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-1- DI AGNOSTI'CS FOR RESI STANCE BASED .
TRANSM TY2R8/20469 BACKGROUND OF THE | NVENTI ONPCT/US97/19045  The
present invention relates to transmtters 5 of the type used in the -
process control industry. Mre specifically, the invention relates to
di agnostics for process control transmtters. Process
control transmitters are used to noni t or process variables in

i ndustrial processepr AONOrTO@HOR RESTSRANTE! Haghght moni tor
pressure, tenperature or flow and transmt suc |n ornatlon back

to a control room Furthernore, TRANSMITTERers are capabl e of
performng the control function directly. In order to nonitor a
process variabl e, the trarRARRGRQUNE O, THE | INVENEIQNe type of a sensor.

For exanpl e, t ran$HétpEé§ehﬂCi1w|@n§E6§0f§1d\d:é§ t{&é‘dzﬁr?é}@f@té’fs
capaci t ances sponse t enper at ur e,

a re
def or mat 1 onsog\rl\@lé?r%m V\%?%c?ﬁ N IRE Hocess cfc?ré"'rfé‘gﬁrat]tréqu?tbrﬁeaslﬂ?’ée f or
exanpl e, tenpeeaifiieally, phessnventﬁbuwreﬂawas tjoH ddragnodt th ¢ Yfor

As sensors agﬁ gésgrgoﬁggbgcgggngglg environnmental conditions, the
accuracy of e sensor e rade. It is possible to conpensate
for this degr adat i BROCB§S %@ﬁ?ﬁ@lcaﬁ¥§nsm¥ééa¥$br%r?nguSEdhetQS

transmtter. moffi(@bﬁaﬂﬁtdceégl@afﬂﬂbllégslﬁrhﬂm%@fﬂél trocesgBLer #be field
and per%&rn1a cal ratlon rocess transnmtter. This 1s both

n
i nconvent ent i mf r@Bﬁg‘&ﬁl%ﬁgf fo?‘lglﬁé oBYHPT FREFRFULSt is
difficult totempedetara1oe fhewcandi tiranseflta ssrehs dnf gqymadid® bisk 30

11 LS LS il 1y agbbe BT L,
det er mi ne prezpakelyg %m#qmrm:ém?on§r01 function directly.

order to monitor a process variable, the transmitter
15 must include some type of a sensor. For example,

transmitters include sensors with resistances or

capacitances which wvary in response to broad

temperature, deformations or strain which allow the

transmitter to measure, for example, temperature,
20 pressure, flow, level, pH or turbidity.

As sensors age or are subjected to harsh
environmental conditions, the accuracy of the sensor
tends to degrade. It is possible to compensate for this
degradation by periodically recalibrating . the

25 transmitter. Typically, this requires an operator to
enter the field and perform a calibration process on the
transmitter. This 1is both inconvenient and time
consuming for the operator. Further, it is difficult to
determine the condition of a sensor, prior to its

30 ultimate failure.

It is also necessary for the sensors to be
periodically replaced as they age. However, it is
difficult to determine precisely when a replacement is
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-la- necessary. Therefore, sensor are typically replaced well before
their failure or they fail unexpectedly. ' UrS. Patent No.

5,528, 94W0 9828460d June 25, 1996 and German reference DE 4 s80uge6ogab
describe nonitoring a reference resistance or a sensor signal,

respectively, to perform diagnostics on a sensor. However, these ref erences
rely on the sensor signal itself to performthe dlagnostlcs

- 2- SUWVARY OF THE | NVENTI ON A
transmitter in a process c ntrgl system i ncl udes a r esi st ance- based
sensor sensi MFEPFICEss TRETGIPTED| é;enaﬁﬁfs 5% BYRYycably sggpdrcegut put .
Sensor nomelbrbaforer chiefryfadlpredorothby Sanlounpkpecdesly.

secondary signal related to & PS8F- Tr AQ B+t 8 di gi tal conversion.
circuitry coupled to the SEM%‘SEHSOF nonitoring

circuitry provides a A tdiagismitdersehsora oprpaesandantrahssysten
digitized  ;jnSpeQPdany féﬁ@éanceﬁ@aéé& §6ﬁ98ga@ér§1&@a'$ ggel:g@%
change in sensor resistance ([err]Rerr] vol t age
(Vp), insul atV¥m-7eiest@ide PRPEFAING, Bhafi§BSPR aC®EPUt([ er r FRNSEKange in

[err] ([err])maitkseingheptengtePHoupAe@® Y Ythe séhO6ESpRovelesl aexpect ed

results relm}%%égﬁégy signal related to the sensor. Analog-to-

digital conversion circuitry coupled to the sensor

10 output and the seasor monitoring circuitry provideé a
digitized sensor output and at least one digitized
secondary signal. The six secondary signals include
change in sensor resistance (AR,), sheath to lead
voltage (V,), insulation resistance (R;), change in «

15 (M) , change in &6 (48) and self heating (SH). A memory
stores a set o0f expected results related to the
secondary signal and to the sensor. Diagnostic
circuitry provides the residual life estimate as a
function of the expected results stored in the memory,

20 the digitized sensor output and the digitized secondary
signal. Output circuitry coupled to a process control
loop transmits a residual 1life estimate related to
residual life of the sensor.

BRIEF DESCRIPTION OF THE DRAWINGS

25 Figure 1 shows a process control system
including a transmitter in accordance with the present
invention. '

Figure 2 is a block diégram of a transmitter
of the present invention.

30 Figure 3 1is a simplified block diagram of a
transmitter in accordance with one embodiment of the
invention.

Figure 4 is a diagram showing a simplified
neural network.
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secondary signal and to the sensor. Di agnosti c circuitry

provi des ydh 98&’% dual life estimate as a function of the expected
results stored In the menory, 20 the digitized sensor out BGI/UsATII90ks
digitized secondary signal. Qutput circuitry coupled to a process
control | oop transmts a residual |ife estimate related to resi dual
life of the sensor. BRI EF3 DESCRI PTI ON OF THE DRAW NGS 25
Figure 1 shows a process control system including a transmtter in

accordance with the preseghre SAIHM£nEi061agram ‘showing g'gﬁgﬁiglls a
bl ock di agram g{wg m ttg 1 f gr eaent L nvention

Figure 3 is a Srpri f| e B SRS é‘éﬁ'yaf?\ oFe ondary; jopufigigrals weedr dance
wi th one enbodpripnevidethheresidudahvienféenime estimate outputFi fSeR dhéS a

di agr am show pg, s ppbified neural networKk. WO 98/ 20469

PCT/ US97/ 19045 -3 - Fi gure
5A is a df agram showi ngFagnEar 8B is anayapik of t hemppirataldet ysessecondary

i nput si gnal Srél§_€_dua]_ 115@ Pep¥i1detrameesidual lifetine estimate output from
t he trans F| u‘lr,}?ESB |sa rahof terrperature

sensor I es e
PREFERRED EMBODI MENTS Flgure 1 is &i @yt Sof ob:a@éélgbofc

cont rol transmtter 40 cou Ied 10 to
contr ol room%yo%/%?% o V\nr'{e&pgrloegle(gs r“'te?éojl HPugritte 'ﬁ%ﬁglrﬁcher 40
moni t or st& he k@npRrRrEXel erepmpd poves a tWOf Waire pm"ometseewrm:qmlngldc&; but

the present '@Venffﬁﬂemltteﬁpr'ﬁéni@o?gythgsE%&%%%%t%&%gngéﬁégéégar'able

measur enent such. as,a resistance hased pressure measur e
Transnitter 14 r tRsRFPSeSEeR@iacurd . but the present invention

applies to any resistance based process variable
measurement such as a resistance based preseure
15 measurement. Transmitter 40 transmits temperature
information to control rpom 4 over loop 6 by controlling
the current flowing through loop 6. For example, the
current flowing through loop 6 may be controlled between
4 and 20 mA and properly calibrated to indicate
20 temperature. Additionally or in the alternative,
transmitter 40 may transmit digital information related
to temperature over loop 6 to control room 4 such as in
a HART® or Fieldbus protocol. Transmitter 40 includes

circuitry described herein in more detail wh1ch.prov1des
25 advanced diagnostics related to temperature sensor
operation.

