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SMNPH.2E5WO PATENT
SYSTEMS ARD METHODS FOR APPLYING REDUCED PRESSURE THERAPY

BACKGROUND
Field
(8061 Embodiments of the present disclosure relate to methods and apparatuses
for dressing and treating a wound with reduced pressure therapy or topical negative pressure
(TNP) therapy. In particular, but without limitation, embodiments disclosed herein relate to
negative pressure therapy devices, methods for controlling the operation of TNP sysiems,

and methods of using TNP systems,

Descrintion of the Related Art

[6682] Many different types of wound dressings arc known for aiding in the
healing process of a human or animal, These differont types of wound dressings include
many different types of materials and layers, for example, gauze, pads, foam pads or multi-
layer wound dressings. Topical negative pressure (TNP) therapy, sometimes referred to as
vacuum assisted closure, negative pressure wound therapy, or reduced pressure wound
therapy, is widely recognized as a beneficial mechanism for improving the healing ratc of a
wound. Such therapy ts applicable to a broad range of wounds such as incisional wounds,
open wounds and abdominal wounds or the like.

[8383] TNP therapy assists in the closure and healing of wounds by reducing
tissue oedema, encouraging blood flow, stimulating the formation of granulation tissue,
removing excess ¢xudates and may reduce bacterial load and, thus, infection to the wound.
Furthermore, TNP therapy permits less ountside disturbance of the wound and promotes more

rapid healing.

SUMMARY
(66041 In some cmbodiments, an apparatus for applying negative pressure
therapy to a wound inchudes a housing, a pressure sensor, and a controller. The housing can
include a source of negative pressure in fluidic communication with a wound dressing. The
source of negative pressure can include a motor configured to operate one or more valves o

open and close to aspirate fluid from the wound. The pressure sensor can measure pressure
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in a flnid flow path that flaidically connects the wound dressing and the source of negative
pressure. The controlier can operate the source of negative pressure (for example, the motor)
using a drive signal. In addition, the controlicr can receive measurements of pressure in the

tluid flow path from the pressure sensor, cause sampling or sample the measurements

synchronous with opening and/or closing of at least one valve of the one or more valves,
determine an estimated pressure level 1o the floid How path based at lcast on the sampled
measurements, and generate the drive signal based at lcast on the estimated pressure level,

[B305] In some embodiments, an apparatus for applving negative pressure
therapy to a wound includes a housing, a pressure sensor, and a controller. The housing can
include a source of negative pressure configured to be in fluidic communication with a
wound dressing,  The source of negative pressure can include at least one valve. The
pressure sensor can measure pressure in a flud flow path configured to fluidically connect
the wound dressing and the source of negative pressure. The controller can operate the
source of negative pressure using a drive signal. In addition, the controller can determine a
pressure measurement based on the pressure measured by the pressure sensor and generate
the drive signal based at least on the determined pressure. The controller can perform the
pressure measurement determination synchronous with operation of the source of negative
pressure.

[8306] The apparatus of the preceding paragraph can inchude one or more of the
following features: The controller can determine the pressure synchronous with opening
and/or closing of the at least onc valve. The pressure measured by the pressure sensor can
include one or more components due to a pressure transient generated by the opening and/or
closing of the at least one valve, and the one or more of the components can be substantially
excluded from the determination of the pressure measurcment. The pressure transiont can be
periodically gencrated by the at least one valve. The controller can determine the pressure
measurement synchronous with the opening and/or closing of the at least one valve by
sampling the measurements at a {frequency that exceeds the frequency with which the at least
one valve opens and/or closes. The sample frequency can be proportional to the freguency
with which the at lcast onc valve opens and/or closes. The controller can determine the
pressure measurement synchronous with operation of the source of negative pressure based

on one or more of the measurements obtained at times when the at least one valve may be in
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a first position and not based on one or more of the measurements obtained at times when the
at least one valve may be in a second position. The source of negative pressure can include a
vacuum pump having a motor, and the controlier can determine the pressure measurcment
synchronous with the operation of the source of negative pressure based at least on a speed of
the motor. The apparatus can further include a tachometer configured to measure the speed
of the motor and generate a signal indicative of the measured speed of the motor, and the
controller can determine the pressure measurement synchronous with the operation of the
source of negative pressure based on the signal received from the tachometer. The controller
can determine the pressure measurement synchronous with the operation of the source of
negative pressure 1o response to a rising edge of the speed signal and in response to a falling
cdge of the speed signal.  The controller can determine the pressure measurcment
synchronous with the operation of the source of negative pressure based on a signal received
from the source of negative pressure. The at least one valve can include an inlet valve and an
outlet valve. The controller can determine the pressure measurcment synchronous with the
operation of the source of negative pressure by applying a low-pass filter a plurality of
measurements obtained from the pressure sensor. The controller can determine the pressure
measurement asynchronous with the operation of the source of negative pressure in response
to determining that an activity of the source of negative pressure falls below an activity
threshold.  The controller can control the source of negative pressure using pulse-width
modulation (PWM) and generate the drive signal using a proportional-integral-derivative
(PID} calculation based at least on a difference between a pressure setpomnt and the
determined pressure. The controller can generate the drive signal to have a 0% duty cycle in
response to determining that the determined pressure exceeds a first threshold,  The
controller can generate the drive signal to have a 180% duty cyele in response to determining
that a proportional term of the PID calculation exceeds a first threshold, The controller can
generate the drive signal to have a 100% duty cycle in response to determining that a sum of
a proportional term of the PID calculation and an mntegral term of the PID calculation
exceeds a first threshold, The controller can set an integral form of the PID calculation to be
0 and an accumulated error of the PID calculation to be § in response to determining that the
accumulated error is less than 0. The controller can set an accumulated crror of the PID

calculation to be greater than a sum of the accumuilated error and the difference in response
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to determining that the difference is negative. The controller can determine the pressure
measurement by saropling the pressure measured by the pressure sensor,
(307} A method of operating the apparatus of any of the preceding three

paragraphs can be performed.

BRIEF DESCRIPTION OF THE DRAWINGS
[G004] Embodiments of the present disclosure will now be described hereinafter,
by way of example only, with reference to the accoropanying drawings in which
[6089] Figurc | illusirates a reduced pressure wound therapy system according to

some embodiments,

(60101 Figures 2A-2C llustrate a pump assembly and canister according to sore
cmbodiments,
(0011 Figure 3 illustrates an electrical component schematic of a pump assembly

according to some embodiments,

6012} Figure 4 illustrates an electrical component schematic of components of a
pump control processor according to some embodiments,

(60131 Figure 5 illustrates a process of providing negative pressure wound

therapy according to some embodiments.

[6014] Figure 6 illustrates pressure pulses according to some embodiments,
(6015} Figure 7 illustrates a process of providing negative pressure wound

therapy according to some ermbodiments.

{3016} Figurc & illustratcs a process for determining a duty cycle for a control
signal for a source of negative pressure according to some embodiments,

(80171 Figores 9A-9B and 10A-10B illustrate plots of operating pressure for

sirnulated reduced pressure wound therapy systems according to some erobodiments.

DETAILED DESCRIPTION OF SOME EMBODIMENTS
Qverview
[8018] Embodiments disclosed herein relate to systems and methods of treating a
wound with reduced pressure. As s used herein, reduced or negative pressure levels, such as

-X mmHg, represent pressure levels relative to normal ambient atmospheric pressure, which
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can correspond to 760 mmHMHg {or 1 atm, 29.93 inHg, 101325 kPa, 14.696 psi, etc.).
Accordingly, a negative pressure value of =X mmHg reflects absolute pressure that is X
mmHg below 760 mmHg or, in other words, an absolute pressure of (760-X) mmHg. In
addition, negative pressure that is “less” or “smaller”™ than X mmHg corresponds to pressure
that 1s closer to atmospheric pressure {e.g., —40 mmHg is less than 60 mmHg). Negative
pressure that 18 “more” or “greater” than —X momHg corresponds to pressure that is further
from atmospheric pressure (e.g., —80 mumHg is more than —60 mmHg) In some
embodiments, local ambient atmospheric pressure is used as a reforence point, and such local
atmospheric pressure may not necessarily be, for example, 760 mmHg.

