WO 2006/ 130425 PCT/ US2006/ 020254 -1 LI NE PRESSURE MEASUREMENT USI NG

Dl FFERENTI AL PRESSURE SENSOR BACKGROUND OF THE | NVENTI ON The present
invention r -pressure 5 sensors of the type used to neasure the
pressure of%?%%?lg%‘g%s fluid. More specifically, the pr eg‘éﬂﬁsmf’ﬁ?‘vﬁ ion
relates to a pressure sensor configured to neasure both a differenti al
pressure as well as a line pressure. 10 Transmtters are used in process
nonitoring and control systens to neasure various process variables of
industrial processes. One type of transm.tter measures pressure of process
fluid in the process. Various techniques 1have been used in the 15 pressure
sensors used in such‘tr%]fn‘itters. One well _known technigue is to use a
def | ect abl e di aphragm %ﬂ@§%$s%mu ngCt to the

di aphragm w th the di aphragmform ng_qne_of the _capacitive plates of the
capacitor. As the diaphra B m&%tgaﬂﬁmg a%%N Qﬁpressure, t he

nmeasured capacitance changes figuratio there are a nunber
of sources of inaccuracies in% ,gééﬁibaqu%ﬁ g%ﬁﬁ?gbe t echni que whi ch
addresses these 25 ivﬂa@c;E@@ggﬁti S isRlenftabhh ¥4t Patgnt sgu®e?95, 875
entitled, "PROCESS PRESSURE MEASUREMENT DEVI CES W TH | MPROVED ERRCR

COMPENSATI ON'5 i seRePrcebbele 2Lypoomsad i inqessrealthenmrersuge aéorpor at ed
herein by referegegebdsi L1804 Mty molll S PSR cally, the present

invention relates to a pressure sensor configured to

measure both a differential pressure as well as a
line pressure.

10 Transmitters are used in process monitoring
and control systems to measure various process
variables of industrial processes. One type of
transmitter measures pressure of process fluid in the
process. Various techniques have been used in the

15 pressure sensors used in such transmitters. One well
known technique is to use a deflectable diaphragm. A
capacitance is measured with  respect to  the
diaphragm, with the diaphragm forming one of the
capacitive plates of the capacitor. As the diaphragm

20 is deflected due to applied pressure, the measured
capacitance changes. In such a configuration, there

are a number of sources of inaccuracies in pressure

measurements.
One technique which addresses these
25 inaccuracies is set forth in U.S. Patent No.

6,295,875 entitled, "PROCESS PRESSURE MEASUREMENT
DEVICES WITH IMPROVED ERROR COMPENSATION" issued
October 2, 2001 to Frick et al. which is incorporated
herein by reference in its entirety. This patent

30 describes a differential ©pressure sensor that



30 describes a differential pressure sensor that WO 2006/ 130425

PCT/ US2006/ 020254 -2 includes an additional electrode for use in reducing
neasurenent“% ﬁﬁ&ﬁ% ies. However, in some installations it is desirable to
measure an absolut'e (line or gauge) pressure in additi oBCITFS008/020254
differential pressure nmeasurenment. In such an application, an additional
pressure sensor is typically required to nmeasure the line pressure. SUWARY
A pressure sensor assenbly for sensing a 10 pressure of a process fluid

i ncl udes a sensor body having a cavity forned therein. The cavity is
configured to couple to a first process fluid pressure. A deflectable

di aphragmin the cavity deflects in response to the first process fluid 15
pressure. Afirst primary electrode is coupled to a wall of the cavity and
forms a first primary capacitor between the first primary el ectrode and the
defl ect abl e di aphragm A first secondary et®ctrode is coupled to the wall

of the cavity to forma first 20 secondary capacitor between the first

secondary el ectrqﬁ%magstg %%i&l%qbagheedbeebaagwok' e PLPSAURL gp”lrem oy

process fluid is calculated as a function of variation int
capacitor and theeaSHSEmeetondaxwaQEquﬂnmmw dueHpwerhanges im 25 gdme si ze
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measurement systemiline or gauge) ©pressure in addition to a

5 differential pressure measurement. In such an

application, an additional pressure sensor is
typically required to measure the line pressure.

SUMMARY

A pressure sensor assembly for sensing a

10 pressure of a process fluid includes a sensor body

having a cavity formed therein. The cavity is

configured to couple to a first process £luid

pressure. A deflectable diaphragm in the cavity

deflects in response to the first process fluid

15 ©pressure. A first primary electrode is coupled to a

wall of the cavity and forms a first primary

capacitor between the first primary electrode and the

deflectable diaphragm. A first secondary electrode is

- coupled to the wall of the cavity to form a first

20 secondary capacitor between the first secondary

electrode and the deflectable diaphragm. Line

pressure of the process fluid is calculated as a

function of wvariation in the first priméry capacitor

and the first secondary capacitor due to changes in

25 the size of the cavity from the first process £fluid

pressure. A method is also provided.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows a process measurement system
with a process transmitter constructed in accordance

30 with the present invention.



with a process transmtter constructed in accordance

operation of the present invention. Figure 5A is a graph of

30 with the present

i nvention. WD 2006/ 130425 PCT/ US2006/ 020254 -3 Figure 2 is schematic view
of atransmtter of Figure 1. Figure 3 shows a cross sectional view of
portion of the process transmtter of Figure 1. 5 Figure 4 is a sinplified
cross sect i WRA06/13948%v of pressure sensor 56 for use in i PCTUES064/020054

versus prinmary sumeffective gap and Figure 5B is a 10 graph of I|ine
pressure versus ring sumeffective gap. Figures 6A and 6B are graphs of
pressure versus ring sumprimary sumand (ring gap/primary gap)x+(ring
gap/ primary gap)y. Figures 7A and 7B are three dinensional 15 graphs of
| ine pressure versus prinmary transfer function versus ring sum primry sum
Figure BAis a graph of line pressure versus ring suniprimry sum at
various transfer function values. 20 Figure 8B is a graph of slope oc
versus nomnal primary transfer function. DETAI LED DESCRI PTI ON The present
invention provides an apparatus and nethod for determining |ine pressure
for a nulti- 25 el ectrode Fdgpae arice ashs@atpreyiare ofems BrranBpicsaput i ng

the ratios of sugF,Fﬂﬁﬁ§yq§ of ratios, of appropriate capacitances in a

mul ti-capaci tance base

Figure 3 shows a cross sectional view of a

portion of the process transmitter of Figure 1.

