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(57) Abstract: The present application is directed toward a
method and system for conserving battery power in low
power systems. According to one aspect of the invention, a
battery (88) with a low power processor (110) is used to
shut oft the monitor circuit (120) that determines the charge
remaining on a battery (88). Periodically, the low power
processor (110) will wake-up and power on the monitor cir-
cuit (120) to determine the remaining charge of the battery
(88). According to another aspect of the invention, there is
a safety override circuit. The safety override circuit is a fail-
safe that allows charge to tflow from the battery (88) when
there is a fault with the low power processor (110), for ex-
ample if the low power processor (110) fails to wake-up.
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LOW-POWER BATTERY PACK WITH SAFETY SYSTEM
CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] The present application claims the benefit of the
filing date of U.S. Provisional Patent Application No.
61/651,376 filed May 24, 2012, entitled "LOW-POWER BATTERY
PACK WITH SAFETY SYSTEM," the disclosure of which is hereby
incorporated herein by reference, and also claims the benefit
of the filing date of U.S. Provisional Patent Application No.
61/782,358 filed March 14, 2013, entitled "LOW-POWER BATTERY
PACK WITH SAFETY SYSTEM," the disclosure of which is hereby
incorporated herein by reference.
BACKGROUND OF THE INVENTION
[0002] This invention generally pertains to a smart
rechargeable battery pack with low power processor and a
safety system to help provide for an extended shelf life.
[0003] Rechargeable batteries have Dbecome ubiquitous in
today’s world, being used in everything from cell phones and
laptops to medical devices to airplanes. Often, it 1is
desirable for a user to be kept apprised of how much charge
is left 1in a battery powering a device. This may be
especially true when devices are not used for an extended
period of time, such as when they are being shipped or
stored. However, monitoring the charge of a battery generally
results in the charge being depleted.
[0004] Typically, the amount of power used to detect the
remaining charge of a battery is small. For a device using a
large battery pack, for example those rated greater than
approximately 5 ampere-hours, the large battery pack may not
be significantly drained from detecting the remaining charge.
However, for a device that uses a small battery for general
functioning, for example those rated at approximately
0.7 ampere-hours, the amount of power drawn by a circuit that
monitors battery charge can result in a significant drain on

the relatively small battery.
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[0005] This problem is especially evident when the battery-
powered device is not used for an extended period of time, such
as when the device is being stored in inventory or shipped. As
noted above, even though a device is not being used, power is
being consumed from a battery pack to continually monitor the
charge, inevitably leaving the battery drained. For devices in
inventory, the need to recharge devices on a continual basis is
expensive and work-intensive. For devices Dbeing shipped,
recharging may be difficult, if not impossible.

[0006] Therefore, there 1s a need to provide a smart
battery pack that includes a low power processor for monitoring
the charge remaining on the battery pack. This would provide
for better power management and increased battery life.

BRIEF SUMMARY OF THE INVENTION

[0007] The current application addresses the need in the
art by providing a smart battery pack that includes a low power
processor for tracking the charge of the battery pack and a
safety system to provide power in case the low power processor
fails.

[0008] According to one aspect of the present disclosure,
there i1s a method for monitoring the charge of a battery, that
comprises the steps of powering off a battery monitor circuit
using a low power processor. The method also includes the step
of the low power processor periodically enabling the battery
monitor c¢ircuit to monitor the charge of the battery. If a
fault occurs that prevents the low power processor from
communicating with the battery monitor circuit, a digital
processor located within the controller will communicate with
the battery monitor circuit to track the charge of the battery.
[0009] According to another aspect of the present
disclosure, there is a device with a system for monitoring the
charge of a battery, comprising an internal battery with a low

power processor, an external battery, a digital processor, and
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a safety override circuit that allows charge to flow when a
fault occurs with the low power processor.

[0010] This disclosed device results in a very low power
smart battery with full gauging capability with a wvery long
shelf 1life (typically, greater than 12 months). Additionally,
the disclosed device lowers the rate of device failure, despite
additional hardware, by including an additional safety
mechanism that will ensure that the battery monitor circuit
continues to operate despite a fault that might arise from the
addition of new hardware in the device.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Fig. 1 1is a conventional diagram of a ventricular
assist system.