- A block diagram of the present invention in a
process control transmitter is shown in Figure 2.
Transmitter 100 typically is configured as a two-wire

30 transmitter, having two terminals 102, 104 which are
electrically coupled to a controller which provides
power for and communicates with transmitter 100. The
controller is electrically modeled in Figure 2 as
resistor 106 in series with voltage supply 108.



I nformation to control room4 over |oop 6 by controlling the current
flowi ng through | oop 6. For exanple, the current flow ng through | oop
6 may bewomstoadsl ed bet ween 4 and 20 mA and proeperly gadidrabagd to

i ndicate 20 tenperature. Additionally or in the alternative, -
transmtter 40 may transmt digital information rel ated to tenperature
over loop 6 to control room4 such as in a HART or Fiel dbus protocol.
Transmitter 40 includes circuitry ~flescri bed herei n in nore detail

whi ch provides 25 .advanced dia nOigl cs related .to, tenperature sensor

oper ati on. Transmitter WhH B FhaFt1GRe E]f‘%séﬁtveﬂ‘?\?é’lﬂl%% Bn a
process cont thireler ansfichtrewiirse sﬂmmmmrtdalgure 2. Transm tter 100

typically is confi gureq‘ Zg?eg&t\/\ﬁﬁseﬁgf‘eé tfaggrgltéoeh OE? @g_\ﬁﬁ\g) fer m nal s -

102, 104 which are rically coup a con provi des
power for andodtvans @éiltl@@ vist resdgiesy tnepany0of arhveumbercgﬁtpbalces is

el ectrical | yﬁogeb%cbas%gg&em cBhtrol 5§8tehor 1R6phprSELAES, WhB Vol tage
supply 108.

PCT/ US97/ 190PFesent invention as realized in softwq;e, can re?ﬂéﬁéﬁptter 100

nmay al so praet ceatrde spgeain 6f @ser a findlheentablf elemesnte sticanasi tter.

The present inve t|on can _al so he. ractl Lyare whi. ch
resident in 5n Ve Mimver of mlatges g'cug*he%m%]f%cess systgﬁgcg E‘rol
system In @mcmqnsulaﬁr suctha as Fipildbuat Pmeodibusn aael retitéredailhowof t war e,

can reshde i,y theasfofgyurm” rmea@e/ﬁaer% Eﬁé‘aér&QéEBEOEnGEﬁEEB such as

a val ve, notor or rotocol s such
as Fi el dbus, tPr BEj EB@mﬁﬁHCBFﬁ€r§e5V¢% ekpmentss Jtrhé gBPFﬁ/&FSeCWﬁFEH

practices th%y@t@@ntam@Vﬁmfst@arov1dé Ofdye peaaugscataedamﬂteweﬂoeberrent s in
a process cont r ol

de f b| b
sensed i n on&SH&S A ?3¥ Eﬁgﬁ?rﬂéﬁtgﬁﬁ%m?ot%/%esse&r\fg gﬁes Buadd.es o be

A resistance based sensor R,, labelled at 110,

15 senses a process variable in a process. The process
variable may be representative of pressure, temperature

or other process variables which affect the resistance

of sensor R,. Sensor 110 may be a piezoresistance based
sensor, as is commonly used for sensing pressures, oOr a

20 platinum resistance thermometer (PRT), which is commonly
used for sensing temperature in a process control
application. Output from sensor 110, which is an analog
signal, is signal conditioned and digitized
appropriately in A/D and compensation circuit 114.

25 Oﬁtput from sensor 110 also is electrically connected to
sensor monitoring circuitry 116, which outputs onto bus

118 secondary signals representative of the change in
resistance of sensor 110 (AR,), insulation resistance
(R;z) , case or sheath to lead voltage (Vy;), change in

30 alpha (Aa), change in delta (Ad) and self heating (SH).
Specifics of the circuits necessary for measuring each

of the secondary signals are discussed below. A/D and
compensation circuit 114 also compensates the primary

variable, R,, for known repeatable errors via a look-up



A resistance based sensor Rerr], labelled at 110, 15 senses a process
variable in a process. ' The 'process vari abl e may be representative of
pressur WO 804X at ur e or other process variables whi eboTalkbrmo4g he

resi stance of sensor Rerr]. Sensor 110 may be a piezoresi stance based
sensor, as is commonly used for sensing pressures, or a 20 pl ati num

resi stance thernoneter (PRT), which is comonly " used for sensing
tenperature in a process control application. Qutput from sensor 110,

which is anapal.og L.g S [ I onditioned a
digitized ae.;;pcr)gproitg_t%gl &_?éltnh%D. Sﬁaﬁc%%p?eans §|?g%°}§%$gui urlvf}%r‘%
Qut put fromesaisdoron110 Gleeuit tlécisi pakfprebirvereedized in asdmyor

noni toring Gidwdd tryiétbprvbbeBoUt PUgs ORLO hus conséﬁ@esigﬂﬁﬂﬁfy si gnal s

representative of the change in .resi stance of sensor 1

([err] R err |SONSHNALRDRL POWEFakSeimPOrtaptetp 1 §he Lren s % t o | ead
vo: ]E aﬁe § V[ estid )préé”e'i'ftgeld\narﬂ:%ion &ie;&mf hs{ei el¥dnsmidhangeLdo i@ﬁ:cvilrﬁ)l(l[ﬁl’ r]) and
se eatin SH) . i fics of, the circujts necessar or. asuring
each o% C{%ee@ S &N ar%g%gﬁogr‘i’érse 5 pdifga tﬁ"féieg’ybgfgvnv.sm e%d"dﬂae'
conpensat i orsuRRlaNi 108 land | xesteohprndfbes the prinmary vari abl e,

R err], for known rep ; | s :
PCT/ US97/ 19045 ARG RIS P fndiry C‘Eﬁl%‘%%‘-ss v_arla\giegt%j aeﬁ%?gr ot her

met hod, sucKP¥asSERFEFynbS aflcuf¥anspitter Iy agngn. thy r ddigditired s

preferal y reeaddritry Ns8gh&¥s are RVMPLEH CEOPHOSEHESE icS@iaTdikBoNserve
power . Ciorﬂr}servg%l an of &&%mr i s i,nportant gsn the transmtter of 5
the present Jfrent i A¥Hetaleet r &M ¢ o0 9 THGHY 2109 RRMSTed over a

two wire | oqerfsampsddyy dfr aranmsttiet k0000, diagugpt ic irankresiid or 106.
The digitiz ' [ PAGR ' : 110,
transmtter q%o%rffrr%rﬁy%ﬂgsgﬁgl t |ezecf{§%éeirg:é;§% a ?Ws‘?ﬁ‘g}rg‘é%%g’%’ coupﬁrgd to

di agnosti c @Yuiagyche Moyapola @BAFHC1k-th the intent of mnimzing

power 15 consunptiory of ddmeEy tt 86ntQ9nidagnegpeetrelr Cuirdda(1k3
(sometimes expressed as nominal values) for each of the
secondary signals is labeled 120. The output of memory

120 is used as needed by the diagnostic circuitxy 118 to
provide an output 122 indicating the residual life of

20 sensor 110 {a "residual life estimate"). For secondary
signal AR,, for instance, memory 120 stores a value
representative of the expected change, or drift in the
resistance of sensor 110 over a specific time period.