5 Figure 4 is a simplified c¢ross sectional

view of pressure sensor 56 for use in illustrating

operation of the present invention.

Figure 5A 1is a graph of 1line pressure

versus primary sum effective gap and Figure 5B is a

10 graph of line pressure versus ring sum effective gap.

Figures 6A and 6B are

pressure versus ring sum/primary

graphs of line

sum and (ring

gap/primary gap)x+(ring gap/primary gap)y.

Figures 7A and 7B are three dimensional

15 graphs of 1line pressure versus primary transfer

function versus ring sum/primary sum.

Figure 8A 1is a graph of 1line pressure

versus ring sum/primary sum at +various transfer

function values.

20 Figure 8B 1is a graph of slope o« <versus

nominal primary transfer function.

DETAILED DESCRIPTION

The present invention provides an apparatus

and method for determining line pressure for a multi-

25 electrode capacitance-based pressure

sensor. By

computing the ratios of sums, or sums of ratios, of

appropriate capacitances in a multi-capacitance based

pressure sensor, the line pressure of the process

fluid can be determined.

a

| ine pressure

i ne



pressure sensor, the line pressure of the process fluid can be determ ned.
WO 2006/ 130425 PCT/ U52006/ 020254 -4 Figure 1 shows generally the

envi ronnent,, Qf ocess neasurenent system 32. Figure cess
wo 206%/13&83 ]E'(F]]ZB%DV\@%O&E{S?

pi pi ng 30 contalinin
measur enent system 32 for 5 nmeasuring a process pressure.

measur enent

a fluid under pressure coupled to

system 32 includes inpul se piping 34 connected to the

The process

pi pi ng

30. The inmpulse piping 34 is connected to a process pressure transmtter
36. A primary elenment 33, such as an orifice plate, venturi tube,
nozzl e, and so on, contacts the process fluid at a location in the process
pi ping 30 between the pipes of the inpulse piping 34. The primary

33 causes a pressure change in the fluid as it passes
el ement 33. 15 Transmitter 36 is a process peasurenent device

t hat

flow 10

el ement

past the primry

recei ves

process pressures through the inpul se piprﬁg 34. The transmtter 36 senses
a differential process pressure and converts it to a standardi zed
si gnal thatigusea If ushdwen gehetrhelpr adessenZdromesstr of A&

process | oop 38 provides both a gomer si%nal to the transmtter 36 from

transm ssi on

control room 40 aRd®<6 G r BEAFBA

accordance with a

PeRbrmd

PP ot - and TERER chnsthied in
prodees AifiRCess E8ANHDMELAY | AN A% ik At Spréfathe

illustrated exanple, the process loop 38 is a two-wire |loop. The two-wire
to eaRdEk APl PimePnosessd BERSEERRRM c&YiStem t 82 for

5 measuring a process pressure. The process measurement

| oop i s used

10

15

20

25

30

system 32 includes impulse piping 34 connected to the
piping 30. The impulse piping 34 is connected to a
process pressure transmitter 36. A primary element
33, such as an orifice plate, venturi tube, flow
nozzle, and so on, contacts the process £fluid at a
location in the process piping 30 between the pipes
of the impulse piping 34. The primary element 33
causes a pressure change in the fluid as it passes
past the primary element 33.

Transmitter 36 is a process measurement device
that receives process pressures through the impulse
piping 34. The transmitter 36 senses a differential
process pressure and converts it to a standardized
transmission signal that is a function of the process
pressure.

A process loop 38 provides both a power signal
to the transmitter 36 from control room 40 and
bidirectional communication, and can be constructed
in accordance with a number of process communication
protocols. In the illustrated example, the process
loop 38 is a two-wire loop. The two-wire loop is used
to transmit all power to and all communications to
and from the transmitter 36 during normal operations
with a 4-20 mA signal. A computer 42 or other

information handling system through modem 44, or



and fromthe transmtter 36 during normal operations wth a 4-20 mA signal.
A conmputer 42 or other 30 information handling systemthrough nodem 44, or

WO 2006/ 13Q¢@5006)530/43452006/ 020254 -5 ot her network i nt erdcg@@a0dsp2028£d for
communication wth the transmtter 36. A renote voltage power supply 46
powers the transmtter 36. Figure 2 is a sinplified block diagramof 5
pressure transmtter 36. Pressure transmtter 36 includes a sensor nodul e
52 and an el ectronics board 72 coupled together through a databus 66.
Sensor nodul e el ectronics 60 couples to pressure sensor 56 which received
an applied differential pressure 54. 10 The data connection 58 coupl es
sensor 56 to an analog to digital converter 62. An optional tenperature
sensor 63 is also illustrated along with sensor nodule nenory 64. The

el ectronics board 72 includes a mcroconpuger system 74, electronics nenory
nodul e 15 76, digital to anal og signal conversion 78 and digital

communi cation block 80. in accordance with techniques set forth in US.
Patent No. 6,295, ®rhexp Fetekriet imterfpressurse usednsinn t epmBBniencimn

differential presgure Eggevgg g%{éﬁy% pL gsent i”¥§%%éé”1vdit”°t Iig@é@d to
such a configuration. |gureE§1|s a sinplifie cross-Sectionar NYew of one

enbodi nent of a sensElymadubewt?ssbhsi tpngidsHlr gesensor 56. Pressure
sensor 56 couples to a_25 gyocess,fluid t hrough i sol ation diaghra ns 90
which isolate the procéS&Te uird fPonmPcafitPesfdyed AipeFesdiagram of

5 pressure transmitter 36. Pressure transmitter 36
includes a sensor module 52 and an electronics board
72 coupled together through a databus 66. Sensor
module electronics 60 couples to pressure sensor 56
which received an applied differential pressure 54.