(8019} Embodiments of the present disclosure arc generally applicable to usc in
topical negative pressure (TNP} or reduced pressure therapy systems.  Briefly, negative
pressure wound therapy assists in the closure and healing of many forms of “hard to heal”
wounds by reducing tissue oedema, encouraging blood flow and granelar tissue forration,
and/or removing cxcess cxudate and can reduce bacterial load {and thus infoction risk). In
addition, the therapy allows for less disturbance of a wound leading to more rapid healing,
TP therapy systems can also assist in the healing of surgically closed wounds by removing
flutd. In some cmbodiments, TNP therapy helps to stabilize the tissuc in the apposed
position of closure. A further beneficial use of TNP therapy can be found in grafts and flaps
where removal of excess fhiid is important and close proximity of the graft to tissue is

required in order to ensure tissue viability,

Negative Pressure System

[802¢] Figure 1 tllustrates an embodiment of a negative or reduced pressure
wound treatment {or TINP) system 100 comprising a wound filler 130 placed inside a wound
cavity 110, the wound cavity scaled by a wound cover 120, The wound filler 130 in
combination with the wound cover 120 can be referred to as wound dressing. A single or
multt lumen tube or conduit 140 1s connected the wound cover 120 with a purop assembly
150 configured to supply reduced pressure. The wound cover 120 can be in fluidic
communication with the wound cavity 110, In any of the system cmbodiments disclosed
herein, as in the embodiment ilfustrated in Figure 1, the pump assembly can be a canisterless

purmnp assembly (meaning that exudate is collected in the wound dressing or is transferred via
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tube 140 for collection to another location). However, any of the pump assembly
embodiments disclosed herein can be configured to include or support a canisier.
Additionally, in any of the system embodiments disclosed herein, any of the pump assembly
embodiments can be mounted to or supported by the dressing, or adjacent to the dressing.
The wound filler 130 can be any suitable type, such as hydrophilic or hyvdrophobic foam,
gauze, inflatable bag, and so on. The wound filler 130 can be conformable to the wound
cavity 110 such that it substantially fills the cavity. The wound cover 128 can provide a
substantially fluid impermeable seal over the wound cavity 118, The wound cover 120 can
have a top side and a bottom side, and the bottom side adhesively {(or in any other suitable
mannet) seals with wound cavity 110, The conduit 140 or humen or any other conduit or
lumen disclosed hercin can be formed from polyurcthane, PVC, nylon, polyethylene,
silicone, or any other suitable material,

(00211 Some embodiments of the wound cover 120 can have a port {not shown}
configured to receive an end of the conduit 140, In other embodiments, the conduit 140 can
otherwise pass through and/or under the wound cover 120 to supply reduced pressure to the
wound cavity 110 so as to maintain a desired level of reduced pressure in the wound cavity.
The conduit 140 can be any suitable article configured to provide at lcast a substantially
scaled fhuid flow pathway between the pump assembly 150 and the wound cover 120, so as
to supply the reduced pressure provided by the pump assembly 150 to wound cavity 116,

[6622) The wound cover 120 and the wound filler 130 can be provided as a single
article or an integrated single unit. In some embodiments, no wound filler is provided and
the wound cover by itself may be considered the wound dressing. The wound dressing may
then be connected, via the conduit 140, to a source of negative pressure, such as the pump
asscmbly 150, The pump assembly 150 can be miniaturized and portable, although larger
conventional pumps can also be used.

(6023} The wound cover 120 can be located over a wound site to be treated. The
wound cover 120 can form a substantially scaled cavity or enclosure over the wound site. In
some embodiments, the wound cover 120 can be configured to have a film having a high
water vapour permeability to enable the evaporation of surplus fluid, and can have a
superabsorbing material contained therein to safely absorb wound exudate. Tt will be

appreciated that throughout this specification reference i made to a wound, In this sense it
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is to be understood that the term wound is to be broadly construed and encompasses open
and closed wounds in which skin is torn, cut or punctured or where trauroa causes a
contusion, or any other surficial or other conditions or imperfections on the skin of a patient
or otherwise that benefit from reduced pressure treatment. A wound 18 thus broadly defined
as any damaged region of tissue where fhuid may or may not be produced. Examples of such
wounds include, but are not limited to, acute wounds, chrovic wounds, surgical mcisions and
other incisions, subacute and dehisced wounds, traumatic wounds, flaps and skin grafts,
laccrations, abrasions, contusions, burns, diabetic ulcers, pressure ulcers, stoma, surgical
wounds, trauma and venous ulcers or the like. The components of the TNP system deseribed

herein can be particularly suited for incisional wounds that exude a smoall amount of wound

exudate.
[68024] Some embodiments of the system are designed to operate withowut the use
of an exudate canister.  Some embodiments can be configured to support an exudate

canister. In some cmbodiments, configuring the pump assembly 150 and conduit 140 so that
the conduit 140 can be quickly and easily removed from the pump assembly 150 can
facilitate or improve the process of dressing or pump changes, if necessary. Any of the pump
cmbodiments disclosed herein can be configured to have any suitable connection between the
tubing and the pump.

[8025] In some erobodiments, the pump assembly 150 can be configured to
deliver negative pressure of approximately -80 mmHg, or between about -20 mmHg and -200
mmHg. Note that these prossures are refative to normal ambient atmospheric pressure thus,
~200 mmHg would be about 560 mmHg in practical terms. The pressure range can be
between about -40 mmHg and -150 mmHg, Alernatively a pressure range of up to -75
mmHg, up to -80 mmHg or over -80 mmHg can be used. Also a pressure range of below -75
mmbg can be used. Alternatively a pressure range of over approximately -100 mmHg, or
even 150 mmHg, can be supplied by the pump assembly 150,

8026} In some cmbodiments, the pump assembly 150 is configured to provide
continuous or intermittent negative pressure therapy., Continuous therapy can be delivered at
above ~25 mmHg, -25 mmHg, -40 mmHg, -50 mmHg, -60 mmHg, -70 momHg, -0 mmHg,
~90 munHg, ~-100 mmHg, -120 romHg, -140 munHg, ~160 munHg, -180 mmHg, -200 romHg,

or below -200 mmHg. Intermittent therapy can be delivered between low and high negative
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pressure setpoints, Low sctpoint can be set at above § mmHg, § mmHg, -25 mmHg, -40
owuHg, ~530 mmHg, ~60 mmHg, -70 mmHg, -80 mmHg, -90 woHg, -100 romHg, -120
mmHg, -140 mmHg, -160 mmHg, -180 mmHg, or below -180 mmHg. High sctpoint can be
set at above -25 mmHg, -40 mmHg, -50 mmHg, -60 mmHg, -70 mmHg, -80 mmHg, -90
mmHg, -180 mmHg, -120 mmHg, -140 mmHg, -160 mmbg, -180 mmHg, ~200 mmHg, or
below -200 mmHg., During intermitient therapy, negative pressure at low setpoint can be
delivered for a first time duration, and upon expiration of the first time duration, negative
pressure at high setpoint can be delivered for a second time duration. Upon expiration of the
second time duration, negative pressure at low setpoint can be delivered. The first and
second fime durations can be same or different values., The first and second durations can be
selected from the following range: less than 2 minutes, 2 minutes, 3 minutes, 4 minuies, 6
minuies, & minutes, 10 minutes, or greater than 10 minutes. In some embodiments, switching
between low and high setpoints and vice versa can be performed according to a step
waveform, squarc waveform, sinusoidal waveform, and the like.

160271 In operation, the wound filler 130 is inserted into the wound cavity 110
and wouond cover 120 is placed so as to seal the wound cavity 110, The pump assernbly 150
provides a source of a negative pressure to the wound cover 120, which is transmitted to the
wound cavity 11§ via the wound filler 130, Fluid {c.g., wound cxudate)} is drawn through the
conduif 140, and can be stored in a canister. In some embodiments, fhiid is absorbed by the
wound filler 130 or one or more absorbent layers (not shown).

[6028] Wound dressings that may be utilized with the pump assembly and other
embodiments of the present application include Renasys-F, Renasys-(3, Renasys AB, and
Pico Dressings available fromm Snuth & Nephew. Further description of such wound
dressings and other components of a negative pressure wound therapy system that may be
used with the pump assembly and other embodiments of the present application are found in
U.5. Patent Publication Nos. 2011/0213287, 2011/0282309, 2012/0116334, 2012/0136325,
and 2013/0110038, which are incorporated by reference in their entirety,  In other

embodiments, other suitable wound dressings can be utilized.
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Pump Assembly and Canister

[8029] Figure 2A illustrates a front view 200A of a pump assembly 230, such as
the pump assembly 150, and canister 220 according to some cmbodiments. As is illustrated,
the pump assembly 230 and the canister 220 are connected, thereby forming a device. The
pump assembly 230 comprises one or more indicators, such as visual indicator 202
configured to indicate alarms and visual indicator 204 configured to indicate status of the
TP system. The indicators 202 and 204 can be configured to alert a uscr, such as patient or
medical care provider, to a variety of operating and/or fatlure conditions of the system,
including alerting the user to normal or proper operating conditions, pump failure, power
supplied to the pump or power failure, detection of a leak within the wound cover or flow
pathhway, suction blockage, or any other similar or suitable conditions or combinations
thereof. The pump assembly 230 can comprise additional indicators. The pump assembly
can use a single indicator or multiple indicators. Any suitable indicator can be used such as
visual, audio, tactile indicator, and so on. The indicator 202 can be configured to signal
alarm conditions, such as canister full, power low, conduit 140 disconnected, scal broken in
the wound seal 120, and so on. The indicator 202 can be configured to display red flashing
light to draw a user’s attention. The indicator 204 can be configured to signal status of the
TINF system, such as therapy delivery is ok, leak detected, and so on. The indicator 204 can
be configured to display one or more different colors of light, such as green, yeliow, cte. For
example, green light can be emitied when the TNP system 1s operating properly and vellow
light can be emitted to indicatc a warning.

