Chapter 5

Air Pressue

Thereis a sumptuouwariety aboutthe New Englandweatherthatcompelsthe strangers
admiration- andregret. Theweatheris alwaysdoingsomethinghere;alwaysattend-
ing strictly to businessalwaysgettingup new designsandtrying themon the people
to seehow they will go. But it getsthroughmorebusinessn springthanin ary oth-
er season.In the springl have countedone hundredandthirty-six differentkinds of
weathelinsideof twenty-fourhours. Mark Twain, 1876

5.1 Intr oduction

As theair surroundinghe earthis heatedby the engineof the sunandcooledby radiationinto spaceair density
differencesrom placeto placeresultin the air movementswve senseaswinds. Thesewinds bring us different
typesof weatheysomeasuringheair pressureas avery importanttechniquen the predictionof weather

For example,a suddendropin air pressureoften signalsthe onsetof stormyweather;high pressuresignals
continuingfine weather

5.2 Measuring Air Pressue

The classicaimethodof measuringair pressurés the mercurybarometera columnof liquid thatis supportedy
atmospherigressurefigure ?7.

A closedtubeis filled with mercuryandtheninvertedinto a reserwir or cisternof the liquid. The liquid
columnwill fall, forming a vacuumabove its top surface, until the weight of the columnis balancedby the
atmospherigressure.Otherliquids canbe used,but mercuryis attractve becausets high densityresultsin a
relatively compacinstrument.For precisemeasurementshe obsener mustcarefullydeterminehe heightof the
columnabovethelevelin thereserwir, andcompensatéor thetemperaturef thebarometer

In theresevoir, thedownwardpressureP,, of the mercurycolumnis balancedy theair pressureP4.

P, = Py (5.1)
Thepressuref themercurycolumnis
P, = Jm (5.2)
am
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Figure5.1: Mercury ColumnBarometer

where

fm istheforceexertedby the column
a,, Iisthecross-sectionareaof thecolumn

Thecolumnforceis
fm=mm-g (5.3)

where

m.,, isthemassof themercurycolumn
g isthegravitationalconstant980cm/seé in the cgssys-
tem

Themassof thecolumnis
My = Am G hm, (5.4)

where

d,, isthedensityofthemercury13.6g/cm?® in thecgssystem
anm isthecross-sectionareaof themercurycolumn
h,, istheheightof thecolumn

Collapsingtheseequationswe obtaina usefulexpressiorfor air pressureén termsof the columnheightand

density
dm mhm
Py = % (5.5)
= dmhmg (5.6)

For example,the so-calledstandardpressuref physicsandchemistrycauses mercurycolumnheightof 76
cm. Thisis anatmospheripressuref

Py = 13.6 x 76 x 980
1013 x 10%dynes/crd
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Air Pressue 5.2Measuring Air Pressue

Pressue Units

A varietyof unitsof pressurénave evolvedovertime. Thebaris definedas10® dynes/cm sostandardpressurés
1.013bars.Weatherforcastscommonlyquoteair pressurén millibars, sostandardair pressurés 1013millibars.

In the metric systemof measurementhe standardunit of pressurds the pascal,one nevton/metré. Air
pressuras corvenientlydescribedn kilopascalspr kPa. Standarcgressurdoecomed 01.3kPa.

In the Englishsystemthecorrespondinginitsareinchesof mercuryfor atmospheripressureandpoundsper
squardnchfor pressureguages.

Thevaluesof standargoressurén somecommonunitsof pressurearesummarizedn figure ??.

1.0 Atmosphere ATM
1013 millibars mB
101.3 kilopascals kPa
76.0 centimetresnercury cm.Hg
160.2 centimetresvater cm.HO
14.69 poundspersquardanch PSI
29.92 inchesmercury in.Hg
406.8 incheswater in.H,O

Figure5.2: PressurdJnits

The Aneroid Barometer

With carefulattentionto detail,a mercurycolumnbarometeicanbe very accurate However, for householdise
whereaccuray is lesscritical, theaneroidbarometeis morepractical.

Scale
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Figure5.3: Aneroid Barometer

As shovn schematicallyin figure ??, the sensingelementof the barometelis a sealedchamberis equipped
with aflexible membraneAs the atmospheripressurehangesthe gasin the chambelincrease®r decreasem
volume. The resultantslight movementof the membranas mechanicallyamplifiedandcauses pointerneedle
to move.

A typical aneroidoarometescale(unrolled)is showvn in figure ??2.
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Figure5.4: BarometeiScale

We will usethisin section??to determingherequirement$or anelectronicbarometer
It is alsointerestingto considerthe absoluteextremesof measuredir pressureto seeif our instrumentcan
copewith them.Accordingto the CanadiarEncyclopedid[ ?], theair pressurextremesfor Canadandtheworld

are:
Measurement Canadian Record World Record
Maximum 106.7 kPa, Mayo, Yukon Territory, 108.38 kPa, Agata, Siberia,
1Janl1984 31Dec1969
Minimum 94.02 kPa, St Anthory, Nfld, 87.64kPa,Eye of Pacific Ocean
20Janl1977 typhoonJune, 19 Nov 1975

Table5.1: Air Pressurdrecords

Notice thatthe recordhigh pressuresendto occurin artic regions,wherethe air massis cold andtherefore
denseTherecordlow occurredn theeye of ahurricane.

Domesticharometersannotnormally copewith theseextremesof air pressuresbut we shoulddesignfor
themif thecostpenaltyis notsevere.