10 The data connection 58 couples sensor 56 to an-analog
to digital converter 62. An optional temperature
gsensor 63 1is also illustrated along with sensor
module memory 64. The electronics board 72 includes a
microcomputer system 74, electronics memory module

15 76, digital to analog signal conversion 78 and
digital communication block 80.

In accordance with techniques set forth in
U.S. Patent No. 6,295,875 to Frick et al., pressure
transmitter 36 senses differential pressure. However,

20 the present invention is not limited to such a
configuration.

Figure 3 1is a simplified c¢ross-sectional
view of one embodiment of a sensor module 52 showing
pressure sensor 56. Pressure sensor 56 couples to a

25 process fluid through isolation diaphragms 90 which
isolate the process fluid from cavities 92. Cavities
92 couple to the pressure sensor module 56 through
impulse piping 94. A substantially incompressible
£fill fluid fills cavities 92 and impulse piping 94.

30 When a pressure from the process fluid is applied to



92 couple to the pressure sensor nodule 56 through inpulse piping 94. A
substantially inconpressible fill fluid fills cavities 92 and i npul se

pi pi ng 94. W0 W@Be4as pressure fromthe process fluid is gpphéRekdesyO
2006/ 130425 PCT/ US2006/ 020254 -6 di aphragns 90, it is trans#erreg2 he

pressure sensor 56. Pressure sensor 56 is formed fromtwo pressure sensor
hal ves 114 and 116 and filled with a 5 preferably brittle, substantially

i nconpressi ble material 105. A diaphragm 106 is suspended within a cavity
132,134 fornmed within the sensor 56. An outer wall of the cavity 132, 134
carries electrodes 146,144,148 and 150. These can, generally, be 10
referred to as prinmary el ectrodes 144 and 148, and secondary or secondary
el ectrodes 146 and 150. These electrodes formcapacitors with respect to
the noveabl e di aphragm 106. The capacitorss_again, can be referred to as
primary and secondary capacitors. 15 As illustrated in Figure 3, the various
el ectrodes in sensor 56 are coupled to analog to digital converter 62 over
el ectrical connectdigph¥agms 19U, HFS adAd tuasimgitad ofal | phet Hereksunsct abl e
di aphragm 106 couggggogosgnalog to digital converter 20 62 through
connection 109. As discussed in U S. Patent No. 6,295,875 the differential
pressure applied to the senBpesSbre casetsoreasar etk usfogmédie £t@et rowtes

144-150. As discussed bel ow, the ciﬁgcitance geasured ushqg_these 25
el ectrodes can al P56 HEefer5OFet et itRe ILhedPfindlé and filled with a

5 preferably brittle, substantially incompressible
material 105. A diaphragm 106 is suspended within a
cavity 132,134 formed within the sensor 56. An outer
wall of the cavity 132, 134 carries electrodes
146,144,148 and 150. These can, generally, be

10 referred to as primary electrodes 144 and 148, and
secondary or secondary electrodes 146 and 150. These
electrodes form capacitors with respect to the
moveable diaphragm 106. The capacitors, again, can be
referred to as primary and secondary capacitors.

15 As illustrated in Figure 3, the warious
electrodes in sensor 56 are coupled to analog to
digital converter 62 over electrical connection 103,
104, 108 and 110. Additionally, the deflectable
diaphragm 106 couples to analog to digital converter

20 62 through connection 109.

As discussed in U.S. Patent No. 6,295,875,
the differential pressure applied to the sensor 56
can be measured using the electrodes 144-150. As
discussed below, the capacitance measured using these

25 electrodes can also be used to determine the line
pressure of the process fluid applied to the pressure
sensor 56.

Figure 4 is a gimplified cross-sectional
view of sensor 56 used to illustrate operation of the

30 present invention. Figure 4 illustrates various



pressure of the process fluid applied to the pressure sensor 56. Figure 4
is asinplified cross-sectional view of sensor 56 used to illustrate

operation olobiw136d@s present invention. Figure 4 illustrgi@sgsyaineds WO
2006/ 130425 PCT/ US2006/ 020254 -7 capacitive values, M between el ectrode

144 and di aphragm 106, My between el ectrode 148 and di aphragm 106, RX

bet ween el ectrode 146 and di aphragm 106 and capacitor Rl between el ectrode
150 and di aphragm 106. 5 It has been di scovered that during an operation of
pressure sensor 56, the line pressure applied to the pressure sensor
through the capillary tubes 94 causes a deformation in the body 220 of
pressure sensor 56. The applied |line pressure causes 10 a pressure

di fference between the pressure within body 220 and the internal
environnment of the pressure transmtter. This pressure differential causes
the deformation in the body 220. In the exanple shown in Figure 4, a
greatly exaggerated deformation is shown. is Specifically, the applied line
pressure causes ERPaEibiveal Yalued, antk 2d=aiegsodyelzrnogeex fdtd  a@dt war d

Dol oL o, S ABOEL o NSl Wbl M U LA™
the 20 position shoémn iRz peaneem kA@Ectawdel28t6 amdspéephvedgy. 146 tdmel wal | s
126 and 128 rove SOEIBESLY MIBELECLIIE it st B AL 00 0l 30 Toue
150", respectiyely. It has been discovered that during an
operation of pressure sensor 56, the line pressure
applied to the pressure sensor through the capillary
tubes 94 causes a deformation in the body 220 of
pressure sensor 56. The applied line pressure causes

10 a pressure difference between the pressure within
body 220 and the internal environment of the pressure
transmitter. This pressure differential causes the
deformation in the body 220. In the example shown in
Figure 4, a greatly exaggerated deformation is shown.

