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(57) Abstract: Provided are battery packs. Each pack may comprise a first plurality of strings electrically coupled to each other in
parallel, each of the first plurality of strings comprising: a first plurality of battery modules comprising: a plurality of high power bat-
tery cells; and a second plurality of strings electrically coupled to each other and to the first plurality of strings in parallel, each of
the second plurality of strings comprising: a second plurality of battery modules comprising: the plurality of high energy battery
cells. Each pack may comprise: a plurality of strings, each of the first plurality of strings comprising: a plurality of battery modules,
each of the first plurality of battery modules comprising: a plurality of battery cells, each of the plurality of battery cells comprising:
a fuse electrically isolating a respective battery cell of the plurality of battery cells from a respective battery module.
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BATTERY CELLS AXND PACKS FOR VEHICLE ENERGY-STORAGE SYSTEMS
FIELD

[0001] The present application relates generally to energy-storage systems, and

more specifically to electrical over-stress protection for vehicle energy-storage systems.

BACKGROUND

[0002] It should not be assumed that any of the approaches described in this
section qualify as prior art merely by virtue of their inclusion in this section.

[0003] Electric-drive vehicles offer a solution for reducing the impact of fossil-
fuel engines on the environment and transforming automotive mobility into a
sustainable mode of transportation. Energy-storage systems are essential for electric-
drive vehicles, such as hybrid electric vehicles, plug-in hybrid electric vehicles, and all-
electric vehicles. However, present energy-storage systems have disadvantages
including large size, inetficiency, and poor safety, to name a few. Similar to many
sophisticated electrical systemns, heat in automotive energy-storage systems should be
carefully managed. Current thermal management schemes consume an inordinate
amount of space. Present energy-storage systems also suffer from inefficiencies arising
variously from imbalance among battery cells and resistance in various electrical
connections. In addition, current energy-storage systems are not adequately protected

from forces such as crash forces encountered during a collision.

SUMMARY

10004} This summary is provided to introduce a selection of concepts in a
stmplified form that are further described below in the Detailed Description. This

summary is not intended to identify key features or essential features of the claimed
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subject matter, nor is it intended to be used as an aid in determining the scope of the
claimed subject matter.

[0005] According to various embodiments, the present disclosure may be
directed to battery packs comprising: a first plurality of strings electrically coupled to
each other in parallel, each of the first plurality of strings providing substantially a first
output voltage and comprising: a first plurality of battery modules electrically coupled
to each other in series, each of the first plurality of battery modules providing
substantially a second ocutput voltage and comprising: a plurality of high power battery
cells, each of the plurality of high power battery cells providing substantially a third
output voltage and having a higher power specification than a plurality of high energy
battery cells; and a second plurality of strings electrically coupled to each other and to
the first plurality of strings in parallel, each of the second plurality of strings providing
substantially the first output voltage and comprising: a second plurality of battery
modules electrically coupled to each other in series, each of the second plurality of
battery modules providing substantially the second oufput voltage and comprising: the
plurality of high energy battery cells, each of the plurality of high power battery cells
providing substantially the third output voltage and having a higher energy
specification than the plurality of high power battery cells.

[0006] According to various embodiments, the present disclosure may be
directed to battery packs comprising: a plurality of strings electrically coupled to each
other in parallel, each of the first plurality of strings comprising: a plurality of battery
modules electrically coupled to each other in series, each of the first plurality of battery
modules comprising: plurality of battery cells, each of the plurality of battery cells
comprising: a fuse electrically isolating a respective battery cell of the plurality of

battery cells from a respective battery module.
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BRIEF DESCRIPTION OF THE DRAWINGS

[06007] Embodiments are illustrated by way of example and not limitation in the
tigures of the accompanying drawings, in which like references indicate similar
elements. It will be understood that the figures are not necessarily to scale and that
details not necessary for an understanding of the technology or that render other details
difficult to perceive may be omitted.

10008} FIG. 1 illustrates an example environment in which an energy-storage
system can be used.

[0009] FIG. 2A shows an orientation of battery modules in an energy-storage
systen, according to various embodiments of the present disclosure.

[0010] FIG. 2B depicts a bottom part of an enclosure of a partial battery pack such
as shown in FIG. ZA.

10011} FIG. 3 is a simplified diagram illustrating coolant flows, according to
example embodiments.

[0012] FIG. 4 is a simplified diagram of a battery module, according to various
embodiments of the present disclosure.

[0013] FIG. 5 illustrates a half module, in accordance with various embodiments.

[0014] FIGS. 6A and 6B show a current carrier, according to various
embodiments.

[0015] FIG. 7 depicts an example battery cell.

10016} FIGS. 8 and 9 illustrate further embodiments of a battery module.

[0017] FIGS. 10A and 10B show battery module coupling, according to some
embodiments.

10018} FIG. 11 depicts an exploded view of a battery module, in accordance with
various embodiments.

[0019] FIGS. 12A-C depict various perspective views of a blast plate, according to

some embodiments.



WO 2017/132575 PCT/US2017/015449

10020} FIG. 13 illustrates a half shell, according to various embodiments.

[0021] FIG. 14 depicts a cross-sectional view of a battery module, in accordance
with some embodiments,

10022] FIG. 15 shows a simplified flow diagram for a process for assembling a
battery module, according to some embodiments.

[0023] FIG. 16 illustrates a simplified view of a battery pack according to various
embodiments.

[0024] FIG. 17 depicts example characteristics of battery cells in accordance with
some embodiments.

[10025] FIG. 18 shows example battery pack configurations according to some
embodiments.

{0026} FIG. 19 illustrates a cross-sectional view of a battery cell according to
various embodiments.

[0027] FIG. 20 depicts a cross-sectional view of a battery cell in accordance with
some embodiments.

[0028] FIG. 21 is a simplified diagram showing a pressure disk of FIG. 20 in
accordance with various embodiments.

10029} FIG. 22 illustrates a table of example fuse materials and characteristics

according to some embodiments.

4 -
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DETAILED DESCRIPTION

10030] While this technology is susceptible of embodiment in many different
torms, there are shown in the drawings and will herein be described in detail several
specific embodiments, with the understanding that the present disclosure is to be
considered as an exemplification of the principles of the technology and is not intended
to limit the technology to the embodiments illustrated. The terminology used herein is
for the purpose of describing particular embodiments only and is not intended to be
limiting of the technology. As used herein, the singular forms "a," "an,"” and "the" are
intended to include the plural forms as well, unless the context clearly indicates
otherwise. It will be further understood that the terms "comprises,” "comprising,”
“includes,” and "including,” when used in this specification, specify the presence of
stated features, integers, steps, operations, elements, and/or components, but do not
preclude the presence or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof. It will be understood that like
or analogous elements and/or components, reterred to herein, may be identified
throughout the drawings with like reference characters. It will be further understood
that several of the figures are merely schematic representations of the present
technology. As such, some of the components may have been distorted from their
actual scale for pictorial clarity.

[0031] Some embodiments of the present invention can be deployed in a
wheeled, self-powered motor vehicle used for transportation, such as hybrid electric
vehicles, plug-in hybrid electric vehicles, and all-electric vehicles. For example, FIG. 1
illustrates an electric car 100. Electric car 100 is an automobile propelled by one or more
electric motors 110. Electric motor 110 can be coupled to one or more wheels 120
through a drivetrain (not shown in FIG. 1). Electric car 100 can include a frame 130
{also known as an underbody or chassis). Frame 130 is a supporting structure of electric

car 100 to which other components can be attached/mounted, such as, for example, a



WO 2017/132575 PCT/US2017/015449

battery pack 140a. Battery pack 140a can supply electricity to power one or more
electric motors 110, for example, through an inverter. The inverter can change direct
current (DC) from battery pack 140a to alternating current (AC), as required for electric
motors 110, according to some embodiments.

[0032] As depicted in FIG. 1, battery pack 140a may have a compact “footprint”
and be at least partially enclosed by tframe 130 and disposed to provide a predefined
separation, e.g. from structural rails 150 of an upper body that couples to frame 130.
Accordingly, at least one of a rear crumple zone 160, a front crumple zone 170, and a
lateral crumple zone 180 can be formed around battery pack 140a. Both the frame 130
and structural rails 150 may protect battery pack 140a from torces or impacts exerted
from outside of electric car 100, for example, in a collision. In contrast, other battery
packs which extend past at least one of structural rails 150, rear crumple zone 160, and
front crumple zone 170 remain vulnerable to damage and may even explode in an
impact.

10033} Battery pack 140a may have a compact “footprint” such that it may be
flexibly used in and disposed on frame 130 having different dimensions. Battery pack
140a can also be disposed in frame 130 to help improve directional stability (e.g., yaw
acceleration). For example, battery pack 140a can be disposed in frame 130 such thata
center of gravity of electric car 100 is in front of the center of the wheelbase (e.g,,
bounded by a plurality of wheels 120}

[0034] FIG. 2A shows a battery pack 140b with imaginary x-, y-, and z-axis
superimposed, according to various embodiments. Battery pack 140b can include a
plurality of battery modules 210. In the non-limiting example, battery pack 140b can be
approximately 1000mm wide (along x-axis), 17968mm long (along y-axis), and 152 mm
high (along z-axis), and can include 36 of battery modules 210.

10035] FIG. 2B illustrates an exemplary enclosure 200 for battery pack 140b

having a cover removed for illustrative purposes. Enclosure 200 includes tray 260 and a

-6 -
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plurality of battery modules 210. The tray 260 may include a positive bus bar 220 and a
negative bus bar 230. Positive bus bar 220 can be electrically coupled to a positive (+)
portion of a power connector of each battery module 210. Negative bus bar 230 can be
electrically coupled to a negative (-) portion of a power connector of each battery
module 210. Positive bus bar 220 is electrically coupled to a positive terminal 240 of
enclosure 200. Negative bus bar 230 can be electrically coupled to a negative terminal
250 of enclosure 200. As described above with reference to FIG. 1, because bus bars 220
and 230 are within structural rails 150, they can be protected from collision damage.

