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A method and apparatus for a pump and a pump control system. The apparatus includes pistons integrally formed In a diaphragm
and.coupled to the diaphragm by convolutes. The convolutes have a bottom surface angled with respect to a top surface of the
pistons. The apparatus also includes an outlet port positioned tangentially with respect to the perimeter of an outlet chamber. The
apparatus further includes a non- mechanical pressure sensor coupled to a pump control system. For the method of the invention,
the micro-controller provides a pulse-width modulation control signal to an output power stage in order to selectively control the
power provided to the pump. The control signal is based on the pressure within the pump, the current being provided to the pump,
and the voltage level of the battery.

,
L
X
e
e . ViNENEE
L S S \
ity K
.' : - h.l‘s_‘.}:{\: .&. - A L~
.
A

A7 /7]
o~

» . _
‘ l an a dH http:/opic.ge.ca + Ottawa/Gatineau K1A 0C9 - hmp./cipo.ge.ca o p1C
OPIC - CIPO 191




CA 02762214 2011-12-19

ABSTRACT

A method and apparatus for a pump and a pump control system. The apparatus
includes pistons integrally formed in a diaphragm and coupled to the diaphragm by
convolutes. The convolutes have a bottom surface angled with respect to a top surface of
the pistons. The apparatus also includes an outlet port positioned tangentially with respect
to the perimeter of an outlet chamber. The apparatus further includes a non-mechanical
pressure sensor coupled to a pump control system. For the method of the invention, the
micro-controller provides a pulse-width modulation control signal to an output power
stage in order to selectively control the power provided to the pump. The control signal is
based on the pressure within the pump, the current being provided to the pump, and the

voltage level of the battery.
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PUMP AND PUMP CONTROL CIRCUIT APPARATUS AND METHOD

This application is a divisional application of Canadian Patent File No. 2.468,454 filed
November 26", 2002.

Field of the Invention

This invention relates generally to pumps and pumping methods, and more particularly to

wobble plate pumps and pump controls.

Background of the Invention

Wobble-plate pumps are employed in a number of different applications and operate
under well-known principals. In general, wobble-plate pumps typically include pistons that move
in a reciprocating manner within corresponding pump chambers. In many cases, the pistons are
moved by a cam surface of a wobble plate that is rotated by a motor or other driving device. The

reciprocating movement of the pistons pumps fluid from an inlet port to an outlet port of the

pump.

In many conventional wobble plate pumps, the pistons of the pump are coupled to a
flexible diaphragm that is positioned between the wobble plate and the pump chambers. In such
pumps, each one of the pistons is an individual component separate from the diaphragm,
requiring numerous components to be manufactured and assembled. A convolute is sometimes
employed to connect each piston and the diaphragm so that the pistons can reciprocate and move
with respect to the remainder of the diaphragm. Normally, the thickness of each portion of the
convolute must be precisely designed for maximum pump efficiency without risking rupture of

the diaphragm.

Many conventional pumps (including wobble plate pumps) have an outlet port coupled to
an outlet chamber located within the pump and which is in communication with each of the pump
chambers. The outlet port is conventionally positioned radially away from the outlet chamber. As
the fluid is pumped out of each of the pump chambers sequentially, the fluid enters the outlet
chamber and flows along a circular path. However, in order to exit the outlet chamber through the
outlet port, the fluid must diverge at a relatively sharp angle from the circular path. When the

fluid is forced to diverge from the circular path, the efficiency of the pump is reduced, especially

at lower pressures and higher flow rates.

Many conventional pumps include a mechanical pressure switch that shuts off the pump

when a certain pressure (i.e., the shut-off pressure) is exceeded. The pressure switch
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1s typically positioned in physical communication with the fluid in the pump. When the
pressure of the fluid exceeds the shut-oft pressure, the force of the fluid moves the
mechanical switch to open the pump’s power circuit. Mechanical pressure switches have
several limitations. For example, during the repeated opening and closing of the pump’s
power circuit, arcing and scorching often occurs between the contacts of the switch. Due to
this arcing and scorching, an oxidation layer forms over the contacts of the switch, and the
switch will eventually be unable to close the pump’s power circuit. In addition, most
- conventional mechanical pressure switches are unable to operate at high freqﬁencies, which
results in the pump being completely “on” or completely “off.” The repeated cycling
between completely “on” and completely “off™ results in louder operation. Moreover, since
mechanical switches are either completely “on™ or completely “off,” mechanical switches

are unable to precisely control the power provided to the pump.

Wobble-plate pumps are often designed to be powered by a battery, such as an
automotive battery. In the pump embodiments employing a pressure switch as described
above, power from the batfery is normally provided to the pump depending upon whether
the mechanical pressure switch is open or closed. If the switch is closed, full battery power
1s provided to the pump. Always providing full battery power to the pump can cause voltage
surge problems when the battery is being charged (e.g., when an automotive battery in a
recreational vehicle is being charged by another automotive battery in another operating
vehicle). Voltage surges that occur while the battery is being charged can damage the
components of the pump. Conversely, voltage drop problems can result if the battery cannot
be mounted in close proximity to the pump (e.g., when an automotive battery is positioned
adjacent to a recreational vehicle’s engine and the pump is mounted in the rear of the
recreational vehicle). Also, the voltage level of the battery drops as the battery is drained
from use. If the voltage level provided to the pump by the battery becomes too low, the
pump may stall at pressures less than the shut-off pressure. Moreover, when the pump stalls
at pressures less than the shut-off pressure, current is still being provided to the pump’s

motor even through the motor is unable to turn. If the current provided to the pump’s motor

becomes too high, the components of the pump’s motor can be damaged.

In light of the problems and limitations described above, a need exists for a pump

apparatus and method employing a diaphragm that is easy to manufacture and is reliable

(whether having integral pistons or otherwise). A need also exists for a pump having an
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outlet port that is positioned for improved fluid flow from the pump outlet port.
Furthermore, a need further exists for a pump control system designed to better control the

power provided to the pump, to provide for quiet operation of the pump, and to prevent
voltage surges, voltage drops, and excessive currents from damaging the pump. Each

embodiment of the present invention achieves one or more of these results.

Summary of the Invention

Some preferred embodiments of the present invention provide a diaphragm for use
with a pump having pistons driving the diaphragm to pump fluid through the pump. The
pistons can be infegrally formed in a body portion of the diaphragm, thereby resulting in
fewer components for the manufacture and assembly of the pump. Also, each of the pistons
are preferably coupled (i.e., attached to or integral therewith) to the body portion of the
diaphragm by a convolute. Each of the pistons can have a top surface lying generally in a
single plane. In some embodiments, each convolute 1s comprised of more maternal at its
outer perimeter so that the bottom surface of each convolute lies at an angle with respect to
the plane of the piston top surfaces. The angled bottom surface of the convolutes allows the
pistons a greater range of motion with respect to the outer perimeter of the convolute, and

results in reduced diaphragm stresses for longer diaphragm life.

In some preferred embodiments of the present invention, an outlet port of the pump
1s positioned tangentially with respect to the perimeter of an outlet chamber. The tangential
outlet port allows fluid flowing in a circular path within the outlet chamber to continue along
the circular path as the fluid exits the outlet chamber. This results in better pump efficiency,

especially at lower pressures and higher flow rates.

Some preferred embodiments of the present invention further provide a pump having
a non-mechanical pressure sensor coupled to a pump control system. Preferably, the

pressure sensor provides a signal representative of the changes in pressure within the pump
“to a microcontroller within the pump control system. Based upon the sensed pressure, the
microcontroller can provide a pulse-width modulation control signal to an output power
stage coupled to the pump. The output power stage selectively provides power to the pump
based upon the control signal. Preferably, due to the pulse-width modulation control signal,

the speed of the pump gradually increases or decreases rather than cycling between
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completely “on” and completely “off,” resulting in more efficient and quieter operation of

the pump.

