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Abstract

Systems and methods for operating a lithium-ion battery high-voltage
distribution system architecture are disclosed. A battery pack includes: a plurality
of lithium-ion battery cells; a disconnect mechanism operable in an operational
position between a battery bus and the plurality of lithium-ion battery cells and a
bypass position between the battery bus and a bus-power pass through; and a
battery management system. The battery management system is configured to
monitor battery pack performance; and responsive to detecting a triggering event in
the battery pack performance, cause the disconnect mechanism to be in the bypass

position.
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Li-Ion Battery High Voltage Distribution System Architecture

Technical Field

[0001] The present disclosure generally relates to operation of lithium-ion (Li-Ion) battery
high voltage distribution system architectures. More particularly, the present disclosure
relates to systems and methods for implementing management and operational technologies

for high-voltage Li-Ion battery systems.
Background

[0002] Li-Ion batteries are increasingly being utilized as power sources for many types of
vehicles, like hybrid or fully-electric automobiles. Different thermal conditions during the
charging and discharging of the battery affect the types of chemical reactions inside the Li-
Ion battery. With the accumulation of heat, the battery performance may be affected.

Summary

[0003] In one aspect of the present disclosure, a battery pack includes a plurality of lithium-
ion battery cells, a disconnect mechanism operable in an operational position between a
battery bus and the plurality of lithium-ion battery cells and a bypass position between the
battery bus and a bus-power pass through. The battery pack further includes a battery
management system (BMS) configured to monitor the battery pack performance. Responsive
to detecting a triggering event in the battery pack performance, the BMS causes the
disconnect mechanism to be in the bypass position.

[0004] In another aspect of the present disclosure, a battery system includes a plurality of
battery packs electrically connected in series. A respective battery pack in the plurality of
battery packs includes a plurality of lithium ion cells. A battery bus is configured to connect
at least two of the battery packs in the plurality of battery packs in series and at least one
disconnect mechanism associated with the respective battery pack in the plurality of battery
packs. The at least one disconnect is operable in an operational position between a battery
bus and the plurality of lithium-ion battery cells of the respective battery pack and a bypass
position between the battery bus and a bus-power pass through. A BMS is associated with
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the respective battery pack in the plurality of battery packs and monitors the respective
battery pack performance. Responsive to detecting a triggering event in the respective
battery pack performance, the BMS causes the at least one disconnect mechanism to be in the
bypass position.

[0005] In one such embodiment, the disconnect mechanism and the bus-power pass
through are integral to the battery bus. In another such embodiment, the disconnect
mechanism and the bus-power pass through are integral to the battery bus.

[0006] Yet another embodiment takes the form of a method of operating a lithium-ion
battery pack. The method includes operating a disconnect mechanism in an operational
position, the operational position electrically connecting a battery bus to a plurality of battery
cells within the lithium-ion battery pack. A current of the lithium-ion battery pack is
monitored via a current sensor, and responsive to detecting a short circuit within the lithium-
ion battery pack via the current sensor, the disconnect mechanism is caused to be, or operate
in, a bypass position. The bypass position electrically connects the battery bus with a bus-
power pass-through of the lithium-ion battery pack.

[0007] In another aspect of the present disclosure, a battery pack comprises: a plurality of
lithium-ion battery cells; a disconnect mechanism operable in an operational position
between a battery bus and the plurality of lithium-ion battery cells and a bypass position
between the battery bus and a bus-power pass through; a battery management system (BMS)
configured to: monitor battery pack performance; and responsive to detecting a triggering
event in the battery pack performance, cause the disconnect mechanism to be in the bypass
position; and a disconnect mechanism control operably connected to the disconnect
mechanism, the disconnect mechanism control configured to: cause the disconnect
mechanism to be in the operational position when energized; and cause the disconnect

mechanism to be in the bypass position when deenergized.
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[0007a] In another aspect of the present disclosure, a battery system comprises: a plurality of
battery packs electrically connected in series, a respective battery pack in the plurality of
battery packs comprising a plurality of lithium-ion battery cells; a battery pack connection
configured to connect at least two of the battery packs in the plurality of battery packs in
series; at least one disconnect mechanism associated with the respective battery pack in the
plurality of battery packs operable in an operational position between the battery pack
connection and the plurality of lithium-ion battery cells of the respective battery pack and a
bypass position between a battery bus and a bus-power pass through; a battery management
system (BMS) associated with the respective battery pack in the plurality of battery packs,
the BMS configured to: monitor the respective battery pack performance; and responsive to
detecting a triggering event in the respective battery pack performance, cause the at least one
disconnect mechanism to be in the bypass position; and at least one disconnect mechanism
control operably coupled to an associated one of the at least one disconnect mechanisms and
responsive to the triggering event, the at least one disconnect mechanism control configured
to: cause the associated one of the at least one disconnect mechanisms to be in the operational
position when energized; and cause the associated one of the at least one disconnect
mechanisms to be in the bypass position when deenergized.