5.3 Air Pressueand Altimetry

Air pressuredecreasesvith height, an effect thatis usedby aircraft altimeters. If the barometelis sensitve
enough,a changeof altitude by a known amount(an elevator ride, for example)may be usedto calibratethe
barometer

First,we needto know the air density whichis givenby:

p
_ 7
P=FT (5.7)
where

p = densityof air, grams/cm
P =airpressuregynes/cm (or Kilopascalsx 1000)
R = gasconstanfor air, 2.87 x 10% cn?/seé °C
T =airtemperaturesK
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Air Pressue 5.4 Electronic Measurementof Air Pressue

Thenthechangdn air pressurés

AP=g-p-AH (5.8)
where
AP =changen air pressuremnillibars
g = gravitationalconstant981cm/seé
AH =changdn height,cm
Example

Findthechangan air pressur@verachangan heightof 30 metresf theair temperaturés 20°C andthe pressure
1013kPa.

Solution

From??above,

1013 x 1000
2.87 x 10° x (273 + 20)
= 1.2 x 1073 gms/cnd

Then,substitutingfor p in equation??,

AP

981 x (1.2 x 102) x (30 x 1000)
= 3532 dynes/cr
3.53 millibars

5.4 Electronic Measurementof Air Pressue

Electronicpressuresensorareusedin greathumberdn automobileenginecontrolsystemsAs aresult,suitable
air pressuresensorhiave becomeavailableat very reasonableost.

Thedesignshown hereis basedn the MotorolaMPX100APsensora sensoffor absolutepressuredetween
0 and1000millibarst(figure ??). Thepressuresensois essentiallyaminiatureaneroidbarometerThemembrane
is athin silicon diaphraminto which hasbeendiffuseda network of four resistorsn a bridgeconfiguration.The
resistordunction assensitve strainguageschangingresistancasatmospheripressuraeformsthe diaphram,
figure??.

Theresistanc®f a conductoris givenby

l

where

1We requirea maximumpressuraneasuremeraf 1050millibars, which exceedsthe maximumrating of the sensoiby some5%. As we
will seein the designnotes,usinga sensoratedfor higher pressurevould halve the sensorelectricaloutputsignalandrequiredoublethe
voltagegainfrom the sensormamplifier Eventhe 5% overloadis well belov the maximumrating of the MPX100AP (2000 millibars), sowe
arein nodangernf damaginghe sensarHopefully, its outputremaindinearin the 5% overloadregion.
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Figure5.5: Pressuré&ensor

p istheresistvity of theconductor
[ isthelength
A isthecross-sectionarea

Whenaresistoris stretchedits lengthincreaseandcross-sectionareadecreasedothincreasingheresistance.
In mostconductorsthiseffectis veryslight. In thepressureensorstheresistorsareconstructe@f semiconductor
materialthatshaovs large changesvith smalldeformations.

Whenconfiguredasa strainguagebridge,the resistorsarelocatedsothatdiagonallyoppositeresistordn the
bridgechangeresistancén the samedirection,eitherR(1 + A) or R(1 — A).
Thedifferentialoutputvoltageis thensimply Vo4 = V.. x A.

Example

Forthe MPX100APsensorR = 5002 andV,. = 3V'.
If the maximumdifferentialoutputsy, atfull pressureis 0.06volts, determinethe correspondingaluesof the
bridgeresistorsat full pressure.
Solution:;
From

V24 = chcA
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Air Pressue 5.4 Electronic Measurementof Air Pressue

resistorbridge. picte
80%

Figure5.6: ResistorBridge

SO

Then

R(1+A) = 500-(1+0.02)
= 5100

and

R(1—A) = 500-(1—0.02)
= 4900

5.4.1 SensorSpecifications

Thekey specificationgor the MPX100APpressuresensoiareasfollows:

Notes:

Pressue Range We will exceedthe maximumpressureslightly to 105kRa. This is still well below the burst
pressure.

Supply Voltage If thethreevolt supplyis obtainedby dropping?2 volts acrossesistorsn serieswith the sensor
it turnsoutthatthetemperaturealrift of the sensotis substantiallyreducedreferencd?]).
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Minimum  Typical Maximum  Unit

BurstPressure - - 200 kPa
Pressurd&rkange 0 - 100 kPa
SupplyVoltage - 3.0 6.0 Volts
SupplyCurrent - 6.0 - mA
Full ScaleSpan 45 60 90 mV
Offset 0 20 35 mV
Sensitvity - 0.6 - mv/kPa

Table5.2: Pressuré&ensoiSpecifications

Full ScaleSpan Fromthesefigures,we candeterminghatthe sensogainvariesfrom 0.45to 0.9mv/kRa.

Offset This voltageis causedy mismatchof the bridgeresistorsandappearsasa fixed voltageat the outputof
thesensor

Supply Curr ent Thisfigureenablesisto determinghatthe bridgeresistorsaarenominally 50002.

Sensitvity K1 This is a somavhatredundanstatemenbf the transducegain, which we determinedrom the
full scalespanspecification

5.4.2 BarometerDesignlssues

Therearea numberof designchallengesvhich needto be addresseth this system:

Power Supply The available power supplyis +5 volts. Eitherthe interfacecircuit operationalamplifier must
operatefrom this or a cornvertermustbe availableto generatehe usualpositive andnegative voltagesfor
theopamp.

Thelatterapproachrequiresa DC-DC corverterandsomemethodof ensuringhatthe outputof theopamp
doesnot exceedthe 0-5 volt rangeof theHC11A/D corverterinput.

