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ABSTRACT

2 method of and apparatus for automated sensor

on dliagnosis during and before operatlon of

connected by multiplex sequence 1in A&

validati

pluralities of sensors

p with analog-to-digital converter voltage measuremnent

apparatus respongive to the sensor signals for the primary

ragk of validating a process under monitor by the Sensors,

wherein provision 1is made for perlodically or selectively

measuring either (or hoth) sensor—to-earth

quantitatively

~onductance oxr loop resistance of the sensors tO insure

sensor viability.
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METHOD OF AND APPARATUS FOR
AUTOMATED SENSOR DIAGNOSIS
THROUGH QUANTITATIVE MEASUREMENT OF ONE OF
SENSOR~TO-EARTH CONDUCTANCE OR LOOP RESISTANCE

The present invention relates to methods of and
apparatus for diagnosing or determining the viability of
sensoxrs used, In turn, to validate or meonltor the
performance of processes and the like; being more
particularly concerned with automatically diagnosing the

operability of the sensors as they are poised to make

measurements for validating the process.

Background of Invention

The art is replete with technigues for using sensors to
monitor the performance of a wide variety of industrial and
other processaes and for calibrating and checking on the zero
and span characteristics of the sensors or comparing the
same with reference impedances and the like. Among such
are, for example, single transmission line-interfogated
multiple channel data acquisition systems, as disclosed in
U.8. Patent No. 4,196,417; systems for alternately

connecting one or more reference impedances and sensor
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test sensors as in U.S. Patent No, 4,005,273; and systems
employing multiplexeg signal reference level equalizers,
output correction circuits for analeg sensors, and/or other

analog sensing and signal processing circuitry.in current
loops, as respectively described in U.S. Patents Nos.
4,056,686 4,930,095: and 4,783,659, and the like.

While providing various degrees of sensor monitoring,

checking or calibration, however, the Prior art appears not

viability of processes and the like, such as, for example,
the temperature, pressure or other parameters involved in

the various parts or steps of a manufacturing or other
critical process of concern,
The present invention addresses this deficiency by

providing for automated sensor dlagnosis through

quantitative measurement of one of sensor—to~-earth
conductance (or reciprocal of impedance, more generally), or

loop impedance (resistance) of the sensors before and during
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the sensor monitoring or validating of the process. The

term "earth" is also generically used herein to connoke

grounding, chassis or other reference potential.,

Objects of Invention

The object of the invention, accordingly, is to provide
2 New and improved method of and apparatus for sensor
diagnosis during the sensor validation of industrial and
other processes:; being more specifically oriented to provide

for guantitative measurement of sensor-to-earth conductance

controlled periodically or selectively,

Other and further objects will be explained hereinafter

and are more particularly delineated in the appended claims.

Summary
In summary, however, from one of its viewpoints, the

invention embraces a method of avtomated sensor validation
diagnosis during and before operatlion of the sensor while
connected in a loop with voltage measurement apparatus

responsive to the sensor signals for the primary task of
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validating a process under monitor by the sensor, that
comprises, quantitatively measuring one of sensor-to—earth
conductance and loop resistance of the sensor.

Preferred and best mode designs and implementatlon are

lakter presented.

Drawings

The invention will now be described with reference to
the accompanying drawings, Fig. 1 of which is a ¢circuit
diagram of a preferred leakage conductance measurement
apparatus for practicing the invention; and

Fig., 2 is a similar diagram of apparatus providing

sutomated sensor diagnosis through quantitative measurement

of loop resistance.

Description of Preferred Embodiments
Referring to Fig. 1, a PROCESS, so=-labelled, is shown

being monitored or validated by a plurality of sensors 5,
such as, for example, thermocouple OX other temperature
sensors dlsposed at various ilmportant oOr critical regions of
the PROCESS and connected, as by a conventional multiplexing

system, schematically represented Dy the cross swiltches 2



the sensors oy connected in parallel at Ll‘ and Lz‘ and to a
common input to a voltage analog-to—-digital converter
apparatus 10. The output of the convexter 10, represented
at O, provides digital data converted from and rasponsive to
the analog sensor signals [or presentation 1in well=known
fashion, such as recérding or monitor display oOr the like,
to permilkt validating the process operation as sensed by the

sensors S at respectilive regions 1, during the primary task

of such process validation.

