
Chapter 5

Air Pressure

Thereis a sumptuousvarietyabouttheNew Englandweatherthatcompelsthestranger’s
admiration- andregret.Theweatheris alwaysdoingsomethingthere;alwaysattend-
ing strictly to business;alwaysgettingup new designsandtrying themon thepeople
to seehow they will go. But it getsthroughmorebusinessin springthanin any oth-
er season.In the springI have countedonehundredandthirty-six differentkindsof
weatherinsideof twenty-fourhours. Mark Twain,1876

5.1 Intr oduction

As theair surroundingtheearthis heatedby theengineof thesunandcooledby radiationinto space,air density
differencesfrom placeto placeresult in the air movementswe senseaswinds. Thesewinds bring us different
typesof weather, someasuringtheair pressureis a very importanttechniquein thepredictionof weather.

For example,a suddendrop in air pressureoftensignalsthe onsetof stormyweather;high pressuresignals
continuingfineweather.

5.2 Measuring Air Pressure

Theclassicalmethodof measuringair pressureis themercurybarometer,a columnof liquid thatis supportedby
atmosphericpressure,figure??.

A closedtubeis filled with mercuryand theninvertedinto a reservoir or cisternof the liquid. The liquid
column will fall, forming a vacuumabove its top surface,until the weight of the column is balancedby the
atmosphericpressure.Other liquids canbe used,but mercuryis attractive becauseits high densityresultsin a
relatively compactinstrument.For precisemeasurements,theobservermustcarefullydeterminetheheightof the
columnabovethelevel in thereservoir, andcompensatefor thetemperatureof thebarometer.

In theresevoir, thedownwardpressureY�B of themercurycolumnis balancedby theair pressureY V .Y B 
 Y V (5.1)

Thepressureof themercurycolumnis Y B 
DC@BË B (5.2)
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Figure5.1: MercuryColumnBarometer

where C@B is theforceexertedby thecolumnË B is thecross-sectionalareaof thecolumn

Thecolumnforceis C B 
 à B � Õ (5.3)

where à B is themassof themercurycolumnÕ is thegravitationalconstant,980cm/sec. in thecgssys-
tem

Themassof thecolumnis à B 
FE B Ë B Ó B (5.4)

where E B is thedensityof themercury,13.6g/cm# in thecgssystemË B is thecross-sectionalareaof themercurycolumnÓ B is theheightof thecolumn

Collapsingtheseequations,we obtaina usefulexpressionfor air pressurein termsof thecolumnheightand
density. Y V 
 E B Ë B Ó B ÕË B (5.5)
 E B Ó B Õ (5.6)

For example,theso-calledstandardpressureof physicsandchemistrycausesa mercurycolumnheightof 76
cm. This is anatmosphericpressureof Y V 
 ���i) v « ½ v « Òxw��
 ���i��� « �:� ¦ dynes/cm.
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Air Pressure 5.2Measuring Air Pressure

Pressure Units

A varietyof unitsof pressurehaveevolvedover time. Thebaris definedas
�:� ¦ dynes/cm. sostandardpressureis

1.013bars.Weatherforcastscommonlyquoteair pressurein millibars,sostandardair pressureis 1013millibars.
In the metric systemof measurement,the standardunit of pressureis the pascal,onenewton/metre. . Air

pressureis convenientlydescribedin kilopascals,or kPa. Standardpressurebecomes101.3kPa.
In theEnglishsystem,thecorrespondingunitsareinchesof mercuryfor atmosphericpressureandpoundsper

squareinch for pressureguages.
Thevaluesof standardpressurein somecommonunitsof pressurearesummarizedin figure??.

1.0 Atmosphere ATM
1013 millibars mB
101.3 kilopascals kPa
76.0 centimetresmercury cm.Hg
160.2 centimetreswater cm.H. O
14.69 poundspersquareinch PSI
29.92 inchesmercury in.Hg
406.8 incheswater in.H . O

Figure5.2: PressureUnits

The Aneroid Barometer

With carefulattentionto detail,a mercurycolumnbarometercanbevery accurate.However, for householduse
whereaccuracy is lesscritical, theaneroidbarometeris morepractical.
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Figure5.3: AneroidBarometer

As shown schematicallyin figure ??, the sensingelementof the barometeris a sealedchamberis equipped
with aflexible membrane.As theatmosphericpressurechanges,thegasin thechamberincreasesor decreasesin
volume. Theresultantslight movementof themembraneis mechanicallyamplifiedandcausesa pointerneedle
to move.

A typical aneroidbarometerscale(unrolled)is shown in figure??.
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Figure5.4: BarometerScale

We will usethis in section?? to determinetherequirementsfor anelectronicbarometer.
It is alsointerestingto considertheabsoluteextremesof measuredair pressure,to seeif our instrumentcan

copewith them.Accordingto theCanadianEncyclopedia[?], theair pressureextremesfor Canadaandtheworld
are:

Measurement CanadianRecord World Record
Maximum 106.7kPa, Mayo, Yukon Territory,

1 Jan1984
108.38 kPa, Agata, Siberia,
31 Dec1969

Minimum 94.02 kPa, St Anthony, Nfld,
20Jan1977

87.64kPa,Eyeof Pacific Ocean
typhoonJune,19 Nov 1975

Table5.1: Air PressureRecords

Notice that the recordhigh pressurestendto occurin artic regions,wheretheair massis cold andtherefore
dense.Therecordlow occurredin theeyeof ahurricane.

