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571 ABSTRACT

A circuit for compensating variables in a measurement
transmitter. Within the transmitier, a sensor senses a-primary
process variable such as differential pressure and a converter
digitizes the sensed process variable. The sensor semses
pressures within a span of pressures valies, A memory
inside the transmitter stores at least two membership
functions, each membership function having a non-zero
valuc over a predetermined region of the process variable
span and a substantially zero value over the remainder of the
span. The memory also stores a set of compensation
formulas, each formula corresponding to a membership
function. A selection circuit in the transmitter selects those
membership functions which have a non-zero value at the
digitized process variable and a correction cireuit provides at
least one coarection value, cach correction value calculated
from a compensation formula corresponding to a selected
membership function. A weighting circuit multiplies each
correction value by its corresponding selected membership
function, and combines the multiplicands to provide a com-
pensated process variable. The compensated process vari-
able is coupled to a control circuit connecting the transmitter
to a control system,

96 Claims, 8 Drawing Sheets
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TRANSMITTER WITH IMPROVED
COMPENSATION

BACKGROUND OF THE INVENTION

This invention relates to a techmique for compensating a
sensed variable, where the variable can be representative of
position as in a process antomation application, or repre-
sentative of some other physical variable such as pressure,
temperature, pH, optical intensity as in a process conirol
industry application. More particulady, the invention appHes
to devices, such as transmitters, actuators and positioners,
which compensate a sensed variable to provide an ontput
representative of the variable.

There is a need to improve the accuracy with which
measurement transmitters and devices with actuated outputs,
sich as a positioner, compensate outputs reprasentative of
process variables. Measurement fransmitters sense process
variables such as pressure, temperature, flow, pH, position,
displacement, velocity and the like in a process control or
process automation installation, Transmitters have anatog-
to-digital (A/D) converters for digitizing sensor outputs
representative of sensed process variable and a compensa-
tion circuit for compensating the repeatable emors in the
digitized process variable ontputs. Temperature is one of the
main sources of the emror. The compensation circuit typically
comprises a microprocessor which calculates the compen-
sated process variable ontput with long polynomial func-
tions selected to fit the error characteristics of the semsor
over 2 span of pressures. Constants in the Iong polynomial
function are individually sclected to cach sensor. Duting
manufacture, individual testing of each sensor generates a
set of charactetization constants related to the sensor errors
which is later stored in a transmitter EEPROM. Using this
compensation scheme, process variables can typically be
camrected to an accuracy of 0.05% over the span of the
primary process variable which the transmitter measures.
For example, known pressure transmitiers having a span of
0 to 150 inches of water provide comected pressures within
0.05% accuracy. Limited electrical power and limited time
to compute the outpnt make it difficult to complete more
complex computation needed to improve accuracy.

Errors in the operating characteristic of the sensor can be
a complex, sometimes nonlinesr fometion of many variables.
The primary variable (the variable which is compensated),
contribotes directly to the error, while secondary process
variables (which affect the measprement of the primary
process variables) contribute indirectly to the error. As the
need for accuracy increases, comtributions of secondary
variables become significant. Current approaches solve this
quandary with high erder polynomials in multiple process
variables, but the resuliing cquation is arithmetically ill-
conditioned and sensitive to the manner in which the poly-
nomial is computed, in that overflows may occur. One
transmitter cornpensation equation is an eleventh order
polynomial with approximately 100 terms in three variables,
which must be calculated ecach time the transmitter outputs
& process variable. Geperating characterization constants for
these high order polynomials is costly and time consuming,
Furthermore, this approach cannot optimally capture the real
behavior of the non-linear process vmables, which interact
nonlinearly.

In addition to concerns of software and computational
complexity, power consnmption is critical for transmitters
which receive all their operating power over the same wires
used for commumication. Furthermare, some “Intrinsically
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safe” areas where transmitters are installed limit the trans-
mitter’s available power. The finite current budget not only
limnits the number and complexity of the calcnlations, but
impacts the fonctionality able to be incorporated in the
trapsmitter. For example, A/D converters could convert
digitized sensor outputs more rapidly if more power were
available, thereby increasing the transmitter update rate. An
EEFROM large enough to accommodate all the character-
ization constants also consumes power which would other-
wise provide additional functionality.

There is thus a need for an acaurate method for compen-
saling process variables which is computationally simple
and requires small numbers of storm characterization.
constants, 50 as to consume a reduced amount of power and
provide excess power for additional functionality and
increased update rates in the transmitter.

SUMMARY OF THE INVENTION -

In an embodiment, 2 measurcinent transmitier has a
sensor for sensing a process variable (PV) soch as pressure
and digitizing means for digitizing an output representative
of the sensed PV, The sensor senses the PV within 2 span of
PV values. A memory inside the transmitter stores at Ieast
two membership functions, each membership function hav-
ing a non-zero value over a predetermined region of the PV
span and a substantialfy zero value over the remainder of the
span. The memory also stores a set of compensation
formulas, each formmla corresponding to a membership
function. A selection circuit in the transmitter selects those
membership functions which have a non-zero ordinate at the
valne of the digitized PV and a correction circnit provides at
least one correction value, each correction value calculated
from: a compensation formula comresponding to a selected
membership function. A weighting cireuit weights cach
correction valne by the ordinate of the comresponding
selected membership function, and combines the rmltipli-
cands to provide a compensated PV, The compensated PV is
coupledtoaoontolarcmtconnecungﬂletranmttm'toa
control systern.