[0007b] In another aspect of the present disclosure, a method of operating a lithium-ion
battery pack wired in series with a plurality of other battery packs comprises: operating a
disconnect mechanism in an operational position, the operational position electrically
connecting a battery pack connection with a plurality of battery cells within the lithium-ion
battery pack; monitoring a battery current of the lithium-ion battery pack via a current sensor;
and responsive to detecting a short circuit within the lithium-ion battery pack via the current
sensor, causing the disconnect mechanism to operate in a bypass position, the bypass position
electrically connecting the battery pack connection with a bus-power pass-through of the
lithium-ion battery pack, wherein the disconnect mechanism is energized to be in the
operational position, and the disconnect mechanism is deenergized to be in the bypass

position.
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[0007¢] In another aspect of the present disclosure, a battery pack for a battery system
having a plurality of battery packs connected in series comprises: a plurality of lithium-ion
battery cells; a disconnect mechanism operable in an operational position between a battery
bus and the plurality of lithium-ion battery cells and a bypass position between the battery
bus and a bus-power pass through; a sensor configured to monitor the battery pack
performance and provide sensor signals; and a battery management system (BMS)
operatively connected to the disconnect mechanism and the sensor, wherein the BMS is
configured to: when the disconnect mechanism is in the operational position: monitor battery
pack performance by receiving the sensor signals from the sensor, determine the occurrence
of a short circuit based, at least in part, on the sensor signals, responsive to detecting the short
circuit in the battery pack performance, cause the disconnect mechanism to switch to the
bypass position, and transmit a communication regarding the battery pack operating with the
disconnect mechanism in the bypass position, the communication including a notification of
the short circuit and that the battery pack is operating in the bypass position; when the
disconnect mechanism is in the bypass position and the battery pack is configured as a
reserve battery pack: receive a communication regarding another battery pack operating in
the bypass position, the communication including the notification of the short circuit and that
the another battery pack is operating in the bypass position, and in response, cause the
disconnect mechanism to switch to the operational position such that the reserve battery pack
becomes an operational battery pack to supply power to the battery bus; and in response to
the communication including the notification of the short circuit, increase a threshold current
value for detecting the short circuit.
[06007d] In another aspect of the present disclosure, a battery system comprises: a plurality of
battery packs electrically connected in series, a respective battery pack in the plurality of
battery packs comprising a plurality of lithium-ion battery cells; a battery pack connection
configured to connect at least two of the battery packs in the plurality of battery packs in
series; at least one disconnect mechanism associated with the respective battery pack in the
plurality of battery packs operable in an operational position between the battery pack
connection and the plurality of lithium-ion battery cells of the respective battery pack and a
bypass position between a battery bus and a bus-power pass through, wherein at least one of
the battery packs in the plurality of battery packs is identified as an operational battery pack
nitially having an associated disconnect mechanism in the operational position, and wherein
at least one of the battery packs in the plurality of battery packs is identified as a reserve
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battery pack initially having an associated disconnect mechanism in a bypass position; a
sensor configured to monitor performance of the respective battery pack in the plurality of
battery packs and provide sensor signals; and a battery management system (BMS) associated
with the respective battery pack in the plurality of battery packs and operatively connected to
the at least one disconnect mechanism and the sensor, the BMS configured to: monitor the
respective battery pack performance by receiving the sensor signals from the sensor;
determine the occurrence of a short circuit based, at least in part, on the sensor signals;
responsive to detecting the short circuit in the battery pack performance, cause the at least
one disconnect mechanism to be in the bypass position; and further responsive to detecting
the short circuit in the battery pack performance, transmit a communication to at least one
reserve battery pack, the communication including a notification of the short circuit and the
respective battery pack is operating in the bypass position, wherein the BMS of the at least
one reserve battery pack, responsive to receiving the communication, (a) causes the
associated disconnect mechanism to transition from the bypass position to the operational
position such that the at least one reserve battery pack becomes another operation battery
pack to supply power to the battery bus, and (b) increases a threshold current value for
detecting the short circuit.

[0007e] In another aspect of the present disclosure, there is provided a method of operating a
lithium-ion battery pack wired in series with a plurality of other battery packs, wherein at
least one of the battery packs in the plurality of battery packs is identified as an operational
battery pack comprising a battery management system (BMS) and initially having an
associated disconnect mechanism in an operational position, and wherein at least one of the
battery packs in the plurality of battery packs is identified as a reserve battery pack initially
having an associated disconnect mechanism in a bypass position, the method comprising:
operating the disconnect mechanism of the operational battery pack in the operational
position; monitoring a battery of the lithium-ion battery pack via a sensor; responsive to
detecting a short circuit within the lithium-ion battery pack via the sensor, causing via the
BMS the disconnect mechanism to operate in the bypass position, the bypass position
electrically connecting the battery pack connection with a bus-power pass-through of the
lithium-ion battery pack; responsive to detecting the short circuit within the lithium-ion
battery pack, transmitting, to the reserve battery pack, a communication signal indicating that

the disconnect mechanism of the lithium-ion battery pack is in the bypass position, and
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responsive to receiving the communication signal at the reserve battery pack, transitioning

the associated disconnect mechanism of the reserve battery pack to the operational position.
Brief Description of the Drawings

[0008] FIG. 1 is a schematic overview of a battery pack, in accordance with an
embodiment of the present disclosure;

[06009] FIG. 2 is a schematic overview of a first battery system, in accordance with an
embodiment of the present disclosure;

[0010] FIG. 3 is a schematic overview of a second battery system, in accordance with an
embodiment of the present disclosure; and

[0011] FIG. 4 depicts a method, in accordance with an embodiment of the present

disclosure.
Detailed Description

[0012] FIG. 1 is a schematic overview of a battery pack, in accordance with an
embodiment of the present disclosure. In particular, FIG. 1 depicts the battery pack 100. The
battery pack 100 includes a plurality of lithium-ion battery cells 102 in order to obtain a total
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voltage of the battery pack 100. The plurality of lithium-ion battery cells 102 include anode
and cathode materials separated by a separator. The plurality of lithium-ion battery cells 102
may be configured to interact with a battery management system (BMS) 114 for cell
balancing and other similar purposes.