Domesticbarometerscannotnormally copewith theseextremesof air pressures,but we shoulddesignfor
themif thecostpenaltyis not severe.

5.3 Air Pressureand Altimetry

Air pressuredecreaseswith height, an effect that is usedby aircraft altimeters. If the barometeris sensitive
enough,a changeof altitudeby a known amount(an elevator ride, for example)may be usedto calibratethe
barometer.

First,we needto know theair density, which is givenby:ÔÂ
 G� � I (5.7)

where Ô
= densityof air, grams/cm#Y = air pressure,dynes/cm. (or Kilopascals« 1000)� = gasconstantfor air,

�*) w ½ « �:� ¦ cm. /sec. � CI = air temperature,
�
K
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Air Pressure 5.4Electronic Measurementof Air Pressure

Thenthechangein air pressureis 5 Y 
 Õ �@ÔH� 5 Ä (5.8)

where 5 Y = changein air pressure,millibarsÕ = gravitationalconstant,981cm/sec.5
Ä

= changein height,cm

Example

Findthechangein air pressureoverachangein heightof 30metresif theair temperatureis 20
�
C andthepressure

1013kPa.
Solution
From??above, Ô 
 �:�q�:� « �:���x��*) w ½ « �:� ¦ « Ç7� ½ � � ���ÑÌ
 ��)Ú� « ��� Í # gms/cm

#
Then,substitutingfor

Ô
in equation??,5 Y 
 Ò�wq� « Ç$�x) � « �:� Í # Ì « Ç7��� « �����x�xÌ
 � � �x� dynes/cm

.
 �i) � � millibars

5.4 Electronic Measurementof Air Pressure

Electronicpressuresensorsareusedin greatnumbersin automobileenginecontrolsystems.As a result,suitable
air pressuresensorshavebecomeavailableat very reasonablecost.

Thedesignshown hereis basedon theMotorolaMPX100APsensor, a sensorfor absolutepressuresbetween
0 and1000millibars1(figure??). Thepressuresensoris essentiallyaminiatureaneroidbarometer. Themembrane
is a thin silicon diaphraminto which hasbeendiffuseda network of four resistorsin a bridgeconfiguration.The
resistorsfunctionassensitive strainguages,changingresistanceasatmosphericpressuredeformsthediaphram,
figure??.

Theresistanceof a conductoris givenby � 
 Ô ßI (5.9)

where

1We requirea maximumpressuremeasurementof 1050millibars, which exceedsthemaximumratingof thesensorby some5%. As we
will seein the designnotes,usinga sensorratedfor higherpressurewould halve thesensorelectricaloutputsignalandrequiredoublethe
voltagegainfrom thesensoramplifier. Eventhe5% overloadis well below themaximumratingof theMPX100AP(2000millibars), sowe
arein nodangerof damagingthesensor. Hopefully, its outputremainslinearin the5%overloadregion.
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Figure5.5: PressureSensorÔ
is theresistivity of theconductorß is thelengthI
is thecross-sectionalarea

Whenaresistoris stretched,its lengthincreasesandcross-sectionalareadecreases,bothincreasingtheresistance.
In mostconductors,thiseffectis veryslight. In thepressuresensors,theresistorsareconstructedof semiconductor
materialthatshows largechangeswith smalldeformations.

Whenconfiguredasa strainguagebridge,theresistorsarelocatedsothatdiagonallyoppositeresistorsin the
bridgechangeresistancein thesamedirection,either � ÇL� � 5 Ì or � ÇL� ' 5 Ì .

Thedifferentialoutputvoltageis thensimply � .Lu 
 �  � « 5 .

Example

For theMPX100APsensor, � 
 � ��� � and �! � 
 � � .
If themaximumdifferentialoutput �q.>u , at full pressure,is 0.06volts, determinethecorrespondingvaluesof the
bridgeresistorsat full pressure.

Solution:
From �!.Lu 
 �! � � 5
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Figure5.6: ResistorBridge
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5.4.1 SensorSpecifications

Thekey specificationsfor theMPX100APpressuresensorareasfollows:

Notes:

PressureRange We will exceedthe maximumpressureslightly to 105kPa. This is still well below the burst
pressure.

Supply Voltage If thethreevolt supplyis obtainedby dropping2 volts acrossresistorsin serieswith thesensor,
it turnsout thatthetemperaturedrift of thesensoris substantiallyreduced(reference[?]).
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Minimum Typical Maximum Unit
BurstPressure - - 200 kPa
PressureRange 0 - 100 kPa
SupplyVoltage - 3.0 6.0 Volts
SupplyCurrent - 6.0 - mA
Full ScaleSpan 45 60 90 mV
Offset 0 20 35 mV
Sensitivity - 0.6 - mv/kPa

Table5.2: PressureSensorSpecifications

Full ScaleSpan Fromthesefigures,we candeterminethatthesensorgainvariesfrom 0.45to 0.9mv/kPa.

Offset This voltageis causedby mismatchof thebridgeresistorsandappearsasa fixedvoltageat theoutputof
thesensor.

Supply Curr ent This figureenablesusto determinethatthebridgeresistorsarenominally500� .

