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(57) Abstract

A method of moisture measurement wherein a moisture responsive element is subjected to the measuring environment and its thermal
capacitance or resistance temperature coefficient is measured. A system operates by cycling a sensor element between a first temperature
and a second temperature and determining the sensor capacitance at each temperature. The sensor capacitance difference, corresponding
to its temperature coefficient, is then compared to a previously compiled table of gas humidity or dew point versus capacitance increment

values.
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HUMIDITY SENSOR WITH DIFFERENTIAL THERMAL DETECTION AND
METHOD OF SENSING

Background

This invention relates in general to the measurement of moisture, i.e., water
vapor or dew point in a gas, and more particularly to such measurement using a compact
solid state sensor which provides rapid measurement of absolute humidity or dew point
over a wide range of temperature and pressure conditions.

The technique for performing a measurement of this sort has evolved, from the
nineteenth century approach of plotting the temperature differential between dry and wet
bulb thermometers, to modern systems wherein a small well-defined circuit element or
structure which changes its resistance or capacitance in response to the surrounding
humidity, is adapted to sense humidity in diverse process or measurement environments.
By making the active circuit element thin or small, one is able to provide an instrument
which reaches equilibrium with the atmosphere relatively quickly, and by utilizing films
of material such as polymer or ceramic, these instruments may be relatively long-lived,
such that the compilation of a table of operating parameters is readily carried out and can
remain in effect or be recalibrated to achieve accuracy, or at least repeatability, for
extended periods of time.

One example of this approach to humidity sensing instrumentation is shown in
U.S. Patent 3,523,244. That patent shows a sensor element in which an aluminum oxide
layer approximately one quarter of a micron thick is formed on a conductive substrate
and covered with a thin conductive but porous top surface electrode. The oxide layer, a
hard hydrated form of aluminum oxide with an irregular pore structure, allows water
vapor to permeate or diffuse through its thickness. This material takes on water in
proportion to its partial pressure in the surrounding atmosphere, and changes in both its
resistance and its capacitance are readily measured between the substrate and the surface
electrode. As noted above, because of the relatively small thickness of the active layer,
the element responds quickly to the surrounding humidity, with a response time
normally ranging from a fraction of second to several minutes, depending on degree of
saturation, and has a wide range for humidity levels that change over a range of several
orders of magnitude.

Readout of such a device is accomplished with conventional circuitry of the type
used for a great number of capacitive or resistive sensors, such as load cells,
diaphragm-type capacitive differential pressure measuring instruments, and others. This

may be done with a capacitance measuring bridge, or other such circuit. For example, a
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square or sawtooth wave oscillation of a few hundred to a few thousand Hz may be
provided across the element to cyclically charge and discharge the sensor, and the
voltage developed on the sensor may be synchronously sampled, amplified, rectified,
and output as a normalized (e.g., zero to one volt) signal. In various embodiments, the
direct voltage readout may be strictly proportional to absolute humidity or otherwise
reflect the humidity reading in a particularly simple fashion. More generally, the
capacitance will vary both with humidity and with temperature of the element, and
readout is accomplished by having first compiled a table of the output values, and stored
the table, and then applying the correct calibration scale from the stored table for the
given temperature, pressure or other directly measured condition.

In addition to hydrated ceramic films as described in the above-referenced 244
patent, a number of films of a polymer, such as a polysulphone or other material, have
been used as the water-sensitive layer to enhance the response, stability or other
characteristics of the sensor.

One method for using such sensors is to first obtain a sensor calibration curve of
the sensor capacitance for each relative humidity at fixed temperature. The calibration
curves are stored. Then, when a sensor is used in the field, a sample gas with an
unknown relative humidity or dew point is applied to the sensor. The corresponding
capacitance value is measured, the unknown relative humidity can be found by finding
the corresponding value on the previously compiled capacitance versus relative humidity
calibration curve. When the relative humidity and sensor temperature are both known,
the corresponding dew point is also uniquely determined and may be found or
interpolated empirically from widely available tables of saturated water vapor pressure
versus temperature. However, since the sensor is in general quite small, the above
methodology implicitly measures the sensor capacitance or resistance at the temperature
of the test gas, and this requires that the calibration curve be obtained and stored for all
temperature levels at which the element is to be used. Other measures of moisture
content may be used for the initial calibration or the subsequent measurements.

While in theory this measurement can be made quite accurate, in practice, a
number of possible sources of error are inherent in the methodology. First, any
temperature detection error leads to reliance on an inappropriate calibration curve.
Second, as a practical matter calibration curves are compiled at the time the sensor is
built or installed, so that sensor "aging" over time may cause its characteristics to depart
from those originally measured. Third, some hysteresis error may arise because the
process of detection relies on the absorption or desorption of water from the thin layer,
and the driving forces for the mechanics of equilibration may be affected by the previous

level of humidity measured, so that the current measurement reading will depend on the
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previous relative humidity and the time interval during which the new and different level
has been applied to the sensor. This memory effect may last for days or weeks.
Furthermore, systematic errors of the measuring instrument such as errors in capacitance
measuring bridges, in volt meters, parasitic capacitance of connecting cables, or changes
in capacitance due to bending or realignment of wires, or changes in other circuit
parameters that occur with temperature, may all contribute to inaccuracies of the
fundamental signals or of their conversion to humidity measurements.

A number of these sources of error can be overcome in a sophisticated
measurement environment by processes of recalibrating or reinstalling the equipment,
protocols for baking out or zeroing the sensor, and by initializing or purging processes
such as applying a reference dry gas for a known period of time, or other processes
which may be specific to the sensor or electronics under consideration. Furthermore
when operated with a microprocessor-controlled circuit, as is commonly done, tables of
normal aging characteristics may be built into the device, allowing an estimated
correction factor to be applied for some of these effects. However, a standard correction
protocol, even one involving a constant offset plus a linear term, can only be expected to
achieve accuracy in the middle range of moisture parameter values, e.g., 1-95%RH. For
the measurement of trace moisture levels, where equlibrium is achieved slowly and the |
effects of drift and slow processes occur, little or no improvement may be obtained by
simple or formulaic updating of the original calibration table.

Theoretically, this may be understood as follows. The commonly used or
conventional capacitance versus moisture calibration curve can be represented by the

formula
C =C, + F (moisture) (1)

Classical sensor sensitivity is AF/A (moisture), with a typical value of about
0.4 pF/%RH, while the moisture content of the gas may be expressed in any appropriate
units of choice (partial pressure, RH, Dew/Frost Point, etc.). Both Cyand F(moisture)
can be found by the experimental procedure commonly followed for initial sensor
calibration, i.e., by placing the sensor in a series of known humidity gas environments
and measuring the characteristics, tabulating and storing the results. Subsequently, by
measuring sensor capacitance C, one can find
F(moisture)=C-C,, (1

and thus, the moisture content itself.

