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[57] ABSTRACT

Methods and apparatus by which a transducer is em-
ployed to create a digital signal representing numeri-
cally the value of a changeable physical parameter. The
signal from the transducer is subject to large and unpre-
dictable amounts of offset due to either or both (i) man-
ufacturing tolerance departures from the desired target
of creating a zero output signal value when the sensed
parameter -is zero and (ii) changes in offset due to
changes in one or more physical conditions (other than
the sensed parameter) to which the transducer and its
associated electrical components are subjected. A bi-
state device is associated with the transducer and con-
trolled so as (a) to first apply substitutionally to the
transducer a known, and preferably zero, value of the
parameter—with the output signal value being stored so
as to represent the then-existing offset, and then (b) to
apply the changeable physical parameter to the trans-
ducer. The stored value of the transducer output signal
is, in effect, subtracted from the output signal obtained
in the second instance, to produce an accurate final
signal numerically representing the existing actual value
of the sensed parameter. A programmed microcom-
puter is preferably employed to carry out the necessary
steps in the sequence, and apparatus of that character is
described.

13 Claims, 6 Drawing Sheets
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METHOD AND APPARATUS FOR AUTOMATIC
OFFSET COMPENSATION IN
PARAMETER-SENSING TRANSDUCER SYSTEMS

BACKGROUND OF THE INVENTION

The present invention relates in general to transduc-
ers which sense and signal the values of changeable
physical parameters such as pressure, temperature, hu-
midity, speed, flow rates and the like. More particu-
larly, the invention pertains to the compensation for, or
the elimination of, inaccuracies in the signaled value of
a changeable physical parameter due to offset or drift
exhibited by a transducer as a result of variations in
conditions to which it is subjected.

In many and diverse control systems, a given physical
variable is controlled by sensing its value, comparing it
with a set point, and energizing some correcting device
so as to reduce or eliminate the difference between the
desired and the actual values. In some cases the variable
is directly sensed and directly corrected; for example
the temperature of a room may be sensed and compared
with a set point by a thermostat which produces an
output signal proportional to the difference or error-
—and such output signal is utilized directly or indi-
rectly to adjust the rate of fuel input to a furnace burner.
In other instances, the corrective action is determined
as a function of several changeable factors; for example,
the temperature of a room might be correctively re-
stored to and held at a set point by some actuator (such
as a motorized fuel valve for a heat-supplying furnace)
moved as a combined function of sensed room tempera-
ture, set-point temperature, outside air temperature,
humidity, and the velocity or volumetric flow rate at
which heated air is blown into the room.

In all such diverse control systems, there is a need to
sense and signal the value of one or more changeable
physical parameters. The word “parameter” should be
taken here according to common usage rather than
according to a formal dictionary meaning. As used in
this application, the term “changeable physical parame-
ter” is to have a generic meaning which designates a
physical condition which changes or varies either in an
unforeseen or in a generally predictable fashion; it ap-
plies to such physical variables as temperature, humid-
ity, linear velocity, rotational speed, pressure in a liquid
or gas, flow velocity, volumetric flow rate, chemical
concentration, and even the position of a movable mem-
ber.

It is the province of a “transducer” to sense a change-
able physical parameter and produce some type of sig-
nal which changes according to a known function with
changes in the value of the parameter. The changes in
signal magnitude are related, linearly or non-linearly, to
the changes in the parameter by a transfer function or
scale factor. For example, a d.c. tachometer might be
characterized as producing a signal voltage with a
transfer function factor of 0.1 volt per r.p.m.; the sensed
parameter is rotational speed, but the output voltage
signal uniquely relates to and designates the value of the
speed at any given time.

It is inevitable, however, that transducers will be
subjected to changeable conditions, mostly environ-
mental, other than the sensed parameter. Changes in
such other conditions can cause significant, undesired
changes in the transducer’s output signal, thereby creat-
ing inaccuracy in the signaled value of the parameter
due to offset or drift. For example, an air filled pressure-
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2

sensing bellows coupled to shift the wiper of a potenti-
ometer (and thereby change a signal voltage from the
potentiometer) will expand or contract not only as the
pressure of the surrounding medium changes but also
spuriously as the temperature of that medium changes.
Although some transducers are essentially immune
from offset changes when the associated physical condi-
tions vary unforeseeably, others exhibit wide changes in
their output signals as temperature, humidity, aging,
wear, pressure or some factor (other than the sensed
parameter) changes. When a very low range (not de-
parting widely from zero) of the serised parameter is to
be signaled, and the gain or transfer function of the
transducer per se is relatively low, then changes in
offset due to variable conditions may be so great as to
dwarf or mask the signal variation resulting from
changes in the sensed parameter.

For example, applicants were faced with a specific
need to sense and signal the value of a changeable dif-
ferential pressure created in a Pitot tube used to deter-
mine the velocity of flowing air. The differential pres-
sure would vary only from about 0 to 1.5 inches of
water column (i.e., from about 0 to 0.054 p.s.i.). One
particular type of pressure transducer (namely, a piezore-
sistive Wheatstone bridge formed by integrated circuit
techniques on a silicon chip diaphragm) was desireable
for certain characteristics (e.g., small size) but it exhibited
large and nonlinear offsets in its output signal with
changes in temperature. The offsets of such a silicon
transducer are small in relation to the full scale output
voltage change if pressure are sensed over a range from 0
to 5 p.s.i., and thus may be reasonably compensated by
known use of counteractive temperature sensitive resis-
tors or diodes. But when a full scale range of 0 to 0.54
p.s.i. is to be signaled, the temperature offset in the
output voltage may be four or five times the full scale
change in output voltage due to changes in sensed pres-
sure. Unless. the effects of temperature offset are essen-
tially eliminated, output voltage from such a transducer
used over a small pressure range would be useless be-
cause the output signal would lack sufficient accuracy
and resolution.

OBJECTS AND ADVANTAGES OF THE
INVENTION

The principal aim of the present invention is to elimi-
nate offset or drift errors from the output signal of a
transducer—and by methods and apparatus which di-
rectly determine what the offset is (as conditions caus-
ing, and the magnitude of, the offset change) and di-
rectly cancel the effect of offset errors.

An important objective is to eliminate inaccuracies, in
the final signal which represents the value of a parame-
ter sensed by a transducer, due to offset or drift caused
by any and all variable influences on the transducer. For
example, where a transducer is employed to sense pres-
sure and its output signal experiences offset due to
changes in environmental temperature, humidity and
posture—the inaccuracies due to all three such influ-
ences will be eliminated from the final signal.

Another object of the invention is to provide meth-
ods and apparatus which also eliminate, or compensate
for, different offsets due to manufacturing tolerance
differences from one to another of a series of supposedly
identical transducers—so that all transducers of the
series may be used in the same way without “tailoring”
the associated apparatus to each transducer, despite the
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fact that each may have a different amount of manufac-
turing offset.

A related object of the invention is not only to elimi-
nate inaccuracies due to variable and unforeseeable
changes in conditions which create offset in the primary
output signal of a transducer, but at the same time and
by the same methods and apparatus, to compensate for
and eliminate the offset errors arising in components
associated with the transducer. For example, where the
primary signal of a transducer is processed through one
or more amplifiers and an analog-to-digital converter,
offset drift due to aging or temperature change in the
amplifiers and converter will be eliminated from the
final signal which represents the value of the parameter
sensed by the transducer.

Still another objective of the invention is to provide a
method and apparatus of simple and low cost character
which nevertheless dynamically determines, from time-
to-time, the existing and changeable offset in a trans-
ducer signal and makes a direct and precise correction
for that changeable offset each time an updated final
parameter-representing signal is needed.

A further object is to provide precise compensation
for offset errors in a final signal derived from a trans-
ducer despite the fact that the offset magnitude may be
large in relation to the full scale change in the trans-
ducer output signal. A coordinate objective is to accom-
plish this with the use of a high gain amplifier having a
limited range of its output signal variations but without
driving the amplifier into saturation.

And it is another object of the-invention to provide a
differential pressure transducer system which fully and
precisely compensates for all offsets, regardless of the
influences which create them, by the association and
control of a simple bistate valve coacting with the trans-
ducer itself.

