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MULTI PLE RESI STI VE SENSORS FOR A CORI OLI S EFFECT MASS FLOWETER FI ELD OF

THE | NVENTI ©N This invention relates to an apparatus for using nore than
one resistive sensor on a OOMLB-LWELEMS*SIT&V\&&ENSORS% particularly, the

invention relates to a GhkCali | I erature sensor
on a Coriolis mass rovﬁM%@'ﬁ%ﬁﬂ@%ﬁm@ conductors
necessary between the flowreter 5 elenent and the flowreter transmtter.
STATEMENT OF THE PROBLEM It is known to use Coriolis effect mass fl owreters
to neasure nass flow and ot her FIELD OR{THE INVENTIONI al s fl owi ng through a

i peline as disclgsed in U S  Patent Nos. 4,491,025 issued to J.E. Smth,
gt IOaI . of January Pi{s ?ri\s%%warr&*at@i tosan ppparatus for using more than one resistive

sensor on a Coriolls mass flowmeter. More particularly, the invention relates to a
circuit for using more than one temperature sensor on a Coriolis mass flowmeter
while minimizing the number 6f conductors necessary between the flowmeter
5 element and the flowmeter transmitter.
STATEMENT OF THE PROBLEM

itis known to use Coriolis effect mass flowmeters to measure mass flow and
other information of materials fiowing through a pipeline as disélosed in U.S, Patent
Nos. 4,491,025 issued to J.E. Smith, et al. of January 1, 1985 and Re. 31,450 to
10 J.E. Smith of February 11, 1982. These flowmeters have one or more flow tubes
of a curved or straight configuration. Each flow tube configuration in a Coriolis
mass flowmeter has a set of natural vibration modes, which may be of a bending,
torsional, radial or coupled type. Each flow tube is driven to oscillate at resonance
in one or more of these natural modes. The natural vibration modes of the
15 vibrating, material filled system are defined in part by the combined mass of the
flow tubes and the material within the flow tubes. Material flows into the flowmeter
from a connected pipeline on the inlet side of the flowmeter. The material is then
directed through the flow tube or flow tubes and exits the flowmeter to a pipeline

connected on the outlet side.
20 A driver applies force to oscillate the flow tube. When there is no flow
through the flowmeter, ali points along a flow tube oscillate with identical phase.
As the material begins to flow, Coriolis accelerations cause each point along the
flow tube to have a different phase with respect to other points along the flow tube.
The phase on the inlet side of the flow tube lags the driver, while the phase on the
25 outlet side leads the driver. Pick-off sensors are placed on the flow tube to produce
sinusoidal signals representative of the motion of the flow tube. Pick-off sensors
may be position, velocity or acceleration sensors. The phase difference between

the two pick-off sensor signals is proportional to the mass flow rate of the material
flowing through the flow tube or flow tubes.
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The vibrational characteristics of the vibrating structure of a Coriolis
flowmeter change with changes in temperature. The vibrating flow tube(s) are
10 typically formed from metallic material having a Young’s modulus that changes with
temperature. In order to maintain a high measurement accuracy the temperature
of the vibrating structure is typically measured and a compensation is made for the
change in Young's modulus with changes in temperatures.
A Coriolis flowmeter system is comprised of two components; a flowmeter
15 element and a transmitter. The flowmeter element is the actual sensor, containing
vibrating tube(s), through which fluid flows while the transmitter is the signal
processing device that receives and processes signals from the flowmeter element.
Electrical connections between the flowmeter element and the transmitter are made
over a multi-conductor cable. The shielded cable is comprised of a shielded
20 conductor pair for providing a drive signal to the driver, second and third shielded
conductor pairs for transmitting signals from the pick-off sensors and a shielded
conductor triplet for transmitting a signal from a temperature sensor located on the
vibrating flow tube. A three wire temperature sensor is typically used since this
allows for a compensation of the resistance in the cable between the flowmeter
25 element and the flowmeter transistor. This 9-wire cable is not a standard cable in
the process control industry. Thus each time a Coriolis flowmeter is installed using
a transmitter mounted remotely from the flowmeter element, a special, non-
standard cable (the 9-wire Coriolis flowmeter cable) must be run between the
flowmeter element and the transmitter. This creates additional expense forthe user
30 of the Coriolis flowmeter.
As Coriolis flowmeter technology develops, performance demands and
changes fo the geometry of the vibrating flow tube(s) has brought about a need to
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structure might be necessary. In any event, when more than one temperature
sensor is used in existing Coriolis flowmeter designs, conductors in addition to
those available in the typical' O-wire cable used with Coriolis flowmeters are
required. A cable having more than the traditional 9 conductors is a problem for
several reasons. One reason is that even the existing 9-wire cable is expensive.
Using a cable with even more conductors adds additional expense for the users of
Coriolis flowmeters. Therefore whatever number of temperature sensors are
employed in a given flowmeter it is advantageous to minimize the number of
conductors. For the manufacturers of Coriolis flowmeters, additional conductors
in the cable also means additional connectors on both the flowmeter element and
the transmitter. This adds additional cost to the product and can also pose
problems if there is not enough physical space for the additional connectors. This
is particularly true for intrinsically safe applications. Another reason why adding
additional conductors to the cable is a problem is one of compatibility.
Manufactures of Coriolis mass flowmeters would incur additional expense and
complexity if different types of flowmeter models required different cables. Also,
there exists a large installed base of Coriolis flowmeters using 9-wire cables within
which new flowmeter designs coulid easily be applied to replace old flowmeters if
the same cable could be used.

There exists a need for a Coriolis flowmeter design that provides for multiple
temperature sensors while minimizing the number of conductors between the
flowmeter element and the transmitter. There exists a further need for a Coriolis
flowmeter employing two temperature sensors that utilizes the existing 9-wire cable
typically used with Coriolis flowmeters.

STATEMENT OF THE SOLUTION

The above and other problems are solved by the method and apparatus of

the present invention that comprises multiple temperature sensors in series. Each
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bSed Wy Bkishify Sftgle ¢MbarfatireJsensor designs is used to measure two
temperatures. When the present invention is used with more than two temperature
sensors a minimum number of conductors are required as compared to existing
Coriolis flowmeter designs.

Existing Coriolis flowmeter designs require one conductor for each terminal
of a resistive temperature sensor and at least one additional conductor so that the
cable resistance can be measured and compensated. According to the present
invention, multiple temperature sensors are connected in series and only the node
points of the serial connection require conductors. No additional conductor is used
to measure the cable resistance. One of the temperature sensors is periodically
switched out of the series connection so that no current flows through that
temperature sensor. A measurement of the voltage across one conductor by itseif
is then possible thereby providing a measure of the cable resistance.

Muitiple temperature sensors are arranged in series. The number of
conductors required (for temperature measurement) between the flowmeter
element (where the temperature sensors are located) and the transmitter is equal
to 1 plus the number of temperature sensors. A switching device located at the
transmitter is operable for disconnecting one end of the series connection of
temperature sensors from the power supply of the transmitter. This ensures that
no current flows through the temperature sensor at the disconnected end of the
series connection. Thus the voltage measured at the transmitter across the
disconnected temperature sensor as compared to the voltage measured at the
transmitter across a reference resistance provides a measure of the resistance in
the conductor between the transmitter and the disconnected temperature sensor.
This cable resistance is then subtracted from the resistance measurements
received from the temperature sensors. The resistance of the conductors between

the transmitter and the flowmeter element changes with temperature. In an
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flowreter cable) Tﬁgsﬁretsjgntrilﬂ\r}er%?otnwgr%@idteg emultipie temperature measurements with
cable length gompensation using the minimum number of conductors. Inthe case
10 of two temperature sensors only three conductors are necessary to make two
separate temperature measurements and compensate for cable iength. Thus
existing 9-wire cable used extensively with Coriolis mass flowmeters can
accommodate two temperature measurements.
DESCRIPTION OF THE DRAWINGS
15 FIG. 1 is a cross-section of a straight-tube Coriolis mass flow system
employing dual temperature sensors.
FIG. 2 is a schematic of one example implementation for a single
temperature sensor circuit as used in known Coriolis mass flow systems.
FIG. 3 is a schematic of one example implementation for a dual temperature
20 sensor circuit according to the present invention.
F1G. 4 is a more detailed schematic for a dual temperature sensor according
to the present invention.
FIG. 5 is a flowchart depicting the processing steps controlled by a
microprocessor to determine the temperature of multiple temperature sensors
25 according to the present invention.
FIG. 6 is a schematic for a temperature sensor circuit according to the
present invention that employs three temperature sensors.
DETAILED DESCRIPTION
Coriolis Flowmeter System in General - FiG. 1
30 Figure 1 shows a Coriolis flowmeter system 5 comprising a Coriolis meter
element 10 and transmitter 20. Transmitter 20 is connected to meter assembly 10

via multi-conductor cable 100. Transmitter 20 provides density, mass flow rate,
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wet t ed porti skilled in the art thahthenpresent invention could be practiced in conjunction with a
vibrating tube densimeter without the additionat measurement capability provided
5 by a Coriolis mass flowmeter,
Meter element 10 includes a pair of flanges 101 and 101°, manifolds 102 and
102", Fluid enters meter element 10 through one of flanges 101 or 101’ and passes
through flow tube 103 leaving flow element 10 through the other flanges 101 or
101°. Flow tube 103 is encircled by balance tube 104. Flow tube 103 is connected
10 to balance tube 104 and balance tube 104 is connected to case ends 105 and 105’
Case ends 105 and 105’ form the end of case 106.  FIG. 1 illustrates a straight
flow tube 103. Those skilled in the art recognize that the present invention can be
applied to a flowmeter system having a flow tube of any geometry. Also, a flow
element having multiple flow tubes through which fluid flows is clearly within the
15 scope of the present invention.
Driver 107 is connected to balance tube 104 at the mid-point of balance tube
104, Pick-off sensors 108 and 108’ are connected to balance tube 104 and flow
tube 103. In one embodiment of the present invention, each of pick-off sensors
108 and 108’ comprises a coil attached to balance tube 104 and a magnet attached
20 to flow tube 103 and formed to move within the magnetic field generated when a
periodic signal is applied to the coil. Those skilled in the art recognize that pick-off
sensors of any design, e.g., accelerometers or potentiometers, could be used and
that the velocity senéors described are merely exemplary.
Counter-balance 115 is connected to balance tube 104 diametrically
25 opposite of driver 107. The mass of counter-balance 115 is determined by the
density of the expected process fluid to be measured by system 5. Flow tube
temperature sensor 109 is attached to flow tube 103 and balance tube temperature
sensor 110 is attached to balance tube 104.
Cable 100 ié comprised of conductor 111 which carries the drive signal from
30 transmitter 20 to driver 107, conductors 112-113 which carry the pick-off signals
from left and right pick-off sensors to transmitter 20, respectively, and conductor

114 which carries temperature sensor information to transmitter 20. Conductors
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It is known to those skilled in the art that Coriolis flowmeter system 5 is quite
10 similarin stn-Jctpre to a vibrating tube densitometer. Vibrating tube densitometers
also utilize a vibrating tube through which fluid flows o, in the case of a sample-
type densitometer, within which fluid is held. Vibrating tube densitometers aiso
employ a drive system for exciting the flow tube to vibrate. Vibrating tube
densitometers typically utilize only a single feedback signal, i.e., from a single pick-
15 off, since a density measurement requires only the measurement of frequency and
a phase measurement is not necessary. The descriptions of the present invention

herein apply equally to vibrating tube densitometers.
FIG. 2 is a schematic for a known temperature measurement circuit. FIG.
20 2 illustrates a circuit for measuring temperature at flowmeter element 10 using a
single temperature sensor 109. With reference to FIG. 1, FIG. 2 is a schematic
showing the necessary wiring for utilizing only flow tube temperature sensor 109,
Conductor 114, which is part of cable 100, is comprised of three conductors 201-
203. Conductor 114 has a shield grounded over path 210. The three wires 211-
25 213 of temperature sensor 109 are connected to three terminals 204-206 on
flowmeter element 10. Conductors 201-203 are connected to terminals 204-206
at one end and to terminals 207-209 on transmitter 20 at their respective other
ends. Each of conductors 201-203 have a conductor resistance modeled as
resistance R, on each of conductors 201-203. Conductors 201-203 are
30 substantially equal in length and gauge thus their respective resistances are
represented as being equal. Although the resistance R_in each of conductors 201-

203 is equal, resistance R, is not fixed. The value of resistance R_ is determmed
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sensor 109.