However, it is well known that C,, and F(moisture) retain their initial values only

for relatively short period of time after calibration. Because of variety of reasons such as
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sensor "aging", failure to fulfill equilibrium conditions, "memory" effects from the
preceding environment, stray capacitance changes, and the like, Cyp and F(moisture)
gradually deviate from their initial values. Thus, after some time "true" calibration curve
or actual current response will have the form

C=(Cy+3Cy)+F(moisture) *a.
where 8Cy, is a function of time, which is commonly known as the zero drift.

The coefficient o represents the calibration curve "slope" and can be reasonably
assumed equal 1 for a relatively long period of time, ¢.g. several months or longer. This
assumption is based on experimental data, at least in a clean background gas
environment, and as a practical matter does not introduce additional error in the typical
low-end measurement range, below 5% RH.

At the time of measurement, the moisture content can then be found by the
formula

F(moisture) = C-(C,+8C,) (2)
Unfortunately, 8C,is not generally known, unless the sensor has been recently re-
calibrated. The common solution is to substitute for (Cp+58Cy) in equation (2), at the
time a measurement is made, simply the original C,, found at the time of initial
calibration. This will give an uncertainty of +5C o 1n the resulting F(moisture) value,
and results in a moisture measurement error typically from 0.5% to 2% RH.

It is possible to improve measurement accuracy by using an in situ recalibration
using an analytical model and an abbreviated set of measurements, such as several
capacitance measurements at different temperatures with at least one "absolute"
measurement of 100% RH obtained by cooling the sensor to the dew point or frost point.
These data points are then used to update the current values of C o as well as sensor
sensitivity, and thus update the stored calibration curve. One such approach is shown in
U.S. Patent No. 5,033,284, which reports a method using a heated or cooled sensor for
obtaining the required data points. As a practical matter, corrections of this sort are
adequate when the sensor is used in a mid-range of RH measurement values from few
0 to 100% RH. It relies on the fact that temperature change at constant water partial
pressure can be used to simulate water pressure change at constant temperature.

Several limitations, however, do not allow this method to be extended to very
low moisture ranges, for example to measurements of gas Frost point below about -40°C
and RH below about 0.5%. In addition to the above-mentioned requirement that one of
the temperature data points be as low as the Frost Point, the analytic models used for
calculation to update the calibration curves do not take into account the particular
properties of the individual sensor. For instance, the calibration curve's coefficients Co

and o are implicitly assumed to be independent of temperature. However, in practice,
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the coefficient C,, exhibits a temperature drift equivalent to at least 0.01% RH per °C,
and a more typical average value of this quantity is 0.05% to 0.2% per °C for
temperatures T<23°C. Since the new data points themselves require a temperature
change of many tens of degrees Celsius, this factor alone yields a calibration curve error
at least ~0.5% RH. In addition, any series used to represent a real calibration curve
should be limited to a few first terms, and for accuracy, it is necessary to establish
sensor-moisture equilibrium at each temperature point during calibration and when
taking moisture measurements as well. These conditions severely limit the range and
utility of such corrections.

Overall it may be said that the development of solid state humidity sensors and
associated instrumentation have led to relatively hardy and compact embodiments of
sensors capable of making repeated measurements, but these measurements, because of
the underlying physics of the sensor and electrical signal processing, possess limitations
that should be addressed.

It would therefore be desirable to provide a humidity sensor of enhanced

accuracy, stability or ease of calibration.

Summary of the Invention

The method of this invention is based on the general observation that
moisture sensors such as capacitance-type polymer sensors of the type commonly used
as Relative Humidity (RH) sensors, exhibit a change in capacitance when the sensor
temperature changes, even if the partial pressure of water vapors remains the same. That
is, their characteristics may be graphed as a two-dimensional surface defined over the
variables temperature and moisture. While conventional measurement systems store a
family of one-dimensional slices of this characteristic function as their look-up
references, the nature of those curves is subject to aging and discrete offsets, and is
inherently inaccurate at extremes of humidity, such as at very low humidity values
where noise and offsets can entirely mask the signal. Furthermore, the response time
required for an effective measurement at even moderately low humidity increases
greatly. Applicant's invention looks to the form of the two-dimensional
moisture/temperature response to provide reference points which are more stable and
cover a greatly extended range. Briefly applicant calibrates a sensor by measuring its
thermal coefficient between two temperatures, and then performs measurements by
driving the sensor between temperatures and taking a differential measurement in the
sample environment. The response time remains quite fast, even at extremely low

moisture values where moisture equilibration of the sensing film is a slower process.
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The differential measurement allows the same sensor chip to be used with higher
accuracy over an extended range and greater lifetime, to be used occasionally to
recalibrate existing sensors used in conventional single point measurement systems, and
to provide a direct measure of absolute humidity.

The present invention exploits the temperature dependence of the RH sensor
output, using a different sensor output parameter from that conventionally used, and
correspondingly, an entirely different calibration curve, to eliminate the poorly behaved
Cy from the measurement. The key idea is to use the sensor capacitance increment or
variation induced by sensor temperature change as the sensor output or fundamental
measurement parameter. Correspondingly, the stored calibration values AC for the
expected range of moisture values are used to convert this parameter to a moisture
reading. The sensor is preferably operated between two fixed temperatures, and the
system may require a measurement of ambient temperature when a relative, rather than
absolute moisture measurement, such as relative humidity (RH) is desired.

This is achieved in accordance with a method of humidity measurement of the
present invention wherein a humidity responsive element is subjected to the measuring
environment and its thermal capacitance or resistance coefficient is measured. A
representative device operates by cycling the sensor element between a first temperature
and a second temperature and determining the sensor capacitance at each temperature.
The sensor capacitance difference, or thermal coefficient of capacitance, is then taken as
the measurement quantity, and is looked up in a previously compiled table of gas dew
point versus capacitance increment calibration curves. The differential measurement
thus made is free from systematic error originating in equipment drift, cable capacitance
change and various aging and slow hysteresis or sensor capacitance variations.
Furthermore, initial calibration requires only a set of AC vs moisture curves rather than a
full matrix of calibration points, since the sensor temperature, rather than the ambient
temperature, determines the sensor reading.

In one embodiment, a capacitive type relative humidity sensor is placed in
thermal contact with an electric heater, a thermoelectric cooler, or both, and the heater
and/or cooler are operated to drive the sensing element from a first temperature to a
second temperature which is preferably done under control of a digital device such as a
microprocessor control chip, or under control of simple analog devices such as thermal
cut-off or cut-in switches. Depending on the ambient temperature, the device may return
to its initial temperature passively, or be actively driven by the heater or cooler. The
frequency or cycle time of these temperature changes is selected to correspond to the
time constant of the sensor in the ranges of temperature and relative humidity of the

intended sample gas, and measurement is preferably made at each temperature end point.
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In illustrative embodiments, a platinum film may be deposited in or on the substrate
below the sensing film and energized at a controlled power level to heat the film. A
Peltier device may be employed as the cooler. These are driven to change the sensor
temperature between two fixed temperatures, with a time constant or cycle time of
several seconds or several minutes, and upper and lower readings are made at the two
temperatures to determine the differential reading which is looked up in a table of
calibration values previously compiled with reference gases at the same two
temperatures. Preferably, a fixed cycle time is employed, and capacitance is measured at
the lower and upper temperatures successively in each cycle with the sensor immersed in
the sample environment. The measured capacitance difference is then compared to the
previously compiled table of AC vs. dew point for the range of dew point values.