15 Specifically, the applied 1line pressure | causes
exterior walls 200 and 202 of body 220 to expand
outward to the positions shown in phantom at 200’ and
2027. As the body deforms, the interior walls 126
and 128 of cavity 132, 134 also expand outward to the

20 position shown in phantom 126’ and 1287,
respectively. As the walls 126 and 128 move
outwardly, the electrodes 144, 146, 148 and 150 also
move in an outwardly position as illustrated in
phantom at 144’, 146’, 148’ and 150’', respectively.

25 This change in position of the electrodes 144, 1456,

148 and 150 results in a change in the capacitance
values as measured at My, My, Rx and Ry. In accordance
with the present invention, this change in
capacitance is used to measure the line pressure

30 applied to the pressure sensor 56.



25 This change in position of the electrodes 144, 146, 148 and 150 results
in a change in the capacitance values as neasured at MX, My, Rx and RL. In
accordance wth the present invention, this change in capacitance is used
to measure the line pressure 30 applied to the pressure sensor 56. WO

2006/ 130423V@eopsi89E06/ 020254 As used herein, the capadlGTA/feR6H22Hken

el ectrodes 144 and 148 and the di aphragm 106 is referred to as a "primary
capaci tance" and the capacitance between el ectrodes 146 and 150 and the 5
center diaphragm 106 is referred to as a secondary capacitance. In
accordance with the present invention, the line pressure is determned as a
function of the capacitance of a primary capacitor and the capacitance of a
secondary ‘capacitor. These 10 capacitance values can be used in a ratio of
suns, or sumof ratios, in a configuration to reduce errors in the line
pressure neasurenents. A line pressure (Pj.signal can be derived fromthe
mul ti-el ectrode capacitance based 15 differential pressure sensor 56

descri bed above. This deternmi nation can be made by uting a ratio of
suns, or a sumof ratios 6f tHée‘épplﬁ%iﬁ?Jrrbzteth%vela?écggﬁpvé ch%‘é\‘@?—‘%lhnce
signals. As usediReiebRes amvearf@p% tagag 'éh§ ﬁlagﬁ,l&% Vﬂhch
responds 20 to novenment of the center ‘di aphragm (CD) relatl ve to the sensor
cavity and exclu@é@raﬁﬁ stpaya@apa0|PawumaryTheapavetsnceﬂ aamdvethe
capacitance is R I |onal t he algﬁa en e two | arge
area (prinary) a%%% 8des §§%§F§i ggggt fp %8 the

5 center diaphragm 106 is referred to as a secondary

capacitance. In accordance with the present
invention, the line pressure 1is determined as a
function of the capacitance of a primaxry capacitor
and the capacitance of a secondary capacitor. These
10 capacitance values can be used in a ratio of sums, or
sum of ratios, in a configuration to reduce errors in

the line pressure measurements.
A line pressure (P) signal can be derived
from the multi~electrode capacitance based
15 differential pressure sensor 56 described above.
This determination can be made by computing a ratio
of sums, or a sum of ratios of the appropriate
inverse active capacitance gignals. As used herein,
active capacitance is that capacitance which responds
20 to movement of the center diaphragm (CD) relative to
the sensor cavity and excludes any stray capacitance.
The inverse of active capacitance is proportional to
the separation or gap between the two large area
(primary) electrodes separated by a relatively small
25 distance. The configuration illustrated above with a
center primary electrode and the ring secondary
electrodes can be used to determine line pressure
when the inverse active ring capacitances are divided

by the inverse active primary capacitances. More



25 di stance. The configuration illustrated above with a center primry
el ectrode and the ring secondary electrodes can be used to determne |ine

pressure iLoverse active ring capacitances are divj t he
108 20ldAS 8 PSSR

i nverse active prinmary capacitances. Mdre WO 2006/ 13042 020254
specifically, line pressure can be determ ned as foll ows:

LP=k*(1/ Rx+1/Ry) Il (1/ Mk+1/My) EQ 1 A different, equally useful fornulation
can be 5 witten as follows: LP= j*(1/Rx)I(1/ M) +(1/ Ry)I (1/ M) =

] *(MK/ Rx+W/ Ry) EQ 2 Where Mis the active capacitance of the primry

el ectrode, Ris the active capacitance of the ring electrode, x and y refer
to the low and high sides of 10 the differential pressure sensor as
illustrated in Figure 4. The constants k and j are proportionality

constants. Line pressure can al so be deterﬂaned using a single active
capaci tance val ue. However, in such a configuration, the capacitance is
particularly 15 sensitive to errors, for exanple, due to tenperature
variations. |In coapeasficaklyg thiee atpressdirscusaed babode;emmimesh gseat er
signal to noise rgt% can be obtained, for exanple a factor 100 inprovenent
over the use of &P g?%sactive capacitance. 20 Figure 5A is a graph of line

pressure (PSl) vepsug+pyipaay RoUY ehd-eohipye gap (M showi ng tde 1
tenperature effect on the sum ot the gaps between the prinmary el ectrodes
144, 148 and the di aghfdigme©06 etnhkiliynguseielse foapatatinne. cBngube 5B is
a 25 simlar qgap@rgEngzéggfé{Tgwgg ring capacitance. As
LP=j*(/Rx)/(1/ Mx)+(1/Ry)/(1/ My)= j*(Mx/Rx+ My/Ry) EQ. 2
Where M 1s the active capacitance of the primary
electrode, R is the active capacitance of the ring
electrode, x and y refer to the low and high sides of

10 the differential pressure sensor as illustrated in
Figure 4. The constants k and j are proportionality
constants. Line pressure can also be determined using
a single active capacitance value. However, in such
a configuration, the capacitance is particularly

15 sensitive to errors, for example, due to temperature
variations. In contrast, using the ratios discussed
above, a much greater signal to noise ratio can be
obtained, for example a factor 100 improvement over
the use of single active capacitance.