10036} According to some embodiments, negative bus bar 230 and positive bus
bar 220 are disposed along opposite edges of tray 260 to provide a predetined
separation between negative bus bar 230 and positive bus bar 220. Such separation
between negative bus bar 230 and positive bus bar 220 can prevent or at least reduce the
possibility of a short circuit (e.g., of battery pack 140b) due to a deformity caused by an
impact.

{00371 As will be described further in more detail with reference to FIG. 5,
battery module 210 can include at least one battery cell (details not shown in FIG. 2A,
see FIG. 7). The at least one battery cell can include an anode terminal, a cathode
terminal, and a cylindrical body. The battery cell can be disposed in each of battery
module 210 such that a surface of the anode terminal and a surface of the cathode
terminal are normal to the imaginary x-axis referenced in FIG. 2A {e.g., the cylindrical
body of the battery cell is parallel to the imaginary x-axis). This can be referred o as an
x-axis cell orientation.

[0038] In the event of fire and/or explosion in one or more of battery modules
210, the battery cells can be vented along the x-axis, advantageously minimizing a
danger and/or a harm to a driver, passenger, cargo, and the like, which may be
disposed in electric car 100 above battery pack 140b (e.g., along the z-axis), in various

embodiments.
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10039] The x-axis cell orientation of battery modules 210 in battery pack 140b
shown in FIGS. 2A and 2B can be advantageous for efficient electrical and fluidic
routing to each of battery module 210 in battery pack 140b. For example, at least some
of battery modules 210 can be electrically connected in a series forming string 212, and
two or more of string 212 can be electrically connected in parallel. This way, in the
event one of string 212 fails, others of string 212 may not be affected, according to
various embodiments.

[0040] FIG. 3 illustrates coolant flows and operation of a coolant system and a
coolant sub-system according to various embodiments. As shown in FIG. 3, the x-axis
cell orientation can be advantageous for routing coolant (cooling fluid) in parallel to
each of battery modules 210 in battery pack 140b. Coolant can be pumped into battery
pack 140b at ingress 310 and pumped out of battery pack 140b at egress 320. A
resulting pressure gradient within battery pack 140b can provide sufficient circulation
of coolant to minimize a temperature gradient within battery pack 140b (e.g., a
temperature gradient within one of battery modules 210, a temperature gradient
between battery modules 210, and/or a temperature gradient between two or more of
string 212 shown in FIG. ZA).

10041} Within battery pack 140b, the coolant system may circulate the coolant, for
example, to battery modules 210 (e.g., the circulation is indicated by reference numeral
330). One or more additional purps (not shown in FIG. 3) can be used to maintain a
roughly constant pressure between multiple battery modules 210 connected in series
{e.g., in string 212 in FIG. 2A) and between such strings. Within each battery module
210, the coolant sub-system may circulate the coolant, for example, between and within
two half modules 410 and 420 shown in FIG. 4 (e.g., the circulation indicated by
reference numeral 340). In some embodiments, the coolant can enter each battery
module 210 through an interface 350 between two half modules 410 and 420, in a

direction (e.g., along the y- or z- axis) perpendicular to the cylindrical body of each

-8-
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battery cell, and flow to each cell. Driven by pressure within the coolant system, the
coolant then can flow along the cylindrical body of each battery (e.g., along the x-axis)
and may be collected at the two (opposite) side surfaces 360A and 360B of the module
that can be normal to the x-axis. In this way, heat can be efticiently managed/dissipated
and thermal gradients minimized among all battery cells in battery pack 140b, such that
a temperature may be maintained at an approximately uniform level.

10042] In some embodiments, parallel cooling, as illustrated in FIG. 3, can
maintain temperature among battery cells in battery pack 140b at an approximately
uniform level such that a direct current internal resistance (DCIR) of each battery cell is
maintained at an substantially predefined resistance. The DCIR can vary with a
temperature, therefore, keeping each battery cell in battery pack 140b at a substantially
uniform and predefined temperature can result in each battery cell having substantially
the same DCIR. Since a voltage across each battery cell can be reduced as a function of
its respective DCIR, each battery cell in battery pack 140b may experience substantially
the same loss in voltage. In this way, each battery cell in battery pack 140b can be
maintained at approximately the same capacity and imbalances between battery cells in
battery pack 140b can be minimized.

10043} In some embodiments, when compared to technigques using metal tubes to
circulate coolant, parallel cooling can enable higher battery cell density within battery
module 210 and higher battery module density in battery pack 140b. In some
embodiments, coolant or cooling fluid may be at least one of the following: synthetic oil,
water and ethylene glycol (WEG), poly-alpha-olefin (or poly-a-olefin, alsc abbreviated
as PAO) oil, liquid dielectric cooling based on phase change, and the like. By way of
further non-limiting example, the coolant may be at least one of: perfluorchexane
{Flutec PP1), perfluoromethylcyclohexane (Flutec PP2), Perfluoro-1,3-
dimethylcyclohexane (Flutec PP3), perfluorodecalin (Flutec PP6),

perfluoromethyldecalin (Flutec PP9), trichlorofluoromethane (Freon 11),
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trichlorotrifluorcethane (Freon 113), methanol {methyl alcohol 283-403K), ethanol {ethyl
alcohol 273-403K}, and the like.

[0044] FIG. 4 illustrates battery module 210 according to various embodiments.
A main power connector 460 can provide power from battery cells 450 to outside of
battery module 210. In some embodiments, battery module 210 can include two half
modules 410 and 420, each having an enclosure 430. Enclosure 430 may be made using
one or more plastics having sufficiently low thermal conductivities. Respective
enclosures 430 of each of the two half modules 410 and 420 may be coupled with each
other to form the housing for battery module 210.

[0045] FIG. 4 includes a view 440 of enclosure 430 (e.g., with a cover removed).
For each of half modules 410, 420 there is shown a plurality of battery cells 450 oriented
(mounted) horizontally (see also FIG. 5 and FIG. 8). By way of non-limiting example,
each half module includes one hundred four of battery cells 450. By way of further non-
limiting example, eight of battery cells 450 are electrically connected in a series {e.g., the
staggered column of eight battery cells 450 shown in FIG. 4), with a total of thirteen of
such groups of eight battery cells 450 electrically connected in series. By way of
additional non-limiting example, the thirteen groups (e.g., staggered columns of eight
battery cells 450 electrically coupled in series) are electrically connected in parallel. This
example configuration may be referred to as “8513P” (8 series, 13 parallel). In some
embodiments, the 8513F electrical connectivity can be provided by current carrier 510,
described further below in relation to FIG5. 5 and 6. Other combinations and
permutations of battery cells 450 electrically coupled in series and/or paraliel maybe
used.

[0046] FIG. 5 depicts a view of half modules 410, 420 without enclosure 430 in
accordance with various embodiments. Half modules 410 and 420 need not be the
same, e.g., they may be mirror images of each other in some embodiments. Half

modules 410 and 420 can include a plurality of battery cells 450. The plurality of battery
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cells 450 can be disposed between current carrier 510 and blast plate 520 such that an
exterior side of each of battery cells 450 is not in contact with the exterior sides of other
{e.g., adjacent) battery cells 450. In this way, coolant can circulate among and between
battery cells 450 to provide submerged, evenly distributed cooling. In addition, to save
the weight associated with coolant in areas where cooling is not needed, air pockets can
be formed using channels craftily designed in the space 530 between current carrier 510
and blast plate 520 not occupied by battery cells 450. Coolant can enter half modules
410, 420 through coolant intake 540, is optionally directed by one or more flow
channels, circulates among and between the plurality of battery cells 450, and exits
through coolant outtake 550. In some embodiments, coolant intake 540 and coolant
outtake 550 can each be male or femnale tluid fittings. In some embodiments, coolant or
cooling fluid is at least one of: synthetic oil, water and ethylene glycol (WEG), poly-
alpha-olefin (or poly-a-olefin, also abbreviated as PAQ) oil, liquid dielectric cooling
based on phase change, and the like. By way of turther non-limiting example, the
coolant may be at least one of: perfluorohexane (Flutec PP1),
perfluoromethylcyclohexane (Flutec PP2), Pertluore-1,3-dimethylcyclohexane {(Flutec
PP3), pertluorodecalin (Flutec PP6), pertluoromethyldecalin (Flutec PP9),
trichlorofluoromethane (Freon 11}, trichlorotritluoroethane (Freon 113), methanol
{methyl alcohol 283-403K), ethanol {ethyl alcohol 273-403K), and the like. Compared to
techniques using metal tubes to circulate coolant, submerged cooling improves a
packing density of battery cells 450 (e.g., inside battery module 210 and half modules
410, 420) by 15%, in various embodiments.

100471 FIGS. 6A and 6B depict current carrier 510, 510A according to various
embodiments. Current carrier 510, 510A is generally flat (or planar) and comprises one
or more layers (not shown in FIGS. 6A and 6B), such as a base layer, a positive power
plane, a negative power plane, and signal plane sandwiched in-between dielectric

isolation layers (e.g., made of polyimide). In some embodiments, the signal plane can
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include signal traces and be used to provide battery module telemetry (e.g., battery cell
voltage, current, state of charge, and temperature from optional sensors on current
carrier 510} to outside of battery module 210.

[0048] As depicted in FIG. 6B, current carrier 510A can be a magnified view of a
portion of current carrier 510, for illustrative purposes. Current carrier 510A can be
communicatively coupled to each of battery cells 450, for example, at a separate (fused)
positive (+) portion 630 and a separate negative (-) portion 640 which may be electrically
coupled to the positive power plane and negative power plane (respectively) of current
carrier 5104, and to each cathode and anode (respectively) of a battery cell 450. In some
embodiments, positive (+) portion 630 can be laser welded to a cathode terminal of
battery cell 450, and negative (-) portion 640 can be laser welded to an anode terminal of
battery cell 450. In some embodiments, the laser-welded connection can have on the
order of 5 milli-Ohms resistance. In contrast, electrically coupling the elements using
ultrasonic bonding of aluminum bond wires can have on the order of 10 milli-Ohms
resistance. Laser welding advantageously can have lower resistance for greater power
efficiency and take less time to perform than ultrasonic wire bonding, which can
contribute to greater performance and manutacturing efficiency.