The amount of expected change is dependent on the type

25 of sensor wused, how it is wmanufactured, and the
accuracy, in terms of drift, of the specific application

for transmitter 100. The stored AR, is typically
determined empirically by testing a number of production
samples of sensor 110 and calculating an appropriate AR,

30 number to store. Similarly, a value for R,z is stored
in memory 120. The wvalue of stored Ry i1is also
empirically determined based on a number of production
samples of sensor 110, and is representative of the
impedance between a sheath of sensor 110 and sensor 110.



Is preferably inplenented in a | ow power m croprocessor such as the
Mot orol a 6805HC11. 15 A  nenory cont ar ni ng expect ed

resul ts wo9snpsenet i nes expressed as nominal values) for %C}B§mgag
secondary signals is | abeled 120. The out put of nenory 'S Used as

needed by the diagnostic circuitry 118 to provi de an out put 122
indicating the residual |ife of 20 sensor 110 (a "residual life
estimate"). For secondary signaI'Férr]R[err] for instance, nenory

120 stores a R e resentative of the ex ect dc or drift in

t he resi s%aeﬁ%oémo éﬁgoraslsf(?rb?/eerog i P EE afgaa tion, The

anount of exp@@uﬁﬁqﬁumgﬁaasndepend@ﬂ:uypameofyBET§5 whﬁthﬁwyobe used

how it is C d [ d (ft, of
fa% Egﬁggr 189 axtnki'eeach t[)?pcemll) %Oé sbgﬁﬁigﬁog 8 H’l

t he specific application for transm
[err]Rlerr] it SARKAH |ympedancpt R ni nbdvakper feal Vy by aksei agozedunber of

producti@n  in wmeathyes20f. SERsOFaidd élfld/ C%C%ﬁkégeneat%ar BBr LAke

30 , tored
[ menory | 136189 R s Seor o} Eboand) spE Shesth.oend Shbipr; cal | y

det er mi ned bdsealdy sbausbbstehtprddyctdearo. Hosawpkes iff memseurdélO, and
s T epresent alig Pfldieoensor | MPRIAAGRFBELUEC 100N Gle SEBREL, 110 and

sensor 110.
PCT/ US97/ 1904%n generate a voltage through galkvanic compiangunt, the

assi gneq gof @W@ﬂ%ﬁﬁ&ﬂ“vﬁﬁﬁ%écét'@@prox1mé€§l§fﬁéf6€§r@'BHQFEdOEntypeS of
used_ gs sensor_ 110, .and _each type has a specified

PRTs, which na
sheat h %?gﬁ’s&rz Q feradhes ?Rcoﬂwyuéll%‘ra lypditer revaiesy of deed 5
in menory 12Gor dheuwdexe odf pYpdurk ios sampe&entaAlvelﬁé £Be Ax andol tage

bet t I d t tiall
vetveen sensqly 1A 808l Beos0asL Lyl 50 e kBB LL e SUBRLONL o
t he sensor tem9§ﬂ$Q¥?QHWQ4§W§\Rﬂﬁkﬁﬁ?QQﬁ(ﬂkﬁf@ﬁﬂ%&&ﬁ%l@OﬁprlagPRIO

Enpirical valgeesdf 2R OXi MRiRIfL ZQIPi R € pl¥e@des! and specified
accuracies set the expected values for Aa and Ad, based
on empirical testing of a number of production samples
of sensor 110. A value for SH is also stored in memory
120. The value of SH is representative of the expected

20 time constant for cooling, or heating a PRT sensor 110
after a small deviation in the current is pulsed through
the sensor.

Diagnostic circuitry 118 receives the contents
of memory 120 and calculates a residual lifetime

25 estimate 122. Diagnostic circuitrxry calculates a
residual lifetime estimate of sensor 110 as a function
of the expected results, the digitized output £from
sensor 110 and a digitized secondary signal. A
preferred embodiment for the calculation method used in

30 circuitry 118 is a set of polynomials. However,
circuitry 118 can also be realized in a number of other
ways, including neural nets, threshold circuits,

autoregression models and fuzzy logic.



menory 120 for this secondary signal after review of V[err] for a
nunber of production sanples. A value for [err] and [err] are also
stored i VAOBBP469120, and are related to the -t enper at IRGI/USI7LO64S

resi stance characteristic for a PRT 15 sensor 110. Manuf act uri ng -
processes and specified accuracies set the expected values for [err]
and [err], based on enpirical testimg of a nunber of production

sanpl es of sensor 110. A value for SHis also stored in nmenory

120. The value of SHis g @eembu\iergf ixe %E@ib@@ Zhe R KISt ant

for cooling, (S)Lrip)_l}leatl Q‘g_ RT _sensor after a small_deviation in

the current i sEFHEAREGghETom  ChXcUihLyy 118, as well g§ adhsstic

circuitry 118 doenﬁjndmddleomqmenfmm sengbrmamu,y didd eantpaskctikates a

residual life rre %; wﬁs gstic <circuitry calculates
€

a resi dua i e eggﬁﬁ%ie ofa%%F%%rfggﬁ as a function of the
expect ed Besul ts the digurtedd butpuvléchndiagrapenfon temperamcre

digitized se m@mt@ém@l connefted to%’?ﬁ)%érﬁﬁeﬂ@@;@é @é}ssc}%d he

cal cul ati on nethod used 1 n 30 Ci rcui tr%/ I's a set of non a
However sGqardanse MiFh dihe Reesen eJaW%@alPﬂ a "ﬁﬁﬁﬁéfnl&f:eat #é’r

ways, i ncludi ngdleiden newmmhnesrmldtml r g4t s currentaut S6€HEESSiag) nodel s
gg% ng%}lllgggé%ltlplexer 4% 50§§erent1a1 ample:.?r 48, high accura%t put

ci rcui t r $0124 A/@c eioremertteer e dnre¢roprocdas$ere§2|, mal eckr earecuricuitr,y 118,
as well as th‘?nemor q_:{gncgr;d &gﬁuérgﬂégms_o%allo and outputs it to

the two wire | oop, as aproprlate ure 3 is a block

di agram of a tenper at ur &erningk MHaak tér lagleéﬁﬁerﬁwre%lmtbermkat ure

sensor 10 in g foxa(‘d&{;dﬁri@ ﬁ/hbthféfleeiaérﬁﬁEét R@Eeﬂémpéraiﬁ&l%s@ehwr 40
i ncl udes term_nal bl oc

t | t 46,
differential afpl9% |%rg2%rmﬂ| §ﬂuagsurst%§£5ﬁ%§t% %%‘?ﬁ%t%& gﬁgg"m in

m cropr oasssorFisirec| BLk ciSemsdr 540 (and sensor 60) can be either
internal or external to transmitter 40. Sensor 10
includes RTD sensor element 61 having a resistance R,
which varies with changes in the ambient temperature
immediately surrounding sheath 12. Leads 16 include

20 four element leads 62, 64, 66 and 68, and a sheath lead
70. Lead 62 1s connected between sensor element 61 and
terminal 4, lead 64 is connected between sensor element
61 and terminal 3, lead 66 is connected between sensor
element 61 and terminal 2, and lead 68 is connected

25 between sensor element 61 and terminal 1. Sheath lead
70 is connected between sensor sheath 12 and terminal 5.