Ever mindful of cost,we've choserthe single supply approach.For the DC-DC corverterapproachsee

[7].

Amplifier Output Swing The outputvoltageof a singlesupplybipolarop ampsuchasthe NationalLM324 or
Motorola MC34074is very limited: 0.5 to 3.5 volts when operatedrom a +5 volt power supply Some
CMOS op amps,suchasthe NationalLMC660CN, will producea largeroutputswing. The datasheetor
the LMC660CN shavs 0.2V to 4.7V for a +5 volt supplyandload greaterthan2K(2, sothis is a suitable
amplifierfor the pressuresensotinterface.

Temperature Drift A back-of-the-emellopecalculationshows that the sensoramplifier will requirea voltage
gainin the orderof 300V/V or so. Any drift in offsetvoltage,bias, power supplyor resistancevalueshas
the potentialfor beingamplified by this large gain to appearasdrift in the outputvoltage. As well, the
sensoiitself is sensitve to temperature.

All of thesetemperatureffectsmustbe checledto ensurethatthe circuit functionsasa barometerather
thanathermometerReference§?] and[?] mentionthe problemof temperaturelrift, awarningthatit must
betakenseriously
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Air Pressue 5.4 Electronic Measurementof Air Pressue

As well asdesigningfor low temperaturdarift, we shouldchoosethe minimumvoltagegainthatmeetsthe
requirementstherebyreducingthe effect of resistorandvoltagedrifts.

Calibration ThePressuré&ensoiSpecificationshavn in Table?? onpage?? shav thatthesensogaincanvary
overa2:1range,sosomesortof calibrationprocedurewill berequired. The usualapproacthis to provide
two potentiometersonefor gainandthe otherfor offset. Potentiometerareinherentlyundesireablén a
productiondesign. The part costis higherthana fixed resistoranda pot requireshumaninterventionfor
adjustmentlt is preferablejf atall possiblethatadjustment®e donein software.

Subtraction of Bias and Offsets Referringto the BarometeiScaleshowvn in figure?? onpage??, theinteresting
partof theair pressurssignalis a 10kPavariationsitting ontop of a 100kRaconstanpressureTheconstant
pressuranustbe subtracteat somepoint. As well, the outputof the pressuresensobridgeis a differential
signalsitting on a half-supplycommonmodesignal. The commonmodesignal mustbe ignored,so the
sensommplifiermustbe differentialandhave a satishctorycommonmoderejectionratio.

5.4.3 Barometer Resolutionand Dynamic Range

An earlyandcritical decisionis theresolutionof the barometerin unitsof A/D countsperkilopascalof pressure.
We'd like a largeresolutionin orderto detectsmallchangesn air pressure However, higherresolutionrequires
highervoltagegain from theinterfaceand consequengreatersensitvity to a variety of nastydrift signals. Our
philosophyshouldthereforebeto make theresolutionno higherthannecessary

Thefaceof ananeroidbarometeris typically dividedinto 60 divisions[?] andweathetbroadcastaretypically
givento the nearestenthof a kilopascal. This would imply 100 stepsover the 10kPa variationin air pressure.
Thereforewe mightfix on 1 partin 100asa suitabletargetfor resolution.

A suitabledynamicrange referringto figure ?? on page??, mightbe 95to 105kPa. This doesnot copewith
the extremesof pressureshovn in table?? on page??, but will do for routineoperation.

5.4.4 Transfer Function

It is usefulto characteriz¢hefixedcomponenof air pressurel00kRa, as P, ¢, which createsa fixedcomponent
of voltageV,..; attheinputto the microcomputeiA-D corvertet The variationin air pressurds AP, around
P,.¢, creatingavariationin A-D voltageof £AV,p aroundV,.y.

Thevalueof AV,p is the productof the resolution,previously fixed at 100 steps,andthe voltageper step,
19.5mv/stepfor a5 volt, 8 bit A-D corverter

Then

AVap = 100x19.5x 1073/2
1.95/2
0.975 volts

We'll roundthis off to +1.0 volts.

Now we canfix V,.;. It mustbe large enoughthatthe amplifier doesnt exceedits maximumor minimum
outputvoltages.A goodchoiceis 2.5volts, halfway betweerD and5 volts.

With this information,we candraw thetransferfunction,shavn in figure ??.
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Figure5.7: BarometeilnterfaceTransferFunction
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Air Pressue 5.4 Electronic Measurementof Air Pressue

Substitutingtwo point coordinatesn the straightline equationy = mx + b, we cansolve for m and b,
determiningthatthetransferfunctionis
Vap =0.2P4 —17.5 (5.10)

where

Vap istheinputvoltageto the A-D corverter
P, istheair pressuren kilopascals

Translatingthe interfacetransferfunctioninto ablock diagramwe have figure ??2.

to A-D input
p, — 0.2VIKPa + 1.5t0 2.5volts

95to 105kPa —

) —_ 175V

tebl.epic

70% P /l

Figure5.8: BarometeinterfaceBlock Diagram

Thetypicalsensogain K (table??onpage??) is 0.6 x 102, sotheamplifiergainmustbe0.2/0.6 x 102 =
333 volts/wolt asshowvn in figure ?2.

Kr Ka + A-D

Py —>] —

0.6 x 10~3 333Volts/olt A Input

0.2VIKPa = 17.5v

al

Figure5.9: InterfaceBlock Diagram,Adding Sensor

Therearetwo practicalproblemswith figure ??.

e The 100kRa pressureP,.; tries to generaten 20 volt signal at the outputof the amplifier K 4. This will
saturatehe amplifier, sinceit is operatedrom a+5 volt supply

e Thel7.5volt offsetis difficult to generatén a+5 volt system.