The pump control system can also include an input power stage designed to be
coupled to a battery. The microcontroller is coupled to the input power stage in order to
sense the voltage level of the battery. If the battery voltage is above a high threshold (e.g.,
when the battery is being charged), the microcontroller preferably prevents power from
being provided to the pump. If the battery voltage is below a low threshold (e.g., when the
voltage available from the battery will allow the pump to stall below the shut-off pressure),
the microcontroller preferably also prevents power from being provided to the pump. In

some preferred embodiments, the microprocessor only generates a control signal if the

sensed battery voltage 1s less than the high threshold and greater than the low threshold.

Preferably, the pump control system is also capable of adjusting the pump’s shut-off
pressure based upon the sensed battery voltage in order to prevent the pump from stalling
when the battery is not fully charged. The microprocessor compares the sensed pressure to
the adjusted shut-off pressure. If the sensed pressuré is less than the adjusted shut-off
pressure, the microprocessor generates a high control signal so that the output power stage
provides power to the pump. If the sensed pressure is greater than the adjusted shut-off
pressure, the microprocessor generates a low control signal so that the output power stage

does not provide power to the pump.

In some preferred embodiments, the pump control system is further capable of
limiting the current provided to the pump in order to prevent high currents from damaging
' the pump’s components. The pump control system is capable of adjusting a current limit
threshold based upon the sensed pressure of the fluid within the pump. The pump control
system can include a current-sensing circuit capable of sensihg the current being provided to
the pump. If the sensed current 1is less than the current limit threshold, the microcontroller
preferably generates a high control signal so that the output power stage provides power to
the pump. If the sensed current is greater than the current limit threshold, the

microcontroller preferably generates a low control signal until the sensed current is less than

the current hmit threshold.

For the method of the invention, the microcontroller preferably senses the voltage

level of the battery and determines whether the voltage level is between a high threshold and
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a low threshold. Preferably, the microcontroller only allows the pump to operate if the
voltage level of the battery is between the high threshold and the low threshold. The

microprocessor adjusts the shut-off pressure for the pump based on the sensed voltage.

Preferably, the microcontroller can also sense the pressure of the fluid within the
pump and can determine whether the pressure is greater than the adjusted shut-off
pressure. If the sensed pressure is greater than the shut-off pressure, the microprocessor
preferably generates a pulse-width modulation control signal in order to provide less
power to the pump. If the sensed pressure is less than the shut-off pressure, the
microprocessor preferably determines whether the pump is turned off. If the pump is not
turned off, the microprocessor generates a pulse-width modulation control signal in order

to provide more power to the pump.

If the sensed pressure is less than the shut-off pressure and the pump is turned
off, the microprocessor preferably generates a pulse-width modulation control signal to
re-start the pump. The microcontroller senses the pressure of the fluid within the pump
and adjusts the current limit threshold based on the sensed pressure. The microcontroller
senses the current being provided to the pump. If the sensed current is greater than the
current limit threshold, the microcontroller preferably generates a pulse-width modulation
control signal in order to provide less power to the pump. If the sensed current is less than
the current limit threshold, the microcontroller preferably generates a pulse-width

modulation control signal in order to provide more power to the pump.

An aspect of the invention is a pump control circuit for use with a pump. The
- circuit comprises a pressure sensor capable of sensing a pressure in the pump where the
pressure sensor is a silicon semiconductor pressure sensor. Included in the pump control
circuit is a current sensing circuit which is capable of sensing the current provided to the
pump and is coupled to a microcontroller. The microcontroller, also coupled to the

pressure sensor, is programmed to determine a current limit threshold based on the sensed

pressure. The microcontroller is also programmed to generate a high control signal if the

sensed current is less than the current limit threshold and a low control signal if the
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sensed current 1s greater than the current limit threshold. Also part of the pump control
circuit 1S an output power stage that is coupled to receive a control signal from the
microcontroller so that if the control signal 1s a low control signal, the power provided to

the pump is reduced until the sensed current is less than the current limit threshold.

Another aspect of the invention is a pump control circuit for use with a pump
where the circuit comprises a pressure sensor capable of sensing a pressure in the pump, a
current sensing circuit capable of sensing a current being provided to the pump and a
microcontroller coupled to the pressure sensor and the current sensing circuit that is
programmed to determine a current limit threshold based on the sensed pressure. The
microcontroller is also programmed to generate a high control signal if the sensed current
1S less than the current limit threshold and a low control signal if the sensed current is
greater than the current limit threshold. Also included as part of the pump control circuit
for use with a pump is an amplifier and filter circuit coupled between the pressure sensor
and the microprocessor where the amplifier and filter circuit include a potentiometer used
to calibrate the pressure sensor. An output power stage is coupled to the pump circuit to
receive the control signal from the microcontroller so that if the control signal is a low
control signal, the power provided to the pump is reduced until the sensed current is less

than the current hmit threshold.

Yet another aspect of the invention is a pump control circuit for use with a pump
where the circuit comprises a pressure sensor capable of sensing a pressure in the pump, a
current sensing circuit capable of sensing a current being provided to the pump and a
microcontroller coupled to the pressure sensor and the current sensing circuit where the
microcontroller is programmed to determine a current limit threshold based on the sensed
pressure. The microcontroller 1s also programmed to generate a high control signal if the
sensed current is less than the current limit threshold and a low control signal if the

sensed current 1s greater than the current limit threshold. An output power stage is
coupled to the pump control circuit to receive a control signal from the microcontroller so
that if the control signal i1s a low control signal the power provided to the pump is

reduced until the sensed current is less than the current limit threshold. The output power
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stage includes a comparator circuit which determines whether the control signal is a high
control signal or a low control signal. An output of the comparator circuit 1s a positive
for a high control signal and another i1s a negative for a low control signal. The

comparator circuit has a gain approximately equal to the voltage of a battery connected to

the pump control circuit.

A further aspect of the invention i1s a pump control circuit for use with a pump
where the circuit comprises a pressure sensor capable of sensing a pressure in the pump, a
current sensing circuit capable of sensing a current being provided to the pump and a
microcontroller coupled to the pressure sensor and the current sensing circuit where the
microcontroller is programmed to determine a current limit threshold based on the sensed
pressure. The microcontroller 1s also programmed to generate a high control signal if the
sensed current i1s less than the current limit threshold and a low control signal if the
sensed current is greater than the current limit threshold. An output power stage is
coupled to the pump control circuit to receive a control signal from the microcontroller so
that if the control signal is a low control signal, the power provided to the pump is
reduced until the sensed current is less than the current limit threshold. The output power
stage includes a comparator circuit which determines whether the control signal is a high
control signal or a low control signal. An output of the comparator circuit is a positive
for a high control signal and another 1s a negative for a low control signal. An output
control stage of the output power stage includes a switch coupled between the comparator

circuit and the pump wherein the switch conducts power to the pump if the output of the

comparator circuit 1s positive and wherein the switch does not conduct power to the pump

if the output of the comparator circuit 1s negative.

Also part of the invention is a method of controlling a pump where the method 1s
comprised of sensing a pressure in the pump, determining a current limit threshold based
on the sensed pressure, sensing a current being provided to the pump, comparing the
sensed current to the current limit threshold providing power to the pump if the sensed
current is less than the current limit threshold and reducing the power provided to the

pump if the sensed current is greater than the current limit threshold until the sensed



CA 02762214 2011-12-19

5¢

current 1s less than the current limit threshold, and coupling a standard automotive battery

having a voltage of approximately 13.6 volts to the pump.

Another aspect of the method of controlling a pump is a method that comprises,
sensing a pressure in the pump, determining a current limit threshold based on the sensed
pressure, sensing a current being provided to the pump, comparing the sensed current to
the current limit threshold, providing power to the pump if the sensed current is less than
the current limit threshold and reducing the power provided to the pump if the sensed
current 1s greater than the current limit threshold until the sensed current is less than the
current limit threshold, and amplifying and filtering the sensed pressure before comparing

the sensed pressure to the shut-off pressure.