Current source 45 is connected to terminal
block 44 and supplies a measurement current Ig through
terminal 4, sensor element 61, terminal 1, reference

30 resistance Ry, pull-down resistance R, and ground
terminal 72. Sensor element 61 develops a voltage drop
across terminals 2 and 3 which is a function of the
resistance R, and thus the temperature of sensor element



menory 56 and input-output circuit 58. Term nal bl ock 44

I ncl udes termnals 1 through 5 for coupling to, 'for exanple, RTD

t enper at WEISOAEIOr 10 or a therno-coupl e tenperature Berresyro64s( shown
in 15 Figure 5). Sensor 10 (and sensor 60) can be either i nternal -
or external to transmtter 40. Sensor 10 I ncl udes RTD sensor el enent
61 having a resistance R err] whi ch varies wth changes in the anbi ent
t enperature i medi atel y surroundi ng Sheath 12. Leads 16 |ncI ude 20

four elenent |eads 62 4, 66 and 68 sheath | ead Lead 62 is
connect ed bet feen sen&?? EFQﬁEntr%ilﬁﬁar If‘?}““”téfﬁm ﬁ%ﬁmi‘?t?‘éado%"zr’?%n
connect ed bet weemisedsar acbBepeifl ~-down et de®Ryi.nal 3, lead 66 is

connect ed bet ween SensOkmiti lgg(%r;e%% q,ltferan Qfé %W%%a%‘ﬁla%‘e%g S

connected 25 between sensor el enment 6 term n
70 i s connect agt bst:wenmgbﬁsblegﬁéath;zgana PeEpipfomected to the

Current SQUr CEaHA jin%eGRAR &ag)uttootferammrentlalbla?@wﬂ@mch@mIaes a
measurenent current I[err . term nal sensor el enent. 61,

termnal 1, r&PérERISSIHY tf‘Bi §%§n€‘€vﬁf‘€r AR, OBEPPtd%W‘F%E?@t"a?IC"é‘eRZ and
ground t ehRieR@ling2. Sapaer eberrenalﬁieﬁlenei@ps aamel 1 figerdr ops .

across termngls_2 and 3 _whi | ct Qf, 1 e R err]
and thus the éﬁﬁé’lpgto&reesso ge}nsor ’ioeli%e r*u%lple%%%/%j%bﬂl =X
PCT/ US97/ 1904Bppropriate sets of analog signals,g-includirgy signa&ference

resistor; gl er gloks %@Hl%d Petweshg h 3 tes Mt hal nbralGviisd P Whd esi st or

Rlerr]. | pl exer 46 | vided into two sectlon an
active mul ti phavertiag ngl%uBEt pRE coﬁiﬁef(fteé’&nttéatlhe agplifhernyedd i ng

i nput of di ff@fi@lﬁelr%lntaml hinbeli £48rand Kas an due:fpexrteaoﬁna_ultékiptemm havi ng
ZRDF:J]E ngf’ ConnECt ed FOpI’ ocessog{év%rt‘%gn I’Ori'ncputﬂ(l% ne\&egé% ?gtljrlm ti pI ex
appropriate sans a;d:cm‘@d:pgog dgiial bitendndli ag C-S:ngwmsgon rate of 14
15 samples/second. A/D converter 50 converts the voltage
at the output of differential amplifier 48 into a
digital value and provides that value to microprocessor
52 for analysis or for communication over process
control loop 42 through input-output circuit 58.
20 Input-output circuit 58, in a preferred
embodiment, includes a HART® communication section, a
FIELDBUS communication section and a 4-20 mA analog.loop
section for analog or bi-directional digital
communicating over loop 42 according to a selected
25 protocel in a known manner. Other protocols can also be
used, for example, a four-wire configuration may be
employed in which power is received from a separate
source. Loop 42 also provides power to the various
components of transmitter 40 through input-output
30 circuit 658. Transmitter 40 is wholly (completely)
powered by the two-wire loop 42.
Memory 56 stores instructions and information

for microprocessor 52, which operates at a speed

determined by clock circuit 60. Clock circuit 60



10 fromtermnals 1 through 3, to the non-inverting and i nverting

i nput s ﬁk)%ﬁ%fferential “anpl'ifier 48. Differential anplifier 48 has
an out put’ € %t ed to AD converter 50. |In one enbodP@BWSI7/1A043
converter 50 has an accuracy of 17 bits and a conversion rate of 14 15
sanpl es/ second. A/ D converter 50 converts the voltage at the output
of differential anplifier 48 into a -gdigital value and provides that

val ue to m croprocessor 52 for analysis or for conmunication over
process Dol ides | §0ped? tRMRUEN dIWWNP W PteiEE8ht h38h Hbeed

| nput - out put _circuit referred enbodi ment’, includes a

.98, in_.a \
HART[ er r ] corﬁﬁﬁ?lﬁatwrb]réé@tﬁ‘? 5% Jse 59 BesBes S PP&Y R ¥e@f on and
a 4-20 mA analty tonperter 5ecti onicrdmfocedsMB2 Perfokinsdige’addonal

digital ﬁaggyp' ti oQp. 42 accerding.to a selected, 25

protocol in a nomérgr%nn%?c.:ﬂycg%%rgg?g 8?0 g ?%gg?ﬁ’gsxﬁé' 4% a’%]sé’t(,Dfor

exanpl e, @ f owANVRTeexohPi geoatingd nef bemmunicempboyervém hhbph 4mower is

recei ved fronanSOPA@E calculq¥icths, lan&é%@%fé?cﬂ?ﬂ',d?i 0 the
I nput - out pu

vari ous onponents of transmtter_40 throug put ) ““circuit
58.  Transmi$ANAF-1S whoPF9rageonfifet etxansmitteneFen fhgune iam- wire
| oop 42. parameters AdOperbérningesehsstrdchgasstand.i nformation

for m croprocessor 52, ich operates at .a speed det erm.ned .by cl ock
circuit 60. O ock dlﬂﬁ%%ogf)cessorW£%§8/§ﬂé;?ys the fOflow}ag

PCT/ US97/019045uation to compute the major value o$-the tempedatdas a real

time clock aqu@ﬁ%eggﬁg5¥1gjé$%§@egg: clock, which are also used to
sequence the operation of D converter 50. M croprocessor 52
perfornms several fund%hoqs, i ncluding control of nultiplexer 46 and
AD 5 converter 56t T0 (Ezsknagbmuni cati on over | oopEgRation 1
tenperature cal culations, drift correction, circuitry di agnosti cs,
storage of transmtter configuration paranmeters and perform ng sensor
di agnosti cs. where:
R, = resistance of RTD sensor element 61;
15 Vi1 = voltage drop across the RTD sensor
element 61;
Virer = voltage drop across resistance Ry,; and
Rypernom = nominal resistance of the reference
resistance Ry in Ohms, and/or stored in
20 memory 56.

Microprocessor 52 measures the voltage drop

Vx: across RTD sensor element 61 between terminals 2 and

3, and the voltage drop (Vi) across reference

resistance Ry, with multiplexer 46. In a four-wire

25 resistance measurement such as the one shown in Figure

2, the voltage drop across the connections to terminals

2 and 3 is largely eliminated, since substantiaily all

of the current I; flows between terminals 1 and 4, and

has little impact on the accuracy of the measurement.

30 Microprocessor 52 converts the measured resistance R,

into temperature units with a look-up table or suitable
equations stored in memory 30.



M croprocessor 52 enploys the follow ng 10 equation to conpute the major

val ue of the tenperature of RTD sensor el ement 61: . [err]
Equat i onWD 98/20469 \wher e: Rl err] = resi st anc&rg{,sﬁ;;R%gensor
el enent 61; 15 V[err] = voltage drop across the sensor
el enent 61; V[err] = vol tage drop across resistance Rerr];
and Rerr] = nom nal resistance of the reference

resistance Rlerr] in Chns, and/or stored®rn 20 menory 56.
M croprocessor 52 rreas#f s the vol.tage drop Vlerr]. across RTD sensor
el ement 61 between ter %HT%OIE BR4se” can algpqy b nEsedytagreagnsp

(Merr]) acnessistafar dogeuse inrrmsamﬁﬁﬂghﬂﬁgdaﬂ&é lbﬁrﬁlmi Q&aﬁé%g— 46. In
a four-wire egl st S .SUC s the one shown in Figure

2, the vol tagsgL cﬁfopﬂélgrggggt.gggc%kﬁg%%%&ﬁas% ‘0 ner%%a’f‘%asurem%ménafB i s

| argel y el i mSiat eeCcondiy Rilsnaks ikelgwal | of the current I[err]
flows betsween term nafg.l gRASORERRNT oF SARONDARY ®IdHAGE ©n the accuracy
of the neasurenent. 30 __ M croprocessor 52 converts tne measured resistance
Rl err] into tenperdtUPEeERPEsIRVERt AORSrASHFeBLOE detenningEe
equat i ons st ereetridaxenmignals/inputs Woh38h2@4@9 used in performing
PCT/USQ?/lgO%%vanc d diagnostics o ansmi -;0-

Johnson noi s& Can RS S BITEEF T e &G &* FE&ETst ahBE FEFORLRTYN

nmeasuring resilgn@dce bichRiesensthange i6l semsdamr unsesstascappmpepliate, in

t he nmeagyre f ' Si .