[B8330] The pump assembly 230 comprises a display or screen 206 mounted in a
recess 208 formed in a case of the pump assembly. The display 206 can be a touch screen
display. The display 206 can support playback of andiovispal (AV) content, such as
instructional videos. As cxplained below, the display 206 can be configured to render a
number of screens or graphical user interfaces {GUIS) for configuring, controlling, and
monitoring the operation of the TNP system. The pump assembly 230 comprises a gripping
portion 210 formed in the case of the pump assembly. The gripping portion 210 can bhe
configured to assist the user to hold the pump assembly 230, such as during removal of the
canister 220, The canister 220 can be replaced with another canister, such as when the

canister 220 has been filled with fluid.
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(8031} The pump assembly 230 comprises one or more keyvs or buttons 212
configured to allow the user to operate and monttor the operation of the TINP system. As is
ithastrated, there buttons 212a, 212b, and 212¢ are included. Button 212a can be configured
as a power button to firm on/off the pump assembly 230, Button 212b can be configured as a
play/pause button for the delivery of negative pressure therapy. For example, pressing the
button 212b can cause therapy to start, and pressing the button 212b afterward can cause
therapy to pause or end. Button 212¢ can be configured to lock the display 206 and/or the
buttons 212,  For instance, bulton 212¢ can be pressed so that the user does not
unintentionally alter the delivery of the therapy. Button 212¢ can be depressed to unlock the
controls,  In other cmbodiments, additional buttons can be used or one or more of the
ithustrated buttons 212a, 212b, or 212¢ can be omitted. Multiple key presses and/or
sequences of key presses can be used to operate the pump assembly 230,

(806324 The pump assembly 230 includes onc or more latch rocesses 222 formed
in the cover. In the illustrated embodiment, two latch recesses 222 can be formed on the
sides of the pump assembly 230, The latch recesses 222 can be configwred to allow
attachunent and detachment of the canister 220 using one or more canister latches 221, The
pump assembly 230 comprises an air outlet 224 for allowing air removed from the wound
cavity 110 to cscape. Air entering the pump assembly can be passed through one or more
suitable filters, such as antibacterial filters. This ¢an maintain reusability of the pump
assembly. The pump assembly 230 inchudes one or more strap mounts 226 for connecting a
carry strap to the pump assembly 230 or for attaching a cradle. In the illustrated
embodiment, two strap mounts 226 can be formed on the sides of the pump assembly 230, In
some embaodiments, various of these features are omitted and/or various additional features
are added to the pump assembly 230,

[B8433] The canister 220 is configured to hold fhud {¢.g., exudate) removed from
the wound cavity 110, The canister 220 includes one or more latches 221 for attaching the
canister to the pump assembly 230, In the illustrated cmbodiment, the canister 220
comprises two latches 221 on the sides of the canister. The exterior of the canister 220 can
formed from frosted plastic so that the canister is substantially opaque and the contents of the
canister and substantially hidden from plain view. The canister 220 comprises a gripping

portion 214 formed in a case of the canister. The gripping portion 214 can be configured to
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allow the user to hold the pump assembly 220, such as during removal of the canister from
the apparatus 230, The canister 220 includes a substantially transparent window 216, which
can also include graduations of volume. For example, the illustrated 300 mL canister 220
includes graduations of 50 mL, 100 mL, 150 mi, 200 mL, 250 mL, and 300 mbL. Other
embodiments of the canister can hold different volume of fluid and can incinde different
graduation scale. For example, the canister can be an 800 mL canister. The canister 220
compriscs a tubing channel 218 for connecting to the conduit 140, In some embodiments,
various of these features, such as the gripping portion 214, arc omitted and/or various
additional features are added to the canister 220, Any of the disclosed canisters may include
or may oot a solidifier.

334 Figurc 2B tllustrates a rear view 200B of the pump assembly 230 and
canister 220 according to some embodiments. The pump assembly 230 comprises a speaker
port 232 for producing sound. The pump assembly 230 includes a flter access door 234 for
accessing and replacing onc or more filters, such as antibacterial filters. The pump assombly
2380 comprises a gripping portion 236 formed in the case of the pump assembly 230, The
gripping portion 236 can be configured to allow the user to hold the pump asserably 230,
such as during removal of the canister 220, The pump assembly 230 includes one or more
covers 238 configured to as screw covers and/or fect or protectors for placing the pump
assembly 230 on a surface. The covers 230 can be formed out of rubber, silicone, or any
other suitable material. The purop assermbly 230 comprises a power jack 239 for charging
and recharging an internal battery of the pump assembly. The power jack 239 can be a direct
current {DCy jack. In some embodiments, the pump assembly 230 can comprise a disposable
power souree, such as batteries, so that no power jack is needed.

[8035] The canister 220 includes onc or more fect 244 for placing the canister on
a surface. The feet 244 can be formed out of rubber, silicone, or any other suitable material
and can be angled at a suitable angle so that the camister 220 remains stable when placed on
the surface. The canister 220 comprises a tube mount relief 246 configured to allow one or
morc tubes to exit to the front of the device. The canister 220 includes a stand or kickstand
248 for supporting the canister when it is placed on a surface. As explained below, the
kickstand 248 can pivot between an opened and closed position.  In closed position, the

kickstand 248 can be latched to the canister 220, In some embodiments, the kickstand 248
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can be made out of opaque material, such as plastic. In other embodiments, the kickstand
248 can be made out of transparent material. The kickstand 248 includes a gripping portion
242 formed in the kickstand. The gripping portion 242 can be configured to allow the user to
place the kickstand 248 in the closed position. The kickstand 248 comprises a hole 249 to
aliow the user to place the kickstand in the open position. The hole 249 can be sized to allow
the user to extend the kickstand using a finger.

6036} Figure 2C illustrates a view 200C of the pump assembly 230 scparated
from the canister 220 according to some embodiments. The pump assembly 230 inchudes a
vacuum attachioent, connector, or inlet 252 through which a vacuum pump conumunicates
negative pressure to the canister 220, The pump assembly aspirates fluid, such as gas, from
the wound via the inlet 252, The pump assembly 230 comprises 2 USB access door 256
configured to allow access to one or more USB ports. In some embodiments, the USB access
door 15 omutted and USB ports are accessed through the door 234, The pumyp assembly 230
can include additional access doors configured to aliow access to additional serial, parallel,
and/or hybrid data transfer interfaces, such as SD, Compact Disc {CD), DVD, FireWire,
Thunderbolt, PCT Express, and the hke. In other embodiments, one or more of these
additional ports are accessed through the door 234,

(80637} Additional description of the pump assembly 230 is disclosed in US.
Patent Application No. 14/210,062, filed on March 13, 2014 and titled “SYSTEMS AND
METHODS FOR APPLYING REDUCED PRESSURE THERAPY,” which is incorporated

by reference in its ontirety.

Electronics and Software

(6038} Figure 3 illustrates an clectrical component schematic 300 of a pump
assembly, such as the pump assembly 230, according to some embodiments. Electrical
components can operate to accept user input, provide output to the user, operate the pomp
asscmbly and the TNP system, provide nctwork connectivity, and so on.  Electrical
components can be mounted on one or more printed circuit boards (PCBs). As is illustrated,
the pump assembly can include multiple processors. It may be advantageous to utilize
multiple processors in order to allocate or assign various tasks to different processors. A fust

processor can be responsible for user activity and a second processor can be responsibie for
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controlling the pump. This way, the activity of controliing the pump, which may necessitate
a higher level of responsiveness {corresponding to higher risk level), can be offloaded to a
dedicated processor and, thereby, will not be interrupted by user interface tasks, which may
take longer to complete because of interactions with the user.