the multiplexer switching at 2 and 3 is employed to access
the voltage produced by the successive individual s&nsors S
at their respective PROCESS sensing regions 1, providing
guch measurement periodically or selectively in converted
digital form at the analog-to-digital converter output 0.
By this approach, as is well known and described, for

example, in the Kaye Digi 4 Process Management Solutilons

monitored or valldated by the temperature gsensors S under

multiprocessor programmed control.

in accordance with the present invention, however, asS
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earlier stated, the facility is provided for also
automatically diagnosing the operability and viability of
the sensors S themselves under similar periodic or selective
auntomatic or programmed control. This is effected in the
case of temperature sensors having a leakage conductance Gx

to earth at 9, with the aid of a sensing resistor R_,.. .

connectable at 5 by a switch 4 to the upper or high line L,.
of the input t¢ the analog-to-digital converter apparatus
10, and to the floating analog ground ‘%7, also fed from the

line Lz at 5'. A standard resistor R is also provided at

td
7, one end of which is shown connected to earth or ground at

G, and the upper end is shown connectable by a further

switch 6 to the upper or high input lines Ll‘ and Ll“ A

supplemental and internal voltage source 8 is also provided,

connected between the floating analog ground Vé? and, when a
switch 11 is c¢losed, to ground G.
The use of the symbol Y$7 in the drawing is to indicate

a connection to a floating analog ground. Source 8 provides
a voltage drive betwean §$7 and earth to measure

conductance.

The above~described supplemental circult components

perform the function of automated sensor viability diagnosis
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by enabling quantitative measurements of sensor—to-earth

conductance in the following manner and under preferably

microprocessor—programmed automatic periodic or selective

control, as is well-known and abova raferenced, for the

switching.

In order to make such a conductance measurement, all
multiplexer switches 3 are turned off and switch 4, whieh
connects the sensing resistor 5 to the high side of the
input to the converter 10, as before explained, and switch
ll1, which connects the voltage source 8 to earth, are
Curned on, A measurement Ml is then made with the analog-
-to—-digital converter 10. A second measurement M2 1is next

made with the before-described standard resistance Rgeg at

7 connected additionally through switech 6 to line Lj,

Finally, a third measurement M3 is made with switch 6
turned off and the corresponding switch 2 of the sensor
being diagnosed (such as the uppérmost sensor S8, for exam-
ple), additionally turned on. Tha unknown conductance,
representaed at the uppermost sensor § by the symbol Gy to

earth G at 9, is given by the expression:

1/G, =4 [(R,, 4 * Ryanse) (M2-MLI 1/ M3-u Ly

Thus, during the validation of the PROCESS by the
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sensors S (or before), the gquantitative measurement oOf
sensor-to~earth conductance, effectable in automatic mode
through sequencing the multiplexer and other switches in
well~ known fashion and in the algorithm above set forth,
provides for automated sensor viability diagnosis during the
validating of the PROCESS by the sensors. As shown, such is
effected through use of the voltage source 8, the sense
resistor 5 and the switching at 4 and 11 for connecting them
to earth and to the analogto-digital converter input,
regpectively.

Offset correction of the measurement may be effected
n a sensor, moreover, by disconnecting the unknown sensor
conductance (Gx) and turning off the appropriate switch(es)
2, Gain correction of measurements may also be achieved

for a sensor by connecting the calibration or standard

resistance Rs through switch 6 after ungrounding Rorg:

t.d
As previously stated, instead of (or, if desired, in

addition to) sensor—-to=-earth conductance measurements, the

same result of sensor validation diagnosis may also be

achieved by quantitative measurement of loop resistance as

in the embodiment of Fig. 2. In this clrcuit,an internal

temperature~stable current source i is provided at 3',
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connectable by switches 5" across the input lines L, and L,
to the voltage analog-to—digital converter 10U; and a short
circuit SC is connectable thereacross by further multiplex
position switches 6' to replace the sensors $ as will now be
described.

While (or before) the sensors S5 are performing thelr
normal functions of validating the PROCESS, as in the system
of Fig. 1, provision is made for sensor validation diagnosis
through gquantitative measurement of the resistance in the
sensor—-to-analog—-to—-digital converter loop (L1~L2) as ‘
follows.