Further aspects and advantages of the present invention, together with the
organization and manner of operation thereof, will become apparent from the following
detailed description of the invention when taken in conjunction with the accompanying

drawings, wherein like elements have like numerals throughout the drawings.

Brief Description of the Drawings

The present invention is further described with reference to the accompanying
drawings, which show a preferred embodiment of the present invention. However, it
should be noted that the invention as disclosed in the accompanying drawings is

illustrated by way of example only. The various elements and combinations of elements

described below and
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illustrated in the drawings can be arranged and organized differently to result in

embodiments which are still within the spirit and scope of the present invention.
In the drawings, wherein like reference numerals indicate like parts:

FIG. 1 is a perspective view of a pump according to a preferred embodiment of the

present invention;

FIG. 2 is a front view of the pump illustrated in FIG. 1;
FIG. 3 1s a top view of the pump illustrated in FIGS. 1 and 2;

FIG. 4 1s a cross-sectional view of the pump 1llustrated in FIGS. 1-3, taken along line

4-4 of FIG. 2;
FIG. 5 1s a detail view of FIG. 4;

FIG. 6 is cross-sectional view of the pump illustrated in FIGS. 1-5, taken along line
6-6 of FIG. 4;
FIG. 7 1s a cross-sectional view of the pump illustrated in FIGS. 1-6, taken along line

7-7 of FIG. 6;

FIG. 8 is a cross-sectional view of the pump illustrated in FIGS. 1-7, taken along line |

8-8 of FIG. 2;

FIG. 9 is a cross-sectional view of the pump illustrated in FIGS. 1-8, taken along line

9-9 of FIG. §;

FIGS. 10A-10E illustrate a pump diaphragm according to a preferred embodiment of

the present invention;

FIG. 11A 1s a schematic illustration of an outlet chamber and an outlet port of a prior

art pump,

FIG. 11B is a schematic 1llustration of an outlet chamber and an outlet port of a

pump according to a preferred embodiment of the present invention;
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FIG. 12A is an interior view of a pump front housing according to a preferred

embodiment of the present invention;

FIG. 12B is an exterior view of the pump front housing illustrated in FIG. 12A;

FIG. 13 is a schematic illustration of a pump control system according to a preferred

embodiment of the present invention;
FIG. 14 is a schematic illustration of the input power stage illustrated in FIG. 13;

FIG. 15 is a schematic illustration of the constant current source illustrated in EIG.

13;
FIG. 16 1s a schematic illustration of the voltage source illustrated in FIG. 13;

FIG. 17 is a schematic illustration of the pressure signal amplifier and filter

itlustrated in FIG. 13;

FIG. 18 is a schematic illustration of the current sensin g circuit illustrated in FIG. 13;
FIG. 19 is a schematic illustration of the output power stage illustrated in FIG. 13;
FIG. 20 1s a schematic illustration of the microcontroller illustrated in FIG. 13; and

FIGS. 21 A-21F are flow charts illustrating the operation of the pump control system
of FIG. 13.

Detailed Description of the Preferred Embodiments

FIGS. 1-3 illustrate the exterior of a pump 10 according to a preferred embodiment
of the present invention. In some preferred embodiments such as that shown in the fi gures,
the pump 10 includes a pump head assembly 12 having a front housing 14, a sensor housing
16 coupled to the front housing 14 via screws 32, and a rear housing 18 coupled to the front
~ housing 14 via screws 34. Although screws 32, 34 are preferably employed to connect the .
sensor housing 16 and rear housing 18 to the front housing 14 as just described, any other
type of fastener can instead be used (including without limitation bolt and nut sets or other

threaded fasteners, rivets, clamps, buckles, and the like). It should also be noted that
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reference herein and in the appended claims to terms of orientation (such as front and rear)
are provided for purposes of illustration only and are not intended as limitations upon the
present invention. The pump 10 and various elements of the pump 10 can be oriented in any

manner desired while still falling within the spirit and scope of the present invention.

The pump 10 1s preferably connected or connectable to a motor assembly 20, and can
be connected thereto in any conventional manner such as those described above with
reference to the connection between the front and rear housings 14, 18. The pump 10 and
motor assembly 20 can have a pedestal 26 with legs 28 adapted to support the weight of the
pump 10 and motor assembly 20. Alternatively, the pump 10 and/or motor ﬁssembly 20 can
have or be connected to a bracket, stand, or any other device for mounting and supporting
the pump 10 and motor assembly 20 upon a surface in any orientation. Preferably, the legs
28 each include cushions 30 constructed of a resilient material (such as rubber, urethane, and

the like), so that vibration from the pump 10 to the surrounding environment is reduced.

The front housing 14 preferably includes an inlet port 22 and an outlet port 24.
Preferably, the inlet port 22 is connected to an inlet fluid line (not shown) and the outlet port
24 1s connected to an outlet fluid line (not shown). The inlet port 22 and the outlet port 24
are each preferably provided with fittings for connection to inlet and outlet fluid lines (not
shown). Most preferably, the inlet port 22 and outlet port 24 are provided with quick
disconnect ﬁttings,% although threaded ports can instead be used as desired. . Alternatively;,
any other type of cbnventional fluid line connector can instead be used, including

compression fittings, swage fittings, and the like. In some preferred embodiments of the
present imnvention, the inlet and outlet ports are provided with at least one (and more

preferably two) gaskets, O-rings, or other seals to help prevent inlet and outlet port leakage.

The pump head assembly 12 preferably has front and rear housing portions 14, 1.8 as
illustrated in the figures. Alternatively, the pump head assembly 12 can have any number of
body portions connected together in any manner (including the manners of connection
described above with reference to the connection between the front and rear housing
portions 14, 18). In this regard, it should be noted that the housing of the pump head
assembly 12 can be defined by housing portions arranged in any other manner, such as by
left and right housing portions, upper and lower housing portions, multiple housing portions
connected together in various manners, and the like. Accordingly, the inlet and outlet ports

22, 24 of the pump head assembly 12 and the inlet and outlet chambers 92, 94 (described in
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greater detail below) can be located in other portions of the pump housing determined at
least partially upon the shape and size of the housing portions 14, 18 and upon the positional
relationship of the inlet and outlet ports 22, 24 and the inlet and outlet chambers 92, 94 to

components within the pump head assembly 12 (described in greater detail below).

FIGS. 4-9 illustrate various aspects of the interior of the pump 10 according to one
preferred embodiment of the present invention. A valve assembly 36 is preferably coupled
between the front.housing 14 and the rear housing 18. As best shown in FIG. 6, the valve
assembly 36 defines one or more chambers 38 within the pump 10. In FIG. 6, the shape of
one of the chambers 38 (located on the reverse side of the valve assembly 36 as viewed in
FIG. 6) is shown in dashed lines. The chambers 38 in the pump 10 are preferably tear-drop
shaped as shown 1n the figures, but can take any other shape desired, including without

limitation round, rectangular, elongated, and irregular shapes.

In some preferred embodiments, the pump 10 includes five chambers 38, namely a
first chamber 40, a second chamber 42, a third chamber 44, a fourth chamber 46, and a fifth
chamber 48. Although the pump 10 is described herein as having five chambers 38, the

pump 10 can have any number of chambers 38, such as two chambers 38, three chambers

38, or six chambers 38.