(6039 The pump assembly can comprise a user interface processor or controller
310 configured to opcratc onc or more components for accepting user input and providing
output to the user, such as the display 206, buttons 212, etc. Input to the pump assembly and
output from the pump assembly can controlled by an input/output (1/0) module 320. For
example, the /O module can receive data from one or more ports, such as serial, parallel,
hybrid ports, and the like. The processor 310 also reccives data from and provides data to
one or more expansion modules 360, such as onc or more USB ports, SD ports, Compact
Disc (CD} drives, DVD drives, FireWire ports, Thunderbolt ports, PCI Express ports, and the
like. The processor 310, along with other controllers or processors, stores data in one or
more memory modules 350, which can be internal and/or external to the processor 310, Any
suitable type of memory can be used, including volatile and/or non-volatile memory, such as
RAM, ROM, magnetic memory, solid-state memory, Magnetoresistive random-access
memory (MRAM), and the hike.

6046} In some embodiments, the processor 310 can be a general purpose
controller, such as a low-power processor. In other embodiments, the processor 310 can be
an application specific processor. The processor 310 can be configured as a “contral”
processor inn the clectronic architecture of the pump assembly, and the processor 318 can
coordinate the activity of other processors, such as a pump control processor 370,
communications processor 330, and one or more additional processors 380 {e.g., processor
for controlling the display 206, processor for controlling the buttons 212, ctc}. The
processor 310 can run a suitable operating system, such as a Linux, Windows CE, VxWorks,
ele.

(60411 The pump control processor 370 can bhe configured to control the
operation of a negative pressure pump 390, The pump 390 can be a suitable pump, such as a
diaphragm pump, peristaltic pump, rotary pump, rotary vang pump, scroll pump, screw
pump, liquid ring pump, diaphragm purop operated by a piczoelectric transducer, voice coil

pump, and the like. The pump can inchude one or more valves, such as inlet and outlet {or

13-



WO 2016/109041 PCT/US2015/061165

exhaust) vaives. The valves can be configured to open and close to enable the pump to
aspirate fluid from the wound cavity 110, The pump control processor 370 can measure
pressure in g fluid flow path, using data received from one or more pressure SCnsors,
calculate the rate of fluid flow, and control the pump. The pump control processor 370 can
control a pump motor so that a desired level of negative pressure is achieved in the wound
cavity 110, The desired level of negative pressure can be pressure set or selected by the user,
In various embodiments, the pump control processor 370 controls the pump {(e.g.. pump
motor} using pulse-width modulation (PWM). A control signal for driving the pump can be
a (-100% duty cyele PWM signal. The pump control processor 378 can perform flow rate
calculations and detect various conditions in a flow path. The pump control processor 370
can conununicate information to the processor 310. The pump conirol processor 370 can
inclnde internal memory and/or can utilize memory 350. The pump control processor 370
can be a low-power processor. In some embaodiments, processor 3180 is configured to control
the pump 390, and pump control processor 370 is not used.

(6042} A communications processor 330 can be configured fo provide wired
and/or wircless connectivity., The communications processor 330 can utilize one or more
antennas 340 for sending and receiving data. The communications processor 330 can
provide onc or more of the following types of connections: Global Positioning System (GPS)
techoology, celfular comnectivity {e.g., 25, 3G, LTE, 4G), WIiFi connectivity, Internet
connectivity, and the like. Connectivity can be used for various activities, such as pump
asscmbly location tracking, assct tracking, compliance monitoring, remote sclection,
uploading of logs, alarms, and other operational data, and adjustment of therapy secttings,
upgrading of software and/or firmware, and the like. The communications processor 330 can
provide dual GPS/cellular functionality, Cellular functionality can, for example, be 3G
functionality. In such cascs, if the GPS module is not able to cstablish satcllite connection
duc to various factors including atmospheric conditions, building or terrain interference,
satellite geometry, and so on, the device location can be determined using the 3G network
connection, such as by using cell wdentification, triangulation, forward link timing, and the
like. The pump assembly can include a SIM card, and SiM-based positional information can

be obtained.
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[6043] The communications processor 330 can communicate information to the
processor 310, The communications processor 330 can include internal memory and/or can
gtilize memory 350, The communications processor 330 can be a low-power processor.

(6044} In some embodiments, the pump assembly can track and store vartous
data, such as one or more of positioning data, therapy parameters, logs, device data, and so
on. The pump assembly can track and log therapy and other operational data. Data can be
stored, for example, in the memory 350.

30451 In some cmbodiments, using the connectivity provided by the
communications processor 330, the device can upload any of the data stored, maintained,
and/or tracked by the pump assembly. For example, the following information can be
uploaded to a remote computer or server: activity log{s), which inchudes therapy delivery
information, such as therapy duration, alarm log(s}), which includes alarm type and time of
occurrence; error log, which includes internal error information, transmission crrors, and the
like; therapy duration information, which can be computed howrly, daily, and the like; total
therapy time, which includes therapy duration from first applying a particular therapy
program or programs; lifetime therapy information; device information, such as the serial
mumber, software version, battery level, etc.; deviee location information; patient
information; and so on. The device can also download varicus operational data, such as
therapy selection and parameters, fumware and software patches and upgrades, and the like,
The pump assembly can provide Internet browsing functionality using one or more browser

programs, mail programs, application software {c.g., apps), ctc.

Controiling the operation of a negative pressure soyrce using synchronous sammling

{60461 Figure 4 illustrates an clectrical component schematic 400 of cxample
components of a pump control processor, such as the pump control processor 378, according
to some embodiments. Although the components can be part of the pump control processor,
onc or more of the components may be scparate from the pump control processor in other
embodiments. The components of the pump control processor can be used to sample a
pressure signal provided by a pressure sensor of a pump assembly, such as the pump
assembly 230. The pressure sensor can sense the pressure in or near an inlet, such as the

inlet 252, {or canister connection} of the pump assembly to generate the pressure signal.
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This pressure sensor can measure the pressure in the canister {or in or near the dressing ina
camisteriess systemy. Morcover, although the components may be described in the context of
sampling of a pressurc signal, one or more other signals {c.g., motor voltage or current
signals) can be sampled similarly or in accordance with a similar or the same timing using
the components in other embodiments,

(6047} In some cmbodiments, opening {or closing) of the inlet valve causcs a
pressure transient in the fluid flow path. Opening {or closing} of the outlet valve can also
cause transmission of the pressure transient. Measuring pressure values in the presence of
the transient and using the measured pressure values to control the pump may cause
inaccuracics and errors. Accordingly, it can be advantageous to synchronize the pressure
measurements {and pump control} to durations when the pressure transicnt is not present in
the fluid flow path. In certain embodiments, pressure measurements of the pressure sensor
are read (for example, sampled) so as to be synchronized to “miss” the pressure transients
caused by operation of the purp, such as due to the closing and/or opening of the at least one
valve, This can be referred to as “synchronous” sampling. By contrast, reading pressure
sensor measurements without regard to the operation of the pump (for example, opening
and/or closing of the valves) can be referred to as “asynchronous” sampling.  Whether
sampling is synchronous or asynchronous, measured pressure can be used for controlling the
pump as explained below.

[3048] In somc embodiments, synchronous sampling can be performed as
tollows. The pressure sensor can provide the pressure signal to a sampler module or sampler
412 of an analog/digital { A/D} processor 410, The sampler can be a sample and hold device.
The sampler 412 can sample the pressure signal with a frequency, such as 500 Hz, | kHz, 2
KHz, or 10 KHz, so that the sampler 412 provides an analog value indicative of the pressurc
signal to an A/D converter 414 of the A/D processor 410 at the selected frequency. The
sarnpler 412 can, for example, operate in a sample mode or BSP scan mode. The sampler
can also perform anti-aliasing filtering (such as low pass filtering at a suitable frequency)
before the analog data is converted into digital form. The A/D converter 414 can convert the
analog vahues received from the sampler 412 to digital values and store the digital values in

an output buffer 416 of the A/D processor 410,
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(60491 A filter 420 can access the digital values stored in the output buffer 416
and perform a filtering operation on the digital values., For cxample, the filter 420 can be an
infinite impulse response (1R} filter {or a finite impulse response (FIR) filter) and perform a
low-pass filter (LPF} operation on the digital values to reduce higher frequency noise or
smooth out rapid changes in the sampled pressure signal that are due to the pressure
transients. The filter 420 thus can, for instance, maintain a continuous running average of the
digital values over one or more cycles or a fraction of a cyele of opening and/or closing of
one or more valves or rotation of a motor of the pump, such as the pump 390, In one
example implerentation, the filter operation performed by the filter 420 can be based on the

tollowing cquation:

