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[57] ABSTRACT

A novel, low-friction, low-inertia flexible diaphragm
containing a magnet formed as an integral part of the
diaphragm is mounted in a chamber (preferably cylin-
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drical). The chamber comprises part of the flow meter
in a flow control system. One or more sensing devices
are mounted on the walls of the chamber to sense the
instantaneous position of the diaphragm. A novel elec-
tronic control circuit processes the data from the one or
more sensing devices to provide measures of the flow
rate during the displacement of the diaphragm along the
cylinder. Signals are generated by the electronic control
circuitry for switching a pair of three-way valves (one
valve comprising the input valve and the other valve
comprising the output valve) such that during one-half
of a cycle the intput valve transfers fluid into the cylin-
der on one side of the diaphragm and, during the other
half of the cycie, transfers fluid into the cylinder on the
other side of the diaphragm. The output valve is
switched synchronously with the input valve to trans-
mit fluid from the other side or one side of the dia-
phragm to the output valve.

The electronic control system includes means for ampli-
fying the output signals from the one or more sensing
devices (*'sensors”) to provide one or more signals rep-
resenting the position of the diaphragm as a function of
time, means for converting the output signals from these
amplifiers to digital form, and computation means for
operating on the digitized output signals from the sens-
ing devices to provide control signals for controlling a
second input valve thereby to control the flow rate of
the fluid being metered to within a desired range.

11 Claims, 16 Drawing Figures
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ELECTRONICALLY CONTROLLED FLOW
METER AND FLOW CONTROL SYSTEM

1. Field of the Invention

This invention relates to an electronic flow control
system using an electronically-controlled positive dis-
placement flow meter.

2. Prior Art

Positive displacement flow meters are well known.
Thus British Pat. No. 1,051,710 published Dec. 21, 1966,
discloses a positive displacement flow meter utilizing a
cylinder wherein a reciprocating piston is controlled to
move from one end to the other of the cylinder in re-
sponse to the alternate passage of the fluid whose flow
is being measured into the cylinder at one or the other
end of the piston. As fluid under pressure enters one end
of the cylinder via an inlet pipe, the piston is pushed
along the cylinder and the fluid which entered the cyi-
inder at the other end of the piston as a result of the
previous stroke is forced into the outlet pipe. Valves in
a well known arrangement allow fluid to alternately
enter one end of the cylinder and be withdrawn from
the other end of the cylinder and vice versa.

Other positive displacement flow meters are shown in
U.S. Pat. No. 2,772,664 issued Dec. 4, 1956 to Jones, et.
al,, U.S. Pat. No. 3,181,360 issued May 4, 1965 to Heder-
horst, and U.S. Pat. No. 3,657,925 issued Apr. 25, 1972
to Gross. The *710, 664, *925 and *360 patents ail dis-
close reciprocating pistons as the positive displacement
member. However, the 360 patent discloses in addition,
the use of a flexible diaphragm 18 to seal a rigid piston
16 (FIG. 1 of the '360 patent), which travels between
two chambers in a cylinder, to the cylinder wall. As one
chamber is filled with gas or fluid, a like amount of gas
or fluid is expelled from the other chamber. Reversal of
the chambers in which gas is inserted and from which
the gas is removed causes the diaphragm to reciprocate
back and forth across the chamber. The number of
strokes of the piston-diaphragm combination {with the
diaphragm made of Teflon or rubber), is representative
of the volume of gas passing through the meter.

U.S. Pat. No. 3,974,825 issued Aug. 17, 1976 discloses
a pump using a flexible, pneumatically-driven dia-
phragm for pumping blood in an artificial heart.

Each of the above structures has certain disadvan-
tages. A piston introduces inertia and friction into the
flow system thereby affecting the flow to be measured.
Moreover, the fluid whose flow is being measured often
leaks past the piston. In addition, the frequency re-
sponse of the system is limited by the inertia of the
piston. For accurate flow control, a low inertia, low
friction, accurate flow meter is required as an essential
part of the control system.

SUMMARY OF THE INVENTION

This invention overcomes certain of the disadvan-
tages of the prior art positive displacement flow meters.
In accordance with this invention, a novel, low-friction,
low-inertia flexible diaphragm containing a magnet
formed as an integral part of the diaphragm is mounted
in a chamber (preferrably cylindrical). The chamber
comprises part of the flow meter in a flow control sys-
tem. One or more sensing devices are mounted on the
walls of the chamber to sense the instantaneous position
of the diaphragm. A novel electronic control circuit
processes the data from the one or more sensing devices
to provide measures of the flow rate during the dis-
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placement of the diaphragm along the cylinder. Signals
are generated by the electronic control circuitry for
switching a pair of three-way valves (one valve com-
prising the input valve and the other valve comprising
the output valve) such that during one-half of a cycle
the input valve transfers fluid into the cylinder on one
side of the diaphragm and, during the other half of the
cycle, transfers fluid into the cylinder on the other side
of the diaphragm. The output valve is switched syn-
chronously with the input valve to transmit fluid from
the other side or one side of the diaphragm to the cutput
valve.

The electronic control system includes means for
amplifying the output signals from the one or more
sensing devices (“sensors”) to provide one or more
signals representing the position of the diaphragm as a
function of time, means for converting the output sig-
nals from these amplifiers to digital form, and computa-
tion means for operating on the digitized output signals
from the sensing devices to provide control signals for
controlling a second input valve thereby to control the
flow rate of the fluid being metered to within a desired
range.

As a feature of the invention, an cutput flow rate is
not determined unless and until the diaphragm has trav-
cled a selected distance or until a maximum time has
elapsed, thereby to ensure that a minimum volume of
fluid has entered the positive displacement flow meter
portion of the control system and displaced the dia-
phragm at least a selected amount. By dividing this
displacement by the time over which it occurs, the
volumetric flow rate is obtained.

DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates schematically the chamber in which
is located the positive displacement diaphragm used for
measuring flow rate.

FIGS. 2z and 2b show diaphragms connected to the
chamber by bellows and an O-ring type seal, respec-
tively.

FIG. 3 shows schematically the connection of the
sensing element on the end of the chamber containing
the diaphragm through an electronic controller to an
electronically controlled valve for maintaining the
proper fluid flow.

FIG. 4 shows schematically the relationship of the
diaphragm, flow chamber, sensing elements, the mi-
crocomputer used to compute the control signals used
to control the fluid flow rate, the fluid control valve and
the structure for controlling the fluid flow into the flow
chamber.

FIG. 5a shows the reed-switch flow reversal control
circuit useful with this invention.

FIG. 5b shows a circuit useful with the circuit of
FIG. 8a for producing an output voltage proportional
to flow rate.

FIG. 6 shows a typical output voltage versus dis-
placement curve used with this invention for calibrating
the output voltage from a sensing elemnent on the end of
the cylinder to the position of the diaphragm within the
cylinder.

FIG. 7 shows the microcomputer based flow control-
ler structure connected to the sensing element on the
end of the chamber containing the diaphragm.

FIG. 8 shows the relationship of the various circuit
boards used to process the signals from the sensor and
to contro! the settings of the three-way flow valves 1
and 2 (FIGS. 1 and 7) which allow the fluid to pass into
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one or the other of the chambers in the cylinder, and
which control the setting of the fluid control valve.

FIG. 9 shows a sensor circuit useful with this inven-
tion.

FIG. 10 shows the motor and solenoid driver circuits
used with this invention,

FIGS. 11q and 116 show schematically the thumb-
wheel digit input circuit and the display circuits used
with this invention;

FIG. 12 shows the logic diagram for the computer
program used in the microcomputer shown in FIG. 7 as
part of the structure of this invention; and

FIG. 13 shows schematically the method and struc-
ture for fabricating the diaphragm with an enclosed
magnet used with this invention.

DETAILED DESCRIPTION

While this invention will be described in conjunction
with specific components in the electronic control cir-
cuitry, this description is exemplary only and is not
intended to limit the scope of the invention.

Turning now to FIG. 1, a flow chamber 12 contain-
ing a right chamber 12¢ and a left chamber 124 sepa-
rated by diaphragm 4 is shown schematically. Dia-
phragm 4 has mounted on its center as an integral part
thereof a magnet 5. Magnet 5 is completely coated with
the material of which diaphragm 4 is constructed to
protect magnet 5 from the fluid (possibly corrosive)
being metered. On the left face of chamber 12 is a sensor
66 and on the right end of chamber 12 is a second sensor
6a. If desired, only one sensor (either 6z or 65) can be
used. While shown as reed switches, preferably, these
sensors comprise Hall effect devices of the type known
as LOHET (for “linear output, Hall-effect transducer™)
sensors such as described in more detail in Electronic
Design 19, dated Sept. 27, 1979, on page 23. This article
is incorporated herein by reference. Other Hall effect
sensors can, of course, also be used with this invention.

The input flow is transmitted through three-way
valve 1 (shown schematically) arranged to allow the
flow to pass into line 9 connected directly to left cham-
ber 126. The entry of fluid into left chamber 126 dis-
places diaphragm 4 to the right thereby expelling fluid
in the right chamber 12a through line 10. Three-way
outlet valve 2 is, in this mode, adjusted to allow the fluid
flowing from line 10 to pass directly into the output line.

During the entry of fluid into left chamber 126, dia-
phragm 4 and magnet 5 move to the right toward Hall
effect sensor 6a. The output signal from Hall effect
sensor 6a is a function of the position of magnet 5,
which in turn, is proportional as a function of time, to
the rate of fluid flow through line 9 into left chamber
125. As magnet 5 moves closer to sensor 62 due to the
displacement of diaphragm 4 to the right, the Hall effect
sensor 6a produces an output signal uniquely related to
the position of magnet 5. This position as a function of
time is a function of the flow rate. Sensor 6a produces
an output signal which is monitored in a manner to be
described later by the electronic control circuits. As
magnet § reaches its rightmost position, a control signal
is generated switching valves 1 and 2 such that the input
gas now flows through line 7 into rightmost chamber
12a while the fluid in leftmost chamber 126 is expelled
from this chamber through line 8 and outlet valve 2.
Consequently, diaphragm 4 is forced to the left and
magnet § now travels away from Hall effect sensor 6a
and toward Hall effect sensor 65. The output voltage
from Hall effect sensor 6& is also uniquely related to the
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position of magnet 5. Since each sensor's output voltage
is uniquely related to the position of the diaphragm, by
measuring time independently, the sensor output volt-
age and thus the diaphragm position is determined as a
function of time which allows the flow rate 1o be calcu-
lated given a calibration curve of volume versus dia-
phragm position (as shown in FIG. 6).