For each one of the chambers 38, the valve assembly 36 preferably includes an inlet
valve 50 and an outlet valve 52. Preferably, the inlet valve 50 is positioned within an inlet

valve seat 84 defined by the valve assembly 36 within each one of the chambers 38, while

the outlet valve 52 is pbsi'tidned within an outlet valve seat 86 defined by the valve assembly
36 corresponding to each one of the chambers 38. The inlet valve 50 is preferably
positioned within the inlet valve seat 84 so that fluid is allowed to enter the chamber 38
through inlet apertures 88, but fluid cannot exit the chamber 38 through inlet apertures 88.
Conversely, the outlet valve 52 is preferably positioned within the outlet valve seat 86 so
that fluid is allowed to exit the chamber 38 through outlet apertures 90, but fluid cannot
enter the chamber 38 through outlet apertures 90. With reference to FIG. 6, fluid therefore
enters each chamber 38 through inlet apertures 88 (i.e., into the plane of the page) of a one-
way inlet valve 50, and exits each chamber 38 through outlet apertures 90 (i.e., out of the
plane of the page) of a one-way outlet valve 52. The valves 50, 52 are conventional in

nature and in the illustrated preferred embodiment are disc-shaped flexible elements secured
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within the valve seats 84, 86 by a snap fit connection between a headed extension of each

valve 50, 52 1nto a central aperture in a corresponding valve seat 84, 86.

As best shown 1n FIGS. 4, 5, and 8, a diaphragm 54 1s preferably located between the
valve assembly 36 and the rear housing 18. Movement of the diaphragm 54 causes fluid in
the pump .10 to move as described above through the valves 50, 52. With reference again to
FIG. 6, the diaphragm 54 1n the illustrated preferred embodiment is located over the valves
50, 52 shown in FIG. 6. The diaphragm 54 is‘preferably positioned into a sealing
relationship with the valve assembly 36 (e.g., over the valves 50, 52 as just described) via a
lip 60 that extends around the perimeter of the diaphragm 54. Preferably, the diaphragm 54
includes one or more pistons 62 corresponding to each one of the chambers 38. The

diaphragm 54 in the 1llustrated preferred embodiment has one piston 62 corresponding to

each chamber 38.

The pistons 62 are preferably connected to a wobble plate 66 so that the pistons 62
are actuated by movement of the wobble plate 66. Any wobble plate arrangement and
connection can be employed to actuate the pistons 62 of the .(‘ii‘é-phragm- 54. In the illustrated
preferred embodiment, the wobble plate 66 has a plurality of rocker arms 64 that transmit
force from the center of the wobble plate 66 to locations adjacent to the pistons 62. Any
number of rocker arms 64 can be employed for driving the pistons 62, depending at least
partially upon the qumber and arrangement of the pistons 62. Although any rocker arm
shape can be employed, the rocker arms 64 in the illustrated preferred embodiment have
extensions 80 extending from the ends of the rocker arms 64 to the pistons 62 of the
diaphragm 54. The pistons 62 of the diaphragm 54 are preferably connected to the rocker

arms, and can be connected to the extensions 80 of the rocker arms 64 in those embodiments
having such extensions 80. Preferably, the center of each piston 62 is secured to a
corresponding rocker arm extension 80 via a screw 78. The pistons 62 can instead be
attached to the wobble plate 66 in any other manner, such as by nut and bolt sets, other

threaded fasteners, rivets, by adhesive or cohesive bonding material, by snap-fit connections,

and the like.

The rocker arm 64 is preferably coupled to a wobble plate 66 by a first bearing
assembly 68, and can be coupled to a rotating output shaft 70 of the motor assembly 20 in
any conventional manner. In the illustrated preferred embodiment, the wobble plate 66

includes a cam surface 72 that engages a corresponding surface 74 of a second bearing
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assembly 76 (i.e., of the motor assembly 20). The wobble plate 66 also includes an annular
wall 85 which is positioned off-center within the wobble plate 66 in order to engage the
output shaft 70 in a camming action. Specifically, as the output shaft 70 rotates, the wobble
plate 60 turns and, due to the cam surface 72 and the off-center position of the annular wall
84, the pistons 62 are individually engaged in turn. One having ordinary skill in the art will
appreciate that other arrangements exist for driving the wobble plate 66 in order to actuate

the pistons 62, each one of which falls within the spirit and scope of the present invention.

When the pistons 62 are actuated by the wobble plate 66, the pistons 62 preferably
move within the chambers 38 in a reciprocating manner. As the pistons 62 move away from
the 1nlet valves 50, fluid is drawn into the chambers 38 through the inlet apertures 88. As
the pistons 62 move toward the inlet valves 50, fluid is pushed out of the chambers 28
through the outlet apertures 90 and through the outlet valves 52. Preferably, the pistons 62
are actuated sequentially. For example, the pistons 62 are preferably actuated so that fluid is

drawn into the first chamber 40, then the second chamber 42, then the third chamber 44,
then the fourth chamber 46, and finally 1nto the fifth chamber 48.

FIGS. 10A-10E illustrate the structure of a diaphragm 54 according to a preferred
embodiment of the present invention. The diaphragm 54 is preferably comprised of a single
piece of resilient material with features integral with and molded into the diaphragm 54.
Alternatively, the diaphragm 54 can be constructed of multiple elements connected together
in any conventional manner, such as by fasteners, adhesive or cohesive bonding material, by
snap-fit connections, and the like. The diaphragm 54 preferably includes a body portion 56
lying generally in a first plane 118. The diaphragm 54 has a front surface 58 which includes
the pistons 62. Preferably, the pistons 62 lie generally in a second plane 120 parallel to the

first plane 118 of the body portion 56.

In some preferred embodiments, each piston 62 includes an aperture 122 at its center
through which a fastener (e.g., a screw 78 as shown 1n FIGS. 4 and 5) is received for
connecting the fastener to the wobble plate 66. Preferably, the front surface 58 of the
diaphragm 54 also includes raised ridges 124 extending around each of the pistons 62. The
raised ridges 124 correspond to recesses (not shown) in the valve assembly 36 that extend
around each one of the chambers 38. The raised ridges 124 and the recesses are positioned
together to form a sealing relationship between the diaphragm 54 and the valve assembly 36

in order to define each one of the chambers 38. In other embodiments, the diaphragm 54 .
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does not have raised ridges 124 as just described, but has a sealing relationship with the
valve assembly 54 to isolate the chambers 38 in other manners. For example, the valve
assembly 36 can have walls that extend to and are in flush relationship with the front surface
58 of the diaphragm 54. Alternatively, the chambers 38 can be isolated from one another by
respective seals, one or more gaskets, and the like located between the valve assembly 36
and the diaphragm 54. Still other manners of 1solating the chambers 38 from one another
between the diaphragm 54 and the valve assembly 36 are possible, each one of which falls

within the spirit and scope of the present invention.

The diaphragm 54 preferably includes a rear surface 126 which includes convolutes
128 corresponding to each one of the pistons 62. The convolutes 128 couple the pistons 62
to the body portion 56 of the diaphragm 54. The convolutes 128 function to allow the
pistons 62 to move reciprocally without placing damaging stress upon the diaphragm 54.
Specifically, the convolutes 128 preferably permit the pistons 62 to move with respect to the
plane 118 of the body portion 56 without damage to the diaphragm 54. The convolutes 128
- preferably lie-generally-in a third plane 130.

Preferably, each convolute 128 includes an inner perimeter portion 132 positioned
closer to a center point 136 of the diaphragm 54 than an outer perimeter portion 134. The
outer perimeter portion 134 of each convolute 128 can be comprised of more material than
the inner perimeter portion 132, In other words, the depth of the convolute 128 at the outer
perimeter portion 134 can be larger than the depth of the convolute 128 at the inner
perimeter portion 132. This arrangement therefore preferably provides the piston 62 with
greater range of motion at the outer perimeter than at the inner perimeter: In this connection,
a bottom surface 138 of each convolute 128 can be oriented at an angle sloping away from
the center point 136 of the diaphragm 54 and away from the second plane in which the
pistons 62 lie. The inventors have discovered that reduced diaphragm stress results when
this angle of the convolutes is between 2 and 4 degrees. More preferably, this angle is
between 2.5 and 3.5 degrees. Most preferably, an angle of approximately 3.5 degrees is
employed to reduce stress in the diaphragm 54. By reducing diaphragm stress in this

manner, the life of the diaphragm 54 1s significantly increased, thereby improving pump

reliability.