20 Figure 5A is a graph of line pressure (PSI)
versus primary sum-effective gap (pm) showing the
temperature effect on the sum of the gaps between the
primary electrodes 144, 148 and the diaphragm 106
utilizing inverse capacitance. Figure 5B 1is a

25 similar graph utilizing inverse ring capacitance. As
illustrated in FIGS. 5A and 5B, measuring the line
pressure with inverse capacitance provides a very
steep slope or low gauge factor with large changes in
apparent line pressure (y-intercept) for small

30 changes in temperature. Figure 6A is a graph of line



illustrated in FIGS. SA and 5B, neasuring the line pressure with inverse
capaci tance provides a very steep slope or |ow gauge factor with | arge
changes in apparent line pressure (y-intercept) for small 30 changes in

t enper at ur e, ure GAis a graph of line WD 2006/ 130425 PCT/ US2006/ 020254
-10 pressur¥© @@%gé%”?lng sum primary sumin accordance RETHSH0u@0IS6ON 1 at
various tenperatures and Figure 6B is a graph of |line pressure versus (ring
gap/ primary gap)x+(ring gap/primary gap)y in accordance with 5 equation 2.
As illustrated in FIGS. 6A and 6B, and in contrast to the graphs FIGS. 5A
and 513, the slope of the LP signal is greatly reduced (higher gauge
factor) and the y-intercept offsets caused by tenperature are snal
relative to the LP span. The 10 raw tenperature error in FIGS. 6A and 6B is
simlar to conparable sensors and is at |east partially correctable. In

t he graphs of FIGS. 5A, 5B, 6A and 6B, tfig data was collected at a
differential pressure of 0. 15 Aline pressure signal can also be obtained

when t he dlfferentlakﬁpressure and line pressure are superlnposed by
combi ni ng ei t herPTSSKHE r XEFBES 4Gt PUPRF IR quEHMons! 1 3GFOTIRRER a

standard differgity r%m&%ﬁyrle 4t apsfiefsf %’éﬁxbb%tn&:@st QﬁdC@;%?uBQ et
equation 1, such a co nation results in a fit of the data fo a surface in

t hree di mensi onals s@a@éanht ht lliime pressure b‘elrﬁgSa (frdnot icep/ptimarwdti o from

equation 1 and the,standged anabehabhncbban, (M - M Rghogxamls FIGS

7A and 7B are t
5 equation 2. As illustrated in FIGS. 6A and 6B, and

in contrast to the graphs FIGS. 5A and 5B, the slope
of the LP signal is greatly reduced (higher gauge
factor) and the y-intercept offsets caused by
temperature are small relative to the LP span. The

10 raw temperature error in FIGS. 6A and 6B ié similar
to comparable sensors and 1is at least partially
correctable. In the graphs of FIGS. 5A, 5B, 6A and
6B, the data was collected at a differential pressure
of 0.

15 A line pressure signal can also be obtained
when' the differential pressure and line pressure are
superimposed by combining either of the ratios
illustrated in equations 1 or 2 with a standard
differential pressure transfer function. In the case

20 of equation 1, such a combination results in a fit of
the data to a surface in three dimensional space with
line pressure being a function of a ratio from
equation 1 and the standard transfer function
(Mx - My)

. For example, FIGS. 7A and 7B are the views
(Mx + My)

25 of a graph of line pressure versus primary transfer
function <versus ring sum/primary sum. In this
example, 192 data points are fitted based upon using
a standard pressure transmitter at various 1line

pressure and differential pressure values. The



(Mk+My) 25 of a

graph of line pressure versus primary transfer function

versus ring sunfprimary sum in this exanple, 192 data points are fitted
based upon using a standard pressure transmitter at various line pressure

and differenti al

ressure values. The WO 2006/ 130425 PCT/ US2006/ 020254
reori ent at YUA2WH 4B axes in Figure 7B illustrates the FITGERIM{02028F ¢t he

-11

data into a plane. Figure BAis a graph of the data fromFIGS. 7A 7B of

| ine pressure versus ring suniprinmary sum

sl ope of each Ii

in these figures,

5 Figure 8B is a graph of the

ne in Figure 8A versus nomnal primary TF. As illustrated

the data is easily segregated with great consistency by

the transfer function. The plot in Figure 8B illustrates that there is no

hi gher 10 order

simplicity of the ratio/transfer
the present invention,

effect that warps or twists the plane and confirns the
function/line pressure relationship. Wth
the instability of{the dielectric constant of the

fill fluid caused 15 by heating, cooling, conpression, deconpression and

transients cancels out to a relatively |arge degree.
usi ng nore than BRFIEEET e oh téet fesi §o FEawe d7RpHldgetratene

pressure cell topobtiad e lJnenar 8301 £

arfd In specific

This i s achi eved by

experinents, the precision of the data rOV|%£§Lan error band of +1-70 PSI

line pressure at a 956 confodencd hsvalgribhsoﬁethb chtapfeomsFOASL S

sufficient for n&Quc&ggo%e&o and_s

5

10

15

20

25

30

iné pre re versus ring sum/primary sum.

Figure 8B 1is a graph of the slope of each line in
Figure 8A versus nominal primary TF. As illustrated
in these figures, the data is easily segregated with
great consistency by the transfer function. The plot
in Figure 8B illustrates that there is no higher
order effect that warps or twists the plane and
confirms the gsimplicity of the ratio/transfer
function/line pressure relationship.

With the present invention, the instability
of the dielectric constant of the £ill fluid caused
by heating, cooling, compression, decompression and
transients cancels out to a relatively large degree.
This is achieved by using more than one electrode on
either side of the diaphragm in the pressure cell to
obtain the line pressure signal. A

In specific experiments, the precision of
the data provides an error band of +1-70 PSI 1line
pressure at a 95% confidence level. This level of
precision is sufficient for reducing =zero and span
line pressure errors by a factor of 10 over a
standard configuration by correcting the differential
pressure transmitter output based upon the line-
pressure signal. Manipulation of the capacitance
data alone provides this improvement and no
additional line-pressure sensor is required.