Alternatively, such differential measurement may be taken only at a greater
interval or more prolonged time period - for example, weeks or months- during which
time conventional C vs Moisture calibration table look-up measurements are performed.
In that case, the more accurate AC measurement so obtained is then used to determine
the actual moisture value. If the currently measured capacitance yields a different value
from that given by the AC measurement, then the conventional stored capacitance
calibration tables are corrected or updated to matched the changed response of the
sensor. A AC measurement sensor may thus be used to recompile the calibration table of
a separate, conventional, sensor, thus avoiding the time-consuming and expensive
process of recalibration hithertofore necessary for aging sensors. The updated C vs. dew
point table so obtained is then used alone for a time, applying a standard conversion
procedure to determine dew point measurement results. For this recalibration protocol,
both measurements (i.e., the conventional one based on C measurement, and AC
differential measurement in accordance with this invention) are assumed to be made
practically at the same time and with the same gas portion, so the humidity data obtained
from each single AC differential measurement is sufficient to provide one point
calibration of the conventional C vs. dew point calibration curve. In other words, the
same current value of sample gas humidity is simultaneously measured by two different
methods, a AC differential measurement method to determine the correct calibration
curve, followed by a one point C measurement and look up, in the conventional manner,
on a stored humidity curve. The conventional method is then used for some time alone
e.g. over a period of hours, days or longer, after which another AC difference
measurement result is obtained and used for another calibration as described above.

The AC differential measurement is readily performed in a very short time, e.g.,
within a 5 to 15 second time interval, so by providing an automated controller to effect

the AC measurement and re-calibration, the correction process is "transparent”, i.e., not
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noticeable and does not delay the conventional method of humidity measurement. In
this embodiment, the time period between calibrations may be set depending on the time
period during which the conventional measurement remains stable, e. g., one hour, day or
week, which may be a function of the process or measurement environment..

The invention also contemplates that a more sophisticated algorithm be
embodied into a microprocessor based controller. By way of example, the AC difference
measurement protocol can be temporarily omitted as long as change in the consecutive
conventional measurements remains less than a preset threshold. The controller then
performs a recalibration when the threshhold is exceeded. This minimizes AC
differential measurement dynamic error.

In one embodiment of a device for carrying out the method, a heater is provided
to heat the sensor and the sensor is operated in two cycles or at two different heater
power levels to drive the sensor to a first temperature T above ambient temperature,
and to a second higher, temperature T). The temperature then returns to T1 by passive
cooling, and may again be driven to Ty. At each temperature a sensor reading is taken,
and the difference between readings forms the sensor output. In another embodiment a
Peltier cooler is placed in thermal contact with the sensor, and it is operated to decrease
the temperature of the sensor element to one or more levels T-1, T-7 below ambient.
Again, the sensor may return to the higher temperature by passive interaction with the
surroundings. In yet a third embodiment the system includes both a heater and a cooler,
and the sensor element is actively driven to the two temperatures at which its
capacitance is measured. By actively driving the device to T1, then to Ty, then back to
T} in a known cycle time, the memory effects are made repeatable, and are a function of
the cycling conditions. These may be accurately represented in the AC-dew point
calibration table, which is compiled at the same temperatures with the same cycle
interval. Applicant has found this measurement technique to be extraorinarily accurate
and stable over time when subsequently, measurements are made by employing the same
thermal cycle time and endpoint temperatures as used in compiling the calibration table.
The sensing system is particularly useful at low moisture levels, below 5% RH and at

low temperatures.

Brief Description of the Drawings

These and other features of the invention will be understood from the description
below, taken together with the background art and the Figures herein representing
illustrative embodiments and operation of the invention, wherein

FIGURE 1 illustrates a prior art humidity sensor;
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FIGURE 2 is a table showing humidity as a function of temperature and dew
point;

FIGURE 3 is a graph showing sensor capacitance as a function of dew point at
various temperatures;

FIGURE 3A is a graph showing sensor capacitance as a function of temperature
at various dew points;

FIGURES 4, 4A, 4B and 4C illustrate sensor embodiments of the invention with
heater, cooler or both heater and cooler;

FIGURE 4D illustrates heater characteristics of the embodiment of FIGURE 4B;
and

FIGURE 5 illustrates system operation according to the method of the present

invention.
Detailed Description

FIGURE 1 shows a general schematic drawing of a humidity sensing system,
shown in a generality which is applicable to the present invention and to the prior art.
As shown, the system 10 includes a sensing element 1 comprising at least a substrate 2
and an active humidity sensing layer 3, and an environmental chamber 5 illustrated in
phantom in which the sensing element 1 resides. Electrodes 7a, 7b connect to opposing
sides of the active layer 3 which, as illustrated is a thin film which responds to humidity
in the environment. The sensing element 1 is placed in a measurement circuit which,
simply by way of example, is illustrated as including an oscillating signal source 8, a
timer and switching unit 9, such as a flip flop or microprocessor controlled switch or
switch array, and an amplifier 11 which may be operated in various embodiments
synchronously or with a partial duty cycle to produce an output signal representative of
the capacitance or other electrical characteristic of the sensor 1. As shown in FIGURE
1, this output is digitized and fed to a microprocessor or controller 13 which compares
the output signal to signals stored in a look-up table 14 and determines the
corresponding values of relative humidity, partial pressure or dew point to which the
sensor is subjected. This humidity value is produced as an output signal on line 15 and
may for example be fed to a panel display or be output to a printer, digital storage device
or other form of recorder or display.

In general, the measured sensor property such as capacitance of the active layer 3
will be proportional to the dielectric constant € of the material times its surface area
divided by its thickness, and as noted above, the thickness is generally small, well under

one mil to assure a fast response time. For alumina or typical polymer films, a dielectric
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constant € is about 3 to 5, while that of water is 81, so that as water is gained or lost in
the active layer, the capacitance of the element will increase or decrease respectively. In
general, the level of moisture in the plastic film will be proportional to the pressure of
moisture in the air and will also be a function of surrounding temperature. The final
output may be calibrated either in absolute terms of grams of water per cubic meter, as a
partial pressure of water vapor in the total gas, or as a dew point measurement; that is, as
a temperature T at which the saturated water vapor pressure would be equal to the
measured water vapor pressure. The moisture measurement may also be reported out in
relative units, i.e. as a relative humidity.