VEASURETENT R o Se kB A TR e v ¢! Bk T ab T flrosbecapce ntRsl 7 on

measur es, or S 'Heg,(A“)' change in delta (A48), and self heating
(SH) .

A. Change In Sensor Resistance

Change in sensor resistance (AR,) of RTD
1s sensor element 61 is determined by monitoring R, as
described above. Microprocessor monitors R, and time
information using clock 54. Values of R, and the time
at which they occurred is stored in memory 56. In one
embodiment, only changes in R, and the time period over

20 which the change occurred are stored.

B. _Sheath To Lead Voltage And Insulation Resgistance

Transmitter 40 may also determine sheath to
lead voltage (V) and insulation resistance (R,) using
a sheath-to-lead voltage measurement circuit 76 and an
25 insulation resistancg-measurement circuit 80. Within
temperature sensor 10, a sheath-to-lead voltage is
sometimes generated between sensor sheath 12 and sensor
element 61 because of dissimilar metals in the sensor
being separated by an electrolyte made up of ceramic
30 impurities (ionics) in the sensor and water entering
into the system. The sheath-to-lead voltage is shown in
phantom in Figure 3 as a voltage source V,. Transmitter
40 measures voltage V, through sheath-to-lead voltage

measurement circuit 76. When measuring the sheath-to-



secondary signal s/inputs which are used in performng advanced

di agnost igg o880 ‘;sge transmtter. The secondary si gnal s incl ude:

change in sensor resistance ([err]Rerr]), 10 sheat h tOWQEﬁFW@WFége
(Merr]), insulation resistance (RIR) , change in a ([err]), change in
delta ([err]), and self heating (SH). A. Change In
Sensor Resi st ance Changeiikn sensor resi stance ([err]R err])
of RTD 15 sensor elenent 61 is determned by nonitoring R err] as

descri bed abovead M@Img@pe&&@rdmﬁd@&ﬂw] capdst i GBf exténhI mation

using of ook Sen Values oL RLERL] BNdcEe UL ag ol nan;g%&$§g£gfgifggd

Is stored in NMEND
the tine perlbuabver32©0nmﬁﬂuﬂﬁtﬂﬁaEﬁm@@mabucarsedsarehﬁ(ﬁunh that

Sheai h To Leaduiotage Al hosubabbondRE Eh31SR1tage generated!BPST iter

40 may al so determ ne vol tage ( |ns ation
resi st ance (RF#&CE§Pﬁ§t1° acﬁlgﬁeéPhSFBSFﬁadiboltage neasurenent circuit 76

and an 25 insulation cestaiangeg m&ﬁﬂurcwwrﬁncam@muhg@ 78Vl an

tenperature sensor, 10, a hgath tg e%d oI ta e |§1 songet i mes, gener at ed
bet ween sensot %REEIRI127RRY SEHRSFC b%c%‘ﬁ%e”b‘fe FE9 i | ar
metals int helnputsoa:oupledbm rtgampm]atSednlWaanoetputrobypaeedatle AHD of

ceranic 30 %gggs 50(i O i Neg SEQSQhe%%‘}o‘Q%t eglee(ggle#g?

into the system € sheat h-to- voltage is sho
Fi gure 31@s aplafedgeaacxnite U@i{eerllPS‘l'ha&ﬁm t repistancgg ’P@ﬁ’smﬁés £Pc) tage

Vierr] thr ouggeﬁgsﬁt Dot 01| €ath¥Pbid08heath 1BASHE EHROLOEI t1gdli &1 dRenthen
nmeasuring the_sheath-to- 98/ 20469

PCT/U897/1904%ea s 62, 64, 66 and 68), so as to mpasure th?e%ﬁ#%%ﬁ?age
m cr opr ocessodibPeranne off aextom=nathis bavelitage OA/Dukeviers@i CBS, such

R
el ectroly%ic '&Qtl@ﬂ‘- i n2sergrectped  rate  under the control of
microprocessor 52. Microprocessor 52 stores the
resulting voltage samples in memory 56, and determines
a residual lifetime estimate as a function of the stored
expected value of V, and the newly stored V, value,
20 according to a polynomial equation.

Insulation resistance measurement circuit 80
measures the insulation barrier within sensor_ 10 between
sensor sheath 12 and sensor element 61, which is
represented in Figure 3 by insulation resistance Ry

25 (shown in phantom). Sensor sheath 12 :should be
electrically isolated from sensor element 61 and element
leads 62, 64, 66 and 68. Insulation resistance Ry is
the resistance between sensor sheath 12 and any one of
the element leads 62, 64, 66 and 68. The insulation

30 resistance R;; should be very high in a good sensor, on
the order of 100-500 megohms. An insulation resistance
below 1 megohm might be considered a failed sensor.

Measurement circuit 80 includes voltage source
82, measurement resistance R,, amplifier 84 and switch



Crcuit 76 includes an anplifier 78 with an I nverting input coupled to

termnal 1, a non-inverting i nput coupled to termnal 5 and an out put
coupl ed WO 98/1469 converter 50. Amplifier 78 is thereforpcphReifohssr! |y 10
pl aced_across the insulation resistance barrier in sensor 10 ?I :
across sheath 12 and one of the el enent | eads 62, 64, 66 and 68), so
as to rreasurethe vol t age difference V[err] across this barrier. Al D
converter sanpl es the sheat h-to4%sad vol t age prow ded by anplifier

15 78 t t |
5. Moer opﬁsc CUEftESs L8hfrecbiln Cneddl (Rety <Ry mppeRaRRS

menory 56, antedésémmceesR, and rgsododl Herfreinale gt.i nntmemlﬁetﬁé.mctlon of

e Lo ed i nzeFiBEaked ¥ae Bl fidd ANk RESFILK SEPLEG M. VAl ue

20 accordi ng °Fo nom al
resi stance rreﬁ@uré?féﬁ?hcﬁﬁc%ﬁl@ 8@51113":14%5{#%%5%%@06? il aWwhbahbisrier

Wi t hin segsorséglagt VR Eefh reﬁ@f@%esiﬁastﬂbt%%@dnsgensgﬁdel a&dn Wi ch
i's represented in Fi %t i nsul ation resistance R (shown in
2h

phant on) . EERiGEANCRe ’éeg@ﬁﬁ%?“an‘berems@la@&er ifsal I‘;}"Sr%]cﬂra’f%‘%l from
sensor eIenenkeﬁis&adcel@mwﬂreferéﬁaésrﬁalsﬁénc§6R@Bddﬁa pulBSd@ih on

resi stance Rl | sta S r 12 and y one
of t he el gﬁ%?&?tﬁ % Gfﬁéi,a %g&g%gltt\é\ﬁsgy'ﬁgéﬁngéﬁggé’%ns%lbrc?es stance
Rl err] shoul dtbe amayndi garinanalgdtt sefuowengn flowinde tbrdaghoft1€0- 500
megonms. 3 A1 | BavkahkOBakES 15 RHEC 1eakadel b GAR @&mopes@ggrégered a

fail ed sensor. Measurenent circuit 80 includes vo
sour ce 822 FRaBEPeRBAEOY Sl SMERECRRE, Whifh i ¥5 & BGHPrR @f chhe VO