[0013] A current sensor 116 detects a current from the plurality of lithium-ion battery cells
102 and provides the detected current to the BMS 114. The current sensor 116 may detect a
current at the positive side (e.g., the top as depicted in FIG. 1) of the battery pack 100, the
negative side (e.g., the bottom as depicted in FIG. 1) of the battery pack 100, or both the
positive and the negative sides of the battery pack 100. One exemplary current sensor is the
L37S current sensor manufactured by Tamura Corporation of Tokyo, Japan. However, any
appropriately rated current sensor may be uses. In some embodiments, a Hall effect current
sensor is utilized to detect the battery cell current.

[0014] A disconnect mechanism 104 is operable in an operational position 106 that
connects a battery bus 110 to the plurality of lithium-ion battery cells 102. In the operational
position 106, the plurality of lithium-ion battery cells 102 is electrically connected to the
battery bus 110. The disconnect mechanism 104 is also operable in a bypass position 108
that connects the battery bus 110 to a bus-power pass through 112. Throughout the figures
disclosed herein, the disconnect mechanisms are depicted in the bypass position 108.
According to convention, a disconnect mechanism 104 in the operational position 106 would
be depicted with its white triangle contact biased to the left, adjacent to the black triangle
associated with the operational position 106. Thus, when in its operational position 106, the
disconnect mechanism 104 provides an electrical flow path from a positive end of a battery

bus 110, through plurality of lithium-ion battery cells 102, and to the negative end of the
battery bus 110.

[0015] When in the bypass position 108, the plurality of lithium-ion battery cells 102 is
electrically disconnected from the battery bus 110. Thus, when in its bypass position 108, the
disconnect mechanism 104 does not provide an electrical flow path through the plurality of
lithium-ion battery cells 102. As such, no potential voltage is applied to the battery bus 110
from the plurality of lithium-ion battery cells 102. This permits handling and movement of
the battery pack 100 without a potential voltage applied by the plurality of lithium-ion battery
cells 102.
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[0016] In conjunction with FIG. 1 and the battery pack 100, the battery bus 110 may either
be connected to a load via a battery bus directly or be connected to a battery pack connection
in order to electrically connect numerous other battery packs in series to form a battery
system having multiple battery packs.

[0017] In some embodiments, the disconnect mechanism 104 is a single-pole double-throw
switch or relay. The disconnect mechanism 104 may also be realized by a solid state switch.
Example disconnect mechanisms 104 include solid state power controllers capable of
operating at 270 VDC, or with any other suitable ratings.

[0018] In some embodiments, the transition of the disconnect mechanism 104 from the
operational position 106 to the bypass position 108 is‘an instantaneous, or near-instantaneous,
transition. The instantaneous, or near-instantaneous, transition may be realized by a fast
acting disconnect mechanism capable of transitioning between an operational position 106
and a bypass position 108 between 5 and 60 milliseconds, although certainly other disconnect
mechanisms with faster switching speeds may be used.

[0019] The BMS 114 is configured to monitor performance of the battery pack 100 at least
in part by monitoring various battery parameters (e.g., current, voltage, temperature,
pressure). Responsive to detecting a triggering event in the battery pack 100 performance, the
BMS 114 causes the disconnect mechanism 104 to be in the bypass position 108. One
example triggering event is the current sensor 116 detecting a short circuit. For example, a
rapid spike in the current into or out of the battery pack 100 may indicate a short circuit.
Additionally, a voltage measured across the plurality of lithium-ion battery cells 102 may
drop to zero, or near zero, as another indication of a short circuit of a battery pack 100.
[0020] The triggering event can also be any number of conditions indicative of a pending
thermal increase within the battery pack 100. The thermal increase may be detected at least
in part by detecting an overvoltage condition, an undervoltage condition, a temperature
measured by a temperature probe exceeding a temperature threshold value, a pressure
measured by a pressure probe exceeding a pressure threshold value, or the like.

[0021] In various embodiments, the detection of the thermal increase condition may be
accomplished via the BMS 114 monitoring a single cell within the plurality of lithium-ion
battery cells 102. In one example, the voltage of each of the cells within the plurality of
lithium-ion battery cells 102 is monitored by the BMS 114. The BMS 114 may determine
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that a thermal increase condition exists if the voltage of one cell within the plurality of
lithium-ion battery cells 102 drops below a threshold voltage value.

[0022] Responsive to detecting the triggering event, the BMS 114 is configured to cause
the disconnect mechanism 104 to be in the bypass position 108. After detecting a triggering
event, the BMS 114 sends a signal, via the disconnect mechanism control 118 to the
disconnect mechanism 104 in order to cause the BMS to cause the disconnect mechanism 104
to be in the bypass position 108. The disconnect control 118 may be a relay configured to
operate a mechanical switch-type disconnect mechanism, a control voltage to operate a solid
state-type disconnect mechanism, or the like.

[0023] The disconnect mechanism 104 may be is operably connected to and operated by
the disconnect mechanism control 118. The disconnect mechanism control 118 may be
realized by a relay, that when deenergized, causes the disconnect mechanism 104 to be in the
bypass position 108. When the disconnect mechanism control 118 is energized, the
disconnect mechanism 104 is responsively in the operational position 106.

[0024] In one embodiment, the battery pack 100 is not initially installed into a battery
system or connected to a load. As such, the disconnect mechanism control 118 is
deenergized, which results in the disconnect mechanism 104 being in the bypass position
108. The battery pack 100 is then installed into a battery system in order to apply electrical
power to aload. Responsive to receiving an activation signal (e.g., by receiving activation
signals via 120-124), the BMS 114 energizes the disconnect mechanism control 118 which
causes the disconnect mechanism 104 to transition from the bypass position 108 to the
operational position 106. This places the plurality of lithium-ion battery cells 102 in
electrical connection with the positive and negative electrodes of the battery pack that interact
with the battery bus 110. Then, the battery pack 100, along with any of the other battery
packs that are electrically connected to the battery bus 110, are configured to supply electrical
power to various electrical loads.