[0012] Fig. 2 is an exemplary embodiment of the ventricular

assist system with a smart Dbattery and power monitoring

circuitry.

[0013] Fig. 3 is a diagram of the safety override
architecture.

[0014] Fig. 4 1s a diagram of the simplified battery
architecture.

DETAILED DESCRIPTION

[0015] It will be appreciated by those skilled in the art
that for the sake of brevity and clarity 1like reference
numerals may be repeated where appropriate. Additionally,
specific details are set forth to provide a better
understanding of the embodiments described herein. However, a
skilled artisan will understand that the present invention can
be practiced without the specific details, and those details
may be replaced by well-known and commonly  practiced
equivalents. Furthermore, this written description should not
be construed as being limited to the scope of the embodiments

described herein.
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[0016] The embodiments below are discussed generally in
terms of a ventricular assist system, specifically
HeartWareI™ vVentricular Assist System. Generally speaking,

the HeartWareT™ vVentricular Assist System includes a
controller that 1is external to the patient. This external
controller includes drive electronics for a pump implanted
into a patient and configured to assist the heart in pumping
blood. The external controller also provides drive and
control signals to the pump and provides feedback and alarms
to the patient regarding the operation of the device. Alarms
are generated, for example, when the battery falls below a
certain threshold and can be audio, wvisual, tactile, or a
combination thereof. Similar controllers are described, for
example, in U.S. Patent Application No. 61/749,038 to Vadala,
titled "Controller and Power Source for Implantable Blood
Pump, " filed January 4, 2013, the entire contents of which
are hereby incorporated by reference herein.

[0017] Fig. 1 illustrates a schematic view of a
ventricular assist system controller according to the prior
art. The control system 10 includes a housing 16 disposed
about an interior region 20. Housing 16 extends along a
housing axis 22 between a top end 16A and a bottom end 16B.
At the top end 16A, a top panel 24 having a substantially
planar outer surface, extends traverse to the house axis 22.
Lateral surfaces LS o©f housing 16 extend between the
circumferential outer boundary of top panel 24 and the
circumferential outer boundary of top panel 24 and the
circumferential outer boundary of bottom panel 26. In the
aggregate, the lateral surfaces of housing 16 form a tube-
like structure extending along axis 22, with the end panels
24 and 26 forming enclosures to the tube, or tube-like,
structure; thereby enclosing the interior region 20.

[0018] The tube-like structure includes a first, or outer
portion 30 (hereinafter “LS outer portion 30”) opposite to a

—4—
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second, or inner, portion 32 (hereinafter “LS inner portion
32"). Opposing uppermost portions of the outermost surfaces
of LS outer portion 30 and LS inner portion 32 are
substantially planar as well as substantially parallel.
However, these portions do not have to be precisely parallel
and different shapes may be used in other embodiments.

[0019] A first display device 40 is disposed on the outer
surface of top panel 24. A second display device 42 is
disposed on the outer surface of the LS inner portion 32.
The second display device 42 is optional and may be omitted
from the control system 10. In an exemplary embodiment,

either display device 40 or display device 42 may show the
amount of charge remaining in the battery pack. In the system
of Fig. 1, digital processor 92, which 1s located in the

controller, is responsible for monitoring the charge
remaining on both batteries 84 and 88 amongst its other
responsibilities, such as controlling the other units of the
controller. The display devices 40 and 42 also provide
feedback and alarms to the patient regarding the operation of
the device.

[0020] The housing 16 also includes on a lateral surface,
a power port 46 and a data port 48 disposed within an
input/output (I/0) connector assembly 49. An input device 50
is disposed on the outer surface of LS outer portion 30.
[0021] An elongated flexible electrical cable 51 extends
from a controller end 52 to a pump end 54. The cable 51
could further include a flexible, helical-shaped strain
relief segment (not shown) between the cable ends 52 and 54.
A controller-end connector assembly 56 1s disposed at the
controller end 52, and a pump end connector assembly 60 is
disposed at the pump end 54 of cable 51. The connector
assembly 56 includes connector portions 46’ and 48’ adapted
to mate with the power port 46 and the data port 48,
respectively, of the I/0 connector assembly 49.