DESCRIPTION OF THE DRAWING FIGURES

These and other objects and advantages will become
apparent as the following description proceeds in con-
junction with the accompanying drawings, in which

FIG. 1is a fragmentary, diagrammatic illustration of
an air flow control system shown as one application
example in which the method and apparatus of the
present invention may be employed;

FIG. 2 is an exploded perspective of a differential
pressure transducer assembly constructed as one exam-
ple of a transducer unit usable with and, in part, em-
bodying the invention;

FIG. 3 is a vertical section view taken substantially
along the line 3—3 in FIG. 2;

FIG. 4 is a sectioned perspective view of the silicon
wafer and mounting base which form a part of the trans-
ducer unit;

FIG. §is an enlarged plan view of the silicon wafer in
the transducer;

FIG. 6 is a simplified, partially schematic block dia-
gram of electrical components associated with the
transducer assembly in accordance with the practice of
one embodiment of the invention.

FIG. 7 is similar to FIG. 6 but illustrates a modifica-
tion in the electrical components for use in the practice
of a second embodiment;

FIG. 8 is a graphical illustration of signal values plot-
ted against the value of sensed differential pressure, the
graphs being somewhat idealized and nonrigorous to
facilitate description of the significant relationships;
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FIG. 9 is a flow chart setting out a subroutine, loaded
in the program memory of the microcomputer shown in
FIG. 6, and illustrating the procedural steps executed
by computer control; and

FIG. 10 is a flow chart setting out a subroutine,
loaded in the program memory of the microcomputer
shown in FIG. 7, and designating procedural steps exe-
cuted by computer control.

While the invention has been shown and will be de-
scribed in some detail with reference to certain pre-
ferred embodiments as examples, there is no intention
thus to limit the invention to such detail. On the con-
trary, it is intended here to cover all modifications,
alternatives and equivalents which fall within the spirit
and scope of the invention as defined by the appended
claims.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

As a typical application utilizing a parameter-sensing
transducer system, FIG. 1 illustrates a duct 10 through
which air is pumped by a blower (not shown) from a
source of heat into a space or room whose temperature
is to be controlled. The temperature of that space is in
part controlled by varying the speed of the blower (or
changing the positions of dampers which admit air into
the duct) and thus varying the volumetric rate and
velocity of the air stream moving though the duct. The
particular rationale for controlling the velocity of the
air stream has no direct relevance to the present inven-
tion; it will be sufficient to observe simply that the over-
all control system needs some kind of feedback signal so
that it will know the actual velocity (and thus the volu-
metric rate) of air flowing in the duct at any time. For
this purpose, a Pitot tube 11 is disposed in duct.

In well known fashion, the Pitot tube includes first
and second chambers 12, 13 with openings 124, 13a
respectively disposed axially and transversely to the
flow direction. As air flow velocity increases, the ram
effect through the opening 12a increases the pressure P1
in the chamber 12. By contrast, as air flow velocity
increases, the Bernoulli effect at openings 13a decreases
the pressure P2 in chamber 13. By sensing and signaling
the changeable physical parameter constituted by the
differential pressure P1—P2, the velocity or flow rate
of the air stream may be determined and utilized within
the control system which is not fully shown.

The changeable pressures P1 and P2 are transmitted
via tubes 15 and 16 to the inlets 18 and 19 of a trans-
ducer unit 20. The unit 20 is physically mounted on a
printed circuit board 21 disposed exteriorly of the duct
10 and carrying several electrical components associ-
ated and coacting with the transducer unit in a fashion
more fully described below. In simple terms, the trans-
ducer in the unit 20 produces an electric analog signal
which changes as a known function with changes in the
differential pressure P1—P2 and which thus is a repre-
sentation, according to a known transfer function, of the
value of such differential pressure. :

The differential pressure produced by a Pitot tube
varies over such a low range of values that the pressure
is frequently expressed in known units of “inches of
water column” (in.WC). In the present case, the air
velocity in the duct may fall anywhere within a range
which makes the differential pressure fall between zero
and about 1.5 in.WC. Since 1.0 in.WC equates to 0.036
pounds per square inch (p.s.i.), it may be seen that the
full range of sensed differential pressure extends from
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zero to about 0.054 p.s.i. This obviously is a very low
range and it requires a sensitive transducer if the actual
values of differential pressure are to be signaled with
reasonable resolution.

The pressure transducer here chosen is of the type
known as a silicon diaphragm, intergrated circuit, pi-
ezoresistive bridge sensor. It is characterized by small
size, low cost as a result of mass production, consistent
elasticity, and reasonably linear response. The silicon
*“chips”—of N-type material with four P-type resistors
formed by diffusion of boron into the silicon diaphrag-
m—are available commercially and their characteristics
are well known from the literature. See Application
Notes TN-001 and TN-002 published in March 1985 by
a company known as IC Sensors, Inc. of Milpitas, Calif.
95035. Such a silicon chip transducer is utilized in the
unit 20 and will be briefly described for completeness of
understanding.

As shown in FIGS. 2 and 3, the unit 20 is constituted
by a body 30 of molded plastic or the like shaped to
define two chanbers 31, 32 communicating respectively
with the inlets 18, 19 (which contain porous filter mate-
rial 34). The lower portion of the body 30 is molded to
capture a lead frame 35 having six conductive ribbons
on the upper surface of a horizontal partition 36 with six
lead fingers 354 extending exteriorly. The central re-
gion of the partition 36 is depressed to receive a glass or
Pyrex base 38 held in place by an appropriate sealing
adhesive. To the upper surface of the base 38 (which is
preferably made of Pyrex for a low coefficient of expan-
sion and chemical inertness) is bonded a silicon wafer or
chip 40. Aligned holes 41 and 42 in the partition and the
base place the underside of the chip in communication
with the chamber 32, while its upper surface is, of
course, disposed in the chamber 31. As shown in FIG.
4, the underside of the chip is relieved by an etching
process to create a thin central diaphragm 40z (for ex-
ample, about 15 mils in thickness) which can flex or
strain due to differences in pressure on its upper and
lower sides.

As seen in the plan view of FIG. 5, the wafer 40
(which may be, for example, about 4" by 3/16" in size)
has four piezoresistive elements formed by diffusion on
the central diaphragm. These resistors are designated
R1, R2, R3, R4 and shown extending between conduc-
tive ribbons which run to connection pads C1-C6 on
the thicker, peripheral portion of the chip which is
bonded to the base 38. The resistors R1 and R3 share
the connection pad C3, while the resistors R2 and R4
share the pad C6. With the chip and base held in the
recess of the partition 36 by an appropriate sealing adhe-
sive (FIG. 3), and before the cap portion of the body 30
is cemented and sealed in place, fine lead wires 44 are
electrically connected by soldering or pressure welding
from each pad to a corresponding part of the lead
frame, thereby establishing an electrical connection
from each pad to one of the six lead fingers 35a. The cap
portion of the body 30 is then cemented and hermeti-
cally sealed in place.

When the lead fingers are appropriately connected
(by insertion into a printed circuit board 21, or other-
wise), the four resistors R1-R4 form a Wheatstone
bridge B, as illustrated in FIG. 6. The bridge may be
excited from a constant voltage or a constant current
source (the latter represented at 46) and it will therefore
produce an output signal V (at the terminals corre-
sponding to pads C6 and C3) which changes in magni-
tude and polarity according to the extent and sense of
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6

bridge unbalance. The resistors R1-R4 act as strain
gages so that their ohmic values change with deflection
of the diaphragm 40¢, and their ohmic values also
change because of a piezoresistive effect. The dia-
graphm 40a and the deposition of the resistors thereon
is such that its deflection in one direction causes resis-
tors R2 and R3 to increase in value while resistors R1
and R4 decrease in value. Thus, -the bridge is “fully
active” and the output voltage V changes appreciably
for a given change in the differential pressure applied to
the diaphragm 40a.