[0025] The BMS 114 then continues to monitor the battery parameters. Responsive to
detecting a triggering event (e.g., short circuit, thermal increase conditions), the BMS 114
deenergizes the disconnect mechanism control 118 to cause the disconnect mechanism 104 to
transition from the operational position 106 to the bypass position 108.

[0026] In addition to monitoring the battery pack performance and causing the disconnect

mechanism 104 to be in the bypass position 108 responsive to detecting a triggering event,
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the BMS 114 provides additional services as well. The BMS 114 is also configured to
receive external power via 120, communicate analog and digital signals via 122, and provide
communications with other services via 124. The BMS 114 may also configured to monitor
battery parameters, detect thermal increase conditions (e.g., by monitoring temperature or
current measurements), monitor temperature and pressure readings within the battery pack
100, perform battery charging functions, monitor the state of charge and state of health
parameters, provide battery-bus power control, and the like.

[0027] FIG. 2 is a schematic overview of a first battery system, in accordance with an
embodiment of the present disclosure. In particular, FIG. 2 depicts the first battery system
200 that includes a plurality of battery packs 202 connected in series. Here, the battery packs
202 are similar to the battery packs 100 discussed in FIG. 1. Not all of the details of the
battery packs 202 are depicted in the battery system 200 for clarity purposes. The battery
packs depicted, here the battery packs 202-1, 202-2, 202-3, and 202-N, indicate any number
of battery packs may be wired in series. Although at least four battery packs 202 are depicted
in the battery system 200, it should be realized that the various embodiments may be
practiced with any number of battery packs 202.

[0028] In the battery system 200, a negative end of the battery pack 202-1 is connected, via
a battery pack connection 210, to the positive end of the battery pack 202-2. The battery
pack connection 210 may be realized by an electrical cable, a busbar, or the like. This
connection may be repeated for any number of battery packs 202. It is also contemplated that
each of the battery packs 202 may have a different voltage across the plurality of lithium-ion
battery cells 102 within the respective battery pack 202.

[0029] In one embodiment, the voltage potential across the lithium-ion battery cells 102 of
the battery pack 202-1 is 50 VDC, 25 VDC across both of the battery packs 202-2 and 202-3,
and 15 VDC across the battery pack 202-N. In such an embodiment, a voltage measured
across the battery system 200 across all of the battery packs 202-1, 202-2, 202-3, and 202-N,
with each having their respective disconnect mechanism 204 in its operational position 106
would be a total of 115 VDC. If in such an embodiment, the disconnect mechanism 104
associated with the battery pack 202-2 were to be in the bypass position 108, the total voltage
across the battery system 200 would drop by 25 VDC to 90 VDC in part because the voltage
potential provided by the plurality of lithium-ion battery cells 102 associated with the battery
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pack 202-2 would not be realized as it is removed from the battery system 200 in place of the
bus-power pass through 112.

[0030] The voltage of the battery system 200 may be increased by the addition of more
battery packs 202, an increased voltage of each battery pack 202, or a combination of both.
In some embodiments, the battery system 200 is configured to operate above 400 VDC.
[0031] As depicted in the battery system 200, the disconnect mechanism 104, the bus
power pass through 112, and the current sensors 116 are integral to the battery packs 202. In
such a system, the battery pack 202 acts as a stand-alone unit, with these sub-components
being internal and integral to the battery pack 202. Thus, troubleshooting and repair of the
disconnect mechanism 104, the current sensor 116, or the current sensors 116 may be realized
by removing the respective battery pack 202 from the battery system 200, replacing the out-
of-specification (e.g. failed or non-functioning) battery pack 202 with a functioning battery
pack 202, and troubleshooting and/or repairing the out-of-specification components at a later
time and location. Such a battery system would prevent the vehicle the battery system 200 is
installed in from being delayed during the troubleshooting and repairs of these out-of-
specification components.

[0032] FIG. 3 is a schematic overview of a second battery system, in accordance with an
embodiment of the present disclosure. In particular, FIG. 3 depicts the battery system 300
that is similar to the battery system 200 of FIG. 2. However, as compared to the battery
system 200, the battery pack connection 310 includes the disconnect mechanism 304, the
bus-power pass through 312, and the current sensors 316 as integral components of the
battery pack connection 310 rather than the battery pack 302.

[0033] Otherwise, the battery system 300 may operate the same as the battery system 200,
with the battery packs 302-1, 302-2, 302-3 to 302-N being wired in series via the battery pack
connection 310. As compared to the battery system 200, the battery system 300 includes
battery packs 302 that interact with the disconnect mechanism 304, the current sensors 316,
and the bus-power pass through 312 outside of the battery pack 302.

[0034] In such a system, in response to the BMS 114 detecting a triggering event in the
respective battery pack performance, the BMS 114 causes the disconnect mechanism 304 to
be in the bypass position 108 between the battery pack connection 310 and the bus-power
pass through 312.
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[0035] As compared to the battery system 200, the battery system 300 allows for a simpler
design of the battery packs 302 by allocating some of the components to the battery pack
connection 310.

[0036] While FIGs. 2 and 3 depict all three of the disconnect mechanism, the current
sensor, and the bus-power pass through either being integral to the battery pack or the battery
pack connection, it is contemplated that the battery system may include some of these
components within the battery pack and the others within the battery pack connection.