FIGURE 2 shows a representative portion of a table of aqueous vapor pressure
over ice in millimeters of mercury for a temperature range of 0 to 20 degrees centigrade.
These empirical tables are conventionally used for straightforward conversions between
the various forms of humidity output measurement. However, as an initial step, the
capacitance of the sensor must be compiled over the expected range of temperature and
humidity operating conditions.

As applied to a sensor described above, a typical film capacitance may be around
200 pF at zero humidity, and would generally rise with increasing water vapor in the
surrounding air. In general, the uptake or release of water may be physically modeled as
an equilibrium process going on at the surface of the polymer sensing film, between
water molecules on the surface having a relatively low energy and water molecules in
the surrounding vapor. In general, the energy of water molecules in the gas is higher,
and the bound molecules are able to escape from the surface as the temperature rises and
a greater proportion of the surface molecules acquire a higher energy.

The saturation pressure may be represented as Pg = Py, e AEV/RT where AEq
corresponds to the difference in energy of a free water molecule and a bound (liquid)
molecule, and R is the Boltzmann constant. Because of this equilibrium process, while
the saturation pressure of humidity in a gas will increase sharply with temperature, the
capacitance of the sensor will decrease with temperature due to the shift in distribution
between liquid and gaseous water, decreasing the amount of water residing in or on the
sensing film. The horizontal asymptote makes it difficult to obtain accurate readings at
high temperatures and saturation.

The general form of these curves is a nested family of curves, which are
invertible, in the sense that a capacitance reading at a known temperature can be
converted to a specific humidity or dew point value.

As noted above, the humidity sensor resistance and/or capacitance is a function
of both humidity and temperature. This function is customarily represented as a family

of capacitance vs. gas dew point curves for a set of different temperatures, as shown in
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FIGURE 3, or capacitance vs. temperature curves for several different sample gas dew
point values as shown in FIGURE 3A. The gas temperature may be assumed to coincide
with the sensor temperature at least on the sensor surface. For prior art devices, these
characteristic capacitance curves are generally compiled at the time the system is
manufactured or assembled, using a time-consuming calibration procedure with
reference gases of known moisture content at varios temperatures.

Empirical tables of aqueous vapor pressure over ice at different temperatures as
shown in FIGURE 2 or well known equivalents are conventionally used for
straightforward conversions between the various units of humidity output measurement.
Using such tables, the capacitance vs. dew point and temperature function as shown in
FIGURE 3 and FIGURE 3A can be transformed into capacitance vs. pressure, relative
humidity or any other unit of moisture measurement which is desired for the
measurement application involved. An additional parameter may be measured for
effecting some of these conversions, and this is readily provided by a separate sensor,
such as a pressure sensor. For example a gas pressure reading is needed to transform
dew point or partial pressure into units of grams of water per kilogram.

However, as an initial step, the capacitance of the sensor vs.
humidity/temperature function must first be determined by the calibration protocol and
stored for reference over the range of expected operating conditions, and must be
represented in terms of at least one of the units of the moisture measurement.

FIGURE 3 shows a typical such family of calibration curves for effecting prior
art measurement, with sensor capacitance in picofarads plotted against sample gas dew
point, for a range gas temperatures between ten and fifty degrees. Using these stored
curves, the measured sensor capacitance is readily converted, for a given gas
temperature, into a dew point measurement of sample gas, and this, in turn may be
converted using a table (FIGURE 2) to an absolute or relative humidity measurement.
Other curves may be used in particular ranges of conditions to simplify measurements,
such as capacitance vs. relative humidity, which is largely temperature-independent in a
restricted range of conditions. As noted above, however, the response of the sensor to
moisture drifts over time, and new calibration curves must be compiled, or the old ones
adjusted when the nature of the change can be predicted from a smaller set of calibration
points.

The aforementioned drifts due to sensor aging, hysteresis and systematic errors
of the measurement instrument may affect the actual sensor response curve by shifting
the family of curves shown in FIGURE 3 upward or downward. Such a shift may be
substantially isometric—that is, may translate the curve without changing its shape or

distance between points along the curve. In practical terms such calibration curve drift
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results in measurement error of about +1% or more for a commercially available relative
humidity sensor. A similar shift occurs in the calibration curves expressed in other
common units.

FIGURE 3A shows an empirically tabulated set of sensor capacitance vs.
temperature curves for different dew points. These curves FIGURE 3A may be regarded
as a "vertical slice" of the curve family at fixed temperatures shown in FIGURE 3.

As can be seen in FIGURE 3A, the vertical distance between two points on each
curve, represented by sensor capacitance increment AC and taken at two different
temperatures (30°C and 60°C in FIGURE 3A), will remain substantially the same in
spite of the upward/downward drift of a curve. At the same time, the increment AC
between two fixed temperature points is an increasing function of dew point. More
generally, a one-to-one correlation between capacitance increment and dew point of the
surrounding gas can be established at any two given temperature points within the range
of expected operating conditions.

Applicant uses this correspondence to initially establish the calibration data for a
sensor by direct measurement and tabulation of the values AC between two fixed
temperatures, and thereafter effects measurements by applying the calibration curves to
similarly taken differential measurements. The calibration remains accurate, and is
substantially unaffected by "aging" and other sources of error mentioned above. Using
this capacitance increment measurement technique a cumulative relative humidity
measurement error of less that +0.02% has been achieved over a one year time without
re-calibration. Furthermore, these differential measurements may be much more accurate
than the single point measurements of the prior art, especially at trace moisture levels.
Applicant exploits this property in new measurement protocols, and corresponding
apparatus, which are shown and discussed below with reference to FIGURES 4, 4A-4D
and 5.

A basic apparatus of the present invention drives the sensor between two
temperatures and develops a AC measurement, which is then converted via the stored
calibration curves.

FIGURE 4 shows a sensor in accordance with the present invention for improved
humidity detection. As shown, the sensor includes a sensing film 3 on a substrate or
support 2 wherein electrode contacts 3a, 3b are provided to the upper and lower surfaces
of the sensor. A heating element 20 which may for example be formed by a metalized
film within the body of or on the surface of support 2 is adapted to provide heat to the
assembly for driving the temperature upward, while a thermocouple or other temperature
sensing device 25 is formed on or mounted in close proximity to the sensing element 3
to provide a signal which accurately reflects the temperature at the surface. Other forms
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of heater control are also contemplated. For example, when using a thin platinum film
as the heater, temperature control may be achieved by placing the heater in a bridge with
two different precision resistors, e.g., via a switch or switch array operating under
control of a microprocessor. The resistance values are selected such that their resistance
is equivalent or proportional to that of the heater resistance at the specified temperature
T1 or T, and the imbalance voltage developed across the bridge controls the gain of a
power supply connected to the heater, so that power is provided to the heater in
proportion to its variation from this set resistance value. Thus, the platinum heater is
powered until it reaches the desired resistance set point. At this point the computer
switches in the other resistor and powers the heater to reach a different temperature. The
platinum film lies closely under or may be deposited on one surface of, the sensing film
and thus accurately represents the sensing film temperature, although, as noted above,
one or more thermocouples may be provided to allow more accurate control, for
example to introduce temperature dependent or environment dependent corrections. In a
typical system a circuit or microprocessor the takes a sensor reading at each temperature,
or at a fixed instant in the temperature cycle, and the successive differences are reported
out as the differential or AC sensor value. Thus, the sensor temperature, rather than the
ambient temperature, determines the output, and the moisture value is then found by
reference to the stored calibration table made for that sensor.

