wo 2017/151960 A 1[I I 00000 O 0 O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2017/151960 A1

8 September 2017 (08.09.2017) WIPOIPCT
(51) International Patent Classification: (74) Agent: BURRIS, Kelly, K.; Burris Law, PLLC, 300 River
HO5B 1/02 (2006.01) HO5B 3/12 (2006.01) Place Drive, Suite 1775, Detroit, MI 48207 (US).
(21) International Application Number: (81) Designated States (uniess otherwise indicated, for every
PCT/US2017/020506 kind of national protection available). AE, AG, AL, AM,
. . AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(22) International Filing Date: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,
2 March 2017 (02.03.2017) DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(25) Filing Language: English HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN,
. KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA,
(26) Publication Language: English MD, ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG,
(30) Priority Data: NIL NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS,
62/302,482 2 March 2016 (02.03.2016) US RU, RW, SA, SC, SD, SE, SG, SK, SL, SM, ST, 8V, 8Y,
TH, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,
(71) Applicant: WATLOW ELECTRIC MANUFACTUR- ZA, ZM, ZW.
ING COMPANY [US/US]; 12001 Lackland Road, St. . L
Louis, MO 63146 (US). (84) Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
(72) Inventors: CULBERTSON, David, P.; 8222 203rd Aven- GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
ue, Bristol, WI 53104 (US). OHSE, Jeremy; 1018 Art Hill TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
P1, Apt 2w, St. Louis, MO 36139 (US). EVERLY, Mark, TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
D.; 31 Cambrian Way, St. Charles, MO 63301 (US). DK, FE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
QUANDT, Jeremy, J.; 409 W. Broadway, Winona, MN LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SF, SI, SK,
55987 (US). PRADUN, James, N.; 500 S Edwards #35, SM, TR), OAPI (BF, BI, CF, CG, CIL, CM, GA, GN, GQ,
Lake Geneva, WI 53147 (US). ROHDE, John, P.; 25692 GW, KM, ML, MR, NE, SN, TD, TG).
County Road 9, Winona, MN 55987 (US). HOVEN, Published:

Mark, L.g.; 22540 Knollwood Lane, Winona, MN 55987
(US). WADEWITZ, Bret; 8730 Locust Lane, Winona,
MN 55987 (US). ZHANG, Sanhong; 411 Valley Manor
Dr, Ballwin, MO 63021 (US).

with international search report (Art. 21(3))

(54) Title: HEATER ELEMENT AS SENSOR FOR TEMPERATURE CONTROL IN TRANSIENT SYSTEMS

Nichrome Heater Resistance during Ramp-Up

aadstoras {23}

w

el T Samparamion £6)

FIG. 3

(57) Abstract: A method of predicting the temperature of a resistive heating element in a heating system is provided. The method in -
cludes obtaining resistance characteristics of resistive heating elements and compensating for variations in the resistance character-
istics over a temperature regime. The resistance characteristics of the resistive heating element include, but are not limited to, inac -
curacies in resistance measurements due to strain-induced resistance variations, variations in resistance due to the rate of cooling,
shifts in power output due to exposure to temperature, resistance to temperature relationships, non-monotonic resistance to temperat -
ure relationships, system measurement errors, and combinations of resistance characteristics. The method includes interpreting and
calibrating resistance characteristics based on a priori measurements and in situ measurements.



WO 2017/151960 PCT/US2017/020506

HEATER ELEMENT AS SENSOR FOR TEMPERATURE CONTROL
IN TRANSIENT SYSTEMS

FIELD
[0001] The present disclosure relates to heating and sensing systems
for fluid flow applications, for example vehicle exhaust systems, such as diesel

exhaust and aftertreatment systems.

BACKGROUND

[0002] The statements in this section merely provide background
information related to the present disclosure and may not constitute prior art.

[0003] The use of physical sensors in transient fluid flow applications
such as the exhaust system of an engine is challenging due to harsh environmental
conditions such as vibration and thermal cycling. One known temperature sensor
includes a mineral insulated sensor inside a thermowell that is then welded to a
support bracket, which retains a tubular element. This design, unfortunately, takes a
long amount of time to reach stability, and high vibration environments can result in
damage to physical sensors.