[0037] Further, to increase redundancy, components may be duplicated. For example, a
battery system may include both a disconnect mechanism 104 integral to the battery pack 202

and a disconnect mechanism 304 integral to the battery pack connection 310.
Industrial Applicability

[0038] The teachings of the present disclosure have wide uses throughout industry. In one
non-limiting example, the battery system 200 is utilized to operate, or power, an aircraft’s
propulsion system, which is discussed in more detail below in conjunction with FIG. 4.
[0039] FIG. 4 depicts a method, in accordance with an embodiment of the present
disclosure. In particular, FIG. 4 depicts the method 400 that includes operating a disconnect
in an operational position at block 402, monitoring battery cell current at block 404, detecting
a short circuit at block 406, and causing the disconnect to operate in the bypass position at
block 408.

[0040] The method 400 may be carried out by the battery pack 100, the battery system 200,
the battery system 300, or any similar system.

[0041] By way of example, the battery system 200 will be used to more fully explain the
method 400. In such an example, the battery system 200 includes twelve battery packs 202
wired in series via the battery pack connection 210, with each battery pack 202 having a
voltage of 50 VDC across the respective plurality of lithium-ion battery cells 102.

[0042] At block 402, each of the twelve battery packs 202 are operating with the disconnect
mechanism 104 in the operational position 106. This electrically connects the battery pack
connection 210 with the voltage from the respective plurality of lithium-ion battery cells 102
to form the battery bus voltage across the whole battery system 200. Because each battery
pack 202 is operating with its disconnect mechanism 104 in the operational position 106, the

total voltage across the battery bus is 600 VDC. This total voltage may be applied to an
8

Cca 3044454 2019-05-28



airplane’s propulsion system, to other airplane services, or the like, via an electrical
distribution system configured to provide the electrical power from the battery system to
different electrical loads.

[0043] At block 404, the battery current (e.g., the battery cell current) of the lithium-ion
battery pack 202 is monitored via the current sensor 116. The BMS 114 receives current
information and is configured to detect a short circuit condition. Additionally, or
alternatively to monitoring battery cell current as depicted in FIG. 4, the BMS 114 may
monitor the battery pack 202 for other indications of a thermal increase condition which may
serve as a triggering event. Such indications may include detecting an overvoltage condition,
an undervoltage condition, a temperature exceeding a threshold temperature value, a pressure
exceeding a threshold pressure value, and the like. Thus, either the detection of a short
circuit via the current sensor 116 or the detection of a thermal increase condition may be a
triggering event that causes the BMS 114 to cause the disconnect mechanism 104 to operate
in the bypass position 108.

[0044] At block 406, the BMS 114 determines if a short circuit, or in some embodiments
any other triggering event, has occurred. If a short circuit or triggering event has not been
detected, the battery system 200 continues to operate per block 402, with the respective
disconnect mechanisms 104 being in the operational position 106. At block 408, if a short
circuit or triggering event has been detected in a respective battery pack 202, the respective
disconnect mechanism 104 is caused to operate in the bypass position 108. This connects the
battery pack connection 210 with the respective bus-power pass through 112 for the
respective battery pack 202 in which the short circuit or triggering event was detected,
effectively bypassing the respective battery pack 202.

[0045] In the example utilizing the battery system 200, if a short circuit or triggering event
is detected (block 406) in the battery pack 202-2, the BMS 114 in battery pack 202-2 causes,
via the disconnect mechanism control 118, the disconnect mechanism 104 in battery pack
202-2 to operate in the bypass position 108 (block 408). The remainder of the battery packs
202 in the battery system 200 continue to operate with their respective disconnect
mechanisms 104 in the operational position 106 as a result of the battery pack 202-2
detecting the short circuit or triggering event. Thus, the total voltage across the battery
system 200 drops by 50 VDC to a total of 550 VDC because one of the 50 VDC battery
packs (i.e.; battery pack 202-2) has its plurality of lithium-ion battery cells 102 removed from

9
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providing power to the battery bus 210 because its disconnect mechanism 104 is electrically
connected to the bus-power pass through 112,

[0046] Because the battery system 200 is now operating with one less battery pack, the
power output (and thus its current) provided by each of the other battery packs 202 is
expected to increase in order to maintain a constant power output.

[0047] The BMS 114 of battery pack 202-2 may be configured to provide communication
signals to a central processing unit and/or the other battery packs 202 within the battery
system 200 indicating that the battery pack 202-2 is operating with its disconnect mechanism
104 in the bypass position 108, and is thus not providing power to the battery bus.

[0048] The central processing unit may be configured to provide an indication to operators
of the vehicle (e.g., the pilots of the airplane), transmit a message to a third party separate
from the vehicle, or the like, indicating that the battery system 200 has detected a triggering
event and at least one of the battery packs 202 is operating with its disconnect mechanism
104 in the bypass position 108. The central processing system may further be configured to
automatically reduce power consumption (e.g., by reducing propulsion power by a set
fraction) to compensate for the reduction of available power from the battery system 200.
[0049] Further, in response to receiving an indication that another battery pack 202 is
operating with its disconnect mechanism 104 in the bypass position 108, the threshold values
for detecting a short circuit or thermal increase condition may be altered by the remaining
battery packs 202 in the battery system 200. For example, as an immediate response to one
battery pack 202 having its disconnect mechanism 104 being transitioned to the bypass
position 108, it is expected that the current from the remaining battery packs 202 will
increase. During the time period of this transient, as determined by a second battery pack 202
receiving a notification that the first battery pack 202 has detected a triggering event in the
first battery pack 202, the threshold limit for detecting a short circuit or a thermal increase
condition within the second battery pack 202 may be increased to prevent an inadvertent
detection of a triggering event or a short circuit as the current increases to meet the demand
from the first battery pack 202 being removed from providing power to the battery system
200.