Sensitivity
� B This is a somewhat redundantstatementof the transducergain,which we determinedfrom the

full scalespanspecification

5.4.2 Barometer DesignIssues

Therearea numberof designchallengeswhich needto beaddressedin this system:

Power Supply The availablepower supply is +5 volts. Either the interfacecircuit operationalamplifier must
operatefrom this or a convertermustbeavailableto generatetheusualpositive andnegative voltagesfor
theop amp.

ThelatterapproachrequiresaDC-DCconverterandsomemethodof ensuringthattheoutputof theopamp
doesnot exceedthe0-5volt rangeof theHC11A/D converterinput.

Ever mindful of cost,we’ve chosenthe singlesupplyapproach.For the DC-DC converterapproach,see
[?].

Amplifier Output Swing Theoutputvoltageof a singlesupplybipolarop ampsuchastheNationalLM324 or
Motorola MC34074is very limited: 0.5 to 3.5 volts whenoperatedfrom a +5 volt power supply. Some
CMOSop amps,suchastheNationalLMC660CN,will producea largeroutputswing. Thedatasheetfor
theLMC660CNshows 0.2V to 4.7V for a +5 volt supplyandloadgreaterthan2K � , so this is a suitable
amplifierfor thepressuresensorinterface.

TemperatureDrift A back-of-the-envellopecalculationshows that the sensoramplifier will requirea voltage
gain in theorderof 300V/V or so. Any drift in offsetvoltage,bias,power supplyor resistancevalueshas
the potentialfor beingamplifiedby this large gain to appearasdrift in the outputvoltage. As well, the
sensoritself is sensitive to temperature.

All of thesetemperatureeffectsmustbecheckedto ensurethat thecircuit functionsasa barometerrather
thanathermometer. References[?] and[?] mentiontheproblemof temperaturedrift, awarningthatit must
betakenseriously.
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As well asdesigningfor low temperaturedrift, weshouldchoosetheminimumvoltagegainthatmeetsthe
requirements,therebyreducingtheeffectof resistorandvoltagedrifts.

Calibration ThePressureSensorSpecificationsshown in Table??onpage??show thatthesensorgaincanvary
over a 2:1 range,sosomesortof calibrationprocedurewill berequired.Theusualapproachis to provide
two potentiometers:onefor gainandtheotherfor offset. Potentiometersareinherentlyundesireablein a
productiondesign.The part costis higherthana fixedresistoranda pot requireshumaninterventionfor
adjustment.It is preferable,if atall possible,thatadjustmentsbedonein software.

Subtraction of Biasand Offsets Referringto theBarometerScaleshown in figure??onpage??, theinteresting
partof theair pressuresignalis a10kPavariationsittingontopof a100kPaconstantpressure.Theconstant
pressuremustbesubtractedatsomepoint. As well, theoutputof thepressuresensorbridgeis adifferential
signalsitting on a half-supplycommonmodesignal. The commonmodesignalmustbe ignored,so the
sensoramplifiermustbedifferentialandhavea satisfactorycommonmoderejectionratio.

5.4.3 Barometer Resolutionand Dynamic Range

An earlyandcritical decisionis theresolutionof thebarometer, in unitsof A/D countsperkilopascalof pressure.
We’d like a largeresolutionin orderto detectsmallchangesin air pressure.However, higherresolutionrequires
highervoltagegain from the interfaceandconsequentgreatersensitivity to a varietyof nastydrift signals.Our
philosophyshouldthereforebeto make theresolutionno higherthannecessary.

Thefaceof ananeroidbarometeris typically dividedinto 60divisions[?] andweatherbroadcastsaretypically
given to the nearesttenthof a kilopascal.This would imply 100stepsover the 10kPa variationin air pressure.
Therefore,wemight fix on 1 partin 100asasuitabletargetfor resolution.

A suitabledynamicrange,referringto figure?? on page??, might be95 to 105kPa. This doesnot copewith
theextremesof pressureshown in table??on page??, but will do for routineoperation.

5.4.4 Transfer Function

It is usefulto characterizethefixedcomponentof air pressure,100kPa,as Y ñ "�� , whichcreatesafixedcomponent
of voltage � ñ "�� at the input to themicrocomputerA-D converter. Thevariationin air pressureis � 5 Y Ö aroundY ñ "�� , creatinga variationin A-D voltageof � 5 �qV [ around� ñ "�� .

Thevalueof
5 �!V [ is the productof the resolution,previously fixedat 100steps,andthe voltageperstep,

19.5mv/step,for a 5 volt, 8 bit A-D converter.
Then 5 � V [ 
 �:�x� « �:Òq) �×« �:� Í # 	��
 ��) Ò � 	��
 �i) Ò ½ � volts

We’ll roundthisoff to � ��) � volts.
Now we canfix � ñ "�� . It mustbe largeenoughthat the amplifier doesn’t exceedits maximumor minimum

outputvoltages.A goodchoiceis 2.5volts,halfwaybetween0 and5 volts.
With this information,we candraw thetransferfunction,shown in figure??.
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Substitutingtwo point coordinatesin the straight line equation S 
 àUT �WV , we can solve for à and V ,
determiningthatthetransferfunctionis � V [ 
 �i)Ú� Y V ' � ½ ) � (5.10)

where � V [ is theinput voltageto theA-D converterY V is theair pressurein kilopascals