[0004] Physical sensors also present some uncertainty of the actual
resistive element temperature in many applications, and as a result, large safety
margins are often applied in the design of heater power. Accordingly, heaters that
are used with physical sensors generally provide lower watt density, which allows a
lower risk of damaging the heater at the expense of greater heater size and cost
(same heater power spread over more resistive element surface area).

[0005] Moreover, known technology uses an on/off control or PID
control from an external sensor in a thermal control loop. External sensors have
inherent delays from thermal resistances between their wires and sensor outputs.
Any external sensor increases the potential for component failure modes and sets
limitations of any mechanical mount to the overall system.

[0006] One application for heaters in fluid flow systems is vehicle
exhausts, which are coupled to an internal combustion engine to assist in the
reduction of an undesirable release of various gases and other pollutant emissions
into the atmosphere. These exhaust systems typically include various after-

treatment devices, such as diesel particulate filters (DPF), a catalytic converter,
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selective catalytic reduction (SCR), a diesel oxidation catalyst (DOC), a lean NOx
trap (LNT), an ammonia slip catalyst, or reformers, among others. The DPF, the
catalytic converter, and the SCR capture carbon monoxide (CO), nitrogen oxides
(NOy), particulate matters (PMs), and unburned hydrocarbons (HCs) contained in the
exhaust gas. The heaters may be activated periodically or at a predetermined time
to increase the exhaust temperature and activate the catalysts and/or to burn the
particulate matters or unburned hydrocarbons that have been captured in the
exhaust system.

[0007] The heaters are generally installed in exhaust pipes or
components such as containers of the exhaust system. The heaters may include a
plurality of heating elements within the exhaust pipe and are typically controlled to
the same target temperature to provide the same heat output. However, a
temperature gradient typically occurs because of different operating conditions, such
as different heat radiation from adjacent heating elements, and exhaust gas of
different temperature that flows past the heating elements. For example, the
downstream heating elements generally have a higher temperature than the
upstream elements because the downstream heating elements are exposed to fluid
having a higher temperature that has been heated by the upstream heating
elements. Moreover, the middle heating elements receive more heat radiation from
adjacent upstream and downstream heating elements.

[0008] The life of the heater depends on the life of the heating element
that is under the harshest heating conditions and that would fail first. It is difficult to
predict the life of the heater without knowing which heating element would fail first.
To improve reliability of all the heating elements, the heater is typically designed to
be operated with a safety factor to avoid failure of any of the heating elements.
Therefore, the heating elements that are under the less harsh heating conditions are
typically operated to generate a heat output that is much below their maximum

available heat output.

SUMMARY
[0009] In one form, the present disclosure provides a method of
predicting temperature of a resistive heating element. The method includes
obtaining resistance characteristics of the resistive heating element and further

compensating for variations in resistance characteristics over a variety temperature
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regimes. The resistance characteristics of the resistive heating element can include
at least one of inaccuracies in resistance measurements due to strain-induced
resistance variations, variations in resistance due to the rate of cooling, shifts in
power output due to exposure to temperature, resistance to temperature
relationships, non-monotonic resistance to temperature relationships, system
measurement errors, and combinations thereof. The method can further include the
steps of interpreting and calibrating resistance characteristics based on at least one
of priori measurements and in situ measurements. In one form, the a priori
measurements include at least one of shift in resistance due to time, shift in
resistance due to temperature exposure, resistive heating element temperature,
hysteresis in resistance, emissivity, transient rate of heating to applied power,
resistance to temperature relationship, local dR/dT maximums, local dR/dT
minimums, specific transient rate of heating to applied power, specific emissivity, and
combinations thereof. In another form, the in situ measurements include at least one
of fluid mass flow, heater inlet temperature, heater outlet temperature, ambient
temperature, resistive heating element temperature, temperature of various masses
in the proximity of the heater, resistance at local dR/dT maximums, resistance at
local dR/dT minimums, room temperature resistance, resistance at service
temperatures, leakage current, power applied to the heater, and combinations
thereof.