[0050] In various embodiments, the transition of the disconnect mechanism 104 from the
operational position 106 to the bypass position 108 is an instantaneous, or a near-

instantaneous, transition.
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[0051] The battery system 200 may be used in another embodiment of the present
disclosure. In such an embodiment, the battery system 200 includes thirteen battery packs
202, each having a potential voltage of 50 VDC across the respective plurality of lithium-ion
battery cells 102. At least one of the thirteen battery packs 202 is identified as a reserve
battery pack. The reserve battery pack initially operates with its battery disconnect
mechanism 104 in the bypass position 108. The remainder of the thirteen battery packs are
identified as operating battery packs and have their respective battery disconnect mechanisms
104 in the operational position 106. Thus, in an embodiment with one reserve battery pack
and twelve operating battery packs, the total voltage across the battery bus 210 is 600 VDC
which is generated by the twelve 50 VDC operating battery packs.

[0052] During normal operations, each of the operational battery packs may perform the
method 400. Responsive to detecting a short circuit (block 406), a respective battery pack
may cause its disconnect mechanism to operate in its bypass position (block 408).
Additionally, the respective battery pack that detected the short circuit (or other triggering
event) provides, or transmits, a communication signal to the remaining battery packs that it
has detected a short circuit (e.g., via 120-124). Responsive to receiving the communication
that one of the battery packs identified as an operational battery pack is now operating with
its disconnect mechanism in the bypass position, the reserve battery pack transitions its
disconnect mechanism from the bypass position to the operational position. As a result, when
one of the operational battery packs is removed from applying a voltage to the battery bus
(e.g., per the method 400), the reserve battery pack becomes an operational battery pack to
make up for the energy no longer being supplied to the battery bus.

[0053] In another embodiment of a battery system having a reserve battery pack, the
reserve battery pack may initially operate with its battery disconnect mechanism in the
bypass position. However, under peak-load conditions of the vehicle the battery system is
installed, the reserve battery pack may become an operational battery pack with its disconnect
mechanism transitioned to the operational position for the duration of the peak load
conditions. For example, during take-off of an airplane, the battery system may operate with
all battery packs, including any reserve battery packs, having their disconnect mechanism in
the operational positions. After the peak load condition has subsided (e.g., the airplane at
cruising altitude), the battery system may return to having at least one battery pack operating

as a reserve battery pack with its disconnect mechanism in the bypass position.
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[0054] While the preceding text sets forth a detailed description of numerous different
embodiments, it should be understood that the legal scope of protection is defined by the
words of the claims set forth at the end of this patent. The detailed description is to be
construed as exemplary only and does nof describe every possible embodiment since
describing every possible embodiment would be impractical, if not impossible. Numerous
alternative embodiments could be implemented, using either current technology or
technology developed after the filing date of this patent, which would still fall within the
scope of the claims defining the scope of protection.

[0055] It should also be understood that, unless a term was expressly defined herein, there
is no intent to limit the meaning of that term, either expressly or by implication, beyond its
plain or ordinary meaning, and such term should not be interpreted to be limited in scope
based on any statement made in any section of this patent (other than the language of the
claims). To the extent that any term recited in the claims at the end of this patent is referred
to herein in a manner consistent with a single meaning, that is done for sake of clarity only so
as to not confuse the reader, and it is not intended that such claim term be limited, by

implication or otherwise, to that single meaning.
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What is claimed is:

1. A battery pack comprising:

a plurality of lithium-ion battery cells;

a disconnect mechanism operable in an operational position between a battery bus
and the plurality of lithium-ion battery cells and a bypass position between the battery bus
and a bus-power pass through;

a battery management system (BMS) configured to:

monitor battery pack performance; and
responstve to detecting a triggering event in the battery pack performance,
cause the disconnect mechanism to be in the bypass position; and

a disconnect mechanism control operably connected to the disconnect mechanism,
the disconnect mechanism control configured to:

cause the disconnect mechanism to be in the operational position when
energized; and
cause the disconnect mechanism to be in the bypass position when

deenergized.

2. The battery pack of claim 1, further comprising a current sensor configured to
monitor the battery pack performance by monitoring a battery current from the plurality of

lithium-ion battery cells.

3. The battery pack of claim 2, wherein the triggering event comprises detecting a

short circuit via the current sensor.

4, The battery pack of claim 3, wherein the BMS is configured to determine the
occurrence of the short circuit by detecting a rapid spike in the current sensor signals from the
current sensor.

5. The battery pack of claim 3, wherein the BMS is configured to determine the

occurrence of the short circuit by determining that a voltage measured across the plurality of

lithium-ion batteries drops to near zero.
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6. The battery pack of claim 1, wherein the triggering event comprises detecting a

thermal increase condition of the lithium-ion battery cells.

7. The battery pack of claim 6, wherein the thermal increase condition is detected by
detecting at least one of an overvoltage condition, an undervoltage condition, and a

temperature exceeding a temperature threshold value.

8. The battery pack of any one of claims 1 to 7, wherein the disconnect mechanism is a

single-pole double-throw switch.

9. A battery system comprising:
a plurality of battery packs electrically connected in series, a respective battery pack
in the plurality of battery packs comprising a plurality of lithium-ion battery cells;
a battery pack connection configured to connect at least two of the battery packs in
the plurality of battery packs in series;
at least one disconnect mechanism associated with the respective battery pack in the
plurality of battery packs operable in an operational position between the battery pack
connection and the plurality of lithium-ion battery cells of the respective battery pack and a
bypass position between a battery bus and a bus-power pass through;
a battery management system (BMS) associated with the respective battery pack in
the plurality of battery packs, the BMS configured to:
monitor the respective battery pack performance; and
responsive to detecting a triggering event in the respective battery pack
performance, cause the at least one disconnect mechanism to be in the bypass position; and
at least one disconnect mechanism control operably coupled to an associated one of
the at least one disconnect mechanisms and responsive to the triggering event, the at least one
disconnect mechanism control configured to:
cause the associated one of the at lcast one disconnect mechanisms to be in
the operational position when energized; and
cause the associated one of the at least one disconnect mechanisms to be in

the bypass position when decnergized.
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10. The battery system of claim 9, wherein the at least one disconnect mechanism and
the bus-power pass through are integral to at least one of the respective battery pack and the

battery pack connection.