In accordance with one aspect of the present inven-
tion, a bistate device is associated with the transducer 40
and arranged such that in a first of its states it causes the
changeable physical parameter, which is to be sensed,
to be applied to the transducer. On the other hand, that
bistate device is arranged and associated with means
such that in the second of its two states it substitution-
ally applies to the transducer the same physical parame-
ter but with a known, predetermined value. In the spe-
cific example of the transducer unit 20, the bistate de-
vice takes the form of a solenoid valve 50 controllable
by energization or deenergization of its coil to reside
respectively in second and first states. The valve 50 is
arranged such that when it is deenergized and thus
closed, the differential pressure P1—P2 is applied to the
opposite sides of the transducer wafer 40. But, when
excited and opened, the valve completes a path commu-
nicating between the chambers 31, 32 and therefore sets
the value of the differential pressure from Pitot tube 11
and normally seen by the transducer wafer 40 to a sub-
stituted, predetermined known value—which in this
instance is advantageously zero.

As shown in FIGS. 2 and 3, the right wall of the body
30 is constituted by the left end of a coil bobbin 51, that
left end or flange being suitably connected and sealed to
the body 30. A solenoid 52 is wound on the bobbin 51
with two terminal fingers 53 brought out through the
extremity of the bobbin so they can be inserted into
holes of the circuit board 21 when the lead fingers 35a
are inserted through another set of spaced holes. Within
the bobbin is an axial passage containing a rod-like ar-
mature 54 biased toward the left by a suitable compres-
sion spring 55. When the solenoid is energized, the
electromagnetic field pulls the armature toward the
right (FIG. 3) against the bias of the spring. The arma-
ture at its left end carries a valve element 56 normally
urged by the spring 55 into closing engagement with a
conical valve seat 58 disposed at the right end of the
chamber 32. The right side of the valve seat leads
through a path 60 to the chamber 31. Thus, the solenoid
valve 50 in its deenergized and energized states respec-
tively breaks or makes (interrupts or completes) a path
establishing communication between the chambers 31
and 32. When the valve is energized, the pressures
within those two chambers become equal, and the trans-
ducer wafer 40 sees a substituted differential pressure
which is of a predetermined known value (specifically,
ZEero).

The mechanical parts in FIGS. 1-5 are drawn with
no attempt to ahcieve an accurate scale. It should be
stated here, therefore, that the valve seat 58 and the
armature 54 should preferably be sized to make the area
of opened valve passage greatly larger than the area of
the conduits through the inlets 18 and 19. This will
assure that there is essentially zero pressure drop across
the opened valve passage due to flow of air from inlet
18 to inlet 19 occasioned by the fact that the pressures
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P1 and P2 in the Pitot tube chambers 12 and 13 are not
equal and the physical differential pressure at the Pitot
tube 11 is not zero. With essentially zero pressure drop
across the opened valve, the differential pressure DP in
the chambers 31, 32—as seen by the diaphragm 40a—is
substitutionally set to zero. The chambers 31, 32 are
preferably made small in volume so that they stabilize at
the respective pressures P1 and P2 supplied from the
Pitot tube 11 promptly after the valve 50 is reclosed.
As mentioned above, the output voltage V from the
bridge B will exhibit changes as a known function of
changes in the differential pressure P (Note: the symbols
P or DP will be used interchangeably herein to desig-
nate the differential pressure P1—P2, which is the
sensed changeable parameter in the exemplary embodi-
ment). As illustrated graphically by the curve or line 61
in FIG. 8, when the temperature of the transducer
wafer 40 is 25° C. (72° F., and here called “standard
conditions”), the output voltage will change according
to the function
AV=KkAP M
where k is the slope dV/dP of that line. It may be noted
that even under standard conditions the output voltage
V is not necessarily zero when the pressure P is zero; on
the contrary, the voltage V may have a finite value Vy,
offset from zero by the amount A. The initial offset A
differs for different silicon chip transducers due to man-
ufacturing tolerances; it may be quite large (e.g., 100
mv.) in relation to the full scale change AV (in the
example of FIG. 8, about 1.50 mv.) resulting when AP
is at its maximum (e.g., about 0.055 p.s.i.). Thus, the
equation for the line 61 becomes
V="Vs+kP @
From this, —and if “standard conditions” always
existed—one could determine the actual value of the
differential pressure P from the value of the output
voltage V, that is:
P=1/k(V— V) (23)
The use of the last-stated equation is prohibited, how-
ever, by the fact that the silicon transducer is not tem-
perature stable. Indeed, it is very sensitive to changes in
its temperature which result in wide offsets in the out-
put voltage V. As qualitative (not rigorously quantita-
tive) examples of this, the output voltage V vs. differen-
tial pressure P is plotted in FIG. 8 by lines 62 and 64 for
ambient temperatures of 4° C. and 60° C., respectively.
The slope and shape (linear in the present example) of
the voltage vs. pressure relationship at 4° C. and 60° C.
is essentially (but not rigorously) the same as that for the
25° C. relationship in these silicon wafer type transduc-
ers. Thus, it is sufficiently accurate to assume that the
AV vs. AP linear relation is the same, and has the same
slope k, at any temperature to which the transducer
may be subjected during the intended actual use. There
is thus a whole family of lines (typified by 61, 62 and 64)
which represent the voltage V for any pressure P as the
temperature takes on different values between 4° C. and
60° C. (or some other temperature range). Moreover,
these lines are not uniformly spaced vertically for equal
changes in temperature; that is, the offset changes non-
linearly with temperature.
Because the temperature condition experienced by
the transducer at any given time is not known nor fore-
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seeable, and because the value of the temperature-
induced offset is thus unknown, the voltage V produced
by the bridge B simply cannot be used in Eq. (2a) to
determine the then-existing value of the pressure P—-
even assuming that the “standard condition” offset Vg,
and the slope factor k were known. Thus, the art has
resorted to the complicated and relatively imprecise use
of tailored temperature-compensating resistors or di-
odes (see the Application Note TN-002 identified
above) or to the use of stored, individualized look-up
tables in a computer entered according to the value
signaled by a second, separate temperature transducer.

In accordance with the present invention, the com-
plexity and shortcomings of prior temperature compen-
sating techniques are overcome by a relatively simple,
supplemental device associated with the transducer, and
a straightforward series of steps (preferably carried out
with the aid of a programmed digital computer) which
wholly eliminate inaccuracies due to variable and un-
known offsets.

In particular, the bistate solenoid valve 50 is associ-
ated with the pressure transducer unit 20, as previously
described. It is controlled (energized) first to reside in
its second (open) state so that the passage 60 is com-
pleted and the parameter P as seen by the transducer
chip 40 is set by substitution to a predetermined, known
value (here, zero). The output voltage V will thus take
on a value Vj, (FIG. 8) which is the vertical axis inter-
cept for a line 65 representing the voltage vs. pressure
relationship for the actual but unknown temperature
(whatever it may be) then experienced by the trans-
ducer. The value Vp, will depend upon the temperature,
and also upon manufacturing tolerance offset, and may
fall anywhere between the zero pressure levels of the
lines 62 and 64 as the temperature takes on different
specific levels between 4° C. and 60° C.

The voitage Vp,, or more particularly its value, is
stored in one form or another and in any appropriate
fashion.

Then, and preferably very promptly, the valve 50 is
restored (deenergized) to its first (closed) state, so that
the path 60 between the chamber 31, 32 is broken and
the diaphragm 40a is subjected to the unknown differen-
tial pressure Px which is to be determined. In conse-
quence, the output voltage V from the bridge B will
take on some value V (FIG. 8) which depends upon (i)
the value of the sensed differential pressure Py, (ii) the
value of the temperature then existing and (iii) the value
of the manufacturing tolerance offset. It is known that
the linear relationship of the line 65 is applicable, and
the slope k of that line is known or determinable so as to
be known. Thus, the stored value V,is employed in the
equation for the function of that line. Since the curve or
line 65 may be expressed

V=Vot kP o)

and
P=1/k (V—Vpo) (3a)

the desired, correct value Px (immune from any offset
effects) may be computed and signaled as
Pe=1/k (Ve Vpo) “@

where Vp,is the previously stored value, k is the known
transfer function or slope of all of the lines in the family
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of FIG. 8, and V; is the then-produced value of the
voltage V.