FIGURE 4A illustrates another embodiment of a humidity sensor in accordance
with the present invention. In this embodiment, a thermoelectric cooler or Peltier effect
cooler 16 is provided as the support for the sensing film 3. As before, surface electrodes
are provided for detection of changes in the sensor capacitance and a temperature sensor
(not shown) may be mounted in an appropriate position to allow determination of the
surface temperature. It will be understood that several thermocouples may be provided
to allow an automated controller to detect a temperature gradient and extrapolate or
interpolate the actual surface temperature, however in general the dimensions are
sufficiently small that mounting geometries can provide accurate sensing with a single
temperature sensing element.. The invention also contemplates embodiments where
both a cooler and a heater are provided and each may be energized at different times to
separately drive the temperature up or down. It will be understood that each sensor is to
be employed in a system wherein an electric circuit or microprocessor controller sets the
two different temperatures T1 and Ty to which the relative humidity sensor will be
driven and controls another circuit as discussed above, to measure capacitance.

[t will further be understood that when a thermoelectric cooler is provided for the
sensor, heating may be simply accomplished by reversing the current direction to reverse

the heat-cold temperature distribution in the cooler element. Thus, for example, a preset
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current, for example 200 mA may be continuously supplied to the cooler element and
the temperature change may be achieved by reversing the current polarity. At one
current direction the sensor is cooled below ambient temperature, while a reversal of
current causes the thermoelectric element 16 to work as a heat pump and increase the
temperature of the sensor. By monitoring the thermocouple output, the current may be
reversed, and sensor capacitance measurements taken at appropriate times. Systems of
the present invention may be adapted to to operate with several different temperature
differential settings, using a corresponding plurality of calibration curves, to suit
different process environments. For instance, referring briefly to FIGURE 3A, it will be
seen by way of example that for the characteristics of the response curve for minus 40°C
dewpoint a rather more substantial AC output will be obtained between 20 and 40°C,
than will be measured between 40 and 60°C; accordingly when it is to be used for such
low dew point measurements, the system may be calibrated and operated to cycle
between these two lower temperatures to enhance the effective sensitivity and range of

measurements..

FIGURE 5 shows tone mode of operation of capacitance measurement effected
by the present invention. Temperature of the sensor is plotted on the vertical axis
against time, and a representative capacitance measurement point indicated in each
interval. As the sensor toggles back and forth between temperatures, the sensor
capacitance measurement C1, C2, C3... are taken and the processor forms the difference
C1 - C2, C3 - C4, each of which is provided as a AC value. In circumstances where
memory effects or fast changes are present in the sensor environment, the controller may
use more than one of these values, and may implement signal averaging, smoothing, or
other algorithm, such as continuing measurements as these differences converge to a
stable value of AC. This AC value is then looked up in a previously stored table in which
the sensor capacitance difference between these temperatures has been stored for the
range of dew points encountered in practice. The processor then outputs the dew point
measurement, or the desired equivalent (e.g. relative humidity at ambient) by empirical
conversion. It will be undersood that a gas temperature or process chamber temperature
reading may in general be separately made with high accuracy, and such additional data
would then be utilized by the microprocessor for any conversion of dew point to RH or
the like.

It has been assumed above that at least two capacitance measurements are
performed at two different temperatures but with the same sample gas portion or at least
at the same moisture contents. To avoid dynamic error when the moisture concentration

is changing in time, moisture sensors with relatively small time response are preferably
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used, so that the temperature change of the sensor and two consecutive measurements
before and after this change thus can be made in a short period of time. One suitable
sensor is the commercially available MiniCap2 sensor sold by Panametrics, Inc. of
Waltham, Massachusetts. These sensors have a response time less than two seconds in
the range of 0 to 180°C, and their small size allows the required temperature change and
consecutive capacitance measurements to be made in about a 5 to 20 second time
interval using a relatively low power heater, drawing less than one Watt. In most cases
this is fast enough for dynamic error to be neglected.

More sophisticated data processing algorithms utilizing more than two data
points are also known to those experienced in the field of instrumentation and can be
appropriately used with this invention in order to minimize dynamic error. Thus the
invention further contemplates systems wherein automated numerical filtering,
averaging, fitting, convergence or estimation protocols are applied to the data points, for
example with digital measurement signal processing to develop a precise AC
measurement, or to correct the measured humidity value in the presence of changing
temperature, pressure or humidity conditions.

Furthermore, while the foregoing description relates to a measurement wherein
the sensor characteristic is measured at two temperatures and the difference is converted,
via stored calibration curve, to a humidity measurement, the salient feature of the
invention lies in the accuracy of this measurement, since shifting or drift, whether due to
sensor aging, stray capacitance or other common effect, is canceled by the differencing
step.

In a further aspect of the invention, the measurement so taken is applied to
update or recalibrate a conventional system, such as a single-point sensor system
employing, for example, calibration curves such as those of FIGURE 3. According to
this aspect, a microprocessor controller controls the temperature driver to perform a AC
measurement as described above, then compares the humidity value with the values
measured at the same time as determined by the stored calibration curves for a single-
temperature sensor C output reading. The error function is applied to update the stored
curves, which may involve simply shifting the curve up or down, after which the system
then continues to operate in a single-temperature reading mode for a period of days,
weeks or months. As noted above, the AC correction protocol may be quickly
implemented to provide a corrective shift of a single measurement curve in a few
seconds. Such a correction protocol obviates the various calibration or correction
protocols required in the prior art, such as the periodic provision of calibration sample

gases at known relative humidities and laborious recompiling of the calibration table.
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Further details and possible implementations appear in FIGURES 4B-4D. As
shown in FIGURE 4B, the system may be implemented with a prior art sensing unit,
such as a polymer film RH sensing unit 21 on silicon chip having dimensions about
2x2x0.3 mm. This may be a Panametrics' MC-2 polymer RH sensor. The sensor 21 is
fixed to a thin film platinum resistive thermal device (RTD) 22 in a manner to secure
reliable heat exchange between them. The RTD 22 is used both as a heater and as a
temperature sensor for temperature control purposes, thus combining the elements 20,25
of FIGURE 4 above. The RTD 22 is connected as shown to the temperature control
circuit comprising resistors 33, 34, 35, 36, an amplifier 37 which is powerful enough to
supply sufficient power to the bridge, and a solid state switch 38.