Thesolutionto bothproblemss to divide thegain K 4 into two roughlyequalstagesK 41 andK 42, asshawvnin
figure??.

In this case the offsetvoltageVp s is +1.0volts, easilygeneratedrom +5 volts. (Henceforth for clarity, we
shallrenameK 4, to Ko, the offsetgain).
5.4.5 The Barometer Cir cuit

Thefinal circuit is shavn in figure ?2.
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Kp Ky Kas + A-D
Py —=
0.6 x 1073 18.9Voltsholt 17.6 VIV B Input
L J
333 Volts/wolt
Kp2
;eozf.epic Vos 17.6 VIV
° 1.0v —

il

Figure5.10: InterfaceBlock Diagram,Splitting the Gain
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+5V
U2
R3
3K3
OffsetAdj TestPoint
Notch >U 1Ré —o
14 10T
R2C R2D Rs
13 12\/\5\ 4 820
R2G
12K
7
8
4 200K
13 14
o
1 YV 6 To
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12K /_L AD
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ileo L ] L J
x18.9 VIV x17.6 VIV
Ul NationalSemiconductot MC660CN
u2 MotorolaMPX100AR absolutepressurehoseport
U3 Bourns4116R-001-12ResistorArray

All 12K resistorsarepartof U3. Smallnumbersare DIP packagepin numbers.
Discreteresistorsmust be low temperaturecoeficient, Philips MRS 25F seriesor
equivalent.

R4 Cermetl0turn pot, Bourns3299-1-102%r equialent.
ChangeRgto altergain.

R1,R3,Rg 1600, 1/4watt, 1%

Figure5.11: BarometeinterfaceSchematic
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Fromthedatasheeffor the sensortheresistoran the sensorare50002 eachand3 volts shouldappearacross
the pressuresensor ThenresistorsR, and R, are1602 each.
Theinstrumentatioramplifier, ULA, U1B andU1C providesa high impedancenput for the pressuresensor

signal. Thevoltagegainis givenby

2
Ka =1+ % (5.11)

9
andis setto 18.9volts/wlt. Someavhatarbitrarily, we have choserR2 as12K(2, which makes R,

2R,
Kgq—1
2 x 12000

189—-1
13410

R,

Thenearesstandard% valueis 13000.

If the gainneedgo be adjusted,R, shouldbe changed.To simplify calibration,it shouldbe a fixedresistor
notvariable.

In additionto providing voltagegain, this stageremovesthe 2.5 volt commonmodesensowoltage.

The secondstage,U1D, subtractghe offsetand providesa final gain of 17.6volts/wolt. It could have been
implementedvith a differentialamplifierof gain x17.6, asshavn in figure ??2.

| K % A-D Nt N—e—0
17.6 VIV |nput
| —
v
Kas ’
17.6 VIV N —e A
— 1.0V Vs —I—_ R; Ry i
/J; /; Rf/Ri =17.6 VIV

Figure5.12: SecondAmplifier Stage Differential

However, if we'rewilling to tweakthevoltageatthe non-invertinginput, we cansimplify the circuit asshavn
in figure ??.
By superpositionthe outputvoltageis

kv, = —%vl + (%’;
whereR; = 200K andR; = 12K to obtainanon-invertinggainof 17.6V/V andaninvertinggainof 16.6V/V
for this circuit. ThenV;, the offsetvoltage,shouldbe setto 18/16.6 = 1.084 volts.
Thefinal block diagramis shovn in figure ??.
For goodcommonmoderejection,the resistorsof the differentialstageU1C arefrom a resistorarray All
otherresistorsmustbe low temperaturdilm, £50ppmtemperatureoeficient. The offset pot shouldbe cermet
for low drift.

1) (5.12)
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R; Ry
| Ka A AD NV — N —1 O
17.6 VIV Input
i =
Ve
Kyo ?

16.6 VIV 1
— 1.05v Va —
I I '

Figure5.13: SecondAmplifier Stage Simplified

Kr Ka Ka2 + ;
pryp— - A-D
0.6 x 1073 18.9Voltsiolt 17.6 VIV Input
L J
333 Volts/olt
Ka2
16.6 VIV
—_ 1.05V

il

Figure5.14: CompleteBlock Diagram

5.4.6 Barometric Software

In section??, we establishedhetransferfunctionof thesystemyelatingtheatmospheripressureP, to theinput
voltageof the A-D corverter V4 p. Equation?? wasgivenas:

Vap = 0.2P4 — 17.5 volts/kPa (5.13)

We may rewrite this as
Vap = KrrP4 — VosKopg volts/kPa (5.14)

where

Krr isthegainof thetransferfunctionin volts/kilopascal
Kops istheoffsetgain,in volts/volt
Vos istheoffsetvoltage,in volts

Thetransferfunctiongain Krr is the productof two componentsthe sensor(transducerjain K, andthe
amplifiergain K 4. ThensubstitutingKr K 4 for K7 in equation??,

Vap = K7 KAP4 — VosKops Volts/kPa (5.15)
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We have onefinal constantto consider Ultimately, we would like to relatethe A-D reading,N4p, to air
pressureWe do this with therelationship
Vap = NapKs (5.16)

whereK g is thestepsizeof the A/D, in volts. For an8 bit A-D cornverteroperatedrom a5 volt supply thevalue
of K5is5/256 = 19.5 x 102 volts.
SubstitutingV 4p Ks for V4p in equation?? we have