[0010] The present disclosure further provides for a control system for
determining and maintaining the temperature of a resistive heating element of a
heating system for heating fluid flow. The system includes at least one two-wire
resistive heating element and a controller operatively connected to the two-wire
resistive heating element. The controller obtains measurements from the two-wire
resistive heating element and is operable for adjusting power to the resistive heating
element when comparing system data provided with the resistive heating element
measurements.

[0011] Further areas of applicability will become apparent from the
description provided herein. It should be understood that the description and specific
examples are intended for purposes of illustration only and are not intended to limit

the scope of the present disclosure.
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DRAWINGS

[0012] In order that the disclosure may be well understood, there will
now be described various forms thereof, given by way of example, reference being
made to the accompanying drawings, in which:

[0013] FIG. 1 is a graph illustrating variations in resistance-temperature
(R-T) characteristics over a temperature range according to experimental data
derived within the development the present disclosure;

[0014] FIG. 2 is a graph illustrating shifts in output of different resistive
heating elements and their R-T characteristics according to experimental data
derived within the development the present disclosure;

[0015] FIG. 3 is a graph of local dR/AT maximums and dR/dT
minimums and R-T characteristics according to experimental data derived within the
development the present disclosure;

[0016] FIG. 4 is another graph illustrating local dR/dT maximums and
R-T characteristics according to experimental data derived within the development
the present disclosure;

[0017] FIG. 5 is yet another graph illustrating local dR/dT maximums
and local dR/dT minimums and R-T characteristics according to experimental data
derived within the development the present disclosure;

[0018] FIG. 6 is a graph illustrating the effect of calibration on the R-T
characteristics of a heater according to the present disclosure;

[0019] FIG. 7 is a graph illustrating a comparison between an actual
measured sheath temperature and a modeled sheath temperature according to the
teachings of the present disclosure; and

[0020] FIG. 8 is a block diagram illustrating a control system

constructed according to the teachings of the present disclosure.

DETAILED DESCRIPTION
[0021] The following description is merely exemplary in nature and is in
no way intended to limit the present disclosure, its application, or uses. It should
also be understood that steps within a method may be executed in different order

without altering the principles of the present disclosure.
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[0022] In the present disclosure, “a priori”’ (prior known) and “in situ” (in
use) information is used to calibrate the resistive elements of a heater such that the
resistive elements can be used as temperature sensors as well as heating elements.
In one form, the system combines two-wire control with model-based control to
improve heater life and reduce resistive element thermal variations.

[0023] Two-wire heaters generally employ a material for the resistive
heating element with sufficient TCR (temperature coefficient of resistance)
characteristics such that the resistive heating element can function as both a heater
and a temperature sensor. Examples of such two-wire heaters are disclosed in U.S.
Patent Nos. 5,280,422, 5,521,850, and 7,196,295, which are commonly assigned
with the present application and the contents of which are incorporated herein by
reference in their entirety. Appropriate two-wire heater materials may include noble
metals, metal alloys of platinum, copper, nickel, chromium, nickel-iron alloys, copper,
platinum, nickel, nickel-chromium alloys, nickel-silicone, semiconductor materials
such as silicon, germanium, gallium-arsenide, and derivatives thereof. These
materials are merely exemplary and should not be construed as limiting the scope of
the present disclosure.

[0024] Resistance characteristics of a given resistive heating element
have inaccuracies due to strain-induced resistance variations, variations in
resistance due to the rate of cooling, shifts in output from exposure to temperature,
non-monotonic resistance to temperature relationships, system measurement errors,
and among others.

[0025] Referring to FIGS. 1 — 3, these inaccuracies/variations are
illustrated, wherein the resistance to temperature (R-T) relationship is shown for
multiple uses of a particular material (each of FIGS. 1 — 3 corresponds to a different
material). Referring to FIG. 1, a material was used having a non-monotonic
relationship in which a particular resistance value corresponds to more than one
temperature. For instance, 29.5 ohms corresponds to both 300°C and 790°C
temperatures. FIG. 2 shows a resistance to temperature relationship that has shifted
from one use to another. FIG. 3 shows non-monotonic behavior in which the same
resistance is achieved at three different temperatures and also shows a resistance to
temperature relationship that has shifted after use at high temperatures. Since the
benefit of using resistance to measure temperature is to accurately know the heater

temperature without the use of a separate temperature sensor, the illustrative effects
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shown in FIGS. 1 - 3 cause a two-wire control system to have significant limitations

for many systems/applications.