Translatingtheinterfacetransferfunctioninto ablock diagram,we havefigure??.õ
+0.2V/KPaX µ Y �

17.5V

95 to 105kPa

to A-D input
1.5 to 2.5volts

70%
teb1.epic

Figure5.8: BarometerInterfaceBlock Diagram

Thetypicalsensorgain
� B (table??onpage??) is

�i) v « �:�iÍ # , sotheamplifiergainmustbe
�i)Ú�x	��i) v « �:�iÍ # 
���x�

volts/volt asshown in figure??. õ
+

X µ A-D

Input333Volts/volt

Z ± Z µ
0.2V/KPa

¸�º []\_^L¸;`ba Y �
17.5V

Figure5.9: InterfaceBlock Diagram,AddingSensor

Therearetwo practicalproblemswith figure??.� The 100kPa pressureY ñ "�� tries to generatea 20 volt signalat the outputof the amplifier
� V . This will

saturatetheamplifier, sinceit is operatedfrom a+5 volt supply.� The17.5volt offsetis difficult to generatein a+5 volt system.

Thesolutionto bothproblemsis to divide thegain
� V into two roughlyequalstages,

� V C and
� V . , asshown in

figure??.
In this case,theoffsetvoltage �dc g is +1.0volts,easilygeneratedfrom +5 volts. (Henceforth,for clarity, we

shallrename
� V . to

� c g , theoffsetgain).

5.4.5 The Barometer Cir cuit

Thefinal circuit is shown in figure??.
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Figure5.10: InterfaceBlock Diagram,Splitting theGain
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Figure5.11:BarometerInterfaceSchematic
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Fromthedatasheetfor thesensor, theresistorsin thesensorare500� eachand3 volts shouldappearacross
thepressuresensor. Thenresistors��C and ��. are160� each.

Theinstrumentationamplifier, U1A, U1B andU1C providesa high impedanceinput for thepressuresensor
signal.Thevoltagegainis givenby � V C 
 � � � � .� Q (5.11)

andis setto 18.9volts/volt. Somewhatarbitrarily, we havechosenR2as12K� , whichmakes � Q� Q 
 � ��.� V C(' �
 � « �����������wi) Ò ' �
 ��� � � �
Theneareststandard5%valueis 1300� .

If thegainneedsto beadjusted,� Q shouldbechanged.To simplify calibration,it shouldbea fixedresistor,
not variable.

In additionto providing voltagegain,thisstageremovesthe2.5volt commonmodesensorvoltage.
The secondstage,U1D, subtractsthe offsetandprovidesa final gain of 17.6volts/volt. It couldhave been

implementedwith adifferentialamplifierof gain « � ½ ) v , asshown in figure??.õ
+

/ /  

 / ����
� � � �A-D

Input
YZ µ �

Z µ � �^�f:º [ V/V `j¼ � °o& °o%
¼ ¶^�f:º [ V/V °o& °�%¼ �1.0V ° %�p °o& ù ^�f:º [ V/V

Figure5.12:SecondAmplifier Stage,Differential

However, if we’rewilling to tweakthevoltageat thenon-invertinginput,wecansimplify thecircuit asshown
in figure??.

By superposition,theoutputvoltageisHeq � 
 ' ���� � qxC � Ç:�1�� � � �
Ì q�. (5.12)

where�1� 
 �������
and �1� 
o�����

to obtainanon-invertinggainof 17.6V/Vandaninvertinggainof 16.6V/V
for thiscircuit. Then �&C , theoffsetvoltage,shouldbesetto

�:wJ	J�:vq) v¨
 �x) �xw � volts.
Thefinal blockdiagramis shown in figure??.
For goodcommonmoderejection,the resistorsof the differentialstageU1C arefrom a resistorarray. All

otherresistorsmustbe low temperaturefilm, �¨� � ppmtemperaturecoefficient. Theoffsetpot shouldbecermet
for low drift.
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Figure5.13:SecondAmplifier Stage,Simplified

X µ õ
+

Z ±¸�º [<\_^L¸;`ea A-D

Input
YZ µ � �^�f:º [ V/V

Z µ �333Volts/volt

18.9Volts/volt

Z µ �
^r[�º [ V/V

1.05V

Figure5.14:CompleteBlock Diagram

5.4.6 Barometric Software

In section??, weestablishedthetransferfunctionof thesystem,relatingtheatmosphericpressureY V to theinput
voltageof theA-D converter, � V [ . Equation??wasgivenas:� V [ 
 �i)Ú� Y V ' � ½ ) � volts/kPa (5.13)

We mayrewrite this as �!V [ 
 � Bts Y V '`� c g � c g volts/kPa (5.14)

where � Bus is thegainof thetransferfunctionin volts/kilopascal� c g is theoffsetgain,in volts/volt� c g is theoffsetvoltage,in volts

Thetransferfunctiongain
� Bts is theproductof two components:thesensor(transducer)gain