NapK, = KK Py — VosKos volts/kPa (517)
Solving for atmospherigressureP, we obtainthe equationthat the software mustuseto find atmospheric
pressure:
NapK; +VosKos
Pa = 5.18
A e (5.18)
where

P, istheair pressurein kilopascalsto becalculatecby the computer
Nup istheA-D reading
Ks isthestepsizeof the A-D corverter in volts. In this systemjt is 19.5 x 102 volts
Vos istheoffsetvoltage,in volts Thisvaluewill dependntheoffsetvaluethatis adjusted
into the hardwareto setthe 100kPa outputto 2.5 volts, andis setat calibration.
Kops istheoffsetgain,setat 16.6volts/\volt.
Kr isthegainof the pressurdransducemominally0.6 x 10~3 volts/kilopascalsetpre-
ciselyat calibration.
K4 isthegainof theamplifiersin theinterface,about333 volts/wolt for this system.

The transducegain K andthe offset voltage Vo s mustbe determinedn orderthat equation?? contain
sufficientinformationthatthe computemprogramcanrelateA-D readingN 4p to air pressurePy4.

5.5 Barometer Calibration

In this sectionwe developmethodof calibratingthe electronicbarometerWe shalllook attwo manualmethods
of calibration,andthenan automaticmethodthat eliminatesthe offset potentiometeiand the needfor human
interventionin adjustingit.

5.5.1 Approximate Method
Calculating SensorGain K

In this method,setthe potentiometeR4 sothatthe voltageinto the A-D corverteris within its operatingrange.
Thenmeasurehe offset voltage Vs at the testpoint shovn on figure ??, andthe currentreadingof the A-D
corverterN 4p. (Youcanobtainthisfrom the microprocessoor from thevoltageV, p into the A-D).

Thethe currentvalueof air pressureP,4 may be obtainedfrom aweatherbroadcastThe valuesof amplifier
gain K 4 andoffsetgain Kps areknown, sincethey aredeterminedy fixedresistorratios.

Thisis sufiicientinformationthatequation?? maybe usedto solve for the unknowvn variable transducegain
Kr.
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Air Pressue 5.5Barometer Calibration

Setting Offset Voltage Vo s

OnceKr is known, theoffsetvoltageVps maybeadjustedo its correctvalue. To do this, againuseequatior??.
This time substitutethe newly-found valuefor transducegain K1 togethemwith the known valuesfor stepsize
K¢, amplifiergain K 4 andoffsetgain Kog.

We alsoknow thatan air pressureof 100kRa correspondso an A/D input countof 125 (halfway betweerQ
and255).

5.5.2 Accurate Method

The calibrationmethodof section?? is only approximatebecausét assumesmplifier and offset gain values,
basedon nominalresistorvalues. A moreaccuratemethodof determiningtransducegainis to apply a known
changen pressureA P4 to the sensormandobsene the correspondinghangen A-D inputvoltage,AVap. The
ratio of thesetwo is the slopeof thetransfercharacteristic:

AVap

APy

A suitableapparatugor generatinga known changein pressurds shown in figure ??. Theliquid is water,

lacedwith red food colouringto make it visible. The tubing is flexible plastic hoseavailable from the local
hardwarestore.Thehoseis filled with watersothatit formsaU shape.

=KrKa (5.19)

Move hoseto
vary pressure

_Ir'

A

- b

Water
Pressuré&ensor Column

-

B

Figure5.15: WaterManometer

The right side of the manometeiis raisedor loweredto createa heightdifferentialof AH. The resulting
pressuremay be determinedrom figure ?? on page??. For example a pressuraifferentialof 2 kilopascalanay
be createdoy a heightdifferentialof

5

7.9cm
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Oncethetransduceiamplifiergain K1 K 4 is determinedthe currentair pressure’4 andcorrespondingh\-D
readingN 4p may be usedin equation?? to solve for the offsetterm Vpos Kps. Finally, the offsetvoltageVos
may be setasin theapproximaterocedure.

Oncethevaluesof thevarioustermsin equatior?? areknown, they maybeenterednto thecomputerequation
thatdisplaysthe currentair pressure.

5.5.3 Automatic Calibration

If thecurrentair pressures known andthe pressurénterfaceis constructeadvith fixedresistorsthenit shouldbe
possiblefor the microprocessoto readthe A-D corverteranddeterminethe calibrationconstantsautomatically
This needonly be doneonce: the constantarewritten into EEPROM andarenot changedunlessthe systemis
re-calibrated.

Unfortunatelythereis aproblem.Thelargevariationin sensogaincoupledwith thehighgainof theamplifier
sectionwill causethe amplifier to saturateor cutoff unlessthe offsetis adjustedcorrectly In section?? the
operatordid this manually

If the microprocessocanbe providedwith the meango adjustthe offsetsothatthe amplifieris operatingn
its linearrange,the microprocessocandeterminethe calibrationconstantgor its computemprogram. This may
beaccomplishedby a D-A corverter, controlledby the microprocessothatgenerateshe offsetvoltageVpg. It
turnsout that modestresolutionis acceptable As aresult,the D-A corvertercircuit is quite simpleandmay be
drivenby amicroprocessoparallelport.

The D-A Converter

The schematiof a suitabletype of D-A corverter avoltageswitchingcorverter,[?] is shavn in figure ??.