[0026]

In one form, the present disclosure provides for a system that

interprets and calibrates the relationship of resistance to temperature based on a

priori and in situ information. Table 1 below provides examples of various types of a

priori and in situ information that may be employed.

A priori

In situ

General

Characteristic

Unique

Characteristic

System
Characteristic

Product

Characteristic

Typical drift/shift in

resistance due to

Initial resistance -

Resistance at local

_ temperature Fluid mass flow _

time & temperature o maximum
characteristic

exposure

Typical hysteresis N

_ _ Initial local ) :

in resistance - _ Heater inlet Resistance at local
maximum o

temperature . temperature minimum

o characteristic
characteristic
_ o Initial local
Typical emissivity o Heater outlet Room temperature
o minimum _

characteristics . temperature resistance
characteristic

Typical transient Initial dynamic

rate of heating to power to heater Ambient Resistance at other

applied power temperature Temperature temperatures

characteristic characteristics

Heater lot drift/shift

characteristic

Temperature of
various masses in
the proximity of the

heater

Leakage current

Specific transient
rate of heating to
applied power

characteristic

Power applied to

heater
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Specific emissivity

characteristic

TABLE 1

[0027] For example, in the a priori category, general characteristics are
behaviors that are exhibited by heating systems while unique characteristics apply to
individual components or groups of components. For the in situ category, system
characteristics apply to information that is available outside of the heating system
and product characteristics apply to information directly related to the heating
system.

[0028] Referring again to FIG. 3, the temperatures at the local
maximums have been shown in testing to be stable during rapid heating events.
FIG. 4 shows experimental results of over 180 cycles to a temperature of about
900°C. (Temperature was measured by an internal thermocouple in a cartridge type
heater in this experiment). Additional testing has shown that after a short burn-in,
with rapid heating, the local maximum typically remains within a range of 15°C even
when exposed to higher temperatures that may damage the heater. FIG. 3
illustrates one example of this behavior, although the resistance value goes up after
exposure to high temperatures, the temperature at the local maximum does not vary
significantly. Although the local minimum appears to vary more than the local
maximum, the apparent change may be due to the overall change in slope of the
curve. The portion of the curve surrounding the local minimum may also be of use to
improve resistance to temperature (R-T) interpretation and calibration.

[0029] FIG. 3 shows three (3) resistance vs temperature curves for an
80 Nickel, 20 Chromium resistive heating element within a cartridge heater. Due to
exposure to high temperatures as high as 1200°C and higher, the resistance curve
has shifted. The table on the chart also shows that room temperature resistance has
shifted from an initial value prior to exposure to temperature. If more accurate
resistance measurements are possible, then a combination of the shift at the local
maximum and the shift at another temperature could be used as a two point in situ
calibration. FIG. 5 shows an example of how the shifted curve can be corrected by
using resistance values at 200°C and the local maximum. A 2-point calibration
depends on the ability to know a second temperature for the second point of

correction. This may require an additional sensor, or may be made at room
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temperature. This room temperature point may be taken from a prior cooling or shut-
down of the system. In diesel systems, heater inlet temperature is often available
and may be used for the correction.

[0030] Therefore, a variety of approaches can be used to interpret and
calibrate the R-T characteristic, including but not limited to:

[0031] 1. The local maximum could be used as a single point in situ
calibration to adjust the R-T characteristic based on the R value at that point;

[0032] 2. The local maximum plus additional R-T point(s) could be
used as a multi-point in situ calibration. Additional points could be R-T at room
temperature or R at any other known temperature(s). FIG. 5 shows an example
using data from FIG. 3. The resistance values at 200°C and the local maximum
were used to change the gain of the R-T characteristic and resulted in an effective
calibration;

[0033] 3. By identifying the local maximum or minimum while the
resistive heating element is heating or cooling, it enables a heating system to know
which portion of the non-monotonic R-T characteristic applies at a particular time (in
other words, if an R value corresponds to multiple temperatures, it can be used to
determine which one applies);