A voltage is applied by the voltage reference through supply resistor R,,,.
in this example, a 5V voltage reference is shown although any voltage reference
could be used. Resistor R, reference resistor R, and offset resistor R 4 are
selected so that a voltage (V4-V,) across a normally operating temperature sensor
109 will not exceed the cut-in voltage of diode D,. Likewise, for diode D,.
Temperature sensor 109 represents a typical three-wire resistive temperature
detector. The temperature experienced by temperature sensor 109 is measured
by determining the resistance of temperature sensor 108, compensating that
resistance for the resistance Rc and plugging that resistance value into a standard
equation, alt as discussed below.

The following equation illustrates the measurements made in existing
Coriolis flowmeter systems to measure the resistance of temperature sensor 109,

(V3—V2) B (Vz—v1)
vV -V
10

RREF( Q)= RIDQ (EQN. 1)

EQN. 1 represents the difference between the voltage across temperature sensor
109 (V;-V,) and the voltage across the resistance Rc (V,-V,). The typical Resistive
Temperature Device is a “100 Ohm (Q) resistor”. A 100Q RTD is measured by
comparing the resistance of the RTD (temperature sensor 109) to a 100Q reference
resistor (R). Once the resistance of the RTD is known, the temperature can be
calculated using é characteristic equation for the particular type of RTD. The
manufacturers of RTD's supply the appropriate characteristic equation for each
RTD. EQN. 2 is exemplary of a characteristic RTD equation. The value

esign that
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5 Temperature=[(RTD-100) *2.56[+1.25 2153
WesVe) ., 100 o- + R_ (conductor 308) (EQN. 3)
VT o |

10

Each type of RTD has a unique characteristic equation such as EQN. 2. The above
example is for a Heraeus 1PT100FKG 430.4-18-T-3.
This is how known Coriolis flowmeter systems measure the temperature of
15 the flow tube. Note that a conductor 203 is dedicated to the full-time task of
providing a means for measuring the resistance (R,) of the cable.
Duai Temperature Sensors - FIG. 3

FIG. 3 illustrates the circuit according to the present invention for measuring

the temperature at two locations on a Coriolis mass flowmeter. The circuit of FIG.

20 3 is similar to the circuit of FIG. 2 except there are two temperature sensors 109-
110 and a Field Effect Transistor (FET) F, for disconnecting temperature sensor

110 from the 5V voltage reference. Note also that voltage V, is measured from the
side of FET F, connected to temperature sensor 110. Temperature sensors 109-

110 have resistances R,-R,yo, respectively, which change according to the

25 temperature experienced by each sensor. ,
Control line 307 is connected to a microprocessor (not shown in FIG. 3) and

determines when FET F, is open and when FET F, is closed. When FET F, is
closed, current flows from the 5V voltage reference, through FET F, and conductor

308 (which has resistance Rc), through temperature sensors 110 and 109, and

30 back to transmitter 20 through conductor 310 (which has a resistance R_). The
current flow continues through R and through R4 to ground R,,, is, for purposes
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EQN. 3is used to calculate the resistance of temperature sensor 110 (R,,,) plus the
resistance of conductor 308 (R.). EQN. 4 is used to calculate the resistance of
temperature sensor 109 and conductor 310 (R,). The results of EQNs. 3 and 4
cannot be plugged directly into EQN. 2 to determine temperatures because the
10 results of EQNs. 3 and 4 each include an amount of resistance equal to cable
resistance R,. Periodically a measurement of the conductor resistance Rc is made
by opening FET F, and making measurements and calculations as described
below. With FET F, open, current flows through diode D,, through conductor 309
(having a resistance R.) and temperature sensor 109, and back to ground through
15 conductor 310 {having a resistance R.) reference resistor R and offset resistor

R, When FET F, is open, the following calculations are made:

(Va=Vi3)
—Z _%2__ %100 Q= R {conductor 309) (EQN. 5)
Vor Voo
V.-
o Va) 100 0= &, + R, (conductor 309) + R, (conductor 310)  (EQN. 6)
Vor"Voo

20

Since there is no current flowing through temperature sensor 110 when FET F, is
open, the voltage (V,-V,) represents a voltage drop due only to current flow through
conductor 309 having a resistance R.. When this voltage is divided by the voltage

across reference resistor R and the result is multiplied by the value of the
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values are then inserted, one at a time, as the ‘RTD’ value in EQN. 2 to determine

the tempera:ture experienced by each of the temperature sensors.

10 In another embodiment of the present invention a further calculation is made

to provide a second estimate of R, and the two values of R, are averaged together

to determine an R, value used as described above. . The result of EQN. 4 is

subtracted from the result of EQN. 6 leaving an estimate of the resistance of

conductor 109 (R.). Thus, in this embodiment R, is calculated as follows:
15

(EQN. 6 - EQI\;. 4) + EQN. 5 _ R, (EON. 7)

This method of determining the resistance Rc is more accurate than simply using
the result of EQN. 5 because EQN. 7 uses an average of two different measures
of the resistance of conductor 109. This averaged value of R, obtained from EQN.
20 7 is then subtracted from EQNs. 3 and 4 to obtain the resistance values for
temperature sensors 110 and 109, respectively.
Dual Temperature Sensors and Transmitter 20 - FIGS. 4-5
Elements common between the FIGS. are referenced with common
reference numerals. FIG. 4 illustrates the circuit of FIG. 3 in combination with the
25 necessary supporting and controlling circuitry of transmitter 20. Control line 307
which controls the operation of FET F, is connected to controt output 412 of
microprocessor 409. Microprocessor 409 is configured to periodically switch FET
Fq open as described above. In one embodiment of the present invention FET F,
is switched open for approximately 0.8 seconds every 10 minutes in order to make
30 the necessary measurement of R.. FET F, is representative of a switching device.

Those skilled in the art recognize that any suitable switching device such as but not

11




4 WD 99/ 05480 ' PCT/ US98/ 11183
envi ronnent where the tenperature does not change rapidly the cable

resi st ancewuoeos4senent can be made infrequently, e.g. eve.rqusmmes. In
an environnent where the tenperature does change rapidly the cable
resi stance neasurenent can be made nore frequentl every 30 seconds.

Al t hough onl limited te adransistercosid be uaed implaee obﬁﬁiﬁﬁ/-'ioor%tgfér resisiarsed14-418 t he
conductor s 2fe, aE 158 WhelRU B ARG T JBHEH o el el T Shgintl®
Imcji?'?it :Ofgl A %{fﬁrﬁ@%gﬁ %ﬂpg&%ntgﬁﬁs10§bﬁ0?ﬂﬁéﬁé‘émbaﬁﬁiﬁdt?éhiﬁb%v41dﬁs
418 have values of 10KQ and resistors R,,,, R and R4 have values of 1.74KQ,
5 100Q and 3.01KQ, respectively. Reference resistor Rref is highly accurate, for
example, to within .1% and 10 parts per million per degree C.
The four voltages V-V, are read at inputs I-l,, respectively, of multiplexer
401. Multiplexer 401 switches between inputs I4-1; to produce one of voltages V-V,
at a time at output 403. The voltage level on output 403 is transmitted over line 404
10 to voltage to frequency converter (“V/F") 406. VIF 406 converts a voltage input at
input 405 to a corresponding frequency output at output 407. The frequency at
output 407 is transmitted over line 408 to microprocessor 409 and read at
frequency input 410 of microprocessor 409. The operation of multiplexer 401 is
controlled by a signal over path 420 from control output 411 of microprocessor 409
15 to provide each of voltages V,-V,in succession at output 403. Microprocessor 409
receives the frequency representing each voltage measurement at input 410 and
stores a value for each frequency in memory 419. Central Processing Unit (“CPU")
421 then uses the values stored in memory 419 to compute all of EQNs. 3-7 to
produce an output over path 413 for the temperature experienced by temperature
20 sensor 109 and the temperature experienced by temperature sensor 110.
Microprocessor 409 is one of any commercially available microprocessor such as
the MC68HC705C9A - CFN manufactured by Motorola. The operation of such
microprocessors to berform the above-described tasks and calculations is well
known to those skilled in the art.
25 FIG. 5 is a flowchart illustrating the process steps executed by
microprocessor 409 to produce temperature values for temperature sensors 109-
110. Processing begins at element 500 and proceeds to step 501. During step
501 a voltage refen:ence is applied to the series connection of multiple temperature
sensors. With reference to FIG. 4, the 5V voltage reference is tumed on, if not

30 already on, and FET F, is closed during step 501. Processing then proceeds to
step 502.

12



cabl e | engtwo egesagnsat i on usi ng.the m ni nrum nunber of condRATASHS/11183t he
case 10 of two tenperature sensors only three conductors are necessary to
make two separate_tenperature neasurenents and coge_nsaf[e for cable |ength.
Thus exi sting 9- WwHENg ster S02cthecxeltags isemeasiirad abeachi rodenof the semeser s

d r nts. JPESCRLPTI ON OF THE , DRAW NGS
15" 2Oy Bhrindofn of SFbBIrE sBRE3H EOEPina 2 SbPIR SPIER: SRR Seto
syst em enpl oy deaitralinpuf 0ESFrAItIBIEXEITARb SucddsSivelly switch vORAGEEY | & b vire
exanpl e inplenentation for a single tenperature sensor circuit a$ used in
known Cori ol 486.mAsdiescibed pboverwithrespectto EIG. 4 ahieraprocessbr 408 ceuntsithe
I mpl enent

BByt hpoh R b e RIBaS St ol 3 ot ™
tenperature gA036M mitMGHy 4199 Processing next proceeds to step 503.

During step 503 the resistance across each temperature sensor is
determined. Of course, with the measurements accomplished so far, the resistance
across each temperature sensor also includes the resistance of the conductor over

10 which the necessary voltages are measured. The calculations performed during
step 503 correspond to EQNs. 3 and 4, described above. Processing next
continues to step 504. |

During step 504, a switch is opened to remove one end of the series
connection of temperature sensors from the voltage reference. With reference to

15 the circuit of FIG. 4, F, is opened in response to a control signal over path 307 from
control output 412 of microprocessor 409. Processing then continues to step 505,

During step 505 the voltage is measured at each node of the series
connection of temperature sensors. For example, a suitable control signat is sent
to control input 402 of multiplexer 401 to successively switch voltages V -V, to V/F

20 406. As described above with respect to FIG. 4, microprocessor 409 counts the
frequency corresponding to each of voltages V,,-V,; and stores an appropriate
value in memory 419. Processing next proceeds to step 506.

During step 506 the resistance across one of the conductors is measured

to allow for the subsequent compensation for conductor resistance. In the example

25 of FIG. 4, the resistance of conductor determined using either the calculation of

. EQN. 5 alone or the calculations of FIGs. 5-7 to determine an averaged amount for
Rc. Processing then continues to step 507.