2R
MSB
R
2R
NSB
r Vout
2R
LSB
p-dtoa.epic 2R
70%
.

Digital Register

Figure5.16: Digital to AnalogCorwverter

If the MSB andNSB arebothat O volts andthe LSB is at +5 volts, we may determinethe effect on V,,,,; by
repeatedlyapplying Thevenin's theoremto the divider circuit. ThenV,,; = 0.625 volts. Similarily, the NSB
contributes1.24volts andthe MSB 2.5 volts. If all the digital bits aresetto logic 1 (+5 volts), thenaccordingto
the SuperpositiorTheoremV,.; = 0.625 + 1.25 + 2.5 = 4.375 volts. In otherwords,this D-A hasaresolution
of 0.625volts andarangeof 0 to 4.375volts.
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In general,
_ Viogic N1 No
Vout - 2 N2 + 9 + 4 (520)
where
Vout is the outputvoltageof the D-A corverter
Viogic is thelogic level into the D-A corverter 5 voltsin this case
N,, N; andN, aretheMSB, NSB andLSB respectiely of the binary numberinput to the D-A con-

verter

Now we needto determinehow mary bits arerequiredin the D-A corverterfor the pressuramplifiercircuit.

D-A Converter Resolution

We candetermingherequiredresolutionof the D-A corverteraccordingo thefollowing reasoning:

e TheD-A will generatea signalVps thatreplaceghe offset pot, which hada rangeof 0.75volts to 1.65
volts.Thisis amplifiedby the offsetgain Ko s (16.6volts/wolt) to shift the amplifier outputsignalVap up
or down. Thetotal rangeof shiftis then(1.65 — 0.75) x 16.6 = 18.3 volts. The stepsizeof the D-A must
beasmallfractionof this 18.3volts.

¢ Theoutputswingof theamplifierworstcaseoccursfor amaximumsensoigain K of 0.9mv/kRa. Thisis
amplifiedby theforwardgainof theamplifier K 4, 333. Theoutputvoltageswingfor afull-scalechangen
air pressureA P4 of 10KPais then

AVap = APsx Kt x Kga

= 10x09x10° x 333
2.97volts
+1.5volts

¢ Wewould like to locatethe outputof theamplifier sothatthe signalnever swingsbelow 0.2 volts or above
4.7 volts. This allows a guardbandof 0.75volts abore andbelow the outputswing. We might somevhat
arbitrarily chooseo be ableto placethe offsetsignalwith aresolutionof half this, 0.375volts.

e Therequiredresolutionof the D-A is in thenthe orderof onepartin 18.3/0.375 = 48.8. Thenext larger
binarynumberis 2¢ = 64, sowe requirea 6 bit D-A corverter

This resolutionis low enoughthat discretel% resistor§20K2 and 10K(2 for example)may be usedfor the
R-2Rresistodadder

CMOS Output Specifications

Theusualapproactio D-A designis to have thelogic signalsswitchanaccuratestablereferencesoltage. How-
ever, theaccurag requiredof this D-A corverter(1 partin 64, 1.5%)maybelow enoughthata CMOSlatchmay
beusedto drive theladderdirectly. This would greatlysimplify the circuit design.

The outputlogic swing from CMOS logic (unlike the TTL family) is very nearlyequalto the power supply
levels: 0 and+5 voltsin this case.The datadookfor TexasInstruments74HC logic ([?]) shavs atypical output
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logic swing to within 1 millivolt of the supplylevels. For the worst case the outputswingis still to within 10
millivolts of the supplylevels. This suggestghat the CMOS latch will drive the R-2R ladderwith sufficient
accurag.

Furthermorethe outputresistancef thelogic, worstcasejs givenin the databookas50(. If we use10k}
and 20k} asresistorsin the R-2R laddernetwork, thenthe driving resistanceof the logic device will be much
lowerthantheresistancef theladdernetwork, soresistive loadingwill notbeaproblem.

Basedon thesespecsa CMOS latchsuchasthe 74HC273candrive the 6 bit laddernetwork directly.

D-A Amplifier

Analysingthe outputof a 6 bit D-A corverteraswe did in section??, usingequation?? on page?? (modified
for 6 bit input) we candeterminethatthe outputof the 6 bit D-A corverterrangesrom 0 to 4.92volts in stepsof
0.078volts. The barometeinterfacecircuit requiresthatthe offsetvoltageVp s vary betweer0.75volts to 1.65
volts, soamplification(actually attenuationjpndlevel shifting arerequired. Theamplifierthatprovidesthislevel
shifting andattenuatioralsosenesto buffer theinternalresistancef theD-A fromits load.

A non-inverting amplifier won’t work, sincethe requiredgainis lessthanunity. The gain of aninverting
amplifier may be setto arything from zeroup?, andthe signinversionintroducedby theinvertingamplifier may
betakencareof in the software.

Thetransferfunction of the amplifiercircuit is shovn in figure ??, from which the slopem andoffsetb may
bedetermined.