[0022] The pump end connector assembly 60 similarly
includes connector portions 627 and 64’ adapted to mate with
a pump power port 62 and a pump data port 64 of a pump I/O

connector assembly 68.
_5_
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[0023] The controller-end connector assembly 56 is adapted
to mate with an I/0O connector assembly 49 on the housing 16
and the pump-end connector assembly 60 1s adapted to mate
with the pump connector assembly 68 on the pump 12.

[0024] When the controller-end connector assembly 56 1is
connected to the I/0 connector assembly 49 of the controller
10, and the pump end connector assembly 60 is connected to
the pump I/0 controller assembly 68 of the pump 12, the pump
drive signals can pass between the power output port 46 and
the pump power port 62. Data can pass between the data
transfer port 48 and the pump data port 64, making available
to data processor 92, the real-time impedances of the
windings of the motor pump 12.

[0025] The illustrated embodiments of Figs. 1 and 2 show
that the housing can be split into two cup-like components.
The cup-like upper housing portion 16A has a circumferential
rim R1l, and the cup-like lower housing portion 16B has a
circumferential rim RZ2. Rim R1 of the upper housing portion
16A 1s adapted to fit with and reversibly couple to the rim
R2 of the lower housing portion 16B. A latch assembly
enables the quick release of housing portion 16A from or to
lower housing portion 16B, in response to the depression of a
release button RB disposed on the LS outer portion 30 of
upper housing portion 16A.

[0026] Fig. 1 further shows that the cup-like housing
portion 16B provides electrical power for the operation of
the control system 10. Housing portion 16B includes in its
interior a power supply support structure 80. The support
structure 80 has a cup-like form adapted to receive a battery
84 in its interior region. In some embodiments, the battery
84 1is affixed to housing portion 16B and the combination 1is
replaceable as a unit. As shown in Fig. 1, the interior of
the power supply support structure 80 is geometrically keyed
to the shape of the battery 84, to aid a user in replacing
the battery in a fail-safe manner. In this way, the battery
can only be inserted in a single, proper manner.

[0027] A secondary, or back-up, battery 88 is disposed
within the interior of upper housing portion 16A, and 1is

coupled to the wvarious elements 1in control system 10 to
_6_
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provide back-up power to control system 10 in the event of
the catastrophic failure of battery 84 or during routine
replacement of battery 84 with a charged or fresh unit.

[0028] When both battery 84 and battery 88 are present,
control system 10 will use battery 84 to provide power for
the controller and particularly the drive electronics. When
battery 84 is depleted, the controller automatically switches
to the standby power source, battery 88, or adapter via power
jack 87, and the depleted battery i1s replaced. The batteries
84 and 88 may be any suitable rechargeable battery type, such
as lithium-ion, nickel-cadmium, or any other suitable
composite material.

[0029] Fig. 1 also shows that support structure 80 also
includes power jack 87 so that the control system 10 can be
powered by an external source. The external source could
also be a wall (AC) or car (DC) adapter.

[0030] The cup-like housing portion 16A houses the
components that provide functional operation of control
system 10, as it relates to the driving of an implanted pump
12. The housing portion 16A houses a digital processor 92
and an associated memory 94, a pump drive network 98, and the
secondary battery 88.

[0031] An electrical ©power conductor assembly P is
disposed within interior region 20. That electrical power
conductor assembly P 1is associated with the power supply
support structure 80, and couples electrical power from a
power supply. That power supply could be either battery 84,
an external source via power Jjack 87, or secondary battery
88. The electrical power conductor assembly P provides
electrical power to all components of control system 10.
[0032] Additionally, the electrical power conductor
assembly P provides a power drive signal 1line from the
digital processor 92, by way of a power amplifier 98, to the
electrical power output port 46, where that power drive
signal can be coupled via cable 51 to the motor of pump 12.
[0033] A data conductor assembly D is also disposed within

interior region 20. The data conductor assembly D provides
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data representing the current state of operations, including
the current state of pump 12. The data received from the
pump allows the digital processor 92 to determine the
impedance as a function of time of the respective windings of
the motor. In response to the impedance data, the digital
processor 92 determines the appropriate drive power signal to
be applied by way of power port 46 and cable 51 to the motor.