During step 507 the value of R, calculated during step 506 is subtracted from
temperature sensor resistances calculated during step 503. This step generates

30 a the compensated resistance value for each serially connected temperature
sensor. Processing then proceeds to step 508.
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to the present invention. FIG 5 is a flowhart depicting the processing
steps controlled by a mcroprocessor to determ ne the tenperature of

mul tipl e t ewpewossss e sensors 25 according to the present gmmvpsmusrl G 6
is a schematic for a tenperature sensor circuit according to t'he present
invention that enploys three tenperature sensors. DETAILED DESCRI PTI ON
Coriolis Fl owret erD@ing etepi H08>each xf the moBpensated sensor resigtanselvaliesvs a

Cranem £ tor S0 ERER 48 PRFmeRgURLng forbranie, 4 Srafpcictin anyatey I o0

gul' ti-conductpaNe2d! thelRifm dff BORTRLS Bepeitidtit APbH We GefiE! tempaiatifre’defdor at €.

model and is supplied by the temperature sensor manufacturer. Processing then
5 concludes with element 509. |

N-Temperature Sensors - FIG. 6

FIG. 6 depicts a circuit utilizing a third temperature sensor Ry, which is
connected to transmitter 20 through a conductor 601 having a resistance R.. R,
could be, for example, a temperature sensor mounted to case 106 in FIG. 1. With
10 FET F, closed, the voltages V-V and V, are measured. The following
calculations are then made to determine the resistances across the temperature
sensors and conductors:
(v,

o Ver)

Ver Voo

* 100 Q= R,,, + R, (conductor 308) (EQN. 8)

(Vep=V,)
15 VY,

CN " CO

* 100 Q= Ry, (EQN. 9)

(Ve V!

v,

* 100 Q= Ry, + R, { conductor 601) (EQN. 10)
oy Yoo '

Note that in the case of EQN. 10, the resistance of temperat'ure sensor 109 is
measured directly without any conductor resistance component. However, inorder
20 to determine the resistances of temperature sensor 110 and temperature sensor
Ry, further proce§sing is necessary. FET F, is opened with a controf signal over
path 307. The voltages V,-V,; and V,, are measured and the following
calculations are made to determine the conductor resistance R
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6 vol ume MORB4% and tenperature data over path 26 to aptﬁrl’qseg% lf%n means
(not shown). A Coriolis flowreter structure is described although it is
apparent to H}OS.Q/ s)ki |led in the art that the present invention could be
practiced i n-c®nj hct konoMig=hRa (ddvdaicteg 30de densi pEORT Mi)t hout the

addi ti onal medsst@sent 5 capaBi lity provided by a Coriolis mass flowneter.
Meter elenent 10 includes a pair of flanges 101 and 101', manifolds 102 and
102'. Fluid enters nmeter elenment 10 through one of flanges 101 or 101' and
passes through flow tube 103 | eaving flow el enent 10 through the ot her

fl anges 101 103’ t ' ' a 4.5 Fl ow
tube 103 ise%%N' girﬁ'{g‘@? g%\lat‘?; éﬂ'rge:hcég?? ?Egﬂégézf a?]‘?ébgf gﬁggﬁ?%%gﬁ%%g |ASSF
connect ed t adeserisedabibive, an averaged value of conductor resistance, R, can be obtained

with further calculations as follows:

(Ve =V

Vor=Yoo

* 100 Q= R_ (conductor 309) + R, (EQN. 12)

(EON. 13)

EQN. 12-EQN. 9+ EQON. 11) -
) = Bavg

10 EQN. 12includes the resistance of the temperature sensor R,y. Thus an averaged
value, R, for the resistance of conductor 309 is obtained. As noted above, it is
assumed that each of conductors 308-310 and 601 have the same resistance since
they are of substantially the same length and gauge and experience substantially
the same temperature. R, is then subtracted from EQN. 8 and EQN. 10 to obtain

15 the compensated values for R110 and R, respectively. As noted R,y is measured
directly.

FIG. 6 and the associated calculations of EQNs. 8-13 illustrate that the
presentinventionis applicable to any number temperature sensors by arranging the
N sensors in series and providing a switch for disconnecting one of the sensors

20 from the voltage supply to provide a measure of conductor resistance.

Although the present invention has been described in terms of resistive
temperature sensors, those skilled in the art recognize that any type of resistive
sensor could be used in place of a temperature sensor. For example, one might
use a strain gauge which indicates strain in the form of a variable resistance in

25 place of one or more of the temperature sensors described herein. The present
invention can be applied using any sensor that indicates a condition by changing

This Sheet Has Been Replaced

s TR

THIS SHEET HAS BEEN
REPLACED




105 and 105'. Case ends 105 and 105" formthe end of case 106. FIG 1
illustrates a straight flow tube 103. Those skilled in the art recognize
that the prwoss0s48avention can be applied to a flowreter syRCEHSHI183g a
fl ow tube of any geometry. Al so, the present invention may be applied a
flow el enent- 15 having_nultiple flow tubes through which fluid flows.
Driver 107 i dtsigsistanced The essenaecaf the peeseptinyentianapplias pqually tofartysushce

t ube 104. Piq§%g%Lnﬁﬁﬂsors 108 and 108' are connected to bal ance tube 104
and fl ow tube . I'none enbodi nrent of the present invention, each of

pi ck-of f sensors 108 t@bdeﬁ&%‘sslf@ﬁeéﬂsm thadAb blaﬁhé&ﬁh@ﬁtiérﬁs%i%irﬁft@ﬁ 104
and a 20 magnet attached to flow tube 103 and fornmed to nove within the
magnetic fiell@ demedesceigtiomenl dheepreferred serhadirient amtl ieadompasées cather

g accer or BETERrE!dnd SR RNE g stone s ST he Trveie sEnomhloc: ¢

sensors described are

16



.
merely exeWM$ 40548025 Count mHﬂLl s connecP&A 88 BHBANCce
tube 104 dianetrically opposi tewmﬂmamﬁu e mass of counter-bal ance
115 is detergin gbg the density of ¢he efpetted process fluid to be
measur ed by ?s& . Flow tube tenperature sensor 109 is attached to flow

be 103 and bal t ; i S I e
tube 104. 30 T A PRCHE R iERo e TRimaed bf ralbRIS 1508, 2 7
the drive sihptwkehadransmaitten{20) and Multisle desistive séhdors-CI00Y 4 10), Sormbrsihys
which carry the pick-off signals fromleft and right plck-off' sensors to

transmitter 20, rasRespl sanes haying adirsiend and assegondrensaseidsensamserias ur e
e o O Bmbllsbd 87 S4 Th it Fesi SRR LA BT canmbcted inHaeds 12! 1Y 11O
5 switching means (F,) in said transmitter connected .at a first end through a
first conductor (308) to said first end of said sensor series and said switching
means connected at a second end to a voltage supply (5v);
a second conductor (310) connecting said second end of said serial
assembly to ground through a reference resistor (R,) at said transmitter;
10 cable resistance measurement means (401, 406, 409) connected to said first
end of said sensor series for measuring a conductor resistance of one of said

conductors;

means (401, 406, 409) for measuring a condition-indicative resistance

across each of said muitiple resistive sensors; and
15 means (409) for determining a cable resistance-compensated condition
experienced by each of said multiple resistive sensors, responsive to said cable

resistance measurement means and said condition-indicative measurement means.

2. The circuit of claim 1 wherein said cable resistance measurement
means includes:
a timing means for periodically opening said switching means to disconnect
said voltage supply from said first end of said sensor series:
5 a node conductor connected at a first end to a node between two of said
multiple resistive sensors and at a second end to said transmitter;
means for measuring a cable voltage between said first end of said sensor
series and said second end of said node conductor when said sensor series is
disconnected from said voltage supply;
10 means for measuring a reference voltage across said reference resistor: and
means for comparing said cable voltage to said reference voltage to
determine said conductor resistance. T T

This Sheet Has Been Replaced

AR

THIS SHEET HAS BEEN
REPLACED




7 Substitute sheet- 7 Jan 2000 act ual Iillthree separate conductors

meani ng that cable 100 conpri stlul Hm I’uﬁ The operation of transnmitter
20 to produwo oS80 f | ow rat e, and density RGWEPRANBYIN s

wel I known to those ski I led in the arLt of flow 5 measurement and does not
formpart of the rese I nve n. The circuitry including flow tube
tenperature senso 5‘&4"5‘&‘]&?@%‘“’5@%@?%@ é‘paaéﬂgd'?eﬁ’%)mc Rluctor 114
and the associate t he
emai ning descr pﬁ‘e%hé‘f diding] Soid Eaé SRR by aid dofolirdelyaRtabE ) fredice
Coriolis floaeitage satis;@mdd> is 10 quite simlar in structure to a

vi brating tube densitoneter. . Vibrating tube densitoneters also utilize a
vibrating tube t hmeags fommylipiving eaid veliageoratioiby a raference value wherein said

5 reference value is the value in ohms of said reference resistor.
4, The circuit of claim 3 wherein said reference value is 100 ohms.

5. The circuit of claim 1 wherein said sensor series includes:
a node conductor connected at a first end to a node between two of said
multiple resistive sensors and at a second end to said transmitter.

6. The circuit of claim 5 wherein said condition-indicative measurement
means includes:

means for measuring a first sensor voltage between said first end of said
switching means and said second end of said node conductor;

5 means for measuring a reference voltage across said reference resistor; and

means for comparing said first sensor voltage to said reference voltage to
determine said first sensor resistance wherein said first sensor resistance includes
the resistance of a first one of said multiple resistive sensors and the resistance of
said first conductor.

7. The circuit of claim 6 wherein said comparing means includes;
means for dividing said first sensor voltage by said reference voltage to
produce a first sensor voltage ratio; and .

means for multiplying said first sensor voltage ratio by a reference value

5 wherein said reference value is the value in ohms of said reference resistor.
8. The circuit of ciaim 7 wherein said reference value is 100 ohms.

9. The circuit of claim 6 wherein said condition-indicative measurement
means includes: I —
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case of awaegsesn ype denﬁmmﬁﬁmj"lw!“i‘w which fluid is HaVeSS¥Eating
tube densitoneters also e emfor exciting the flow tube to
vibrate. Vibrating tube densitoneters |ca utilize on a5|n

{ eadback si gnal , MPaps 1orASASYHRASEPAY P Wefd%se betesa sl Sospri e

measur enment %N Hsa phase '
measurenentsglaqi#g%e%gggé%g%m iE ge?crl pt#}ons o% ?’E%nraggteﬁt i nvention

herein nmgy be appieaﬂdf@qn@dduyinga wfehmwelvwagelhaodewdmfmrﬂemsnﬁbn@nd
Tenperature Sensor - FIG 2 20 FIG 2 is a schematic for a known

t enper at ur e neasMeaRsier companing sajd secopd senservolieges ta said refgreneeyoltaggsur i ng

W rof or ohdetplEFEaklscpRd8BbsqttedSeRfh il Padia hF b ¥hreBBlings "
wiring for ifdddes the resistants enasesshd @ﬁ@@f Sid hiultple PeistilvdSensarcard e 1 14,

which is part of cable 100, is conprised of three conductors
resistance of said second conductor.

10.  The circuit of claim 9 wherein said comparing means includes:
means for dividing said second sensor voltage by said reference voltage to
produce a second sensor voltage ratio; and
means for multiplying said second sensor voltage ratio by a reference value
5 wherein said reference value is the vajue in ochms of said reference resistor.

11.  The circuit of claim 10 wherein said reference value is 100 ohms.

12.  The circuit of claim 7 wherein said determining means includes:
first subtracting means for subtracting said conductor resistance from said
first sensor resistance to determine a first sensor compensated resistance;
second subtracting means for subtracting said conductor resistance from
5 said second sensor resistance to determine a second sensor compensated
resistance;
means for converting said first sensor compensated resistance and said

second sensor compensated resistance to a first condition and a second condition,
respectively.

13.  The circuit of claim 2 wherein said comparing means includes:
means for measuring a first voltage between said second end of said node
conductor and said second end of said second conductor when said sensor series
is disconnected from said voltage supply;
5 means for measuring a first reference voltage across said reference resistor
when said sensor series is disconnected from said voltage supply,
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25 201-203. Conductor 114 has a shield grounded over path 210. The three
W res 211-213 of tenperature semmmnﬂmmﬂ ected to three termnals
204- 206 onwosvesasoer el enent 10 HMZOS are coORGEAISAV1N

term nal s 204- 206 at one end and tb t'erfi ndl s*207-209 on transmitter 20 at

their respeetive other ends. Each of conductors 201-203 have a conductor
resi stance nodel eneans ferscoraparingasaid firstevolfagertoesaidh fiest refarenee yokag®to 203.

Conductor S 2o iADBb ARk i o S B Bh ¥ SR g ™
ok T o AifAnd pEA e SR ey s 0 B sbATSRIR o1
10 node conductor and the resistance of said second conductor;
means for measuring a second voltage between said second end of said
node conductor and said second end of said second conductor when said sensor
series is connected to said voitage supply;
means for measuring a second reference voltage across said reference
15 resistor when said sensor series is connected to said voltage supply;
means for comparing said second voltage to said second reference voltage
to determine a second sensor resistance wherein said second sensor resistance
includes the resistance of said one of said multiple resistive sensors and the
resistance of said second conductor;
20 means, responsive to said first sensor resistance and said second sensor

resistance and said conductor resistance for calculating an average conductor
resistance.