� B , andthe
amplifiergain

� V . Thensubstituting
� B � V for

� Bts in equation??,� V [ 
 � B � V Y V '`�dc g � c g volts/kPa (5.15)
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We have onefinal constantto consider. Ultimately, we would like to relatethe A-D reading, v V [ , to air
pressure.We do this with therelationship � V [ 
 v V [ � g (5.16)

where
� g is thestepsizeof theA/D, in volts. For an8 bit A-D converteroperatedfrom a5 volt supply, thevalue

of
� g is � 	�� � v¨
o�:Òq) �×« �:�*Í # volts.
Substitutingv V [ � g for � V [ in equation?? wehavev×V [ � 9 
�� B � V Y V 'T� c g � c g volts/kPa (5.17)

Solving for atmosphericpressureY V we obtaintheequationthat thesoftwaremustuseto find atmospheric
pressure: Y V 
wv V [ � 9 �O�uc g � c g� B � V (5.18)

where Y V is theair pressure,in kilopascals,to becalculatedby thecomputerv V [ is theA-D reading� g is thestepsizeof theA-D converter, in volts. In thissystem,it is
�:Òq) �×« �:�*Í # volts�dc g is theoffsetvoltage,in voltsThisvaluewill dependontheoffsetvaluethatis adjusted

into thehardwareto setthe100kPaoutputto 2.5volts,andis setatcalibration.� c g is theoffsetgain,setat 16.6volts/volt.� B is thegainof thepressuretransducer, nominally
�q) v « �:�iÍ^� volts/kilopascal,setpre-

ciselyat calibration.� V is thegainof theamplifiersin theinterface,about
�x���

volts/volt for this system.

The transducergain
� B and the offset voltage � c g mustbe determinedin order that equation?? contain

sufficient informationthatthecomputerprogramcanrelateA-D readingvlV [ to air pressureY V .

5.5 BarometerCalibration

In thissection,wedevelopmethodsof calibratingtheelectronicbarometer. Weshalllook at two manualmethods
of calibration,and thenan automaticmethodthat eliminatesthe offset potentiometerand the needfor human
interventionin adjustingit.

5.5.1 Approximate Method

Calculating SensorGain
� B

In this method,setthepotentiometerR4 sothat thevoltageinto theA-D converteris within its operatingrange.
Thenmeasurethe offset voltage �uc g at the testpoint shown on figure ??, andthe currentreadingof the A-D
converter v V [ . (Youcanobtainthis from themicroprocessoror from thevoltage � V [ into theA-D).

Thethecurrentvalueof air pressureY V maybeobtainedfrom a weatherbroadcast.Thevaluesof amplifier
gain

� V andoffsetgain
� c g areknown, sincethey aredeterminedby fixedresistorratios.

This is sufficient informationthatequation??maybeusedto solve for theunknown variable,transducergain� B .
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SettingOffset Voltage �uc g
Once

� B is known, theoffsetvoltage� c g maybeadjustedto its correctvalue.To do this,againuseequation??.
This time substitutethenewly-found valuefor transducergain

� B togetherwith theknown valuesfor stepsize� g , amplifiergain
� V andoffsetgain

� c g .
We alsoknow thatanair pressureof 100kPa correspondsto anA/D input countof 125(halfway between0

and255).

5.5.2 Accurate Method

The calibrationmethodof section?? is only approximatebecauseit assumesamplifier andoffset gain values,
basedon nominalresistorvalues.A moreaccuratemethodof determiningtransducergain is to apply a known
changein pressure

5 Y V to thesensorandobserve thecorrespondingchangein A-D input voltage,
5 � V [ . The

ratioof thesetwo is theslopeof thetransfercharacteristic:5 � V [5 Y V 
�� B � V (5.19)

A suitableapparatusfor generatinga known changein pressureis shown in figure ??. The liquid is water,
lacedwith red food colouring to make it visible. The tubing is flexible plastic hoseavailable from the local
hardwarestore.Thehoseis filled with watersothatit formsa U shape.

Water

ColumnPressureSensor

þ*x
Move hoseto

vary pressure

Figure5.15:WaterManometer

The right sideof the manometeris raisedor loweredto createa heightdifferentialof
5
Ä

. The resulting
pressuremaybedeterminedfrom figure?? on page??. For example,a pressuredifferentialof 2 kilopascalsmay
becreatedby a heightdifferentialof 5

Ä 
 ��:�i�x) � « �:v��q) �
 ½ ) Ò cm
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Oncethetransducer-amplifiergain
� B � V is determined,thecurrentair pressureY V andcorrespondingA-D

readingv V [ maybeusedin equation?? to solve for theoffset term �uc g � c g . Finally, theoffsetvoltage �uc g
maybesetasin theapproximateprocedure.

Oncethevaluesof thevarioustermsin equation??areknown,they maybeenteredinto thecomputerequation
thatdisplaysthecurrentair pressure.

5.5.3 Automatic Calibration

If thecurrentair pressureis known andthepressureinterfaceis constructedwith fixedresistors,thenit shouldbe
possiblefor themicroprocessorto readtheA-D converteranddeterminethecalibrationconstantsautomatically.
This needonly bedoneonce: theconstantsarewritten into EEPROM andarenot changedunlessthesystemis
re-calibrated.

Unfortunately, thereis aproblem.Thelargevariationin sensorgaincoupledwith thehighgainof theamplifier
sectionwill causethe amplifier to saturateor cutoff unlessthe offset is adjustedcorrectly. In section?? the
operatordid this manually.