A second embodiment includes 2 sensor for sensing a
primary PV such as differential pressure, and other sensots
for sensing secondary PVs such as line pressure and tem-
perature, A set of converters digitize the sensed PVs. Each
of the variables is assigned at least one membership
function, with at least one of the variables having assigned
at least two single dimensional membership functions. The
membership functions having a substantially non-zero ordi-
nate at the digitized PV values are selected, and compensa-
tion formulas comesponding to the selected membership
functions are retrieved from a memory. An FAND circnit
forms all enique three clement combinations of the ordinates
and provides the “ruie strength™ or minimum of the each of
the combinations. A weighting circuit function perform in
substantially the same way as described above to provide a
compensated primary PV, which is formatted and coupled to
a two wire circuit.

BRIEF DESCRIPTION OF THE DRAWINGS
AND TABLE

FIG. 1 is a sketch of a ficld mounted transmitter shown In
a process coatrol installation;

FIG. 2 is a block diagram of & transmitter made according
to the present invention;

FIGS, 3A-C are plots of the three membership functions
A-—C respectively and FIG. 3D is a plot of the all three
membership functions A-C, all shown as a function of .
uncompensated normalized pressure;
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FIG. 4 is a flowchart of compensation circuit 58 in FIG.
2
FIG. 5 is a block diagram of compensation circuit 58 with
an altermative embodiment of membership function selec-
tion circuit 64; '
FIG. 6 is a plot of a multidimensional membership
functions;
FIG. 7A and FIG. 7B is a plot of the ervor as a fanction
of pressure for two differential pressure sensors A and B.
TABLE 1 shows constants K, through K, , for each of the
three reglons. -

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

In FIG. 1, a pressure transmiticr shown generally at 2
transmits an output representative of pressure to a digital
control system (DCS) 4 via a two wire current loop shown
generally at 6. A fluid 8 in a tank 10 flows through pipe 12
into a series of othex pipes 14, 16 and 18, all containing fluid
8. Measurement transmitter 2 senses the pressure differcnce
&cross an orifice plate 20 situated in the flow of fiuid 8. The
pressure difference is representative of the flow rate of fluid
8 in pipe 12. A valve 22 located downstream from trans-
mitter 2 conirels the flow in pipe 12 as a function of
commands received from DCS vnit 4 over another two wire
loop 24. DCS unit 4 is typically located in a control room
away from the process control field installation and in an
explosion-proof and intrinsically safe area, whersas trans-
mitter 2 and valve 22 are mounted directly onto pipe 12 in
the field.

In FIG, 2, transmitter 2 is shown with two terminals 50,
52 which are couplable to two terminals of DCS 4 over
twisted wire pair 6. DCS 4 is modeled as a resistance and a
power supply in series and is shown generally at 4. Trans-
mitter 2 has a sensor section 54 including a capacitance
based differential pressure sensor 54A, an absolute pressure
sensor 54B and a temperature sensor S4C. Transmitter 2
senses differential pressures between 0 and 250 inches of
water. However, the types of process variables which trans-
mifter 2 meastres may inclnde ones representative of
position, volumetric flow, mass flow, temperature, level,
density, displacement, pH, tarbidity, dissolved oxygen and
ion concentration. Analog output from sensors 54A-C is
coupled to converter circuit 56, which includes voltage or
capacitance based analog-to-digital (A/DD)) converters which
can be of the type disclosed in U.S. Pat. Nos, 4,878,012,
5,083,091, 5,119,033 and 5,155,455, assigned to the same
assignee as the present invention. Each of converters S6A-C
generates a serial bitstrearn of 10 to 16 bits representative of
the correspording digitized process variable (PV) onto a bus
connected to compensation clrcuit 58.

Compensation circuit 58 uses fozzy logic to provide an
output representing a compensated PV and typically com-
prises a microprocessor such as a Motorola 68HC)S with
integrated memory. Circuit 58 compensates the errors in the
digitized signal representing differeniial pressure with the
digitized signals representing absolute pressure, temperature
and differentizl pressure. Compensation circuit 58 is hased
on the premise that compensation is most accnrately mod-
elled by segmenting the variables to be compensated into
multiple regions which overlap each other, where each
region has assigned to it a simplified compensation formnla
optimized for that region and a membership function which
can be multidimensional. The “strength™ of the formula in
the region is varfable throughout the region and is described
by the ordinate of the membership function at the value of
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the variable to be compensated. The ordinate of the mem-
bership function is typically 2 number between 0 and 100
percent, indicating the extent to which the value of the
variable to be compensated can be modeled by the compen-
sation formula assigned to the selected region. Compensa-
tion is determined by first selecting the regions which
include the value of the varlable to be compensated, and
selecting the membership functions and compensation for-
mulas corresponding to each selected region, The next step
is to provide a set of comrection values, by calculating each
of the compensation formulas at the value of the variable to
be compensated, and determining the strength of each cor-
rection value from the carresponding membership function.
Finally, a compensation value is provided by combining the
correction values, as weighted by the strength of the mem-
bership function at the variable value to be compensated.

