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Cru ising through the pressure transmitter selection process:
Technologytradeoffs, application pit falls, and cost-benefit evaluation

Theextent of automationin bothmobile andstationaryapplicationsis increasing
dramatically. As the efficient managementof machinesandsystemsbecomesmoreandmore
dependent on integral electroniccontrols,therewill beanincreasingdemandfor sensorsand
transmitters.Advancesin electroniccontrolswill allow somevery attractive features to be
offered,andcorrespondinggreater benefits derived,all at competitivecosts; but care mustbe
taken to select thebesttransmitterfor theapplication.

Theproliferation of pressuretransmittersyou encountertodayin themarketplacecan be
overwhelming. Increasingly, transmittermanufacturersseekto differentiate their products by
promoting featuresthatmaybecommonplace. To maketheright choice,it is importantto
know theoperating conditionsandperformancerequirementsof thetargetapplication, and to
separatecritical andnon-critical specs, knowingwhich featuresareessential,andwhich are
“nice to have.”

Asidefrom technicalaspectsof transmitter selection, it is important to evaluatethecompany
thatwill supplytheproducts. Cantheydeliver a productconsistently on time,and
consistentlyat a quality level that will meetexpectations?

From switch function to transmitter signals

Mechanical gauges andelectromechanicalpressureswitcheswill still bewith usfor yearsto
come, but their future is challengedby thequickeningpaceof electronicintegration.
Transmitters offer severaladvantages, but theydo requireelectronicsfor signalinterpretation.

Gauge Switch Transmitter and
Electronics

Monitor Alarm + Regulate Monitor + Alarm +
Regulate

Typesof pressuremonitoring andcontrol devices andtheir capabilities.

More thanonetypeof theseproductsmaybefoundon a givenpieceof equipment.
. Switchesfor shutdownand safety;
. Transmittersandelectronics for monitoringandprocesscontrol;
. Gaugesfor display.
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Numerousmanufacturershavedevelopedcompact, low-costproductsthatcombine
monitoring,switching,andtransmitteroutputfunctions.
Function integration gives uspressuretransmitters with built-in switch
function anddisplay.Theswitch functionmay beachieved by using
NPN or PNP opencollectortransistor outputs or a micro-switch.
Althoughthese controls havea limitationon theelectrical loadthatcan
behandled, the limits will not normally bea problemwhenusingthe
integratedproductsin combination with electroniccontrollers.Someof
theadvantages of the integratedsolution, comparedwith an electro-
mechanicalswitch, arecapabilitiesfor a wider adjustmentof thedifferential
andfor increasedsetting accuracy.Integratedtransmitters alsoenabletheuse of simpler
electronic controls.

The sciencebehind different technologies

Thewide variety of pressuresensing technologieson themarketcanmakeit quitediff icult
for theuser to choosetheright onefor a particularapplication. To understand andevaluate
thestrengthsandweaknessesof different technologies, thefirst requirementis somegeneral
knowledge aboutsensingprinciples.

Thetwo mostcommonprinciplesusedin industrialcartridgepressuretransmittersare strain
gauge Wheatstonebridgesensingandcapacitivesensing.

1. Strain gaugeWheatstonebridgesensing
Thestraingaugepressuresensingprinciple hastwo crucialelements:

• A force-gatheringelement
(commonlya flexible diaphragm),
which convertspressureinto a
measurablestrain.

• Gaugeelements (bridgeresistors)thatproportionally
transformstrain into anelectricsignalby usingthe
Wheatstonebridgeprinciple.

Thegaugeelementsare placedon theflexible diaphragmin sucha way thattheyare
stretchedor compressed underpressure. Thephysical changecauses a changein
resistanceandthusa differential outputsignalthatis directly proportionalto the
appliedpressure.

R1 R2

R4 R3
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Typical relationshipsbetweenthegaugeresistorsin theWheatstonebridges,
diaphragm material, andgaugefactors aregivenin thetablebelow.

Gauge
Resistor

Diaphragm

Thin fi lm metal Thick film paste Piezoresistive
semiconductor

Metal
*Gaugefactor:

approx. 2
*Gaugefactor:

approx. 20

Ceramic
*Gaugefactor:

approx. 10

Silicon
*Gaugefactor:

approx.30
* Gaugefactoris a measureof a gauge’ssensitivity to changesin strain.