In some preferred embodiments of the present invention, the pistons 62 have

rearwardly extending extensions 140 for connection of the diaphragm 54 to the wobble plate
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66. The extensions 140 can be separate elements connected to the diaphragm 54 1n any
conventional manner, but are more preferably integral with the bottom surfaces 138 of the
convolutes 128. With reference to the illustrated preferred embodiment, the screws 78 are
- preferably received in the apertures 122, through the cylindrical extensions 140, and into the
extensions 80 of the rocker arms 64 as best shown in FIGS. 4 and 5. If desired, bushings 82

can also be coupled around the cylindrical extensions 140 between the convolutes 128 and

the extensions 80 of the rocker arm 64.

With reference next to FIG. 12A, the interior of the front housing 14 preferably
mcludes an inlet chamber 92 and an outlet chamber 94. The inlet chamber 92 is 1n
communication with the inlet port 22 and the outlet chamber 94 is in communication with
the outlet port 24. Preferably, the inlet chamber 92 is separated from the outlet chamber 94
by a seal 96 (as shown in FIG. 6). The seal 96 can be retained within the pump 10 in any
conventional manner, such as by being recerved within a recess in the valve assembly 36 or
pump housing, by adhesive or cohesive bonding material, by one or more fasteners, and the

itke.

When the valve assembly 36 of the illustrated preferred embodiment is positioned
within the front housing 14, the seal 96 engages wall 98 formed within the front housing 14
in order to prevent fluid from communicating between the inlet chamber 92 and the outlet
chamber 94. Thus, the inlet port 22 is in communication with the inlet chamber 92, which is
in communication vﬁth each of the chambers 38 via the inlet apertures 88 and the inlet
valves 50. The chambers 38 are also in communication with the outlet chamber 94 via the

outlet apertures 90 and the outlet valves 52.

As shown schematically in FIG. 11A, the outlet ports in pumps of the prior art are
often positioned non-tangentially with respect to the circumference of an outlet chamber. In
these pumps, as the pistons sequentially push the fluid into the outlet chamber, the fluid
flows along a circular path in a counter-clockwise rotation within the outlet chamber.
However, in order to exit through the outlet port, the fluid must diverge from the circular
path at a relatively sharp angle. Conversely, as shown schematically in FIG. 11B, the outlet
port 24 of the pump 10 in some embodiments of the present invention is positioned
tangentially to the outlet chamber 94. Specifically, as shown in FIG. 12A, the outlet port 24
is positioned tangentially with respect to the wall 98 and the outlet chamber 94. In the pump

10, the fluid also flows in a circular path and in a counter-clockwise rotation within the



CA 02762214 2011-12-19

14
outlet chamber 94, but the fluid is not forced to diverge from the circular path to exit through
the outlet port 24 at a sharp angle. Rather, the fluid continues along the circular path and
transitions into the outlet port 24 by exiting tangentially from tlow within the outlet chamber
94. Having the outlet port 24 tangential to the outiet chamber 94 can also help to evacuate
air from the pump 10 at start-up. Having the outlet port 24 tangential to the outlet chamber

94 can also improve the efficiency of the pump 10 during low pressure/high flow rate

conditions.

Although the wall 98 defining the outlet chamber 94 is illustrated as being pentagon-
shaped, the wall 98 can be any suitable shape for the configuration of the chambers 38 (e.g.,
three-sided for pumps having three chambers, four-sided for pumps having four chambers

38, and the like), and preferably is shaped so that the outlet port 24 is positioned tangentially

with respect to the outlet chamber 94.

-+ With continued reference to the illustrated preferred embodiment of the pump 10, the
inlet port 22 and the outlet port 24 are preferably positioned parallel to a first side 100 of the
pentagon-shaped wall 98. The pentagon-shaped wall 98 includes a second side 102, a tl-li‘r-d\ -
side 104, a fourth side 100, and a fifth side 108. As shown in FIG. 12A, the front housing
14 1ncludes a raised portion 110 positioned adjacent an angle 112 between the third side 104
and the fourth side 106 of the pentagon-shaped wall 98. The raised portion 110 includes an
aperture 114 within which a pressure sensor 116 is positioned. Thus, the pressure sensor
116 is in communication with the outlet chamber 94. Preferably, the pressure sensor 116 is

a silicon semiconductor pressure sensor. In some preferred embodiments, the pressure

sensor 116 1s a silicon semiconductor pressure sensor manufactured by Honeywell (e.g.,
model 22PCFEM1A). The pressure sensor 116 is comprised of four resistors or gages in a

bridge configuration in order to measure changes in resistance corresponding to changes in

pressure within the outlet chamber 94.

FIG. 13 1s a schematic illustration of an embodiment of a pump control system 200
according to the present invention. As shown in FIG. 13, the pressure sensor 116 is included
in the pump control system 200. The pump control system 200 includes a battery 202 or an
AC power line (not shown) coupled to an analog-to-digital converter (not shown), an input
power stage 204, a voltage source 206, a constant current source 208, a pressure signal
amplifier and filter 210, a current sensing circuit 212, a microcontroller 214, and an output

power stage 216 coupled to the pump 10. Preferably, components of the pump control
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system 200 are made with integrated circuits mounted on a circuit board (not shown) that is

positioned within the motor assembly 20.

The battery 202 1s most preferably a standard automotive battery having a fully-
charged voltage level of 13.6 Volts. However, the voltage level of the battery 202 will vary
during the life of the battery 202. Accordingly, the pump control system 200 preferably
provides power to the pump as long as the voltage level of the battery 202 is between a low
threshold and a high threshold. In the illustrated preferred embodiment, the low threshold is
approximately 8 Volts to accommodate for voltage drops between a battery harness (e.g.,
represented by connections 218 and 220) and the pump 10. For example, a significant
voltage drop may occur between a battery hamess coupled to an automotive battery adjacent
a recreational vehicle’s engine and a pump 10 mounted in the rear of the recreational
vehicle. Alsc; in the illustrated preferred embodiment, the high threshold is preferably
approximately 14 Volts to accommodate for a fully-charged battery 202, but to prevent the
pump control system 200 from being subjected to voltage spikes, such as when an

automotive battery is being charged by another automotive battery.

The battery 202 is connected to the input power stage 204 via the connections 218
and 220. As shown in FIG. 14, the connection 218 .is coupled to the positive terminal of the

battery 202 in order to provide a voltage of +Vj, to the pump control system 200. The

connection 220 is coupled to the negative terminal of the battery 202, which behaves as an
electrical ground. A zener diode D1 is coupled between the connections 218 and 220 in

- order to suppress any transient voltages, such as noise from an alternator that is also coupled

to the battery 202. In some preferred embodiments, the zener diode D1 is a generic model

1.5KE30CA zener diode avatlable from several manufacturers.

The input power stage 204 1s coupled to a constant current source 208 via a
connection 222, and the constant current source 208 is coupled to the pressure sensor 116

via a connection 226 and a connection 228. As shown in FIG. 15, the constant current
source 208 includes a pair of decoupling and filtering capacitors C7 and C8, which prevent
electromagnetic emissions from other components of the pump control circuit 200 from
interfering with the constant current source 208. In some preferred embodiments, the

capacitance of C7 is 100nF and the capacitance of C8_is 100pF.
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'The constant current source 208 includes an operational élmplifier 224 coupled to a
resistor bridge, including resistors R1, R2, R3, and R4. The operational amplifier 224 is
preferably one of four operational amplifiers within a model LLM324/80 integrated circuit
_ manufactured by National Semiconductor, among others. The resistor bridge is designed to
provide a constant current and so that the output of the pressure sensor 116is a voltage
differential value that 1s reasonable for use in the pump control system 200. The resistances
of resistors R1, R2, R3, and R4 are preferably equal to one another, and are most preferably
5k€2. By way of example only, for a 5k€2 resistor bridge, if the constant current source 208
provides a current of 1mA to the pressure sensor 116, the voltages at the inputs 230 and 232
to the pressure signal amplifier and filter circuit 210 are between approximately 2V and 3V.
In addition, the absolute value of the voltage differential between the inputs 230 and 232
will range from approximately OmV to 100mV. Most preferably, the absolute value of the
voltage differential between the inputs 230 and 232 is designed to be approximately 50mV.
The voltage differential between the inputs 230 and 232 1s a signal that represents the

- pressure changes in the outlet chamber 94.

