings becaudarger bearings have low natural frequencies.

One observation that was made during the market view of the low cost sensors was that
oftenthe cheap sensors dot have good specification notes: the notes might not reveal
for example the resonance frequency, bandwidth or show a frequency response curve.
The lack of appropriate information makes it extremely difficult to choose a proper low

cost accelerometer for certain applications.

Two accelerometers stood out from the rest when the accelerometer specifications were
trawled through: ACH 01 from TE Connectivity and ADXL001 from Analog Devices.
The ACH 01 and the ADXL001 use different teclogés: the ACH 01 is a piezofilm
accelerometer and the ADXLOO01 is a MEMS acceleron{étealog Devices 2016d, TE
Connectivity 2016) Both accelerometers have high mmoce frequencies, wide
bandwidth and broad amplitude range compared to the mentioned Kionix and
STMicroelectronics accelerometers. The ADXL0O01 has a resonance frequency of 22
kHz, depending on the model a £70g or +250g or £500g amplitude range and with
proper circuitry 22 kHz bandwidth-§ dB) (Analog Devices 2016d, p.1, Analog
Devices 2016e, p.3)The ACH 01 has the bandwidth from 2 Hz to 20 kHz, the
amplitude range of + 150 g, the resonant frequency of 35 kHz and a noise flcaB6f 6

Hg/MOgat 161000 Hz which is smaller than the noise floor of ADXLOO01 (21425

mgMOdat 107 400 Hz) (Analog Devices 2016d, TE Connectivity 2018Yith the
mentioned specificat i on gheADXHOOlgimcludingonty a g s
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I C chip without wiring or any <circwit bo
and wiring) give hope for a reasonably cheap vibration monitoring system for the
bearing condition monitoring purposes and to be able to reach the goal of a

measurement system capable to measure signals u6D Hyz.

In Figure 17 are shown the three previously mentioned accelerometers: the MEMS
ADXLO0O01 (A), the digital MEMS accelerometer KX12037 (B), and the piezofilm
accelerometer ACHO1 (C). They are all small in size but the KXITIB7 really goes

way beyond in being sall. The KX1221037 accelerometersilwnot take a lot of space

from the printed circuit board and thus they can be easily included to small devices such

as mobile phones or even much smaller devices.

A: ADXL001 &

Figurel7. Accelerometers ADXL0O0O1 (A), KX122037 (B) and ACHO1 (C).

4.2 Measurementsystem fromintegrated circuits

One option to make data acquisition systems is to create them from components like IC
(integrated circuit) amplifiers, IC ADCs, IC filterand so on. The reason why building
the measurement system out of integrated circuits seems to be an interesting option is of

course the low price of the components compared to the complete measurement
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systems. For example, -t IC ADCs with a sample ta above 100 kHz can be bought

just with a few euros. An IC filter like MAX7427EUA+ could be found at the price of
less than 3 euroshe mentioned MAX7427EUA+ is a switchedpacitor Sthorder

elliptic low-pass filter with adjustable cutting frequency @fhican be tuned from 1Hz

to 12 kHz (Maxim Integrated 2016b)Programmable amplifiers like MCP6S21 cost
about 1 euro and the MCP6S21 has up to 12 MHz bandwidth and gain up to 32
(Microchip 2016) After adding a reference voltage like MCP18£KO, that costs

under 1 euro, all the major components of a measurement system (excluding sensor)
before aprocessorare covered and the total cost of the whole systeless than 25

euros.

There are also ICs that are highly integrated and have a lot of features installed in a
single chip. For example, one highly integrated IC is the AD7608 from Analog Devices.
It has integrated analogue input clamp protection, ibpdfer with 1 Mohm analogue

input impedance, a secowdder antialiasing analogue filter, a reference voltage, a
reference buffer, an 48it and 8 channeADC with the sample rate of 2@D0 samples

per second per channel, track and hold amplifiers agigital filter (Analog Devices
2016a) The AD7608 is marketed as a data acquisition system and it truly has a lot of
features that typical data acquisition systems have. There are also other intdupsted c
that have many components included as well, and thus, this kind of highly integrated
chips should be taken into account when buying/building data acquisition systems is

considered.