10049} Current carrier 510A can include a fuse 650 formed from part of a metal
layer {e.g., copper, aluminum, etc.) of current carrier 510A, such as in the positive
power plane. In some embodiments, the tuse 650 can be formed (e.g., laser etched) in a
metal layer (e.g., positive power plane) to dimensions corresponding to a type of low-
resistance resistor and acts as a sacrificial device to provide overcurrent protection. For
example, in the event of thermal runaway of one of battery cell 450 (e.g., due to an
internal short circuit), the fuse may “blow,” breaking the electrical connection to the
battery cell 450 and electrically isolating the battery cell 450 from current carrier 510A.
Although an example of a fuse formed in the positive power plane is provided, a fuse

may additionally or alternatively be a part of the negative power plane.
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10050] Additional thermal runaway control can be provided in various
embodiments by scoring on end 740 {(identified in FIG. 7) of the battery cell 450. The
scoring can promote rupturing to effect venting in the event of over pressure. In
various embodiments, all battery cells 450 may be oriented to allow venting into the
blast plate 520 for both half modules.

[0051] In some embodiments, current carrier 510 can be comprised of a printed
circuit board and a tlexible printed circuit. For example, the printed circuit board may
variously comprise at least one of copper, FR-2 (phenolic cotton paper), FR-3 {cotton
paper and epoxy), FR-4 (woven glass and epoxy), FR-5 (woven glass and epoxy), FR-6
{matte glass and polyester), G-10 (woven glass and epoxy), CEM-1 (cotton paper and
epoxy), CEM-Z (cotton paper and epoxy), CEM-3 (non-woven glass and epoxy), CEM-4
(woven glass and epoxy), and CEM-5 (woven glass and polyester). By way of further
non-limiting exarmple, the flexible printed circuit may comprise at least one of copper
foil and a flexible polymer film, such as polyester (PET), polyimide (PI), polyethylene
naphthalate (PEN), polyetherimide (PEL), along with various flucropolymers (FEP), and
copolymers.

[0052] In addition to electrically coupling battery cells 450 to each other (e.g,, in
series and/or parallel), current carrier 510 can provide electrical connectivity to cutside
of battery module 210, for example, through main power connector 460 (FIG. 4}.
Current carrier 510 may also include electrical interface 560 (FIGS. 5, 6A) which
transports signals from the signal plane. Electrical interface 560 can include an electrical
connector (not shown in FIGS. 5, 6A).

[0053] FIG. 7 shows battery cell 450 according to some embodiments. In some
embodiments, battery cell 450 can be a lithium ion (li-ion) battery. For example, battery
cell 450 may be an 18650 type li-ion battery having a cylindrical shape with an
approximate diameter of 18.6 mm and approximate length of 65.2 mam. Other

rechargeable battery form factors and chemistries can additionally or alternatively be
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used. In various embodiments, battery cell 450 may include can 720 (e.g., the
cylindrical body), anode terminal 770, and cathode terminal 780. For example, anode
terminal 770 can be a negative terminal of battery cell 450 and cathode terminal 780 can
be a positive terminal of battery cell 450. Anode terminal 770 and cathode terminal 760
can be electrically isolated from each other by an insulator or dielectric.

[0054] FIG. 8 illustrates another example of a battery module, battery module
210b, according to various embodiments. As described in relation to battery module
210 in FIG. 4, battery module 210b may include two half modules 410 and 420 and main
power connector 460. Each of half modules 410 and 420 may include one of enclosure
430 for housing battery cells therein. Battery module 210b further depicts main coolant
input port 820, main coolant output port 810, and communications and low power
connector 830. Coolant can be provided to battery module 210b at main coolant input
port 820, circulated within battery module 210b, and received at main coolant output
port 810.

10055} In contrast to the view of battery module 210 in FIG. 4, FIG. 8 depicts
current carrier 510. Battery module 210b may include one or more staking features 840
to hold current carrier 510 in battery module 210b. For example, staking feature 840 can
be a plastic stake. In some embodiments, communications and low power connector
830 can be at least partially electrically coupled to the signal plane and/or electrical
interface 560 of current carrier 510, for example, through electronics for data acquisition
and/or control (not shown in FIG. 8). Communications and low power connector 830
may provide low power, for example, to electronics for data acquisition and/or control,
and sensors.

[0056] FIG. 9 shows another view of battery module 210b where the battery cells
and the current carrier are removed from one of the half modules, for illustrative
purposes. As described in relation to FIGS. 4 and 8, battery module 210b may include

two half modules 410 and 420, main power connector 460, main coolant output port
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810, main coolant input port 820, and communications and low power connector 830.
Each of the half modules 410 and 420 can include an enclosure 430. Each enclosure 430
may further include plate 910 (e.g., a bracket). Plate 910 may include structures for
securing the battery cells within enclosure 430 and maintaining the distance between
battery cells.

100571 FIGS. 10A and 10B illustrate arrangement and coupling between two of
battery modules 210b: 2101 and 2102 From different perspective views, FIG. 10A
depicts battery modules 2101 and 2102 being apart and aligned for coupling. For
example, battery modules 210: and 210z are positioned as shown in FI(G. 10A and
moved together until coupled as shown in the example in FIG. 10B. Generally, a female
receptacle on one of battery modules 2101 and 210: may receive and hold a male
connector on the other of battery modules 2102 and 210s, respectively.

[0058] As shown in the example in FIG. 104, a left side of battery modules 210
and 2102 may have male connectors and a right side of battery modules 2101 and 2102
have female connectors, according to some embodiments. For example, the left sides of
battery modules 2101 and 2102 include male main power connector 460m, male main
coolant cutput port 810m, male main coolant input port 820m, and male communications
and low power connector 830m. By way of further non-limiting example, the right sides
of battery modules 210: and 2102 can include female main power connector 460k, female
main coolant output port 810k, female main coolant input port 820¢, and female
communications and low power connector 830r. Each of female main power connector
460¢, female main coolant output port 810, female main coolant input port 820¢, and
fernale communications and low power connector 830r may include an (elastomer) o-
ring or other seal. Other combinations and permutations of male and female
connectors—such as a mix of male and female connectors on each side, and female

connectors on the right side and male connectors on the left side—may be used.

-15 -



WO 2017/132575 PCT/US2017/015449

10059] FIG. 10B depicts a cross-sectional view of battery modules 2101 and 2102 of
FIG. 10A coupled together. For example, male main power connector 460m and female
main power connector 460r (FIG. 10A) can combine to form coupled main power
connectors 460c, male main coolant output port 810m and female main coolant cutput
port 810r can combine to form coupled main coolant output ports 810¢, male main
coolant input port 820m and female main coolant input port 820r can combine fo form
coupled main coolant input ports 820c (not shown in FIG. 10B), and female
communications and low power connector 830 and male communications and low
power connector 830w can combine to form coupled communications and low power
connectors 830c. As a result, the internal cooling channels or manifolds of the battery
modtiles can be connected through the coupling between the modules, forming the
cooling system schematically illustrated in FIG. 3.

[0060] FIG. 11 shows an exploded view of battery module 210¢ according to
some embaodiments. As described in relation to battery module 210 in FIG. 4 and 210b
in FIG. §, battery module 210¢ can include two half modules 410c and 420c. Half
modules 410c and 420c¢ can be coupled together as was described in relation to FIG. 10B.

[0061] Half module 410c¢ can be a three-dimensional mirror image of half module
420c¢, and vice-versa. Half modules 410c and 420c¢ can each include half shell 430r and
430w, battery cells 450e and 450y, cell retainer 910r and 910y, flexible circuit 510r and
510w, and module cover 1110p and 1110w, respectively. Half shells 430r and 430~ were
described in relation to enclosures 430 in FIGS. 4, 8, and 9. Battery cells 450r and 450n
were described in relation to battery cells 450 in FIGS. 4, 5, and 7. Cell retainers 910¢
and 9108 were described in relation to plate 910 in FIG. 9. Flexible circuits 510r and 510n
were described in relation to current carrier 910 in FIG. 9. Center divider 520c was
described in relation to blast plate 520 in FIG. 5.

[0062] In some embodiments, battery module 210c can include telemetry module

1130. Telemetry module 1130 was described above in relation to electronics for data
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acquisition and/or control, and sensors (FIG. 8). Telemetry module 1130 can be
communicatively coupled to flexible circuit 510 and/or 5108, Additionally or
alternatively, telemetry module 1130 can be cormmunicatively coupled to male
communications and low power connector 830m and/or female communications and
low power connector 830x.

[0063] FIGS. 12A-C depict assorted views of center divider 520c. Center divider
520c can include opening §10c for coolant Hlow associated with main coolant output
port 810 (FIG. 8) and/or opening 8200 for coolant flow associated with main coolant
input port 820. Center divider 520c can include opening 1210 which may be occupied
by a section of telemetry module 1130. Center divider 520c can comprise at least one of
polycarbonate, polypropylene, acrylic, nylon, and acrylonitrile butadiene styrene (ABS).
In exemplary embodiments, center divider 520¢ can comprise one or more materials
having low electrical conductivity or high electrical resistance, such as a dielectric
constant or relative permittivity {e.g., ¢ or k) less than 15 and/or a volume resistance
greater than 10" chm-cm, and/or low thermal conductivity (e.g., less than 1 W/m-°K).

[0064] FIG. 13 shows half shell 430r according to some embodiments. Half shell
430r (and 430~ shown in FIG. 11) can comprise at least one of polycarbonate,
polypropylene, acrylic, nylon, and ABS. In exemplary embodiments, half shell 430
{and 430~} can comprise one or more materials having low electrical conductivity or
high electrical resistance, such as a dielectric constant or relative permittivity (e.g., € or
k) less than 15 and/or a volume resistance greater than 10" chm-cmy, and/or low thermal
conductivity {e.g., less than 1 W/m-°K).