As shown in FIG. 17, the pressure signal amplifier and filter circuit 210 includes an
operational amplifier 242 and a resistor network including R9, R13, R15, and R16. In some
preferred embodiments, tﬁc operational amplifier 242 is a second of the four operational
amplifiers within the LM324/SO integrated circuit. The resistor network is preferably
designed to provide a gain of 100 for the voltage differential signal from the pressure sensor

116 (e.g., the resistance values are 1k€ for R13 and R15 and 100k for R9 and R16). The

output 244 of the operational amplifier 242 is coupled to a potentiometer R11 and a resistor
R14. The potentiometer R11 for each individual pump 10 is adjusted during the
manufacturing process in order to calibrate the pressure sensor 116 of each individual pump
10. In some preferred embodiments, the maximum resistance of the potentiometer R11 is
5k€2, the resistance of the resistor R14 1s 1k€2, and the potentiometer R11 is adjusted so that
the shut-off pressure for each pump 10 is 65 PSI at 12V. The potentiometer R11 is coupled
to a pair of noise-filtering capacitors C12 and C13, preferably having capacitance values of
100nF and 100pF, respectively. An output 246 of the pressure signal amphfier and filter
circuit 210 1s coupled to the microcontroller 214, providing a signal representative of the

pressure within the outlet chamber 94 of the pump 10.
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The input power stage 204 is also connected to the voltage source 206 via a
connection 234. As shown in FIG. 16, the voltage source 206 converts the voltage from the
battery (i.e., +Vy) to a suitable voltage (e.g., +5V) for use by the microcontroller 214 via a
connection 236 and the output power stage 216 via a connection 238. The voltage source
206 includes an integrated"circuit 240 (e.g., model LM781.05ACM manufactured by
National Semiconductor, among others) for converting the battery voltage to +5V. The
integrated circuit 240 is coupled to capacitors C1, C2, C3, and C4. The capacitance of the
capacitors 1s designed to provide a constant, suitable voltage output for use with the
microcontroller 214 and the output power stage 216. In some preferred embodiments, the
capacitance values are 680uF for C1, 10uF for C2, 100nF for C3, and 100nf for C4. In

addition, the maximum working-voltage rating of the capacitors C1-C4 is 35Vye.

As shown in FIG. 18, the current sensing circuit 212 is coupled to the output power
stage 216 via a connection 250 and to the microcontroller 214 via a connection 252. The
~~current sensing circuit 212 provides the microcontroller 214 a signal representative of the

~level of current being provided to the pump 10. The current sensing circuit 212 includes a
resistor R18, which preferably has a low resistance value (e.g., 0.01€2) in order to reduce the
value of the current signal being provided to the microcontroller 214. The resistor R18 is
coupled to an operational amplifier 248 and a resistor network, including resistors R17, R19,
R20, and R21 (e.g., having resistance values of 1k} for R17, R19, and R20 and 20kQ for
R21). The output of the amplifier 248 1s also coupled to a filtering capacitor C15, preferably
having a capacitance of 10uF and a maximum working-voltage tating of 35V4.. In some
preferred embodiments, the operational amplifier 248 is the third of the four operational
amplifiers within the LM324/S0 integrated circuit. Preferably, the signal representing the
current 1s divided by approximately 100 by the resistor R18 and 1s then amplified by
approximately 20 by the operational amplifier 248, as biased by the resistors R17, R19, R20,

and R21, so that the signal representing the current provided to the microcontroller 214 has a

voltage amplitude of approximately 2V.

As shown in FIG. 19, the output power stage 216 is coupled to the voltage source
206 via the connection 238, to the current sensing circuit 212 via the connection 250, to the
microcontroller 214 via a connection 254, and to the pump via a connection 256. The output

power stage 210 receives a control signal from the microcontroller 214. As will be

described in greater detail below, the control signal preferably cycles between 0V and 5V.
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The output power stage 216 includes a comparator circuit 263. The comparator
circuit 263 includes an operational amplifier 258 coupled to the microcontroller 214 via the
connection 254 in order to receive the control signal. A first input 260 to the operational
amplifier 258 is coupled directly to the microcontroller 214 via the connection 254. A
second 1nput 262 to the operational amplifier 258 is coupled to the voltage source 206 via a
voltage divider circuit 264, including resistors R7 and R10. In some preferred embodiments,
the voltage divider circuit 264 is designed so that the +5V from the voltage source 206 is
divided by half to provide approximately +2.5V at the second input 262 of the operational
amplifier 258 (e.g., the resistances of R7 and R10 are 5k€2). The comparator circuit 263 is
used to compare the control signal, which is either OV or 5V, at the first input 260 of the
operational amplifier 258 to the +2.5V at the second input 262 of the operational amplifier
258. If the control signal is 0V, an output 266 of the operational amplifier 258 is positive. If

the control signal 1s 5V, the output 266 of the operational amplifier 258 is close to zero.

Thé output 266 of the 0perat10nal “‘aﬁlpli“fi’éf‘ZSS is coupled to a resistor R8, the signal
output by resistor R8 acts as a driver for a gate 268 of a transistor Q1. In some preferred
embodiments, the transistor Q1 is a single-gate, n-channel, metal-oxide semiconductor field-
effect transistor (MOSFET) capable of operating at a frequency of 1kHz (e.g., model
IRLI3705N manufactured by International Rectifier or NDP7050L manufactured by
Fairchild Senﬁconductors). The transistor Q1 acts like a switch in order to selectively
provide power to tlie motor assembly 20 of the pump 10 when an appropriate signal is
provided to the gate 268. Specifically, if the voltage provided to the gate 268 of the
transistor'leixénébs-imti-v‘e, the transistor Q1 is “on” and provides power to the pump 10 via a
connection 270. Conversely, if the voltage provided to the gate 268 of the transistor Q1 is

negative, the transistor Q1 is “off” and does not provide power to the pump 10 via the

connection 270.

The drain of the transistor Q1 is connected to a free-wheeling diode circuit D2 via
the connection 270. The diode circuit D2 releases the inductive energy created by the motor
of the pump 10 in order to prevent the inductive energy from damaging the transistor Q1. In
some embodiments, the diodes in the diode circuit D2 are model MBRB3045 manufactured
by International Rectifier or model SBG3040 manufactured by Diodes, Inc. The diode

circuit D2 is connected to the pump 10 via the connection 256.
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The drain of the transistor Q1 1s also connected to a ground via a connection 280.
The input power stage 204 is coupled between the diode circuit D2 and the pump 10 via a
connection 282. By way of example only, if the control signal 1s 5V, the transistor Q1 1s
“on” and approximately +Vy, is provided to the pump 10 from the input power stage 204.

However, if the control signal is OV, the transistor Q1 1s “off” and +Vy, is not provided to the

pump 10 from the input power stage 204.

As shown in FIG. 20, the microcontroller 214 includes a ﬁﬁcrOprocessor integrated
circuit 278, which is programmed to perform various functions, as will be described in detail
below. In some preferred embodiments, the microprocessor 278 1s a model PIC16C711
manufactured by Microchip Technology, Inc. The microcontroller 214 includes decoupling
and filtering capabitors C9, C10, and C11 (e.g., in some embodiments having capacitance
values of 100nF, 10nF, and 100pF, respectively), which connect the voltage source 206 to
the microprocessor 278 (at pin 14). The microcontroller 214 includes a clocking signal
senerator 274 comprised of a crystal or oscillator X1 and loading capacitors CS and C6. In
some preferred embodiments, the crystal X1 operates at 20MHz and the loading capacitors
C5 and C6 each have a capacitance value of 22pF. The clocking signal generator 274

provides a clock signal input to the microprocessor 278 and 1s coupled to pin 15 and to pin

16.