One example of apparatus associated with the trans-
ducer unit 29, to carry out these procedural steps, in-
cludes an amplifier, an analog-to-digital converter, and
a programmed microcomputer on the circuit board 21
(FIG. 1). As shown in greater detail by FIG. 6, such
apparatus includes a high gain operational amplifier 70
having its inverting and noninverting inputs connected
to receive (via conventional input resistors) the output
voltage V from the bridge B. A negative feedback resis-
tor 71 may be adjusted to set the gain of that amplifier.
The amplifier output voltage E is fed to a wide range
analog-to-digital converter (ADC) 72 coupled to a mul-
tibit input port PT1 of a programmed digital microcom-
puter 74. Thus, the voltage V is amplified at 70 to be-
come a correspondingly varying voltage E which in
turn is converted into a numerical value represented as
a multibit digital signal N applied to the input port PT1.

The microcomputer 74 is of generally conventional
organization, and it need not be described in more than
general terms. It includes a microprocessor 75 (with a
CPU and clock, not shown) coupled to an address and
data bus 76 leading to a program memory 78, a data
memory 79, and output ports at PT2, PT3. There may
be several single bit ports for on-off control, one being
shown at SBP1 coupled to the base of a transistor 80 to
control turn-on and turn-off of the solenoid 52 in the
valve 50.

The output port PT2 may lead to a display unit 81 to
show in humanly readable form the numerical value of
different data words including, at the option of an oper-
ator, a word Py (to be described) which numerically
represents (in units of in.WC or p.s.i) the value of the
differential pressure sensed by the transducer 40. The
output port PT3 may be used to send a finally com-
puted, numerically determined command signal via a
digital-to-analog converter 82 (and a driver amplifier,
not shown) to a motor actuator 84 which correctively
influences the air stream flow rate, or some other vari-
able, in the control system which is only partially repre-
sented in FIG. 1.

The program memory 78 is loaded with an executive
program, executed by frequently repeated iterations,
having appropriate interrupts and jumps depending
upon the value of the signal P, and perhaps inputs fed to
other ports (not shown). Its principal purpose is to com-
pute, according to some selected algorithm, the com-
mand value fed to the port PT3 and which effects the
final control action by adjustment of the motor actuator
84. One quantity needed and used in the control algo-
rithm is the value of the differential pressure P (i.e.,
P1-—P2) produced by the Pitot tube 11 (and from which
the air flow rate in duct 10 may be computed). Because
that pressure P is changeable, the overall executive
program includes a subroutine which is entered and
executed when a current or updated value for the
changeable pressure P is required. .

While the complete executive program in the mem-
ory 78 can take many specific forms depending upon the
particular control system with which the transducer is
associated, and because the complete executive pro-
gram is not material to an understanding of the present
invention, it is here neither illustrated nor described. An
example of one updating subroutine is, however, set out
by the flow chart in FIG. 9.

From time-to-time, the subroutine is entered—either
on a regularly timed interrupt schedule or by logical
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jumps from the main routine—each time that an up-
dated value for the differential pressure is needed. The
subroutine begins at Step S1 by which the single bit port
SBP1 (normally residing at “low” or zero voltage) is set
to a “high” or logic 1 voltage level. This turns on the
transistor 80 and sends exciting current through the
solenoid 52, thereby setting the valve 50 to its second
(open) state. The differential pressure P across the trans-
ducer is thus substitutionally set to a known value,
which in this case is zero. To allow sufficient time for
the valve to act and the pressure P as seen by the trans-
ducer to reach zero, Step S2 in FIG. 9 interposes a short
delay on the order of 400 ms.

The voltage V from the bridge B therefore takes on
some value V, (FIG. 8) which is the vertical axis inter-
cept (the bridge voltage when the pressure P is zero) for
that one (here, line 65 as an example) of the family of
curves corresponding to the then-existing temperature
of the transducer wafer 40. The voltage E therefore
takes on a value Ep,=G-Vp, where G is the gain of
amplifier 70; and the digital signal N takes on a value
Npo=F-Ep,, where F is the transfer function or scale
factor for the ADC 72.

At Step S3in FIG. 9, the CPU “reads” or takes in the
number N (now having the value Nj,) then being ap-
plied to the input port PT1 and stores it in active mem-
ory as a data word here called Ny. Thus, a value is
stored at N which corresponds to the value V,, (FIG.
8) for the voltage vs. pressure curve 65 which is applica-
ble at the then-existing but unknown temperature.

The subroutine at Step S4 next makes the port SBP1
go “low” thereby deenergizing the solenoid valve 50
and reapplying the pressures P1, P2 from the Pitot tube
11 to the silicon diaphragm 40a. Step S5 creates a short
delay to make certain that the valve 50 has closed and
the pressures P1, P2 have stabilized in the chambers 31,
32 at some unknown differential pressure value labeled,
by example, P in FIG. 8. Voltage V, voltage E and
signal N now take on values which correspond to the
voltage Vi in FIG. 8—this being determined by the
pressure Py as well as by the changeable and unknown
offset V. With the signal N at port PT1 now equal to
Ny, the CPU at Step S6 computes the difference N—N;
and divides it by a factor K to obtain and store a numeri-
cal data word P, that represents the actual value of the
then-existing differential pressure value Px. The com-
posite transfer factor X is pre-established and pre-stored
as a constant in the computer data memory. If, as noted
above, E=G-.V and N=F-E, where G and F are gain
and scale factors for the amplifier 70 and the ADC 72,
one may view the graphs in FIG. 8 as if the variable N
were represented along the vertical axis (ordinate) to
see the manner in which N changes as differential pres-
sure P takes on different values. The variable N is thus
the equivalent or alter ego of the variable voltage V.
Therefore, the relationship represented by Eq. (4) may
be restated in terms of the digital signal N by recogniz-
ing that

N=FE=GFV O
so that
V=NAG-F) (5a)

and Ea. (4) can be restated:
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Npo
GF

If a composite constant K is designated as being

©)

L Nx
~k GF —

K=G-Fk YU

then Eq. (6) becomes

Py=Px=1/K (Nx—Npo) (6a)

Thus, in Step S6 of the subroutine (FIG. 9), where the
current value of N has the previously stored value Ny
subtracted from it, the subtraction is in fact Nx—Npy,
whereupon the computed and stored data word P, is the
updated and offset-compensated value P, of the then-
sensed differential pressure P.

The data word Py, representing the current value of
the second parameter P, may, according to the main
program, be pulled from memory to the port PT2 and
shown on the display unit 81 if that should be desired;
and that data word P, may be used in further calcula-
tions (carried out in the main program) which deter-
mined the magnitude and sense of a command word
sent to the port PT3 to determine the energizing voltage
applied to the motor actuator 84.

It is a simple matter to select and store in the com-
puter a desired value for the composite transfer factor
K. Indeed, one may choose the factor K to be the same
for a whole series of printed circuit boards 21 which are
to be manufactured with transducer units 20 thereon,
despite the fact that the voltage slope k for individual
transducers may be somewhat different. After each one
of the circuit boards 21 (FIG. 1) has been built, the
microcomputer thereon is placed under manual control
for stepping through the subroutine of FIG. 9. A fac-
tory technician first makes the single bit port SBP1 go
high to open the valve 50 so that the sensed pressure is
artificially set to zero, and he then steps through the
subroutine to make the number N, signaled at the out-
put of the ADC 72 be stored at memory location Nj.
Then, the factory technician makes the valve 50 close
and he applies a known and preferably full-scale differ-
ential pressure (say, 2.0 in.WC) to the inputs of the
transducer. The difference N--N; (where N is the value
of the ADC output with that known 2.0" pressure ap-
plied and Nj is Np) is computed and shown on the
display unit 81. This procedure is repeated in a series of
cut-and-try attempts. The gain G produced by the am-
plifier 70 is changed after each repetition by adjusting
the feedback resistor 71 until the subtraction produces a
result which satisfies the expression

N—N1=K-AP=100X2.0 )
it being assumed here by way of example that K has
been selected and pre-stored as 100 units per in.WC and
the known pressure applied to the transducer is 2.0
in.WC. Since K is a preselected, stored value in mem-
ory, the adjustment of the gain G forces the product of
k-G-F to become equal to the pre-selected, desired
value of K. The progressive adjustment of gain G
changes the difference in N—Nj until it becomes equal
to 200, according to the example given here as a specific
illustration. This would mean, for example, that what-
ever the value of the voltage Vy,, and the value of V
when sensed differential pressure is 2.0 in.WC, their
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difference would be 200. Their specific values might be
743-543=200.