2 4
1.65 N TransferFunction:
i Vos = —0.18Vp 4 + 1.65
OffsetVoltage
Vos 14
e e il -

0 D-A OutputVoltageVp 4 4.92

Figure5.17:D-A Amplifier TransferFunction
Thecircuit of theamplifieris shavn in figure ??.
By comparisorbetweerthe equationof the transferfunctionthe equationdor theamplifier, we have that

By

i

= 0.18

2Well, actually up to the openloop gain of the op-amp to beprecise.
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R;
VV—1 VAYA . O

H

Vos

"I 2

R R
Vos = —Vpagzt + Ve(l+ 35)

Figure5.18: D-A Amplifier

and

R
Vi 1.65/ (1 + Ff)

= 1.39 volts

Looking backinto the D-A corverteroutput,the load seesaninternalD-A resistance®p 4 of R ohms. This
internalresistanceouldbeusedasR;, (figure??A).
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TestpointA
- Rps | R,
! VAV : VA'A O
; Vba ;é ; Vos
| - w=
e L

D-A Converter

(a) D-A, Direct Connectiorto Amplifier

e e e e e e el . TestpointB

E Rpa E R; Ry

: A% ——/WY NV —¢ O

é Vba £ é Vos
Vo —
L] 1

D-A Converter

(b) D-A, With R;

Figure5.19: D-A Amplifier Connection
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However, in this arrangementhereis no voltagesignalrepresentinghe D-A outputvoltageby itself: thetest
point A is a virtual earth. For troubleshootingpurposesit is betterto provide an extra resistanceandtestpoint
B (figure ?7B) wherethe outputof the D-A canbe measuredThevoltageat B will be half the opencircuit D-A
voltageVp 4, but canbe usedto indicatethatthe D-A is operatingcorrectly

Automatic Calibration: Schematic

Thecompleteschematiof thesystemjncludinga D-A corverterfor automatiacalibration,is shavn in figure??.

www.eelabinstruments.com



184

TestpointB
20k 10k 3k6
° \/\/\ °
1.39Vv
ParallelOutputPort Q
FromMicroprocessor
70% OffsetAdj
p-schematic-autocal.epic TestPoint
—oO
Vos
+5V /j7
é R1 3 R2D
160 ¥ 1 3 12K, 43 12K 4
u2 2 | U1A R VAVA 10
MPX100AP L _3_ .. B R2A 1~ 100n /J7 R2G
. . 12K 12K
500 1500 10 !
4 ‘2 Rg 10 8
! | 1K3
500 1 500 9 R4
: : 15 200K
LT . R2B
1 6 _{ 19K :l: 100n o
5 +UlB A TR e A A To
| 7 R2D R2F AD
12K 12K
R3
160 L ] L ]
x18.9 VIV x17.6 VIV

Figure5.20: BarometricPressurénterface AutomaticCalibration
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Automatic Calibration: Algorithm

The microprocessoessentiallymimics the manualcalibrationprocesof section?? on page??. Theonly infor-
mationit needsrom the externalworld is the currentvalueof atmospheriair pressurePy.

1. Whenthe microprocessofirst readsthe A-D input voltageVap, it will probablybe near+5 volts or 0
volts. The processothenmonitorsthatvoltagewhile increasingthe countinto the D-A corverter which
causeshe offsetvoltageto rampbetweerits maximumandminimumvalues.At somepoint,the A-D input
voltageshouldmove to a valuenearthe centreof the A-D input range.At this point, the micro freezeghe
valuein the D-A register Becauset knows the constantselatingD-A countandoffsetvoltage,the micro
now knowsthevalueof the offsetvoltageVy s thatmovestheinterfaceinto its linearregion.

2. Themicrouseshecurrentvalueof air pressureP4 with theknown valuesof amplifiergain K 4, offsetgain
Kos andthe offsetvoltageVpg thatit setin the previous step,in equation?? (page??) to calculatethe
sensogain K.

3. Themicronow adjuststhe D-A outputsothatthe offsetvoltageVpg is at suchavaluethatanair pressure
P4 of 100kPawould causeanA-D inputvoltageV s p of 2.5volts.

4. Themicro storesthe currentvaluesof theinterfaceconstantsk 4, Kos, Vos and K in semi-permanent
EEPROM memory Theinterfaceis now calibratedandA-D readingscanbe usedto calculateanddisplay
thecurrentair pressure.

An assemblyline productionwould usethis process.An externalcontrol computerwould downloada cali-
brationprogramandthe currentair pressurénto the microprocessorThe calibrationwould take placewithout
humanintervention.

The calibrationprogramshouldalsohave the capabilityfor detectingthat calibrationdid not occurproperly
Thenafailed productionunit canbe shuntednto arejectbin for rework.

5.6 Reliability of the Design

Now thatwe have a circuit design,we mustensurethat the circuit will work reliably, allowing for component
tolerancesndthe effect of temperaturénduceddrift of thecomponents.

For example, the sensorconstantcan vary over a rangeof 2:1. Resistorshave a toleranceof +5%. The
operationalmplifiershave offsetvoltageswhich canvary by £7mV. Canwe be surethatthe circuit will work
whencomponent®f thetolerancesxtremesareusedin the circuit?

The sensothasatemperatureoeficient of —0.16%perdegreeC, theresistorschangeby 250ppm(partsper
million) perdegreeC, andtheamplifieroffsetvoltagesmaychangeby asmuchas=+30uvolts perdegreeC. What
effectwill thesedrifts have on the operationof the barometerbearingin mind thatthe circuit is not supposedo
actasathermometer?

We canandshouldbuild andtestoneor more prototypes.However, the correctfunctioning of a prototype
is a necessaryut not sufficient conditionto determinea reliabledesign. The factthata prototypeworks merely
meanghatat leastoneversionof thecircuit will function. It's no guaranteghatall circuitswill function.