[0034] 4. The local maximum or minimum could be used as an
input for steady state or transient modeling of the heating system. For a model that
is estimating the temperature of the heater, the ability to know the R value and/or the
temperature that is indicated by the local maximum or minimum would calibrate the
model;

[0035] 5. The local maximum or minimum could be combined with
thermal modeling to achieve a multi-point in situ calibration. For instance, based on
a priori (either general or unique) transient rate of heating characteristics, along with
in situ mass flow and temperature information, a second R-T point could be inferred
based on the model and a time period. When combined with local maximum or
minimum R-T information, this would provide a multi-point calibration;

[0036] 6. The model based approach, using system in situ
information such as mass flow, heater inlet and/or temperature(s) and power applied
to the heater could be used to calibrate the R-T characteristic without local maximum

or minimum information. In addition, ambient temperature information and/or
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temperature information of regions surrounding the heating system could be used to
improve the calibration;

[0037] 7. Another in-situ measurement that could be used for
improved calibration includes measuring the slope of the resistance to temperature
relationship when exposed to a known power input. Information about the mass flow
rate and inlet temperature could improve this measurement;

[0038] 8. Since the resistance of the heater conductor does not
change significantly with temperatures that are near the local maximum or minimum,
virtual sensing and model-based determination of resistive heating element
temperature could be used in combination with physical resistance measurements to
provide better control near the local maximum and minimum;

[0039] 9. Any drifts/shifts in output that are able to be characterized
based on general or material lot characteristics can be used to improve
measurement by updating the R-T calibration;

[0040] 10.  When combined with resistance heating element or
heater sheath thermal models (as described above), methods could be employed to
identify changes in the R-T curve over time, providing information for the
characteristic to be updated to compensate for shifts and enable improved
temperature control;

[0041] 11.  Identification of the slope and corresponding temperature
of the resistive heating element could enable different control schemes. For
example, on-off control may be employed in the positive slope portion of FIG. 1 and
control by power for the negative slope portion; and

[0042] 12. Due to the challenges of making precise amperage
measurements in some AC powered systems, the measurement accuracy may not
support a two point in situ correction. FIG. 6 shows three R-T curves for the same
heater. Some shifting may have occurred, but the primary differences between the
curves is due to calibration corrections within the measuring limits of the current
transducer. This shows that without precise measurement, a second point of
information may not be usable. Even in this case, the local maximum can be
identified and used for at least a single point correction. On the other hand, if
sufficient resistance measurement accuracy is available, there is an advantage in
using two (2) (or more) in situ calibration points. When making a resistance

measurement, both the cold portions of a circuit and the heated portions will
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contribute to the total resistance. The cold portions may include lower resistance
heater pins, portions of the power wiring and portions of the measuring circuit. Over
time, resistances in these cold portions of the circuit may shift (for instance, a
connection point could begin to oxidize and cause an increase in the resistance
circuit. Since these errors would be the same for 2 or more measurements at
different resistive heating element temperatures, the shift in the cold portions of the
circuit could be negated.

[0043] 13. The use of alternative means to determine the resistive
heating element temperature (such as virtual sensing and model-based methods as
set forth above) can be used to compare to a resistance-based temperature
measurement and provide both diagnostic capability and improve the accuracy of the
resistance-based measurement;

[0044] 14.  The resistive heating element temperature measurement
will allow the use of different heater control schemes. Based on resistive heating
element reliability curves and data, the control can switch between increasing heater

life operation and increasing heater performance;

[0045] 15. Directly controlling the resistive heating element
temperature:
[0046] a. The use of the actual resistive heating element

average temperature measurement can reduce measurement response delays from
thermal junction impedances between the resistive heating element and the
measuring sensor. This will allow for the faster control response of a thermal control
loop;

[0047] b. The actual resistive heating element temperature
measurement can be used to enable the resistive heating element to maintain a
constant temperature with a reduced amount of temperature deviations, which will
promote longer heater life;

[0048] C. The resistive heating element temperature
measurement will allow heater temperatures to be controlled to a higher level,
regardless of the control scheme, so as to allow for a faster thermal response.
Because the resistive heating element temperature is known, the design margins
added to compensate for manufacturing and material variabilities can be reduced,
allowing the resistive heating element to be operated at higher temperatures. Higher

operating temperatures will result in faster thermal response;