Another important advantage flows from the method
and apparatus which has been described. The amplifier
70 (and to some extent the ADC 72) in FIG. 6 may
exhibit initial offset and drift in offset with age or tem-
perature. Viewing FIG. 8 as a plot of the digitial signal
N vs. differential pressure P, there will be some initial
and some changeable offset created in the value Np, due
to the amplifier 70 as well as that due to the transducer
40. But when the value Np, is stored as N (see Step S3
in FIG. 9), the combined offsets created in the trans-
ducer and its associated electrical components are re-
flected in that value. Thus, the subtraction N—Nj
(which is actuaily Nx—Ny,) in Step S6 results in the
elimination of inaccuracy due to all offsets—and on a
dynamic basis each time the subroutine of FIG. 9 is
executed.

As thus far discussed, the bistate valve 50 when in its
second state substitutionally sets the applied pressure P
to a known value of zero. In the generic aspects of the
invention, however, any predetermined known value of
the sensed physical parameter may be substitutionally
applied to the transducer by the bistate device in its
second state, and the resulting transducer output, as
represented by the digital signal N, may be stored for
offset correction. For example, if the apparatus associ-
ated with the transducer includes a source of known
differential pressure P, (which is other than zero, see
FIG. 8), some means or device analogous to the valve
50 may be controlled to send that known pressure to the
transducer diaphragm 40a. FIG. 8 treats this as the
general case, where P, is labeled as the predetermined,
known pressure which is applied when the bistate de-
vice is in its second state at Step S3 in FIG. 9. Some
value V, (rather than V,,) will be produced at the
bridge output, resulting in an amplified voltage E, from
the amplifier 70 and a corresponding numerical value
N, for the digital signal N. The voltage Vy, or the digi-
tally signaled value Ny, is stored as N1. Then, after Step
S4, the actual sensed differential pressure Py is applied
to the transducer by the bistate device in its first state, so
the voltage V takes on a value Vxand the digital signal
N takes on a value Nx. From FIG. 8 it may be seen that
the then-existing differential pressure value Py is deter-
minable from

Py=Pg+1/k (Vx—Va) ®
where P, is a known value. It will be seen that Eq. (4)
is a simply a special case of Eq. (8) taken with P, as
being zero and with Vp, as the value of V,; when substi-
tutionally applied pressure at the transducer is zero.

The computation of Step 6 in FIG. 9 is easily modi-
fied to accommodate the general case of Eq. (8). The
predetermined, known value of P, is simply prestored as
a constant in the computer memory. After Step S3, the
value stored in memory location Ny is inherently some
unknown value N, corresponding to the voltage V,
(rather than Vp,) in FIG. 8. At Step S6, the computer
will use the value P, to compute and store

. Pg+1/K (N—Ng)-—P, %)
so the derived numerical data word P, represents the
value Py as labeled in FIG. 8.
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If the invention is practiced with the apparatus of
FIG. 6, the amplifier 70 will in most cases need to have
a wide operating range so as to avoid saturation, and the
ADC 72 may need to be rather large (e.g., 12 or 16 bits
wide). For example, and even though the bridge output
voltage varies over only a small span of about 1.5 or 2.0
millivolts due to pressure changes over an intended
range of 1.5 or 2.0 in.WC, the manufacturing tolerance
offset from one transducer to the next, and the offset
voltage due to temperature changes, may make the
range of absolute values for the voltage V extend from,
say, 10 mv. to 100 mv. To amplify such a range of input
values by a high gain G on the order of 1,000 (for ob-
taining better resolution in the signal E and the signal
N), the amplifier would need to be capable of producing
an output voltage over a linear range from 10 volts to
100 volts without saturating. The amplifier, the ADC,
and the associated voltage supply would thus be costly.

In the preferred practice of the invention, the need
for a wide range amplifier (to avoid saturation) and the
need for a large, multibit analog-to-digital converter are
avoided. Despite the extremely wide range of possible
values for the voltage V, commercially available and
relatively low cost amplifier components may be em-
ployed while avoided deleterious effects of saturation
and still obtaining high gain and good resolution. This
preferred embodiment of the method and apparatus are
illustrated in FIGS. 7 and 10.

As shown in FIG. 7, the bridge output V is applied
via equal input resistors Rjp, R1; to the inverting and
non-inverting inputs of a high gain, algebraic summing
amplifier 90 which receives a second, correction volt-
age V¢ via an input resistor R12. The output voltage E
is thus a subtractive function of the inputs and may be
expressed

E=G (FV—V:) tm 10)
where G is the adjusted gain of that amplifier. If neces-
sary, the bridge B connected in its excitation circuit (see
FIG. 6) is associated with adjusting resistors (not
shown) which assure that the voltage V at zero pressure
is of the labeled polarity and increases with that same
polarity as the sensed pressure P increases above zero.
Thus, the signal V tends to increase the positive polarity
voltage E at the amplifier output, whereas the signal V,
tends to decrease the amplifier output E.

To form what is an analog-to-digital converter, or the
equivalent, integrators and a comparator are utilized in
conjunction with programmed control by an associated
digital microcomputer 91. The computer convention-
ally includes a microprocessor 92 associated with an
address and data bus 94 leading to a program memory
95, a data memory 96 and a plurality of single-bit input
and output ports. Merely for purposes of discussion,
single-bit output ports SBP1 through SBP7 are shown,
together with one input port SBPi. The ports PT2 and
PT3 are associated with a display unit 81 and an actua-
tor 84 as previously described with reference to FIG. 6.

There are several controlled switches (actually, solid
state gates) shown as CS1 through CS7. When a logic
“high” signal from a single-bit output port is applied to
the control terminal of such a device, it actuates the
gate, i.e., it effectively “closes” or completes a conduc-
tive path between input and output terminals. Thus,
when the computer 91 makes the port SBP1 go to a
high (logic 1) level, the switch CS1 in effect closes and
energizes the solenoid 52 to open the valve 50.
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The apparatus of FIG. 6 further includes a compara-
tor 98 which in known fashion is constituted by a high-
gain operational amplifier without feedback. When the
voltage at input terminal a exceeds that at input b, the
amplifier saturates in a negative-going sense and the
output at 98a takes on a logic “low” level; conversely,
when the signal at b exceeds that at a, the output satu-
rates positively and has a logic “high” level. The input
terminal a receives the amplifier voltage E and the
output 98z is connected to input port SBPi.

As a means to effectively store the offset value V, of
the transducer, an integrator I; is controlled by the
computer 91 in a fashion to be explained. Basically, that
integrator is formed by an operational amplifier having
a capacitor 100 connected in a negative feedback pa-
th—so that as negative polarity input pulses are applied
to the inverting input terminal, the output voltage V.
progressively rises in a generally stair-step fashion. As-
suming that the output voltage V. is initially zero, it will
rise to a positive value which is proportional to the
number of equal-width input pulses which are applied.
One such negative input pulse is applied from a suitable
constant negative source 101 each time that controlled
switch CS83 closes due to a logic “high” voltage being
fed from port SBP3 of the computer, the duration of the
pulse being equal to the period of closure.

The voltage across capacitor 100 and the output volt-
age V. may be reset to zero by closure of a switch CS2,
thereby shunting the capacitor so that it discharges
through a small current-limiting resistor.

The non-inverting terminal b of the comparator 98
receives either of two input voltages depending upon
whether the switch CS7 or CS4 is closed. In the first
case, switch CS7 feeds a reference voltage V, (which
may be zero but preferably is just slightly positive or
about 0.1 volts) from a source 102. In the second case,
the input terminal b receives the output voltage V,, of
an integrator I (organized essentially like the integrator
1) which includes a capacitor 105 and is controiled by
switches CS6 and CS5. Each time the port SBP6 goes to
a logic high for a predetermined interval, the switch
CS6 sends a negative pulse from a source 106 to the
inverting input terminal of the integrator I, and the
output voltage V increments upwardly by a predeter-
mined amount.