A membership function selection cirenit 64 selects which
membership function is non-zero at the digitized P;T,L value
and outputs signals representative of the selected member-
ship functions on bus 64B. Circuit 64 also cutpnts ordinates
of the selected mexnbership functions at the digitized PTL
values (the “rule strengths™) at bus 64A. As a general rule,
compensation circuit 58 inclndes at least two single dimen-
sional membership functions for differential pressure, each
overlapping the other. If more than one variable is nsed for
compensation, there has to be at least two membership
functions for one of the varlables. FIGS. 3A-C show dif-
ferential pressure membership functions A, B and C, each of
which have a non-zero value over a different predetermined
range of uncompensated pressures within the span. The
variable to be compensated (differential pressure) is com-
pensated by the all three variables (F, T and L), but ounly P
is assigned membership functions. (In the most general case,
each variable is assigned multiple membership functions.)
Membership function A, shown as a solid line in FIG. 34,
has a non-zero value between 0 and 50% span and a zero
value thereafter. Membership function B, shown as a dotted
line in FEG:. 3B, has a non-zero value between 0 and 100%
span and a zero value elsewhere, Membership function C,
shown as a solid line in FIG. 3C, has a non-zero value
between 50% and 100% span and a zero elsewhere. FIG. 3D
shows membership functions A, B and C plotted as a
funetion of normalized pressure span. The non-zero scg-
ments of membership functions A, B and C define Regions
1, 2 and 3, respectively. The form of the equations need not
be the same for each of the regions. The preferred form of
the compensation formula for Regions 1-3 to meet the
required acenracy with the metal cell DP sensor is given by
Equation 1, which has a second erder term as its highest term
and requires no more that ten characterization constants.

P conpperepl DL LK G PAR THE LA K PP K T KoL+ Ky PL+
ETPE T n

Compensation formula evaluation crenit 66 evaluates and
provides a correction value for each of the compensation
formulas corresponding to the selected membership func-
tions. The set of characterization constants for each of
Regions 1-3 are stored in memory 68 and given below in

REGION 1 REGION 2 REGION 3
K, -25152 —3.4206 ~7.1604
K; 2785154 2834241 2534954
K, -4.1357 —2.3884 ~0.304
K, 24908 23038 27488
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-continued
REGION 1 REGION 2 REGION 3
Es —34611 ~10.5786 —17.4490
Ks —4.1901 ~5.6554 -69354
K, -01319 -0.1589 -0.2082
K, 119573 11.8335 11.4431
Ky 53189 ~10.3664 -115712
X, L1318 12281 13502

Memory 68 is a non-volatile memory containing member-
ship functions, compensation formulas and characterization
constants for the compensation formulas, Combining func-
tion circuit 70 receives the correction values and the rule
strengths and provides a compensated P process variable
according to the equation given by:
N @
. AL
TN
Ew
=1

where N is the number of selected regions, W, is the mule
strength for the ith region, £{P,T,L) is the carrection valne
from the compensation formula comresponding to the ith
region and P, Tepresents the compensated differential
pressure.

Qutput cirenit 62 receives and formats the compensated
differential pressure PV and couples it to terminals 50, 52 for
transmission over process control loop 6. Ouiput circuit 62
may be realized in several ways. A first alternative is a
digital-to-analog circuit where the compensated PV is con-
veried to an analog cmrrent representative of the compen-
sated PV and is thereafter coupled onto current loop 6. A
sccond alternative is a fully digital trapsmission, such as
Ficldbus, of the compensated PV onto loop 6. A third
implementation superimposes a digital signal representative
of the PV on an analog eurrent also representative of the PV,
such as in the HART® protocol.

The number and the functional form of the membership
functions are determined by the compensation accuracy
required (e.g. 0.05% accuracy) and the sensot’s operating
characteristics. For example, a sensor with a significant
amount of error which must be compensated requires more
membership functions than does a sensor which substan-
tially meets the required amount of acenracy. Membership
functions for the sensor which nseds more compensation
may each have a different functional form (e.g. exponential,
gaussian, polynomial, constant, cubic spline, ganssian and
logarithmic).

Consider a pressure of approximately 30% of span, car-
responding to an applied pressure of 75.0 inches of water,
indicated on FIG. 3D by a solid vertical line and included in
the non-zero segments of membership function A and B,
Membership functions A and B, corresponding to Reglons T
and 2 are the “selected membership functions”. The valnes
of the two membership functions at 30% of span are 0.359
and (.641, respectively, The compensation formulas for
Region 1 and 2 arc given by Equation 3 and 4:

FePTLY=-2.5124278.5154P—4.15TF+2.4%08L~3 AS11 P2~
41001013102+ 1 LOSTAPL-03190TP+LISIBLT  (3)

Jr(BTL)=34206+283 4241 P-2.3884 T2 50381105786~
5.604T4%2-0.15800%*2+11 8335P1 103664 TP+1.2201ET  (4)

Correction values from Equation 3 and 4 are 75.188 and
75.070 inches of water, respectively. The compensated pres-
sure is provided by a combining function, given by Equation

5
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2 above, and is 75.112 inches of water, simplified from:

Py = .35&]5.18§E+.641Q5£Q
comp = +,

The T and L values substituted into the above equation
cormrespond. to room temperature and atmospheric line pres-
sHIe,