[0034] The input device 50 of control system 10 may take
the form of a keyboard or keypad. In other embodiments,
input device 50 may include a connector. In still other
embodiments, the input device 50 may be both a
keyboard/keypad and a connector. This input device allows
for a wuser or administrator to change or modify any

information associated with the operation of the control

system 10.
[0035] Control system 10 may also contain a wired or
wireless transceiver, TX/RX. The transceiver is coupled to

the digital processor 92 and transmits and receives data.
This allows for the control system 10 to communicate with a
monitor to display highly detailed information about the
control system and i1ts usage with respect to the patient’s
health.

[0036] Fig. 2 shows a schematic view of a ventricular
assist system according to an embodiment of the invention.
This system includes additional features, such as a low power
processor (LPP) 110 and monitor circuit 120. The system
illustrated in Fig. 2 operates similarly to the system
illustrated in Fig. 1. Like components will not be discussed
further and one of ordinary skill in the art would appreciate
that like components would operate the same or similarly in
both systems.

[0037] Traditionally, low power processors are used in
devices to allow for different power modes. LPP 110 is used
for battery management purposes, relieving digital processor
92 of these duties. In prior art systems that use a digital
processor to manage the charge of a battery, the battery

charge typically has a shelf life of one to two months. By
_8_
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using the low power processor to monitor the charge of the
battery, the current invention extends the shelf life of the
battery charge to twelve to eighteen months.

[0038] Preferably, the LPP 110 is internal to battery 88.
However, one of ordinary skill in the art would appreciate
that LPP 110 could be co-located with battery 88 or the two
could be adjacent and communicate via an appropriate
interface. LPP 110 can be any commercially available low
power processor, such as Microchip PIC24, XLP; however, any
suitable processor may be used.

[0039] LPP 110 operates 1in either a dormant state or a
wake state. The dormant state draws a small amount of
current to maintain an internal timing mechanism to determine
when to enter the wake state. In the wake state, LPP 110
enables several c¢ircuits, including monitor circuit 120, to

determine the remaining charge of battery 84, battery 88, or

both.

[0040] Monitor circuit 120 1s a Dbattery fuel gauge
circuit. Generally speaking, a battery fuel gauge circuit
(also known as a "gas gauge") 1is an integrated circuit that

provides battery management by measuring current, voltage,
and temperature to determine the charge of the battery. One
such gas gauge 1s a Texas Instruments BQ20Z265 gas gauge;
however, any suitable battery fuel gauge IC could perform the
necessary functionality. The monitor circuit 120 also
includes protection circuitry, which helps to detect over or
under voltage of the Dbatteries 84 and 88 or when the

temperature of the batteries 84 and 88 exceed a certain

threshold.
[0041] Monitor c¢ircuit 120 also operates in two states:
default safe state and a normal operating state. The default

safe state is the first state that monitor circuit 120 enters
when it 1s powered on initially. In the default safe state,

the monitor circuit 120 does not or has not detected LPP 110,

—-9—
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and therefore signals to digital signal processor 92 that it
is responsible for monitoring the charge of battery 84,
battery 88, or both. In the default safe state, the digital
signal processor 92, located within the controller,
communicates with battery monitor circuit 120 to continually
monitor the charge of battery 84, battery 88, or both. The
normal operating state 1s entered when monitor circuit 120
detects the presence of LPP 110. In the normal operating
state, the monitor circuit 120 allows itself to be shut down
by LPP 110 and re-enabled when LPP 110 enters a wake state.
The normal operating state allows for LPP 110 to monitor the
charge of battery 84, battery 88, or both, the benefits of
which will be discussed below. If the monitor circuit 120
should fail to detect LPP 110, it will revert back to default
safe state.

[0042] Fig. 2 shows that monitor circuit 120 is a separate
module. However, one of ordinary skill in the art would
recognize that the monitor circuit could be located with LPP
110, Dbattery 88, or battery 84. Furthermore, LPP 110,
monitor circuit 120, and battery 88 could be implemented as
one integrated unit.

[0043] LPP 110 communicates with both the digital
processor 92 and monitor circuit 120 to determine the charge
state of batteries 84 and 88. In operation, LPP 110 shuts
down the monitor circuit 120 when the device 1s not being
used in an effort to conserve the charge of both batteries 84
and 88. When the monitor circuit 120 is shut down, charge
will not flow from either battery 84 or battery 88.