The program memory 95 may be loaded with an
executive program organized to carry out a complete
control system algorithm (as explained with reference
to FIG. 6) and that main program includes a subroutine
which is entered at timed interrupts or by logical jumps
each time that an updated value of the changeable pa-
rameter P is desired. Of course, if only a digital signal
representing, or numerical display of, of the value of the
parameter P is required, the subroutine may be executed
iteratively without relation to any main program. It
should be noted that the data memory includes address
locations for many numerical data words, and for con-
venience of description four such words are designated
in FIG. 7 as COUNT 1, P,, K and P,.

One example of a program subroutine (loaded in the
memory 95 and executed by the computer 91) is set out
by the flow chart of FIG. 10. The memory word K will
have been loaded with a constant of desired value
which defines the composite transfer function in numer-
ical units per unit of pressure change (K=AN/AP) as
previously described. After entry into the subroutine, at
Step Sa the data word COUNT 1 is cleared to hold a
zero value.
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At Step Sb, several output ports are set to a high or
logic 1 potential. Specifically, SBP1 is made “high”; as
a result, the switch CS1 is closed, the coil 52 is excited,
and the solenoid valve 50 is actuated, thereby substitu-
tionally setting the differential pressure P to a predeter-
mined and known value P,. The port SBP2 is also made
high so that the switch CS2 is closed to discharge the
capacitor 100 and set the voltage V. to zero. Also, the
port SBP7 is driven to a logic high level so that the
switch CS7 closes and the reference voltage V,is ap-
plied to the comparator input terminal b.

At Step Sc, further operation of the computer is de-
layed for a predetermined interval, here chosen as 500
ms, so that the pressures in chambers 31, 32 have time to
stabilize and the capacitor 100 has time to fully dis-
charge and make voltage V. zero. At Step Sd, the port
SBP2 is restored or a logic “low” potential, so that the
switch CS2 reopens and the integrator I is able to re-
spond to input pulses.

At Step Se, the CPU interrogates the status of the
input port SBPi to determine whether the output of the
comparator 98 is at a logic “high” or a logic “low”
level. So long as the voltage E is greater in magnitude
than the reference V,, the comparator output at 98a will
be low, and this condition exists when Step Se is first
entered. If SBPi is found low, the subroutine program
proceeds to Step Sf and makes the output port SBP3
high for a predetermined pulse interval, here chosen as
300 microseconds. The switch C83 thus closes for 300
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microseconds and applies a negative voltage pulse of 30

predetermined magnitude to the integrator Iy, causing
the voltage V., to increment upwardly by a small posi-
tive step. The computer then returns to and repeats Step
Se. Steps Se and Sf will be repeatedly executed by loop-
ing action with the voltage V. progressively increasing
until Step Se results in an affirmative response which
causes the program to progress to Step Sh. At this point
(and as labeled in FIG. 10), the stored voltage V. will
have a value V, which, for all intents and purposes, is
equal to the bridge voltage V then existing with the
pressure P, existing at the transducer. See FIG. 8. Also,
the output voltage E from amplifier 90 will have been
reduced approximately to zero. When that point was
reached, the output of comparator 98 switched from a
logic “low” to a logic “high” level and thus Step Se
found an affirmative response.

With reference to FIG. 8, it may be seen that the
value of the stored voltage V. now supplied from the
integrator I is essentially equal to the unknown voltage
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Vwhich corresponds to the known, applied value P;of 50

differential pressure P. This assumes, of course, that the
amplifier E does not itself produce any offset. If ampli-
fier offset exists, the value of the stored voltage V. will
differ from the value V, by an amount necessary to
make the voltage E essentially zero—and this will be
seen later to compensate for unknown offsets both in
the bridge output signal V and in the amplifier 90.

At Step Sh in FIG. 10, the computer exerts control
action on several of the single-bit output ports. Specifi-
cally, port SBP1 is reset to a logic “low” level; and the
switch CS1 opens to deenergize the solenoid 52, causing
the vaive 50 to close, and therefore applying the pres-
sures P1, P2 from the Pitot tube 11 (FIG. 1) to the
transducer unit 20. The output voltage V from the
transducer bridge therefore increases from the value V,
to some value Vx (FIG. 8) which corresponds to the
then existing but unknown value Py of the differential
pressure P. Secondly, the port SBP7 is reset to a logic
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“low” level, thereby opening the switch CS7 and re-
moving the reference voltage V, from the comparator
98. Thirdly, the port SBPS5 is set to a logic “high” level
so that the switch CS5 is closed to discharge the capaci-
tor 105 and restore the voltage V, to zero. Finally, the
port SBP4 is set to a logic “high” level so that the
switch CS4 closes and the output V of integrator I is
coupled to the input terminal b of the comparator 98.

The computer then proceeds to Step Si to create a
predetermined short delay (here 500 ms.) thereby assur-
ing that the solenoid valve 50 has ample time to reclose
and the pressures in chambers 31, 32 stabilize at the P1
and P2 values. The capacitor 105 has ample time to fully
discharge during this delay interval so the voltage Vis
reset to zero. At Step Sj, the port SBPS5 is reset to a low
level, so that the switch CSS5 opens and the integrator I
is ready for integrating action.

At Step Sk, a loop is entered similar to that described
previously for Steps Se and Sf. Specifically, the input
port SBPi is tested and if it is found to reside at a logic
“low” level, the computer proceeds to Step S1 to set the
port SBP6 high for 300 microseconds. During that in-
terval, the switch CS6 is closed so that the integrator I
receives a negative voltage pulse of that duration. Thus,
the voltage V, increments positively by a small step.
The computer then proceeds through Step Sm where
the data word at COUNT 1 is incremented by one nu-
merical unit, after which the operation loops to reenter
Step Sk.

It will be apparent that when Step Sk is first entered,
the output of the comparator at 98z will reside at a logic
“low” level because the value Ey of the voltage E will
then be greater in magnitude than the zero value of the
tracking voltage V. This follows from the fact that the
value Ey is equal to G(Vx—V) which is G(Vx—Vy)
because V. has been made equal to V. Thus, Steps Sk,
Sl, Sm will be repeatedly executed in a loop and the
voltage V. will progressively rise until it becomes very
slightly greater in magnitude than the value of the volt-
age Eyx. At this point, the output of the comparator 98
will make the port SBPi have a logic “high” potential,
and Step Sk will cause the program to proceed to Step
Sn. When this point is reached, a numerical value stored
in the data word COUNT 1 has been increased to a
value proportional to the value Ex of the voltage E, and
the numerical value at COUNT 1 is thus representative
(by a known scale factor) of the analog value E,. Thus,
the integrator I with its programmed control and the
data word COUNT 1 constitutes an analog-to-digital
converter which converts the analog value E, to a cor-
responding digitally signaled numerical value stored at
the COUNT 1 memory location.

At Step Sn, the port SBP4 is reset to a logic “low”
level, thereby opening the switch CS4.

It is to be observed that subtraction occurs in the
operational amplifier 90 as a principal step that compen-
sates for offset. That is, the voltgage V, which is created
in and stored by the integrator I; corresponds to the
known, predetermined pressure P, (FIG. 8). The volt-
age Ex when Step Sk is entered is expressible from Eq.
10 as

Ex=G(Vy— V) (102)
When Step Sn is reached, the numerical value accumu-
lated in data word COUNT 1 is proportional to Exby a
factor F that is chosen by the designed gain of the inte-
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grator I and the volt-second content of each of the
input pulses applied thereto. Therefore,

COUNT 1=Nx=k-G-F(Vx— V) =K(Vx— V) (an
As Step So, the computer simply calculates the value of
P. by dividing the COUNT 1 number by the composite
transfer constant K and adds the known pressure value
P, to derive and store a value P, equal to the then-exist-
ing differential pressure Px. Therefore, the value Py is

(12

Py=P.=P + COUII{*ITI

=Pt g Fx— Vo)

This will be recognized as identical to Eq. (8).