Rather than executing a single eleventh order polynomial
as in the prior art, only two second order polynomials are
computed. The resulting correction value from the second
order function is insensitive to the manner in which com-
putation takes place (e.g. no ovexflows), requires less execu-
tion time, takes fewer characterization constants and pro-
vides more space in memory for additional software
functionality in transmitter 2. Anotiier benefit of a fuzzy
logic implementation of compensation circuit 58 is to cap-
ture the effect of non-linear interaction between variables,
which is difficalt to model in a prior art single polynomial
compensation scheme. The types of variables adapted for
use in the disclosed compensation scheme are not limited to
sensed P'Vs. The variable may be a time dependent variable,
such as the first or second derivative, or the integral, of the
variable. In this case, the comesponding membership func-
tion would be arranged to provide minimal compensation
when the derivative is large (i.c. the magnitude of the
compensation is insignificant compared to the magnitude of
the pressure change, so it is adequate to approximately
compensate the primary PV). Optimal value stem actuation

)

by a positioher or actuator, such as in a pick and place . -

machine, requires a sensed position and may include a
velocity and an acceleration. Another type of variable is a
“history dependent” variable, where effects of hysteresis arc
taken into account. History dependent PVs include infor-
taation about the previous measurements taken with the
specific sensor in transmitter 2. For example, extreme over-
pressurization of a capacitive based pressure sensor modifies
its capacitance as a function of pressure in subsequent
measurements. Different compensation formulas apply
depending on the severity and frequency of the overpres-
surization. Another type of variable is a *“position depen-
dent” variable, where the value of the variable changes with
position, such as in a diaphragm having one stiffness when
bowed and another stiffness in the absence of applied
pressure. Ancther type of variable is a “device dependent™
variable, where the membership functions and compensation
formnlas change with the materials nsed to manufacture
transmitter 2. For example, a sensor sensing pressure within
a low pressure range has different compensation require-
ments than docs a high range pressure sensor. Similarly, a
pressure sensor with a diaphragm made of HASTELLOY®
has different emrar characteristics, and hence requires differ-
ent compensation, than does one made of MONEL®.

The present invention solves inacenracics in a prior art
compensation technigue called piecewise linear fitting. In
piecewise lincar fitting, the span of the variable of interest is
segmeitted into two or more ranges, and a linear equation is
selected for each range which optimally fits each of the
ranges. Unfortunately, there are typicaily small
discontinuitics, or mismatches, at the boundaries between
the separately compensated ranges. The present coInpensa-
tion scheme, with the overlapping membership functions,
provides a snooth transition between ranges of the variable
of interest.

In FIG. 4, a flowchart of the functions in compensation
circuit 58 is disclosed. The process variables BTL are
sensed and digitized in blocks 200 and 202 respectively. A
counter for counting the number of regions is initialized in
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block 204. A decision block 206 retrieves the ith member-
ship function from a memory block 208 and determines
whether the digitized FTL valne is in the ith region
deseribed by the ith membership function. If the digitized
point is incinded in the region, 2 computation block 210
Tetrieves appropriate compensation formulas and character-
ization constants from memory 208 to compute the ordinate
value of a membership function {_,(P;,T.1) and a correction
value f (P,TL) computed from the ith compensation
formula, or otherwise increments the region counter i.
Decision block 212 causes the loop to re-execute uniil all the
regions which include the digitized F,T,L. point are selected.
Then block 214 compntes the compensated differcntial
pressure as indicated.

FIG. 5 details an alternative embodiment of membership
function selection circuit 64. Exactly as in FIG. 2, fuzzy
compensation circojt 58 receives digitized differential pres-
sure (P), digitized absolute line pressure (L) and digitized
temperature (T), and uses those three variables to provide a
cornpensated differential pressure, The three main functional
blocks arc a rule strength circnit 302, a compensation
formnla evaluation circnit 304 and 2 combining circuit 306.
However, in this alternative embodiment, all of the three
variables (P,T,L) are assigned multiple membership func-
tions. In particular, differenfial pressure is assigned four
membership functions defined as £,,, f,,, {5 and £,,;; tem-
perature is assigned three membership functions defined as
f,. fo, and f.; and absclute pressure is assigned two
membership functions defined as £, and f,. Circnit 58 is
preferably implemented in a CMOS microprocessor (with
adequate on-chip memory), so as to conserve power in the
{ransmitter, which receives power solely from the current
loop.

Circuit 310 receives the digitized P value and selects those
membership fonctions which have a non-zero crdinate at the
digitized P vaiue. Because the non-zero portions of the
membership functions may overlap, there is usnally more
that one selected membership function for each digitized PV.
‘When the membership functions overlap each other by 50%,
2”equmonsarecomputedwhcteleﬂ1cnumbm'of
variables whicharedlmdedmtomorcﬂmnonemmnbership
functions corresponding to the digitized P value, and is
Iabelied at 310A. For exarnple, if the digitized P value were
included in the non-zerc portion of three of the four P
membership funetions, then circuit 310 outputs three values,
each value being an ordinate of the three selected member-
ship fonctions corresponding to the digitized P value. Spe-
cifically for P=p,, bus 310A includes the ordinates: [£,.(po),
£ (po),fﬂ(po)] At about the same time 50 as {0 be effec-
twely simultaneous, eircuit 312 reccives the digitized T
value and selects temperature membership functions having
a non-zero vaine at the digitized T value, I the digitized T
value were included in the non-zere portion of two of the
three T membership functions, then ciremit 312 outputs two
values on bus 312A, each value being an ordinate of a
selected membership fanction. Specifically for T=t,, bus
312A includes the ordinates: [f(t;), fo(ty)]. In similar
fashion, circnit 314 receives the digitized L value and selects
absolute pressure membership functions having a non-zero
value at the digitized L. value, If the digitized L value were
included in both of the two L membership functions, then
circuit 314 outputs two values on bus 314A, each valoe
being an ordinate of a selected ip function. Spe-
cifically for L=l,, bus 314A includes the ordinates: [f;;(l,),
£12(0)]-