11. The battery system of claim 9 or 10, further comprising a current sensor configured
to monitor performance of the respective battery pack in the plurality of battery packs at least
in part by monitoring a battery current from the plurality of lithium-ion battery cells in the
respective battery pack.

12. The battery system of claim 11, wherein the triggering event comprises detecting a

short circuit in the respective battery pack via the current sensor.

13. The battery system of claim 12, wherein the BMS is configured to determine the
occurrence of the short circuit by detecting a rapid spike in the current sensor signals from the

current sensor

14. The battery system of claim 12, wherein the BMS is configured to determine the
occurrence of the short circuit by determining that a voltage measured across the plurality of

lithium-ion batteries drops to near zero.

15. The battery system of any one of claims 9 to 14, wherein:

at least one of the battery packs in the plurality of battery packs is identified as an
operational battery pack initially having its associated disconnect mechanism in the
operational position;

at least one of the battery packs in the plurality of battery packs is identified as a
reserve battery pack initially having its associated disconnect mechanism the bypass position;

further in response to one of the operational battery packs detecting the triggering
event, the operational battery pack transmits a communication signal to one of the reserve
battery packs; and

responsive to receiving the communication signal, the reserve battery pack causes
its associated disconnect mechanism to transition from the bypass position to the operational

position.
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16. The battery system of any one of claims 9 to 15 configured to operate above 400
VDC.

17. The battery system of any one of claims 9 to 16 configured for deployment on an

airplane and connectable to a propulsion system on the airplane to power the same.

18. The battery system of any one of claims 9 to 17, wherein the at least one disconnect

mechanism is a single-pole double-throw switch.

19. A method of operating a lithium-ion battery pack wired in series with a plurality of
other battery packs, the method comprising:

operating a disconnect mechanism in an operational position, the operational
position electrically connecting a battery pack connection with a plurality of battery cells
within the lithium-ion battery pack;

monitoring a battery current of the lithium-ion battery pack via a current sensor; and

responsive to detecting a short circuit within the lithium-ion battery pack via the
current sensor, causing the disconnect mechanism to operate in a bypass position, the bypass
position electrically connecting the battery pack connection with a bus-power pass-through of
the lithium-ion battery pack,

wherein the disconnect mechanism is energized to be in the operational position,

and the disconnect mechanism is deenergized to be in the bypass position.

20. The method of claim 19, wherein a transition between the operational position and

the bypass position is an instantaneous transition.

21. The method of claim 19 or 20, further comprising transmitting, to a reserve battery
pack having an associated disconnect mechanism in a bypass position, a communication
signal indicating that the disconnect mechanism of the lithium-ion battery pack is in the
bypass position, wherein the reserve battery pack is configured to transition the associated
disconnect mechanism from the bypass position to the operational position responsive to

receiving the communication signal.
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22. The method of any one of claims 19 to 21, wherein the detecting the short circuit

comprises detecting a rapid spike in the current sensor signals from the current sensor

23. The method of any one of claims 19 to 22, wherein the detecting the short circuit
comprises determining that a voltage measured across the plurality of lithium-ion batteries

drops to near zero.

24. The method of any one of claims 19 to 23, wherein the disconnect mechanism is a

single-pole double-throw switch.

25. A battery pack for a battery system having a plurality of battery packs connected in
series, the battery pack comprising:

a plurality of lithium-ion battery cells;

a disconnect mechanism operable in an operational position between a battery bus
and the plurality of lithium-ion battery cells and a bypass position between the battery bus
and a bus-power pass through;

a sensor configured to monitor the battery pack performance and provide sensor
signals; and

a battery management system (BMS) operatively connected to the disconnect
mechanism and the sensor, wherein the BMS is configured to:

when the disconnect mechanism is in the operational position:
monitor battery pack performance by receiving the sensor signals
from the sensor,
determine the occurrence of a short circuit based, at least in part,
on the sensor signals,
responsive to detecting the short circuit in the battery pack
performance, cause the disconnect mechanism to switch to the bypass position, and
transmit a communication regarding the battery pack operating
with the disconnect mechanism in the bypass position, the communication including a
notification of the short circuit and that the battery pack is operating in the bypass position;
when the disconnect mechanism is in the bypass position and the battery

pack is configured as a reserve battery pack:
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receive a communication regarding another battery pack
operating in the bypass position, the communication including the notification of the short
circuit and that the another battery pack is operating in the bypass position, and
in response, cause the disconnect mechanism to switch to the
operational position such that the reserve battery pack becomes an operational battery pack to
supply power to the battery bus; and
in response to the communication including the notification of the short

circuit, increase a threshold current value for detecting the short circuit.

26. The battery pack of claim 25, wherein the BMS is configured to:
detect a thermal increase condition of the lithium-ion battery cells; and
responsive to detecting the thermal increase condition of the lithium-ion battery

cells, switch the disconnect mechanism to the bypass position.

27. The battery pack of claim 26, wherein the thermal increase condition is detected by
detecting at least one of an overvoltage condition, an undervoltage condition, and a

temperature exceeding a temperature threshold value.

28. The battery pack of any one of claims 25 to 27, wherein the disconnect mechanism

is one of a single-pole double-throw switch and a solid state switch.