{00651 Half shell 430r can include base 1310r. In some embodiments, base 1310
and the rest of half shell 430 can be formed from a single mold. Base 1310r can include
channel 1340» formed in half shell 430r for coolant flow associated with main coolant
output port 810 (FIG. 8) and/or channel 1320r formed in half shell 430 coolant flow

associated with main coolant input port 820. Base 1310r can include (small) holes 1330r.
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For example, the size and/or placement of holes 1330r in base 1310r can be optimized
using computational fluid dynamics (CFD), such that each of holes 1330 experiences
the same inlet pressure (e.g., in a range of 0.05 pounds per square inch (psi) - 5 psi),
flow distribution of coolant through holes 1330r is even, and the same volume tlow
{e.g., #0.5 L/min in a range of 0.05 L/min - 5 L/min) is maintained through each of holes
1330e. For example, holes 1330 may each have substantially the same diameter (e.g., *
1 mm in arange of 0.5 mm to 5 mm). Such optimized size and/or placement of holes
1330 in base 1310» can contribute to even cooling of batteries 450p, since each of
batteries 450r experiences substantially the same volume flow of coolant.

[0066] In some embodiments, base 1310r may contribute to retention of batteries
450r inn half module 410¢c. Base 1310r can include battery holes 1350 r about which
batteries 450r are disposed (e.g., end 740 (FIG. 7} of one of battery cell 450 is positioned
centered about one of battery holes 1350p). For example, at least some of batteries 450
can be fixedly attached to base 1310r using, for example, ultraviolet (UV) light curing
adhesives, also known as light curing materials (LCM). Light curing adhesives can
advantageously cure in as little as a second and many formulations can advantageously
bond dissimilar materials and withstand harsh temperatures. Other adhesives can be
used, such as synthetic thermosetting adhesives {e.g., epoxy, polyurethane,
cyanoacrylate, and acrylic polymers).

[0067] Half shell 430r can also include tabs 1370r and gusset 1360r. Half shell
430~ (FI1G. 11) can be a three-dimensional mirror image of half shell 430». For example,
half shell 430~ can include a base having a channel for coolant flow associated with
main coolant output port 810 (FIG. 8) and/or a channel for coolant tlow associated with
main coolant input port 820, (small) holes, battery holes, tabs, and gusset that are three-
dimensional mirror images of their respective half shell 430r counterparts {(e.g., base

1310p, channel 1340¢ for coolant flow associated with main coolant output port 810 (FIG.
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8), channel 1320r for coclant flow associated with main coolant input port 820, (small)
holes 1330p, battery holes 1350», tabs 1370p, and gusset 1360p, respectively).

[10068] Gussets 1360r and the corresponding gussets on half shell 430~ can
include holes M. In some embodiments a portion of a tie rod (not shown in FIG. 13) can
be in (occupy) gusset 1360r and the corresponding gusset on half shell 430w, and pass
through each hole M of half modules 410c and 420c. For example, half modules 410¢
and 420c can each have two gussets on opposite sides of half shell 430r and 430w
{respectively) and two tie rods, such that the two tie rods each go through two locations
on a battery module 210c¢, providing four points of {(secondary) retention. The rods can
also hold two or more of battery modules 210 together when combined into string 212
(FIG. 2A), for retention and handling/moving.

10069} Tabs 1370r and the corresponding tabs on half shell 430~ can include cut
out section N. Tabs 1370y and the corresponding tabs on halt shell 430~ can be used to
laterally support two or more of battery modules 210¢ coupled together, for example, as
in string 212 (FIG. 2A) installed in enclosure 200 (FIG. 2B). For example, a retention
plate (not shown in FIG. 13) may be placed over tabs 1370r and the corresponding tabs
on half shell 430n. A fastener (not depicted in FIG. 13) may affix the retention plate to a
lateral extrusion 270 (FIG. 2B) in enclosure 200. The fastener can pass through cut out
section N.

10078} Referring back to FIG. 11, cell retainers 910p and 910~ can contribute to
structural support of batteries 450r and 450y, respectively. For example, cell retainers
910r and 910~ can keep or hold batteries 450r and 450~ (respectively) in place. In some
embodiments, at least some of batteries 450r and 450w can be fixedly attached to cell
retainers 910r and 910~ (respectively) using, for example, ultraviolet (UV) light curing
adhesives or other adhesives, as described above in relation to FIG. 13. Cell retainers
910 and 910~ can comprise at least one of polycarbonate, polypropylene, acrylic, and

nylon, and ABS. In exemplary embodiments, cell retainers 910r and 910w can comprise
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one or more materials having low electrical conductivity or high electrical resistance,
such as a dielectric constant or relative permittivity (e.g., € or x) less than 15 and/or a
volume resistance greater than 10" ohm-cm, and/or low thermal conductivity (e.g., less
than T W/m-"K}. Cell retainers 910r and 910~ can also contribute to structural support of
tlexible circuit 510r and 510w, respectively. For example, cell retainers 910r and 910~ can
hold tlexible circuit 510p and 510n, respectively.

10071] Flexible circuit 510 can include power bud Jr and flexible circuit 510~ can
include power socket Jn. Power bud Jr and power socket Jn were described in relation
to main power connector 460 (FIG. 4). Power bud Jr can be brazed onto flexible circuit
510r and power socket i can be brazed onto flexible circuit 510x. Power bud jr and
power socket Jn can comprise any conductor, such as aluminum (alloy) and/or copper
(alloy). Power bud Jr and power socket i can include conductive ring Ke and K,
respectively. Conductive ring Kr and Kx can be placed into (attached to) hole Lr and In
(respectively) of cell retainer 910r and 910x, respectively. In this way, conductive ring
Kr and Kn can provide a larger surface area for attaching flexible circuit 510r and 510~
{respectively) to cell retainer 910r and 910w, respectively. Conductive ring Kr and Kn
can comprise any conductor, such as aluminum (alloy) and copper (alloy). In some
embodiments, conductive ring Kr and K~ can comprise the same material as power bud
Jr and power socket fn, respectively.

10072} Module cover 1110r can include male main power connector 460w, male
main coolant output port 810m, male main coolant input port 820u (not shown in FIG.
11), and male communications and low power connector 330m. Module cover 1110N
can include female main power connector 460k, female main coolant output port 8105,
female main coolant input port 820r, and female communications and low power
connector 830r. Male main power connector 460w, female main power connector 460r,
male main coolant output port 810w, female main coolant output port 810, male main

coolant input port 820m, ternale main coolant input port 820r, male cormmunications and
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low power connector 830w, female communications and low power connector 330r were
described in relation to FIG. 10A. In various embodiments, half module 410cis a
“positive” end of battery module 210c and half module 420c is a “negative” end of
battery module 210c.

[0073] Module covers 1110r and 1110« can comprise at least one of
polycarbonate, polypropylene, acrylic, nylon, and ABS. In exemplary embodiments,
module covers 1110r and 1110~ can comprise one or more materials having low
electrical conductivity or high electrical resistance, such as a dielectric constant or
relative permittivity (e.g., ¢ or k) less than 15 and/or a volume resistance greater than
10% ohm-cm, and/or low thermal conductivity {e.g., less than 1 W/m-°K).

[0074] FIG. 14 illustrates a cross-sectional view of battery module 210c. FIG. 14
depicts half modules 410¢ and 420c coupled to form battery module 210c. Center
divider 520¢ can be disposed between halt modules 410¢ and 420¢. Half modules 410¢
and 420c can include base 1310r and 1310, battery cells 450r and 450y, and module
cover 1110r and 1110x, respectively.

[0075] Referring back to FIG. 11, in operation coolant can enter or flow into
battery module 210c at male main coolant input port 820u (not depicted in FIG. 11, see
FIG. 10A). For example, a pump (not shown in FIG. 11) can pump coolant through
battery module 210¢, such that the coolant pressure is on the order of less than 5 pounds
per square inch (psi), for example, about 0.7 psi. Coolant can travel through channel
1320r (FIG. 13) to center divider 520¢, where the coolant (flow) can be divided between
half modules 410c and 420c¢ (e.g., such that there is a first coolant flow for half module
410¢ (represented as dashed lines 1410r in FIG. 14) and a second coolant flow for half
module 420¢ (represented as dashed lines 1410~ in FIG. 14)).

[0076] At base 1310¢ (FIG. 13) and base 1310~ (not depicted in FIG. 13), the
divided coolant flows through holes 1330r and 1330~ (not depicted in FIG. 13}

{respectively) and toward module covers 1110r and 1110n, respectively. In half module
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410c¢, toward module cover 1110r coolant can enter channel 1340y, flow through channel
1340w (not depicted in FIG. 13) in half module 420¢, and exit battery module 210c at
fernale main coolant output port 810r. In half module 420¢, toward module cover 1110y,
the coolant exits battery module 210c at female main coolant output port 810r. In
various embodiments, channels 1320», 1340p, 1320~ (not depicted in FIG. 13), and 1340«
are structured such that coolant flow is not “short circuited” (e.g., coolant tlows from
1320r to 1340r and/or from 1320~ to 1340~ without passing through base 1310r and/or
1310~ (respectively) to battery cells 450r and 450n (respectively)). By way of non-
limiting example, center divider 520c¢ can be structured such that coolant (flow) is
evenly divided between halt modules 410¢ and 420¢. By way of further non-limiting
example, base 1310r and/or base 1310n can be structured (e.g., size and position of holes
1330p and 1330w) such that coolant flows evenly through holes 1330r and 1330w, In some
embodiments, the first coolant tlow tflows over the battery cells in a first direction
within half module 410c¢ (represented as dashed lines 1410p in FIG. 14), and the second
coolant flow flows over the battery cells in a second direction within half module 420c
{represented as dashed lines 1410~ in FIG. 14). The first direction and the second
direction can be (substantially) the opposite of each other.

106077] According to some embodiments, the coolant can comprise any non-
conductive fluid that will inhibit ionic transfer and have a high heat or thermal capacity
{e.g., at least 60 J/(mol K) at 90 °C). For example, the coolant can be at least one of:
synthetic oil, water and ethylene glycol (WEG), poly-alpha-olefin (or poly-a-oletin, also
abbreviated as FAQ) oil, liquid dielectric cooling based on phase change, and the like.
By way of further non-limiting example, the coolant may be at least one of:
perfluorchexane (Flutec PP1), perflucromethylcyclohexane (Flutec PP2), Perfluoro-1,3-
dimethylcyclohexane (Flutec PP3), perfluorodecalin (Flutec PP6),

perflucromethyldecalin (Flutec PP9), trichlorofluoromethane (Freon 11),
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trichlorotrifluorcethane (Freon 113), methanol {methyl alcohol 283-403K), ethanol {ethyl
alcohol 273-403K}, and the like.