The microprocessor 278 is coupled to the input power stage 204 via the connection
272 in order to sense the voltage level of the battery 202. Preferably, a voltage divider

circuit 276, including resistors R6 and R12 and a capacitor C14, is connected between the
input power stage 204 and of the microprocessor 278 (at pin 17). The capacitor C14 filters
out noise from the voltage level signal from the battery 202. In some preferred
embodiments, the resistances of the resistors R6 and R12 are 5k€2 and 1k£2, respectfully, the

capacitance of the capacitor C14 is 100nF, and the voltage divider circuit 276 reduces the

voltage from the battery 202 by one-sixth.

The microprocessor 278 (at pin 1) is connected to the pressure signal amplifier and
filter 210 via the connection 246. The microprocessor 278 (at pin 18) is connected to the
current sensing circuit 212 via the connection 252. The pins 1, 17, and 18 are coupled to
internal analog-to-digital converters. Accordingly, the voltage signals representing the
pressure in the outlet chamber 94 (at pin 1), the voltage level of‘ the battery 202 (at pin 17),

and the current being supplied to the motor assembly 20 via the transistor Q1 (at pin 18) are
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each converted into digital signals for use by the microprocessor 278. Based on the voltage

signals at pins 1, 17, and 18, the microprocessor 278 provides a control signal (at pin 9) to

the output power stage 216 via the connection 254.

Referring to FIGS. 21A-21F, the microprocessor 278 1s programmed to operate the
pump control system 200 as follows. Referring first to FIG. 21A, the microprocessor 278 is
initialized (at 300) by setting various registers, inputs/outputs, and variables. Also, an initial
pulse-width modulation frequency is set in one embodiment at 1kHz. The microprocessor
278 reads (at 302) the voltage signal representing the voltage level of the battery 202 (at pin
17). The microprocessor 278 determines (at 304 and 306) whether the voltage level of the
battery 202 is greater than a low threshold (e.g., 8V) but less than a high threshold (e.g.,
14V). If the voltage level of the battery 202 1s not greater than the low threshold and less
than the high threshold, the microprocessor 278 attempts to read the voltage level of the
battery 202 again. The microprocessor 287 does not allow the pump control system 200 to
~ operate until the voltage level of the battery 202 is greater than the low threshold buit less

- than the high threshold.

Once the sensed voltage level of the battery 202 i1s greater than the low threshold but
less than the high threshold, the microprocessor 278 obtains (at 308) a turn-off or shut-off
pressure value and a turn-on pressure value, each of which correspond to the sensed voltage
level of the battery 202, from a look-up table stored in memory (not shown) accessible by
the microprocessor é78. The turn-off pressure value represents the pressure at which the
pump 10 will stall 1f the pump 10 is not turned off or if the pump speed is not reduced. The
pump 10 will stall when the pressure within the pump 10 becomes too great for the rotor of
the motor within the motor assembly 20 to turn given the power available from the battery
202. Rather than just allowing the pump 10 to stall, the pump 10 is turned off or the speed
of the pump 10 1s reduced so that the current being provided to the pump 10 does not reach a
level at which the heat generated will damage the components of the pump 10. The turmn-on

pressure value represents the pressure at which the fluid 1n the pump 10 must reach before

the pump 10 is turned on.

Referring to F1G. 21B, the microprocessor 278 reads (at 310) the voltage signal (at
pin 1) representing the pressure within the outlet chamber 94 as sensed by the pressure
sensor 116. The microprocessor 278 determines (at 312) whether the sensed pressure is

greater than the turn-off pressure value. If the sensed pressure is greater than the turn-off
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pressure value, the microprocessor 278 reduces the speed of the pump 10. Preferably, the
microprocessor 273 reduces the speed of the pump 10 by reducing (at 314) the duty cycle of
a pulse-width modulation (PWM) control signal being transmitted to the output power stage
216 via the connection 254. The duty cycle of a PWM control signal is generally defined as

the percentage of the time that the control signal is high (e.g., +5V) during the period of the

PWM control signal.

The microprocessof 278 also determines (at 316) whether the duty cycle of the PWM
- control signal has already been reduced to zero, so that the pump 10 is already being turned
off. If the duty cycle is already zero, the microprocessor 278 increments (at 318) a “Pump
Off Sign” register in the memory accessible to the microprocessor 278 in order to track the
time period for which the duty cycle has been reduced to zero. If the duty cycle is not
already zero, the microprocessor 278 proceeds to a current limiting sequence, as will be
described below with respect to FIG. 21D.

~ If the microprocessor 278 determines (at 312) that the sensed pressure is not greater
than the turmn-off pressure value, the microprocessor then determines (at 320) whether the
“Pump Off Sign” register has been incremented more than 25 times. In other words, the
microprocessor 278 determines (at 320) whether the pump has already been completely
shut-off. If the microprocessor 278 determines (at 320) that the “Pump Off Sign” has not
been incremented more than 25 times, the microprocessor 278 clears (at 324) the “Pump Off
Sign” register and i}lcreases (at 324) the duty cycle of the PWM control signal. If the “Pump
Off Sign” has not been incremented more than 25 times, the pump 10 has not been
- completely turned-off, fluid flow through the pump has not completely stopped, and the

pressure of the fluid within the pump 10 is relatively low. The microprocessor 278

continues to the current limiting sequence described below with respect to FIG. 21D.

However, if the microprocessor 278 determines (at 320) that the “Pump Off Sign”
has been incremented more than 25 times, the pump 10 has been completely turned-off, fluid
flow through the pump has stopped, and the pressure of the fluid in the pump 10 is relatively
high. The microprocessor 278 then determines (at 322) whether the sensed pressure is
greater then the turn-on pressure value. If the sensed pressure is greater than the turn-on
pressure value, the microprocessor 278 proceeds directly ta. a PWM sequence, which will be

described below with respect to FIG. 21E. If the sensed pressure is less than the turn-on
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pressure value, the microprocessor 278 proceeds to a pump starting sequence, as will be

described with respect to FIG. 21C.

Referring to FIG. 21C, before starting the pump 10, the microprocessor 278 verifies
(at 326 and 328) that the voltage of the battery 202 is still between the low thireshold and the
high threshold. If the voltage of the battery 202 is between the low threshold and the high
threshold, the microprocessor 278 clears (at 330) the “Pump Off Sign” register. Preferably,
the microprocessor 278 then obtains (at 332) the turn-off pressure value and the turn-on

pressure value from the look-up table for the current voltage level reading for the battery

202.

The microprocessor 278 then proceeds to the current limiting sequence as shown in
FIG. 21D. The Hﬁcropfocessor 2778 again reads (at 334) the voltage signal (ai pin 1)
representing the pressure within the outlet chamber 94 as sensed by the pressure sensor 116.
The microprocessor 278 again-determines (at 336) whether the sensed pressure is greater

than the turn-off pressure value.

If the sensed pressure is greater than the turn-off pressure value, the microprocessor
278 reduces the speed of the pump 10 by reducing (at 338) the duty cycle of the PWM
control signal being transmitted to the output power stage 216 via the connection 254. The
microprocessor 278 also determines (at 340) whether the duty cycle of the PWM control
signal has already been reduced to zero, so that the pump 10 1s already being tumed off. If

the duty cycle 1s already zero, the microprocessor 278 increments (at 342) the “Pump Off

Sign” register. If the duty cycle is not already zero, the mjcrbprocessor 278 returns to the

beginning of the current limiting sequence (at 334).