A First measurement M1 of voltage by the

analog-to-digital converter 10 is made with the multiplexer

2, 3 connecting one of the sensors g at 1 to, and switches
5" disconnecting the hefore—~described temperature-stable
current source i at 3' from,the analog~-to-digital converter
input. M1l then represents the voltage produced by the
sensor S when no current excitation is present.

A second measurement M2 of voltage is then effected by
the analog-to-digital convertar 10, with the multiplexer 2,3
connecting one of the sensors 1l to; and switches 5"

connecting the temperature-stable currant source i at 3' to
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10

the analog-to-digital converter input. This current flows
out through the multiplexer 2,3 and through the selected

sensor 1, producing an added voltage (M2 - M1l) at the

analog-to-digital converter input, which is equal to the
value of the current source i times the sum of the sgensor

resistance and the multiplexexr switch resistances.

Mathematically expressed, the value of the sensor 1

resistance is

Rsensor = (M2 - ML)/71] - R‘m}t.nscr ? \2)

where 1 is the current source value and Rmpxr 15 the sum of
the multiplexer resistances accessing that particular sensor

1. The values of i and Rmpxr are predetermined by a

one-time calib: vation procedure,where measurements M hort

are made with the sensors replaced by the above-degcribed

short circuits SC {(through activation of switches 6'), and a

neasurement Mfixed 18 made with a fixed resistance Rfixed

replacing a particular short circuit SC.

Then:

1 = (Mfixed N Mahort)/Rfixad (3),

and

= N 4
Rmpxr tlshort/i (4)

for each multiplexer position,
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Additionally, the change in value of the Rmpxr due to

temperature may be compensated through use of the internally
shorted multiplexer position effected by switches 6', At
calibration time, the value of the internally shorted

multiplexer resistance R ls also measured.

npxr-short-cal’
At the time when the sensor loop resistance is

measured, the value of the internally shorted multiplexer

. : :
resistance 8C introduced by switches 6!, Rmpxr—short~now' is

also measured. Then the temperature~corrected value is

=[(M2~Ml)/i]"Rmpxr(Rmpxp—shorthnow/Rmpxr-short-cal)

(3).

R
SEeNS0r

Thus, connected sensor loop resistance measurements can
be made in systems in which the primary task is to make

voltage measurements for the process bheing monitored and
from the very same sensors, through use of the current
gsource 1 at 3, and the switching of the current source
across. the multiplexer commons lines L1~L2 of the loop at
5". Calibration to compensate for internal switch
résistances in the measurement path 1s provided for, with
the internally shorted (SC) multiplexer switching position
at 6' enabling the provision of temperature cpmpenéation of

the determined calibration values.
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Though exemplarily or illustratively described in
connection with resistive type sensors, the methodology
underlying the invention may be applied to other types of
sensors of different impedance characteristics as well; and
further modifications will also occur to those skilled in

the art, such being considered to f£fall within the spirit and

scope of the invention as defined in the appended clains.
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EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE
ERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

A method of automated sensor validation diagnosis

during and before operation of a plurality of
sensors connected in a loop with voltage measurement
apparatus and multiplexed by switching along loop
lines to provide successilive voltage measurements

from the successive sensors to validate a process

being monitored at different regions by the sensors,
sald apparatus having, 1n combination with voltage
measurement apparatus connected to the plurality of
process sensors 1n a loop by a switching
multiplexer, an internal voltage source and a
sensing ilmpedance connected to earth and to the
voltage measurement apparatus, respectively, that
provide multiplexed measurements of sensor-to-earth
conductance for successive sensors before and during
their parameter sensing of the process, thereby

providing the determination that the measured

1

conductance still has those values required of
properly operatling sensors, thus checking the
viability of such sensors to validate the process

monlitored by the sensors.

A method of automated sensor validation diagnosis

during and before operation of a plurality of
sensors connected 1n a loop with voltage measurement
apparatus and multiplexed by switching along loop

lines to provide successive voltage measurements

from successlive sensors to validate a process being

monlitored at different regions by the sensors, that
comprises, quantitatively measuring 1n multiplexing
order one of a sensor-to-earth conductance and a

loop impedance of the sensors.
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A method as claimed in claim 2 and in which the

sensor-to-earth conductance measuring 1s effected by
connecting an internal voltage source and a sensing

impedance to earth and to an analog-to-digital

converter voltage measurement apparatus,

respectively.