The use of a flexible diaphragm as part of a fluid
meter is based on our discovery that, contrary to expec-
tation, the diaphragm position as a function of volume
of fluid in each chamber is predictable and repeatable
each cycle despite the fact that the diaphragm is flexible
and “loose” (i.e., the diaphragm is designed to interfere
minimally with the fluid flow). Thus, diaphragm 4
serves to separate the left chamber 125 from the right
chamber 12a while supporting magnet 5, the position of
which is used to measure the fluid flow rate. The cali-
bration of the position of magnet 5 1o the output signals
from sensors 6a and 65 is essential to the proper opera-
tion of this system. As is apparent from FIG. 1, dia-
phragm 4 can easily be replaced should it wear out by
separating the two halves of cylinder 12, removing the
old diaphragm and inserting a new diaphragm. Typi-
cally, to ensure a leakproof connection, diaphragm 4
has two “O-rings,” an inner “O-ring” 210 and an outer
“O-ring” 211 as shown in FI1G. 13 (which shows the die
used to fabricate the diaphragm).

It is apparent from the above description that the
position of diaphragm 4 as a function of time is directly
proportional to the volumetric flow rate of the fluid. By
knowing the temperature and the pressure of the fluid
the mass flow rate can be determined in a well known
manner.

When sensors 6a and 60 comprise reed switches, the
output signals from these switches occur with a fre-
quency directly proportional to the flow rate and are
used directly to actuate electronic circuitry for both
valve actuation and feedback or other fluid control
purposes. On the other hand, when the output sensors
6a and 64 are Hall effect devices, a continuous output
signal is generated from each of these sensors. This
output signal is related to the flow rate. By knowing the
calibration curve of output signal level versus displace-
ment of the diaphragm 4 and magnet 5, the volumetric
flow rate can be calculated continuously as a function of
the output signals from sensors 64 and 6b.

Diaphragm 4 is preferably made of an elastomeric
material (viton is preferred but neoprene, silicon rubber
and butyl rubber can also be used, as appropriate) which
is suitable for use for temperatures up to 150° C. (180° C.
for viton). For higher temperatures metal bellows can
be used in place of the elastomeric diaphragm. The
choice of the diaphragm 4 material depends on the
particular fluid that is to be used, and the preferred
operating temperatures. The differential pressure across
the diaphragm is small in comparison to the working
fluid pressures. Preferably this pressure difference is
negligible. Viton is appropriate for temperatures be-
tween —40° C. and 180° C. and pressures between vac-
uum and 300 atmospheres.

The diaphragm with encapsulated magnet is made by
a compression or transfer molding process. In this pro-
cess (illustrated in FIG. 13), a metal die 200 containing
upper section 200¢ and lower section 2008, is fabricated
to the exact dimensions of the diaphragm. Die section
2006 includes a central cavity 200c¢ to house the magnet
212 (corresponding to magnet 4 in FIG. 1). A thin disc
of the elastomer material 213 having the same or
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slightly larger diameter as the magnet disc 212 (approxi-
mately § inch and preferably formed of Alnico 8 or
Cemarium cobalt)} is first inserted into the magnet cav-
ity 200c and the magnet 212 is placed on top of this thin
disc. A pre-weighed amount of the elastomer raw mate-
rial 214 is then put on top of the magnet 212, the mate-
rial is heated to about 400° F. when Viton is the material
and pressure is applied to it by the upper half 200z of the
die 200 to mold and cure the elastomer 214 to the de-
stred diaphragm shape. The pressure is merely that
sufficient to achieve the desired result. The compression
is conducted at an elevated temperature whose magni-
tude depends on the particular elastomer and results in
elastomer material 214 and 213 assuming a substantially
uniform thickness (typically 0.015” to 0.020" when
Viton is the material) and consistency throughout the
die 200. This operation ensures complete encapsulation
of the magnet by the elastomer and excellent control of
the diaphragm thickness. A Viton diaphragm typicaily
has a durometer of fifty (50).

A particularly suitable valve for use as valves 1and 2
(FIGS. 1 and 7) is the D30 three-way valve made by
Precision Dynamics Company. This valve switches
within about eight milliseconds and is fabricated out of
303 and 430 stainless steel with viton elastomer for the
seals and O-rings. Other valves are also appropriate
depending on design requirements.

The flow measurement by this device is reproducable
well within one percent. Diaphragms or bellows can be
easily replaced before fatigue sets in.

FIGS. 22 and 2b show two configurations for the
diaphragm inside the cylinder. In FIG. 24, a diaphragm
has a magnet mounted internally to it which is pro-
tected by the material of the diaphragm. The diaphragm
is then connected and sealed to the ends of two bellows.
Each bellows is capable of contracting or expanding in
response to lateral movement of the diaphragm in re-
sponse to fluid entry inte one or the other chambers of
the cylinder. Thus when fluid enters the left chamber of
the cylinder, the diaphragm and the magnet move to the
right and the fluid in the right chamber is expelled.
When fluid enters the right chamber, the magnet and
the diaphragm move to the left expelling the fluid in the
left chamber. A magnetic sensor mounted on the cylin-
der detects the motion of the magnet and thereby pro-
duces an output signal proportional to the position of
the diaphragm. Typically the bellows comprises either a
metal or polymer material and the diaphragm likewise
comprises a polymer or metal material.

FIG. 2b shows a different construction wherein the
diaphragm is attached between two portions of the
cylinder. Again, a magnet 5 is mounted on the dia-
phragm 4 and coated with the diaphragm material
thereby to protect it from the fluid whose flow is being
measured. The entry of fluid to the left chamber 126
displaces diaphragm 4 and magnet 5 to the right as with
the structure of FIG. 22 and similarly the entry of fluid
to the right chamber displaces the diaphragm 4 and
magnet 5 to the left, again as with the structure of FIG.
2a. The diaphragm is constructed such that its motion to
the right or left occurs with very little friction or resis-
tive force. Thus the flow of the fluid is not disturbed by
the presence of the diaphragm. In addition, the weight
of the diaphragm is kept very low thereby minimizing
the inertia of the diaphragm. Magnetic sensors 65 and 6a
are mounted on the left and right walls of the cylinder
to detect the movement of the diaphragm-mounted
magnet 5 to or from a given wall. In both FIGS. 24 and
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2b a conventional set of two three-way flow valves
{such as shown in FIG. 1) is used to first route the fluid
into one chamber and out of the other chamber and then
to reverse this pattern.

Contrary to the prior art meters using a free flowing
piston, wherein the fluid whose flow is being measured
can often leak from the left chamber to the right cham-
ber and vice versa, this invention uses a flexible, low
inertia diaphragm fo seal one chamber from the other
and thereby to prevent leakage while at the same time
providing a relatively instantaneous measure of fluid
flow rate,

FIG. 3 shows the structure of FIG. 1 (or the cham-
bers of FIGS. 2a and 26), in combination with an elec-
tronic controller 30, 2 DC stepping motor 31, and a
clutch or coupling 32 joining the stepping motor to a
valve 33 (typically a needle flow valve) for controlling
the flow of fluid. The DC stepping motor 31 adjusts the
position of the valve 33 until the flow rate detected by
the meter corresponds to a flow rate setpoint input to
the electronic controller 30. As will be shown later, the
electronic controller 30 preferably comprises a micro-
processor controlled digital circuit with an analog-to-
digital converter, a sampling circuit, buffer stores, mem-
ory and selected input and display elements. The elec-
tronic controller 30 also controls the setting of the two
three-way valves 1 and 2 to ensure that the fluid flow
into the meter and from the meter is reversed at appro-
priate times to obtain maximum accuracy in the flow
measurements. The system provides accurate and re-
sponsive feedback (or feed forward if desired) control.
In the simplest form, the flow into one side of the cylin-
der 12 is reversed when the diaphragm reaches its ex-
treme position one way or the other. The flow rate can,
in this embodiment, be simply measured by the time it
takes for the diaphragm to travel between the two ex-
tremes. That is, the flow rate is equal to the volume
between the two extreme positions of the diaphragm 4
divided by the time taken by the diaphragm to travel
between these two positions.

FIGS. 4 and 54 show an embodiment of this inven-
tion using a reed switch to detect the maximum dis-
placement of the diaphragm adjacent each of the two
walls of the cylinder 12. The reed switch signal is trans-
mitted to a microcomputer control 38 which then calcu-
iates from the time taken for the two reed switches 46g
and 46) to be sequentially actuated, the measured flow
rate. This measured flow rate is compared 1o a reference
flow rate set into memory and the difference is used to
set a control valve 33 to bring about the proper flow
rate. Solenoids and solid state relays are also actuated
by the microcomputer control 30 to reverse the fluid
flow into cylinder 12 at the maximum displacement
points of the diaphragm 4.

FIG. 54 shows a circuit schematic of the structure
used ‘to respond to the change in state of the reed
switches 46a and 466 due to the approach of magnet 5.
A flip flop comprising two 7400 NAND gates 41.and 42
has as one input signal to each of the NAND gates the
output signal representing the state of a given reed
switch. Thus normally, when reed switch 462 is open,
the signat level on input lead 41a to NAND gate 41 is at
a high level corresponding to the 5 velt DC supply
voltage. The other input lead 415 is coupled to the
output lead 41d from the other NAND gate 42. The
output signal on lead 41d is normally high level for at
least one low level input signal. Thus, with the signai on
output lead 41c low level, the signal on input lead 424 is
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low level and the signal on output lead 414 from gate 42
is high level, thereby holding the output signal from
gate 41 at low level. When reed switch 46a is closed, the
input signal on lead 41¢ to NAND gate 41 goes low
thereby driving the output signal from NAND gate 41
to a high level. This high level output signal is transmit-
ted to input lead 426 of NAND gate 42 and drives the
output signal from NAND gate 42 to a low level
thereby latching up the output of NAND gate 41 to a
high level. The high level output signal from NAND
gate 41 is amplified by amplifier 43 and turns off transis-
tor Q10 (2N2904) thereby changing the current through
a coil to close two relay control switches thereby acti-
vating solenoids to change the settings of the two three-
way valves 1 and 2 shown in FIG. 1 and thus to reverse
the flow. When diaphragm 4 arrives at the other side of
the cylinder 12, reed switch 465 closes thereby driving
the output signal from NAND gate 42 from low level
(corresponding to two high level input signals) to high
level thereby driving the output signal from NAND
gate 41 to low level. This low level output signal is also
amplified and used to turn on transistor Q10 thereby
again activating a relay to reverse the two three-way
flow valves 1 and 2 (FIG. 1) and thereby again to re-
verse the fluid flow.