10
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[0049] d. The resistive heating element temperature
measurement can be used to reduce mechanical failures of externally mounted
sensors in high vibration applications;

[0050] Accordingly, by calculating the temperature of the resistive
heating element and accounting for the R-T characteristics as set forth above, safety
margins can be reduced, the heater can operate at higher temperatures, and faster
response times for the heater such that heat may be transferred more rapidly to a
target, such as by way of example, the exhaust gas so that a catalyst can rise to its
target temperature faster.

[0051] In one form of the present disclosure, control algorithms are
employed that use differential equations for change in temperature over time (dT/dt).
The control system is operable to measure voltage and current and then calculate
real time power and resistance for each element above. In one form, a J1939
communications bus is used to provide exhaust mass flow from an engine controller
and heater inlet temperature (Tin) from a sensor to a power switch, for example, a
DC power switch.

[0052] In one form, a convective heat transfer coefficient (h;) can be
calculated based on heater geometry, mass flow (), and Ti,, as shown below for

one example heater geometry and at least the following or similar equations:

AN
W

RECGIEREEE SRR
s X

X,
3
g

where:
Ac = Heater cross-sectional area;
C = A first constant based on Reynolds number (Re) and Table 2

shown below;

11
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Co = Offset based on number of heater elements, when evaluating
element 1, see Table 2 below, use N. = 1; when evaluating 6 elements, N_

starts at 0.7 and increases to 0.92 as each element is analyzed;

D = Heater element diameter;

he = Convective heat transfer coefficient;

h. = Absolute convective heat transfer coefficient (Kelvin);

k = Thermal conductivity of air;

m = A second constant based on Reynolds number (Re) and Table 2

shown below;

m = Mass flow;
Mgy = Mass flow rate of the exhaust;
m, = Mass flow rate of the inlet;
Mg = Mass flow rate of the fuel,
NL = Number of elements;
Nup, = Nusselt number;
Pr = Prandtl number of air taken at gas temperature;
Pre« = Prandtl number of air taken at sheath temperature;
p = Density;
Rep = Reynolds number for a given diameter and velocity;
St = Transverse distance between elements;
Touwt = Heater outlet temperature;
Tsheath = Sheath temperature;
M = Viscosity of air;
Vin = Velocity of the fluid flow at the inlet;
Viax = Velocity of the fluid flow at maximum; and
wsm = Watts per square meter.
Rep, max C ("C1") m
10 - 100 0.80 0.40
100 — 1000 (Single cylinder (Single cylinder
approx.) approx.)
1000 — 200k 0.27 0.63

12
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Single
_ 40 — 4000 0.683 0.466
Cylinder
NL 1 2 3 4 5 6
Co 0.70 0.80 0.86 0.89 0.90 0.92
Table 2
[0053] In another form, the thermal conductivity (k), or the thermal

diffusivity (o), of an insulator (example material may include MgO) is calibrated to a
two-wire resistance measurement. As shown in FIG. 7, using these exemplary
equations and inputs of mass flow, heater geometry, and inlet temperature (Ti,), the
modeled sheath temperature corresponded well with the actual sheath temperature.
Using such equations and approaches, a system can be controlled to a virtual
temperature without the use of an actual temperature sensor. It should be
understood that a variety of heater types and geometries can be modeled, along with
using equations that compensate for effects such as radiation, among a variety of
system fluctuations, while remaining within the scope of the present disclosure.

[0054] In summary, the disclosed virtual sensing according to the
teachings of the present disclosure reduces the number of physical sensors based
on a model-based interpretation and processing of system parameters. In some
cases, a physical sensor may still be used in the thermal system, however, the total
number that may be desired is reduced by using virtual sensing. Also, the virtual
sensing improves the responsiveness of feedback signals or parameters used for
control. More specifically, a model of the system is used to predict the system
response based on available signals. Further, the accuracy of a temperature is
improved in applications where the physical temperature is difficult to obtain.