A method as claimed i1n claim 3 and 1n which the
sensor-to—-earth measuring 1s effected as follows:

a ) connecting the sensing 1mpedance,

represented bY Rgepnger TO @ high line input of the
sald analog—-to-digital converter voltage measurement
apparatus with the multiplexed switching turned off,
and connecting said internal voltage source to

-~

earth, producing a first measurement Ml

by said
apparatus;

b) additionally connecting a standard

internal 1mpedance, represented as Rgyq, between
ecarth and sald high llne 1nput, providing a second
measurement M2 by said apparatus; and

C) disconnecting sald standard 1mpedance Rgtgy
from said high line 1input and connecting the sensor
through turning on the multiplexed switching for
inputting a signal from the sensor to said
apparatus, providing a third measurement M3 by said
apparatus; thereby gquantitatively measuring the
sensor-to-earth conductance Gx 1n accordance wilith

the equation

1/Gx=([ (Rqr qtRaense) (M2-M1) 1/ (M3-M1)) -Rganse-

A method as claimed in claim 4 and in which an

offset correction of measurement 1s made by making a

measurement while effectively disconnecting the

sensor conductance by turning off the multiliplexed
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switching thereto.

A method as claimed in claim 4 and in which a gailn

F

correction of measurement 1s made by making a

measurement while connecting the earthed standard

impedance Rgygq to said high line input.

A method as claimed in claim 2 and 1n which the loop

impedance measuring is effected by providing an
internal temperature-stable current source and

switching the source across the loop lines.

A method as claimed in claim 7 and 1n which the loop

pr.
Py,

impedance measuring 1s effected as follows:

a) connecting a sensor through the

multiplexed switching to the analog-to-digital

converter apparatus with said current source of

value 1 disconnected therefrom, providing a first
measurement M1 by said apparatus;
D) supplementarily switching the current

source across the said loop lines and to the input

of the analog-to-digital converter apparatus,
providing a second measurement M2 by said apparatus,
and providing an added voltage (MZ-M1l) at the 1input
to the analog-to-digital converter apparatus equal

P

to the value of the current source 1 times the sum

of the impedance of the sensor, represented as

#

and the impedance of the multiplex

Rsensor’
switching, represented as Rmpxr' and with the sensor

impedance Rgepnsor 9iven by Rgepngor= [(M2-M1) /1] -

Rmpxr -

A method as claimed 1in claim 8 and in which the

ﬁ

values of 1 and Rmpxr are determined by the
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following calibration procedure:

1) replacing the sensors by a short circuilt
and producling a measurement Mqpop+ DY saild
apparatus; and

11i) replacing the short circuit with a fixed

calibrating impedance Rfjyeq fOr one position and

producing a measurement Mfi,oq DY sald apparatus;

whereby the following relationships are attained:

i = (Mfixed - Mshort)Rfixeds and for each

multiplexor position, Rmpxr = Mahort/1-
A method as claimed 1n claim 8 and in which the
impedance measurement 1s calibrated to compensate

for internal switching resistances in the loop.

A method as claimed in claim 10 and in which the

values determined by calibration are temperature
compensated by employing an internally shorted

multiplexer position.

A method as claimed in claim 2 and in which said
sSensors are temperature-sensing sensors and said

loop 1mpedance 1s the loop resistance.

Apparatus for automated sensor validation diagnosis
during and before operation of a plurality of
sensors connected 1n a loop with voltage measurement
apparatus and multiplexed by switching along loop
lines to provide successlve voltage measurements

from the successive sensors to validate a process

being monitored at different regions by the sensors,

sald apparatus providing for gquantitatively
measuring 1n multiliplexing order one of the sensor-

to—-earth conductance and loop 1impedance of the
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sensors, and said apparatus, having, in combination
with voltage measurement apparatus connected to the

plurality of process sensors 1n a loop by a

switching multiplexer, for sensor-to-earth
conductance measurements, an internal voltage source
and a sensing impedance to earth and to the voltage
measurement apparatus, respectively, that provide
multiplexed measurements of sensor-to-earth

conductance for successive sensors; and in which,

for loop impedance measurement, the apparatus 1s

provided with an internal temperature-stable current

source and a cilrcult for switchilng the source across

the loop lines.