98/ 20469 1nsulatlon resistance Ry. The PCGH1USYE 18045 across
-12- m olut agﬁ gourcsgs% nl (honriect e% E%M%%n orgaat%rggreq% _
resi stance R3 SAd §F fa CECTETATN 2.5 e ds aréirent FEsi ?%,%%ERS S
connected i n serirestwlihand| thge tber desulatie?, rewilisthng® &g. i MEodat i on
resistangg RIGHHLinRHEAnGSahR inverting inputs of amplifier 84 are
connected across measurement resistance R; to measure
the voltage drop across measurement resistance R,.
Amplifier 84 has a very low input bias current. The
output of amplifier 84 is connected to A/D converter 50

20 which converts the voltage measurement to a digital
value at a selected rate under the control of
microprocessor 52. Microprocessor 52 stores . the
resulting digital values of R;; in memoxry 56. When
microprocessor 52 makes an insulation resistance

25 measurement, microprocessor 52 turns off current source
45 and closes switch 86 to connect measurement circuit
80 to terminal 5 to drive leakage current I, through
insulation resistance Ryg. Once the measurement has
been completed, wmicroprocessor 52 opens switch 86,

30 thereby disconnecting voltage source 82 from sensor
sheath 12. The diagnostic circuitry within
microprocessor 52 calculates a residual lifetime output
based on the expected value of Ry, stored in memory 56



5 series with reference resistance R err] and pull-down resi stance

Rerr]. 3M$ resi'stance Rlerr], insulation resi stance R err],
ref erenc g@ﬁé&ance Rlerr] and puII-domm resi stance RETIUSOTHNS ur r ent
path f-rom vol t age source 82 to ground termnal 72. Current flowng -

t hrough the 10 current path is the | eakage current from sensor sheath

12 to RTD sensor elenment Rlerr], which igza function of the i nsul ation
resi stance Rlerr]. The vol tage drop across measur enent resi stance

Rlerr] is a funeti @heof nebiyl eﬁkagared valneeng J.{ eatkoaidd dhusd hg

I nsul ation resi stance IR Th% non-inverting and inverting inputs of
anplifier B4 EPe¥YhoOm: éﬂ”ﬁcross neasurenent resi stance R3 to neasure
t he voltage drap.a 'eazuab" AJ Rodr,r land DeltnpidXier 84
has a very |ow i nput bi rrent T ut, put If S
connected to A/D conver?‘grp?% (% a0 Bg%tgorg\?Zrtgggt gi‘ﬁgﬁil’: eyréreiggt%rderrent
to a digi Pal to theglsleprs of éf(@lsécﬁt’e%“?%tt‘ée’tﬁiéi%rt%‘h@e?é@ﬁ‘tlrgl pépt for

M croprocessog s?%c1f1dwﬂééﬂﬁﬁﬂﬁﬁéﬂﬁaséﬁfséﬁéﬁﬁs tHEir calbBidkbibhgd
digital values o

err] i.n penm 56 nlcroprocessor 52 makes
an insul ati onllsesfiéR[sSH'é edg lnnepa%ﬁ é’*‘?é"rﬂ\gﬂo‘?ﬁ c BOPrEEELs 0 042 1t uPRE S f
current soyrceebruar@SlamG C lpasdsi ssved dby S6osamcunteahd neasorpoeated rcui t
B0or 0 Lor i nalyP e ddc, | 0AlAASe CUl£LEL SURLubD BHOR, are LHBYER T ON
resi stance R[ey} t’he ‘méasur enen F
n1croproé@ssonDSEEUQGWS5§mﬁ9@ﬁt86653@akeph@V§§yad5§é§hné@tpﬁglwdlﬁ@ge

source 82 frompgensicess, éﬁﬁéﬁfheslgaken oVBe a HAFMBLHE da?brgﬂ!try
within m cr opr ocessor al cul ates .a resi_dual Ilfetlne ou

based on the e%e@a T Q%H?esb‘fffR[ce‘r‘?’}thX&raé@q Riddegepase b Stween\Bhes) 20469
PCT/ US97/ 1904%, values, before constants o and & ke calcuBﬁdeBhQnDEMﬂy

nmeasur ed val ue err accar di,ng al t|on C.
Measur enent 0P1§% SEPREFRE % érr%?ceaﬁalﬁgﬁ Eég[gkﬁf) wly E0mputed
Al pha ([ &6r]) vaddegebtfac(frdrd Jare eouestamhits tieaesgpected values of

o and & stored in memory 56, to compute Aa and AS.

A residual life estimate is computed from Ao
and A6 based on the magnitude of Ao and Ad, output to
I/0 circuitry 58 and sent over loop 42.
20 D. Self Heating
The self heating measurement is performed by

injecting a known current Iy into RTD 61 using current
source 140. Typically, other current paths are
disconnected from RTD 61 so that the entire current Ig,

25 flows through RTD 61. Current I causes thermal
heating of RTD 61 which results in a change of
resistance R,, measured as described above. The change
in resistance R, due to current Iy is monitored by
microprocessor 52 for use as described below.

30 Additionally, the technique can be used to
determine the temperature time constant of the sensor.
Immediately aftexr the sensor current is returned to a
normal level, a series of direct DC readings are taken

to measure the time for the sensor temperature to return



5 to the slope of resistance versus tenperature plot for a specific

resi stance based sensor. Their cal cul ation ‘i's discussed in PRT
HandbookwBwdsi2esdon 1042, dat ed February 1985, publishqq: %ﬁqﬁﬁ unt
and incorporated by reference. Three different values o errFDare
stored 10 in menory 56 sonetinmes taken over a start-up period for

the process, sonetines taken over a period of days -in order to get a
sufficiently large di fference bet ween t¥e Rlerr] values, before
constants [err] and [er are calculated in m croprocessor 52. Once

cal cul ated, tH%e ARewf %‘6 bt RIS ag&@iFes ofTHer CiMEndCBRgE@Eonbar ed t o
the expect ed detlaresirafd from[ amis andmé Sﬁé)f:ﬁﬁﬁl an@emmrov bhedt @sogput e

terr] o L odR s signady (TR R se LB rg {8 PPVibht put to
| /O circuitryhEs &echodquegyspkiegopany. t20es over a period of tike, Self
Heating s  ig averaged RRtSebf %ahl@%?%?a§giggﬁntThé $§iu8r8§dt9¥

i nj ecting a Known current I[errP into Usrng current sour ce
140. Typi &dmey, copehapt cthaFing pauer arelong peird@shneét efliiteom RTD

61 so that tHeE™dtess th&teﬁheHEl@éfdaIQi:onrfécQﬂ%d Bé@u@anREHe 8dnsorCurrent
I[err] causes I| ng of D 61 I’eSﬁ % in a ﬁhange of
8 ween

hgr_mag
resi st ance %urde%ﬁr ]cfé%cPrrbe 3bd\}’é; %ha
resi stance R[s@nqordwelamarmjra’rehtsne{aam |weasrimgnidorasgdyding. mni croprocessor

52 for yge as described belywawy 3QragnosTic crféfidgenal ly, the technique
can be used to determ‘T]‘ta—Fﬁ_‘W’T)nstant of the sensor.
| medi ately after the IEEOPTRAfasanr b3 pexfinreridiggposticsppehatrefevel , a
series of di rt%Cbp@@arca@elﬂ BESt BaRshakeBr 40 udihgeasiedsthenti B8 £ the
sensor tenperature to

PCT/ US97/ 19083X seconéary é&gnals dlscussg846%ov54 The f?%@%W&Bﬂstant
val ue agai n. desHid Hesneaconstent of s emboditentrsi fred freamitdiirgy t the peri od

and pro&%deddﬁidﬁostic circuitry in transmitter 40. The residual

lifetime estimate may be representative of an impending
sensor failure. In one embodiment, the state of health
output is indicative of the remaining life of the sensor
such that sensor replacement may be timed appropriately.