ICs are sold in different sizes and different packageBigure18 there are ten different
ICs including amplifiers, ADCs, filters and a reference voltage. In the first column from
left there are 4 different ADCs which are from up to down: AD1871YRSZ (A),
PCM1803ADB (B), ADS131A04 (C) and PCM42Q@D). In the second column from
left there are amplifiers which are from up to down: AD8606 (E), AD626ANZ (F),
MCP6S21 (G). In the third column there are two Jpass filters which are from up to
down: MAX7427 (H) and MAX7410CPA+ (I). Lastly, there is derence voltage (J).

The features and prices of multiple ADC ICs can be found from appendix 4.
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Figure18. ICs: ADCs (AD), amplifiers (EG), low-pass filters (HI), reference voltage
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Even though integrated circuits are slerpthan building up the system from basic
electric components (like capacitors and resistors) some work is still needed. Most
likely, the work involved to make a good and operational measurement system out of
ICs would need a lot of knowledge relatedetectronics including noise cancellation,
choosing compatible ICs with each other, wiring, connecting electric components (for
example soldering) and choosing also other electronic components than ICs like
capacitors and resistors. The needed wide knowl&gdind the measurement systems

is naturally a demotivating factor to build up measurement systems even from ICs.

4.3 Smart Sensors

The Institute of Electrical and Electronic Engineer (IEEE) committee defines a smart
sensor/transducer as a sensor/transdubea tprovides functions beyond those
necessary for generating a correct representation of a sensed or controlled quantity.
This functionality typically simplifies the integration of the transducer into applications
in a networked environmeot(IEEE 1998, p.&)Smartness is integrated in smart sensors
trough the integration of microcontroller units (MCU), digital signal processors (DSP),
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field programmable gate arrays (FPGA) or application specific integrated circuits
(ASIC) to the same package with a sengaank 2013, p.1)Usually a smart sensor
package also includes analogue circuitry, an ADC and an input/output (I/O) bus
interface(Huijsing 2008)

Joseph Giachino pr edSmartsemsora are bee@higg integral 1 9 8
parts of systems performing functions that previously could not be performed or were
not economically viable(Giachino 1986)Wireless sensors are helping this integration
and they caralso beclassified as smart sensors. Wireless sensors can be found in the
market at affordable prices. For example, Texas Instrument has their own wireless
sensor system called i@®rTag and it is aimed for internet of things (loT) markets
having a price tag of 29 §lexas Instruments 2016} has 1 year battery lifetime,
Bluetooth/6LOWPAN/ZigBee communication options (@iiversion is coming), cloud
connection and multiple sensors integrated into it. Integrated sensors include ambient
temperature sensor, infrared sensegx® motion sensor (accelerometer, gyroscope,
compass), humidity sensor, barometric pressure sensorergniight sensor, magnet
sensor and digital microphor{@exas Instruments 2016Jhe 9axis motion sensor is

the MPU9250 from InvenSense and its accelerometer specifications are interesting
from the vibration monitoring point of view: the accelerometer hasbit6ADC, the
maximum amplitude range of £16g, a digital programmablepass filter (from 5 Hz

to 260 Hz), the maximum output data rate of 4000 Hz and typical noise power spectral
density of 30 O g /(Texhg Instruments 2016, InvenSense 2018)fortunately,

there is no data available about the frequency response, information about resonant
frequency or anyiting about the bandwidth of the acceleroméiferenSense 2016Df

course, the lowpass filter frequency range gives a hint about the bandwidth of the
accelerometer i.e. the accelerometer does not seelme table to measure high

frequencies.