[0044] In one embodiment, the low power processor ‘'wakes
up' periodically, such as hourly, daily (e.g. every 24
hours), weekly, or monthly, to check the battery.
Additionally, the periodic wake up can be programmed by the
user to occur at different intervals. This is different from

techniques disclosed in the prior art that continuously check

-10-
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the battery’s remaining charge. By periocdically waking up
for battery management, features described herein provide a
low power processor that conserves charge on the batteries
and allows for the charge to be used for more critical
functions, such as controlling pump 12.

[0045] In an alternative embodiment, the low power
processor 'wakes up' whenever an external power supply 1is
applied. This external power supply could either be a
battery 84 or a power adapter, such as a wall or car adapter,
connected wvia power Jack 87. This periodic activity by
monitor circuit 120 saves power over the prior art technique
of continually monitoring battery charge using a processor,
thereby considerably extending shelf 1life (e.g. greater than
12 months) while in storage or being shipped.

[0046] For a low charge battery, such as an internal
battery 88, this ability to totally shut-down may be crucial.
Furthermore, this embodiment may also be used in conjunction
with the low power processor waking up periodically. In
other words, the low power processor may wake up Dboth
periodically and when an external power supply is connected.
[0047] When LPP 110 wakes wup, it activates the monitor
circuit 120. The monitoring circuit 120 then takes the
necessary steps to determine the charge state of the battery
84, battery 88, or both, by sampling the current, voltage,
and/or temperature associated with the battery. Based on the
state information of the battery, the monitor c¢ircuit 120
displays the current charge via either display device 40 or
display device 42. For example, i1f the monitoring circuit 120
determines that the remaining charge is below a predetermined
threshold, the display devices 40 and/or 42 may display the
charge in addition to creating a user alert that the battery
88 should be recharged. This alarm may last a predetermined

amount of time, and then turn off to conserve battery charge.

-11-
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[0048] When the device 1is manufactured it 1s set to a
default state. This includes monitor c¢ircuit 120 being
configured to a default safe state. As discussed above, in

this state monitor circuit 120 signals to digital processor
92 to monitor the charge of the battery, which it does by
communicating with monitor c¢ircuit 120. Once LPP 110 1is
detected, monitor circuit 120 will enter the normal operating
state, which allows monitor c¢ircuit 120 to be shut down by
LPP 110 and re-enabled when LPP 110 enters a wake state. The
normal operating state also permits LPP 110 to communicate
with monitor c¢ircuit 120 to determine the charge of the
connected batteries. If the monitor circuit 120 should fail
to detect LPP 110 or a fault is detected with respect to LPP
110, it will revert back to the default safe state.

[0049] When the device 1s stored for an extended period of
time or shipped, it 1s put into a dormant state. In this
state, LPP 110 enters a dormant mode in which power to the
other circuits 1is stopped. While in this dormant state, LPP
110 will periodically enter a wake state in which it will
provide power to a plurality of c¢ircuits, 1including the
monitor c¢ircuit 120, such that it can determine the charge
remaining on battery 84, battery 88, or both. This helps
preserve the charge in the batteries during the extended
period of not being used.

[0050] Another feature according to an embodiment of the
invention 1s a safety override circuit as i1llustrated by
Figs. 3 and 4. The safety override circuit 1is a redundancy
component that provides power in the situation where LPP 110
fails to wake-up. This would ensure that power flows from
either battery 84 or battery 88 even in the circumstance
where LPP 110 fails. For a device such as a controller for a
ventricular assist system, this ensures that a charge will
flow and the critical life saving functions being performed

by pump 12 are interrupted only minimally, 1f at all.
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Additionally, it is important to alert a user or
administrator of a problem. Therefore, if LPP 110 fails, an
error message can be displayed on either display interface 40
or display interface 42 to indicate a fault and the type of
fault.

[0051] In one embodiment, LPP 110 is connected to an
analog switch. When LPP 110 wakes up, the switch is toggled
and LPP 110, in combination with monitor circuit 120, manages
the flow of charge from the battery. If LPP 110 fails to
wake up, the analog switch is not toggled and a fault is
detected. Faults may be detected for reasons other than LPP
110 not waking up, such as the switch not operating properly.