FIG. 6 shows a typical curve of output signal from a
Hall effect device (such as sensor 6b or 6a in FIG. 256)
versus position of the flow diaphragm 4. This curve is
substantially linear over short portions but gradually
flattens out as the diaphragm 4 moves away from the
Hall sensor. The slope of voltage versus position (i.e.,
displacement) is negative such that the output voltage
as a function of the distance of the diaphragm from the
sensor increases with decreasing distance of the dia-
phragm from the sensor. Operation of the sensor in a
region of substantially steep slope gives greater sensitiv-
ity and accuracy to the measurement of the fluid flow
than does operation in a region of flatter slope. As will
be discussed shortly, this feature is used to enhance the
accuracy of certain flow measurements.

FI1G. 7 discloses the preferred embodiment of this
invention using a microcomputer-controlled digital
circuit to provide proper feedback signals to control the
flow rate. The microcomputer 81 operates on an output
signal produced from the Hall effect sensor 60 mounted
on the wall of the chamber 12 containing the flexible
diaphragm 4 with magnet § formed as an integral part
thereof.

FIG. 7 shows in block diagram form the electronic
control circuitry used to process the information pro-
duced by the sensor 65 attached to chamber 12 contain-
ing the flexible diaphragm 4 used to measure flow rates
in accordance with the invention. The output signal
from Hall effect sensor 64 is transmitted through sensor
interface circuit 73 to analog switch 74. Analog switch
74 comprises in one embodiment a well-known device
for selecting a particular signal path in response to digi-
tal input signals (input to switch 74 on lines 74a from
control logic 76a) for the purpose of passing a selected
signal from either a pressure transducer 72a and a tem-
perature transducer 726 (for the purpose for allowing
the mass flow rate to be calculated from the volumetric
information produced from the signal generated by
sensor 64 attached to flow meter chamber 12) or from
sensor interface circuit 73.

The output signal from analog switch 74 is transmit-
ted to an analog-to-digital converter 75 of well known
construction. Preferably, this converter comprises a
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twelve bit converter such as is used with the Analog
Devices RTI-1220 Data Acquisition Board 84 (FIGS. 7
and 8). The output signal from A-to-D converter 75
comprises a digital signal representing any one of 4,096
possible signal levels. Of course, by selecting an A-to-D
converter containing a different number of bits, a differ-
ent level of accuracy can be obtained.

The output signal from A-to-D converter 75 is then
transmitted to input buffer 76e. Input buffer 76¢ buffers
the output signal from A-to-D converter 75 and holds
this information until a request for this information is
received from microcomputer 81. Microcomputer 81
comprises a Mostek MK79612 CPU and Timer Board
which contains a CPU corresponding to the well
known Z80 microprocessor. The MK79612 is shown in
more detail in the Mostek publication entitled “MD
Series Microcomputer Modules, Operations Manual for
MDX-CPU 1" and subtitled “Z80 Ccntral Processor
Module MDX-CPU 17, copyright 1978 by Mostek Cor-
poration. This document is also incorporated herein by
reference. FIG. 8 shows the relationship of the Mostek
MK79612 to the remainder of the circuit, the compo-
nents of which are also shown in more detail in FIG. 7.

The control logic 764, input buffer 76e, A-to-D con-
verter 75 and analog switch 74 comprise the Analog
Devices RTI 1220 data acquisition board 84 (shown as
such in FIG. 8).

The output latches 76b, 76c and 76d comprise the
Pro-Log 7601 TTL 1/0 board 83 also shown in FIG. 8.
The program memory of the microcomputer 81 com-
prises the Mostek MK79604 Eprom/UART board 82
shown as such in FIG. 8.

The data bus interconnecting the CPU timer and the
Eprom/UART portions of the structure to the Pro-Log
7601 TTL I/0 board and the Analog Devices RTI 1220
data acquisition board comprises the STD bus, a stan-
dard bus used by Mostek and Pro-Log for interconnect-
ing the components of a typical eight bit microcom-
puter system using an eight bit microprocessor (such as
the Z80). The operation of the STD bus is described, for
example, in the Pro-Log publication copyrighted 1979
entitled “Series 7000 STD Bus, Technical Manual.”
The operation of this bus is thus well know in the art
and will not be described in detail. The above cited
Pro-Log technical manual is incorporated herein by
reference.

Control logic 76a generates several sets of output
signals. First this logic generates a set of signals for
controlling the setting of analog switch 74. These sig-
nals are transmitted on lead 74a. Logic 764 is driven by
signals taken off the STD bus and generated by mi-
crocomputer 81.

Output latch 764 (part of TTL 1/0 Board 83) gener-
ates a signal to actuate driver circuit 796 which in turn
produces signals which operate three-way valves 1 and
2. Driver circuit 796 is shown in more detail in FIG. 10
and will be described below.

Additional signals from output latch 765 also actuate
driver circuits 796 which in turn drive stepper motor
79¢. Stepper motor 79¢ controls the setting of control
valve 794 which controls the flow rate though valves 1
and 2. Thus the output of latch 765 (derived from mi-
crocomputer 81) controls the setting of valve 794 in
response to the flow rate measured from the signals
produced by sensor 6b.

The reference signal used to determine the magnitude
and direction of change in the position of valve 794 is
derived by comparing the signal representing the flow
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rate computed from the signals from sensor 65 with
another signal placed in input buffer 76c and derived
from the setting of thumbwheel 77. The setting of
thumbwheel 77 can be varied as desired by the operator
thereby changing as desired the setting of control valve
79d. Basically, thumbwheel 77 converts a setting visible
to the user to four binary-coded decimal digits (corre-
sponding to 16 bits). These signals are held in input
buffer 76c and are used by microcomputer 81 to calcu-
late the proper control signal to be transmitted through
output latch 766 to control the setting of valve 794

Output latch 764 is configured to retain the output
signals from microcomputer 81 corresponding to the
latest reading of the flow rate. The signals retained in
latch 764 activate display 78 to display the latest value
of flow rate calculated by microcomputer 81.

Structures corresponding to those shown in FIG. 7
are shown in FI1G. 8. Those elements shown in block
diagram form in FIG. 8 function as described above in
connection with FIG. 7 and thus will not be described
in more detail here.

FIGS. 11a and 114 show in more detail the thumb-
wheel circuitry 110a through 1105 and the display cir-
cuitry 114z through 1145 used with this invention. The
thumbwheel is capable of inputting four digits into the
circuit. Each digit circuit 110, 110¢ and 1104 comprises
a replica of the specific circuit 110a shown figuratively
for digit one. This circuit is of a type well known in the
arts and thus will not be described in detail except to say
that if the thumbwheel is set, for example, on a 7, the
switches within the thumbwheel corresponding to the
4, 2 and 1 level signals (connected to the 5 V supply
voltage through resistors 1125, 112¢ and 1124, respec-
tively), are closed thereby to provide an output signal
for the TTL input at a level corresponding to the com-
plement of 7 (negative logic). Any other decimal digit
from 0 to 9 is selected by closing the corresponding
switches to provide an output signal of the proper level.

The display likewise comprises a four digit display.
Each display 1144, 1145, 114¢ and 1144 comprises a
well known decoder driver for taking a BCD input and
converting it to a digital number ranging from 0 to 9.
Typically, each display comprises an HP 7304 display
of a type well known in the art.

FIG. 10 shows in more detail a typical drive circuit of
the type used to drive the stepper motor 79¢ and the
solenoid driven three-way valves 1 and 2 (the latter two
valves being used as described above to reverse the
flow in chamber 12). The driver circuits are driven by
signals on input leads d0 through d5 derived from the
TTL 1/0 card (FIGS. 7 and 8). The particular stepper
motor windings to be energized depend upon the setting
of the stepper motor (a record of which is recorded in
the RAM memory of microcomputer 81) and the direc-
tion in which it is desired to move the stepper motor.
The stepper motor will move a standard distance (typi-
cally (1/200)th of a revolution) once each step. A timer
in the microcomputer allows the generation of a new
step after a fixed time has elapsed. In the embodiment of
this invention, this time is 7.5 milliseconds. The timer on
the microcomputer board 81 interfaces with the mi-
crocomputer central processing unit (CPL)) via inter-
rupts. The timer generates periodically signals which
are transmitted to the CPU on a separate line thereby to
activate an interrupt circuit within the CPU through an
interrupt pin. This signal then activates the CPU to
calculate the next setting for the stepper motor; that is
the CPU determines whether the stepper motor should
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be driven such that the control valve 794 is cither
opened or closed based upon the last flow rate reading
present in the microcomputer when compared to the
thumbwhee! setting. Typically, the stepper motor is
driven by a sequence of signals on input leads DO
through D3 corresponding to hexadecimal 5§, 9, 6, A.
Thus if the setting of the stepper motor corresponds to
a 9, then the hexadecimal encoded binary 6 transmitted
on input leads DO through D3 will activate the stepper
motor to move one setting in the proper direction to
open. Should the stepper motor be instructed to close
rather than open, then a hexadecimal encoded 5 would
be transmitted in binary form on leads D0 through D3.
In this latter case wherein the most significant digit
corresponds to a zero, the second most significant digit
corresponds to a one, the third most significant digit
corresponds to a zero and the fourth most significant
digit corresponds to a one (corresponding to the signals
0101 on leads D3 through DO, respectively), then the
“1” on lead DO will drive the output signal from in-
verter 101 to a low level thereby turning on transistor
Q1 and energizing winding W1. Diode D1 prevents
voltage pulses generated by changing the current
through winding W1 from burning out transistor Q1
and resistors 102 and 103 comprise pull-up and base-
drive resistors, respectively.