If themicroprocessorcanbeprovidedwith themeansto adjusttheoffsetsothat theamplifier is operatingin
its linear range,themicroprocessorcandeterminethecalibrationconstantsfor its computerprogram.This may
beaccomplishedby a D-A converter, controlledby themicroprocessor, thatgeneratestheoffsetvoltage � c g . It
turnsout thatmodestresolutionis acceptable.As a result,theD-A convertercircuit is quitesimpleandmaybe
drivenby a microprocessorparallelport.

The D-A Converter

Theschematicof asuitabletypeof D-A converter, a voltageswitchingconverter,[?] is shown in figure??.

p-dtoa.epic

70%

///
!

!
Vout

MSB

LSB

2R

2R

2R

R

R

2R

Digital Register

NSB

Figure5.16:Digital to AnalogConverter

If theMSB andNSB arebothat 0 volts andtheLSB is at +5 volts, we maydeterminetheeffect on � ��y;z by
repeatedlyapplyingThevenin’s theoremto the divider circuit. Then � ��y;z 
 �q) vÑ� � volts. Similarily, the NSB
contributes1.24volts andtheMSB 2.5volts. If all thedigital bits aresetto logic 1 (+5 volts), thenaccordingto
theSuperpositionTheorem,� ��y;z 
 �i) vx� �P� �x) � �P� �i) � 
 � ) � ½ � volts. In otherwords,this D-A hasa resolution
of 0.625volts andarangeof 0 to 4.375volts.
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In general, � ��yQz 
 ��{ � Q �� � S v×. � v C� � v §� U (5.20)

where� ��y;z is theoutputvoltageof theD-A converter� { � Q �  is thelogic level into theD-A converter, 5 volts in thiscasevl. , v�C and v § aretheMSB, NSB andLSB respectively of thebinarynumberinput to theD-A con-
verter

Now weneedto determinehow many bitsarerequiredin theD-A converterfor thepressureamplifiercircuit.

D-A Converter Resolution

We candeterminetherequiredresolutionof theD-A converteraccordingto thefollowing reasoning:� The D-A will generatea signal �dc g that replacesthe offsetpot, which hada rangeof 0.75volts to 1.65
volts.Thisis amplifiedby theoffsetgain

� c g (16.6volts/volt) to shift theamplifieroutputsignal � V [ up
or down. Thetotal rangeof shift is then

ÇL��) v ��' �i) ½ � Ì « ��vi) v�
o�:wq) �
volts. Thestepsizeof theD-A must

beasmallfractionof this 18.3volts.� Theoutputswingof theamplifierworstcaseoccursfor a maximumsensorgain
� B of 0.9mv/kPa. This is

amplifiedby theforwardgainof theamplifier
� V , 333.Theoutputvoltageswingfor a full-scalechangein

air pressure
5 Y V of 10KPais then5 � V [ 
 5 Y V « � B « � V
 �:� « �q) Ò « �:� Í # « ���x�
 �*) Ò ½ volts� � ��) � volts� We would like to locatetheoutputof theamplifiersothatthesignalneverswingsbelow 0.2voltsor above

4.7 volts. This allows a guardbandof 0.75volts above andbelow theoutputswing. We might somewhat
arbitrarilychooseto beableto placetheoffsetsignalwith a resolutionof half this,0.375volts.� Therequiredresolutionof theD-A is in thentheorderof onepart in

�:wq) �J	��i) � ½ � 
 � wi) w . Thenext larger
binarynumberis

� ¦ 
�v � , sowe requirea 6 bit D-A converter.

This resolutionis low enoughthatdiscrete1% resistors(20K� and10K� for example)maybeusedfor the
R-2Rresistorladder.

CMOS Output Specifications

Theusualapproachto D-A designis to have thelogic signalsswitchanaccurate,stablereferencevoltage.How-
ever, theaccuracy requiredof thisD-A converter(1 partin 64,1.5%)maybelow enoughthataCMOSlatchmay
beusedto drive theladderdirectly. Thiswouldgreatlysimplify thecircuit design.

Theoutputlogic swing from CMOSlogic (unlike the TTL family) is very nearlyequalto the power supply
levels: 0 and+5 volts in this case.Thedatadookfor TexasInstruments74HClogic ([?]) shows a typical output
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logic swing to within 1 milli volt of the supplylevels. For the worst case,the outputswing is still to within 10
milli volts of the supply levels. This suggeststhat the CMOS latch will drive the R-2R ladderwith sufficient
accuracy.

Furthermore,theoutputresistanceof thelogic, worstcase,is givenin thedatabookas50� . If we use10k�
and20k� asresistorsin the R-2R laddernetwork, thenthe driving resistanceof the logic device will be much
lower thantheresistanceof theladdernetwork, soresistive loadingwill not bea problem.

Basedon thesespecs,aCMOSlatchsuchasthe74HC273candrive the6 bit laddernetwork directly.

D-A Amplifier

Analysingtheoutputof a 6 bit D-A converteraswe did in section?? , usingequation?? on page?? (modified
for 6 bit input)we candeterminethattheoutputof the6 bit D-A converterrangesfrom 0 to 4.92volts in stepsof
0.078volts. Thebarometerinterfacecircuit requiresthat theoffsetvoltage �dc g vary between0.75volts to 1.65
volts,soamplification(actually, attenuation)andlevel shiftingarerequired.Theamplifierthatprovidesthis level
shiftingandattenuationalsoservesto buffer theinternalresistanceof theD-A from its load.