[0078] In various embodiments, half shell 430r and 430~ can comprise an opagque
{e.g., absorptive of laser light) material such as at least one of polycarbonate,
polypropylene, acrylic, nylon, and ABS. In some embodiments, center divider 520c, cell
retainers 910r and 910y, and module covers 1110p and 1110~ can each comprise a
(different) transparent (e.g., transmissive of laser light) material such as polycarbonate,
polypropylene, acrylic, nylon, and ABS. In exemplary embodiments, half shell 430r and
430N, center divider 520c¢, cell retainers 910r and 910n, and module covers 1110r and
1110w all comprise the same material, advantageously simplifying a laser welding
schedule.

10079} Half shell 430r and 430~ can be joined to center divider 520¢, cell retainers
910r and 910w, and module covers 1110 and 1110~ using laser welding, where two of
the parts are put under pressure while a laser beam moves along a joining line. The
laser beam can pass through the transparent part and be absorbed by the opaque part to
generate enough heat to soften the interface between the parts creating a permanent
weld. Semiconductor diode lasers having wavelengths on the order of 808 nm to 980
nm and power levels from less than 1W to 100W can be used, depending on the
materials, thickness, and desired process speed. Laser welding offers the advantages of
being cleaner than adhesive bonding, having no micro-nozzles to get clogged, having
no liguid or fumes to affect surface finish, having no consumables, having higher
throughput than other bonding methods, providing access to pieces having challenging
geometries, and having a high level of process control. Other welding methods, such as
ultrasonic welding, can be used.

[0080] FIG. 15 depicts a simplified flow diagram for a process 1500 for
assembling battery module 210c. Although the steps comprising process 1500 are

shown in a certain sequence, they may be performed in any order. Additionally,
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assorted combinations of the steps may be performed concurrently. In exemplary
embodiments, process 1500 can produce hermetic seals at each of the fluid boundary
areas of battery module 210¢: half shell 430r and 430, center divider 520¢, and module
covers 1110r and 1110x.

[0081] At step 1510, at least some of battery cells 450r (and 450x) can be fixedly
attached to base 1310r (and base 1310~ (not depicted in FIG. 13) of half shell 430x~), as
described above in relation to FIG. 13. At step 1520, cell retainers 910r and 910~ can be
coupled to half shells 430r and 430N, respectively. For example, cell retainers 910» and
910~ can be at least one of laser welded, ultrasonic welded, and glued (e.g., using one or
more synthetic thermosetting adhesives) to half shells 430r and 430x, respectively.

[0082] At step 1530, flexible circuits 510r and 510~ can be installed in half shells
430r and 430, respectively. For example, flexible circuits 510 and 510~ can be hot
staked to cell retainers 910e and 910~ and/or half shells 430r and 430x, respectively. At
step 1540, module covers 1110r and 1110~ can be bonded to half shells 430r and 430y,
respectively. For example, module covers 1110r and 1110w can be at least one of laser
welded, ultrasonic welded, and glued (e.g., using one or more synthetic thermosetting
adhesives) to half shells 430r and 430x, respectively.

10083} At step 1550, center divider 520c can be attached to half shells 430r and
430n. For example, center divider 520¢ can be at least one of laser welded, ultrasonic
welded, and glued (e.g., using one or more synthetic thermosetting adhesives) to half
shells 430r and 430x.

[0084] FIG. 16 illustrates battery cell 140c¢ in accordance with varicus
embodiments. As described in relation to battery pack 140a in FIG. 1, battery pack 140c
may be diposed in and protected by electric car 100. Battery pack 140c can additionally
or alternatively include all or some of the features and characteristics of battery pack

140b in FIGS. 2A, 2B, and 3.
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10085] Battery pack 140c may comprise any number of strings 212a (i.e,, strings
212a1-212ax). By way of non-limiting example, battery pack 140c comprises six strings
212a1-212ax (L.e., X=6}, such that battery pack 140¢ comprises strings 212a1-212as. Strings
212a can each include all or some of the features and characteristics of string 212
described in reference to FIG. 2A. In exemplary embodiments, strings 212a in battery
pack 140c are electrically coupled in parallel.

10086] Each of strings 212a (i.e, strings 212a:-212ax) may comprise any number of
battery modules 210d (i.e., battery modules 210d1,1-210dx v}. By way of non-limiting
example, each of strings 212a include six battery modules 210d (i.e,, of battery modules
2104,1-210dx ) (i.e., Y=06), such that string 212a: comprises battery modules 210d1,1-
210dus; string 212a: comprises battery modules 210d21-210d2e; string 212s comprises
battery modules 210ds1-210das; string 2124 comprises battery modules 210ds1-210d4s;
string 212as comprises battery modules 210ds,1-210ds,6; and string 212as comprises
battery modules 210ds1-210ds,6.

10087] In exemplary embodiments, battery modules 210d in each string 212a are
electrically coupled in series. By way of further non-limiting example, battery modules
210d1 +-210d1e in string 212a:1 are electrically coupled in series; battery modules 210dz:1-
210dzs in string 212az are electrically coupled in series; battery modules 210d:4-10das in
string 212as are electrically coupled in series; battery modules 210d41-210dss in string
212au4 are electrically coupled in series; battery modules 210ds,1-210ds6 in string 212as are
electrically coupled in series; and battery modules 210de1-210des in string 212as are
electrically coupled in series.

10088} Each of battery modules 210d can include all or some of the features and
characteristics of battery module 210 described in relation to FIGS. 2A, 2B, 3, 4, 5, 6A,
6B, and 7; battery module 210b described in relation to FIGS.8, 9, I0A, and 10B; and
battery module 210c¢ described in relation to FIGS. 11, 124, 12B, 12, 13, 14, and 15. For

example, each of battery modules 210d includes battery cells (not shown in FIG. 16),
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such as battery cells 450 described with reference to FIGS. 4, 5, and, 7, and battery cells
450 and 450N described with reference to FIGS. 11 and 14.

[0089] FIG. 17 shows a table 1700 of characteristics/specifications for example
battery cells-battery cell A and battery cell B-which may be used in battery modules
210d (i.e., battery modules 210d:,1-210dxy). Generally, battery cells can retlect a tradeott
between (selection or balance of) high energy {density) or high power (density). The
tradeotf is represented by continuum 1710 having higher energy (density) and higher
power (density) at opposite ends.

10090} Energy for battery cells A and Bis illustrated in table 1700 in the Rated
Discharge Energy (Wh) row 1720. As shown in FIG. 17, battery cell A is toward the
higher energy (density) end of continuum 1710 and may be referred to as a "high
energy” or "higher energy” battery cell. In general, energy refers to an amount of energy
a battery cell (or battery module 210d or string 212a or battery pack 140c¢) is capable of
storing, such as measured in Watt hours (Wh). For example, higher energy battery cells
{e.g., battery cell A) can be advantageous for portable electronics, where operation on
battery power for a greater amount of time is desirable. Typically, an electric vehicle
using high energy battery cells will beneficially travel farther on a charge than an
electric vehicle using high power battery cells (e.g., battery cell B}, all things being
otherwise equal. In contrast, higher energy battery cells can have lower power, such
that a discharge rate {e.g., rate at which a battery cell can provide energy) is slower (e.g.,
compared to battery cells having higher power, such as battery cell B).

[0091] Power for battery cells A and B is illustrated in table 1700 in the Maximum
Continuous Discharge Current (A) row 1730. As shown in FIG. 17, battery cell B is
toward the higher power (density) end of continuum 1710 and may be referred to as a
"high power" or "higher power" battery cell. In general, power refers to an amount of
energy a battery cell (or battery module 210d or string 212a or battery pack 140c¢) is

capable of (continuously) providing, such as a (load) current measured in Amperes (A}.
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For example, higher power battery cells (e.g., battery cell B) can be advantageous for
{(hybrid) electric vehicles, where a faster discharge rate to provide electrical power to an
electric motor is desirable. Typically, an electric vehicle using high power battery cells
will beneficially accelerate faster than an electric vehicle using high energy battery cells,
all things being otherwise equal. In contrast, battery cells having higher power can have
lower energy, such that an amount of energy the battery cell can store is lower (e.g,,
compared to battery cells having higher energy, such as battery cell A).

[0092] Maximum continuous charge current for battery cells A and B is
illustrated in table 1700 in the Maximum Continuous Charge Current (A) row 1740. A
maximum continuous charge current is a maximum current a battery cell (or battery
module 210d or string 212a or battery pack 140c) may receive during charging.
Charging is putting energy into a battery cell by providing an electric current. Charging
can use ditferent techniques, such as constant direct current (DC), pulsed DC, Constant-
Voltage/Constant-Current (CV/CC), and the like charging. As shown in FIG. 17,
maximum continuous discharge current {(A) can correlate with maximum continuous
charge current (A}, and vice-versa. Typically, a higher maximum continuous charge
current advantageously contributes to a shorter battery charging time, and a lower
maximum continuous charge current undesirably contributes to a longer battery
charging time. For example, longer battery charging times can result in more time
needed to charge an electric vehicle's battery and potentially before the electric vehicle

can be used again.

discharge energy (e.g., maximum capacity) and maximum continuous discharge current
of 6.8 A (=2C). AC-rate is a measure of the rate at which a baftery is discharged relative
to its maximum capacity. Here, battery cell A is rated 2C, so the maximum continuous
discharge current {e.g., 6.8 A} is twice the maximum capacity (e.g., 3.4 Ah). In conirast,

battery cell B can have a 2.0 Ah (7.2 Wh) rated discharge energy {(e.g., maximum
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capacity) and maximum continuous discharge current of 22 A {(=11C). By way of non-
limiting example, battery cell A can be a Samsung SDI 36G cell and/or battery cell B can
be a Samsung 5D1 20R cell.