. 4 { { e gy AL ; N eyt e
filieredSample = [avemger = ([{(IVETI”CI{’E:‘?” ~laverager >> zziﬂerhzjz)) + i"mtr’SampZe] p urleb}zw)]

where rawSample can be a digital valuc removed from the output buffer 416, iirBitShifi can
be a constant weighting factor, averager can be a variable used to hold intermediate filter
results, and filteredSample can be the output value of the filter 420, The filter 420 can store
the filtered digital values from the filtering operation in the filter buffer 430, The filter 420
can, for instance, opcrate at the same frequency as the sampler 412 so that the filter 420
provides a filtered value for cach digital valuc to the filter buffer 430 at the same frequency.
{3830 A storage processor 440 can access the filtered values stored in the filter
buffer 430 and transfer the filtered values to a measures buffer 450 {c.g.. a ring buffer) for
further processing by the pump control processor (e.g., for additional averaging, to determine
an estimated pressure near the inlet of the pump assembly, or to determine whether to trigger
an alarm). In some erobodiments, the storage processor 440 can sarople the filtered values
stored in the filter buffer 430 and transfer the sampled vahues to the measures buffer 450, As
a result, the storage processor 440 may not, in some instances, access all of the filtered
values stored in the filter buffer 430, but may access a selected subset of the filtered values
for further processing. In one example, the storage processor 440 can access the filtered
values and transfer the sampled values synchronous with the operation of the pump, such as
after opening and/or closing of one or more valves of the pump. Advantageously, in certain
embodiments, by samphing and transferring the fillered values synchronous with the

operation of the pump, the storage processor 440 can avoid further processing of filtered
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values corresponding to a pressure transient created in the flow path on ¢ach opening and/or
closing of one or muore valves of the pump.

(8851 The filtered values corresponding to the pressure transicnt may contain
more noise than other filtered values and thus may be less desirable for use in further
processing by the pump control processor. In some embodiments, the storage processor 440
can sample the filtered valucs and transfer the sampled values to the measures buffer 450 in
accordance with a timer (¢.g., perigdically, such as cvery 2 ms} and asynchronous with the
operation of the pump when an operational speed of the pump falls below a threshold (e.g., a
rotation speed of the pump falls below 1 Hz or 2 Hz) or the pump has been idle for at least a
threshold period of time {c.g., 100 ms or 500 ms). That is, when the pump 18 operating
siowly {for example, when activity of the pump falls below an activity threshold),
asynchronous sampling can be utilized. The storage processor 440 can further transfer a
system voltage and wotor current of the pomp (and/or any other measurement of the
operation of the negative pressure apparatus) from the filter buffer 430 to the measures buffer
450.

(60521 The pump can inclode a fachometer or any other suitable device {as
described} below for measuring rotation of the pump motor. For cxample, the pump canbe a
diaphragm pump operated by a DC motor and having inlet and outlet valves. One cycle of
the pump can correspond to four rotations of the motor (or any other suitable number of
rotations), and the tachomcter can provide an indication for cach rotation of the motor.
Pressure sensor reading can be sampled by the sampler 412 and converted to digital data by
the A/D converter at a frequency or rate that exceeds the rate of frequency at which the pump
is operating (for example, as measured by the tachometer). The pressure is sampled at a
higher frequency {(or oversampled) as compared to the speed of the pump motor {as measured
by the tachometer} and the opening and/or closing of cither or both the inlet and outlet
valves. Oversampling allows for removal (for example, by the filter 420} of contributions
due to the pressure transients caused by the opening and/or closing of the valves. The
filtered pressure values can be removed from the filter buffer 430 synchronous with (for
example, upon arrival or detection of} the indication from the tachometer that the pump

motor has firmed. This achieves synchronous sampling.
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(6083} In certain embodiments, synchronous sampling can be performed by
directly 1dentifving the time durations when the at least one pump valve opens and/or closes,
For example, the pump, such as the pump 390, may utilize one or more sensors that sense
opening and/or closing of the at least one valve. Information provided by the one or more
sensors can be used to perform synchronous sampling. For instance, the pressure can be
sampled sometime after the opening and/or closing of the valve as indicated by the one or
more sensors. This time can be determine based on one or more threshold intervals, such as
for instance 100 ms (or any other suitable time} after opening of the at least one valve,

[6054] In some cmbodiments, a pump assembly, such as pump assembly 230,
controls the vacuum pump to deliver negative pressure therapy to a wound according to a
selected or programmed protocol.  Pump control can be performed by the pump control
processor 370 alone or in combination with the processor 310, For example, as explained
above, the user can sclect contimuous operation at a desired pressure {or negative pressure
sctpointy. The pump assembly can activate the vacuum pump to reduce or draw down the
pressure at the wound (e.g., under the dressing) to reach the setpoint.  As explained below,
the draw down can be performed by increasing the negative pressure at the wound limited by
a maximum change in negative pressure per unit time called compression, until the sctpoint
has been achicved. Wound draw down can be defined as the period of time immediately
after therapy has been initiated during which the wound has not vet achieved the setpoint.
As cxplained below, at the end of this period when the sctpoint is achicved, the flow rate in
the fluid flow path should be below a leak (or high flow) threshold and above a low vacuum
threshold, otherwise an appropriate alarm will be activated.

OS] Figurc 5 illustrates a process 300 for providing negative pressure wound
therapy according to some cmbodiments, The process 500 can be exccuted by the pump
control processor 370 alone or in combination with the processor 318, The process SO0 can
be periodically executed, such as for example every 100 milliscconds {or 10 times per
sccond) or at any other suitable frequency. Alternatively or additionally, the process 500 can
be continuously executed.

[6056] The process 300 can begin in block 502, which it can transition to when
therapy is initiated or when the sctpoint 1s changed while therapy is being delivered. In

block 502, the process 500 compares wound pressure, which can be determined as explained
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below, to the setpoint. I the wound pressure is below the sctpoint, the process 500 can
transition to block 504. Conversely, if the wound pressure exceeds or is equal to the
setpoint, the process 500 can transition to block 506,

[80S7] In block 304 (pressure ramp up), the process 500 can increment a pump
ramp seipoint by an amount that depends on the compression setting as explained below.
The vacuum pump will then attempt to draw down the wound pressure to reach the current
value of the pump ramp setpoint. For cxample, a suitable pump drive signal, such as voltage
or current signal, can be gencrated and supplied to the pump motor so as o increase the
speed of the pump motor to achicve wound draw down. For purposes of efficiency, the
pump motor can be driven using PWM or any other suitable method. The process 300 can
continue incrementing the pump ramp setpoint until it reaches the setpoint selected by the
user.  The process SO0 can transition to block SO8 when the wound pressure has nearly
reached or reached the setpoint. For example, the process 500 can transition to block 508
when the wound pressure is within a ramp up threshold pressure of the setpoint, such as
within 2 mmHg of the setpoint or within any other suitable value.

{6058} In block 506 {(pressure ramp down}, the process 500 can set the pump
ramp setpoint to the setpoint sclected by the user. The process 500 can deactivate the pump
so that the wound pressure is allowed to decay, such as due to one or more leaks in the fluid
flow path, to reach or almost reach the setpoint. At this point, the process 500 can transition
to block 308. For example, the process 500 can transition to block 508 when the wound
pressure is within a ramp down threshold pressure of the setpoint, such as within 5 mmHg of
the sefpoint or within any other suitable value. In some cases, the ramp down threshold
pressure can be the same as the ramp up threshold pressure.

6059 In block 508 (steady state}, the pump ramp sctpoint can be st to the
setpoint selected by the user. The process 500 can control the vacuum pump to maintain the
desired negative pressure at the wound. One or more conditions, such as high vacuum, low
vacuum, feak, and the like can be detected in block 508 as is explained below. If the user
changes the sctpoint to be more negative or more positive or if delivery of therapy is paused,
the process 500 can transition to block 502,

[8060] In some embodiments, the pump assembly controls the vacuum pump to

draw down the wound (¢.g., as is cxplained above in connection with block 504} by utilizing
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compression.  Using compression can be beneficial for avoiding rapid changes in wound
pressure, which can minimoize patient discomfort, reduce noise produced as a result of
operating the pump, maintain cfficient delivery of negative pressure, maintain efficient use of
power {¢.g., battery power}, and the like. Compression can be executed by the process 500,
which in turn can be implemented by the pump control processor 370 alone or in
combination with the processor 31§, Compression can correspond to the maximum desired
increase in negative pressure at the wound per unit of time. Compression can be determined
based on the negative pressure setpoint and selected compression sctting {e.g., low, medium,
or high}.