FPuzzy AND circnit 316 forms afl unique three element
combinations of the ordinates it receives from circuits
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310-314 (where each combination includes one value from
each of the three busses 310A, 312A and 314A) and outputs
the fuzzy AND (the minimom) of cach of the unique
combinations on a bus 316A. For the set of P, T and I, values
from the example above, the set of nnigne membership
function ordinate combinations is:

[a(Po) Fzlto) Fua (o]
Uealpo) frrlto) filTo)E
[zalPo) fis(to) fia (k)]
[ralpo) falto) fizllol]
Vialpa) falPo) f11(k0))
[fralo) fizlo) fi2(o)]
[ralea) falto) ra(fo)]
Dizalpo) Sslto) fi2lle)]
[alro) falt0) fua (o))
[fualPo) falto) fi2(lo)]
[foalro) foltol Fiatho)]
Walro) Fslto) Fr=(lo]

The effect of the fuzzy AND circuit 316 is to take single
variable membership functions for F, T and L and create
multivariable membership functions in P-T-L. space.
Although it cannot be rendered graphically, circmit 316
creates in P-T-L. space a sct of 24 three-variable
functions from the four P, three T and two L single-
dimensional membership functions. Thetre are 24 compen-
sation formulas corresponding to the 24 membership func-
tions. In general, the pumber of multivariable membership
functions created is equal to the product of the nnmber of
membership fonetions defined for each individual vatiable.
FIG. 6 gives an cxample of multivariable membership
functions in two variables, P and T. Twelve overlapping
pentahedrally shaped two-variable membership functions
are defined in PT space from four triangularly shaped P
membership functions and three triangularly T membership
functions. Each multivariable membership function cotre-
sponds to a compensation formula, and the ordinate of the
multivariable membership function (the output of the fuzzy
AND) is called a “rule strength™ which describes the extent
to which the compensated pressure can be modelled with the
corresponding compensation formmula.

Circuit 316 selects those compensation formulas corre-
sponding to each “rule strength” output on bus 316B. Bus
316B has as many signals in it as there are compensation
formulas. A “one” value corresponding to a specific com-
pensation formula indicates that it is selected for use in
compensation formula evaluation circuit 304. In our specific
example, each of the twelve mle sitengths defines a point on
the surface of twelve separate pentahedrons, so that twelve
compensation formulas (out of a total of 24) are selected.

Memory 308 stores the form and the characterization
constants for each of the compensation formulas. Compen-
sation formirla evaluation circuit 304 retrieves the constants
for the sclected compensation fottrmlas indicated via bus
316B from memory 308, and calculates a correction value
commespoading to cach of the selected compensation formu-
las. Combining circuit 306 receives the comection values
and the rule strengths for each of the selected regions and
weights the comrection values by the appropriate rule
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strength. The weighted average is given by Equation 4, The
characterization constants stored in memory 308 are the
result of a weighted least squares fit between the actual
operating characteristics of the sensor and the chosen form
of the compensation formula for that compensation formula,
(The weighted least squares fit is performed during
manofactore, rather than operation of the unit.) The
weighted least squares fit is given by:

=Pl (3]
where b is a nxl vector of calculated characterization
coefficients, P is the nxn weighted covariance matrix of the
input data matrix X and s is the nx1 weighted covariance
vector of X with y. The data matrix X is of dimension mxn
where each row is one of m data vectars representing one of
the m (BT,L) characterization points,

In an alternate embodiment of compensation circuit 58
shown in FIG. 5, FAND circuit 316 is obviated and mem-
bership function circuits 310-314 are replaced by three
explicitly defined three dimensional membership functions
having the form of a radial basis function given generally by:

o[ -] 7

In the radial basis function, X is a three dimensional vector
whose components are the digitized P, T and L values, x, is
& three dimensional vector defining the center of the function
in P-T-L space, and & controls the width of the fimction. A
set of multidimensional membership functions, such as with
radial basis functions, effectively replaces the function of
FAND cirenit 316, since the FAND circnit provides a set of
multidimensional membership functions from sets of single
dimensional mernbership functions.