FIG. 9 shows the circuitry associated with the Hall-
effect sensor 6b. The magnetic flux from the magnet 5
mounted within, and as an integral part of, diaphragm 4,
is converted to a voltage and amplified to produce an
output signal. Hall-effect sensor 6b preferably com-
prises part number 633SS2 made by Microswitch, Inc,,
a division of Honeywell. The output signal from micro-
switch 90 is transmitted via twisted-pair cable 94 to
Analog Devices data acquisition board 84 {(FIGS. 7 and
8). There this output signal activates the processor to
operate in a way previously described. Pull-down resis-
tor 92 {100 ohms) is connected between the fifteen volt
power supply in series with a 5.1 volt zener diode 91 to
ground. Variable resistor 93 (100K} is connected across
the node between resistor 92 and diode 91 and ground.
Resistor 93 is used to produce a bias offset for the other
lead in the twisted pair 94 transmitting the output pulse
from microswitch 90 to the data acquisition board 84.
This bias offset comprises 2 way of compensating for
the fact that the curve of flux versus voltage for the
Hall-effect sensor does not pass through the origin. By
adjusting the setting of variable resistor 93, the input
signal to the control circuitry is offset (i.e., zero ad-
justed) to provide a signal within a desired range of
magnitude.

Operation of the above described structure is imple-
mented by a software program. The Microl high-level
language version of this program is attached to this
application as Appendix A. This program uses the Mi-
crol Language which is described in the User's Manual,
Microl Language, dated Mar. 8, 1979. This Manual is
incorporated herein by reference.

FIG. 12 illustrates the logic flow diagram of the com-
puter program devised to operate microcomputer and
timer 81 (FIGS. 7 and 8) in accordance with this inven-
tion. The computer program is designed to operate on
the output signals from sensors 64 as processed by the
data acquisition board 84 to determine flow rates, To do
this one of several algorithms is employed. In the pre-
ferred mode of operation the flow rate is measured on a
relatively continuous basis as a function of the displace-
ment of diaphragm 4 across chamber 12 with time. This
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preferred mode does not depend upon the reversal of
the direction of motion of diaphragm 4 to measure the
flow rate but does set an optimum reversal point for
changing the direction of motion of diaphragm 4 to
ensure that at least a minimum voltage difference from
sensor 64 as a function of the location of diaphragm 4 is
obtained in a given time. In the limit, the minimum
voltage difference per sample can be expanded to a
value corresponding to the reversal point of the dia-
phragm. In this situation, the preferred mode reduces to
the second, reversal dependent mode. In essence, the
software emulates the operation of the reed switch
mode, but in addition provides an autoranging capabil-
ity (to be described later).

The second mode of operation contemplated for use
with this invention is a reversal dependent mode. The
program parameters are set to cover the highest and
lowest expected flow rates (which correspond to the
shortest and longest times for diaphragm 10 to complete
one cycle). The setting of the reversal position for re-
versing the direction of motion of diaphragm 4 closer to
its central neutral position results in a decrease in the
cycle time. In this mode of operation, the reversal point
is set to ensure at least one sample within some specified
time for the lowest expected flow rate. In one embodi-
ment, this specified time is on the order of two (2) sec-
onds. This time must be much greater than eight milli-
seconds, the switching time of the valves.

In describing the operation of the program of this
invention, certain conventions must be defined. Thus in
the following description, a “‘conversion” comprises
one look at the voltage produced by sensor 65 reflecting
the position of diaphgram 4.

The average of four conversions comprises one
“reading.” The signal representing the average of these
four conversions is a digital signal as is the signal repre-
senting each conversion.

Continuous readings are then made of the output
signal from sensor 64 on a periodic basis until a change
in voltage from 6b in excess of a minimum voltage
change (DELMIN) is obtained. At this time, the sys-
tems has completed one “sample.”

The system actually takes four conversions at the
start of operation and continues taking groups of four
conversions and averaging each group of four. Since it
takes about 25 microseconds for each A-D conversion
and there are four conversions per reading, 100 micro-
seconds are required at a minimum for one reading.
After each sample, the program tests to determine
whether the direction of movement of the diaphragm
should be reversed. Every seven and one-half millisec-
onds or thereabouts there is an interrupt and for a few
microseconds the program then decides whether step-
per motor 79¢ should be instructed to step valve 794 in
one or another direction.

Every flow rate calculated from each sample is sent
to a memory location called “FLOW.” By comparing
the calculated flow rate to the set point (placed in
thumbwheel 77, FIG. 7) using the relationship “set
point minus flow rate,” a difference signal is obtained.
Multiplying this difference signal by some non-negative
control function gives a gain for use in determining the
proper change in position of valve 794, This gain is
placed in “STPSIZ.” The non-negative function is in
turn a function of “set point minus flow rate” and can
also be a function of one or more previous “'set point
minus flow rate” measurements. A separate interrupt
program called “‘s-timer” looks every 7§ milliseconds at
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STPSIZ to decide whether to step up or to step down
the valve.

In the above calculation, the program uses the sub-
routine "GETFLO” to calculate the flow. Subroutine
“NEWVLV"” corresponds to the control function
which generates the new valve position. “STPSIZ™
corresponds on a one-to-one basis to the steps on a
valve. It then takes 7.5 milliseconds for the valve 794 10
make one step. The program does not sample while the
valve is opening or closing.

Once sampling is started, a sample is always obtained
before the direction of motion of diaphragm 4 is re-
versed and before it 1s necessary to reverse the motion
of diaphragm 4. An important part of the system is the
calibration table calibrating the volumetric displace-
ment of the diaphragm to the output signal from sensor
65. To ensure an accurate conversion of the output
signal from sensor 66 into a flow rate, the volumetric
displacement of the diaphragm 4 represented by any
given signal from sensor 65 must be determined accu-
rately. Techniques for doing this are well known. One
such technique comprises the discharge of a fluid from
the output line into a vertical stand pipe in which the
discharged fluid or gas displaces a colored liquid. By
calibrating the stand pipe in terms of mulliliters or cubic
centimeters, for example, the volumetric displacement
of diaphragm 4 can be measured with great accuracy.
FIG. 6 shows a curve of voltage from sensor 65 versus
volumetric displacement of diaphragm 4.

While the structure in FIG. 7 has been described as
using one Hall effect device sensor, using two Hali
effect devices, one on each side of chamber 12, yields
twice the sensitivity to the measurement of flow rate.
By using two Hall effect devices, the range of the de-
vices is doubled. The diaphragm 4 can then travel a
maximum excursion distance in chamber 12 and during
its travel in the left portion of the chamber, sensor 64 is
used while during its travel in the right portion of cham-
ber 12 sensor 6a is used. In this manner, both sensors are
operated in their range of maximum sensitivity and thus
a sensor operating in its maximum range of sensitivity is
used over the full travel of the diaphragm 4.

The thumbwheel 77 (FIGS. 7 and 8) is used to place
into the system a *‘set point” which determines the flow
rate to be allowed by valve 794. The set point is placed
into the thumbwheel. The system then measures the
difference between a new set point and the old set point.
The program then loops back through the set point
change logic and produces an output signal propor-
tional to the difference between the new set point and
the old set point. If there is no change in the set point
during this loop back the system then looks at a mea-
sured variable called “sampling.”

The concept of “sampling” means taking a reading,
calculating a diaphragm displacement from the reading,
starting a timer within the system, measuring the output
voltage from sensor 6f and testing to determine
whether the minimum change in voltage is greater than
a selected value. In the preferred embodiment, the mini-
mum voltage change required to be detected from sen-
sor 65 before a flow rate 1s calculated s 200 millivolts.
Thus in reading voltage when sampling, a sufficient
voltage change is allowed to ensure that the minimum
voltage change has occurred or a maximum time has
elapsed without having this minimum voltage change
occur. If in this maximum time the system does not
record a minimum voltage change (DELMIN) the sys-
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tem then assumes zero flow and opens the valve 794
(FIG. 7).

If the proper minimum voltage change (DELMIN) is
obtained, the system then takes the measured voltage
from sensor 66 and refers to the proper place on the
voltage-displacement calibration curve (FIG. 6) to cal-
culate the displacement change over time. From the
displacement change over time and the time, the aver-
age flow rate over this time is calculated. Referring now
to the calibration curve (FIG. 6} it is apparent thai as
the flow rate becomes lower, the displacement in a
given time becomes less and the reversal point on the
curve must move from right to left. That is, the dia-
phragm travels a smaller distance in a given time for a
low flow rate than for a high flow rate and thus to
maximize the sensitivity of voltage versus displacement,
one must operate on the left-most portion of the curve
rather than on the flatter right portion of the curve. The
right most (farthest from sensor 6b) reversal point is
selected to ensure that magnet 5 does not hit the wall
and that there is time to generate a voitage change equal
to DELMIN between the reversal point and the wall.
The reversal point closest to sensor 6b is selected by a
formula Ci-flow X C; where C; and C; are selected
constants equal to 3800 and 5, respectively, in the pro-
gram of Appendices A and B.

The logic flow diagram shown in FIG. 12 describes
the logic of the software program shown in Appendices
A and B. The program is implemented in Microl, a
block structured language for implementing programs
on the Z80. This language is written in PASCAL and
modeled after PASCAL. The Microl compiler pro-
duces the Z80 assembly language which is assembled
and then linked with other modules to form the final
object code. Microl is a publicly available high level
language and is described in a document entitled
“User’s Manual Microl Language, Mar. 8, 1979.” This
document is herein incorporated by reference.

Referring to FIG. 12, at the start of the program,
power on reset results in the program going to “JRE-
SET" which initializes the processor (CPU) and timer,
stepper motor and valve. Essentially the program closes
the valve and turns off the timer. The program then
jumps to the main control algorithm represented in the
Microl procedure by MISTRT.