(6061 In some cmbodiments, the pump assembly monitors various parameters,
such as pressure and rate of flow in the fluid flow path, in order to control the pump in
connection with delivery of negative pressure wound therapy., Parameters monitoring and
pump control can be performed by the pump control processor 370 alone or in combination
with the processor 310, Monitoring the flow rate can be used, among other things, to cosure
that therapy is properly delivered to the wound, to detect leakages, blockages, high pressure,
and low vacuum, camister full, and the hike.

(6062} The pump assembly can be configured to indircctly measure the flow rate
in the thud flow path. For cxample, the pump assembly can measure the speed (e.g., as
frequency) of the vacuum pump motor by using a tachorueter. Alternatively or additionally,
the pump assembly can measurc a level of activity or duty cycle of the pump using any
suitable approach, such as by monitoring voltage or current supplicd to the pump, sensing
pump speed {e.g., by using a Hall sensor), measuring back EMF generated by the pump
rootor, monttoring duty cycle of the pump (for example, of the pump motor or actuator) and
the like. Tachometer readings can be averaged (for example, by applying a low pass filter as
explained above} in order to mitigate the effects of one or more crrant readings. A number of
most recent tachometer readings, such as over last 2.5 seconds or any other suitable time
period, can be averaged to obtain short tachometer average. A number of less recent
tachometer readings, such as over the last 30 sceonds or any other suitable time period, can
be averaged to obtain long tachometer average. Short and long tachometer averages can be
utilized for pump control.  Additionally or alternatively, the pamp assembly can directly

measure the flow rate, such as by asing a flow meter.
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(6063} In addition, the pump assembly can determine and monitor pressure in the
flow path using onc or more sensors. In some embodiments, the pump assembly includes a
pressure sensor in or near the inlet 252 (or canister connection) of the pump assembly 230
This pressure sensor can measure the pressure in the canster or any other portion of the fluid
flow path {(or in or near the dressing or any other portion of the fluid flow path 1o a
canisteriess system). The arrangement of onc or more pressure sensors in disclosed in ULS.
Patent Application No. 14/210,062, filed on March 13, 2014 and titled “SYSTEMS AND
METHODS FOR APPLYING REDUCED PRESSURE THERAPRY,” which is incorporated
by reference in its entirety. The pump assembly can continuously measure pressure in the
canister, such as cvery millisccond or any other suitable duration. A suitable number of
latest pressure sensor readings can be averaged to mitigate the effects of onc or more crrant
readings.

(8064 Wound pressure can be cstimated using the measured canister pressure
and the pump speed. Because of presence of one or more leaks in the flow path, wound
pressure may not be the same as canister pressure.

60651 Based on the determined flow rate, canister pressure, and wound pressure
values, the pump assembly monitor and detect various operating conditions and can control
the pump. One or more of these conditions can be detected by the process 500 while the
process in in block 508, Blockage in the fluid flow path can be determined by comparing the
flow rate, as reflected by long tachometer average, to a particular blockage threshold over or
during a period of time, such as 2 minutes or any other suitable duration. The blockage
threshold can be selected or determined based on the particular pressure setpoint. That is, o
detect blockage, the pump assembly can utilize a plurality of blockage thresholds
corresponding to particular pressure sefpoints.  As explained above, the flow rate can be
indirectly determined by detecting and monitoring the pump speed.  Long tachometer
average can be coropared to the blockage threshold,  Alternatively or additionally, short
tachometer average or any other suitabic measure of flow ratc can be compared to the
blockage threshoid.

[6066] During operation, the pump generates pressure pulses (for example,
pressure fransicnts} that arc propagated through the fluid flow path. The pressure pulsces,

which can be detected by a pressure sensor, are illustrated by the pressure curve 602 of
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Figure 6 according to some embodiments.  As is illostrated in region 604, pressure in the
fluid flow path varies or oscillates around a particular pressure setpoint 608 during normal
operation of the system. Region 606 illustrates pressurc pulses in the flow path in presence
of a blockage distal to the pump. For cxample, the canister {or dressing) becomes full and/or
a canister {or dressing) filter is occluded or blocked. As is illustrated in region 606, presence
of a distal blockage causes a reduced volume to be scen upstream of the canister {or
dressing), and the amplitude of the pressure pulses changes {c.g., increases). The frequency
of a pressure signal also changes {¢.g., slows down or decrcases). Obscrved changes in one
or more parameters of the pressure signal can be used to identify the type of distal blockage
present, such as distinguish between canister {or dressing) full and other types of blockages
in the fluid flow path. Changes in the amplitude of the pressure signal can be measured
using a variety of technigues, such as by measuring peak-to-trough change.

(80671 Figure 7 illustrates a process 700 of providing negative pressure wound
therapy according to some embodiments. The process 700 can be cxecuted by the pump
control processor 370 alone or in combination with the processor 318, The process 700 can
be periedically executed or at any other suitable {frequency. Alernatively or additionally, the
process 700 can be continuously exccuted.  Advantageously, in certain embodiments, the
process 700 can enable the synchronization of pressure measurements with the operation of a
pump, such that the impact of pressure measurements corresponding to pressure transients
created in the flow path due to the opening and/or closing of one or more valves of the pump
can be reduced or eliminated.

[3668] At block 702, the process 700 can read measurements of pressure in a
flurd flow path.  The measurements may have been received from a pressure sensor
positioned to sense the pressure at or near an inlet of a pump assembly, such as the pump
assembly 230, or at any other suitable portion of the fluid flow path. In one example, the
measurements may be obtained from the output butfer 416 may have further been filtered,
such as by the filter 420, before being stored in the filter buffer 430,

[8869] At block 704, the process 700 can sample the identificd measurcments
synchronous with opening and/or closing of one or more valves {¢.g., an mlet valve or an
outlet valve) of a pump, such as the pump 390, of the purmp asserobly. The measurements

can thus be sampled such that one or more of the identified measurements are excluded from
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the sampled measurements. For instance, the measurements can be influenced by a pressure
transicnt created by the periodic opening and/or closing of one or more valves of the pump,
and the process 700 can sample the measurements so that one or morc measurcments more
influenced by the pressure transient than are other of the measurements are excluded from
the sampled measurcments. The process 700 can, i some embodiments, determine the
opening and/or closing of the one or more valves using a signal from the pump or a sensor
assoctated with the pump.

(84781 In one example, the process 700 can sample the measurements at a sample
frequency corresponding to {e.g., proportional fo} a opening and/or closing frequency of one
or morc valves of the pump. In another cxample, the process 700 can sample the
measurements so that the measurements measured when onc or more valves of the pump is at
one position in a opening and/or closing cycle are included in the sample measurements and
the measurements measured when the one or more valves is at another position in the
opening and/or closing cycle are excluded from the sample measurements,

(6071} In a fiwther example, the process 700 can sample the measurements based
at lcast on a rate or frequency of a signal received from a tachometer associated with the
pump. The tachometer can be positioned to measure a speed of a motor of the pump. The
sampling of the measurements can involve accessing and transferring pressure measurements
for further processing, for instance, in response to detecting one or either of the rising edge
and falling edge of the tachometer signal, such that of the sampling is synchronized with the
rotation of the motor {or operation of the pump).

[B072] At block 706, the process 700 can determine pressure in the fhid flow
path based at lcast on the sampled measurcments. The pressure can, for imnstance, be
determined such that one or more of the measurements that reflect contributions due to the
pressure transients are excluded from the sampled measurements. The pressure can be more
accurate than if the pressure were estimated based on both the sampled measurements and
the measurements excluded from the sampled measurcments, because the impact of a
pressure transient created on cach opening and/or closing of one or more valves of the pump
can be reduced or climinated by not considering the measurements excluded from the

sampled measurements in the determination of the pressure.
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(08731 At block 708, the process 700 can generate a drive signal based at least on
the estimated pressure to control the operation of the pump. For example, the drive signal
can be a PWM signal, and the duty cycle of the drive signal can be varied to increase or
decrease the speed of the pump according at least to the ecstimated pressure.  In some
embodiments, the duty cycle of the drive signal can be controlled using a proportional-
integral-derivative (PID} calculation based at lcast on a differcnce between a pressure
setpoint and the estimated pressure as described with respect to process 800 of Figure 8.