The present invention is particularly snitable when used in
a transmitter with dual differential pressure sensors, FIG. TA
and FIG. 7B shows the scnsce errar on the respective y axes
460,492 plotted as a function of sensed differential pressure
on x axes 404,406 for two pressure sensors A and B
(labelled), each connected as shown for pressure sensor S4A
in FIG. 2. Sensor A senses a wide range of pressures between
0 and 1000 PSI, while sensor B senses pressure over a tenth
of the other sensor’s span; from () to 100 PSL The error for
sensor A is greater at any given pressure than the etror for
sensor B at the same pressure. A dual sensor trensmitter as
deseribed here has an output representative of the converted
ontpat from sensar B at low pressures, but switches to an
omtput representative of the converted ontput from sensor A
over higher pressures. The present compensation scheme
provides a smooth transmitter output when the tansmitter
switches between the sensors A and B. In the same fashion
as disclosed in FIGS. 3A-D, the owput from sensor A is
treated as one process variable and cutput from sensor B is
trealed as another process variable. As disclosed, each
process variable has assigned to it a membership function
and a compensation formula, which indicate the extent to
which the process variable can be modelled by the compen-
sation formula, A correction value is provided from com-
puting each of the two compensation formulas, and a com-
bining function weights the correction values and provides
a compensated pressure. This is a preferred compensation
scheme for dual sensor transmitters in that output from both
sensors is used thronghout a switchover range of pressures,
(i.. no data is discarded for pressures measured within the
switchover range) with the relative weighting of the oufput
from each sensor defined by each semsar’s membership
fonction. This applicability of the present compensation
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scheme to dual senscrs applies equally well to transmitiers
having multiple sensors sensing the same process variable,
and to transmitters with redundant sensors where each
sensor senses a range of PVs substantially the same as the
other.

Although the present invention has been described with
reference to preferred embodiments, workers skilled in the
art will recognize that changes may be made in form and
detail without departing from the spirit and scope of the
invention. The present invention can be applied to devices
oumtside of the process control and process automation
indusiry, and for example could be used to compensate
control surface position in an airplane. The type of variables
used in the compensation circuit can be other than FVs, the
compensation formulas and membership functions can be of
formns other than polynomials, and the combining function
can be a non-linear averaging function.

What is claimed is:

1. A measurement {ransmitter, comprising:

conversion means for sensing a process variable related to
pressure within a span of process variable values and
for providing a digitized output representative of the
sensed pressure process variable;

a memory for storing at least two membership functions,
each membership function having a non-zero. value
over a predetermined region of the process vatiable
gpan and a substantially zero value over the remainder
of the span, and for storing a sct of compensation
formulas, cach formula corresponding to amnnbership
{unction;

selection means for selecting those membership fanctions
which have a non-zero value at the digitized process
variable; _

correction means for providing at least one cofrection
value, cach comrection value calculated from a com-
pensation formula corresponding to a selected mem-
bership fanction;

weighting means for weightmg each correction value by
its corresponding selected membership function, and
for combining the weighted correction values to pro-
vide a compensated process variable;

an ouiput cirenit for coupling the compensated process
variable to a control circuit; and

wheteln there are at least three membership fanctions for
the pressure process variable, the membership func-
tions each having a center point corresponding to a
maximum vaine of the membership function, where the
center points are evenly spaced along the span of
process variable values.

2. The transmiiter of claim 1 where non-zero regions of

two of the membership functions overlap each other.

3. The transmitter of claim 2 where the control circuit is
a two wire curent loop. _

4. The transmitter of claim 3 where current in the loop has
2 magnitude representative of the compensated process
variable.

§. The transmitter of claim 1 where the control circuit is
& three wire cirenit.

6. The transmitter of claim 1 where at least one member-
ship function is triangularly shaped.

7. The transmitter of claim I where at least one member-
ship function is a gaussian function.

8. The transmitter of claim I where the weighting means
combine the comection valmes according to a weighted
average.

9. 'Ihetransmﬂturofdmmlwhereatleastoncofﬂle
compensation formulas is a polynomial function,
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10. The transmitier of claim 1 where the at least three
membership functions cach overlap at least one other mem-
bership function by 50%.

11. The iransmitter of claim 1 where the conversion
means inciude a differential pressure sensor and the conver-
sion means provide a digitized representation of a variable
related in time to the differential pressure.

12. The transmitter of claim 1 where the pressure process
variable is a time dependent variable.

13. The transmitter of claim 12 where the time dependent
variable is a first derivative.

14. The transmitter of claim 12 where the time dependent
variable is a second derivative.

15. The transmitter of claim 12 where the time dependent
variable is an integral

16. The ransmitter of claim 1 where the pressure process
variable is a history dependent variable.

17. The transmitter of claim 1 where the pressure process
variable is a position dependent variable.

18. The transmitter of claim 1 where the pressure process
variable is a device dependent variable.

19. A transmitter in a process control system comprising:

a sensor for sensing a physical variable in the sysicm, the

physical variable taking on valnes within a span of
values, the sensor having an ouiput representative of
the physical variable within the span;
digitizing means for digitizing the sepsor ontput;
selection and storing means for selecting a region from a
set of regions in a different portion of the span, a region
becoming sclected when the sensor output is included
within the region, each region having a compensation
formula and a membership function comesponding
thereto;
computation means for refrizving the membership func-
tions and the compensation formulas corresponding to
the selected regions, and for providing the ordinates of
the membership functions at the value of the sensor
output and for providing the value of the compensation
formulas at the value of the sensor output; and

compensation means for welghting the value of the com-
pensation formulas by the ordinate of the correspond-
ing membership functions so as to provide a compen-
sated transmitter ontpnt,

20. The transmitter of claim. 19 where each varable is
assigned at least onc membership function and the weighting
means further comprise:

forming means for forming a combination of the crdinates

of each of the sclected membership functions, cach
combination comprising one crdinate related to each
vatiable;

a fuzzy AND cdirenit for selecting the minimum valne in

each of the combinations;

where the weighting means weight each comrection value

by the ordinate of the corresponding membership func-
tions to provide a compensaicd transmitter output.