A non-invertingamplifier won’t work, sincethe requiredgain is lessthanunity. The gain of an inverting
amplifiermaybesetto anything from zeroup2, andthesigninversionintroducedby theinvertingamplifiermay
betakencareof in thesoftware.

Thetransferfunctionof theamplifiercircuit is shown in figure??, from which theslopem andoffsetb may
bedetermined.
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Figure5.17:D-A Amplifier TransferFunction

Thecircuit of theamplifieris shown in figure??.
By comparisonbetweentheequationof thetransferfunctiontheequationsfor theamplifier, we have that�1�� � 
 �i)��:w

2Well, actually, up to theopenloopgainof theop-amp,to beprecise.
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Figure5.18:D-A Amplifier

and � A 
 �x) v � 	 S � � �1�� � U
 �x) �xÒ
volts

Looking backinto theD-A converteroutput,the loadseesaninternalD-A resistance��[ V of R ohms.This
internalresistancecouldbeusedas �1� , (figure??A).
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Figure5.19:D-A Amplifier Connection
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However, in this arrangementthereis no voltagesignalrepresentingtheD-A outputvoltageby itself: thetest
point A is a virtual earth. For troubleshootingpurposes,it is betterto provide anextra resistanceandtestpoint
B (figure??B) wheretheoutputof theD-A canbemeasured.Thevoltageat B will behalf theopencircuit D-A
voltage �q[ V , but canbeusedto indicatethattheD-A is operatingcorrectly.

Automatic Calibration: Schematic

Thecompleteschematicof thesystem,includingaD-A converterfor automaticcalibration,is shown in figure??.
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Automatic Calibration: Algorithm

Themicroprocessoressentiallymimicsthemanualcalibrationprocessof section?? on page??. Theonly infor-
mationit needsfrom theexternalworld is thecurrentvalueof atmosphericair pressure�o� .

1. Whenthe microprocessorfirst readsthe A-D input voltage � ��� , it will probablybe near+5 volts or 0
volts. Theprocessorthenmonitorsthat voltagewhile increasingthe countinto theD-A converter, which
causestheoffsetvoltageto rampbetweenits maximumandminimumvalues.At somepoint, theA-D input
voltageshouldmove to a valuenearthecentreof theA-D input range.At this point, themicro freezesthe
valuein theD-A register. Becauseit knows theconstantsrelatingD-A countandoffsetvoltage,themicro
now knowsthevalueof theoffsetvoltage �d��� thatmovestheinterfaceinto its linearregion.

2. Themicrousesthecurrentvalueof air pressure� � with theknown valuesof amplifiergain � � , offsetgain���o� andthe offsetvoltage �d��� that it setin the previousstep,in equation?? (page??) to calculatethe
sensorgain ��� .

3. Themicro now adjuststheD-A outputsothattheoffsetvoltage � �o� is at sucha valuethatanair pressure�o� of 100kPawould causeanA-D input voltage �d��� of 2.5volts.

4. Themicro storesthecurrentvaluesof the interfaceconstants� � , ���o� , �d��� and ��� in semi-permanent
EEPROM memory. Theinterfaceis now calibratedandA-D readingscanbeusedto calculateanddisplay
thecurrentair pressure.

An assemblyline productionwould usethis process.An externalcontrol computerwould downloada cali-
brationprogramandthe currentair pressureinto the microprocessor. The calibrationwould take placewithout
humanintervention.

Thecalibrationprogramshouldalsohave thecapabilityfor detectingthatcalibrationdid not occurproperly.
Thena failedproductionunit canbeshuntedinto a rejectbin for rework.

5.6 Reliability of the Design

Now that we have a circuit design,we mustensurethat the circuit will work reliably, allowing for component
tolerancesandtheeffectof temperatureinduceddrift of thecomponents.

For example,the sensorconstantcan vary over a rangeof 2:1. Resistorshave a toleranceof � 5%. The
operationalamplifiershave offsetvoltageswhich canvary by ��� mV. Canwe be surethat the circuit will work
whencomponentsof thetoleranceextremesareusedin thecircuit?

Thesensorhasa temperaturecoefficient of � 0.16%perdegreeC, theresistorschangeby 250ppm(partsper
million) perdegreeC, andtheamplifieroffsetvoltagesmaychangeby asmuchas �1�R�@� voltsperdegreeC. What
effect will thesedrifts have on theoperationof thebarometer, bearingin mind that thecircuit is not supposedto
actasa thermometer?

We canandshouldbuild andtestoneor moreprototypes.However, the correctfunctioningof a prototype
is a necessarybut not sufficient conditionto determinea reliabledesign.Thefact thata prototypeworksmerely
meansthatat leastoneversionof thecircuit will function. It’sno guaranteethatall circuitswill function.

To ensurethe reliable operationof the circuit, the correctstrategy is to perform an engineeringanalysis,
checkingcircuit operationby calculationandsimulation.This will provide thenecessaryconfidenceto build the
circuit in quantity, andbeassuredthat it will functionunderall specifiedconditions.Wherepossible,to ensure
that somemassive blunderhasnot occurred,the calculationsshouldbe checked againstthe prototype. If the
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calculationsandsimulationaccuratelypredictthebehaviour of theprototype,thenwe canhavesomeconfidence
in thepredictions.