[0055] Referring to FIG. 8, a control system 10 is shown operable for
obtaining data from at least one two-wire resistive heating element of a heater
through a controller and adjusting power to the heater. Control system 10 is
operable for determining and maintaining a temperature of a resistive heating
element 22 of a heating system 20 for heating fluid flow. Resistive heating element
22 is a two-wire resistive heating element. Heating assembly or heater system 20

includes at least one resistive heating element 22 but can include a plurality of

13
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resistive heating elements 22 as shown in FIG. 8. Heating system 20, and thus at
least one resistive heating element 22, is operatively connected to a controller 30.
Controller 30 is adapted to obtain measurements from the at least one two-wire
resistive heating element 22 and adjusting power to the heating element when
comparing system data provided with the heating element measurements.
Controller 30 is thus in communication with a power supply 40. This can be an
engine control module (not shown) or a second controller. The power supply 40 is
operatively connected to heating system 20 to adjust power and thus heat output of
the resistive heating elements 22.

[0056] As used herein, the term "model" should be construed to mean
an equation or set of equations, a tabulation of values representing the value of a
parameter at various operating conditions, an algorithm, a computer program or a
set of computer instructions, a signal conditioning device or any other device that
modifies the controlled variable (e.g., power to the heater) based on
predicted/projected/future conditions, wherein the prediction/projection is based on a
combination of a priori and in-situ measurements.

[0057] Accordingly, a variety of different forms of heaters, sensors,
control systems, and related devices and methods have been disclosed herein for
use in fluid flow systems. Many of the different forms can be combined with each
other and may also include additional features specific to the data, equations, and
configurations as set forth herein. Such variations should be construed as falling
within the scope of the present disclosure.

[0058] The description of the disclosure is merely exemplary in nature
and, thus, variations that do not depart from the substance of the disclosure are
intended to be within the scope of the disclosure. Such variations are not to be

regarded as a departure from the spirit and scope of the disclosure.
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CLAIMS

What is claimed is:

1. A method of predicting temperature of a resistive heating element in a
heating system, the method comprising obtaining resistance characteristics of the
resistive heating element and compensating for variations in resistance

characteristics over a temperature regime.

2. The method according to Claim 1, wherein the resistive heating element is

a nickel chromium alloy.

3. The method according to Claim 1, wherein the resistance
characteristics of the resistive heating element include at least one of inaccuracies in
resistance measurements due to strain-induced resistance variations, variations in
resistance due to the rate of cooling, shifts in power output due to exposure to
temperature, resistance to temperature relationships, non-monotonic resistance to

temperature relationships, system measurement errors, and combinations thereof.

4. The method according to Claim 1 further comprising interpreting and
calibrating resistance characteristics based on at least one of priori measurements

and in situ measurements.

5. The method according to Claim 4, wherein:

the a priori measurements comprise at least one of shift in resistance
due to time, shift in resistance due to temperature exposure, resistive heating
element temperature, hysteresis in resistance, emissivity, transient rate of heating to
applied power, resistance to temperature relationship, local dR/dT maximums, local
dR/dT minimums, specific transient rate of heating to applied power, specific
emissivity, and combinations thereof; and

the in situ measurements comprise at least one of fluid mass flow,
heater inlet temperature, heater outlet temperature, ambient temperature, resistive
heating element temperature, temperature of various masses in the proximity of the
heater, resistance at local dR/dT maximums, resistance at local dR/dT minimums,

room temperature resistance, resistance at service temperatures, leakage current,
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power applied to the heater, and combinations thereof.

6. The method according to Claim 5, wherein resistance changes at local
dR/dT maximums and changes in resistance at service temperatures are operable

as a multi-point in situ resistance calibration.

7. The method according to Claim 5, wherein the resistance to
temperature relationship is calibrated and interpreted by obtaining the local dR/dT
maximum as a single point in situ calibration, and the method further comprising the

step of adjusting the resistance to temperature characteristic.

8. The method according to Claim 5, wherein the resistance to
temperature relationship is calibrated and interpreted by obtaining the local dR/dT
maximum and a plurality of resistance to temperature measurements, wherein the
method further comprises the step of determining a multi-point in situ resistance to

temperature calibration.