Another wireless sensor system comes from Ruuvi and it is called RuyRtiagiTag

2016) The RuuviTag includes features and components like a temperature sensor, a
humidity sensor, an air pressure sensor, an accelerometer, Bluetooth, years of battery
lifetime, the ability to form mesh networks of thousands of nodes, it's open source and
it can be used as a standard Eddystone/iBeacon proximity b@awaviTag 2016)The
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used accelerometer is the LISDH12ads accelerometer from STMicroelectronics
(RuuviTag 2016) The features of LISDH12 are as follows: a maximurrbit2ADC,

the maximum sample rate of 2650 sps, the maximum amplitude range of +16g and
typical noi se d e r(STMitroelectmohics 2006b) Th® gricé bifz
RuuviTag is around 23 euros when only one asight and the price decreases when

RuuviTags are bought in numbers.

Analog Devices produces also smart sensors (not wireless) more dedicated to vibration
monitoring like the ADIS16223 and the ADIS16227. The ADIS16223 and the
ADIS16227 both have a resonanitequency of 22 kHz, the bandwidth of 14.25 kHz, a
maximum amplitude range of £ 70g, SPI output type, measuringaxes8, digital

filters, a buffer, aluminium cover, programmable alarms, trigger launched data
collection, a temperature sensor and digpawer supply measuremen{é&nalog
Devices 2016b, Analog Devices 2016The ADIS16227 has a bit more features than

the ADIS16223 like more signal processing featusesh as windowing options
(Hanning, flat top, rectangular), FFT and FFT averaging, storage for FFT records and a
higher sample rate of 100.2 ksps compared to the sample rate of 72.9 ksps of ADIS223
(Analog Devices 2016b, Analog Devices 2016d)e price of the ADIS16223 is 198.45

$ and the price of the ADIS16227 is 238.35 $ so they are higher in price than the earlier

mentioned smart/wireless sensors.

There are also USBccelerometers that can be connected directly to computers through
USB ports. For example, Digiducer has a product called 333D01 which has rugged
packaging, 24it ADC, flat response@p to8 kHz, the maximum amplitude range of 20

g, the maximum sample mbf 48 kHz, the resonant frequency above 25 kHz and USB
2.0 (Digiducer Inc. 2016a, Digiducer Inc. 2016bYnfortunately, these USB
accelerometers can be pricy: the BB2 costs 1039 $Digiducer Inc. 2016a)Also,
Diagnostic Solutions have their own USB accelerometer which can be sEeguia

19. The USB accelerometer of Diagnostic solusiohas the following features:
frequency range 2 Hiz 10 kHz, 16bit ADC, a 2 kHz lowpass filter, envelope filters

and theamplituderange of + 50gDiagnostic Solutions.)The price of acceleromeat
alone couldnot be found but they sell the accelerometer with a handheld data
acquisitim  d e v i c e (Diagnostic38l@iéns 2016)
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Figurel9. USB accelerometer from Diagnostic Solutions.

4.4 Single-board computers and microcontrollers

There are many diffent singleboard microcontrollers (or
prototyping/expansion/evaluation/development boards for microcontrollers) and single
board computers available (or prototyping/expansion/evaluation/development boards for
microprocessors/systems on chips). The terrglsinoard refers to the fact that those
systems are made on one single small printed circuit board (PCB) and those boards have
all the necessary hardware for a microcontroller or system on a chip/microprocessor to
work. The difference between singdeard microcontrollers (SBM) and singleoard
computer (SBC) is hard to define. The SBM is usually built around a microcontroller
unit (MCU). They tend to have easier and better usability with external hardware and
lower energy consumption than SBCs. On the obiaad, the SBC is commonly built
around a microprocessor or system on a chip (Sa@has an operating systeSB8BCs

usually have much more processing power and higher power consumption than the
SBMs. As the name SBC says, they are computers and thes tos laptop than an

SBM. The SBMs and SBCs could be used as platforms to connect sensors (provide
power and input and output for sensor data) and to manipulate, store and transfer further
the coming sensor dafilcGrath, Scanaill 2013, p.53)