With the solenoid valve 50 arranged as it is, however,
the known value P;is zero (that is, P,) and the voltage
V. is represented at Vp, in FIG. 8. Thus, in the specific
and preferred arrangement here described, the data
word P, is not required (or is stored with a value of
zero), and Eq. (12) is specifically implemented as

= Vs = Voo 9

The value P, so determined can be utilized in the main
executive program for corrective action in the control
system, or it may be displayed—as described above
with reference to FIGS. 6 and 9.

In the practice of the invention according to the em-
bodiment of FIGS. 7 and 10, the composite gain factor
K may be preselected and stored in the data memory 96.
Then the computer is sequenced through Steps Sa
through Se in FIG. 10 to set the sensed pressure P artifi-
cially to zero and to make the value of the voltage V,
null-out the voltage E and make it essentially zero.
Thereafter, a known pressure is applied to the trans-
ducer (preferably a pressure of about 2.0 in.WC at full
scale) and Steps Sh through Sk are executed with the
value of COUNT 1 thereafter being displayed. If the
COUNT 1 value so obtained does not satisfy the rela-
tionship :

AN=COUNT 1=K2.0 in. WC (14)
the gain of the amplifier 90 is changed by adjusting its
feedback resistor 93—and the procedure is tried again.
When this cut-and-try procedure ultimately results in
satisfaction of Eq. (14), then it is known that the com-
posite factor K (constituted by the product of k-G-F) is
in fact applicable because the value of the gain G has
been adjusted as necessary to make that true. In net
effect, the transfer function k for the transducer per se
has now become known and usable because it is. a part
of the known composite factor K which relates changes
in sensed pressure to changes in the digital signal
COUNT 1.

The apparatus and method of FIGS. 7 and 10 elimi-
nates any inaccuracy due to saturation in the main am-
plifier 90. Assume, for example, that the amplifier has a
gain G of 1000 but its output voltage E cannot exceed
(saturates at) 4.0 volts. Assuming further from FIG. 8
that the voltage Vp, is 55 mv., then when Step Se in
FIG. 10 is first reached and with V. at zero volts, the
amplifier should make the output E be 55 volts. Instead,
that output E will actually be at the saturation value of
4.0 volts. This gross saturation makes no difference to
the comparator 98 which yields a “low” output when E
is 55 volts, 3.0 volts, or any other value greater than the
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reference voltage V, (assumed to be 0.1 volts). As the
integrator Ij makes the voitage V. increase, the net
algebraic input (V —V,) to amplifier 90 will fall from 55
mv. volts down to eseentially zero, and thus the ampli-
fier is brought back into its non-saturated linear region
of operation. From the example of FIG. 8, if the pres-
sure value P; later applied to the transducer after Step
Sj in FIG. 10 is about 1.5 in.WC and the voltage Vi is
56.5 mv. (with the voltage V. now being 55.0 mv.), the
net input to amplifier 90 is 56.5—55.0=1.5 mv., and the
amplifier is operating in its linear, unsaturated region
with its output voltage E being 1.5 volts.

In FIGS. 6 and 7 the main amplifiers 70 and 90 have
been shown in simplified form as a single stage opera-
tional amplifier and common mode voltage from the
bridge B has been ignored—merely to facilitate clear
description of the significant relationships. In commer-
cial products, multi-stage amplifiers will normally be
used, and their circuits will be arranged to reject com-
mon mode influences; such being matters of design
choice to be exercised by those of ordinary skill in the
art.

RESUME

It may now be seen that the present invention in
certain and preferred aspects brings to the art a method
and apparatus by which physical pressure of very low
value, and which varies over a narrow range (0 to about
0.054 psi), may be sensed and signaled by use of a trans-
ducer that produces a primary signal V which changes
over only a small full-scale span (e.g., about 1.5 mv.) but
which may have a zero pressure value V, falling any-
where within widely separated values (e.g., from 10 to
100 mv.) due to manufacturing tolerances and/or un-
known temperature-induced offset changes. By provid-
ing and controlling a bistate device such as the solenoid
valve 50, the actual and unforeseeable value of the off-
set is determined and represented as a stored signal (N
in FIGS. 6 and 9; V. made equal to V,in FIGS. 7 and
10) when a zero value of the differential pressure is
artificially applied to the transducer. In its other state,
the bistate device couples the actual differential pres-
sure P to the transducer; the stored signal value is sub-
tracted from the then obtained output signal value to
eliminate the offset in the latter, the final signal thus
being free of offset effects and accurately representing
the existing pressure value.

In it broader and generic character, however, the
invention will find advantageous application with trans-
ducers which sense and respond to physical parameters
other than pressure. It may be employed with transduc-
ers which sense humidity, linear velocity, rotational
speed, chemical concentration, flow rate or physical
position—to name a few examples. Any transducer
which exhibits changes in its output signal due to
changeable factors or physical conditions (other than
the sensed parameter) will be enhanced by the use of the
method and apparatus here described, and even when
the range of possible offsets is not so pronounced as in
the case of the silicon diaphragm transducer discussed
as a specific example.

Similarly, and as explained, the bistate device need
not be associated with means to articially set the param-
eter, as seen by the transducer, to zero. It may artifi-
cially apply to the transducer some predetermined and
known value (Pin FIG. 8) of the parameter, so that the
resulting signal which is stored reflects the then-existing
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and unknown offset, whatever it may be, and can be
used in a subtractive sense to eliminate offset inaccu-
racy.

The subtraction may be effected with digital signals
(FIGS. 6 and 9) or with analog signals (FIGS. 7 and 10).
While the use of a programmed digital computeris pre-
ferred, the same results can be obtained with an analog
computer in straightforward fashion by sequenced
switching of inputs to algebraic adding circuits, divid-
ing circuits, multiplying circuits and sample-and-hold
amplifiers—to yield a final, compensated analog output
signal.

While the known function which relates changes in
output signal to changes in the sensed parameter is lin-
ear in the case depicted by a family of lines in FIG. 8,
the invention may also be practiced when the trans-
ducer operates according to a family of non-linear but
monotonic curves. So long as the function, linear or
non-linear, is known, the compensated final signal may
be arrived at by appropriate computations (in a digital
computer or otherwise) after the corrective subtraction
has been made.

In a specific aspect, the invention is carried out with
the advantage of low cost, commercially availabie elec-
trical components (operational amplifiers) operated
with low cost power supplies~~while nevertheless
avoiding amplifier saturation. In mass produced prod-
ucts, this cost advantage is of considerable significance.
Viewed in another sense, the invention achieves accu-
rate signaling of a sensed changeable parameter with a
transducer of low quality and low cost compared to
more expensive transducers which would not exhibit
offset variations of unacceptble magnitude. This, too, is
of economic significance in the manufacture of trans-
ducers which bécome a part of open or closed loop
control systems.

In some of the claims which follow, certain symbols
are used to provide clarity and ease of understanding.
Such symbols are not to be taken as limiting the claims
to the specific variables or values described in the speci-
fication and there identified by the same symbols.

We claim:

1. In apparatus for producing a digital signal to repre-
sent the sensed value of a changeable differential pres-
sure DP, the combination comprising

() a peizoresistive bridge formed on a silicon dia-
phragm, .

(b) a body defining two chambers with said dia-
phragm as a deformable wall therebetween, said
chambers having inputs to receive two respective
pressures ‘P1 and P2 so that the diaphragm is
strained as a function of the differential pressure
DP, where DP=P1—F2,

(c) a summing amplifier having an output E,

(d) circuit means for exciting said bridge and apply-
ing the output signal V from said bridge to the
input of said summing amplifier, whereby said out-
put E would normally and except for offset in said
signal V and saturation in said amplifier change
according to a known function of changes in the
differential pressure DP in said chambers,

(e) a solenoid valve connected between said two
chambers and settable, by on-off control of the
associated solenoid, to first and second states in
which (1) said two chambers are isolated from one
another and (2) said two chambers are in direct
communication,
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(f) means for coupling into said two chambers respec-
tive changeable pressures Py and P; which create
said changeable differential pressure DP,

(g) a programmed digital computer effectively cou-
pled to said amplifier and to said solenoid,

(h) a settable correction signal source coupled to and
controlled by said computer, together with means
for applying a correction signal V. from such
source to said summing amplifier so that the effec-
tive input to said amplifier becomes (V — V) and its
output E is proportional to (V—V.) except for
saturation,

(i) said digital computer and the program loaded
therein collectively constituting
(i1) means for first applying a control signal to said

solenoid to place said valve in its second state
thereby to substitutionally set the differential
pressure seen by said diaphragm to a known
value of zero,

(12) means operable while said valve is in its second
state for setting said correction signal source so
as to adjust the signal V. to a value Vp, which
makes the amplifier output E equal to substan-
tially zero,

(i3) means for next applying a control signal to said
solenoid to place said valve in its first state, and

(i4) means, operable while said said valve is in its
first state, for creating in said computer a first
digital signal N having a value N, which is pro-
portional to the then-existing amplifier output E
and thus proportional to the difference Vy—Vp,,
where Vyis the then-existing value of said bridge
output and V), is the adjusted value of said cor-
rection signal, and

(i5) means for computing and producing, from the
digital signal value Ny, a second digital signal
representing the then-existing value DP; of said
differential pressure DP.