9. The method according to Claim 5, wherein the resistance to
temperature relationship is calibrated and interpreted by obtaining at least one of the
local dR/dT maximums and the local dR/dT minimums as an input for at least one of
a steady state modeling of the heating system and a transient modeling of the

heating system.

10.  The method according to Claim 5, wherein the resistance to
temperature relationship is calibrated and interpreted by comparing at least one of
the local dR/dT maximums and the local dR/dT minimums with a thermal model for a

multi-point in situ calibration.

11.  The method according to Claim 5, wherein the resistance to
temperature relationship is calibrated and interpreted by obtaining in situ heating
system information to calibrate the resistance to temperature characteristic without at

least one of local dR/dT maximum information and local dR/dT minimum information.

12.  The method according to Claim 5, wherein the resistance to
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temperature relationship is calibrated and interpreted by obtaining a slope of the

resistance to temperature relationship from a power input.

13. The method according to Claim 5, wherein the resistance to
temperature relationship is calibrated and interpreted by obtaining a model-based
determination of resistive heating element temperature and resistance
measurements and adjusting the heating system near at least one local dR/dT

maximum and one local dR/dT minimum.

14.  The method according to Claim 5, wherein the resistance to
temperature relationship is calibrated and interpreted by obtaining shifts in an output

of the heating system.

15.  The method according to Claim 5, wherein the resistance to
temperature relationship is calibrated and interpreted by obtaining either shift or drift

measurements in a material lot characteristic.

16.  The method according to Claim 5, wherein the resistance to
temperature relationship is calibrated and interpreted by obtaining a resistance

thermal model to identify changes in a resistance to temperature curve over time.

17.  The method according to Claim 5, wherein the resistance to
temperature relationship is calibrated and interpreted by obtaining a slope of the
resistance to temperature relationship and corresponding temperature of the

resistive heating element.

18.  The method according to Claim 5, wherein the resistance to
temperature relationship is calibrated and interpreted by obtaining a plurality of

voltage and amperage measurements.

19.  The method according to Claim 5, wherein the resistance to
temperature relationship is calibrated and interpreted by obtaining resistive heating
element temperature measurements and at least one of a resistive heating element

reliability curve and resistive heating element reliability data.
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20. The method according to Claim 5, wherein the resistance to
temperature relationship is compared to a resistance-based temperature

measurement providing a diagnostic capability.

21. The method according to Claim 5, wherein a model of the heating system
is calibrated and interpreted by obtaining at least one of the local dR/dT maximums
and the local dR/dt minimums; and

wherein the model of the heating system comprises transient models of the

heating system and in situ models of the heating system.

22.  The method according to Claim 1, wherein the resistive heating
element temperature is adjusted by obtaining a resistive heating element average
temperature measurement to reduce a measurement response delay due to a
thermal junction impedance between the resistive heating element and a measuring

sensor, and adjusting a control response of a thermal control loop.

23. The method according to Claim 1, wherein a convective heat transfer
coefficient (h;) is determined by parameters determined from characteristics of the

heating system.

24. A control system for determining and maintaining a temperature of a
resistive heating element of a heating system for heating a fluid flow operated
according to the method of claim 1, the system comprising:

at least one two-wire resistive heating element; and

a controller operatively connected to the at least one two-wire resistive
heating element, the controller adapted to obtain measurements from the at least
one two-wire resistive heating element and adjusting power to the at least one two-
wire resistive heating element when comparing system data provided with the two-

wire resistive heating element measurements.

25.  The control system according to Claim 24, wherein a thermal
conductivity (k) is calibrated to a two-wire resistance measurement enabling the
heating system to be controlled to a virtual temperature by a virtual temperature

sensor without a physical temperature sensor.
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26.  The control system according to Claim 24, wherein an insulator thermal
diffusivity (a) is calibrated to a two-wire resistance enabling the heating system to be
controlled to the virtual temperature by the virtual temperature sensor without the

physical temperature sensor.
27.  The control system according to Claim 24, wherein a model of the
heating system enables prediction of the heating system response based on a

heating system output.

28. The control system according to Claim 24, wherein the at least one two-

wire resistive heating element is a nickel chromium resistive heating element.
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