20 An alarm signal may also be sent to control room 4 prior
to sensor failure.

A. Polynomial Curvefit

A preferred embodiment of diagnostic circuitry

52 in the present invention uses empirical models oxr
25 polynomial curve-fitting.

A polynomial-like equation which has a
combination of the six secondary signals as the variable
terms in the polynomial, together with constants stored
in memory 56 is used for computing the residual lifetime

30 estimate. If transmitter memory is iimited, the
constants and/or the equation may be sent over the two
wire loop to transmitter 40.



secondary signal. If the process tenperature I S nmovi ng, this

techni que, taken many times over a period of tine, 5 I s averaged out to
get a finXP9%2P48.  The val ue of the ti me constant chargi/uspmves a

| ong period of tine i ndi cates that the thermal connection between the-
sensor and t-well degrading or the insulation between the sensor
el ement and sheath wearing or degradinng%Q ' [,

DI AGNOSTI C Cl RCUI TRY M cr oprocessor 52 perforns diagnostics
rel ated to operation of trgnsmydfla¥?Qdisidibcat | east one of the

si x secondary signals di scussed above. [he 10lT 0w ng describes a
nunber of enbodi nents f&NG HIFRPFLEReCiBCUdLadhodfPd eBrRPEES Wit a

transmtter 4Gwichhe dyes d&h%lural ridth@Idk® eshl fRbEgHRYa beni@pdesyt ati ve
I n. one enpodi nent, .t he state of health

of an inpendi . sensor f ure.

ot put 1 B ndREARD A0 BN GRR | PRo UHEq nEOS RIBILOD & Seohat
sensor repml ace:m:mto:ﬂway moeletli mefebxa p jatidifie xasred ygd%ﬂ.s An calear Brdiogiiglentny al so
be sent to con cﬁy# (%m}:ﬁepr]ir%wn Baé}%x%?!af% 'W york

A. Pol ynom al |nent(%?Nh|agnost|c
circuitry degeligp tmmulpabséﬁt:wpwequaﬂage@lmu wil;lal capiakre d&he2s

pol ynom al  cumygifiddd9.relationship aménaol ¥nogkal - bicke jegiAt | ghgvhi ch
has a conbi nati on of the six secondar nal,s as the varlable

terms in the PSR ) - t oGt wht I t%n ¥Pirgledorology REmGry 56
is used fiqr ccumt&é-mgayzére nestallahetwbeki %cﬁ@tece&&bﬁﬁtﬂplemelnfted in

transmtter ”emrx%'%chessé?:t%g a}xa me or ggt ant %’h%nd%lrsé h%_ %a’t i on

may be sent oVer: 00p ¥r3Rsmittér

98/ 20469 usually referred to as the 1npu${hﬁﬁ£@fllge¢§1ves the

-15- information, arﬁl DAl £ Neh WHKS the inner laye Q1€ @iggnostic
circuit is |nplenented wth mul ti1-1layer neural network. Al t hough

a nunber of second layer, 1n a three-layer network, commonly known
15 as a hidden layer, receives the information from the
input layer, modified by the weights on the connectiomns
and propagates this information forward. This is
illustrated in the hidden 1layer which is used to
characterize the nonlinear properties of the system
20 analyzed. The last layer is the output layer where the
calculated outputs (estimations) are presented to the
envixonment.

Figure 5A shows a schematic for residual life
estimation of temperature sensors using a neural network
25 model, the six secondary signals include changes in
sensor resistance (AR,), insulation resistance (IR),
case to lead voltage (V,;), change in o (Aa), self
heating (SH) and change in é (Aé). Figure 5B is a graph
of residual life versus time and shows sample outputs

30 generated by the network of Figure 5A.
The secondary signals may be used in various
embodiments either alone, or in any of their
combinations. The number of inputs may differ and



training algorithns can be used to develop a neural 5 network nodel for
different goals, one enbodinent i ncl udes t-he-known Backpropagati on
Net wor k WBRIg)20469 devel op neural network nodul es which, (,1,513 H@ua%ure t he
nonl i near relationship anong a set of input and out put s(S gure 4
shows a typical topology of a 10 three-layer neural network architecture

i npl emrented in m cr oprocessor 52 and nenory 56.- The first |ayer,
usually referred to as the input buffer16recei ves the i nformation, and
feeds theminto the.inner I%ers second | ayer, in a three- Iayer
net wor k, conmBnr ™ gﬁﬁ%oTSt \és YRS db‘centll"%yﬁ?m?éééf’%eéa?ﬁé iSeh@aYat i on

fromthe dnmepuorl myee, ofiodhésedphyanbeewei gbtys noem bbelﬁ@nﬁh@‘éﬁ ons
and propagates this i r r d. illustrated in .
the hidden |ayer which ?stgugg%bgﬁagyo %aa erf“%%mfﬁ%l%%nlrﬁﬁ’éﬁse&topertl es
of the systentD® staks pledhe RIP Bgpsoragaror of fe thetpot-doaysdre, \Ma@re t he
cal cul at egl Olﬁﬁp%épffééénﬁhh@nsﬁoﬁ&n p&s&ge%ad ﬁa%éé}%s wltifgl\{' %ji'i%e

Fi gure 5A shows a schematic for resid I on
tenperature SEHEBYBTASTAEOR r'f‘@ur'é? RS ZBatFrﬁa’Bl reqms‘ts@%e@mdary

signal s i ncl uittewhafigesal bures anéyiser dé@é&&b&ﬂ@efarbb@éﬂ\hﬂ err]),

i nsul ation resistance (IR), c _ppSas i tage (Vlerr]), change
inf[err] (Aa), self in 6 ([err]). Figure 5B
is a graph of resiBubs elmbe&imISMQﬂ the dimbsdowsc samhea tont et s 30
gener at ech by (digs NSt YO Ko T 5 £ QuﬁﬁeﬁArules fp reach a ;[Bﬁciﬁgggga% S' gnal S
may be used in various enbodi nents eit

their cdritf ngtrbHE. of T‘Fl}éenﬁﬁﬂ@teréfiqr@plﬂ@'lm BTDf @rl aémld may V\D

98/ 20469 ea511y be implemented in analoECTEE§@Zié9945 The
-16 - endi ng. on the. of the re5|stance bhased Sensor, one
or nore of tt?olseevb%?%}%tt%ﬁ% wg‘ﬁo]tn% R AR F TS (either A1l or a
subset) are monitored and their present values are
15 compared to upper and lower boundaries. The upper and
lower boundaries are empirically set by extensive
testing of many of sensor 61. A decision is made based
upon the comparison.
In a digital embodiment of this type of
20 diagnostic circuitry, the values of the secondary
signals are monitored and compared with their acceptable
ranges by microprocessor 52.
The following is a sample if-then rule for
sensor change in resistance (AR,):

25 If AR, is multiplied by the percentage greater
than RH, then residual life estimate of sensor 61 is n
days.
where: X = percentage boundary

AR, is the change in the resistance value of

30 the sensor over a known time period,

RH is the upper boundary of the acceptable
range. '
Similarly, IR, V;, SH, change in o (Aa), and
change in & (Ad) will have corresponding upper and lower



The secondary signals essentially represent the state of the RID
sensor 61 or of a therno-couple, as 5 appropriate, and follow rel ated

patt er nsW@#Bemes| | ow m croprocessor 52 to perform patrGxusg7asegni ti on
to . identify failures and/or devel opi ng probl ens. -
C. Threshold Grcuitry Thi s enbodi ment of the diagnostic

circuitry 52 10 uses a set of if - thg} rules to reach a concl usion on
the status of the tenperature sensor RTD'61 and nay easily be

i npl emented in . I I3f LU : . , 'ﬂgg {oned input
paraneters ( e]iltr%le%%ﬁ%gug%liaeghggis y%%%a% Eré?et}rlr%%% e aé/nd}%r}%élgkp?r esent
val ues are 1%e ubrbkzed in uppeeighdn| oAkingoundasi €6t The upper and

lower boundaries are empidn&adhy S8E bYr&XLRRSI YBventioheShiakd Hedmpny of
sensor 61. A decisjon_is nade based upon the conpari son,