The sensor 21 is electrically connected to a digital capacitance measurement
bridge or chip 29 which measures the sensor capacitance and/or time variation of
capacitance. Both the switch 38 and bridge 29 are connected to a microprocessor-based
controller 30. In one embodiment of the invention, the controller 30 implements only
one measurement algorithm and uses only one sensor calibration curve, which is initially
determined and stored in the memory of the controller 30. In yet another embodiment,
the controller 30 is programmed to implement interchangeably two different algorithms
using two different calibration curves, as described further below.

When a gas sample with unknown moisture content is applied to the sensor 21,
measurement data is collected by controller 30, processed, and displayed on an LCD
display 32 in the chosen units of moisture content.

Due to the dynamic nature of the measurement method, fluctuations of sensor
output can occur which introduce a dynamic measurement error, especially in cases
when the moisture content of the sample gas is changing rapidly or in discrete steps.
Applicant has found experimentally that by averaging of several consecutive capacitance
increments taken both at temperature increase and decrease, such fluctuation can be
reduced or eliminated. For instance, the controller 30 can implement a digital FIR filter
to reduce dynamic error. If the calibration curve is reasonably close to linear, then it
makes no difference whether the averaging is performed before or after the capacitance
reading is converted into a moisture content output determination. Otherwise (for
example in the case of capacitance versus Frost Point calibration), it is preferable to
average the detected capacitance values first.

The system of FIGURE 4B uses the resistance heating element 22 to establish
and confirm the preset temperatures at which the sensor reading is taken to establish the
thermal capacitance coefficient. A typical plot of the RTD/heater resistance versus its
temperature is shown in FIGURE 4D. If the maximum ambient temperature is 30°C, the
to implement the simple embodiment of FIGURE 4B, values of the resistors 35,36 can
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be chosen close to 40 k2 and 44 kQ. In this case the temperature of the RTD 22, and
thus of the moisture sensor 21, is conveniently changed between two temperatures close
to 35°C and 55°C, respectively, simply by alternatively connecting either resistor 35 or
36 to the bridge via the switch 38, with controller 30 controlling and monitoring the
switching and measurement cycle.

Precision of the resistors 35,36 is not a requirement in practice. The resistors
need simply be reasonably stable in time and have a low temperature coefficient.

The moisture content measurement device or system 40 of FIGURE 4B may be
first calibrated in the following way.

The controller 30 sets temperature cycle of thirty seconds at 55°C and one
minute at 35°C. The sensor capacitance difference at the end of the lower temperature
half-cycle and the higher temperature half-cycle is measured. This difference is taken
to be the temperature-change-induced sensor capacitance increment or differential
measurement AC discussed above. A reference gas portion with known moisture
content expressed in any chosen units, e.g. Dew/Frost point, is applied to the sensor.
When the capacitance increment has become repeatable, it is assumed to be a calibration
point of the calibration curve temperature-change-induced capacitance increment versus
moisture content. This may take three to five cycles until readings prove to be
repeatable. This process is repeated using additional dew point reference gases to obtain
the AC corresponding to those moisture levels, and complete a calibration table or curve.

To perform measurements of moisture content when then placed in a
measurement environment, such as a process gas sampling chamber, the sensor 21 is
cycled between the same temperatures and with the same timing as it was done during
the calibration process. A gas portion with unknown moisture content is applied to the
sensor 21, and the capacitance increment is measured inhe same way as just described.
The measured AC is then converted to a moisture value by reference to the previously
obtained calibration curve, and this value is re-calculated in the appropriate moisture
units as an output measurement result. The output measurement result is shown on
display 32, interfaced to digital control equipment, recorded or otherwise used as final
data.

Relatively fast change of moisture content in case of in-situ continuous
measurements (e.g., in process control) can result in so-called dynamic error. To reduce
dynamic error, the processor may average the four latest capacitance increment values
both from temperature decrease and increase steps before determining the moisture
value from the stored calibration curve.

Preferably the sensor is operated at low temperature. This results in an increase

in Dew/Frost Point sensitivity, because the RH sensitivity is approximately the same
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over the temperature range of -50°C to 80°C. Preferably this is done, as described for
FIGURE 4A, by adding a thermoelectric cooler 16 to the device of FIGURE 4B. Such a
modified sensor-heater-cooler assembly is shown in FIGURE 4C. With such an
arrangement, the effective maximum "ambient" temperature on the heater can be
dropped from ~30°C temperature to about -20°C to -60°C, depending on the cooler type,
power and price.

In the case of a relatively inexpensive cooler operable at 30°C ambient to -20°C,
the values of the resistors 35, 36 can be set close to 30 kOhm and 33 kOhm,
respectively, which will provide sensor temperature variation between -15°C and 0°C. A
sensitivity of 0.005% RH at -15°C can then be extended for measurements down to
-90°C Frost Point with £5° accuracy. When the element 16 can attain a -40°C lower
sensor temperature, the Frost Point measurement sensitivity is sufficient to perform
measurements down to -100°C Frost Point.

In general, both said temperatures can be measured (e.g., in °C) in order to be
fixed, but absolute temperature values are not, strictly speaking, a necessary
requirement. Temperature must be measured only if for any reason it is not possible or
expedient to assure that the set temperature at calibration and at measurement are
reasonably the same. In this case measured temperature mismatch(es) can be taken into
account by standard means commonly employed by engineers for effecting "systematic
temperature error compensation.”

The above results are striking because it is practically impossible to achieve
sensitivity better than about -60°C with a conventional device based on capacitance
versus moisture calibration at constant temperature. This is not only because of the
presence of zero drift, but also because the typical requirement of equilibrium between
sensor and gas moisture will increase the time required for sensor response to many
hours or even days. Applicant's thermal differencing measurement method, on the other
hand is free from the latter problem. After the sensor temperature changes, the sensor
capacitance will start changing as well in accordance with the extent of water molecule
absorption or loss. The speed of absorption and desorption is limited and usually
depends on water vapor partial pressure and sensor temperature. As a result, capacitance
change more or less lags behind even during the calibration. Thus, at measurement it is
not necessary that the data points be sampled when the change is maximum possible,
i.e., when equilibrium is reached at each temperature. It just should be measurable with
the accuracy dictated by the required moisture measurement accuracy. Thus, at cooler
temperatures, timing matters principally because too short temperature variation cycle
will reduce sensitivity, while too long a thermal cycle will unreasonably increase sensor

time response.
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At room temperature (and above) and for RH levels above 5%, timing is usually
not a problem, because when either moisture or temperature is changed, near-
equilibrium conditions will be reached in seconds. On the other hand, in the range
0.01% RH and -30°C full equilibrium would only be reached in a matter of days. Thus,
at these conditions the temperature cycling period is preferably optimized to achieve a
set level of accuracy in an acceptably short time.

A brief discussion of theory follows, from which the advantages of the invention
will be more fully appreciated.