[0094] In some embodiments, battery cells A and B have substantially the same
exterior dimensions (e.g., manufactured to the same or compatible exterior
specification), although having different electrical specifications, such as energy and
power. In various embodiments, battery cells A and B have substantially the same
nominal voltage (e.g., designed and manufactured to the same or compatible output
voltage specification, such as within a predetermined output voltage range), although
having other different electrical specitications, such as energy and power. In exemplary
embodiments, an output voltage of all strings 212a (i.e, strings 212a1-212ax in FIG. 16) is
substantially the same (e.g., within a predetermined output voltage range).

[0095] The two example battery cells-battery cells A and B-depicted in FIG. 17
are purely for illustrative purposes. Other battery cells having different specifications
typifying the power and energy tradeoff may also be used.

[0096] In some embodiments, battery cells in strings 212a (i.e., strings 212a1-212ax
in FIG. 16) are homogeneous. For example, battery cells in strings 212a through 212ax
are all high energy battery cells {e.g., battery cell A} or all high power battery celis {e.g.
battery cell B}, but not both. Generally, use of homogeneous high energy battery cells or
high power battery cells in an electric vehicle can offer either faster acceleration or
greater travel distance, but not both.

[0097] In various embodiments, the battery cells in each of strings 212a (i.e.,
strings 212a1-212ax in FIG. 16) comprise either high energy battery cells (e.g., battery cell
A) and be referred to as a high energy string, or high power battery cells (e.g., battery
cell B) and be referred to as a high power string. In this way, each of strings 212a can

each offer the advantages of either high energy battery cells or high power battery cells.
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10098} FIG. 18 shows a table 1800 of characteristics/specifications of battery pack
140¢ in FIG. 16 for different example combinations of high energy strings and high
power strings in battery pack 140c. Purely for the purpose of illustration and not
limitation, the examples of FIG. 18 have battery pack 140c comprise six strings 212a:-
212ae (i.e., X=0); strings 212a1-212as each comprise six battery modules 210d1,:-210ds,
210d21-210d2s, 210dds1-210ds6, 210ds5,1-210ds6, and 210de1-210des, respectively (i.e., Y=6);
and battery modules 210d11-210des each comprise 208 battery cells for a total of 7,488
battery cells in battery pack 140c.

10099} By way of non-limiting example, table 1800 includes
characteristics/specifications for different ratios of high energy strings to high power
strings (i.e., 6:0 (100% high energy strings), 5:1, 4.2, 3:3 (50% high energy strings and
50% high power strings), 2:4, 1:5, and 0:6 (100% high power strings)}. For example, row
1810 depicts an embodiment where battery pack 140c in FIG. 16 has high energy cells in
all six strings 212a1-212a¢ (1.e., 6:0 ratic) and has a total energy of 89 kWh. Row 1820
shows another example where battery pack 140c has five high energy strings and one
high power string (i.e., 5:1 ratio) and has a total energy of 83 kWh. When the ocutput
voltage of strings 212a:-212a¢ is substantially the same (e.g.,, 350 V za predetermined
tolerance), a change in configuration of battery pack 140c¢ from a 6:0 ratio to a 5:1 ratio
yields a 6.7% loss in total energy, a 37.4% improvement in the maximum continuous
discharge current (i.e, from 530 A to 728 A), and a 47.5% increase in maximum
continuous charge current. In some embodiments, a particular ratio of high energy
strings to high power strings is selected to balance energy and power in battery pack
140c¢ to suit different vehicle use-models or applications, such as high performance {e.g,,
quicker acceleration) and energy economy (e.g., greater mileage/travel distance per
charge).

[00100] Other numbers of strings and numbers of modules per string may

also be used. Other ratios of high energy strings to high power strings may also be used.
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Generally, using one type of high power battery cell and one type of high energy
battery {(as opposed to more than two types of battery cells along continuum 1710 in
FIG. 17) yields enough combinations o suitably trade off high power and high energy
for particular applications, such as high performance and energy economy. Moreover,
using fewer battery types (e.g., two) can advantageously avoid higher costs arising from
procuring, stocking, and the like a greater number of battery cell types.

100101} In some embodiments, high energy strings are disposed together
on one end of battery pack 140¢ and high power strings are disposed together at the
opposite end of battery pack 140c. For example, for the configuration illustrated by row
1830 of table 1800 (i.e., 3:3 ratio), strings 212a1-212az can be high energy strings and
strings 212a+-212a¢ can be high power strings, or strings 212a1-212as can be high power
strings and strings 212a+-212a6 can be high energy strings.

[60102] In various embodiments, high energy strings are interleaved with
high power strings in battery pack 140c. For exampile, for the contiguration illustrated
by row 1830 of table 1800 (i.e., 3:3 ratio), strings 212a:, 212as, and 212as can be high
energy strings and strings 212az, 212a4, and 212as can be high power strings, or strings
212, 212as, and 212as can be high power strings and strings 212a, 212a4, and 212as can
be high energy strings.

[00103] Other arrangements of high energy strings and high power strings
may be used. By way of non-limiting example, strings 212a1, 212az, and 212a4 can be
high energy strings and strings 212as, 212as, and 212ae can be high power strings, or
strings 212a1, 212a2, and 212a4 can be high power strings and strings 212as, 212as, and
212a6 can be high energy strings.

100104] FIG. 19 illustrates battery cell 450a in accordance with various
embodiments. Battery cell 450a can include all or some of the features and
characteristics of battery cell 450 described with reference to FIG. 7. For example,

battery cell 450a includes can 720 {e.g., cylindrical body) and top cover 1610 which may,
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for example, function as cathode terminal 780. Can 720 and top cover 1610 may be
electrically isolated from each other by insulating seal 1630, which may comprise a
polymer. In various embodiments, top cover 1610 comprises metal, such as steel,
aluminum, alloys thereot, and the like. In some embodiments, can 720 comprises metal,
such as nickel plated steel, which advantageously is an electrical conductor and does
not chemically react with the materials of battery cell 450a (e.g., constituents of jelly roll
1620). Can 720 may include indentation 1625 which can be used to mechanically
handle, affix, and the like battery cell 450a. In various embodiments, battery cell 450a is
an 18650 type li-ion battery having a cylindrical shape with an approximate diameter of
18.6 mm and approximate length of 65.2 mm. Other rechargeable battery form factors
{e.g., 21700) and chemistries can additionally or alternatively be used.

[00105] Jelly roll 1620 is an electrochemical cell which can comprise at least
an anode sheet, cathode sheet, and a separator in between the anode and cathode sheets
{(not depicted in FIG. 19). The anode and cathode sheets and separator may be wound
into a roll, forming at least part of jelly roll 1620. By way of non-limiting example, an
electrically conductive tab 1635 may be electrically coupled with a cathode (sheet) (not
shown in FIG. 19) of jelly roll 1620 and top cover 1610 (e.g., cathode terminal 780). By
way of further non-limiting example, another electrically conductive tab (not depicted
in FIG. 19) may be electrically coupled with an anode (sheet) (not illustrated in FIG. 19}
of jelly roll 1620 and can 720. As shown in FIG. 7, in some embodiments a top portion
of can 720 can be anode terminal 770.

[00106] Similar to fuse 650 in FIG. 6B, battery cell 450a can include features
to prevent inadvertent electrical over-stress. For example, battery cell 450a can include
a current-interrupt device (CID) and/or a positive-temperature coetficient (PTC) ring
1650. Top cover 1610 may be electrically coupled to jelly roll 1620 through at least

electrically conductive tab 1635, the CID, and PTC ring 1650 serially.
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1001071 The CID comprises CID upper member 1640 and CID lower
member 1645, CID upper member 1640 and CID lower member 1645 each comprise an
electrically conductive material, which preferentially does not chemically react with the
materials of battery cell 450a (e.g., constituents of jelly roll 1620). For example, CID
upper member 1640 and CID lower member 1645 each comprise steel, aluminum, alloys
thereof, and the like. CID lower member 1645 includes one or more openings (not
shown in FIG. 19) through which pressure may pass. CID upper member 1640 can be
scored (e.g., notched, scratched, and the like), such that scored portions (not depicted in
FIG. 16) of CID upper member 1640 may break when exposed to pressures at or above a
predetermined limit.

[00108] in operation, the CID breaks the electrical coupling between
electrically conductive tab 1635 and top cover 1610 (e.g., cathode terminal 780), when a
pressure inside can 720 exceeds a predetermined threshold. For example, pressure
inside can 720 passes through the one or more openings in CID lower member 1645 to
CID upper member 1640. The pressure can break CID upper member 1640 where it is
structurally compromised by the scoring, breaking the electrical connection between
jelty roll 1620 and can 720.

1060109] Unfortunately, the CID has the disadvantage of providing
unreliable protection. For example, CID upper member 1640 may fail to break or only
partially break when exposed to the predetermined pressure, leaving jelly roll 1620 and
can 720 electrically coupled. In such cases, the CID fails to prevent electrical over-stress
of battery cell 450a.

[00110] PTC ring 1650 can comprise cormposite of semi-crystalline polymer
{e.g., crystalline polyethylene) and conductive particles (e.g., carbon black). A
resistance of PTC ring 1650 increases with temperature and the resistance of the PTC
ring 1650 rises sharply above a predetermined temperature limit. In operation when a

short circuit occurs within battery cell 450a, PTC ring 1650 can self-heat in response to a
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resulting elevated current through PTC ring 1650. PTC ring 1650 can transition to a
high-resistance state where a voltage of battery cell 450a is substantially across PTC ring
1650, but current flow through PTC ring 1650 is signiticantly reduced.

100111} Unfortunately, high voltage applications can cause PTC ring 1650
to fail permanently to a low resistance state. In such cases, PTC ring 1650 fails to
prevent electrical over-stress of battery cell 450a. Moreover, PTC ring 1650 can
contribute to catastrophic failure of battery cell 450a when PTC ring 1650 generates
enough heat to raise a temperature of battery cell 450a and induce thermal runaway.

{00112} FIG. 20 illustrates battery cell 450b in accordance with some
embodiments. Battery cell 450b can include all or some of the features and
characteristics of battery cell 450 described in reference to FIG. 7. Battery cell 450b can
additionally include all or some of the features and characteristics of battery cell 450a
described in reference to FIG. 19. For example, can 720 and top cover 1610 may be
electrically isolated from each other by insulating seal 4710, which may comprise a
polymer.