2. In apparatus for producing a digital signal to repre-
sent the sensed value of a changeable differential pres-
sure DP, the combination comprising

(a) a peizoresistive bridge formed in a silicon dia-
phragm,

(b) a body defining two chambers with said dia-
phragm as a deformable wall therebetween, said
chambers having two inputs to receive two respec-
tive pressures P1 and P2 so that the diaphragm is
strained as a function of the differential pressure
DP, where DP=P1—P2,

(c) circuit means for exciting said bridge and amplify-
ing the output signal therefrom, said circuit means
including an analog-to-digital converter (ADC) for
producing a digital signal N representing the value
of said output signal, said signal changing accord-
ing to a known function of changes in the differen-
tial pressure DP in said chambers,

(d) a solenoid valve connected between said two
chambers and settable, by on-off control of the
associated solenoid, to first and second states in
which (i) said two chambers are isolated from one
another and (ii) said two chambers are in direct
communication,

(e) means for coupling into said two chambers respec-
tive changeable pressures Py and P; which create
said changeable differential pressure DP,

(f) a programmed digital computer coupled to said
ADC and to said solenoid,
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(g) said digital computer and the program loaded
therein collectively constituting
(g1) means for first applying a control signal to said

solenoid to place said valve in its second state,
thereby to substitutionally set the differential
pressure seen by said diaphragm to a known
value of zero,

(g2) means for storing a digital value Ny corre-
sponding to the then-existing value of the digital
signal N received from said ADC while said
valve is in its second state,

(g3) meauns for next applying a control signal to said
solenoid to place said valve in its first state,

(g4) means for receiving from said ADC the signal
N having a value N while said said valve is in its
first state, and

(g5) means for computing and producing a digital
signal P, representing the value DP; of the differ-
ential pressure DP according to said known
function applied to the difference Nx—Nj.

3. The method of signaling the value of a changeable
differential pressure DP created by first and second
pressures P1 and P2, where DP=P1— P2, on a random
or periodic basis and with substantial elimination of
inaccuracy due to unforseeable and unknown changes
due to offset in the apparatus components which are
employed, said method comprising

(a) connecting said pressures P1 and P2 respectively
to the first and second inputs of a differential pres-
sure transducer so that the latter normally responds
to said changeable differential pressure DP,
said transducer constituting means for producing

an electric signal V which changes as a known
function of changes in the value of said differen-
tial pressure DP, the signal being subject, how-
ever, to offset due to changes in associated physi-
cal conditions (e.g., temperature, humidity, ag-
ing, etc.) other than said differential pressure
DP,

(b) connecting a bi-state valve between the first and
second inputs of said transducer, said valve in its
first state being closed and in its second state being
open,

(c) when an updated value of the changeable pressure
DP is to be determined, setting said valve to its
second state, thereby to equalize the pressures at
the two inputs of the transducer, so that the latter
“sees” a substituted differential pressure value of
zero, and determining the then-existing value V, of
said electric signal, and

(d) setting said valve to its first state and utilizing the
then-existing value V of said signal in conjunction
with said determined value V, to arrive at a cor-
rected value DP, for the then-existing value of said
differential pressure DP.

4. The method set forth in claim 3 wherein said step
(d) includes subtracting the signal value V, from the
signal value V to produce a corrected value E.

5. The method set forth in claim 3 wherein said step
(d) includes subtracting the signal value V, from the
signal value V to produce a corrected signal value E,,
such the E.=Vx—V,, and utilizing said corrected value
E.to determine from said known function the corrected
then-existing value DP, of said changeable differential
pressure.

6. In apparatus for signaling the value of a changeable
differential pressure DP created by first and second
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pressures P1 and P2, where DP=P1— P2, the combina-
tion comprising

(a) a differential pressure transducer having first and
second pressure inputs to which said first and sec-
ond pressures P1 and P2 are respectively applied,
said transducer including means for producing a
signal V which changes as a known function of the
differential DP of the pressure values at such in-
puts, said signal being subject to offset due to
changes in at least one associated physical condi-
tion to which the transducer is subjected,

(b) a bi-state valve connected between said first and
second inputs of the transducer, said valve in its
first state being closed and in its second state being
open,

(c) means for setting said valve to its second state,
thereby to equalize the pressures existing at said
first and second inputs so the transducer “sees” a
substituted differential pressure value of zero,

(d) means for storing the then-existing value V, of
said signal when said valve is in its second state,

(e) means for setting said valve to its first state so the
transducer “sees” the changeble differential pres-
sure DP which is equal to P1—P2, and

(f) means responsive to the then-existing value V of
said signal when said valve is in its first state, in
conjunction with said stored value V, for determin-
ing a corrected value DP, for said changeable dif-
ferential pressure DP.

7. The invention set forth in claim 6 wherein said
means (f) includes means for subtracting the signal value
V, from the signal value Vy to produce a corrected
value E..

8. The invention set forth in claim 6 wherein said
means (f) includes means for subtracting the signal value
V. from the signal value V to produce a corrected
signal value E., where E.=V;~V,, and means for de-
termining from the signal value E. and said known
function the corrected then-existing value DP; of said
changeable differential pressure.

9. In apparatus for signaling the value of a changeable
differential pressure DP created by first and second
pressures P1 and P2, where DP=P1— P2, the combina-
tion comprising

(a) a body defining first and second chambers sepa-
rated by a deformable diaphragm therebetween,
said first and second chambers respectively having
first and second inlets,

(b) means on and associated with said diaphragm
constituting a differential pressure transducer
which produces a signal V that changes as a known
function of the difference between the two pres-
sures in said first and second chambers, said signal
being subject to offset due to variations in at least
one associated physical condition to which the
transducer is subjected,

(c) a valve associated with said body and controllable
to reside in either a closed state or an open state in
which said first and second chambers are respec-
tively isolated or placed in direct communication,

(d) means for coupling said first and second pressures
P1 and P2 respectively to said first and second
inlets, so that when said valve is in its closed state
the pressures in said first and second chambers are
respectively equal to P1 and P2 and said diaphragm
is subjected to said differential pressure DP,

(e) means for momentarily setting said valve to its
open state,
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(f) means for storing the value V, of said signal V
while said valve is in its open state,
(g) means for restoring said valve to its closed state,
and
(h) means responsive to (1) the then-existing value Vi
of said signal while said valve is in its closed state
and (2) the stored value Vg, for creating a cor-
rected signal DP. which represents according to
said known function the then-existing value of said
changeble differential pressure DP compensated
for any offset.
10. The combination set forth in claim 9 wherein said
means (h) includes means for subtracting said signal
value V, from said signal value V.
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11. The combination set forth in claim 9 wherein said
valve is a solenoid valve which is opened or closed
when its solenoid is energized or deenergized, said
means (e) includes means for energizing said solenoid,
and said means (g) includes means for deenergizing said
solenoid.

12. The combination set forth in claim 9 wherein said
means (f) and said means (h) are in part constituted by a
programmed digital computer.

13. The combination set forth in claim 12 wherein
said programmed digital computer is coupled to control
the setting of said valve momentarily to its open state

each time prior to storage of said signal value V,.
* * * * *®