There are two known mechanisms of water molecule absorption/desorption.
"Weak" physical absorption usually occurs quickly even at low temperatures, with a
time constant less than a few minutes. However, chemical desorbtion is slow, occurring
on a scale of hours to weeks at the same conditions. It is understood that this division is
a rough one, with some phenomena falling in between. Applicant in prototype
embodiments of the present invention set the temperature variation cycle between the
two time constants for the physical desorption of water molecules and that of chemical
desorption. At about a five minute temperature fixed temperature variation cycle, only
the quick absorption/desorption mechanism of moisture exchange between sensor
surface and gas will be fast enough to follow the temperature change. The slow
chemical desorbtion process will result only in what is equivalent to slow zero

- capacitance change (zero drift), which applicant has shown to not influence accuracy of
the measurement. Thus, "true" equilibrium is not required.

By setting the time period for sensitivity to the "quick" desorption
only,sensitivity may be reduced as compared with true equilibrium case. However,
experiment shows that the ratio between physically absorbed and chemically absorbed
molecules remains at least 2:1 even at Frost point down to -100°C. Iy follows that the
use of applicants non-equilibrium sensing method reduces sensitivity by a factor of
about 0.7 in the worst case. The exact ratio value will depend on cycle period,
individual sensor properties, temperature, etc. It is not necessary to know all these
values since in practice with the present invention, the same fixed temperature and
cycling period are used at calibration and at measurements as well. Thus the calibration
method automatically solves the problem at any Frost Point.

It should also be noted that a small decrease in sensitivity is not important. The
long term accuracy is limited not by the capacitance measurement error which can be as
low as +£0.001 pF, but rather by zero drift of the calibration curve. At the same time, the
invention provides a sensor speed of response a thousand times better than in case of

equilibrium dependent capacitance versus moisture calibration.
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From a mathematical point of view, instead of measuring sensor capacitance as a
function of moisture content (Function F in equation (2) above) at a constant
temperature, applicant measures the first derivative of the same function with respect to
temperature. Taking the derivative over temperature T of both left and right sides of the
expression (2), one obtains

AC/AT = A(Cyy + 3Cy)/AT + AF/AT

In practice, both temperature measurements are made within no more than a few
minutes time interval. 3C,, is relatively small by itself and is a very slowly changing
function of time. It usually takes from about ten seconds to a few minutes to change
temperature and perform a capacitance measurement. Because §C o change in a few
minutes period is negligible, one obtains

A(Cy+8Cy)/AT ~ A(Ch)/AT.

Experimentally, this proves to be a number close to zero (less than 0.02 pF/°C

being typical) and very stable in time, with measured drift as low as less than

10.0002 pF/(°C*year). Moisture content measurement error is therefore less than

+0.002% RH at low RH end.
Now the calibration curve is:
AC/AT = (ACy/AT) + (AF/AT)(moisture). 3)
Taking into account that AT=(T2-T1)=Const, equation (3) can be rewritten:
AC = (AT)(moisture) + AC,, 4)

or (AF)(moisture) = AC-AC,,

Both AC/AT as the sensor capacitance temperature coefficient and AC as the
sensor capacitance increment induced by sensor temperature change are functions of gas
moisture content and interchangeably can be used in calibration curves free from C 0

The sensor sensitivity is easily calculated. For a calibration curve in (4), the
sensitivity is:

A(AF)/[A(moisture) ]

Temperature cycling period, temperatures, are preferably optimized by well
known engineering means to take into account practical factors like random error of
capacitance measurements, temperature coefficient, dynamic error minimization, and
other considerations. With a sensor system set up at these optimized conditions, e.g. at
(T1-T2)~15°C, sensitivity is typically about 80% of the "classical" sensitivity of a
conventional system at -70° Frost Point and above, and was found to be between 50%

to 70% when operating below -90°C Frost Point. The RH measurement accuracy at low
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end (zero drift) was better than +0.005% RH per year, even when an "average" or typical
prior art RH sensor element is used.

This is in contrast to the conventional measurement situation in which sensor
capacitance is the sensor output parameter, and which is measured as moisture content
representative parameter "on top" of zero capacitance of Cp of ~200pF, and with
average zero drift £3C of 1% RH or more per year. The method of the present
invention measures temperature change induced capacitance increment (or sensor
capacitance temperature coefficient as the moisture content representative parameter "on
top" of "zero moisture” sensor capacitance increment (or "zero" temperature coefficient)
(ACo/AT)*(T2-T1), a quantity which is usually less than 0.1 pF. By proper sensor
selection this value can even be made much less. This new "zero" average drift is less
than 0.005% RH per year. Note that below 0.1% RH, the sensor sensitivity 1s more than
1 pf/% RH. Thus, while the temperature change induced capacitance increment
moisture sensitivity is about 50% to 80% of the "classical” capacitance moisture
sensitivity, its per year zero drift is more than three hundred times lower. As a result,
the measurement accuracy is believed to be at least two hundred times better than the
conventional "standard", at least at the low end moisture measurement range.

Calibration curve slope (sensitivity) is known to be much more stable in time
than is C. It may therefore yield better measurement accuracy in practice at around
5% RH. In general, the present invention is considered optimal for 0% to about 5% RH.

Another method contemplated by applicant to solve the dynamic error problem,
especially in the range above -70°C, is to use both the present invention and existing
measurement system algorithm together. It is a well known correction approach to
measure unknown gas concentration of a gas portion with a reliable analyzer, and then
apply the same gas to calibrate another analyzer which is installed and measuring the
process environment. In this aspect of the present invention, the differential
measurement is used first to implement reference moisture measurement instrument and
measure the unknown moisture content of a sample gas. Immediately after that, "old"
known calibration curve and algorithm are used to make second moisture measurement.
This switch in algorithm to implement "old" known moisture measurement device is
assumed to be made fast enough so that both measurements are performed with
practically the same gas probe. The existing single C calibration curve is then shifted as
a whole up or down so that to make the second measurement result agree with, i.e., be
numerically the same as, the result obtained by the first (differential) measurement.
Thereafter, the shifted calibration curve is used as a single point C reference until the

next calibration is made.
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It should be noted that in this case part of hardware (sensor, controller, fixtures,
etc.) is re-used to interchangeably to carry out the two substantially different
measurements with their own different calibration curves and different control/sensing
steps. The present invention may also measure concentration and/or partial pressure of
materials other than water, gas or vapor in a gas mixture sample, since the operation
depends simply upon the physics of surface absorption/desorption. In that case, an
appropriate absorption type sensor with selectivity to the selected gas or vapor in the gas
mixture is employed instead of a moisture sensor.

The invention has been described with reference to specific embodiments and
preferred implementations shown in the FIGURES above. However, it will be
understood that a great many circuit, control systems and methods and devices for
operation and correction of humidity sensors have been developed in the past and are all
usable with, and may be incorporated with the improved method and sensors of the
present invention. The invention being thus disclosed and described, further variations
and modifications will occur to those skilled in the art, and all such modifications and
variations are considered to be within the scope of the invention, as set forth in the

claims appended hereto.