(8474} Although the process 700 1s described as using sampling to reduce or
climinate the impact of pressure transients created by one or more valves of a pump, one or
more additional or other approaches can be used in some cmbodiments to reduce or climinate
the impact of the pressure transients created by the one or more valves of the pump. For
example, the process 700 can weight the measurements based at least on a synchronization of
the measurcments with opening and/or closing of the onc or more valves of the pump. The
measurements more influenced by a pressure transient created by the opening and/or closing
of the one or more valves of the pump than other measwrements can be given a reduced
weighting relative to the other measurements so that the measurements more influenced by
the pressure transicnt can influence the detormined estimated pressure less than the other
measurements.

(60751 Figure § illustrates a process 800 for determining a duty cycle fora PWM
control signal for a source of negative pressurc according to some cmbodiments. The
process 800 can be executed by the pump control processor 370 alone or in combination with
the processor 310, The process 800 can be periedically executed or at any other suitable
frequency. Advantageously, in certain embodiments, the process 800 can cnable the pump
control processor 370 to determine a suitable duty cycle for controlling a pump, such as the
pump 390, so that the pump s ramped or controlled fo a setpoint without (1) significantly
overshooting the setpoint or (2) controlling the pump to operaie at a level different from the
setpoint under canister full conditions.

[3676] The process &80 can be based on a PID calculation and serve as a control
loop feedback mechanism. The control loop feedback mechanism can provide up to three-
term control according to an crror value calculated based on a difference between a measured

pressure and a setpoint pressure.  The up to three-term control can be determined by a
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proportional control term (Prepa), integral control term (Ireru), or derivative control term
(Drepn). In some embodiments, the output of the PID calculation (PIDoyr) can depend ona
sam of Pregss, Irora, and Dyprae The L. in addition, can be related to an integral sum
(fcum) that can also depend on an accumulation of past ¢rrors.  PlDgur can be set to
permissibly range from ¢ to 100 so that § corresponds to a 0% duty ¢yele PWM control
signal and 100 corresponds to a 100% duty cycle PWM control signal. As illustrated by the
process 800, in some embodiments, Dynry can be set to O during the process 800,

(84771 The process 800 can, in some ways, be similar to a standard PID
calculation.  However, the process 800 can include modifications to the standard PID
calculation that improve the responsc of the PID calculation to various conditions in negative
pressure wound therapy.  For example, the process 830 can include the following

modifications:

® If a measured pressure exceeds a HighVacuumAlarmThreshold, Ison can be set to
0.

) If Prenwm exceeds 100, Isiw can be set 1o O and PIDoyr can be set to 100,

® If a difference between a pressure setpoint and a measured pressure is negative,

Isum can be set to the sum of Igy and a value greater than the difference.
® i Igon i less than O, lsom can be set to O and PIDour can be set to Prpgry, which
can prevent long PID restart delays following periods of pressure release.
& if a sum of Prerw and Trennm exceeds 100, PIDoyr can be set to 100 and Isyw can
be reduced, such as proportional to an amount that the sum excecds 100,
Although the process 800 may include all of the above-referenced modifications, in some
embodiments, the process 800 can instead include one or more of the modifications and not
one or more other of the modifications, or may include different modifications.

[3478] At block 802, the process 00 can determine whether a measured pressure
{(Pupasuren) in the flow path exceeds a high vacuwm threshold (Tmen). The measured
pressure can be a pressure measorement received from a pressure sensor positioned at or near
an inlet of a pump assembly, such as the pump assembly 230, and, in some embodiments,
may have been sampled from a set of measurements as discussed with respect to process 700.

If the measured pressure exceeds the high vacummm threshold, at block 804, the process 800
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can set Isom to be § and PiDopr to be 0, and the process 830 can end by refirning the value
of PIDaur.

13679] If the measured pressure does not exceed the high vacuum threshold, at
block 806, the process 800 can set ERROR to be a difference between a pressure setpoint and
the measured pressure and set Praor 10 be a proportional gain (K;) times ERROR. The
pressure setpoint can be set, for example, by a user of a pump assembly by setting a desired
pressure or a mode of operation that corresponds to the pressure setpoint.  In some
embodiments, the proportional gain can be set at pump assembly manufacture or during a test
operation of a pump assembly using one or more control loop tuning approaches. The
proportional gain can, for instance, be sct to a value ranging from 0 to 1, ranging from 0.3 to
(1.9, ranging from (.5 10 0.7, or to 0.6.

[6084¢] At block 808, the process B0 can determune whether Prapn cquals or
exceeds 100, If Praryy equals or exceeds 100, at block 810, the process 860 can set fson to be
(t and PlDour to be 100, and the process 800 can end by returning the vahic of PIDgyy. If
Preru does not equal or exceed 100, at block 812, the process 800 can determine whether
ERROR is below 0. If ERROR is not below 8, the process 800 can set Ispwm (o be a sum of
Isom and 2 times ERROR at block 814, If ERROR is below 0, the process 800 can sot Iguy
to be a sum of Igun and ERROR at block 816. At block 818, the process &0 can determine
whether Isow s less than 8. If Iy is less than §, at block 826, the process 800 can set fspm
to be 0 and PiDoor to be Prary. and the process 800 can end by returning the value of
PiDoor.

{8811 I Tson 18 not less than §, at block 822, the process 800 can set Itprv to be
an iotegral gain (K} times Iy and set PIDooy to be a sum of Py and Trppn. Insome
embodiments, the proportional gain can be sct to a valae ranging from 0 to 1, ranging from
(.0001 to 8.0003, or to 0.0002. At block 824, the process 830 can determing whether PIDoyr
exceeds 100, I PIDoyr does not exceed 100, process 800 can end by returning the value of
PiDour. I PlDoyr exceeds 100, at block 826, the process 800 can scale Isuy {c.g., by an
amonnt depending on or proportional to the amount that PIDgyr exceeds 100} and set PiDogr
to be 104, and the process 800 can end by returning the valae of PIDour.

[8082] Figures 9A-98B and 10A-10B illustrate plots of opcrating pressure for

simulated reduced pressure wound therapy systems according to some ombodiments.
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Figures 9A-9B depict example plots of operating pressure for a simulated system that does
not wmplement at least some of the teachings provided n this disclosure, such as the
teachings described with respect to the process 700 {(c.g., using sampled pressure values) and
the process 800 {c.g., PID calculation based control process). Figures 10A-10B depict
example plots of operating pressure for a simulated system that does implement at feast some
of the teachings provided in this disclosure, such as the teachings described with respect to
the processes 700 and 800,

0831 Figure 9A shows an example plot 900A for a draw down operation and
controlling of a purnp to attempt to draw down a pressure at the wound to reach 120 romHg
without using synchronous sampling. The lines A, B, and C of the plot 900A respectively
ithustrate the simulated operating pressure for the system with a full canister, nearly full
canister, and empty camister. At a time of 0 seconds, the pump begins operating so as to
draw down the pressure. At around a time of 3 scconds, the pump has finished the draw
down and entered steady-operation. As can be seen from the lines A and B of the plot 200A,
the pressure in the simulated systems indicates presence of a significant pressure pulse or
transient between O seconds to 0.5 seconds {which is not removed because synchronous
sampling is not used). Operating the pump without removing or mitigating contributions due
to such a pressure pulse or transient at the startup of the pump may not be desirable in some
instances and, for example, may be uncomfortable or painful for a patient. In addition, it can
be seen from line A of plot 900A that the canister full condition may also cause the pump to
draw down by 100 mumHg rather than 120 mmHg as desired. Thus, the pump may also be
underperforming under canister full conditions {or cven under canister empty or relatively
empty conditions}.

{60841 Figure 98B shows an example plot 9008 for controlling of a pump in a
presence of a pressure transicnt of 120 mmHg without using synchronous sampling. The
fines A, B, and C of the plot S00B respectively illustrate the simulated operating pressure for
the system with a full canister, nearly full canister, and cmpty camster. At a fime of 0
seconds, the pump begins operating to draw down the pressure at the wound. The time
between O and 1 second itiustrates occwrence of a prossure transient (which is not removed
because synchronous sampling is not used). At around a time of 1 second, the pressure

transient has ceased or ended. As can be seen from the lines A and B of the plot 900B, the
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pressure in the simulated systems can show a significant pressure overshoot between
seconds to 0.3 seconds as a result of the pressure transient. Operating the pump without
removing or mitigating contributions due to such a pressure overshoot may not be desirable
in some instances and, for example, may be uncomfortable or painful for a pationt. In
addition, it can be scen from line A of plot 900B that the canister full condition may cause
the pump to adjust pressure by 100 mmHg rather than 120 mmHg as desired.  Thus, the
pump can be underperforming under canister full conditions {or even under canister cmpty or
relatively empty conditions}.