Apparatus as claimed in claim 13 and in which the
sensor-to—-earth conductance measuring 1s effected by
the provision of an internal voltage source and a
sensing 1lmpedance, with switching means being
provided for respectively connecting the voltage
source to earth and the sensing impedance to the

analog-to-digital converter.

Apparatus as claimed 1n claim 14 and in which the

converting of the sensing 1lmpedance, represented by

R to the analog-to-digital converter 1s

sense’

fr—

effected at a high line input of the same wilith the

.

multiplexed switching means turned off, producing a

first measurement M1l by the converter as said

voltage source 1s connected to earth; the apparatus

peing further provided with means for additionally
connecting a Standard 1mpedance, represented as
Rqoryqr between earth and said high line input,
providing for a second measurement M2 by said

converter; and means for disconnecting sald standard
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impedance Rgigq from said high line input and

connecting the sensor through turning on the

-

multiplexed switching for inputting the sensor
signal to said converter, providing for a third
measurement M3 by said converter; thereby
quantitatively measuring the sensor-to-earth
conductance Gx 1in accordance with the equation

1/Gx=( [ (Ret q*Rgense) (M2-M1) ]/ (M3-M1)) -Rgense-

Apparatus as claimed in claim 15 and 1n which means

e
s

is provided for enabling an offset correction ot

measurement by making a measurement while

F
—

effectively disconnecting the sensor conductance by

turning off the multiplexed switching thereto.

A method as claimed in claim 15 and in which a gailn

correction of measurement is provided by making a
measurement while connecting the earthed standard

impedance Rgq+q to said high line input.

Apparatus as claimed in claim 15 and 1in which

automatic control means is provided for programmab.

controlling the connecting and switchlng means to

P

enable the diagnosis of the wviability of the sensors

during their performance of the task of monitoring

pr—

the viability of the process, periodically or

selectively.

Apparatus as claimed in claim 13 and 1in which the

P
ad

loop impedance measuring is effected by providing an

internal temperature-stable current source and means

for switching the source across loop lines.

Apparatus as claimed in claim 19 and in whlch the
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loop 1mpedance measuring 1s effected by means for
connecting a sensor through the multiplexed

switching to the analog-to-digital converter with

sald current source of value 1 disconnected

therefrom, enabling a first measurement M1l by said

converter; and there 1s further provided means for
supplementarily switching the current source across
the said loop lines and to the input of the analog-
to-dligital converter, enabling a second measurement
M2 by saild apparatus and producing an added voltage
(M2 - M1) at the input to the analog-to-digital

converter equal to the value of the current source 1

F- P

times the sum of the 1mpedance of the sensor,

represented as Rgapnsoyrr and the lmpedance of the
multiplex switching, represented as Rmpxr’ and with
the sensor i1mpedance Rgopngor dlven by

R = [(M2 - M1)/i] - R

SENnsor mExXr *

Apparatus as claimed in claim 20 and 1n which there

1s further provided means for determining the values

#

of 1 and Rmpxr py means for externally replacing the

sensors by a short circuit and producing a

measurement Mqcpop+ PY Said converter; and means for

replacing the short circuit with a fixed calibrating

impedance Rfjiyeq LO produce a measurement Me;,oq bV

sald converter; whereby, for each multiplex

switching position, the followling relationships are

attalined:

1= (Mfixed Mshort! /Rfixed’ a@nd Rppxr=Mghort/1-

Apparatus as claimed 1n claim 21 and in which

automatic control means 1s provided for controlling

the connecting and switching means to enable the

— —

diagnosis of the viability of the sensors during
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F ﬁ

their performance of the task of monitoring the

*

viability of the process.

23. Apparatus as claimed 1n claim 21 and 1n which means

is provided for calibrating the 1mpedance

measurements to compensate for internal switching

resistances 1in the loop.

24. Apparatus as claimed in claim 23 and i1n which means

is provided for temperature-compensating the values

determined by calibration by means for internally

shorting a multiplexer pcsition.

25. Apparatus as claimed in claim 13 and i1n which said

sensors are temperature-sensing sensors and said

loop impedance 1s the loop resistance of the

Selnnsors.
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