21. The transmitter of claim 19 where an ontput circuit
couples the compensated physical variable to a control
circuit.

22, The trapsmitter of claim 21 wherein the transmitter
couples to a two wire current loop.

23, The {rapsmiticr of claim 23 where current in the loop
has a magnitude represemative of the compensated physical
variable.

24, The transmitter of claim 19 where non-zero regions of
two of the membership fonctions overlap each other.

25. The ftransmiiter of claim 19 where at lcast cne
membership function is triangularly shaped.
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26. The transmitier of claim 19 where at least one
membership function is a gaussian function.

27. The transmiiter of claim 19 where at least one of the
compensation formulas is a polynomial function.

28, The transmitter of claim 19 where the physical vari-
able is selected from the group of physical varishles con-
sisting of differential pressure, position, volumetric flow,
mass flow, temperature, level, denslty, digplacement, pH,
turb:d::ty dissolved oxygen and jon concepiration.

'Ihelransmitterofclaimﬂwherdnthephyslcal
vanable comprises differential pressure.

38. The transmitter of claim 29 where there are three
membership fanctions for the differential pressore, the mern-
bership functions each having 2 center point corresponding
to a maximem value of the membership function, where the
center points are evenly spaced along the span of physical
variables values.

31. The transmitter of claim 19 wherein the physical
variable comprises level.

32, The transmitier of claim 19 wherein the physical
variable comprises femperature.

33. The transmitier of claim 19 wherein the physical
variable comprises flow.

34. The transmitier of claim 19 wherein the physical
variable comprises position.

35. Theu'ansnnnetofclaimwwhereﬂm'eareﬂme
membership functions each overlapping at least one other
membership function by 50%.

36. The transmitter of claim 19 where the physical vari-
able is a time dependent variable.

37. The transmilter of claim 36 where the time dependent
variable is a first derjvative,

38. The transmiiter of claim 36 where the time dependent
variable is a second derivative.

39. The transmitter of claim 36 where the time dependent
variable is an integral.

40. The transmitter of claim 19 where the physical vari-
able is a history dependent variable.

41. The transmitter of claim 19 where the physical vari-
able is a position dependent variable.

42, The transmitter of claim 19 where the physical vari-
able is a device dependent varjable.

43. A measurement transmiiter, comprising:

conversion means for sensing a process variable related to
temperature within a span of process variable values
and for providing a digitized outpnt representative of
the sensed process variable;

a memory for storing at least two membexship functions,
each membership function having a non-zero value
over a predetermined region of the process variable
span and a substantially zero value over the remainder
of the span, and for storing a set of compensation
formulas, each formula comesponding to a membership
function;

selection means for selecting those membership functions
which have a non-zero value at the digitized process
variable;

correction means for providing at least one correction
value, cach correction value calculated from a com-
pensation formula comresponding to a sclected mem-
bership function;

weighting means for weighting each comrection value by
its corresponding selected membership fonction, and
far combining the weighted cormrection values to pro-
vide a compensated process variable;

an oufput circeit for coupling the compensated process
variable to a control circait; and
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wherein there are three membership functions for the
temperature process variable, the membership func-
tions each having a center point corresponding to a
maximum value of the membership function, where the
center points are evenly spaced along the span of
process variable values.
44. The transmitter of claim 43 where non-zero regions of
two of the membership functions overlap each other.
45. The transmitter of claim 43 where the control circuit
is a two wire current loop.
46. The transmitter of claim 45 where current in the loop
has a magnitnde representative of the compensated process
variable

47. The transmitter of claim 43 where the control circuit
is a three wire circuit. _

48. The transmitter of claim 43 where at Ieast one
membership function is triangnlarly shaped.

49. The transmitter of claim 43 where at least one
membership function is a gaussian function.

50. The transmitter of claim 43 where the weighting
means combine the correction values according to a
weighted average.

§1. The transmitter of claim 43 where at least one of the
compensation formulas is a polynomial funetion,

52. The transmitter of claim 43 where the three member-
ship fonctions cach overlapping af least one other member-
ship function by 50%.

53. The transmitter of claim 43 where the conversion
means inclode a differential pressure sensor and the conver-
sion means provide a digitized representation of a variable
related in time to the differential pressure.

54. The transmitter of claim 43 where the temperature
process variable is a time dependent variable.

5. The transmitter of claim 54 where the timoe dependent
variable is a first dexivative.

56. The transmitter of claim 54 where the time dependent
variable is a second derivative,

57. The transmitter of claim 54 where the time dependent
variable is an integral.

58. The transmitter of claim 43 where the temperature
process variable is a history t variable.

59. The transmitter of claim 43 where the temperature
process variable is a position dependent variable.

60. The transmitter of claim 43 where the temperature
process variable is a device dependent variable.

61. A mezsorement transmitter, comprising:

convearsion meads for sensing a flow process vasiable
within a span of process variable values and for pro-
viding a digitized output representative of the sensed
process variable;

a memory for storing at least two membership functions,
each membership function having a non-zero value
over a predetermined region of the flow process vari-
gble span and a substantislly zero value over the
remainder of the span, and for storing 2 set of com-
pensation formnlas, each formnla comresponding to a
membership function;

selection means for selecting those membership functions

which have a non-zero value at the digitized process
variable;

catrection means for providing at least one correction
value, each comection value caleulated from a com-
pensation formula corresponding to a selected mem-
bership fonction;

weighting means for weighting each correction value by
its corresponding selected membership function, and
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for combining the weighted correction values to pro-
vide a compensated process variable;

an ontput circuit for coupling the compensated process
variable to a conirol circuit; and :

wherein there are three membership functions for the flow -
process variable, the membership functions each hav-
ing a center point corresponding to a maximum value
of the membership function, where the center points are
evenly spaced along the span of process variable val-
ues.