If the sensed pressure is less than the turn-off pressure value, the pump 10 is

generally operating at an acceptable pressure, but the microprocessor 278 must determine
whether the current being provided to the pump 10 is acceptable. Accordingly, the
microprocessor 278 obtains (at 344) a current limit value or threshold from a look-up table
stored in memory accessible by the microprocessor 278. The current limit value
corresponds to the maximum current that will be delivered to the pump 10 for each
particular sensed pressure. The microprocessor 278 also reads (at 346) the voltage signal (at
pin 18) representing the current being providéd io the pump 10 (i.€., the signal from the

current sensing circuit 212 transmitted by connection 252). The microprocessor 278
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‘determines (at 348) whether the sensed current is greater than the current limit value. If the
sensed current is greater than the current limit value, the microprocessor 278 reduces the
speed of the pump 10 so that the pump 10 does not stall by reducing (at 350) the duty cycle '
-of the PWM control signal until the sensed current is less than the current limit value. The

mucroprocessor 278 then proceeds to the PWM sequence, as shown in FIG. 21E.

Referring to FIG. 21E, the microprocessor 278 first disables (at 352) an interrupt
service routine (ISR), the operation of which will be described with respect to FIG. 21F, in
order to start the PWM sequence. The microprocessor 278 then determines (at 354) whether
the on-time for the PWM control signal (e.g., the +5V portion of the PWM control signal at
pin 9) has elapsed. If the on-time has not elapsed, the microprocessor 278 continues
providing a high control signal to the output power stage 216. If the on-time has elapsed,
the microprocessor 278 applies (at 356) iero volts to the pump 10 (e.g., by turning off the
transistor Q1, so that power 1s not provided to the pump 10). The micr0pfocessor 278 then
enables (at 358) the interrupt servicé routine' thét wéé .di'Sabled (ét 352) Once the interrﬁpt
service routine is enabled, the microprocessor 278 returns to the beginning of the start pump

sequence, as was shown and described with respect to FIG. 21B.

Referring to FIG. 21F, the microprocessor 278 runs (at 360) an interrupt service
routine concurrently with the sequences of the pump Shown and described with respect to
FIGS. 21A-21E. The microprocessor 278 initializes (at 362) the interrupt service routine.
The micmprécessof 278 then applies (at 364) a full \fdltagé to the pump 10 (e.g., by turning
on the transistor Q1). Finaﬂy, the microprocessor returns (at 366) from the interrupt service
routine to the s“cqucnoes of the pump shown and described with respect to FIGS. 21A-21E.
Preferably, the interrupt service routine is cycled every lmsec in order to apply a full voltage

to the pump 10 at a frequency of 1kHz.

The embodiments described above and illustrated in the figures are presented by way
of example only and are not intended as a limitation upon the concepts and principles of the
present invention. As such, it will be appreciated by one having ordinary skill in the art that

various changes in the elements and their configuration and arrangement are possible

without departing from the scope of thé present invention as set forth in the

appended claims.
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WHAT IS CLAIMED IS:

1. A pump control circuit for use with a pump, the circuit comprising:
a pressure sensor capable of sensing a pressure in the pump the pressure sensor being
a silicon semiconductor pressure sensor;
a current sensing circuit capable of sensing a current being provided to the pump;
a microcontroller coupled to the pressure sensor and the current sensing circuit,
the microcontroller programmed to determine a current limit threshold based
on the sensed pressure, and
the microcontroller programmed to generate a high control signal if the sensed
current is less than the current limit threshold and a low control signal if the sensed
current is greater than the current limit threshold; and
an output power stage coupled to receive the control signal from the microcontroller
so that if the control signal is a low control signal the power provided to the pump 1s reduced

until the sensed current is less than the current limit threshold.

2. The pump control circuit of claim 1, wherein the pressure sensor is capable of sensing

the pressure in an outlet chamber in the pump.

3. The pump control circuit of claim 1, wherein an amplifier and filter circuit 1s coupled

between the pressure sensor and the microprocessor.

4. A pump control circuit for use with a pump, the circuit comprising;:

a pressure sensor capable of sensing a pressure in the pump;

a current sensing circuit capable of sensing a current being provided to the pump;
a microcontroller coupled to the pressure sensor and the current sensing circuit,

the microcontroller programmed to determine a current limit threshold based

on the sensed pressure, and

the microcontroller programmed to generate a high control signal if the sensed

current is less than the current limit threshold and a low control signal if the sensed

current is greater than the current limit threshold;

an amplifier and filter circuit coupled between the pressure sensor and the
microprocessor, the amplifier and filter circuit including a potentiometer used to calibrate the

pressure sensor; and
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an output power stage coupled to receive the control signal from the microcontroller

so that 1f the control signal 1s a low control signal the power provided to the pump is reduced

until the sensed current is fess than the current limit threshold.

The pump control circuit of claim 4, wherein the output power stage includes a

comparator circuit which determines whether the control signal is a high control signal or a

low control signal, and wherein an output of the comparator circuit is positive for a high

control signal and negative for a low control signal.

A pump control circuit for use with a pump, the circuit comprising:
a pressure sensor capable of sensing a pressure in the pump;
a current sensing circutt capable of sensing a current being provided to the pump;
a microcontroller coupled to the pressure sensor and the current sensing circuit,

the microcontroller programmed to determine a current limit threshold based
on the sensed pressure, and

the microcontroller programmed to generate a high control signal if the sensed
current 1s less than the current limit threshold and a low control signal if the sensed
current 1s greater than the current limit threshold; and

an output power stage coupled to receive the control signal from the microcontroller

so that if the control signal is a low control signal the power provided to the pump is reduced

until the sensed current 1s less than the current limit threshold,

the output power stage including a comparator circuit which determines
whether the control signal 1s a high control signal or a low control signal,

an output of the comparator circuit being positive for a high control signal and
negative for a low control signal, and

the comparator circuit having a gain approximately equal to the voltage of a

battery connected to the pump control circuit.

A pump control circuit for use with a pump, the circuit comprising;:

a pressure sensor capable of sensing a pressure in the pump;

a current sensing circuit capable of sensing a current being provided to the pump;
a microcontroller coupled to the pressure sensor and the current sensing circuit,

the microcontroller programmed to determine a current limit threshold based

-on the sensed pressure, and
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the microcontroller programmed to generate a high control signal if the sensed
current 1s less than the current limit threshold and a low control signal if the sensed
current 1s greater than the current ltmit threshold; and

an output power stage coupled to receive the control signal from the microcontroller

so that 1f the control signal is a low control signal the power provided to the pump is reduced

until the sensed current is less than the current limit threshold,
the output power stage including a comparator circuit which determines
whether the control signal 1s a high control signal or a low control signal,
an output of the comparator circuit being positive for a high control signal and
negative for a low control signal, and
the output control stage including a switch coupled between the comparator

circuit and the pump,

wherein the switch conducts power to the pump if the output of the
comparator circuit 1s positive, and
wherein the switch does not conduct power to the pump if the output

of the comparator circuit is negative.

8. The pump control circuit of claim 7, wherein the switch 1s a metal-oxide

semiconductor field-effect transistor.

9. The pump control circutt of claim 8, wherein the switch i1s capable of operating at a

frequency of 1 kHz.

10. The pump control circuit of claim 7, wherein the output power stage includes at least

one diode coupled between the transistor and the pump 1n order to release inductive energy

generated by the pump.

11. A method of controlling a pump, the method comprising:
sensing a pressure in the pump;
determining a current limit threshold based on the sensed pressure;
sensing a current being provided to the pump;

comparing the sensed current to the current limit threshold providing power to the

pump if the sensed current is less than the current limit threshold and reducing the power
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provided to the pump if the sensed current is greater than the current limit threshold until the
sensed current is less than the current limit threshold; and

coupling a standard automotive battery having a voltage of approximately 13.6 volts

to the pump.

12. A method of controlling a pump, the method c‘(‘)mprising:

sensing a pressure in the pump;

determining a current limit threshold based on the sensed pressure;

sensing a current being pfovided to the pump;

comparing the sensed current to the current limit threshold,;

providing power to the pump if the sensed current is less than the current limit
threshold and reducing the power provided to the pump if the sensed current is greater than the
current limit threshold until the sensed current is less than the current limit threshold; and

amplifying and filtering the sensed pressure before comparing the sensed pressure to

the shut-off pressure.
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