[00113] Battery cell 450b can include features to prevent inadvertent
electrical over-stress. Top cover 1610 may be electrically coupled to jelly roll 1620
through at least electrically conductive tab 1635, pressure disk 4720, and fuse 4730
serially. While fuse 4730 can electrically couple top cover 1610 and pressure disk 4720,
insulating ring 4715 can electrically isolate top cover 1610 and pressure disk 4720 from
each other.

[00114] Pressure disk 4720 can include scoring 4725 {e.g., notches,
scratches, etc.). Pressure disk 4720 may comprise an electrically conductive material,
which preferentially does not chemically react with the materials of battery cell 450a
{e.g., constituents of jelly roll 1620), such as steel, aluminum, alloys thereof, and the like.
Pressure disk 4720 including scoring 4725 is illustrated in FIG. 21. In operation,

pressure disk 4720 can act as a pressure relief. When exposed to pressures at or above a
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predetermined limit, scored portions of pressure disk 4720 may break, relieving
pressure within battery cell 450b. A partial breakage of pressure disk 4720 is sufficient
to relieve pressure within battery cell 450b. In some embodiments, a break in pressure
disk 4720 does not necessarily interrupt the flow of current from jelly roll 1620 to top
cover 1610.

[00115] Referring back to FIG. 20, fuse 4730 is a type of low-resistance
resistor and acts as a sacrificial device to provide overcurrent protection. In some
embodiments, fuse 4730 is a metal strip or wire having a small cross section. Fuse 4730
may comprise zing, silver, iron, tin, copper, aluminum, alioys thereof, and the like.

100116} In operation, the resistance of fuse 4730 produces heat when
current flows through fuse 4730. When current flow through fuse 4730 is associated
with regular operation of battery cell 450b, fuse 4730 can be designed and/or selected
such that the heat produced by such current does not melt {or otherwise damage) fuse
4730. When a current flow through fuse 4730 is at or above a predetermined limit, fuse
4730 can be designed and/or selected such that the heat produced by such current flow
melfs fuse 4730, breaking the electrical coupling provided by fuse 4730. For example, in
the event of thermal runaway of battery cell 450b (e.g., due to an internal short circuit),
fuse 4730 may “blow,” breaking the electrical connection between jelly roll 1620 and top
cover 1610 (e.g., cathode terminal 780 in FIG. 7) and electrically isolating jelly roll 1620.
Battery cell 450b in FIG. 20 can offer the benetits of higher reliability, improved
effectiveness, and lower cost (e.g., from reduced manufacturing complexity, lower
material costs, etc.) over battery cell 450a depicted in FIG. 19. For example, fusing
currents (described below in relation to FIG. 22) and fusing times (e.g., 0.1 second to 30
minutes) for fuse 4730 may be precisely determined.

[00117] Design considerations for fuse 4730 can include rate current, fusing
current, breaking capacity, rated voltage, speed, and environmental temperature. Rate

current is the maxiraum current that fuse 4730 can continuously conduct without
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breaking or “blowing.” Fusing current is the current that will cause fuse 4730 to
overheat and melt, which will break the circuit. For example, a rate current and fusing
current of fuse 4730 should be higher than the maxirmum continuous operating current
of the cell. Breaking capacity or interrupting rating is the maximum current that can
safely be interrupted by fuse 4730. For example, breaking capacity should be higher
than the prospective short circuit current, so that when battery cell 450b is short-
circuited, the tuse can sately interrupt the current. In some embodiments, a maximum
short circuit current for a single battery cell is estimated as, Max short circuit current =
{max cell voltage — min cell voltage) / DC-IR @ 50%50C. A rated voltage of fuse 4730
should be greater than a maximum operating voltage of battery cell 450b. Speed of fuse
is the time fuse 4730 takes to break or “blow.” The speed depends on the current tlow
and the material the fuse is made of. The speed can be from 0.1 seconds to 30 minutes,
depending on the characteristics and application of battery cell 450b. For example,
taster speeds are for applications where even a short exposure to an overload current
could be very damaging. In contrast, slow speeds can be for applications where
allowing a current which is above the rated value of the fuse to flow for a short period
of time without the fuse blowing is acceptable and/or advantageous. The (ambient)
temperature the environment in which battery cells 450b may also be considered when
designing fuse 4730.

160118} FIG. 22 shows table 1900 of exarmple fuse wire diameters, materials,
and characteristics according to some embodiments. The current-carrying capacity of a
wire depends at least on its cross-sectional area. Table 1900 presents wire size (i.e.,
diameter) in column 1910 using American Wire Gauge (AWG), a standardized wire
gauge system for the diameters of round, solid, nonterrous, electrically conducting
wire. Increasing gauge numbers denote decreasing wire diameters. Wire diameters in

inches and millimeters are shown in columns 1920 and 1930, respectively.
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{60119] The fuse currents in columns 1940, 1950, 1960, and 1970 are
estimates for currents which will generate sufficient heat to melt the respective wire in
free air. Estimated fuse currents in Amps for copper, aluminum, iron, and tin wires are
iltustrated in columns 1940, 1950, 1960, and 1970, respectively. Conditions in the
environment around battery cell 450b that dissipate and/or concentrate heat (e.g.,
thermal insulation, liquid cooling system, etc.) can affect the estimated fuse currents.

0601201 A specitication for maximum current flow through battery cell 450b
in FIG. 20 can depend on the application. According to various embodiments, a
maximum current through battery cell 450b (e.g., in a battery pack such as battery pack
140a, 140b, and 140¢ in FIGs. 1, 24, 2B, 3, and 16} in an electric vehicle can depend on
battery pack capacity, mileage, acceleration, charge time, and the like. For the purposes
of llustration and not limitation, a maximum current for battery cell 450b is 24 A and
currents above 24 A could present a danger. In some embodiments, a wire for fuse 4730
in FIG. 20 should melt slightly above the maxdmum current specification. In this non-
limiting example, a suitable copper wire is No. 25 AWG. Sizes for other wire materials
may be determined from table 1900 (e.g., No. 14 AWG for tin wire, No. 18 AWG for iron
wire, and No. 23 AWG for aluminum wire). Additionally, wire sizes may also be
determined for other maximum current specifications.

[00121] As would be readily appreciated by one of ordinary skill in the art,
various embodiments described herein may be used in additional applications, such as
in energy-storage systems for wind and solar power generation. Other applications are
also possible.

[00122] The description of the present technology has been presented for
purposes of illustration and description, but is not intended to be exhaustive or limited
to the invention in the form disclosed. Many modifications and variations will be
apparent to those of ordinary skill in the art without departing from the scope and spirit

of the invention. Exemplary embodiments were chosen and described in order to best
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explain the principles of the present technology and its practical application, and to
enable others of ordinary skill in the art to understand the invention for various
embodiments with various modifications as are suited to the particular use

contemplated.
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CLAIMS

What is claimed is:

1. A heterogeneous battery pack comprising:
a first plurality of strings electrically coupled to each other in parallel, each of the
tirst plurality of strings providing substantially a first output voltage and comprising:

a first plurality of battery modules electrically coupled to each other in
series, each of the first plurality of battery modules providing substantially a second
output voltage and comprising:

a plurality of high power battery cells, each of the plurality of high
power battery cells providing substantially a third output voltage and having a higher
power specification than a plurality of high energy battery cells; and

a second plurality of strings electrically coupled to each other and to the first
plurality of strings in parallel, each of the second plurality of strings providing
substantially the first output voltage and comprising:

a second plurality of battery modules electrically coupled to each other in
series, each of the second plurality of battery modules providing substantially the
second output voltage and comprising:

the plurality of high energy battery cells, each of the plurality of
high energy battery cells providing substantially the third output voltage and having a

higher energy specification than the plurality of high power battery cells.

2. The heterogeneous battery pack of claim 1, wherein a ratio of a first number of
strings in the first plurality of strings to a second number of strings in the second
plurality of strings is such that the heterogenecus battery pack has a higher energy than

another homogeneous battery pack comprising only high power battery cells.

3. The heterogeneous battery pack of claim 1, wherein a first number of strings in the
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first plurality of strings is equal to a second number of strings in the second plurality of

strings.

4. The heterogeneous battery pack of claim 1, wherein a ratio of a first number of
strings in the first plurality of strings to a second number of strings in the second
plurality of strings is such that the heterogeneous battery pack has a higher power than

another homogeneous battery pack comprising only high energy battery cells.

5. The heterogeneous battery pack of claim 1, wherein the plurality of high power
battery cells and the plurality of high energy battery cells comprise respective

rechargeable lithium-ion battery cells.

6. The heterogeneous battery pack of claim 5, wherein exterior dimensions of each of
the plurality of high power battery cells and each of the plurality of high energy battery

cells correspond to an 18650 battery cell.

7. The heterogeneous battery pack of claim 1, wherein each of the first and the second
plurality of battery modules comprises at least two hundred high power battery cells

and high energy battery cells, respectively.

8. The heterogeneous battery pack of claim 7, wherein each of the first and the second
plurality of strings comprises at least three first battery modules and at least three

second battery modules, respectively.

9. The heterogeneous battery pack of claim 8, wherein a first number of strings in the
tirst plurality of strings and a second number of strings in the second plurality of strings

are each at least three.

10. The heterogeneous battery pack of claim 1 further comprising a liquid cooling

system thermally coupled to each high power battery cell of the plurality of high power
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battery cells and each high energy battery cell of the plurality of high energy battery

cells.