14.  The circuit of claim 13 wherein said calculating means includes:
means for subtracting said second sensor resistance from said first sensor
resistance to generate an estimated conductor resistance;
means for adding said conductor resistance to said estimated conductor
5 resistance and dividing by two to obtain said average conductor resistance.

15. The circuit of claim 1 wherein one of said resistive sensors is a
resistive temperature sensor and said condition is temperature. .

16. A method for minimizing the number of conductors (308, 309, 310)
between a transmitter (20) and multiple resistive sensors (109, 110} connected in
series on a flowmeter element (10), comprising the steps of:

applying a voltage to said muiltiple resistive sensors;

5 measuring a voltage at each node of said muitiple resistive sensors

connected in series;
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WD 99/ 5489WO 99/05480 pEFFEIE g3 by

the length of cable 100 and the tenperature of cable 100. For a given

installation, th 0.0 . d:s ] | <41 Ly, . if
cver - known at ¢ RETHIAgrteshBRfe kBaisiph i hedebiify 33 tode’ oBicRs 2
factory. Tenpgags dtfsstaeh W said/muitipre @SBtivé k&sdre, @ given installation.”
Thus the value Of resistance R err] changes 5 and nust be conpensated for

i n t he neasur enecomgaringngashaolisaid vesistivee sensontvoltages: i arref@ence\volbdgenge i s
appl i ed t he vol tage reference,thyou supply resistor err I.n this
ool o, T8 EProssy R uBtbrende FSRET (uL Rtintai & Rellshr Tsiptanns tof eakn ol sl c
coul d be used.i; | . reference resistor R err] and offset

Gy ﬁpe%ﬁfg&e Sefddrs

resistor Rerr|[ are sel ect'ed so that a voltage (V[err]-V[err]) across a

normal | y oper ati idisdonmpetirg} arene ohsaid riipiel iesistive sensemsdrdresaidiapplied
vol tage of diode Dierr]. Likewise, for diode Dlerr]. Tenperature sensor 109
represents OM@BBCal three-wire resistive tenperature

measuring a conductor voltage across a one of said conductors;
15 comparing said conductor voitage to a second reference voltage across said
reference res’istor to obtain a conductor resistance for said one conductor;
subtracting said conductor resistance from each of said sensor resistances
obtained for said multiple resistive sensors to obtain a compensated resistance for
each of said multiple resistive sensors; and
20 converting each of said compensated resistances to multiple condition
readings wherein each of said condition readings is associated with one of said

T

multiple resistive sensors.
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detector. The tenperature experienced by tenperature sensor 109 is neasured
by determ ning the resistance of tenperature sensor 109, conpensating that
15 resi st aWEdN04B0t he resi stance Rc and pluggi ng that resi BCHOSS/MIs3uUe
into a standard equation, all as discussed bel ow. The followi ng equation
il lustrates the neasurenents nmade in existing Coriolis flowreter systens to
nmeasure the resistance of tenperature sensor 109. 20 [err] EQN. 1
represents the difherence between the ol tage across tenperature sensor 25
109 (Verr]- ]) and the voltage across the resistance Rc
(V[err]-Verr]). e typical Resistive Tenperature Device is a "100 Ohm
([err]) resistor™. A TI00[er] RTD is neasured by conparing the resistance
of the RTD (tenperature sepsor 109) to a 100[err] reference resistor
(Rlerr]). Oncg the rgsistapce of the RTD is known, the tenperature can be
(&)

12 o
52 |8 -
g )
b -
—d
by

102'

100

111—"]

FIG. 1




cal cul at ed wo w8480 char acteri stic equation for the particulRECT/US841188 RTD.
The 30 manufacturers of RTD s supply the appropriate characteristic
equation for each RTD. EQN. 2 is exenplary of a characteristic RTD
equation. The value 8 70037 021 PCT dg ermned by solving EQN. 1 is
inserted into EQN. 2 to determi ne the téipgpature experienced by

tenperature sensor 109. Tenperature=[(RTR 100) *2.56] +1. 25] [err].
[err] Each type of RID_has a uné' q|ue char ficte i.st-i-e-equgt-i-o-n--s-uch as EQN. 2.
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exanple is for a Heraeus 1PT100FKG 430.4-18-T-3. This is how known Coriolis
fl owreter systens neasure the tenperature of the fl ow tubepciVobssfiisst a

conduct or 90380 edi cated to the full-time task of providing a neans for
measuring the resistance (Rlerr]) of the cable. Dual Tenperature Sensors -
FIG 3 FIG 3 illustrates the circuit according to the present invention

for measuring the tenperature at tvvos)socations on a Coriolis mass .
flowmreter. The Gid-Guit-0t-FIlG -3 4-5-SkAtda-4-6-the-etreti-0f--FI G 2 except
there are two, tenperature sensars,109- 110 and a Field Effect iransistor
(FET) F[err] ¥or disconnecti noQit e ®Bnsor 110 from'ther 5V vol t age
reference. Note also tha oliage stired fromthe side; of FET
Flerr] connected to tenpeaturg A Tenperature sensor$s 109- 110
have resistantes R[err]-R%rr], c :. gy, which change accprding to the
D
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Control |iwe9%0%80s connected to a m croprocessor (not shoRRFIRsAE3 3) and
determ nes when FET F[err] is open and when FET F[err] is closed. Wen FET
Flerr] is closed, current flows fromthe 5V voltage reference, through FET
F[err] and conductor 308 (which has resistance Rc), through tenperature
sensors 110 and 109, and back to tragzgitter 20 t hrough conductor 310
(which has a resistance R err]). The rrent flow continues through R err]
and through Rlerr] to ground. Rlerr] is, for purposes 9 7003/ 021 PCT of

this exanple, a 100[err] resistor. Wien FET F[err] is closed follow ng
cal cul ati ons are made:

e FIG. 5

APPLYVOLTAGETO  |™~-501
SERIES CONNECTION OF
TEMPERATURE SENSORS
MEASURE VOLTAGE AT
EACHNODEOF  [\-502
SERIES CONNECTION OF
TEMPERATURE SENSORS
\ 4
DETERMINE A ~
RESISTANCE ACROSS EACH| \-503
TEMPERATURE SENSOR v
SUBTRACT CONDUCTOR
} RESISTANCE FROM EACH [ 507
\ MEASURED TEMPERATURE
DISCONNECT ONE. |~ s SENSOR RESISTANCE
TEMPERATURE SENSOR
FROM VOLTAGE REFERENCE ‘
CONVERTING EACH
R er A [ ses
MEJES%I}%{E &IOI;.TA&E AT TEMPERATURE READING
ACH NODE
SERIES CONNECTION OF | - 505
TEMPERATURE SENSORS y
\
DETERMINE A
RESISTANCE ACROSS  [™~506
A SINGLE CONDUCTOR




[err] EQN. 3 is used to calculate the resistance of tenperature sensor 110

(Rlerr]) plus the resistance of conductor 308 (Rferr]). %IGMA) |z i%ed to

cal cul at e WSP89 st ance of tenperature sensor 109 and ce

(R[err]). The results of EQNs. 3 and 4 cannot be plugged directly into EQN.
2 to determ ne tenperatures because the results of EQNs. 3 and 4 each

i nclude an anount of resistance equal to cable resistance Rerr].
Periodically a nmeasurenent of the conductor resistance Rc is nmade by
opening FET F[err] and naki ng rreasg%gts and cal cul ati ons as descri bed
below. Wth FET F[err] open, curre t hrough diode D err], through
conductor 309 (having a resistance R err]) and tenperature sensor 109, and
back to ground through conductor 310 (having a resistance Rerr]) reference
resistor R err] and offset resistor Rlerr]. Wien FET F[err] is open, the
follow ng calculations are made: [ern]™ "~~~ ~"""=="""" "o """ 7°°"
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[err] Since there is no current, flowi ng through tenperature sensor 110 when

FET F[err] is open, the vol tage;'('\y[erfr]a;\/[gar-'r'})"repr'ése'nts a voltage drop
due only to ¢ i s (Fple 200 v, oL g L esi :
e Tl vor Hesindd SYSURBIEN:PRIHEBR AR AR fibdishieha RifpETaRi
Rlerr] and thexpérended by températire @ehisort 108, val ue of the 10 WD 99/ 05480
PCT/ US98/ 11183 reference resistor R err] (100[err]) the value of resistance
Rlerr] is obtained. As noted above, conductors 308-310 are all of
substantially equal |ength and gauge and are all subject to the sane
tenperature thus an assunption is nmade that the neasured

{ (RTD-100) *2.56) 2

Temperature=| (RTD-100) ¥2.56]+1.25 =753 (EON.2)
w— * 100 Q= R,, + R, {conductor 308) {EQON. 3)
10 c *
Vi %

Each type of RTD has a unique characteristic equation such as EQN. 2. The above
example is for a Heraeus 1PT100FKG 430.4-18-T-3.

This is how known Coriolis flowmeter systems measure the temperature of
the flow tube. Note that a conductor 203 is dedicated to the full-time task of
providing a means for measuring the resistance (R,) of the cable.

Dual Temperature Sensors - FIG. 3

FIG. 3 illustrates the circuit according to the present invention for measuring
the temperature at two locations on a Coriolis mass fiowmeter. The circuit of FIG.
3is sirﬁi!ar to the circuit of FIG. 2 except there are two temperature sensors 109-
110 and a Field Effect Transistor (FET) F, for disconnecting temperature sensor
110 from the 5V voltage reference. Note also that voltage V; is measured from the
side of FET F, connected to temperature sensor 110. Temperature sensors 109-
110 have resistances R,-Rys respectively, which change according to the
temperature experienced by each sensor.

Control line 307 is connected to a microprocessor (not shown in FIG. 3) and
determines when FET F, is open and when FET F, is closed. When FET F, is
closed, current flows from the 5V voltage reference, through FET F, and conductor
308 (which has resistance Rc), through temperature sensors 110 and 109, and
back to transmitter 20 through conductor 310 (which has a resistance R;). The
current flow continues through R and through R 4 to ground. R s, for purposes

9
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resi stance of one of the conductors is equal to the resistance of each of

the’'5 remaining conductors. |n;qne embodi ment. .0f. t h&,present invention,

the result of Jefi eRamples Wi00ErieRidr. WhbREE .'O%QE%% uﬁé‘ﬁrﬁ?}o%i 1éuthfions

determ ne the resi staﬂﬁ@e of tenperature Sensor eratcture sensor
109, respectieeynaddiose val ués are then inserted, one at a time, as the
"RTD value in EQN. 2 to determne the tenperature experienced by each of
the tenperature sensors. 10 I n anot her enbodi nent of the present
i nvention a further calculation is nade to provide a second estimte of
Rlerr] and the two values of R err] are averaged together to determ ne an

Rl err] val ue uswg-ug descri bed above. The result of EQN. 4 is subtracted

fromthe resul -~ * BOD i Ryyat Rostcomdectdr 8AG)r esi st a(E@NOf4)
conductor 109 (KRfere]). Thus, in this enbodinment R err] is calculated as
follows: 15 [err]

EQN. 3is used to calculate the resistance of temperature sensor 110 (R,,) plus the
resistance of conductor 308 (R;). EQN. 4 is used to calculate the resistance of
temperature sensor 109 and conductor 310 (R.). The results of EQNs. 3 and 4
cannot be plugged directly into EQN. 2 to determine temperatures because the
results of EQNs. 3 and 4 each include an amount of resistance equal to cable
resistance R,. Periodically a measurement of the conductor resistanoe Rcis made
by opening FET F, and making measurements and calculations as described
below. With FET F, open, current flows through diode D,, through conductor 309
(having a resistance R;) and temperature sensor 109, and back to ground through
conductor 310 (having a resistance R,) reference resistor R ; and offset resistor
R When FET F is open, the following calculations are made:

(V,~V5)
————— % 100 Q= R_ {conductor 309) (EQON. 5)
V-V, ¢

(V,-¥,)

v * 100 Q= Ry + R, (conductor 308) + R, {conductor 310) (EQN. 6)
1 Yo

Since there is no current flowing through temperature sensor 110 when FET F, is
open, the voltage (V,-V,) represents a voltage drop due only to current flow through
conductor 309 having a resistance R.. When this voltage is divided by the voltage
across reference resistor R,,; and the result is multiplied by the value of the

10
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Thi's met h7c9c?3092 cﬁa?erm ning the resistance Rc is nore accurate than sinply
usi-ng the ][esEIt of EQN. 5 because EQN.-:7 uses an aVerage of two different
neasures of the resj st cand 1{) DSy al(er.ag I '
Robt ai ned 1 rom TS 56 S0z YRt IY Toedie B g HolE! SIS seres
the resi st an%nh%bﬂ&ﬁofﬁmﬁ@rﬁﬁﬁé%bﬁé@swwmmgw adsiitabROcontrot pignial isssent

Dual Tenperature Sensors and Transmtter 20 - FIGS. 4-5 El enents compn
bet ween t he Fb@6ntratimput4@2 efmulliplexen4@btmsuccessivelyswitchveltages Vo-Msto VAF

WLLpht t Ztgtéfgfr«i‘p%%%séﬁ%d 5&8&.‘3’«{ Fespechia il . Bicroprotestol 40% 5TR e

e oy e ABBRHS I R Uehbabfy AR msppipiony:

swi tch FET Fliarhémeppa19s PreeessihgherbproceedsitoostepdB3odi nent of the present

invention FET Flerr] is switched open for approximately 0.8 seconds ever

10 minutes in ordePutingnsiep 503 the resistance across each temperature sensor is
determined. Of course, with the measurements accomplished so far, the resistance
across each temperature sensor also includes the resistance of the conductor over
which the necessary voltages are measured. The calculations performed during
step 503 correspond to EQNs. 3 and 4, described above. Processing next
continues to step 504.