What is claimed is:
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l. A humidity sensing apparatus for measuring humidity, such apparatus
comprising

a sensor element having a humidity responsive surface film which
responds to surrounding humidity by changing an electrical characteristic including at
least one of resistance and capacitance, said sensor element including electrodes for
placing said sensor element in a detection circuit to detect said electrical characteristic

said sensor element being adapted for insertion in a sensing environment
to respond to moiture in the environment, and further including a thermal control
element configured to drive said sensor element between a first temperature Tianda
different second temperature T as said electrical characteristic is measured such that
output of said apparatus is the thermal coefficient of said electrical characteristic, said
thermal coefficient providing a measure of said moisture in the environment by
reference to a stored table of coefficients.

2. A humidity measuring apparatus according to claim 1, wherein said means for
cycling the sensing element between first and second temperatures includes

a controller, and

a thermal drive element for changing temperature of the sensing element
during sensing cycles controlled by the controller.

3. A humidity sensing apparatus according to claim 2, wherein said thermal drive

element includes at least one of a heater and a cooler.

4. A humidity sensing apparatus according to claim 3, wherein said thermal drive

element is operated to take differential measurements at low dew/frost point conditions.

5. A humidity sensing apparatus according to claim 3, further comprising

storage means for storing a calibration table of initial thermal coefficient
measurements, and wherein said controllef determines humidity by looking up the
measured differential thermal characteristic in the table.

6. A humidity sensing apparatus according to claim 5, wherein said table is a table

of characteristic differences at T1, and To for a range of dew point values.
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7. A temperature sensing apparatus according to claim 5, wherein said table is a

table of differences for a range of humidity measurements.

8. A method of taking a moisture measurement, such method comprising the steps
of

providing a sensing element having an electrical characteristic which
varies in accordance with surrounding moisture

driving said sensing element so that it cycles between a first temperature
T1 and a second temperature T which differs from T while exposed to a sample,

measuring the thermal coefficient of said electrical characteristic between
Tpand Ty, and

comparing the measured coefficient to a table of stored thermal
coefficient calibration measurements of the sensing element to determine the moisture

level of the sample .

9. The method of measuring moisture of claim 8, further comprising the steps of
compiling a table of difference values as a function of moisture level, and
comparing said difference to a stored table of differences to determine

said measurement.

10. The method of measuring moisture according to claim 8, wherein the step of
driving said sensing element to cycle between a first temperature T1 and a different

temperature T is effected by actively cooling and/or heating the sensing element.

11. The method of sensing humidity according to claim 8, wherein the step of
actively driving the sensing element to cycle between a first temperature Tyanda
second temperature T is achieved by

providing a heater and a cooler, and

controlling at least one of the heater and cooler to actively drive the

element between said temperatures T{ and T».

12. The method of determining moisture according to claim 11, wherein the
step of actively driving the sensing element between a temperature T and temperature
T7 includes the step of actively driving the sensing element to one of said temperatures,
said one temperature differing from ambient temperature, and allowing the sensing
element to passively return to the other of said temperatures, being closer to ambient
temperature. ‘
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13. An improved method of measuring humidity, such method comprising
the steps of sensing a humidity-responsive electrical characteristic of a sensor and
converting a sensed characteristic to a humidity measurement via a stored table,
wherein the improvement comprises the steps of

storing a table of differential measurements corresponding to thermal coefficients
of said humidity-responsive electrical characteristic made at defined temperatures, and
therafter

sensing said characteristic at the same temperatures to determine a difference and
comparing the difference to said stored table of thermal coefficients to determine an

accurate measure of humidity.

14. The improved method of claim 13, further comprising the step
recalibrating a single point capacitance measuring sensor system in accordance with said
accurate measure whereby accuracy of the single point sensor system is restored or

enhanced for an extended time.

15. A method of gas moisture content measurement with the use of an
absorption type moisture sensor, comprising the steps of:

compiling calibration curve as a function of increment of the sensor
representative electrically measurable parameter, e.g. increments of capacitance, vs.
known gas moisture content, while said increment is induced by sensor temperature
change between two fixed temperatures and at constant partial pressure of water vapors,

and measuring unknown moisture content by means of changing sensor
temperature between at least approximately the same said fixed temperatures,
simultaneously applying to the said sensor a gas portion with unknown moisture content,
measuring the same said measurable electrical parameter increment induced by
temperature change, and determining unknown moisture content by applying the said

increment measurement result to previously compiled calibration curve.

16. A method in accordance with claim 15, wherein both calibration curve is
compiled and measurements are performed by cycling the sensor between said two fixed
temperatures with the same fixed cycling period, both at calibration and at moisture
content measurement, and measuring said sensor electrical parameter increment induced
by the sensor temperature change, e.g. increment in capacitance, as the difference

between two said electrical parameter values evaluated, correspondingly, at the end of
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one fixed temperature half-cycle and at the end of the next following another fixed

temperature half-cycle.

17. A method of measurement in accordance with claim 15, wherein upper
temperatures and lower temperatures at calibration and at measurement, respectively, are

maintained reasonably the same by electronic means.

18. A method of measurement in accordance with claim 15, wherein said two
fixed temperatures are both kept below ambient or sample gas temperature, and above

the Dew/Frost Point temperature of the sample gas.

19. A method of measurement in accordance with claim 15, wherein the
method is used interchangeably with a previously known method of moisture
measurement, e.g. based on capacitance versus moisture content calibration curve at
constant temperature, to measure essentially the same gas probe with unknown moisture
content, and the moisture measurement result is applied as a reference point for one-

point recalibration of the said known method calibration curve.

20. An apparatus for differentil thermal moisture detection, such apparatus
comprising

moisture sensor, which outputs an electrical parameter as a definitive function of
gas moisture content,

a temperature changing device thermally connected to the said sensor, e.g.
electric heater, thermoelectric cooler, or both with appropriate temperature controller, to
provide means for changing sensor temperature between two different temperatures, and

a measurement instrument to measure an increment of said sensor electrical

parameter induced by sensor temperature change of the moisture sensor.

21. An apparatus in accordance with claim 20, comprising a controller
effective to maintain temperature cycling period and fixed upper and lower temperatures

at measurement reasonably the same, as initial values thereof set at calibration.

22.  Anapparatus in accordance with claim 21, wherein said measurement
instrument includes means for averaging a number of individual said electrical sensor
parameter increments, or a number of corresponding moisture content measurement
results, individually measured at each of several consecutive sensor temperature

changes, e.g. by a digital FIR filter.
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23.  An apparatus in accordance with any of claims 20 or 21, comprising a
switch a switch controller operative for re-connecting a common set of electrical
components to interchangeably implement either a differential or a single point sensor

measurement.
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