The main control algorithm calls these other Microl
procedures to implement the computation of flow or
displacement or new valve setting. MISTRT and these
other Microl procedures call numerous short assembly
language procedures to implement low level functions
directly on the hardware (such as moving the stepper
up or down one step or outputting to the display LEDs
from a specified register). The program includes rou-
tines for handling two vectored interrupts (i.e., means in
the hardware and program for jumping to different
locations in memory when the two interrupts occur)
generated by the timer. One interrupt is activated by the
timer to keep track of elapsed time during a sample by
incrementing a register or memory location every one-
half microseconds. Another interrupt is activated by the
stepper timer which generates an interrupt every 71
milliseconds and vectors to the interrupt servicing pro-
cedure (STIMER) to determine from memory location
(STPSIZ) whether to move the stepper motor up or
down or not at all. Once the program has been initial-
ized, the program checks to determine whether or not
the system is sampling. If the answer is “no,” the pro-
gram then checks to determine whether the flow into
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chamber 12 should be reversed. This test, which com-
prises measuring the output of sensor 6/ to determine
whether diaphragm 4 has reached its minimum or max-
inum point of excursion, yields either a “yes” or “no.” If
the answer is yes, the flow should be reversed. The
program then initiates the subroutine which switches
the solenoids which drive valves I and 2 (FIGS. 1 and
7) through driver circuit 796 and initiates a delay to
ensure that the flow has actually reversed and the tran-
sients in the system have settled before starting to sam-
ple to measure flow rate during the reverse motion of
the diaphragm. If the logic indicates there is no need to
reverse flow, the system then determines whether or
not there has been a set point change. If “yes,” the valve
794 is adjusted by measuring the difference between the
new set point and old set point. If the answer is “no,”
the system moves directly to the logical blocker stepper
motor. If the valve was adjusted in response to a set
point change, after the valve adjustment is completed
the system also moves to the stepper motor logic. The
stepper motor logic determines whether or not the step-
per motor has moved to its desired position. If the an-
swer is “no,” then the system goes back to the initial
sampling logic block. If the answer to “stepper motor
done?” is "yes,” the system begins a new sample and
returns to sampling.

If the output of the system sampling block is “yes,”
the system determines whether the output of the sam-
pling compared to a reference sample is greater than
DELMIN. If the answer is “yes,” the system deter-
mines whether or not the time is greater than the mini-
mum time. If the answer is “yes,” then the system com-
putes a new flow rate and, depending upon the time,
adjusts the auto range of the system. This last adjust-
ment is an adjustment to the reversal point of dia-
phragm 4 by changing the level of the output signal
from sensor 6b at which the direction of motion of
diaphragm 4 is reversed. Once aulo range has been
completed, a new valve position is calculated from the
flow rate measurement compared to the set point and
valve 794 is appropriately adjusted. Finally an end of
sample signal is produced which then causes the pro-
gram to initiate sampling again.

If on the other hand the output signal from the DEL-
MIN logic determines that the difference in the output
signal from sensor 65 is less than the minimum required,
a test is run to determine if the time between this sample
and the previous sample is greater than the maximum
time. If the answer is “yes,” then a new flow rate is
calculated and the auto range is adjusted as in the pre-
ceding sequence. If the answer is "no,” then the system
tests to determine if there has been a set point change. If
the answer is “yes,” the valve is adjusted as described
above. If the answer is “no,” the system loops back to
run another test to determine if the new sampling volt-
age is greater than DELMIN.

The particular lines on the flow sample in the mi-
crocomplier version of the program shown in Appendix
A which implement the particular logic block in FIG.
12 are shown on FIG. 12.

Appendix B gives the assembly language procedures
called for by the Microl procedures in Appendix A.

As a feature of this invention, for applications not
requiting the precision and versatility of computer con-
trolled logic circuitry, several lower cost embodiments
are possible using either the reed switches or the Hall
effect devices. A multiple segment down counter can
approximate the flow rate by counting down from a



4,315,523

15

*maximum flow” between flow reversals. The rate of
down counting is varied after a time interval lapses (the
device will count slower after each elapsed interval).
By this method, the function f=(c/t) is approximated
by several straight line segments (where [ equals the
flow rate, ¢ equals the count and t equals the time inter-
val which has elapsed).

The method achieves moderate accuracy over a lim-
ited range with good repeatability and produces a direct
digital output for very low cost when implemented
using discrete logic.

A further improvement is to continuously vary the
rate of down counting by using, for example, a capaci-
tive discharge to drive a VCO whose oscillations are
then used to drive the down count. It may be necessary
to use a capacitive charge if the VCO has a negative
voltage to frequency characteristic. In this case a base-
line (i.e., zero bias) count would also be taken and sub-
tracted to produce the direct digital representation of
the flow.

The capacitive discharge itself can produce an ap-
proximation of the flow as a voltage. Accuracy and
range is limited but can also be improved by multiple
interval method described above with respect to the
countdown technique.

The above embodiments disclose the use of sensing
devices on the external walls of the chamber. Under
some circumstances, the Hall-effect sensor can be
molded into the diaphragm (with lead wires also in the
diaphragm) and the magnets can be placed on the exter-
nal walls of the cylinder. Compensation for temperature
can be done in either the transducer or externally by a
computer using a temperature input. Likewise, compen-
sation for pressure changes can also be done in a similar
manner.
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FIG. 56 illustrates a circuit which produces an output
signal inversely proportional to time and therefore pro-
vides an output signal directly proportional to the flow
rate. In this circuit, a reference voltage is applied to the
negative input lead of operational amplifier 54 through
input resistor 51. The positive input lead of operational
amplifier 54 is connected through resistor §7 to ground.
The reference signal is integrated by capacitor 53 in a
well known manner when the gate voltage on reset
FET transistor 52 is such that this transistor is turned off
(i.e., non-conducting). The negative going output signal
from operational amplifier 54 across capacitor 53 is then
applied to the gate of depletion mode N-channel FET
transistor 56. This transistor is a linear FET device with
the source-drain resistance linearly proportional to the
gate voltage. Thus as the gate voltage decreases linearly
with time, the source-drain resistance of this transistor
(a depletion mode device is normally conducting) in-
creases with gate voltage. Thus, the output voltage
from operational amplifier 55 (the negative input lead of
which is connected to a reference voltage through input
resistor R and the positive input lead of which is con-
nected to a suitable reference) drops hyperbolically
with time (since its output voltage is proportional to
1/Rrwhere Rris the source to drain resistance of linear
FET 56). Accordingly, at the time FET transistor 52 is
turned on to discharge capacitor 53, the output voltage
from operational amplifier 55 is proportional to the flow
rate. Typically, FET transistor 52 is reset at each flow
reversal of fluid into cylinder 12. Thus the output volt-
age from operational amplifier 55 at this time represents
the flow rate and can be sampled and suitably operated
on by the other components of this invention, in the
manner described above.

APPENDIX A

MICROL CCMPILZR VEIRSION 1.5
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7 * Created By: TIM -
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18 MINMAX=23003 {«MAX. LOW REVERSAL POINT»)

19 MINCON=5} {*AUTORANGING SCALE CONSTANT#)

20 MSTART=1.03% («STARTING VALe. OF d(VALVE)/d(FLOW) =)

21 MMAX=4.03% (*MAX VALUE OF J(VALVE)/d(FLOW) +)

22 MMIN=0e13 (+ MIN. VALUE OF d(VALVE)/Jd(FLOW) »)

23 UP=1;3CDWN=03 ;

24 SLOP=233 {«FIXUP CONST. FOR PLAY IN VALVE COUPLING=*)}
25 SCALE=123.43 (*CONVERSICN CONST TO GET CC/MINe FLOW #)
26 MAXTIM=60005 (+#MAXIMUM SAMPLE TIME IN o5 S =)

27 MINTIM=3003 («MINIMUM SAMPLE DURATION IN &5 mSs)

DELMIN=3003
VLVMAX=8003
SPLELY=203;
AVECON=2;

(*MIN.

(«CONST.

[

-
DOOODODQOOCODDDOGOQOODDDDOOGDQOO
QDDOccccncocccamoccoococooQOQOOD

RZACING DIFFERENCE FCR ALLOWABLE SAMPLE*)
(«MAXIMUM VALVE POSITION IN STEPS FROM CLOSED )
FOR DELAY BEFORE STARTING SAMPLEx)

(+CONST. F0R 1/2 NCw

OF CONVERSIONS PER READING*}
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EXTERNAL
RESETIASSEMBLY PROCEDURE:IBINTS
SFETIMIASSEMBLY PROCEDURE IBINTS
ADCIN:ASSEMHLY PROCEDURE:IINICGERS
ADCSTSIASSEMBLY PROCEDUREIBOOLEANS
ADCGD:IASSEMBLY PROCEDURE 1HINT
LEDOUTIASSEMBLY PROCEDUREIBINT:
SINSTS:ASSEMBLY PROCECURE :BOOLEAN;
SOUTSTTASSEMBLY PROCEDURE SBCOLEANS
SIOINTASSEMBLY PROCEDURE :CHAR;
SIOOUT:ASSEMELY PROCEDUREICHARS
VLVON:ASSEMBLY PROCEDURE:BINTS-
VLVOFF:ASSEMBLY PROCEDUREISINTS
SOLONIASSEMBLY PROCEDUREZIHINTS
SCLOFF:ASSEMBLY PROCEDUREIBINTS
STPOFF:ASSEMBLY PROCEDUREIBINTS
STPUP:ASSEMBLY PRUCEDURE tdINT:
STPDH:ASSEMALY PROCEDURE SBINTS
THMODONSASSEMBLY PROCEDUREIABINTS
TMOOFF:ASSEMALY PROCEDURE:SINTS
TMIONTASSEMBLY PROCEDURE IBINT;
TMI1OFFIASSEMBLY PROCEDUREIBINTS
STHONTASSEMBLY PROCIGURE THINTS
STMOFF :ASSEMBLY PROCEQURE:BINT;
INTONSASSEMBLY PROCEDURE 18INTS
INTOFF I ASSEMBLY PROCEOURE:IBINT; -
VLYSTS:ASSEMHLY PROCEJUREI :3COLEANS
DCALASSEMALY PROCEDURE(INDEXIRINTIZINTEGERS

B1,82+B3+84BINTS (+SCRATCH PAD 8-BIT INTEGERS*)
T1+12,13,143INTEGERT (#SCRATCH PAD 16-BIT INTEGERS+)
R14R2IREALS {*SCRATCH PAD FLOATING POINT NOSe#)
DUMMYIBINTS («BYTE BUCKET+) b
STPPOSIBINTS ¢+BITS 0-3=STEPER WINDING ENERGIZ~-