A high signal-to-noiseratio is desirable, sothelevel of signalshouldbeashigh as
possible.A simplified expressionfor thesignallevel is:

Signal = gaugefactorx strain

Thegraph below showstherelationshipbetweenstrain (ε) andthestress factor(σ) for
three diaphragmmaterials.Ceramicandsiliconarenormallyusedin thestrain range
from 0.05to 0.1. Theselimits arechosen in orderto havesufficient safety between
normaloperatingpressureand burstpressure. Stainlesssteelis usedin thesame range,
becauseof therisk of materialdeformationthat in turn causeszeropoint shift upon
returnto normal operatingpressure.

This meansthat only a smallpartof thestrain rangeis usable,andtherefore a high
gauge factoris attractive.
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Thegaugeelementscanbebondedontodiaphragmsin a numberof differentways.
Glues,silicon or ceramic fusion, glass bonding, anddirectmolecularbonding
(PECVD or sputtering)areall used.

Thin film
In sputtering or CVD (Chemical VaporDeposition),
an insulatinglayer is placedon a metaldiaphragm
andthen thin metal film strain gaugeresistors
areplacedabove theinsulatinglayer.

Monolitic piezoresistivesemiconductor
A diaphragmis etchedinto bulk
silicon,andpiezoresistorsare doped
into thesamematerial.

Occasionally , these piezoresistive elements
areincorporatedinto oil-fi lled isolation
cells,protecting thestrain gaugefrom
corrosive media.

Bonded piezoresistivesemiconductor
Individual piezoresistive silicon semiconductorgauges
arebonded to the diaphragm usingadhesivesor glass.

Thick film
Thick fil m strain gaugeresistorsare placed
ontoa ceramic diaphragmusingthick film
technology.

2. Capacitivesensing
Theprincipleof capacitivepressuresensingis basedon measuring the capacitance
betweentwo conductiveplates. Underpressure, theplatesareforced together,
increasingthecapacitancein line with appliedpressure.

Capacitive pressuresensorscanbeof threetypes:
ceramic,constructedby advancedMEMS
technology(dies),or build into semi-conductorlayered
materials.

Of thethreetypes,ceramic capacitivetechnologyis themost
widely usedin industrialapplications.
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Thecapacitance of two parallelplatesis givenby theequation:

C = µA/d
where µ = dielectric constantof thematerial betweentheplates

d = distancebetweentheplates
A = area of theplates

Change in the dielectricconstantof thematerialbetween theplatesmayresult in error.
For thatreason,absolutepressuresensorswith vacuumbetweentheplatesare
preferred.

What pressure tr ansmitter technologyshould I choose for my application?

As a resultof the ongoingdevelopmentof thevarioussensortechnologiesandthe
introduction of digital electronics andadvancedproduction equipmentandmethods,there is
an ever-increasingoverlapof specificationsbetweenthetechnologiesthantherewas 10 years
ago. This developmentis to someextenta resultof manufacturers havingmarketeda single
technology in thepast. In recentyears,thosesamemanufacturershavebeenquitesuccessful
in maximizingthecapability of productsbasedontheir singletechnology.Theresultfor end
users is thatthereis a muchwider choiceof sensorsthatcanbeusedin a givenapplication.

Still , therearecharacteristicsthatare uniqueto each specific technology,difficult andcostly,
or impossible, to achieveusingcompeting technologies.
Examplesof such characteristicsinclude:

· pressurerange
· temperature range
· zerodisplacementdueto overpressure
· long termthermal drift bothat zeroandoverspan
· ability to measureabsoluteor gaugepressure

Technology 1
Technology 2

Technology 1

Technology 3

Technology 3Technology 2

• sensor technology

• electronic

• production

Developments in:

TODAY> 10 YEARS AGO

Unique technology-

related specifications

Technology 1
Technology 2

Technology 1

Technology 3

Technology 3Technology 2

• sensor technology

• electronic

• production

Developments in:

TODAY> 10 YEARS AGO

Unique technology-

related specifications
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To meetthefull rangeof customer needstoday,thereappearsto bea trendtowardsensor
manufacturersdeveloping broadproductportfolios in orderto offer morethanonesensor
technology.