5.6.1 Cir cuit ToleranceAnalysis

Thetolerancesof thecircuit componentsraisetwo concerns:� Will thecircuit function,or will somevoltageor currentrun into saturationor cutoff?� Canthecircuit calibrationprocedurecompensatefor circuit tolerances,ordowelosemeasurementaccuracy
undersomeconditions?

This is potentiallyanunweildyproblem,becauseof thecombinatorialexplosionof tolerancevariables.The
parametersandequationsof a spreadsheetmodel for the manualoffset adjustmentversionof the interfaceare
shown in figure??. A typical spreadsheetprintoutis shown in figure??.
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Figure5.21:Circuit Equations

Thetinkeringwith spreadsheetmodelturnedup thefollowing results:� Thesensoroffset �tÆ�Ç doesnot causetheamplifierto saturatebut doeshavea dramaticeffecton theoutput
voltage � ��� . (Notice that sensoroffset �tÆ�Ç is a propertyof the sensor:do not confuseit with the offset
voltage�u�o� of theinterface.)
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SensorConstant � � (data) ��¡ ¢ �¼  �bÈtÉ V/kPa
Air Pressure ��� (data) 100 kPa
SensorOffset � Æ�Ç (data)   � �Ê  ��ÈtÉ V
GainResistor Ë0Ì (data) 1300 Í
Resistor Ë1Î (data) 12000 Í
SensorOutput �uÆ ���o� � 0.06 V�tÏ �tÐ�ÑÓÒÕÔ ³Î ÒÖ�tÆ�Ç 2.53 V�dÎ � Ð�Ñ � Ô ³Î 2.47 V× Ï Ø � Ï �Ù�uÎ;Ú?Û�Ë0Ì 48 � Amp� É � Ï ÒÜË0Î × Ï 3.084 V��Ý � Ï �ÞË0Î × Ï 1.916 V�dß � É Û/à 1.542 V�dá �dß 1.524 V�dâ à/� ß �Ù� Ý 1.167 V�ãÇ?Æ �dä (data) 1.68 V�då �dâ 1.167 V
Resistor Ë Ý (data) 200000 Í
OutputVoltage � ��� �dâ Ø   Òçæièæ À Úª�Þ�uädæièæ À 2.00 V
A/D Reading é ��� Ô;ê2ëß àRì@¢ 102 counts

Figure5.22:Amplifier SpreadsheetModel andResults

� Theoffsetvoltage � ��� maybeadjustedto compensatefor theeffect of sensoroffsetvoltage,but a larger
rangeof offset is requiredthanthatoriginally anticipated.Theoutputvoltage �u��� is very sensitive to the
settingof � �o� , sothepot ËíÝ shouldbea multi-turnunit.� A combinationof largeoffsetandhigh sensorgain � � cause� É , theoutputof U1A, to exceed3.5 volts.
This is themaximumoutputof theLM324 operationalamplifier, andsoanLMC660 is required.� For low sensorgain,thechangein A-D readingover thefull rangeof air pressures(95 to 105kPa) is over
60counts,sotheresolutionis satisfactoryevenfor low sensorgain.

Theseresultscouldhave beenpredictedfrom an analysisof the circuit, but the spreadsheetmodelmakesit
easyto exploretheeffectof avarietyof optionsandcombinationsof parameters.

A circuit simulationprogramsuchasSPICEcouldalsobeusedto analysethecircuit, andis a betterchoice
whereanaccurateop-ampmodelis required.Thespreadsheetmodelassumesidealop amps.On theotherhand,
spreadsheetprogramsarereadilyavailableandeasyto use.

5.6.2 Temperature Drift

In everyengineeringproject,thereis at leastonekiller problemwhichdeterminessuccessor failure.It’simportant
to identify thekiller problemasearlyaspossible.In this system,thekiller problemis temperaturedrift.

Therearethreeevidentsourcesof temperaturedrift:

PressureSensorDrift An analysisof thepressuresensortemperaturedrift [?] in thecircuit of figure?? shows
two competingeffects:thegainof thesensordecreaseswith temperature,but this is partially compensated
by in increasein bridgeresistance.Thenetresultis a coefficientof ���d¡   ¢ % perdegreeC.
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The effect on the output is a changeof A-D readingof about1.6 counts/Ç C. Over a �   � Ç C temperature
range,this is an error of 16 countsout of a total of 100,or a 16%error: not very acceptable.Fortunate-
ly, sinceit is a predictableeffect, it may be compensatedfor by measuringthe ambienttemperatureand
modifying thesensorconstant.

Offset voltagedrift For theLMC660, thetypical figurefor offsetvoltagedrift is givenas   ¡ �/� volts perdegree
C. Thespreadsheetmodel(or analgebraicanalysis)turn up theresultthat this causesa drift of about0.5
mv/Ç C, muchlessthanonecountof theA-D converter. Thiscanthereforebeneglected.

Resistortemperaturecoefficients Mostof theresistors(R2A throughR2H)areonthesamepackageandsocan
beexpectedto track in temperature.As well, the two amplifiergainsarethe resultof ratiosof resistance
(equations?? and??), so the temperaturecoefficientsmay be expectedto cancel. Simulationof resistor
drift with thespreadsheetconfirmsthis: theeffectsof resistordrift aresmallenoughto beneglected.
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