During step 504, a switch is opened to remove one end of the series
connection of temperature sensors from the voltage reference. With reference to
the circuit of FIG. 4, F, is opened in response to a control signal over path 307 from
control output 412 of microprocessor 409. Processing then continues to step 505.

During step 505 the voltage is measured at each node of the series
connection of temperature sensors. For example, a suitable control signal is sent
to control input 402 of multiplexer 401 to successively switch voltages V-V, to V/F
406. As described above with respect to FIG. 4, microprocessor 409 counts the
frequency corresponding to each of voltages V-V, and stores an appropriate value
in memory 419. Processing next proceeds fo step 506.

During step 506 the resistance across one of the conductors is measured
to allow for the subsequent compensation for conductor resistance. Inthe example
of FIG. 4, the resistance of conductor determined using either the calculation of
EQN. 5 alone or the calculations of FIGs. 5-7 to determine an averaged amount for
Rc. Processing then continues to step 507.

During step 507 the value of R calculated during step 506 is subtracted from
temperature sensor resistances calculated during step 503. This step generates
a the compensated resistance value for each serially connected temperature
sensor. Processing then proceeds to step 508.

13
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30 the necessary neasurement of Rlerr]. FET F[err] is representative of a

swit chi ng device. Those skilled:irm the art r-ecogdhi ze 'that any suitable

i t chi ng devi . d g ‘ o e .
B Chonr s as T oo step 08! edsh o DGRNdRSRBA peneos rmstancerygiues is
Flerr]. Bufferconvertetdoa téitbetdBire 0singeior RRbmiphs; sCcharatiefisti®bqlafists Siéh 85

20 does not itself effect the resistance measurenments of tenperature
sensors 109- 1 BH@N. 2. nThe forendbBAN: 12 isrdapendant upan thelacgtuahtemperature sensor

10K d resi,stors. Rl err er and err] have wvalues of 1.74K[err],

O o Bl Pl bF L iRl seiac i adchisT Brocktbniion )

accurate, for @raiRied witi?elimeltBoel% and 10 parts per mllion per degree C
N-Temperature Sensors - FIG. 6

FIG. 6 depicts a circuit utilizing a third temperature sensor Ry which is
connected to transmitter 20 through a conductor 601 having a resistance R,. Ry
could be, for example, a temperature sensor mounted to case 106 in FIG. 1. With
FET F, closed, the voltages V,-V; and V, are measured. The following
calculations are then made to determine the resistances across the temperature
sensors and conductors:

(Vv.-v.)
3 2 -
'——‘.7,N—_-V'o—' * 100 Q= Rllo + Rc {conductor 308) {EON. 8)
(V.-V}
2 1 -
oy *1006= R, (EON. 3)
N 0
(Vv.-v)
—21 ¥ +1000= R + R {conductor 601) (EON. 10)
VN_VD N [

Note that in the case of EQN. 10, the resistance of temperature sensor 109 is
measured directly without any conductor resistance component. However, in order
to determine the resistances of temperature sensor 110 and temperature sensor
Ry, further processing is necessary. FET F, is opened with a control signat over
path 307. The voltages V-V, and V, are measured and the following caiculations
are made to determine the conductor resistance R_;

14

AMENDED SHEET



The f our -\,/%:%!g%‘(‘agc\-}-[err] V[err] are read at |nputs I[err]-I[err],

respectively, of multiplexer 401 » Mudot i pI exer, 401 sw.tches between inputs
[[err]-l1[err] ‘p_q; duyce one of voltages \/[err] ‘V[err] 'at a tine at output
403. The volta vel « orpe gi=pRt %du’i:tbr 99) Tt ed "oygpn.i 1) 404 10 to
voltage to freq gnUy converter €"V/F") 406. V/F 406 converts a vol tage

I nput at input 405 to a correspondl ng frequency output at output 407. The
frequency at output 407 is transmtted over line 408 to m croprocessor 409
and read at frequency input 410 of microprocessor 409. The operation of

A1 of m or opFRRbetE Provdes 8 drdetireasis of3bR refne Kuu oA sl
et esent | ng. Jo f?"%"%@é‘s’%’a?%@%?%@ﬁgﬂ TG ESREICE, Rea L i obtaineg

each frequencyithfurRepcalcdlafions_as falldwskr ocessing Unit ("CPU') 421 then uses
the values stored in nmenory 419 to conpute all of EQNs. 3-7 to produce an

out put over path 413 for the tenperature experienced by tenperature
(VZ-V)

1 —
_YZ-TI:— * 100 Q= Rc (conductor 309) + Rms (EQN. 12)

= R (EQN. 13)

(EQN. 12-EQN. 9+ EQON. 11)
avy

2

EQN. 12 includes the resistance of the temperature sensor R,o. Thus an averaged
value, R, for the resistance of conductor 309 is obtained. As noted above, it is
assumed that each of conductors 308-310 and 601 have the same resistance since
they are of substantially the same length and gauge and experience substantially
the same temperature. R, is then subtracted from EQN. 8 and EQN. 10 to obtain
the compensated values for R110 and Ry, respectively. As noted R,q, is measured
directly.

FIG. 6 and the associated calculations of EQNs. 8-13 illustrate that the
presentinvention is applicable to any numbertemperature sensors by arranging the
N sensors in series and providing a switch for disconnecting one of the sensofs
from the voltage supply to provide a measure of conductor resistance.

Although the present invention has been described in terms of resistive
temperature sensors, those skilled in the art recognize that any type of resistive
sensor could be used in place of a temperature sensor. For example, one might
use a strain gauge which indicates strain in the form of a variable resistance in
place of one or more of the temperature sensors described herein. The present

invention can be applied using any sensor that indicates a condition by changing

15
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20 sensor 109 and the tenperat.ure exper,enced hy terrperatu “L\mmm
M eroprocessor 409 is one of ary 'tonmfercially; available .m ciﬁmﬁm‘
as the MOBSHGARS @4im= CFN manufiact ured hy Mtorgl a.  Fhe’ ,ope

lon of such

m croprocessors to performthe above-described tasks' and cal cul ations is
wel | known to thosé ski Ntmihsmrtterl(@ﬂ)ﬁnatm%uresaconaab@rre'slstanae-fcbumelnsated

Il lustrating tﬁqr;ne ess Stgﬁ&%&ﬁ%ﬁgﬁ“%ﬁ 8£roceqsf Igég?lﬁéo °r?§r?§
tenmperature Vv t
s appl i od 2‘”&?5*?%@*&%& 3PB3H) oM Ay g tedelil s R Y- 107

reference to {r $arigh tol s2fid FenyMitierq20Y: eference IS turned on, if not 30

al ready on,

10
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20

25

and FET F[err] is closed during step 501. Processing then
pr oceeds t5 st ep 5edfirstione of said n +1 conductors (3085)

connected to a first one (110) of
said n resistive sensors (109, 110) at a first end of said n resistive sensors (109,
110) connected in series;

n-1 of said n+1conductors(309) connected to said n resistive sensors in
series between each of said n resistive sensors;

a second one of said n+1 conductors (310) connected to a last one of said
n resistive sensors (110) at a second end of said n resistive sensors connected in
series wherein said second conductor {310) connects said n resistive sensors to
ground through a reference resistor;

switching means (F,) connecting a voltage supply (5v) in said transmitter to
said first conductor (308);

conductor resistance measurement means (401, 406, 409) connected to
said first conductor for measuring conductor resistance of said first conductor
responsive to said switching means disconnecting said voltage supply;

means (401, 406, 409) connected to said n-1 conductors (309) and said
second conductor (310)for measuring a condition-indicative resistance across each
of said n resistive sensors (109,110) responsive to said voltage supply being
connected to said n resistive sensors (109-110} in series; and

means (409) responsive to a measurement of said conductor resistance and
said a measurement of said condition-indicative resistance for determining a
conductor resistance-compensated condition for each of said n resistive sensors
(108,110) from said condition indicative resistance across each of said n resistive
sensors {109, 110) and said conductor resistance.

2, The transmitter (20) of claim 1 wherein said conductor resistance
measurement means includes:

This Sheet Has Been Replaced
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7003/ 021 PCT During step 502 the voltage is ,neasured at each node of the

series connection of tenperaturg - sengors. For exarrpl e,-'a suitable control
signal is sent to: G@fry qheaﬁso%oﬂp?or%emdréw BXEhiIn OéaIBOsﬁuaﬁ Smegh¥ to
switch voltages V[err]-Vlerr] to V/IF 40 As "deScri bed above W th respect

to FIG 4, m dasopnne@mm‘ vﬁk@ecsupnlysfronesaid ﬁqatend;ofcsand sansanéerigst o each of
E?Ltcg'ggus nzg/ ﬁre;][ pr g{é@&&g&sgf i&éﬁg%%g‘n%% 'R%u ?%W%%Wegggoaé‘{ gF%@“QC‘Pfoss
S e, 48 AR sSrdsir0O) i Bt st . SR BBl
i ncl udes the (300)petwsen sdidniresictivelserisors (109110) responsive to said voltage supply
(5v) being disconnected from said n resistive sensors (108,110) in series;
means (R,) for measuring a reference voltage across said reference
10 resistor; and
means for comparing said conductor voltage to said reference voltage to

determine said conductor resistance.

3. The transmitter of claim 2 wherein said comparing means includes:
means for dividing said conductor voltage by said reference voltage to
produce a voltage ratio; and
means for muitiplying said voltage ratio by a reference value wherein said
5 reference value is the value in ohms of said reference resistor.

4, The transmitter of claim 3 wherein said reference value is 100 ohms.

5. The transmitter (20) of claim 1 wherein said n resistive sensors
(109,110) in series includes:
a one of said n-1 conductors (309) having a first end connected to said n
resistive sensors (109,110) in series between two of said n resistive sensors and
5 .ata second end to said transmitter (20).