62. The transmitter of claim 61 where non-zero regions of

two of the membership functions each other.

63. The transmitter of claim 61 where the control circnit
is two wire current loop.

64, The transmitter of claim 63 where current in the loop
has magnitude representative of the compensated process
vatiable.

65. The transmitter of claim 61 where the oontrol cirenit
is a three wire circuit,

66. The transmitter of claim 61 where at least ome
membership fonction is triangulaly shaped.

67. The transmitter of claim 61 where at least one
membership function is a gaussian function.

68. The trapsmitier of claim 61 where the weighting
means combine the correction values according to a
weighted average.

69. The transmitter of claim 61 where at least one of the
compensation formnlas is a polynomial function.

78, The transmitter of claim 61 where the three member-
ship functions cach overlap at least one other membership
function by 50%.

71, The transmitier of claim 61 whexe the conversion
means include a differential pressure sensor and the conver-
sion means provide a digitized representation of a variable -
related in time to the differential pressure.

72. The transmitter of claim 61 where the flow process
variable is a time dependent variable.

73. The transmitter of claim 72 where the time dependent
variable is a first derivative,

74. The transmitter of claim 72 where the time dependent
variable is a second derivative.

75. The transmitter of claim 72 where the time dependent
variable is an integral.

76, The transmitter of claim 61 where the flow process
variable is a history dependent variable. _

77. The transmitter of claim 61 where the flow process
variable is a position dependent variable.

78. The transmitter of claim 61 where the flow process
variable is a device dependent variable.

79. A measurement transmitter, comprising:

conversion means for sensing a level process variable
within a span of process variable values and for pro-
viding a digitized omtput representative of the sensed
process variable; '

a memory for storing at Ieast two membership functions,
cach membership function having 2 non-zero valne
over a predetenmined region of the level process vari-
able span and a substantially zero value over the
remmainder of the span, and for storing a set of com-
pensation formulas, each formula corresponding to a
membership function;

selection means for selecting those membmshxp funetions
which have a non-zero value at the d.lgihzed process
vartiable;

cotrection means for providing at least one correction
vaine, each comrection value calenlated from a2 com-
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pensation formmla corresponding to a selected mem-
bership function;
weighting means for weighting each correction valoe by
its corresponding selected membership function, and
for combining the weighted correction values to pro-
vide a compensated process vaciable;
an ouiput cirenit for coupling the compensated process
variable to a control circuit; and
wherein there are three membership funciions for the
level process variable, the membership functions cach
having a center point corresponding fo a maximum
value of the membership funetion, where the center
points are evenly spaced along the span of process
variable values.
80. The transmitter of claim 79 where non-zero regions of
two of the membership functions overlap each other.
81. The transmitter of claim 79 where the control circuit
is a two wire current loop.
82. The transmitter of claim 81 where ctrrent in the Ioop
has a magnitude representative of the compensated process
variable.

83. The transmitter of claim 79 where the control circuit
is a three wire circuit.

84. The transmitter of claim 79 where at least one
membership function is triangnlarly shaped.

85. The transmiiter of claim 79 where at least one
membership function is a gaussian function.
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86. The transmitter of claim 79 where the weighting
means combine the correction values according to a
weighted average,

87. The transmitter of claim 79 where at least one of the
compensation formulas is a polynomial function.

88. The transmitter of claira 79 where the three member-
ship firnctions each overlap at least one other membership
function by 50%.

89. The wansmitter of claim 79 where the conversion
means include a differential pressure sensor and the conver-
sion means provide a digitized representation of a variable
related in time to the differeniial pressure,

90. The transmitter of claim 79 where the level process
variable is a time dependent variable.

91. The transmitter of claim 90 where the time dependent
vaziable is a first derivative.

92. The transmitter of claim 90 where the time dependent
variable is a second derivative.

93. The transmitter of claim 90 where the time dependent
variable is an integral.

94. The transmitter of claim 79 where the level process
variable is a history dependent variable.

95. The transmitter of claim 79 where the level process
variable is a position dependent variable.

96. The transmitter of claim 79 where the level process
variable i3 a device dependent variable.

# F * % %X



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 5,642,301

DATED M June 24’ 1997
INVENTOR(S) : Jogesh Warrior et al.

it is certified that error appears in the above-indentified patent and that said Letters Patent is hereby
corrected as shown below:

Col. 5, lines 17-22, change
i
B Wifp(Pr T:LJ
"Pc o i=1 * It t
omp N o
Z w,
i=1

zf—lwifpi (P: T; L)

P

comp N

Col. 13, line 26, change ‘"overlapping" to
--overlap--.
Col. 13, line 47, change "meads" to --means--.

Col. 14, line 14, after "is" insert --a--.

Col. 14, line 16, after "has" insert --a--.

Signed and Sealed this
Seventh Day of July, 1998

D uce Tdmi

BRUCE LEHMAN

ARtest,

Aftesting Officer Commissinner of Paienis and Trademarks