It is indeeddifficult to makea fair judgementaboutthestrengthsandweaknessesof pressure
transmitter performancecharacteristicswhendifferenttechnologiesareinvolved. The
judgementaboutwhethera specifi cation is strongor weak mustbemadein light of the
specific application’s demand.

Thetable below representsa performanceevaluationof the majority of transmitter types on
themarkettoday.But individual productsare alsoavailablein which special measures have
beentaken to eliminatesomeof theweaknessesof the product’stransmittertype.

Ceramic
capacitive

Ceramic thick
film

Thin film Monolitic
piezoresistive
semiconductor

Bonded
piezoresistive
semiconductor

Pressurerange 0.01– 60 bar
0.15– 900psi

4 – 60 bar
60 – 900psi

10 – 2000bar
150– 30,000psi

0.1 – 600bar
1.5– 8700psi

5 – 3000bar
70 – 43,500psi

Accuracy ++ - +++ ++ +
Operating
temperature
span

+ + +++ ++ ++

Long-term
stability

++ + +++ ++ ++

Pressurepeak
resistance

+ + ++ +++ ++

Over-pressure
safety

++ + + +++ ++

Burst-
pressuresafety

++ + ++ ++ ++

Resistance to
shock /
vibration

++ ++ +++ +++ +++

Hermetical
tight pressure
port (No seals)

- - ++ ++ +++

Absolute +++ + - +++ -
Gauge ++ ++ ++ ++ ++
Low cost +++ +++ ++ ++ ++
*T ypical figures.Thereareproductson themarketin which special actionhas beentakento exceedtherangelimi ts shown.

+++ = Verygood
++ = Good
+ = Satisfactory
- = Lesssatisfactory or not applicable
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“Cartr idge-style” – One of many families

Pressure transmitters usedin industrial environments canbedividedinto familiesaccording
to their functionality andtheir complexity. Often, asfunctionalityandflexibility decline,
pricesdeclineandmarketvolumeincreases.

This discussion will focuson “cartridge-style” pressuretransmittersusedin thefollowing
areasof application:

• GeneralIndustry
• Heavy Duty Off-Highway
• Heavy Duty Automotive
• Heating, Ventilation,Air-ConditioningandRefrigeration Systems(HVACR)

Below illustrationshowshow flexibility andcomplexityrelate to variousmarkets,
applications,and costs. As thewidth of thetriangleincreases,sodo flexibility, complexity,
andusuallycosts.

Cartridge Transmitter
General Industry

Heavy Duty Off Highway
Heavy Duty Automotive

HVACR

Passenger Cars

Process Transmitter

Low Cost Process Transmitter

Flexibility and Complexity Price

Operating conditions and performance demands

Whenselecting a sensorfor a particularapplication, it is importantto understandthe
operationsconditionsthatthesensorwill beexposedto, andtheneededperformance!
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A typical pressure sensor has threefunctionalelements:

1. Thesensing element thattransformspressureinto anelectricsignal
2. Electronic circuitry to conditionandamplify thesignal
3. Packaging, includingtheenclosure andthemechanical design throughouttheproduct

Thecombinationof theseelements mustprovide specified performanceunderthe
environmentalconditionsof thespecificapplication.It is therefore importantto understand
theapplication, conditionsand their influenceon theproduct’sspecifications and
performance.

Operational conditions & performance demand

Environmental conditions

Pressure profile
Range (absolute / gauge)

Peaks
Cavitation risk
Frequency (static / dynamic)
Lifetime (cycles)

Output signal
Nominal output signal
Response time
Load RL (source current)

Sink current
Total error band, including:
- nonlinearity

- hysteresis

- repeatability

- thermal zero shift

- thermal span shift

Mechanical:
Vibration
Shock
Moisture
Temperature

Electrical:
EMI electromagnetic interference

RFI radio frequency interference

ESD electrostatic discharge

BURST fast transients

SURGE

Sensingelement Electronics

Packaging
throughouttheproduct

Figure5. Summary of operatingconditions,applicationrequirements,andperformancecharacteristics
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Application pitfall s

Thepitfalls we presenthereare encounterednot only in thesesituations,but in many other
industrial applicationsaswell.

Material handling applications
Loadsensing for tilt control is a typical application
for pressuretransmitters. Theposition of theloadis
oftencontrolled by a hydraulic system. To calculate
thetil t risk, pressureon thehydraulic cylinder,boomangle,
andload positionmust all bemeasured.
In this applicationtherearetwo demandingconditions
underwhich a pressuretransmitter must beableto work.