ATION PATERN (1=ONJ}BITS 4+5 ARE
SOLCNOID 142{RESP.)} CN/OFFe(1=0N) =)

TIMEQ:IINTEGER; {+ELAPSED TINE KEPT BY TIMER 0 )
TIME1ITHINT: (*ELASPED TIME KEPT BY TIMER 1e)
STPSIZ:IINTEGERS (+THIS LOCATION CAN BE LOADED WITH THE

NO. OF STEPS (+/-) DESIRED TO MOVE THE STEPER;
1T IS UPDATED AFTER EACH STEP BY THE STEPER
TIMER INTERUPT ROUTINE.THUS AT ANY TIME IT
SHOWS THE ND. OF STEFS REMAINING TO BE
COMPLETED BEFORE THE STEPER IS AT THE DESIRED
LGCATION.*)

VLVPOS: INTEGER; {*CURRENT VALYE POSITION#)

GLOBAL
MISTRTIPROCEDUREIBINT:

INTERNAL
GETSETIPROCEDURESINTEGERS
CELTAIPROCEDUREZINTEEBERS
GETFLOIPROCEBURE IINTEGERS
NCWVLVIPROCEDURE JINTESERS
FIXNUPIPROCEDUREIBINT;
REYCHKIPROCECUREZBINT;
FLOOUT:PROCEDURE IBINTS
CISPIPRCCIDUREIREAL
ADCAVEIPROCEDUREIINTEGER,
DELAYIPROCEDURE IBINT S
NEWMINIPROCEDURE ZINTEGERS

MIREALS («CURRENT J(VALVE) /d{FLOWI«)
ACCOLO:INTEGERS (+READING AT START OF SAMPLE #»)
SETPTIINTEGERS {+*CURRENT SETPCINT )

SAMPLE:BOOLEAN § (+«FLAG SET WHILE TAKING SAMPLE =)}
CIRIRINTS (*DIRCZCTION VALVE LAST MCVED =)
DSPOLDIREAL] {+DISPLACEMENT AT BEGIKNING OF SAMPLEs)
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109 14 0 FLOPOS: INTFGERS (+VLVPOS FIXER TO ACCCUNT FOR SLOP*)
110 16 D TIME:INTEGER) («VIME FROM PEGINNING OF SAMPLE#)
111 18 0 FLOWIINTIGERT {(#LATEST CALCULATED FLOW#)
112 20 0 CSPNEWIREALS (*DISPLACMENT OF LATZST READING#)
113 24 0 ACCNEWIINTEGER S (4LATEST ADC REACING#)
114 26 0 ADCYINTINTEGER; (+LATEST LOW REVERSAL POINT®)
115 28 0
116 28 0
117 28 0 (rassaerresBEGINING OF MICRCL CODE®sssrsnsne)
118 28 0
119 0 0 PROCEDURE MISTRT (#BINT#}} -
123 G D {+ MISTART I3 THE MAIN CONTRCL ALGORTHM. THE RESETY
121 C o PROCIDURS JUMPS TO BLRT AFTIR FCWUR ON INITTALIZATIONG#)
122 C 0 PEGIN
123 A0 MI=MSTARTS
124 22 0 SAMPLI:I=FALSTS
125 27 0 SFIPT:=0}
126 34 0 ARCMINI=MINMING .
127 41 0 CIRI=CCWANG
128 46 0 FLOPOS:I=VLVPOS;
129 S4 D DUMMYI=STMON;
130 60 0 DUMMYI=TMDCN;
1351 66 0 REPEAT
132 66 0 BEGIN
133 64 0 IF SAMPLE THEN
134 74D BEGIN
139 74 0 REPEAT
136 74 O BEGIN
137 78 0 IF DELTASDELMIN THEN
138 89 0 IF TIMEDMINTIM THEN
139 10 ¢ BEGIN
140 100 0O FLDW:=GETFLO;
141 106 O ADCMINISNEWMING
142 112 0 EXTITS
143 115 0 END3
1a4 115 9 IF TIMEDMAXTIM THEN
145 128 o BEGIN
146 128 0 FLOWI=GETFLO;
147 134 0 ANCMINI=NEWMING
148 140 0 TXITs
149 143 0 END
150 142 € I1:=SETPT}
151 151 0 IF T1<>GETSET THEN TXIT;
152 157 0 £MD G
153 169 0 STPSIZz=NIWVLY;
154 175 0 DUMMYI=FIXUP;
155 181 © DUMMYI=STMON;
156 187 0 CUMMY:=FLOOUTS
157 193 ¢ SAMPLE :=FALST
158 198 0 £ND .
159 198 0 fLSE
160 201 0O HEGIN
161 201 0O DUMMY I=REVCHK
162 207 0 11:=SETPT;
163 215 0 IF 11<>GETSET THEN
164 228 0 BEGIN
1565 228 0 STPSTZ:I=NEWVLV]
166 234 DUMMYZ=FIXUP;
167 240 0 NUMMYZI=STMON;
168 246 0 END G
169 246 O IF SYPSIZ=0 THEN
170 255 0 HEGIN
171 255 0 QUMMY I=STMOFF;
172 261 0 11:1=SPL0LYS
173 268 D DUMMY :=DELAY G
174 2718 0 T11:=ACCAVLS
17% 280 @ TIMEG:I=03
176 287 ¢ [2:=ADCAVES
117 293 0 AGCNEWI=(IL+I2) DIV 23
178 309 0 ADCOLD:I=ACCNEW;
179 314 0 DSPOLDI=DISP;
1390 324 0 DUMMYI=STPOFF;
181 X330 0 SAMPLE 1= TRYF
182 s ¢ £NCs
183 23500 END;
184 335 0 EMD;
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135 338 0 END:
185 339 0
187 339
188 338 0 PROCCCURT GfTSIT;
189 329 g (+ GETSET INPUTS A SET POINT REACING FROM THE THUMBWHEEL«)
130 339 0 BEGIN
191 I40 0 REPECAT
192 34D 0 BEGIN
193 350 0 DUMMY:=SETING
194 345 0 SETPT:=INTEGER(LOD*INYZGER(NZD);
195 32 0 SETPT:=SETPT+10+INTEGER(B2);
196 333 0 SETPT:=STTPT+INTEGER(RL) ;
197 394 © IF SSTPT>=0 THEN
198 403 0 IF SCYPT<1000 THEN EXIT;
193 418 0 Bl:=DEH;
200 423 0 B2I=0%H;
201 328 o0 CUMMY:=LEDOUT:
202 434 D END; ‘
203 835 € RETURN(SZTPT)Y; .
208 442 © END;
205 443 ¢
208 443
207 483 0 PROCECURE DELTAS
208 443 0 (* DELTA COMPUTES THE DIFFERENCE IN THME CURRENT ADC
209 a3 g REACING FROM THE READING WHICH STARTED THE SAMLPLEs)
210 443 D BEGIN
211 448 0 T1:=RDCAVT;
212 454 0 TIMEZ=TIMEG;
213 462 0 I2:=ADCAVE;}
214 468 0 ADCNEW:I=(I1+I2) DIV 2;
215 484 0 I3:=ADCHEW~AGCOLD;
216 494 0 IF I3<0 THEN I3:=(-13)3
217 518 0 RETURNCIZ);
213 524 0 END;
219 525 @ )
220 525 ( PROCEDURE GETFLO;
221 525 0 («GETFLO COMPUTES THE FLOW FROM THE CHANGE IN DISPLACMENT
222 525 0 DURING A SAMPLE DIVIDED BY THE LENGTH OF THE SAMPLE+)
223 525 0 BEGIN ‘
224 531 0 OSPNEW:I=DISP;
225 S4%1 0 R2:=DSPNEW-DSPOLD;
2246 563 0 TF R2<0 THEN R2:={-R2)}
227 585 0 IF TIME=Q THEN TIMES=1:
223 602 0 R1:=(SCALE*R2)/REAL(TINE};
2239 40 0 FLOW:=INTEGERC(RL);
230 647 0 IF FLOWCO THEN FLOW:I=0;
231 661 0 IF FLOW>9999 THEN FLOW:=9999;
232 681 D RETURN(FLOW);
233 487 0 END;
234 688 0
235 688 0 PROCEDURE DISP:
236 €828 0 (+ CISP USES THE CALIBRATICN TASLE (ACCESSED THROUGH
237 688 0 CCAL) TO FIND THE VCLUME DISPLACEMENT CORRECSPONDING
238 £gg 0 TO THE CURRENT ADC REACING. IT USES LINEAR INTERPCLATION
239 5688 §  BETWEEN CALIBRATION POINTS TO MAKE THE CALCULATION+)
247 5H2 0 NhTGIN
241 693 0 H1T=BINTCAOCNEW OIY 10003
242 705 £ B2:=Blet;
243 709 0 I3:=DCAL(H1)
244 721 6 I1:=DCAL(B2)-13;
245 740 0 RII=(REALCADCHNEY MOD 100)3/100.03
245 TI3 6 RETURN{REAL(IZ)I+(RI*REALL{II)NID; .
247 809 0 £ND;
248 210 o0
249 810 o
258 810 D PRGCEDURE NEWYLV;
251 R18 € («NEWVLV CALCULATES THE REQUIRED CHANGE IN THE VALVE
252 816 0  POSITISN BASSD DN THE CURRENT VALVE POSITICNSTHE
253 18 0  SET POINT, ANC THE FLGW. THE RESULLT IS THE NUMBER
254 410 0 OF STEPS + 0% — TO MOVE THE STEPER.#)
255 810 0 REGIN
256 816 0 IF FLOPOS>0 THEN
257 B23 0 IF FLOW>C THEN
233 842 ¢ BEGIN
259 842 D MI=REAL(FLOW)/REAL(FLOPOS):
260 867 o IF MD>MMAX THEN
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271
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312
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ars
eaoz
913
9ec
929
542
9E3
97
SE9
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1118
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1135
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1134
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115
1136
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1136
1142
1148
1155
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1184
1190
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1207
1220
1226
1226
1249
la2z¢C
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1250
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12590
12356
1261
1756
1271
1279
1283
1301
1301
1314
122%
13359
1246
1356
1367
1277
1377
1383
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MIz=MMAX;
TF M{MMIMN THEN
MI=MMINS
ENDS
T2:=GETSET-FLOWS
RIZ=REAL(I2)
I2:zINTEGER(RL*M)
IF 12<-200 THEN I2:=-2007%
IF 12>200 THEN T122=200%
FLOPCS:I=FLCPOS+12;
IF FLCPOS<O THEN FLOPOG::=03