29. The battery pack of claim 28, further comprising a disconnect mechanism control
operably connected to the disconnect mechanism, the disconnect mechanism control
configured to:

cause the disconnect mechanism to be in the operational position when energized;
and

cause the disconnect mechanism to be in the bypass position when deenergized.
30. The battery pack of any one of claims 25 to 29, wherein the sensor comprises a

current sensor, and wherein the BMS is configured to determine the occurrence of the short

circuit by detecting a rapid spike in current sensor signals from the current sensor.
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31. The battery pack of any one of claims 25 to 29, wherein the sensor comprises a
voltage sensor, and wherein the BMS is configured to determine the occurrence of the short
circuit by determining that a voltage measured across the plurality of lithium-ion battery cells

drops to near zero.

32. The battery pack of any one of claims 25 to 31, wherein the BMS is configured to:
determine when the battery system is under peak load condition; and
responsive to detecting that the battery system is under the peak load condition,
transmit to other battery packs a communication signal that the BMS has detected the peak

load conditions.

33. A battery system comprising:

a plurality of battery packs electrically connected in series, a respective battery pack
in the plurality of battery packs comprising a plurality of lithium-ion battery cells;

a battery pack connection configured to connect at least two of the battery packs in
the plurality of battery packs in series;

at least one disconnect mechanism associated with the respective battery pack in the
plurality of battery packs operable in an operational position between the battery pack
connection and the plurality of lithium-ion battery cells of the respective battery pack and a
bypass position between a battery bus and a bus-power pass through,

wherein at least one of the battery packs in the plurality of battery packs is identified
as an operational battery pack initially having an associated disconnect mechanism in the
operational position, and wherein at least one of the battery packs in the plurality of battery
packs is identified as a reserve battery pack initially having an associated disconnect
mechanism in the bypass position;

a sensor configured to monitor performance of the respective battery pack in the
plurality of battery packs and provide sensor signals; and

a battery management system (BMS) associated with the respective battery pack in
the plurality of battery packs and operatively connected to the at least one disconnect
mechanism and the sensor, the BMS configured to:

monitor the respective battery pack performance by receiving the sensor

signals from the sensor;
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determine the occurrence of a short circuit based, at least in part, on the
sensor signals;

responsive to detecting the short circuit in the battery pack performance,
cause the at least one disconnect mechanism to be in the bypass position; and

further responsive to detecting the short circuit in the battery pack
performance, transmit a communication to at least one reserve battery pack, the
communication including a notification of the short circuit and the respective battery pack is
operating in the bypass position, wherein the BMS of the at least one reserve battery pack,
responsive to receiving the communication, (a) causes the associated disconnect mechanism
to transition from the bypass position to the operational position such that the at least one
reserve battery pack becomes another operation battery pack to supply power to the battery

bus, and (b) increases a threshold current value for detecting the short circuit.

34. The battery system of claim 33, wherein the at least one disconnect mechanism and
the bus-power pass through are integral to at least one of the respective battery pack and the

battery pack connection.

35. The battery system of claim 34 or 35, further comprising at least one disconnect
mechanism control operably coupled to an associated one of the at least one disconnect
mechanisms and responsive to the triggering event, the at least one disconnect mechanism
control is configured to:

cause the associated disconnect mechanism to be in the operational position when
energized; and

cause the associated disconnect mechanism to be in the bypass position when

deenergized.

36. The battery system of any one of claims 33 to 35, wherein one of the at least one

disconnect mechanisms is one of a single-pole double-throw switch and a solid state switch.

37. The battery system of any one of claims 33 to 36 configured to operate above 400
VDC.
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38. The battery system of any one of claims 33 to 37 configured to operate a propulsion

system on an airplane.

39. The battery system of any one of claims 33 to 38, wherein the sensor comprises a
current sensor, and wherein the BMS is configured to determine the occurrence of the short

circuit by detecting a rapid spike in current sensor signals from the current sensor.

40. The battery system of any one of claims 33 to 38, wherein the sensor comprises a
voltage sensor, and wherein the BMS is configured to determine the occurrence of the short
circuit by determining that a voltage measured across the plurality of lithium-ion battery cells

drops to near zero.

41. The battery system of any one of claims 33 to 40, wherein the BMS of the
respective battery pack is configured to:

determine when the battery system is under peak load conditions; and

responsive to detecting that the battery system is under peak load conditions,
transmit to other battery packs a communication signal that the BMS has detected the peak
load conditions to transition the reserve battery pack from the bypass position to the

operational position for a duration of the peak load conditions.

42 A method of operating a lithium-ion battery pack wired in series with a plurality of
other battery packs, wherein at least one of the battery packs in the plurality of battery packs
is identified as an operational battery pack comprising a battery management system (BMS)
and initially having an associated disconnect mechanism in an operational position, and
wherein at least one of the battery packs in the plurality of battery packs is identified as a
reserve battery pack initially having an associated disconnect mechanism in a bypass
position, the method comprising:

operating the disconnect mechanism of the operational battery pack in the
operational position;

monitoring a battery of the lithium-ion battery pack via a sensor;

responsive to detecting a short circuit within the lithium-ion battery pack via the

sensor, causing, via the BMS, the disconnect mechanism to operate in the bypass position, the
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bypass position electrically connecting the battery pack connection with a bus-power pass-
through of the lithium-ion battery pack;
responsive to detecting the short circuit within the lithium-ion battery pack,
transmitting, to the reserve battery pack, a communication signal indicating that the
disconnect mechanism of the lithium-ion battery pack is in the bypass position, and
responsive to receiving the communication signal at the reserve battery pack,
transitioning the associated disconnect mechanism of the reserve battery pack to the

operational position.

43, The method of claim 42, wherein a transition between the operational position and

the bypass position is an instantaneous transition.

44, The method of claim 42 or 43, wherein the disconnect mechanism is one of a single-

pole double-throw switch and a solid state switch.
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