6. The transmitter (20) of claim 5 wherein said condition-indicative
measurement means includes:
means (401) for measuring a first sensor voltage between said first end of
said n resistive sensors (109, 110) in series and said second end of said one of
5 said n-1 conductors (309);

means (V,, V,) measuring a reference voltage across said reference resistor;

RN O A0
mms
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whi ch the necessary vol tages are neasured. The cal cul,ations perforned
during step 503 correspond to EQ\IS 3. and 4, descr,hed' apove. Processing
next continues t o wigans(A09)BHEbMfansriB firkt senspivbleaye to'salinefstehoe voltage

one end of the series connection of tenperature sensors fromthe voltage
ref erence. W tth determinacsaid Jirshesensarcrgsistarice-wherein sgid first sensafcrasistance

response tq a,control Si | over th 307 § C ro

m croprocég)soinc 3S Pcf@g‘g%%q?ﬁefﬁs &rﬁ%‘iﬁ{%s'gﬁu s%ﬁ%%%ﬁ%@%ﬁn%S
t he vol t age i%f@ﬁsﬁﬁﬁgoﬁdu&ﬁch node of the series connection of
tenperature sensors. For exanple, a suitable control signal is sent to
control input 402 of nultiplexer 401 to successively switch voltages

Vlerr]-Vlerr] to VI.F 406, As described abgve with respect ,to FIG 4,
m croprocessdr 409 Teountidte frnsmitigue ?'“&gwei'@!ﬁ@rﬁﬁ'isgmaﬂﬁgI‘n"‘?ﬁ"s\/iﬂp'tué’&@'s

Verr] el and Fhead bl RHUAAnD Yol St Undd? OREGS by 44 refErBriee vbitdge
to produce a first sensor voltage ratio; and
| means (409) for multiplying said first sensor voltage ratio by a reference

5 value wherein said reference value is the value in ohms of said reference resistor.
8. The transmitter of claim 7 wherein said reference value is 100 ohms.

9. The circuit transmitter of claim 6 wherein said condition-indicative
measurement means includes:

means (409) for measuring a second sensor voltage between said second
end of said one of said n-1 conductors and said second conductor,

5 means (409) for measuring a reference voltage across said reference

resistor; and

means (409) for comparing said second sensor voltage to said reference
voltage to determine said second sensor resistance wherein said second sensor
resistance includes the resistance of a second one of said n resistive sensors and

10 the resistance of said second conductor.

10. The transmitter of claim 9 wherein said comparing means includes:

means for dividing said second sensor voltage by said reference voltage to
produce a second sensor voltage ratio; and

means for multiplying said second sensor voltage ratio by a reference value

5 wherein said reference value is the value in ohms of said reference resistor.

11. Thetransmitter of claim 10 wherein said reference value is 100 ohms.

AR
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Dur| ng step 506 the resistance acr,oss,ong of the conductors is neasured to

allow for the subsequent conpensat:i on' f or cqnduct or resistance. In the

exanple of FIG 4, €yl he
cal cul ation of EQ\I al'@ﬁéﬁéﬁ?ﬁ@a@éﬁ%ﬁiwl ons g%%@'@g@ﬁéinyﬁtrﬁgag% mdrléeéjan
averaged anount’ forﬁmumma?mmﬁheaumﬁtir@tmd tonductor registarize from seidp

507 the value of Rerr] calculated during step 506 is subtracted from
t enper at ur e sdinsioyensesresistapee te determine-al fics rsengors@qmpmteq‘ resistaneg:

SEnertrnr s omaor BABROR ot PR o g8 3Bl oA Wi
5 said second sensor resistance to determine a second sensor compensated
resistance;
means for converting said first sensor compensated resistance and said
second sensor compensated resistance to a first condition and a second condition,
respectively.

13.  The transmitter of claim 2 wherein said comparing means includes:
means for measuring a first voltage between said second end of said one
of said n-1 conductors and a second end of said second conductor responsive to
said n resistive sensors in series being disconnected from said voltage supply by
5 said switching means;
means for measuring a first reference voltage across said reference resistor
responsive to said n resistive sensors in series being disconnected from said
voltage supply by said switching means; .
means for comparing said first voltage to said first reference voltage to
10 determine a first sensor resistance wherein said first sensor resistance inciudes the
resistance of a one of said n resistive sensors in series, the resistance of said one
of said n-1 conductors, and the resistance of said second conductor;
means for measuring a second voltage between said second end of said
one of said n-1 conductors and a second end of said second conductor responsive
15 1o said n resistive sensors being connected to said voltage supply by said switching
means;
means for measuring a second reference voltage across said reference
resistor when said sensor series is connected to said voltage supply;
means for comparing said second voltage to said second reference voltage
20 to determine a second sensor resistance wherein said second sensor resistance
includes the resistance of said one of said multiple resistive sensors and the

resistance of said second conductor R R T

20
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7003/ 021 PCT During step 508 each .of the,compensated, sensor resistance
val ues is converted to a tenperattre ‘Usi'ng, :fgr exanple, :a characteristic

equation such as EQeaRs, %Eoﬁﬁ'&@wé?iige@gﬁﬁb%ﬂe‘ér'%’s?ﬁaééé‘ﬁﬁa%‘éih sEorif-$ardor

tenperature sensor nodel and 1s supp the tenperature sensor

manuf act ur er. resistance and tsaich condudton eesistante &recalculafiitp anNavierage roonduetor
Sensors - FIG 6, FIG 6 depicts a circuit utilizing a third tenperature
sensor RN 4hi d®sistanGhnected to transmitter 20 through a conductor 601
having a resistance R err]. R err] could be, for exanple, a tenperature
sensor nounted to case 106 in FIG 1. Wth FET F[err] closed, the voltages

Mlerr]-Vierr] and \44ar eTh@gansmiiter 6h¢laing i 8 WHehdin saldsdigiiaiiymeafs ifithidegde
to determne the resistances across the tenperature sensors and conductors:
means for subtracting said second sensor resistance from said first sensor
resistance fo generate an estimated conductor resistance;
means for adding said conductor resistance to said estimated conductor

5 resistance and dividing by two to obtain said average conductor resistance.

15.  The transmitter of claim 1 wherein one of said resistive sensors is a
resistive temperature sensor and said condition is temperature.

16. A method for measuring a conductor resistance compensated
condition for each of n resistive sensors connected in series, said method
comprising the steps of;

applying a voltage (5v) to said n resistive sensors (109,110) connected in

5 series;

measuring a voltage at each node of said n resistive sensors (109,110)
connected in series;

determining, responsive to measuring said voltage at each said node, a
voltage across each of said n resistive sensors;

10 comparing said voltage across each of said n resistive sensors to a
reference voltage across a reference resistor (R,) to obtain a sensor resistance for
each of said multiple resistive sensors; .

disconnecting a conductor connected to a first one of said n resistive
sensors from said applied voltage;

15 measuring a conductor voltage across said conductor;

comparing said conductor voltage to a second reference voltage across said
reference resistor to obtain a conductor resistance for said conductor;

(s
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[err] [err] [err] Note that in the case of EQN.,10, the resistance of

tenperature sensor 109 is neasured directly,wthoutany, conductor

resi st ance corrponergluf @gﬁ@ggﬁd Mag&ﬁﬁf@ﬁaﬁ\%méﬁ%ﬁ%ﬁcﬁéﬁo@%ﬁ&aﬂ%s _

terrper ature sensor terrper ature sensor er processing Is
necessary. FEDbthined]for saidmenesistive sénsors tobbiain aiconipensated nesistaritiéfor éaeh

vol tages Vlerr]-Vierr nd Verr] are nmeasured and the follow ng
cal cul ati é?f@a@ms}lﬂ ARsIelive $RNSPRS a8nduct or resistance Rlerr]: 14

converting each of said compensated resistances to condition readings
wherein each of said condition readings is associated with one of said n resistive

Sensors.

This Sheet Has Been Rey
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7003/ 021 PCT [err] |BERLAGEMENGVBHES [a g sure t
Rl err] of conduct on N,UQ ASTdésCrijpbed gbgw g@aaveraggcpbqu ﬁgondu
resi stance, Rerr]f ¢a @-&@ﬁ?ﬁﬁ ed with further calculal as foll ows:
[err] [err] EQN. 12 iincl Ud€S"the reS|s ance of t { se
Rlerr]. Thus an avér aged—vakte; nr]1° for thi§u Eﬁ”g?éﬁég %%'hgggbor 309
I s obtained. As notied above, it |s assunmed that each of conductors 308- 310

and 601 havgidrhe fRETETE GRdIEMNEraIgid¢ftatdvey Fatrezs)fo s ukiBiaioni rabhys (e sane

| ength and

auge and experience substanti al

y.the sanme terrperature

R err]

is then sub}

for R110 ang &beakiibd if BRPER tHAMGhY préSert Hvatuh eblik despriassd e

10
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conjunction with a vibrating tube densimeter without the additional measurement
capability provided by a Coriolis mass flowmeter.

Meter element 10 includes a pair of flanges 101 and 101’, manifolds 102
and 102’. Fluid enters meter element 10 through one of flanges 101 or 101’ and
passes through flow tube 103 leaving flow element 10 through the other flanges
101 or 101", Flow tube 103 is encircled by balance tube 104. Flow tube 103 is
connected to balance tube 104 and balance tube 104 is connected to case ends
105 and 105'. Case ends 105 and 105' form the end of case 106. FIG. 1
illustrates a straight flow tube 103. Those skilled in the art recognize that the
present invention can be applied to a flowmeter system having a flow tube of
any geometry. Also, the present invention may be applied a flow element
having multiple flow tubes through which fluid flows.

Driver 107 is connected to balance tube 104 at the mid-point of balance
tube 104. Pick-off sensors 108 and 108’ are connected to balance tube 104 and
flow tube 103. In one embodiment of the present invention, each of pick-off
sensors 108 and 108’ comprises a coil attached to balance tube 104 and a
magnet attached to flow tube 103 and formed to move within the magnetic field
generated when a periodic signal is applied to the coil. Those skilled in the art
recognize that pick-off sensors of any design, e.g., accelerometers or
potentiometers, could be used and that the velocity sensors described are
merely exemplary.

Counter-balance 115 is connected to balance tube 104 diametrically
opposite of driver 107. The mass of counter-balance 115 is determined by the
density of the expected process fluid o be measured by system 5. Flow tube
temperature sensor 109 is attached to flow tube 103 and balance tube
temperature sensor 110 is attached to balance tube 104.

Cable 100 is comprised of conductor 111 which carries the drive signal
from transmitter 20 to driver 107, conductors 112-113 which carry the pick-off
signals from left and right pick-off sensors to transmitter 20, respectively, and
conductor 114 which carries temperature sensor information to transmitter 20.
Conductors111-113 are actually two conductor each and conductor 114 is
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difectl&.-FIG.'G and the associ ated cal cul ations of EQNs. 8-13 illustrate
that the present invention is applicable to any nunbertenperature sensors
by arranging the N sensors in series and providing a switch for

di sconnecting one of the sensors from the volt ﬁﬁ@l 1a? - B 9y OR
measure of conductor resistance. Althoggh t he pregg f%ﬁggtﬁén ﬁascﬁéen
described in terns of resistive tenperature sensors, those skilled in the

art recogni .St iogh pl ace of a
Ferper at or e A SuaIp 8 kentife SonlGELE KB RETREY oty o BgHTSES o B
I ndi cat es stomductors.t he form of a variable resistance in place of one or

nore of the te ature sensors descrjbed herein. Th resent. i nventi on can
be applied usi rrlrg%gﬁfp?éﬁ%}dttf‘%ﬁs”i“ﬁﬁri %&f%@@%ﬁ%ﬁ% fWB”};ecY@H@@r{ W5

rate and density information is well known to those skilled in the art of flow
5 measurement and does not form part of the present invention. The circuitry
including flow tube temperature sensor 109, balance tube temperature sensor
110, conductor 114 and the associated circuitry within transmitter 20 form the
basis for the remaining description.
It is known to those skilled in the art that Coriolis flowmeter system 5 is
10 quite similar in structure to a vibrating tube densitometer. Vibrating tube
densitometers also utilize a vibrating tube through which fluid flows or, in the
case of a sample-type densitometer, within which fluid is held. Vibrating tube
densitometers also employ a drive system for exciting the flow tube to vibrate.
Vibrating tube densitometers typically utilize only a single feedback signal, i.e.,
15  from a single pick-off, since a density measurement requires only the
measurement of frequency and a phase measurement is not necessary. The
descriptions of the present invention herein may be applied equally to vibrating
tube densitometers.
Single Temperature Sensor - FIG. 2
20 FIG. 2 is a schematic for a known temperature measurement circuit. FIG.
2 illustrates a circuit for measuring temperature at flowmeter element 10 using a
single temperature sensor 109. With reference to FIG. 1, FIG. 2 is a schematic
showing the necessary wiring for utilizing only flow tube temperature sensor 109.
Conductor 114, which is part of cable 100, is comprised of three conductors
25 201-203. Conductor 114 has a shield grounded over path 210. The three wires
211-213 of temperature sensor 109 are connected to three terminals 204-206
on flowmeter element 10. Conductors 201-203 are connected to terminals 204-
206 at one end and to terminals 207-209 on transmitter 20 at their respective
_ other ends. Each of conductors 201-203 have a conductor resistance modeled
30  as resistance R on each of conductors 201-203. Conductors 201-203 are
substantially equal in length and gauge thus their respective resistances are
represented as being equal. Although the resistance R, in each of conductors