[0052] If the switch is not toggled, LPP 110 is bypassed
and digital processor 92 Dbecomes responsible for power
management. Digital processor 92 communicates with monitor
circuit 120 in order to properly manage power consumption of
the device. This allows charge to flow from either battery
84 or battery 88, thereby providing the power necessary to
drive electronics for the pump and provides drive and control
signals to the pump.

[0053] When LPP 110 1s Dbypassed, digital processor 92
communicates with monitor circuit 120. This has the effect
of leaving the monitor circuit 120 in a constant state of
being powered on. While this has the undesirable effect of
constantly drawing power from the batteries, it at least
ensures that power will flow and the device will not fail
catastrophically.

[0054] In an alternative embodiment, such as when an
external power supply is applied to the control system 10,
the charge signal will go high and cause LPP 110 to wake-up.
As shown in Fig. 4, if LPP 110 wakes up, it applies voltage
to its output pins and charge is allowed to flow from the

battery.
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[0055] However, in the case of a fault, LPP 110 may not
wakeup. Consequently, as shown by Fig. 4, the output FETS
will not be enabled. After some time, the control system 10
will wake up from having external power applied to it, and
assert the charge enable line. The control system 10 will
detect that the internal battery pack 88 is not outputting
voltage and the system management bus is not communicating.
The presence of the charge enable line and absence of output
voltage inside the pack, will cause a fuse to blow as shown
in Fig. 3. This will permanently put the pack into "always
on" mode. The digital processor 92 will communicate directly
with the monitor circuit 120, and the system 10 will not be
able to go into a long term dormant mode.

[0056] Although the invention herein has been described
with reference to particular embodiments, it is to Dbe
understood that these embodiments are merely illustrative of
the principles and applications of the present invention. It
is therefore to be understood that numerous modifications may
be made to the illustrative embodiments and that other
arrangements may be devised without departing from the spirit
and scope of the present invention as defined by the appended
claims.

[0057] For example, the smart battery pack comprising a
low power processor has been described in the context of the
HeartWare Ventricular Assist System, but one of ordinary
skill in the art could readily recognize its advantages in
mobile devices, such as smart phones, laptops, and tablet
computers. Likewise the smart battery pack of the present
invention could be implemented in digital cameras, portable
speakers, or any other suitable electronics equipment that

has an extended dormant period.

14—
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CLAIMS

1. A system for determining a remaining charge of at
least one battery in a device, comprising:

an first battery;

a first processor;

a second processor;

a battery fuel gauge circuit adapted to determine the
remaining charge of the first battery by determining one or
more of a current, voltage, and temperature of the first
battery, the battery fuel gauge having (i) a default operating
state in which the Dbattery fuel gauge circuit signals the
second processor to be responsible for monitoring the remaining
charge of the first battery and (ii) a normal operating state
which allows the first processor to be responsible for
monitoring the remaining charge of the first battery;

the first processor having a dormant state and a wake
state, the first processor in the dormant state adapted to draw
current to maintain a timing mechanism to determine when to
enter the wake state, the first processor in the wake state
enabling the Dbattery fuel gauge circuit to determine the
remaining charge of the first battery; and

a safety override «circuit configured to maintain the
battery fuel gauge circuit in the default operating state when

a fault occurs in the first processor.

2. The system of claim 1, wherein the safety override
circuit comprises an analog switch adapted to couple the first

processor to the battery fuel gauge circuit.

3. The system of claim 2, wherein the first processor is
configured to toggle the analog switch to disable the safety

override circuit.
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4, The system of claim 1, wherein the safety override

circuit comprises a fuse.

5. The system of claim 4, wherein the second processor

blows the fuse when the first processor fails to wake-up.

6. The system of claim 2, further comprising a second
battery.
7. The system of claim 6, wherein the second battery is

removable from a housing of the system.

8. The system of claim 1, further comprising a display

on a housing of the system.

9. The system of «c¢laim 8, wherein the display 1is
configured to display a remaining charge of the first battery

determined by the battery fuel gauge circuit.

10. The system of claim 8, wherein the display 1is
configured to display a fault message 1f the first processor

fails to transition from the dormant state to the wake state.

11. The system of claim 1, further comprising an alarm
configured to alert a user if a remaining charge of the first

battery falls below a pre-determined threshold.

HeartWare, Inc.
Patent Attorneys for the Applicant/Nominated Person
SPRUSON & FERGUSON
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