1. Pressurepeaks, liquid hammering, andcavitation.
Whendriving on roughterrainwith a loadon theforks, therisk of rapidloadvariation is
great. Abruptloadvariationscancreatepressure peaks,liquid hammering, andin somecases
life-shortening cavitation.

Liquid hammeringoccurswhere liquid continuesits flow in thepipeaftera valvehasbeen
closedor a pump shutoff. A vacuumis built up betweenthevalveor pump, andtheliquid
returnsas a pressurepeakor “liqu id hammer”on thediaphragm.This pressurepeak can
causeplasticdeformationor evenbreakageof themeasuring diaphragm.

Cavitation occurswheresmallandmainlyempty cavities(“bubbles”) aregeneratedin a fluid
andtheseexpand andthenrapidly collapse. This will happenwhenpressurefalls below the
vaporpressureof thefluid (it is almost thesameas theeffectthatoccursduringboiling). A
thin sealing diaphragmis especially vulnerableto theasymmetricpressures thatresultfrom
cavitation.

Dependingon thesensingtechnologyused, resistanceto damage from liquid hammering,
cavitation(or both)canvary. To avoiddamagefrom either,a pulsesnubberis recommended.

In theseapplications,onefunctionalelement, thesensorelement,is challenged.To meet
this challenge,carefully evaluatethetypeof sensor elementandconsider selectinga
transmitter with an integral pulsesnubber.

Withouta pulsesnubber,cavitation
bubblesoccurin thetransmitter.

With a pulsesnubber, no cavitation
bubblesoccurin thetransmitter.



10

2. Temperatureandhumidity extremes.
Very often,smallforklifts areworking underconditionswheretheyexperiencemany
temperaturechangesduring a workday.Theyaredrivenin andout of buildings, andsome
areusedfor picking up anddelivering goodsin cold storagewarehouses.
These extremecasesof temperatureandhumiditycyclesbring specific risks:

a. Moistureenteringtheencapsulatedtransmitter,exposingtheelectronicsto damage.
In this case,focustheselectionprocess on thepackagingfunctionalelement, and
specifically on theprotectiveenclosure.If a gaugeversionis used, makesurethat the
design for reference to theatmospheredoesnot subjectthetransmitter to damageby
allowing the entranceof moisture.

b. Largechanges in measurementaccuracy.Mosttransmittershavea thermal errorshift
affecting bothzeropointandspan. Dependingon themanufacturerandthetechnologies
used,thethermalerrorshift typically varies from 0.1% to 0.6%FS/10°K. Fork lif ts
picking up goodsfrom cold storagewarehousesoftenrun in anenvironmentwherethe
temperaturechanges from -40°C to 30°C, a spanof 70 degrees.Dependingon thetime
spent in thewarehouse,andon the transmittermountinglocation,sucha large
temperaturechangecanproducea significanterror in thetransmitter output signal. (For
example, a 20-degreespanis equivalentto anerrorof 0.6x 2 = 1.2%.)

Here, theimportantquestionis: Doestheproduct offer acceptablethermal shift error
data?

Construction & forestryequipment
These machineshave applicationsfor pressure
transmitters on their engines andhydraulic systems.
In hydraulic systemsapplications, you will oftenfind conditionsalike theonesdescribed
conditionssimilar to thosedescribed above
for forklift s. A challengefor productsused
on roughterrain equipmentis to beableto
work underextremelydiff icult mechanical
andenvironmentalconditions.Theequipment is
exposedto weatherconditionsof every kind and to
high levelsof moisture,dust,shockandvibration.

The challengehere?Packaging: connectorandsealingtechnology.

Engines(for vesselsand powerplants)
Theconditionsin theseapplicationsareoften
characterizedby temperatures as high as125°C combined
with pronouncedvibration. Constanthigh temperatures for
extended periodscanresultin significant outputsignaldrift,
andcombinedwith vibrationwill bea severechallenge for the
productpackaging.