IF FLOPDSOVLVMAX THEN FLOPOSI=VLVYMAXS

RETURN(I2)3
ENDS

PROCECURI FIXUPS

24

(«FIXUP ALTERS THE NUMBER OF STEPS SENT TO THE STEPER
TC ACCOUNTY FOR THE SLCOF IN THE CCUPLING WHEN CHANGING

DIRELTIONS.#»)

BEGIN

If STPSIZ>N THEN

IF CIR=0C0WN THEN
BEGIN
STPSIZ:=STPSIZ+SLOP;
DIRIZUP}
END3

[F STPSI7<0 THEN

IF CIR=UP THEN
BEGIN
STPSTZ:=STPSIZ-SLOP;
CIRZ=DCWN3
ENDJ

END

PROCEDURE REVCHK;:

(« REVCHK CHECKS TO SEE IF THE FLOW SHOULD BE REVERSED
HASED ON THE CURRENY VALUE OF ADCMIN AND ADCMAX.
IF SO IT PERFORMS THE RIZVERSAL AND-ALLOWS A SHORT

DELAY FOR STAHILITY«)
BEGIN
DUMMYIZINTOFFS
I4:=(ADCAVE+ADCAVE) DIV 23
DUMMY I=INTONG
IF I4>ADCMAX THER
DUMMY 1 =SOLON;S
RTPEAT

IF ACCAVECUADCMAX-50) THEN EXITS

IF T4CADCHIN THEN
NUMMY I=S0LOFF;
REPEAT

IF ADCAVED>(ADCMIN+30) THEN EXIT;

TND 3

PROCEDURFE FLDOUT;

[«FLOCUT TAKES THE CURRENT VALUE COF THE FLOW

IT YO THE LED DISPLAY®)
BEGIN
B1I=0EHS
B2I=0EH;
83T=0EH
I1I=FLOW;}
IF I1>=C THEN
IF I1<10000 THEN
HEGIN
BLI=RINTC(I1 MOD 10);i
I1:=11 CIV 10}
B2:=BINT(I1 MOD 10}i
I1:=1I1 DIV 10%
BII=8INT(I1 MOD 10);
I1:=11 DIV 10,
B42=8BINTCI1 MDD 10);
END
DUMMYI=LEDQUT;
END S

AND OUTPUTS
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337 1384 4
338 1384 1} .
339 138% 0 PROCEDURE ADCAVF;
340 1284 0 (*ACCAVE TAKES *AVECON™ ACC CONVERSIONS AND AVERAGES THEM TO
341 1384 4] RECUCE ERRCR ANG NCOISEx)Y
342 1384 0 BEGIN
343 1392 © BL:i=AVECON:
344 1397 @ I142=03
345 1404 4] REPEAT
3456 1404 @ BEGIN
347 1404 O DUMMY:=ADCGD S
348 1410 O REPZAT
349 1410 © IF ADCSTS THEN EXITS
350 1423 4 I14:=14+ADCING
351 1434 0 IF DECZL(H1) THLN EXIT;
352 1444 4] ENDS
353 1446 0 I4:=14 DIV AVECON:
3154 1457 © RETURNI [4) 5
355 1460 g TND3
354 1461 0
357 1461 g
3c8 1451 0 PROCEDURE DELAYS
359 1461 0 (+DELAY IS A DELAY LOOP WHICH DELAYS F1/2 MILLISECOKDSw}
350 lael 0 REGIH
361 1463 0 TIMED:I=03
3562 1470 0 REPEAT
353 1478 0 IF TIMZIO>T1 THEN EXITS
364 1488 ¢ END;
365 1489 O
366 1485 ¢
367 1489 0 PROCERURE NEWMINS
358 1489 0 («+NEWMIN CALCULATES A NEW REVERSAL FOINT BASED ON THE
369 1489 ¢ CURRENY FLGCU»}
370 1489 0 BEGIN
371 1496 0 ARCMINI=MINMAX-CMINCCON*FLOW);
372 1918 0 IF ACCMINDMIANMAX THEN ADCHMINI=MINKMAX:
373 1526 0 IF ADCMINCMINMIN THEN ADCMINI=MINMING
374 1852 @ END3
375 155 0
375 1553 0O
3717 1883 0 END.
378 1553 0
379 1592 0
ERROR COUNT 0
APPENDIX B
AL RELOCATABLE ASSEMBLER -- VERSIDN 2.3 THUy FEB 7, 1980s 5:42 PM
{NE ERR ADDR R ORJUFCTY
1 (eSA+ e 4C+5r)
2 MODULE TJBAL 3§
3 (+ £d4it 8 : 9
4 -
9 [y
f -
7 « Created By: TIM
8 * Date Ldst Edited: THUy FES 7, 1980, 5:39 PH
9 * Loast tdited dy: TIM
10 * Date Last Conmpiled/Zassembled: THU, FEB 1980,
11 + Last Compiled/Assembled By: TINM
12 4
13 «LTST
14 AT AS N 4 (4ge)
15 coon ¥ITJRAL EQUL T
15 H MODULFE TJBA1 3
17 i Fdit 4 2 9 3
iR HE -
19 HER *
20 . ~
21 ;3 + Created By: TI% s
22 s * Date Last Edited? THU, FEB 7, 1980s 5:39 PM -
23 i ~ Last Fdited Hy: TIM '

52401
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Date Last Compiled/assumblaids THIJ,
Last Compiled/Assemoled By T1IM

FRNAL
MZMISTRY EXT
MISTRTIPROCEDURFIBRINTS

DATA
AL
M2RESE] G 8L
RESETIASSFMALY PROCTDUPE IRTNT;
M2SeTIN GHL
SETIN: ASSEMBLY PROCEDURET BINTS
M2ANCIN G 3L
ADCIMIASSFMBLY PROCEDUREIINTEGERS
M2ADCSTS GRBL
ADCSTSIASSIMHELY PROCEDURE IBOOLFAN:
M*ADCGO G 3L
ACCGNIASSEMBLY PROCTDURE tRINT:
MZLFDOYT GHL
LEDOUTIASSOMILY PROCENDURE TAINT S
M2?SINSTS GBL
SINSTSIASS*MALY OPRNOTEDJRI IHOLEANS
M2S0UTST GBI
SNUTSTIASSEMPELY PROUCEFNDIRC T VILEANMS
M2SI0TIN GBI
SIOINIASSLMILY PROCEDUREZCH IS
M25T00UT 6 BL
SINOUTIASSIMHLY PROCEDURE ICHARS
M2VLVON G AL
VLYONTASSEMHLY PROCIDURE :BINT
M2VLVOFF 6oL
VLYVNDFFIASS " MBLY PROZEDURE IBINT
M2S3L0N G L
SOLONZASSEMHLY PROCEDURE:IBINT:
M2SDLOFF G B
SOLOFFTASSYMBLY PROCELCDURE S INT;
MISTPOFF" G BL
STPOFF :ASSTMBLY PROCIDURE SIINT
MPSTPUPR G 3L
STPUPZASSEMBLY PROCEDURETHINT
M2STPON R
STPONIASSIMHLY PRACEDURI tBINT
MZTMOO0N G BL
TMDONIASSEMILY PROCTDURE SHINT;
M2THNOFF GBL
TMOOFFZASSLMRBLY PROCCDUREZAINT,
M2TMLON 5BL
TMIONZASSEMILY PROCLDUREIBINTS
M2TMIQFF G 8L
TMIODFFIASSFMALY PROCFDUREIDINT
M?STMON GBI
STMONTASSIMRALY PROCEDUREIBINTS
M2STMDE - B
STHOFFIAGSEMBLY PRODCEDUREZIINT
M2 INTOF: G8L
INTOFFIASSTMALY PROCEDURE IBINTS
M7INTON ‘ 5RL
INTONTASSEMRLY PROCEDURE BINTS:
MIYLYSTS 5 AL

VLYSTSIASSEMALY PROCEDUREIROOLEANS

28

FEL 74 1980, 5141 PM

L?MISTRT

IL?7RESET
L?SETIN
L2ADCIN
L ?2ADCSTS
L?ADCGO
L2 roouy
L?SINSTS
L250U71ST
1.27I0TIN
L25100UT
L 2VLVON
L2VLVOFF
L250L0N
L?5DLOFF
L2?STPOFF
L2STYPUP
L25TPAN
L?2TMODN
L?TMOOFF
L2TM1DN
L 2TM1DFF
L253TMON
L2STMOFF
L?INTOFF
L2?2INTON

L2V1L VS5TS

M?2a1 GHL BRINT
M231 OE~S 1
M2 GOL BINT
M2B2 DEFS 1
M2H3 GHL BINT
M2a3 OErS 1
FM?2R4 68BL BRINT
M DEFS 1

Hl !)!2qn5|¥1’|:3[71r=

L3

*

t)



1246
127
128
129
1308
LIRS
32
L33
IR
135
135
137
138

144

t44
L4
148
149
150

13n
157
154
1949
140
161
162
163
164
145
146
167
1AR
1h9
176
171
172
173
174
175
176
177
178
179
1po
181
1h2
183
L84
199
184
197
148
1419
1490
171
192
123
194
195
196
137
138
193
2010
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- GHE INTFGER

-29

M2T1
son4 M?211

M?T2
0ona M2

M213
nnns M213

M2 14
ogna M2 14
H T1, 12473107 INTEGER

LR
agnc M

MR
go1n M
H R1+R2TREAL;

N2
cot1a M2C1E
H Cl:CHAR;

M2IUMMY
3015 MINUMMY
H nuMMY tRINT

M25TPPUS
1015 M25TPDNY
H STPPOStRRINT S

M2TIMER
nny s K21 ITMIN
H TIMEOZINTO-CR;

M2TIMFL
oy M?TIMEL
H TIMET1IBINT;