Further, the present invention can be used to extract



| ine pressure errors by a factor of 10 over a 25 standard configuration by
correcting the differential pressure transmtter output based upon the

| i ne- pressure signal. Manipul ation of the capacitance data al one provides
this inprovenent and no additional |ine-pressure sensor is required. 30
Further, tHEOBP84#MES i nvention can be used to extract WBCIHHBHLERLIS

PCT/ US2006/ 020254 -12 a useable |ine pressure signal based upon the
nmeasur ed capacitance val ues, again without the use of an additional line
pressure sensor. In nore advanced configurations, the |line pressure signal
can be used 5 in conbination with differential pressure and, in sone
configurations, conbined with tenperature to provide a mass fl ow

cal cul ation. In one exanple, the capacitance of the prinmary capacitor
changes by about 0.2%as the line 10 pressure changes fromO to 2000 PSI.
Simlarly, the capacitance of the ring capacitor changes by about 0.7% over
such a.range. The change in capacitance is substantially linearly relative
to the change in applied line pressure. The two capacitances are used 15
to accurately neasureedthke appited Pre@spresseranalal threrf tWeopr eSbat

invention has begm rd M r ce . pret odi S,
wor kers skilled 1n % eazﬂééﬁaﬁﬁwa%%gogﬁggggfhg nghgag%égﬁagﬂge9%§§§£in form
and detail withoat @&Dlideiparali nigirfer pueslsarspisentoand Svoperef atihentcedent i on.

I n sone enbodi nents_.the present ntion includes ., conpensatjng thg

i,nv
cal cul ated |ine PrassiFE HelEd dﬂ%ﬁfﬁlne pressure signal can be“use

5 in combination with differential pressure and, in
some configurations, combined with temperature to
provide a mass flow calculation.

~ In one example, the capacitance of the
primary capacitor changes by about 0.2% as the line
10 bressure changes from 0 to 2000 PSI. Similarly, the
capacitance of the ring capacitor changes by about
0.7% over such a range. The change in capacitance is
substantially linearly relative to the change in
applied line pressure. The two capacitances are used

15 to accurately measure the applied line pressure.
Although the present invention has been
described with reference to preferred embodiments,
workers skilled 1in the art will recognize that
changes may be made 1in form and detail without
20 departing from the spirit and scope of the invention,
In some embodiments the present invention includes
compensating the calculated line pressure based upon
the applied differential pressure. As used herein, the
"primary” electrodes and capacitors and "secondary"
25 electrodes and capacitors can be alternatively referred

to as "primary" and "secondary", respectively.

The measured or calculated line pressure can be used
independently, or can be used to, for example,

compensate for errors in the measured differential .



the applied differential pressure. As used herein, the "primary" el ectrodes
and capacitors and "secondary" 25 el ectrodes and capacitors can be
alternatively referred to as "prinmary" and "secondary", respectively. The
measur ed 0rvﬁ?&§§%%&ﬁd | ine pressure can be used independently, or can be
used to, for ex ) . conpensate for errors in the neasBc&VsgobPeNti al WO
2006/ 130425 PCT/ US2006/ 020254 -13 pressure. It is contenplated that the
nmeasured |ine pressure can be used for other purposes. 14 Wat is clained
is: 1. A pressure sensor assenbly for sensing a pressure of a process fluid,
conprising: a sensor body having a cavity fornmed therein, the cavity
configured to couple to a process fluid pressure and change in size in
response to the process fluid pressure; a deflectable diaphragmin the
cavity configured to deflect in response to the first process fluid
pressure; a primary electrode coupled to-mwall of the cavity to forma
primary capacitor between the prinmary el ectrode and the defl ectable

di aphragm a seconda to.the wall of the c to forma

| ectrod | i
secondary capaciq?ﬁssﬁ)%f"\ie rgﬁg Cg’glggﬁ‘g 2L EEFFod:élean’Be?%‘éra :‘ﬁé@? abl e

di aphragm and Giredighirey c&AUBL 8Ekdd fidie cRhkfBhYrseHaci tor and the secondary
capacitor configured to calculate a line pressure of the process fluid as a

function of variation in at |least the primary capacitor and the secondary
capacitor due to change in the size of the cavity fromthe process fluid
pressure. 2. The apparatus of claim1l wherein the secondary el ectrode
conprises at least a partial ring. 3. The apparatus of claiml1l wherein the
defl ectabl e di aphragmis disc shaped. 4. The apparatus of claim1l wherein
the primary el ectrode conprises a center electrode. 5. The apparatus of
claiml1l wherein the cavity of the sensor body is configured to



couple to a second process fluid pressure and further including a second
primary el ectrode arranged on the wall of the cavity opposite the primary
el ectrode relative to the defl ectable giaphragnl and wherein the circuitry
is further configured to neasure a dif#erential pressure applied to opposed
sides of the deflectable diaphragmby the first and second process fluid
pressures. what iddema@Rar atus of claim5 wherein the differential pressure
nmeasurenent is conpensated based on the calculated line pressure. 7. The
apparatus of claiml1l wherein the cavity of the sensor body is configured to
coupl e to a secagessuecessor bdsemtly for@smssingen mesdufewwf & becedsriinld ctingisiag: second

primary el Sgér{s&d:i%ﬁéﬂ%gaa A ﬁne%‘?ﬁe‘?ﬂﬂ"’%ﬁé’cg%ﬂtfc%ﬁ Cong%ﬁgﬁeetﬁa focBs of the

cavity oppoOSi l ectro reI ative
to the di afym@rgsrﬁuretaﬁldtchmgewyswnmsaow&ﬁhelprosﬁsma\dwr&,smcu tor between the

second pri Haéfhéctﬁbléﬁfagl‘i}g@n ande tEARy EafihR6d RRkecHinadpbR@TD BRdirs? pros&E 90
secondary capacitor between the second secondary el ectrode and the

defl ect abl B®¥{%phragm 15 8. The apparatus of claim 7 wherein the
circuitry agricayvpleetbde oodpis t6 Bmat oﬁatheicaye;ctomtmmprmmrwca@adtosmmahq/

capaci tor Spﬂ%@l@&%ﬁ@aﬁ@tﬁe Idéﬁé%tagllé%faﬁ% LP=k' (1 /Rx+1 /Ry)I (1 /M+1

/' W) where I'S a capacitance o pr| mary capacitor Kk is a constant
M is a caéé@qoﬂ%ﬁﬁbé‘e‘épd? reurled dothe wall Pt aVbelip @ mtapyecomarny capaciterpirdepance of

t he secondméxée&aa@?b(@arodeaﬁaithaweﬂe%taalema@gmme of the second secondary
capaci tor.