Selection for theseapplicationsmustfocuson theneed
for appropriate sensortechnologythat hasacceptablelong term
drift dataat higher temperatures.For fuel oil
applications, choosea transmitter with an integral
pulsesnubber.
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Waterbooster systems
In this application, transmitterscanbesubjectedto therisk of
waterhammering andcavitation in two ways.When
transmittersare mountedjust aftera valve, thereis
exposure whenever thevalvecloses.Thesecondtypeof
risk arises whena transmitteris placedin a long water
line, andhammeringandcavitationcanoccurwhenever
flow is stopped.

In applicationswith theserisks,selection focusshould
beon thesensorelementandon inclusion of an integral
pulse snubber.

Refrigeration systems
Somerefrigerationsystemsoperateat low pressureranges
of approximately1 bar. Refrigeration systemsarenormally
closedsystemswith no referenceto theatmosphere.Given
theseconditions,you need an absolute or at leasta sealed
gauge pressuretransmitter.If you usea gaugeversion,you
will seeerrorsresultingfrom oneor bothof thefollowing:

a. thechange in atmosphericpressure,
maximum +/- 50 millibar (+/- 1.48in. Hg)
If a transmitter’s full scalerangeis 1 bar, a change
of 50 millibar in atmosphericpressurewill resultin anerrorequivalentto 5%.

b. thechange in altitude(-100mBar per 1000meters)
Here, for a 1 bartransmitter,therecanbeanerrorequivalentto 10%per1000m
changein attitude. In Denver,a mile abovesealevel, a transmitter not recalibrated for
thealtitude would besubjectto anerror of 16%.

Thesameeffect occurswhenusinganabsolutepressuretransmitter to measure level in an
opentank system.
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Cost-Benefit Evaluation:

Be a methodical customer
After a thoroughtechnicalanalysis,anevaluationof thecompanybehindtheproducts will
beof greatvalue.End productdeliveryandquality arevery dependentonconstantly reliable
deliveries of high quality products by suppliers.

In supplier evaluation, follow a methodicalcourse, completingeverystep:
1. Select somesuppliersthatyou believeare reliableandcapableof deliveringthe

products you need.Find suppliers who areinterestedin servingtheapplication
demand,not simply thespecificationon a blueprint.

2. Audit the companybehindtheproductsasto
a. Toolsused duringproductdesign,such as

i. DFMEA (DesignFailureModesandEffect Analysis)
ii. Leandevelopment

iii. Availability of testresults
b. Toolsused in production,suchas

i. PFMEA (ProcessFailure ModesandEffect Analysis)
ii. Processcapability tracing (Cpk values) bothinternallyandat suppliers

iii. Control plans
iv. Production scraplevel in ppm
v. Level of field complaintsin ppm

vi. Corrective actionprograms
c. Supportprocedures

i. Logistic setup
ii. Availability of technicalsupport

iii. Complaint handling
3. Test theproduct in theactual application

It can be difficult to anticipateall operatingconditions.Therefore, to avoidany
surpriseswhen usingthepressuretransmittersin running production,run
functionalityand performancetestson thereal application.
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Consider the total costof ownership
A cost-benefit evaluationthatfocusesprimarily on thetotal costof ownership is animportant
part of theselection process.

Product cost
Whenchoosinga product, make sureto specify theapplication’sactualrequirements.Select
theproduct with specificationsaccordingly.Sometimes, “you get whatyou payfor” applies,
but it’ s alsocertain that “you will payfor what you ask for.” In otherwords,if you don’t
know your exactneed,you mayincur extracostsby choosing a productwith specifications
beyondwhat’s requiredby your application.

But what elseaffectstotal cost?
As is the casewith icebergs,theentire pictureis often not immediatelyapparent.Depending
on suppliers, other costsbelowthesurfacecanbedramaticallygreaterthanwhatappears in
thepricelist. It is not only thecomponentpricethatshouldgovernselection,but rather all
costsrelatedto the product.

Author: LorensTodsen, MarketDevelopmentManager

Editor: Max Robinson,Principle TechnicalWriter

Technicaladviser: JesVogler,Technologist Engineer R&D MechatronicsProductDevelopement

Product cost

Total costis alsoaffectedby:
• Application engineeringsupport:

availability, quality
• Logistics:

supplier location, transportation,inventory,
purchasing,administration,etc.

• Delivery reliabilit y
• Cost of quality

failure rate,warranty issues
• Supplier’ s willingnessto make product modifi cations
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