In a digital daRohRMt ith niretepsnes 5@ Paedgrasd cembrddmants, the
values of therkeesosidilyed in tsh@naks wiklnpacbgnédeatthatomhaieibsy th

t heir acceptabl e Langes by m_croprocessor. 52, . The

ol owing | s X dop) B2E. Piof SFN Ebaetart JuieBous  departing, Srgr o
([err]Rlerr] the5spirit and scope|efriRpeinyensinnl-ti fhi particaiar,
percent age 0rgal ehresent! NvditiddIeRalPHd!Ubell e SIbIBLGO oA O 61
isn days. V\ﬁ?ere: = percentage boundary

[err]Rlerr] isensrRrEhafyehi e ha rtesiereeunds ulrofa 3yoltage-based

the sensqy Ovgdnabknown tinme period, RH is the upper
boundary of the acceptable range.
Simlarly, IR V[err], SH change in [err] ([err]), and change in

[err] ([err]) will have correspondi ng upper and | ower

| THIS SHEET Rag
. B
REPLACED -

This Sheet Has Beep Replaced

LT



-17- limts are used the resultant values to be utilized
I n a decision making Imm"gﬁﬂi M}U ﬂ The present invention may be used
for vol twgeshesed senser Se her no-coupl e or a vgk;trﬁg%% ed
sensor. VWHAT IS CLAIMED I S: 1. A transmtter (i gf in a
process control system having a process control |oop, conprising:

a sensor (110) sensing a process variable and - havi ng a
variabl e resistance providing a -18- process vari abl e out put;

analog to digital conversion circuitry (114) coupled to the
process varigﬂﬁg—éébﬁgﬁimgg—lg— providing a digitized primary
process Avarreaidmel ot putin chapastesszednlt¥ol system, SENsor

nonitoring Ciafy r 16) coupled to t he sensor (110)
provi ding a Se%§&é§¥§%1 signal (117) related to a condition of

the sensor (110) whichai s xeibstandal | pensor sensing nat gprfaemeds on of
the process variable iable YHPWr G gital
variabre lﬁﬁo‘rl coup%[%f%*%é S

conversion circuitry (114) urt 'ensor
noni t ori ng Sens@ﬁ%ﬂﬁ@%§or1P31GFrQ¥%}rYFﬁ@N@%ﬁ@gtozihe

digitized secondary 5|gna|,sensor proildiig Cid Cldddondab’dd) smpded to a
process control ogg for transnlttlng a residua
55t

life estimate; FIA20) a set of expected
results related to theagedggdarWOS|ngg1tal conversionof diwcwsemswyr (110);

and diagnostic ci polhier CeHPIELE t 8ehB8diQldd#®dand the
sensor monitoring circuitry and
providing a digitized sensor output and
a digitized secondary signal;

output circuitry coupled to a process control
loop for transmitting a residual 1life
estimate;

a memory storing set of expected results
related to the secondary signal and to
the sensor; and

diagnostic circuitry coupled to the digitized
secondary signal and to the memory, for
providing the residual life estimate as
a function of the expected results in
the memory and the digitized secondary
signal.

2. The transmitter of claim 1 wherein the
diagnostic circuitry comprises a neural network.

3. The transmitter of claim 1 wherein the
diagnostic circuitry comprises fuzzy logic.

4. The transmitter of c¢laim 1 wherein the
diagnostic circuitry includes an empirical model to
determine the residual lifetime estimate output.

5. The transmitter of claim 1 wherein the
diagnostic circuitry compares the secondary signal with
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secondary signal and to th 20), for providing the

(1
resi dual ﬂ! Las a function of the expected
results VJOnJS?ZLDﬁ@ rreru“ul‘“\luw |\ “ " di gi REPERIO0LSES S
vari able output and the digitized secondary signal.
-19 - 2. The transmtter of <claim 1 wherein the diagnostic
circuitry conprises a neural network. 3.g_ The transmtter of claim
1 wherein the diagnostic circuitry conprises fuzzy logic. 4. The
transnmitter aofhrésBblY fo AWEEEhine!tige HAGNOSd] G LE&CHhd Tyst DRhtdes an
enpirical node tg determ ne the residual lifetine estimate output. 5.
The transmi PR&PY claim 1 wherein the diagnostic circuitry conpares
t he secondar§.si gnal wrhe atthnestigltért o odet erlaine tihe wiestetial théetinme
estimate outp Ller m_.1 . wherei t he
di agnostic ci ?%gptg?tlfngllﬁglu—g%g# %t%cs'}%r agr gsns%cl)lrt\-'o %eqrevﬁ'nsjc?\n a‘&?‘éﬂ’n nes the
residual |ifehigh éﬁtﬁﬁé\lgéﬁsﬁhe residual lifetimeamsfhitthersem$orclaim 1

wherein theysecondaryrhiednNgh-26QRRLESSS ©FANGE Hif SENSQYLd Jrﬁta&? 8.
The transmitter of <claim 2 wherein _ the secondary sig conprises a

vol t age bet we8fcBY@KR¥afhIBAY %O‘PEE?:IS%F ?W?%s%%t%ﬁfft@%é’r%%*s‘:@ce The
transmtter gof clainThd whenswittiehe S‘»ecoraﬂ&rlkh Sllgnas}hélﬁmﬁl S@ﬁea

resi stance o f the SEensor . ansmtter

claim 1 wh%‘rele:gﬁa‘g?% %q' g‘(%‘ndacrof/n psxilgsneeﬁ %oYr%:H:%%% ?Fgﬁ'&e(la)a o?h‘??'nrehsensor
11. Thandt aaheailt Dér thef reslisitmnce semeogi.n the secondary signal

aﬁnpr'sestﬂebta (6) of rhRe geA®Qhitter of cHR&m MANSHLLEn Ofpeclaim 1
ereln e
secondary signal comprises a resistance of insulation of

the sensor.
10. The transmitter of claim 1 wherein the
secondary signal comprises alpha (a) of the resistance
sensor.
11. The transmitter of c¢laim 1 wherein the
secondary signal comprises delta (6) of the resistance
sensor.
12. The transmitter of c¢laim 1 wnerein the
secondary signal comprises a self heating signal of the
resistance sensor generated in response to signal
applied to the resistance sensor.
13. A method for providing a residual 1life
estimate of sensor, comprising:
sensing and digitizing an output of the
sensor to provide a digitized sensor
output;
sensing and digitizing a property related to
the lifetime of the sensor to provide a
digitized secondary output;
storing an expected output related to the
life of the sensor and the secondary
output; and
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secondary signal conprises a self heating signal of the sensor generated in

[)?35?3?;@;:@;,23922: duaﬂ“lﬂﬂ"llmunﬂlﬁﬁmof a sens.or‘ .(1/?0) ne;ggg@;;g;@

conpri si ng: 20- sensing and digitizing a process
vari abl e out put of the sensor (110) to provide a digitized process
vari abl e sensor out put; characterised by sensing and digitizing a
property of the sensor (110) related 199~ the lifetine of the sensor
(110) to provi de a itized second st or n n expect ed
output related to the € gl“g“]t?'i‘ﬁﬁ?r?e’{ﬂs %%gﬁ?&&%&ft

secondary output; and cal cuﬁm:ttngoﬂ reSi tdhel éxpetied emtlpnm,e ohe t he

sensor (110) as a functi on% t@lz éeﬁ% g p;%’{c%;u ¢ thepdi gifiezed

secondary out put and t e di gl | ze§ pri mar vari abl e
sensor out put. digitized sensor output.
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