[GORS] Figure [0A shows an example plot 1000A for a draw down operation and
controlling of a pump to attempt to draw down a pressure by 120 mmHg, and Figure 10B
shows an cxample plot 10008 for a transient operation and controlling of a pump in the
context of a pressure transient of 120 mmHMHg. In both plots 1800A and [000B synchronous
samphing is utilized. In contrast to Figures 9A-9B, as can be seen from the lines A, B, and C
of the plots 1000A and 1000B, Figurcs 10A-10B show a smooth draw down in pressure,
minimal overshoot after a transient event, relatively fast adjustment to rcach a pressure
setpoint, and cffective adjustment of pressure independent of a remaining capacity of a
canister. Moreover, as can be secn from the line A of the plots 1000A and 1000B, the
pressure can be adjusted closer to a pressure sctpoint than may have been achicvabie in the
systems depicted by the plots 300A and S00B. Accordingly, use of synchronous sampling
for controlling the pumyp results, for exarople, in increased efficiency, diminished noise and
vibration caused by operation of the pump, reduced in cnergy usage, and better comfort for

the patient.

Orther Variations

{3086] Any value of a threshold, limit, duration, ctc. provided herein is not
intended to be absolute and, thereby, can be approximate. In addition, any threshold, limit,
duration, ete. provided herein can be fixed or varied either automatically or by a user.
Furthermore, as is used herein relative terminclogy such as exceeds, greater than, less than,
etc. in relation to a reference value is intended to also encompass being equal to the reference
value, For example, exceeding a reference value that is positive can encompass being eqgual

to or greater than the reference value. To addition, as 18 used herein relative terminology such
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as exceeds, greater than, less than, ete. in relation to a reference value is intended fo also
encorapass an inverse of the disclosed relationship, such as below, less than, greater than,
cte. in relations to the reference value.

[BORT] Features, matertals, characteristics, or groups described in conjunction
with a particular aspect, embodiment, or cxample are to be understood to be applicable to
any other aspect, embodiment or example described herein unless incompatible therewith.
All of the features disclosed in this specification (including any accompanying claims,
abstract and drawings), and/or all of the steps of any method or process so disclosed, may be
combined in any combination, except combinations where at least some of such features
and/or steps arc mutually cxclusive. The protection is not restricted to the details of any
foregoing embodiments. The protection cxtends to any novel one, or any novel combination,
of the features disclosed in this specification (including any accompanying claims, abstract
and drawings), or to any novel one, or any novel combination, of the steps of any method or
process so disclosed.

[GO8E] While certain embodiments have been described, these embodiments have
been presented by way of example ouly, and are not intended to linut the scope of protection.
Indeed, the novel methods and systems described hercin may be embodied in a variety of
other forms. Furthermore, various omissions, substifitions and changes in the form of the
methods and systems described herein may be made. Those skilled in the art will appreciate
that in some cembodiments, the actual steps taken in the processes illustrated and/or disclosed
may differ from those shown in the figures. Depending on the embodiment, certain of the
steps deseribed above may be removed, others may be added. For example, the actual steps
and/or order of steps taken in the disclosed processes may differ from those shown in the
figure. Depending on the embodiment, certain of the steps described above may be removed,
others may be added. For instance, the various components illustrated in the figures may be
implemented as software and/or firmware on a processor, controller, ASIC, FPGA, and/or
dedicated hardware. Hardware components, suach as processors, ASICs, FPGAs, and the
like, can include logic circuitry. Furthermore, the features and atiributes of the specific
embodiments disclosed above may be combined in different ways to form additional

embodiments, all of which fall within the scope of the present disclosure.
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6089} Although the present disclosure includes certain embodiments, examples
and applications, it will be understood by those skilled in the art that the present disclosure
extends beyond the specifically disclosed embodiments to other alternative embodiments
and/or uses and obvious modifications and equivalents thercof, including embodiments
which do not provide all of the features and advantages set forth herein. Accordingly, the
scope of the present disclosure is not intended to be limited by the specific disclosures of
preferred embodiments herein, and may be defined by claims as presented hercin or as

presented in the futore.
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WHAT IS CLAIMED IS:

I An apparatus for applying negative pressure therapy to a wound, comprising:

a housing comprising a source of negative pressure configured to be in fluidic
communication with a wound dressing, the source of negative pressure comprising at
teast one valve;

a pressure sensor configured fo measure pressure in a fluid flow path
configured to fluidically connect the wound dressing and the source of negative
pressure; and

a controlier configured to operate the source of negative pressure using a drive
signal, the controller further configured to:

determine a pressurc measurement based on the pressure measured by
the pressure sensor, wherein the determination is performed  synchronous
with operation of the source of negative pressure, and

generate the drive signal based at lcast on the determined pressure.

2. The apparatus of claim 1, wherein the controlier i3 configured to determine
the pressure synchronous with opening and/or closing of the at least one valve.

3. The apparatus of claim 2, wherein pressure measured by the pressure sensor
includes one or more components due to a pressure transient generated by the opening and/or
closing of the at least one valve, and the one or more of the components are substantially
excluded from the determination of the pressure measurement.

4. The apparatus of claim 3, wherein the pressure transicnt 1s periodically
gencrated by the at least one valve,

5. The apparatus of claim 2, wherein the controlier i3 configured to determine
the pressure measurement synchronous with the opening and/or closing of the at least one
valve by sampling the measurements at a frequency that exceeds the frequency with which
the at least one valve opens and/or closes.

6. The apparatus of claim 5, wherein the sample frequency is proportional to the
frequency with which the at least one valve opens and/or closes.

7. The apparatus of claim 1, wherein the controller is configured to determine
the pressure measurement synchronous with operation of the source of negative pressure

based on one or more of the measurements obtained at times when the at least one valve is in
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a first position and not based on one or more of the measurements obtained at times when the
at least one valve s in a second position,

8. The apparatus of claim 1, wherein the source of negative pressure compriscs a
vacuum pump having a motor, and the controller is configured to detormine the pressure
measurement synchronous with the operation of the source of negative pressure based at
least on a speed of the motor.

9. The apparatus of claim §, further comprising a tachomcter configured to
measure the speed of the motor and gencrate a signal indicative of the measured speed of the
motor, and whergin the controller is configured to determine the pressure measurement
synchronous with the operation of the source of negative pressure based on the signal
received from the tachometer.

10, The apparatus of claim 9, wherein the controller 18 configured to determine
the pressure measureroent synchronous with the operation of the source of negative pressure
in responsc to a rising cdge of the speed signal and in response to a falling edge of the speed
signal.

I The apparatus of claim 1, wherein the controller is configured to determune
the pressure measurement synchronous with the operation of the source of negative pressure
based on a signal received from the source of negative pressure.

12. The apparatus of claim 1, whercin the at least onc valve comprises an inlet
valve and an outlet valve.

3. The apparatus of claim 1, wherein the controller is configured to determune
the pressure measurement synchronous with the operation of the source of negative pressure
by applying a low-pass filter a plurality of measurements obtained from the pressure sensor.

14. The apparatos of claim 1, wherein the controller s fimther configured to
determine the pressure measurement asynchronous with the operation of the source of
negative pressure in responsce to determining that an activity of the source of negative
pressure falls below an activity threshold.

15, The apparatus of claim 1, wherein the controller is configured to control the
source of negative pressure using pulse-width modulation (PWM)} and generate the drive
signal using a proportional-integral-derivative (P2} calculation based at least on a difference

between a pressure setpoint and the determined pressure.
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I6. The apparatus of claim 15, wherein the controller 15 configured to gencrate the
drive signal to have a 0% duty cycle in response to determining that the determined pressure
exceeds a first threshold.

i7. The apparatus of claim 15, whercin the controler is configured to generate the
drive signal to have a 100% duty cyele in response to determining that a proportional term of
the PID calculation exceeds a first threshold,

18, The apparatus of claim 15, whercin the controller is configured to generate the
drive signal to have a 100% duty cycle in response to determining that a2 sum of a
proportional term of the PID calculation and an integral term of the PID calculation exceeds
a first threshold.

19. The apparatus of claim 15, wherein the controller is configured to sct an
integral term of the PID calculation to be 8 and an accumudated error of the PID calculation
to be § in response to determining that the accumulated error is less than 0.

20. The apparatus of claim 15, wherein the controller is configured to sct an
accumulated error of the PID calculation to be greater than a sum of the accumulated error
and the difference in response to determining that the difference is negative.

21 The apparatus of claim 1, wherein the controller 18 configured to determine
the pressure measurement by sampling the pressure measured by the pressure sensor.

~

22. A method of operating the apparatus of any of claims 1-21.
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