201-203 is equal, resistance R, is not fixed. The value of resistance R, is
determined
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‘resi stance. The essence m| sent invention applies equally to any

such a conflgurat lju”"llullu3 expressl y understood that the clained

i nvention is nott cripti fer

enbodi nent but - encorrpasses ot her 5 rm |e}fs| catloﬁgbg{\%& Igpgégt ?o‘;\agp\%lopﬁi n the
scope and spirit of the inventive concept. 16 Substitute sheet - 11

January ZOOWe Claim:

1. Atransmitter (20) that measures a conductor resistance-compensated

condition for each of n resistive sensors (109,110) connected in series wherein said
transmitter has a conductor resistance measurement means for measuring
conductor resistance of conductors connected between said transmitter and said
5 n resistive sensors, a condition-indicative resistance measurement means for
measuring a condition-indicative resistance across each of said n resistive sensors
(109,110), and means (409) responsive to a measurement of said conductor
resistance and said a measurement of said condition-indicative resistance for-
determining a conductor resistance-compensated condition for each of said n
10 resistive sensors (109,110) from said condition indicative resistance across each
of said n resistive sensors (109, 110) and said conductor resistance , comprising:
n+1 conductors (308-310) for connecting said n resistive sensors (109-110)
in series to said transmitter (20);
a first one of said n +1 conductors (308) connected to a first one {(110) of
15 said n resistive sensors {109, 110) at a first end of said n resistive sensors (109,
110) connected in series;
n-1 of said n+1conductors(309) connected to said n resistive sensors in
series between each of said n resistive sensors;
a second one of said n+1 conductors (310) connected to a last one of said
29 n resistive sensors (110) at a second end of said n resistive sensors connected in
' series wherein said second conductor (310) connects said n resistive sensors to
ground through a reference resistor;
switching means (F;) connecting a voltage supply (5v) in said transmitter to
said first conductor (308) for disconnecting said voltage supply to said n resistive
25 sensors connected in series to measure said conductive resistance with said
conductor resistance measurement means (401, 406, 409) connected to said first
- conductor and for connecting said voltage supply to said n resistive sensors
' connected in series to measure a condition-indicative resistance across each of

said n resistive sensors (109,110) with said condition-indicative measurement

30 means (401, 406, 409) connected to said n-1 conductors (301).
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Clains 5 1° . Acondition neasuring circuit conprising sensor neans (10)
for use in a vi br\z,i\”mmﬂmm ﬂmlﬂuming apparatus that neasures a paraneter
of a materi al }‘Io s ! s ppar atus, the sensor neans (10)
conprising a pluralfty*of-resistiVe sepgors (10 ct in
series, each resistive sensor having a[@O ( g%%ﬁ]tgg‘"é?n%é Ei CJSPO%(SQ
condition to which the resistive sensor (109,110) is senS|t|ve a first
conductor (308) connected to one end of said sensor neans a second

conduct or (310) @ennedbhédransmifier (x&) Cﬁrﬁbﬁ'm‘1%%3%%6rcoﬁéaﬁ@rtr8s'§mct
sai d sensorﬁ%ﬁ%%;ng%% Hgl%{ﬁ%h a reference resistor (Rerr]), and 15

at | east on conduct 9) connected to a junction between a
respective pair @miagimeans (selforepessdivallysepening 63id9 switdhihg coraast ed

together in
disconnect said voltage supply from said first end of said sensor series;
5 means (502) for measuriﬁg a conductor voltage between said first end of
said n resistive sensors (109,110) and a one of said n-1 conductors connected
(309) between said n resistive sensors (109,110) responsive to said voltage supply
(5v) being disconnected from said n resistive sensors (109,110) in series;
means (R,) for measuring a reference voltage across said reference
10 resistor; and
means for comparing said conductor voltage to said reference voltage to

determine said conductor resistance.

3. The transmitter of claim 2 wherein said means for comparing includes:

means for dividing said conductor voltage by said reference voltage to
produce a voltage ratio; and

means for multiplying said voltage ratio by a reference value wherein said

5 reference value is the value in ohms of said reference resistor.

4, The transmitter of claim 3 wherein said reference value is 100 ohms.

5. The transmitter (20) of claim 1 further includes:
a one of said n-1 conductors (309) having a first end connected to said n
resistive sensors (109,110) in series between two of said n resistive sensors and

at a second end to said transmitter (20).

6. The transmitter (20) of ctaim 5 wherein said condition-indicative
- measurement means includes:
means (401) for measuring a first sensor voltage between said first end of

said n resistive sensors (109, 110) in series and said second end of said one of
5 said n-1 conductors (309);
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series, each.of said first, second and at |east one further conductors
(308, 309, 310) having a conductor resistance, and a transmtter (20)
i ncl udi ng, 20 switching neans (F[err]) for selectively

connecting a voltage supply to, or di nnect i sald vaoltag from
said one end of said sensor neans (10) “via sai ggPFﬁéﬁeég‘F%ﬁc?o‘?W%éP,
first resistance neasurenent neans (401, 406, 409) connected to said first
conductor (308) and arra ance when said

conduct
25 Vo1 tage BABBI V- NaT eAsCH e AT e Ets Ve PR e et e R T B Bel ne. ond
of said senggq neans by said switching neans (F[err]), second resistance
measur enment neans (401, 406, 409) connected to said second and at | east one

further conduct ome(asst()‘}@)@rO@mpaaingaa@é“msttsansea@ltageaJ said gm‘eta‘me veliager
resi st ance { §ach sai i stive se 1h 2] ¥\h§ aid

o) de ermine sald f irst sensor resis ance W erem said firs sensor resistance
10 includes the resistance of a first one of said n resistive sensors and the resistance

of said first conductor.

7. The transmitter of claim 6 wherein said means (409) for comparing
includes:
means (409) for dividing said first sensor voltage by said reference voltage
to produce a first sensor voltage ratio; and
5 means (409) for multiplying said first sensor voltage ratio by a reference

value wherein said reference value is the value in ohms of said reference resistor.
8. The transmitter of claim 7 wherein said reference value is 100 ohms.

9. The transmitter of claim 6 wherein said condition-indicative
measurement means includes:
means {409) fpr measuring a second sensor voltage between said second
end of said one of said n-1 conductors and said second conductor;
5 means (409) for measuring a reference voltage across said reference
- resistor; and
means {409) for comparing said second sensor voltage to said reference
voltage to determine said second sensor resistance wherein said second sensor
resistance includes the resistance of a second one of said n resistive sensors and
10 the resistance of said second conductor.

- 10.  The transmitter of claim 9 wherein said comparing means includes:
means for dividing said second sensor voltage by said reference voltage to

produce a second sensor voltage ratio; and
means for muitiplying said second sensor voltage ratio by a reference value

5 wherein said reference value is the value in ohms of said reference resistor.
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30 vbltage has been sel ectively connected to said one
end of said sens mﬁmm i, h nmeans responsive (409) to said first and
second resi stance e sheet - 11 January 2002 neasurenent
means for deriving a val ue of sai d cog&jtlon f t or
resi stance and the respective neasured sensor ?ﬁg%@vﬁﬁgﬁe? r Qgg I stive
sensor (109, 110), said val ue being conpensated for said conductor

resi stance. 5

11.  Thetransmitter of claim 10 wherein said reference value is 100 ohms.

12.  The transmitter of claim 9 wherein said determining means includes:
first subtracting means for subtracting said conductor resistance from said
first sensor resistance to determine a first sensor compensated resistance;
second subtracting means for subtracting said conductor resistance from
5 said second sensor resistance to determine a second sensor compensated
resistance;
means for converting said first sensor compensated resistance and said

second sensor compensated resistance to a first condition and a second condition,
respectively.

13. The transmitter of claim 1 wherein said conductor resistance
measurement means includes:
timing means (501) for periodically opening said switching means to
disconnect said voltage supply from said first end of said n resistive sensors in
5 series; |
~ means for measuring a first voltage between said second end of said one
of said n-1 conductors and a second end of said second conductor responsive to
said n resistive sensors in series being disconnected from said voltage supply by
said switching means;

10 means for measuring a first reference voltage across said reference resistor
responsive to said n reéistive sensors in series being disconnected from said
voltage supply by said switching means;

means for comparing said first voltage to said first reference voltage to

determine a first sensor resistance wherein said first sensor resistance includes the

: 15 resistance of a one of said n resistive sensors in series, the resistance of said one
of said n-1 conductors, and the resistance of said second conductor;

means for measuring a second voltage between said second end of said

one of said n-1 conductors and a second end of said second conductor responsive
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2. he ci r éui claiml wherein said first resistance neasurenment neans
|ncludes t|n1j£u j I “ﬂt&uﬂodlcally openi ng sai d switching neans
(F[err]) to di tage supply fromsaid first end of said
sensor nmeans (10) means,.f or nea - ugt age
bet ween sai d one end of sai d sensor n%gns (10)§Hg%fm%t gggu?f%%rﬁggéductor
(309) responsive to said voltage supply being dlsconnected fronlsald sensor
nmeans (10); s fqr,. nmeasuri refe ren e VO e acro sai, erence
eal st or { HOGA § restryensors Beif Connacto orssid vihos snB bty e okt
vol t agesg0 sfeference voltage to detern1ne sai d conductor resistance.

3. The circuit’ of claim2 wherein said neans for conparing includes:
means for dividi ngpapsifdr cmzdudhgra seddragefbrensaivibitage excerssesaidl ebarente

resistor when said sensor series Is connected to said voltage supply;
means for comparing said second voltage to said second reference voltage
to determine a second sensor resistance wherein said second sensor resistance
25 includes the resistance of said one of said n resistive sensors in serires and the
resistance of said second conductor;
means, responsive to said first sensor resistance and said second sensor

resistance and said conductor resistance for calculating an average conductor
resistance.

14.  The transmitter of claim 13 wherein said calculating means includes:

means for subtracting said second sensor resistance from said first sensor
resistance to generate an estimated conductor resistance;

means for adding said conductor resistance to said estimated conductor

5 resistance and dividing by two to obtain said average conductor resistance.

15.  The transmitter of claim 1 wherein one of said n resistive sensors in

series is a resistive temperature sensor and said condition is temperature.