t | ed t
P ot iy BB rHiZed cam‘@eaesW&éﬁ@oné%psamciqf§°§hafre§é% GRS T e
pressur e aslined fPegstire(die Rroekss fRyd) asvedfemaipmofiviariation & at lepstdihe primeaey cdpatitee pri mary

capaci t or aljll_%(thés&oﬁ&rﬂ%éfﬁg&tome' t8 F,ﬁa;n%@‘ﬁﬁﬁé él?éq&%ecgaV|tﬁ%n§fﬁ€9%ge fﬂ'uﬁaf y

capaci t or a capaclitance o e secondary capacitor, an is a
capaci t ancB®®fU'* he second secondary capacitor.

2. The apparatus of claim 1 wherein the secondary electrode comprises at least a

partial ring.
3. The apparatus of claim 1 wherein the deflectable diaphragm is disc shaped.
4.  The apparatus of claim 1 wherein the primary electrode comprises a center electrode.

5. The apparatus of claim 1 wherein the cavity of the sensor body is configured to
couple to a second process fluid pressure and further including a second primary electrode
arranged on the wall of the cavity opposite the primary electrode relative to the deflectable
diaphragm, and wherein the circuitry is further configured to measure a differential pressure
applied to opposed sides of the deflectable diaphragm by the first and second process fluid

pressures.

6. The apparatus of claim 5 wherein the differential pressure measurement is
compensated based on the calculated line pressure.

7. The apparatus of claim 1 wherein the cavity of the sensor body is configured to
couple to a second process fluid pressure and further including a second primary electrode
and a second secondary electrode coupled to a wall of the cavity opposite the primary
electrode and the secondary electrode relative to the diaphragm, to thereby form a second
primary capacitor between the second primary electrode and the deflectable diaphragm and a
second secondary capacitor between the second secondary electrode and the deflectable
diaphragm.



10. The apparatus of claim1 wherein the sensor body is fornmed of a rigid

i nsul ator conprising ceramc or glass. 11. A process transmtter for
measuring pressure of the process fluidsincluding the pressure sensor of
claiml1l. 12. A nethod of determining a |ine pressure of a process fluid,
conprising: applying a pressure of the process fluid to a sensor body having
a cavity forned therein and responsively causing a size of the cavity to
change, the gavi incl uding. fl ectabl e diaphr nd_a primry
el ectrode Whél':Ch 1?%19 H%ar%tu%?f{}%érﬁyz%g%gglﬁ?(grrcu'\tfw g ﬁgf eecatg{maegfﬁﬁga%gectoﬁ sensor
body f urt hetfimarnandssicorpazy capacitagany deteiminesdoepeeaurd 3%y a secondary capacitor
wth a cavity; calculating the line pressure of the process fluid as a
function of variation in at |east the primry capacitor and the secondary
capaci t or 65’3‘%@6@%@%"6%&@ size of the cavity in response to the
process f | wherejpigssaicapacithBce oftre priedalyadpaditorc! ai m 12 wherein the cavity of the
sensor body.Js.Gafi gured to couple to a second process fluid pressure and
further including a second prinmary el ectrode arranged on the wall of the
cavi ty oppdbistacapifitanseiohiie pecond gtimadcanastait i ve to the defl ectabl e di aphragm

16 and f URt B@rlcapdeftdridd bffle BBRAYH Epaditoflishf erential pressure applied to
opposed sides of the %[e) | ect abl e d@ hra‘fqm by the first and second process

pressur es. "1 3 CHPASIFASE AbiRe 8FCORY S§oRD ’P‘faﬁe 9%i ng conpensating the

differential pressure based upon the calculated |ine pressure. 15. The

met hod of cl@im ' LA e - ond
secondary eI%ct rTi“ééb@%%tggéé@%{@7?&%P‘ﬁ“%?"‘@ﬁ@éég{‘f?ﬁ}g%%S“é%i%ﬁ%eet"%g&pri mary

el ectrode Aff@2Y Aed seserdghcePIcitarsand defgenines|ling peesufeRs he di aphragm to thereby

forma second prinmary capacitor between the second primary el ectrode and

t he defl ectabl japhragm and a second secondary capacitor between the
second sec%&dé&ﬁéf@%ﬁode and the defl ectabl e diaphragm 16. The nethod of

cl ai m 15 wwbereiniViscd capbciancepoftherpeimaryespaniter i s det erm ned by the equation:
LP=k* (1 /F?(i?]a_céu%ﬁnft(l /M +1 /My) wherein M is a capacitance of the primary

capacitor "k is a constant _ ,
M, is a capacitance of the second primary capacitor

R, is a capacitance of the secondary capacitor, and
Ry is a capacitance of the second secondary capacitor.

10. The apparatus of claim 1 wherein the sensor body is formed of a rigid insulator

comprising ceramic or glass.

11. A process transmitter for measuring pressure of the process fluid including the
pressure sensor of claim 1.

12. A method of determining a line pressure of a process fluid, comprising:
applying a pressure of the process fluid to a sensor body having a cavity formed therein and
responsively causing a size of the cavity to change, the cavity including a deflectable
diaphragm and a primary electrode which forms a primary capacitor with the diaphragm, the
sensor body further including a secondary electrode forming a secondary capacitor with a
cavity,
calculating the line pressure of the process fluid as a function of variation in at least the
primary capacitor and the secondary capacitor due to change in the size of the cavity in

response to the process fluid pressure.