To ensurethe reliable operationof the circuit, the correctstrat@y is to perform an engineeringanalysis,
checkingcircuit operationby calculationandsimulation. Thiswill provide the necessargonfidenceo build the
circuit in quantity andbe assuredhatit will functionunderall specifiedconditions. Wherepossible to ensure
that somemassie blunderhasnot occurred,the calculationsshouldbe checled againstthe prototype. If the
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calculationsandsimulationaccuratelypredictthe behaiour of the prototype thenwe canhave someconfidence
in the predictions.

5.6.1 Circuit ToleranceAnalysis
Thetolerance®f thecircuit componentsaisetwo concerns:

¢ Will thecircuit function,or will somevoltageor currentruninto saturatioror cutoff?

e Canthecircuit calibrationprocedure&eompensatéor circuittolerancespr dowelosemeasuremergccuray
undersomeconditions?

This is potentiallyan unweildy problem,becausef the combinatorialexplosionof tolerancevariables.The
parameterand equationsof a spreadsheanodelfor the manualoffset adjustmentversionof the interfaceare
shavnin figure??. A typical spreadshegdrintoutis shavn in figure ??.

+5V
R3
OffsetAdj
R4 Va
Vi =Vem + % + Veo 3
T V3=Vi+11Rs Vs = V3/2 RS
Rs U1A VIV VAV
Vso — - R2C R2D _J7 R2G
l R2A
— Vs W
- 2 Vo =V,
Rg I = % 9 7
¢ % R4
Vo
R28B R2D R2F “uip -
AYA AVA +
Va=Vo—T11Ry Ve = Vs Vi =2Vs — V4
x18.9 VIV x17.6 VIV

Figure5.21: Circuit Equations

Thetinkeringwith spreadsheahodelturnedup the following results:

e ThesensoroffsetV,, doesnot causehe amplifierto saturatdout doeshave a dramaticeffect on the output
voltageVap. (Notice thatsensoroffset V;, is a propertyof the sensor:do not confuseit with the offset
voltageVps of theinterface.)
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5.6 Reliability of the Design

SensoiConstant
Air Pressure
SensoiOffset
GainResistor
Resistor
SensoOutput

KOS

Resistor
OutputVoltage
A/D Reading

Vap
Nap

(data)
(data)
(data)
(data)
(data)
KrPy
Vem + % + Vao
chm - %
(Vi = V2)/R,
Vi + Ro1h
Vi— Roly
V3/2
Vs
2Vs = V4
(data)
Va
(data)

Va(l+ £2) — Vet

Yar 256

0.6 x 1073 V/kPa
100 kPa
10 x 103
1300
12000
0.06
2.53
2.47
48 W
3.084
1.916
1.542
1.524
1.167
1.68
1.167
200000
2.00
102 counts

<©<<<<<<<§<<<bb<

Figure5.22: Amplifier Spreadshed¥lodel andResults

e TheoffsetvoltageVys maybe adjustedo compensatéor the effect of sensoroffsetvoltage,but a larger
rangeof offsetis requiredthanthatoriginally anticipated.The outputvoltageV,p is very sensitve to the
settingof Vo g, sothepot R, shouldbea multi-turn unit.

¢ A combinationof large offsetand high sensomgain K1 causeVs, the outputof U1A, to exceed3.5volts.
Thisis the maximumoutputof the LM324 operationabmplifier, andsoan LMC660 is required.

¢ For low sensoigain,the changen A-D readingover thefull rangeof air pressure$95 to 105kPa) is over
60 counts sotheresolutionis satishctoryevenfor low sensomgain.

Theseresultscould have beenpredictedfrom an analysisof the circuit, but the spreadsheanodel makesit
easyto explorethe effect of avariety of optionsandcombinationof parameters.

A circuit simulationprogramsuchas SPICEcould alsobe usedto analysethe circuit, andis a betterchoice
whereanaccurateop-ampmodelis required.The spreadsheehodelassumegdeal op amps.On the otherhand,
spreadshegirogramsarereadily availableandeasyto use.

5.6.2 Temperature Drift

In everyengineeringproject,thereis atleastonekiller problemwhich determinesuccessr failure. It' simportant
to identify thekiller problemasearlyaspossible.ln this systemthekiller problemis temperaturelrift.
Therearethreeevidentsourcef temperaturalrift;

Pressue SensorDrift  An analysisof the pressuresensottemperaturarift [?] in the circuit of figure ?? shavs
two competingeffects:the gainof the sensoidecreasewith temperaturebut this is partially compensated
by in increasen bridgeresistanceThenetresultis a coeficientof —0.16% perdegreeC.
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The effect on the outputis a changeof A-D readingof about1.6 counts?C. Over a +10°C temperature
range,thisis anerror of 16 countsout of a total of 100, or a 16% error: not very acceptable Fortunate-
ly, sinceit is a predictableeffect, it may be compensatedbr by measuringhe ambienttemperatureand

modifying thesensoiconstant.

Offset voltagedrift For the LMC660, thetypical figure for offsetvoltagedrift is givenas1.3uvolts perdegree
C. The spreadsheanodel(or an algebraicanalysis)turn up the resultthatthis causesa drift of about0.5
mv/°C, muchlessthanonecountof the A-D corverter This canthereforebeneglected.

Resistortemperature coefficients Most of theresistor{R2A throughR2H) areonthesamepackageandsocan
be expectedto trackin temperature As well, thetwo amplifier gainsarethe resultof ratiosof resistance
(equations?? and ??), so the temperatureoeficientsmay be expectedto cancel. Simulationof resistor
drift with the spreadsheetonfirmsthis: the effectsof resistordrift aresmallenoughto be neglected.

www.eelabinstruments.com