MAETPSE?
noya M25TPETZ
H STPSIZIINTLGERS

M2VLYPIS

01 M2YLYPDS

0
H VLYPOSIINTINLR S
:
'

gats
s INTERNMAL

PRCSETIASSIMBLY
MIMSETIASSEMRLY
PORTSETZIASS MLy
ADCSETIASSE MHLY
SIDSETIASSFHILY
CICSETIASSIMBLY
STPSETIASSLMULY
TTMILRD ZASSE MuLY
TIMERISASSIMBLY
STIMER:IASSEMALY
JANBETIASS MBLY
JSLTIND ASS MLy

P T

I T

JADCSDTASSLMSLY

JETGINTASSEMBLY
JEIDOUTIASS: MLy
JYLVONTASSE YL Y

JSOLONIASS! MLy

AT

LOROMIASSIMILY PROCEDUKE I0INT;

PROCLDURE ZBINTS
PROCEDURS IBINT S

PIOCEIUHE T INT
PROCEDURE THINTS
PROCEDURL IXINT
PROCEDURL S3INT S
PROCEDUNEIBINT
PROCTDURE ZHINT ;
PROCEDURY S41NT;
PROCEDURE IRINT:
PROCEDURF IHINT 3

DEFS 2
GHRL TNTUGLER
DEFS 2
GHL TNTEGFR
I3 e
GBL INTLGER

DEFS 2

GBL REAL
[FEN 4
G REAL
LS 4

GHL CHAR
DrEeEs 1

GRL BINT
DEFS 1

Gl RINY
BEI'S 1

GBL INTIGER
BEFS 2

GBL RAIANT
DEFS 1

GBL INTEGER
DEFS ?

BRL INTEGER
NEES o

A

1

PROCENUREL dTHNT S

PROJEDURE THINT 3

PROCE DR 1A
PROCEDURS Y HAR
PROZEDURE THINT

PRACEIURT Z41NT;

JARCINIASSLMALY PROCEDURFIINTEGERS
JADCSTSIASSY MHLY PROCEDURE 1900L- AV}

JLEDAUTZASSEMSLY PRICEDUREIHINT
JETMSTSIASSI MUY PROCCDURE T SONLLAYS
JSOUTSTIASSEMELY PROCEDURE D 100LE ANG

t

JVLVOFFTASS MELY PRYCEDIPET (14T

R e I LI TR Y TR ey U U v

JOULODFFIASSFMRBLY PROCEJURE: (THT;
JSTPOFFIASSIMELY PROCEUUREISINTS
STPUPIASSFMBLY PROCEDURE T8INT:
JATPONIASSEMELY PROCEDURE TH¥INT;
JTMOONTASSIMELY PRGCEDURCSHINT
JTHMOOFFIASSE MALY PROCESURETNINTS
JIMIONIASSEMHALY PROCEDURLC IBINTS
JTMIOFFIASSIMALY PROCEDURCIBINTS
JSTHONIASSFMBLY PROCEDURE tHINT;
JSTMOFFIASSF MBLY PROCEDURETHINTS
JINTOFFIASSEMULY PROCEAURENINT G
JINTONTASSEMBLY PROCEDURE IBINT S

30



4,315,523

31
201 s JVLUSTSIASS MILY PROCEDURETUIODLT ANG
202 H
204 H
204 «NOLTSY
207 vl IST
208 onoo SEYLO: £0u D
2073 onny SFTHI® £EQ) 1
210 09G6n L*oLO: EQU 0
711 0ot LEDHI: £ QU 1
212 0007 STPOUT: E£QU 2
213 aon? STATIN: o 2
214 FOrc ADCLO: £ Gl OFOFCH
215 FNen AQNCHE S [ 0~ 3-DH
215 Foir ANCEOC:  Eal NF 9F HH
217 FOFF ADCSELY  €O0U OFOFFH
218 FOvy ANCHMUX £Q) 0F D' '9H
219 FOFA ADCCON: Eq OFNF AR
220 oonn SIOCON: EQU ODOH
221 00N s10SC: Eon DDEN
222 oonn SIDSTST EQU o DDH
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We claim: .

1. Structure comprising:

a chamber containing a first and a second opening
through which fluid can pass;

a flexible diaphragm located in said chamber so as to
divide said chamber into two portions, a first cham-
ber accessed through said first opening and a sec-
ond portion being accessed through said second
opening;

a magnet attached to ‘said flexible diaphragm

means for directing fluid whose flow is being mea-
sured through said first opening into said first
chamber while withdrawing the fluid whose flow
is being measured through said second opening
from said second chamber and, into response to a
control signal, reversing the chambers in which the
fluid is inserted and from which the fluid is with-
drawn, the movement of fluid into one chamber
and out of the other chamber causing said flexible
dlaphragm to move into the chamber from which
the fluid is being withdrawn;

means for continuously producing an output signal
representative of the position of said magnet;

means for converting said output signal to a sequence
of digital signals;

means for processing said sequence of digital signals
to produce a second signal representative of the
flow rate of said fluid into and out of said chamber;

means for comparing said flow rate to a reference
flow rate to produce a control signal representative
of the difference between said measured flow rate
and said reference flow rate; and

means, responsive to said control signal, for changing
the flow rate of said fluid.

2. Structure comprising:

a chamber containing a first and a second opening
through which fluid can pass;

a flexible diaphragm located in said chamber 50 as to
divide said chamber into two subchambers, a first
subchamber which is accessed through said first
opening and a second subchamber which is ac-
cessed through said second opening;

a magnet attached to said flexible diaphragm, said
magnet being formed as an integral part of, and
being completely enclosed by, the material of said
flexible diaphragm;

means for directing fluid whose flow is being mea-
sured through said first opening into said first sub-
chamber while withdrawing the fluid whose flow
is being measured through said second opening
from said second subchamber and, in response to a
control signal, reversing the subchambers into
which the fluid is inserted and from which the fluid
is withdrawn, the movement of fluid into one sub-
chamber and out of the other subchamber causing
said flexible diaphragm to move into the subcham-
ber from which the fluid is being withdrawn;

means for producing an output signal representative
of the position of said magnet;

means for converting said output signal to a sequence
of digital signals;
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means for processing said sequence of digital signals
to produce a second signal representative of the
flow rate of said fluid into and out of said chamber;

means for comparing said flow rate to a reference
flow rate to produce a control signal representative
of the difference between said measured flow rate
and said reference flow rate; and

means, responsive to said control signal, for changing
the flow rate of said fluid.

3. Structure as in claim 2 including:

means for sensing the approach of said magnet to one
or the other ends of said chamber and for switching
the flow of fluid into said chamber from said first
subchamber to said second subchamber and for

" switching the flow of fluid from said chamber from
said second subchamber to said first portion.

4. Structure as in claim 3 including reference means
representing the relationship between the position of
said magnet and the volumetric displacement of said
diaphragm, thereby to enable the determination of the
volumetric displacement of said diaphragm from the
output signal from said means for producing.

5. Structure as in claim 4 including:

means for varying the position at which the motion of
said flexible diaphragm is reversed by determining
the flow rate of said fluid and selecting a reversal
point to maximize the sensitivity of the output sig-
nal from said means for producing as a function of
the displacement of said flexible diaphragm.

6. Structure as in claim 4 including:

means for reversing the direction of motion of said
flexible diaphragm in response to the expiration of
a predetermined time.

7. Structure as in claim 2 wherein said chamber is

cylindrical.

8. Structure which comprises

a chamber containing two openings therein;

a flexible diaphragm containing as a part thereof a
magnet, said diaphragm separating said chamber
into a first and a second portion and sealing said
first portion from said second portion so as to pre-
vent leakage of fluid from said first portion to said
second portion or vice versa;

means for continuously producing an output signal
representative of the position of said diaphragm;

means for selectively controlling the flow into said
first portion and out of said second portion and for
reversing the flow as desired so that the fluid flows
into the second portion and from the first portion;

means for processing the output signal from said

means for producing including

switching path means for selectively accessing the
output signal from said means for producing

conversion means for converting said output signal
from said means for producing to a first digital
signal;

buffer means for storing said first digital signal
from said conversion means;

means for inputting to said system a second digital
signal representing a desired fluid flow rate;

means for storing said second digital signal represent-
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ing said desired fluid flow rate;
processing means for operating on said first and sec-
ond digital signals to produce an estimate of the
flow rate of fluid into and out of said chamber;
means for storing a signal representative of the flow
rate calculated by said processing means; and
driver circuit means periodically actuated by said
output signal from said processing means to move a
control valve either open or closed in response to
the output signal stored in said means for storing.
9. Structure as in claim 8 including
means for storing the output signal from said process-
ing means representing the calculated flow rate;
and
means for displaying the calculated fluid flow rate.
10. The method of measuring a fluid flow rate using a
chamber containing a first opening and a second open-
ing through which fluid can pass with a flexible dia-
phragm located in said chamber so as to divide said
chamber into two subchambers, a first subchamber
which is accessed through said first opening and a sec-
ond subchamber which is accessed through said second
opening, and a magnet attached to said flexible dia-
phragm, comprising:
directing the fluid whose flow is being measured
through said first opening into said first subcham-
ber while withdrawing the fluid whose flow is
being measured through said second opening from
said second subchamber and, in response to a con-
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trol signal, reversing the subchambers in which the
fluid is inserted and from which the fluid is with-
drawn, the movement of fluid into one subchamber
and out of the other subchamber causing said flexi-
ble diaphragm to move into the subchamber from
which the fluid is being withdrawn;

producing a continuous output signal representative

of the position of said magnet;

converling said output signal to a sequence of digital

signals;
processing said sequence of digital signals to produce
a second signal representative of the flow rate of
said fluid into and out of said chamber;

comparing said flow rate to a reference flow rate to
produce a control signal representative of the dif-
ference between said measured flow rate and said
reference flow rate; and

changing the flow rate of said fluid in response to said

control signal.

11. Structure as in claim 2 wherein said means for
producing comprises means for continuously producing
an output signal representative of the instantaneous
position of said magnet, thereby to enable a measure of
the instantaneous flow rate of the fluid entering said
chamber to be obtained during the trave of said dia-
phragm from any one position to any other position in
said chamber.