16. A method for measuring a conductor resistance of conductors
connected to n resistive sensors connected in series for use in determining a
conductor resistance compensated condition for each of said n sensors, said
method comprising the steps of:
5 disconnecting a conductor connected to a first one of said n resistive sensors
from an applied voltage; and
- measuring a conductor voltage across said conductor responsive to
disconnecting said applied voltage.
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26 produce a voltage ratio; and means for nultiplying said voltage
ratio by a reference val ue wherein said reference value is the value in

ohnms of said reference resistor (Rlerr]). 4. The circuit of claim3
wherein said reference value is 100 ohns. 25Substitufthshedtr-cti tJanbiap} 20001

wherein said at | east one further conductor (309) has a first end connected
to said junction and a secon STEN=Ep) said transmitter (207 36—
6. The circuit of claim5s vmm@ﬁﬁ ggégn resi st anc”ﬂﬂﬁﬂm"mmlm
means (401, 406, 409) includes:] eans for neasurfing a firstik il | 'l
between said one end of saidjl§ 14 Ja4 2802 Moos o

Claims

-

1. A condition measuring circuit comprising sensor means (10} for use in a
vibrating tube measuring apparatus that measures a parameter of a material flowing
through the apparatus, the sensor means (10) comprising a plurality of resistive
. sensors (109,110) connected together in series, each resistive sensor having a

10 resistance indicative of a condition to which the resistive sensor (109,110) is

sensitive,

N a first conductor (308) connected to one end of said sensor means (10),

a second conductor (310) connected to another end of said sensor means
to connect said sensor means to ground through a reference resistor (Rgge), and
15 at least one further conductor (309) connected to a junction between a
respective pair of adjacent said resistive sensors {109,110) connected together in
series, '
each of said first, second and at least one further conductors (308,309,310)
having a conductor resistance, and a transmitter (20} including,
20 switching means (F,) for selectively connecting a voltage supply to, or
disconnecting said voltage supply from, said one end of said sensor means (10) via
said first conductor (308),

o/ first resistance measurement means (401,406,409) connected to said first
| conductor (308) and arranged to measure said conductor resistance when said
25 voltage supply has been selectively disconnected from said one end of said sensor

means by said switching means (F ),
second resistance measurement means (401,406,409) connected fo said
second and at least one further conductor (310,309) and arranged to measure a
respective sensor resistance for each said resistive sensor (109,110), when said
30 voltage supply (F,) has been selectively connected to said one end of said sensor

means (10),
and means responsive (409) to said first and second resistance

17



Substltute sheet - sensor nmeans (10) and said second end
of said further con ‘mmﬂmjmg ﬁﬂﬁmns for measuring a reference voltage
across said referenceé résisstor (SRREF); and neans for conparing said first
sensor voltage to said reference voltage toSﬁbstltute stieetr rtindarsudryr2002

sensor resistance where es.i,st an clu t he

- a { BleinSof derving & VARG, of ti f}o 4y
resi stance OIC33UFGIPERL BIGANS:T0L SeHvingA é’@ 3?1'909%" Prpiroqy mfaéHéedend
of the sensepndmABE réstétandd hridithe ?e%pébmméafsuﬁéu dehédrStesiiabts FS edc08) -

7. The circuit of claim6 wherein said means for conparing includes: 10
means for dresistivegsensar {1i09st10)esaish valuet bejog bgompensated dersaid condunier t o
produce a fi rss'ftasensor vol tage ratio; and
5
' 2. The circuit of claim 1 wherein said first resistance measurement means
includes:
timing means for periodically opening said switching means (F,) fo disconnect
said voltage supply from said first end of said sensor means (10); '
10 means for measuring a conductor voltage between said one end of said
sensor means {10) and a said further conductor (309) responsive to said voltage
N supply being disconnected from said sensor means (10);
means for measuring a.reference voltage across said reference resistor
(Rrery and
15 means for comparing said conductor voltage to said reference voltage to

determine said conductor resistance.

3. The circuit of claim 2 wherein said means for comparing includes:
means for dividing said conductor voltage by said reference volfage to
20 produce a voltage ratio; and | |
means for muitiplying said voltage ratio by a reference value wherein said
reference value is the value in ohms of said reference resistor (Rggg).

4, The circuit of claim 3 wherein said reference value is 100 ochms.

25
5. The circuit of claim 1 wherein
said at least one further conductor (309) has a first end connected to said

junction and a second end connected to said transmitter (20).

30 6. The circuit of claim 5 wherein said second resistance measurement means

(401,4086,409) includes:
means for measuring a first sensor voltage between said one end of said
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nmeans for rrult1 pl y| or voltage ratio by a reference val ue
wher ei n sal d refere mﬂne“[. “I"g'll iﬁal ue in ohnms of said reference

resi stor. ClerSUI » of claim7 wherein said reference val ue
is 100 ohms 9. The circuit of claim6 whSubstitweaisthestedridJamsaryt20Q2

| u : d
Coocor Cvel't sopsntmeans (0 andedia atandSRs oPBAATulRer SRRRIGOTB0BY S coduct or
(309) and sai d SPREANS FRNABASGind 3@6;’9#‘[@@%&&@5 a@&%%magre?er@ﬁ&@rrsﬁmr

vol tage across said reference resistor (RREF);™ and nmeans for conparing said
second senchRRé,ebjlamige to said reference voltage to determ ne a second

sensor resistance V\/ner% n_said seaé[gfj ensor O&él st.anc ':'% I.ncl ydes

the resistance of"GANLIOHFAMBAEINGSAG,JIFL SERFU Y ggé?@@f%r? bdhi) i volage fo,¢ to

Zglcg ﬁ'; I TSt Qfferfiing & fifst 'sBRSSH re¥RtaTRB WeTein ShY) firsPsithsoP Pedistahed MefiRteSthe ai d
resistance of a first one of said resistive sensors {(110) at said one end of the sensor
means {10) and the resistance of said first conductor (308).

7. The circuit of claim 6 wherein said means for comparing includes:
10 means for dividing said first sensor voltage by said reference voltage to
produce a first sensor voltage ratio; and
W means for multiplying said first sensor voltage ratio by a reference value
wherein said reference value i$ the value in ohms of said reference resistor.

15 8. The circuit of claim 7 wherein. said reference value is 100 ohmé.

9.  The circuit of claim 6 wherein said second resistance measurement means
(401,406,409) includes:
means for measuring a second sensor voltage between said second end of
20 said further conductor (309) and said second conductor (310);
means for measuring a reference voltage across said reference resistor
(Reer); and |
W means for comparing said second sensor voltage to said reference voltage
to determine a second sensor resistance wherein said second sensor resistance
25 includes the resistance of a second one of said resistive sensors (109), adjacent to
said first one of said resistive sensors (110), and the resistance of said second
conductor (310).

10.  The circuit of claim 9 wherein said comparing means includes:
30 means for dividing said second sensor voltage by said reference voltage to
produce a second sensor voltage ratio; and
means for multiplying said second sensor voltage ratio by a reference value
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conduct or (310). 10. im9 wherein said conparing neans
I ncl udes: 30 I“MH‘M“[H munnﬁl ng sai d second sensor voltage by
said reference voltage to proaduce assectond sensor voltage ratio; and neans
for multiplying said second sensor vol tage r3ubsiitbte sheetf-et tanudan 20029

.. e f
fesi stor. dwﬁgﬁﬁiéggﬁfzeﬁ?ﬂe*@? Vajerie tDvalie IoAREDr 3 LRI REREE < 100
ohms. 5 The circuit of claim9 wherein said detern ning neans

i ncludes: fir t s tractin ans for subtracting said conductor resistance
from sai d f '\Jﬁe cﬁ'cm PclgFm 10 wherein said reference value is 100 chms.

5 12.  The circuit of claim 9 wherein said determining means includes:
first subtracting means for subtracting said conductor resistance from said
first sensor resistance to determine a first sensor compensated resistance:;
second subtracting means for subtracting said conductor resistance from said
second sensor resistance to determine a second sensor compensated resistance;
10 means for converting said first sensor compensated resistance and said
second sensor compensated resistance to a first condition value and a second

N\ condition value respectively.

13.  The circuit of claim 5 wherein said first resistance measurement means

15 {401,406,409) includes:

timing means for periodically opening said switching means (F,) to disconnect
said voltage supply from said one end of said sensor means (10);

means for measuring a first voltage between said second end of said further
conductor (309) and a second end of said second conductor (310) responsive to

20 said sensor means (10) being disconnected from said voltage supply by said
switching means (F,);

means for measuring a first reference voltage across said reference resistor
v (Rrer) responsive to said sensor means (10) being disconnected from said voltage
supply by said switching means (F_);

25 means for comparing said first voltage to said first reference voltage to
determine a first sensor resistance wherein said first sensor resistance includes the
resistance of one of said resistive sensors (109), the resistance of said further
conductor (309), and the resistance of said second conductor (310);

means for measuring a second voltage between said second end of said

30 further conductor (309) and said second end of said second conductor (310)
responsive to said sensor means (10) being connected to said voltage supply by
said switching means (F_);
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B ° ' ° /-f -
first sensor resistance to determ EL I rst sensor conpensated resistance;

second subtracting nﬂn‘ﬂ ﬂ HHBHM ing said conductor resistance from
sai d second sensor

rmne a second sensor conpensated
resi stance; 10 means for conver Subgticfte Ghket st11s,¢5m§§ry 2002

FiTot condi L] on TSHNS BRdNASIEGE oA trefsai’éwc‘f.ﬂ"ﬁ& TR pitats ) relerencer

circuit of g%ﬁétm (R uheyfén saidl sbribf Hleah§ 10 iaRaR g%%aﬁmouagg{hgxp%@:

(401, 406, 40 I nc ti mng neans or peri o openi ng
sw t chi ng neans (ﬂé{aasrfq»r)cm'npahr(gcsmmmomda\r(ﬂtageltoagﬂi sequpidyreference sokbgene
end of said,s '

¢ a neans éﬁ‘?% neans, {?mr; Esurln a flrat vol t age betvveen
sai d second'@ff eém"!;ea?éeF gnsqrdsistange. \Vaeke n sAld second sensente
secoad cond i ng
Secosd condif Om Sa@g i tageb}éﬁ%ﬁe]oof?s%ld resasgvééér%ﬁ(‘my) a'?iﬁ%‘érés?s%n&e
of said second conductor (310);
means, responsive to said first sensor resistance and said second sensor
‘resistance and said conductor resistance for calculating an average conductor

resistance.

14. The circuit of claim 13 wherein said calculating means includes:
means for subtracting said second sensor resistance from said first sensor

€

resistance to generate an estimated conductor resistance;
means for adding said measured conductor resistance to said estimated
15 conductor resistance and dividing by two to obtain said average conductor

resistance.

15.  The circuit of claim 1 wherein one of said resistive sensors (109,110} is a
resistive temperature sensor and said condition is temperature.

20
16. A method for measuring a conductor resistance of conductors connected to
n resistive sensors connected in series for use in determining a conductor
v resistance compensated condition for each of said n sensors, said method
comprising the steps of:
25 disconnecting a conductor connected to a first one of said n resistive sensors
from an applied voltage; and
measuring a conductor voltage across said conductor responsive to

disconnecting said applied voltage.
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SWItChI ng rreans (F[err]) means for measuring a fi rst ref erence voltage
across said reference resistor [(RREF), regsponsi ve- t o 'Sai'th sensor neans (10)
bei ng di sconnected fram said vol t age, suppl y: by 'sai'd 'Swi't’chi ng neans
(F[err]); 25 means for co?)/glng said fi'fst'voltage to said
first reference voltage to determ ne rst sensor resistance wherein said
first sensor resistance includes the resi 4gnce of one of said resistive
sensors (109), the resistance of said fufN\ther conductor (-309), and the

resi stance of said second conduct or (310 aps -6~ -reasdr+ng-a second

vol tage between said Segqni = fur conductor (309)
and sai d second end: of dugtor (B10) r sponS| ve tlo sai d
sensor means (10) bein e su % Salid swi t chi ng

-

means (F[err]);
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Substitute sheet - 11 January 2002 neans for neasuring a second reference
vol tage across said reference reslstgr ((RREF), when said.sensor means (10)
is connected to said yoltage sugply; :nmegns )‘o;r,'eprirpar;i’ng' sai d second
voltage to said second reference Vol tage'to determ ne a second sensor
resistance, wherein_said_second sensor resistance 5 _ _____ i_ncl udes

resistance of tsaid one of said resistive sensors (109) and the nesi stance

of said secong conductor (310) ;X,méﬁ?g respongi ve to said first 1sensor

resi stance and said second_senshr srstancegnd sai d conduct or iresi stance

for calculatihg an averageo-condwor. re a:,y nce. 10 '
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The circuit of claim 13 wherein said cal cul ati ng neans includes: neans

for subtracting said second sedsoé resi st anc®, frrom saj ¢ first sensor
resi stance to generate an estinated conduct ¢r:resi'stances: nmeans for adding

sai d neasur ed conduct or

resistance to'sai’d estimated' 15

conduct or

resistance and dividing by two to obtai§f%aid average conductor resistance.

15.

is aresistive tenperature sensor and said condition is tenperature.
A nmet hod for nmeasuring a conductor rFsl
resi stive sensors connected in series

resi stance conpensated condition for each of said n sensors,

conprising the steps of:

G-8

The circuit of claiml1 wherein one of said resistive sensors (109, 110)

20 16.

e of conductors connected to n
e in determ ning a conductor

sai d net hod
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A circuit for utilizing multiple resistive sensors (109, 110) and in particular resistive temperature sensors while rmmmlzing the number
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