13.  The method of claim 12 wherein the cavity of the sensor body is configured to couple
to a second process fluid pressure and further including a second primary electrode arranged
on the wall of the cavity opposite the primary electrode relative to the deflectable diaphragm,



MY is a capacitance of the second primary capacitor R, is a capacitance of
the secondary capacitor, and RY is a capacitance of the second secondary
capacitor. 17. The nethod of claim 12 yherein calculating |ine pressure is
determ ned by the -equation: j*(M/Ry+Mk/Ry) wherein M is a capacitance of
the primary capacitor j is a constant MY is a capacitance of the second
primary cagrdutterf incilbiind BedsutigPagifféramrbpredsute#ppiaao oshassd sidpatiteor, and RY is

a capaci tance of the secpn eco Ly .C itor. 18. The nethod of claim 12
wherein th%e(ﬁg%t%gs!%‘rj'a@g ml&éﬂ? ﬁrrs?r%r@%%?%g "?‘?%gugs THIGr at or conprising ceramc
or glass. 19. A process transmtter for measuring pressure of the process

fluid configyreant Methedbf dim a2 Heluding SoriFinBRRg e diteRdihl bessd baddRipSSSUT €
sensor conpri si n% def | ect abl € di aphragm configured to receive first

, L7 a
and second"BrASLFIPENCPMSFYEdD to opposing sides; first and second prinary
el ectrodes configured to formfirst and second primary capacitors wth the

deil et abl o 180 Aty 3% 9UASRGU ASERRE kLRSI AERLET 017 20 Lo

formfirst and second Sec _ _ | ctapbl e di aphragm
circuitry essatdagielesiodecasnled if aval ditfefcayityipppesite fedsparyeiestiade anditiheer

confi gur edsdcandz) dlebtrBiErelatinSto tRY BSphHgh, Bhdtetlyddiai 4 Sddofd prikdry edpadide i n the

first and con rimary. capacitqrs d fjrst an second secondary
capaci t or s.gg‘ﬁe.” ﬁgcg?&mggggrﬁg%?n@ge g?f%Ftﬁ?'ﬁg'a&mé?rElaﬁ PRER rcuitry is
furt her cosdcogiaryechpadctor nshweEprisasesont defanderyteleatroderang sher deflbdstdaldiaghvaynt. he
calculated line pressure. 22. The pressure sensor of claim 20 wherein the
circuitry determines line pressure as: LP=k' (1 /Rx+l /Ry)I(l /M+1 /M)
wherein M i'§. a Thapgtiod ahedmdf whaeinsalcHighing liee pigesuois determined by the

equation:

LP=k*(1/Rx+1/Ry)I(1/Mx +1/My)

wherein M, is a capacitance of the primary capacitor
k is a constant

M, is a capacitance of the second primary capacitor
Ry is a capacitance of the secondary capacitor, and

R, is a capacitance of the second secondary capacitor.

17. The method of claim 12 wherein calculating line pressure is determined by the
equation:

J*(Mx/Ry+Mx/Ry)

wherein M, is a capacitance of the primary capacitor
j is a constant

M, is a capacitance of the second primary capacitor
Rxis a capacitance of the secondary capacitor, and

Ry is a capacitance of the second secondary capacitor.

18. The method of claim 12 wherein the sensor body is formed of a rigid insulator
comprising ceramic or glass.

19. A process transmitter for measuring pressure of the process fluid configured to
carrying out the method of claim 12.

20. A pressure sensor comprising;



k is a constant MY is a capacitance of the second primary capacitor Rx is a
capaci tance of the secondary capacitor, and RY is a capacitance of the

second secondary capacitor. 23. The prgssure sensor of claim20 wherein the
circuitry determnes line pressure as: LP=f" (M/Rx+My/Ry) wherein MK is a
capaci tance of the primary capacitor | is a constant MY is a capacitance of

t he secondapéfieBBb¥ dRBREGH corfiguidd td BcvelPdlakd $cRBAEpredsufdl RpHiRE A6kHbYIng
capacitor, and RY is a capacitance of the second secondary capacitor. 24.

The pressuP®%sensor of claim 20 including a tenperature sensor and wherein
t he ci r cufistrandisgcond ptihany eteotnddes oordiguredtodermdfindt ahe sevass prirhaywcascitord unct i on of

a differenjh SSHEQiaphlabf€ Pressure and tenperature. 25. The pressure
sensor of c|€{| %18%% V\,Her'eaipn ltlh’e defl ectabl e di aphrg{gm is positioned in a

cavi ty whi 8mta0H speped seaendary electipdpeeqpiigised to dorm it pedisesprassegendary
capacitors with the deflectable diaphragm;
circuitry configured to caiculate differential pressure and further configured to calculate line
pressure as a function of variations in the first and second primary capacitors and first and

second secondary capacitors.

21.  The pressure sensor of claim 20 wherein the circuitry is further configured to
compensate differential pressure based upon the calculated line pressure.

22. The pressure sensor of claim 20 wherein the circuitry determines line pressure as:

LP=k*(1/Rx+1/Ry)/(1/Mx+1/My)

wherein M, is a capacitance of the primary capacitor

k is a constant

M, is a capacitance of the second primary capacitor

Ry is a capacitance of the secondary capacitor, and

Ry is a capacitance of the second secondary capacitor.

23. The pressure sensor of claim 20 wherein the circuitry determines line pressure as:

LP=j*(Mx/Rx+My/Ry)

wherein M, is a capacitance of the primary capacitor

j is a constant

M, is a capacitance of the second primary capacitor

Ry is a capacitance of the secondary capacitor, and

Ry is a capacitance of the second secondary capacitor.

24,  The pressure sensor of claim 20 including a temperature sensor and wherein the
circuitry is further configured to calculate mass flow as a function of a differential pressure,
line pressure and temperature.

25.  The pressure sensor of claim 20 wherein the deflectable diaphragm is positioned in a
cavity which changes in size in response to applied pressure.