11. A heterogeneous battery pack comprising:
a first plurality of strings electrically coupled to each other in parallel, each of the
tirst plurality of strings providing substantially a first output voltage and comprising:

a first plurality of battery modules electrically coupled to each other in
series, each of the first plurality of battery modules providing substantially a second
output voltage and comprising:

two first half modules, each of the two first half modules
electrically coupled to each other and comprising:

a plurality of high power battery cells, each of the plurality
of high power battery cells providing substantially a third output voltage and having a
higher power specification than a plurality of high energy battery cells; and
a second plurality of strings electrically coupled to each other and to the first
plurality of strings in parallel, each of the second plurality of strings providing
substantially the first output voltage and comprising:

a second plurality of battery modules electrically coupled to each other in
series, each of the second plurality of battery modules providing substantially the
second output voltage and comprising;

two second half modules, each of the two second half modules
electrically coupled to each other and comprising:
the plurality of high energy battery cells, each of the
plurality of high energy battery cells providing substantially the third cutput voltage
and having a higher energy specification than the plurality of high power battery cells.
12. The heterogeneous battery pack of claim 11, wherein a ratio of a first number of

strings in the first plurality of strings to a second number of strings in the second
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plurality of strings is such that the heterogeneous battery pack has a higher energy than

another homogeneous battery pack comprising only high power battery cells.

13. The heterogeneous battery pack of claim 11, wherein a first number of strings in the
first plurality of strings is equal to a second number of strings in the second plurality of

strings.

14. The heterogeneous battery pack of claim 11, wherein a ratio of a first number of
strings in the first plurality of strings to a second number of strings in the second
plurality of strings is such that the heterogeneous battery pack has a higher power than

another homogeneous battery pack comprising only high energy battery cells.

15. The heterogeneous battery pack of claim 11, wherein the plurality of high power
battery cells and the plurality of high energy battery cells comprise respective

rechargeable lithium-ion battery cells.

16. The heterogeneous battery pack of claim 15, wherein exterior dimensions of each of
the plurality of high power battery cells and each of the plurality of high energy battery

cells correspond to an 18650 battery cell.

17. The heterogeneous battery pack of claim 11, wherein each of the first and the
second plurality of battery modules comprises at least two hundred high power battery

cells and high energy battery cells, respectively.

18. The heterogeneous battery pack of claim 17, wherein each of the first and the
second plurality of strings comprises at least three first battery modules and at least

three second battery modules respectively.

19. The heterogeneous battery pack of claim 18, wherein a first number of strings in the
tirst plurality of strings and a second number of strings in the second plurality of strings

are each at least three.
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20. A heterogeneous battery pack comprising:

a first plurality of strings electrically coupled to each other in parallel, each of the
tirst plurality of strings providing substantially a first output voltage and comprising:

a first plurality of battery modules electrically coupled to each other in
series, each of the first plurality of battery modules providing substantially a second
output voltage and comprising:

a plurality of high power battery cells, each of the plurality of high
power battery cells providing substantially a third output voltage and having a higher
power specification than a plurality of high energy battery cells;

a second plurality of strings electrically coupled to each other and to the first
plurality of strings in parallel, each of the second plurality of strings providing
substantially the first output voltage and comprising:

a second plurality of battery modules electrically coupled to each other in
series, each of the second plurality of battery modules providing substantially the
second output voltage and comprising:

the plurality of high energy battery cells, each of the plurality of
high energy battery cells providing substantially the third output voltage and having a
higher energy specification than the plurality of high power battery cells; and

a liquid cooling system thermally coupled to each high power battery cell of the
plurality of high power battery cells and each high energy battery cell of the plurality of
high energy battery cells,

wherein:

the plurality of high power battery cells and the plurality of high energy
battery cells comprise respective rechargeable lithium-ion battery cells,

exterior dimensions of each of the plurality of high power battery cells
and each of the plurality of high energy battery cells correspond to an 18650 battery cell,

each of the first and the second plurality of battery modules comprises at
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least two hundred high power battery cells and high energy battery cells, respectively,
each of the first and the second plurality of strings comprises at least three
first battery modules and at least three second battery modules, respectively, and
a first number of strings in the first plurality of strings and a second

number of strings in the second plurality of strings are each at least three.

21. A battery pack comprising:
a plurality of strings electrically coupled to each other in parallel, each of the first
plurality of strings comprising:
a plurality of battery modules electrically coupled to each other in series,
each of the first plurality of battery modules comprising:
a plurality of battery cells, each of the plurality of battery cells
comprising:
a fuse electrically isolating a respective battery cell of the

plurality of battery cells from a respective battery module.

22. The battery pack of claim 21, wherein the fuse comprises at least one of zing, silver,

copper, aluminum, iron, tin, or alloys thereot.

23. The battery pack of claim 21, wherein the fuse has a maximum current specification,
the maximum current specification being higher than a maximum current specification

of the respective battery cell.

24. The battery pack of claim 21, wherein the fuse has a speed specification, the speed

specification being a time for the fuse to break and being in a range from 0.1 seconds to

30 minutes.
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25. The battery pack of claim 21, wherein each of the plurality of battery cells further
comprises a pressure disk, the pressure disk at least partially breaking when exposed to

a pressure exceeding a predetermined threshold.

26. The battery pack of claim 25, wherein the pressure disk comprises at least one of

steel, aluminum, or alloys thereof.
27. The battery pack of claim 26, wherein the pressure disk includes a scored region,
the scored region having roughly a shape of a ring centered in the pressure disk and

breaking when exposed to the pressure exceeding the predetermined threshold.

28. The battery pack of claim 21, wherein each of the plurality of battery cells is a

rechargeable lithium-ion battery.

29. The battery pack of claim 28, wherein each of the plurality of battery cells further

comprises a jelly roll, the jelly roll being an electrochemical cell.

30. The battery pack of claim 21, wherein each of the plurality of battery cells is an

18650 battery.

- 4/.1 -



WO 2017/132575 PCT/US2017/015449

31. A battery pack comprising:
a plurality of strings electrically coupled to each other in parallel, each of the
plurality of strings comprising:
a plurality of battery modules electrically coupled to each other in series
COMprising:
two half modules, each of the two half modules electrically coupled
to each other and comprising;
a plurality of battery cells, each of the plurality of battery
cells comprising:
a fuse electrically isolating a respective battery cell of

the plurality of battery cells from a respective battery module.

32. The battery pack of claim 31, wherein the fuse comprises at least one of zing, silver,

copper, aluminum, iron, tin, or alloys thereof.

33. The battery pack of claim 31, wherein the fuse has a maximum current specification,
the maximum current specification being higher than a maximum current specification

of the respective battery cell.

34. The battery pack of claim 31, wherein the fuse has a speed specification, the speed
specification being a time for the fuse to break and being in a range from 0.1 seconds to

30 minutes.

35. The battery pack of claim 31, wherein each of the plurality of battery cells further

comprises a pressure disk, the pressure disk at least partially breaking when exposed to

a pressure exceeding a predetermined threshold.
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36. The battery pack of claim 35, wherein the pressure disk comprises at least one of

steel, aluminum, or alloys thereof.

37. The battery pack of claim 36, wherein the pressure disk includes a scored region,
the scored region having roughly a shape of a ring centered in the pressure disk and

breaking when exposed to the pressure exceeding the predetermined threshold.

38. The battery pack of claim 31, wherein each of the plurality of battery cellsis a

rechargeable lithium-ion battery.

39. The battery pack of claim 38, wherein each of the plurality of battery cells further

comprises a jelly roll, the jelly roll being an electrochemical cell.

40. A battery pack comprising:
a plurality of strings electrically coupled to each other in parallel, each of the first
plurality of strings comprising:
a plurality of battery modules electrically coupled to each other in series,
each of the first plurality of battery modules comprising:
a plurality of battery cells, each of the plurality of battery cells
comprising:
a fuse electrically isolating a respective battery cell of the
plurality of battery cells from a respective battery module,
whereir:
the fuse comprises at least one of zing, silver, copper, aluminurm, iron, tin,

or alloys thereof,
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the fuse has a maximum current specification, the maximum current
specification being higher than a maximum current specification of the respective
battery cell,

the fuse has a speed specification, the speed specification being a time for
the fuse to break and being in a range from 0.1 seconds to 30 minutes,

each of the plurality of battery cells further comprises a pressure disk, the
pressure disk at least partially breaking when exposed to a pressture exceeding a
predetermined threshold,

the pressure disk comprises at least one of steel, aluminum, or alloys
thereof,

the pressure disk includes a scored region, the scored region having
roughly a shape of a ring centered in the pressure disk and breaking when exposed to
the pressure exceeding the predetermined threshold,

each of the plurality of battery cells is a rechargeable 18650 lithium-ion
battery, and

each of the plurality of battery cells further comprises a jelly roll, the jelly

roll being an electrochemical cell.
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GLUE BATTERY CELLS TO BASE OF HALF SHELL
1510

ADHERE CELL RETAINER TO HALF SHELL
1520

INSTALL FLEXIBLE CIRCUIT
1530

i

BOND MODULE COVER TO HALF SHELL

1540

WELD TWO HALF SHELLS TO CENTER DIVIDER
1550
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1900,

1910 1930 1950 1970

S S R

Diameter | Diameter | Fusing | Fusing Fusing | Posiag
(Inches) | (mifli- Current | Current Current | Current
meters}y | for for for Iron | for Tin
Copper | Alumimim | Wire Wire
Wire Wire (Amps) | (Amps)
(Amps) | (Amps)
0 0.3249 8.25246 | 1897 1404 582 304
.2883 7.34822 11594 1180 489 255
2 0.2576 654304 11339 992 411 215
3 0.2294 5.82676 | 1125 833 345 180
4 0.2043 5.18922 1945 700 290 152
A 0.1819 4.62026 | 794 588 244 127
6 (.162 4.1148 668 495 205 107
7 0.1443 3.66522 1562 416 172 90.0
3 0.1285 3.2639 473 349 145 75.6
9 0.1144 290576 |39 293 121 63.5
i 0.1019 2.58826 1333 247 102 53.4
i1 0.0907 2.30378 | 280 207 86 44.8
12 0.0808 205232 1235 174 72.3 379
i3 $.072 1.8288 198 147 6.8 31.7
14 0.0641 1.62814 {166 123 51.9 26.7
15 0.0571 1.45034 | 140 103 42.9 224
16 0.0508 129032 1117 367 36.0 15.8
i 0.0453 1.15062 | 99 73 30.3 15.8
i8 0.0403 102362 182 61 25.4 13.3
19 0.0359 91186 1696 52 214 112
20 $.032 0.8128 58.6 434 18.0 9.40
21 0.0285 $.7239 483 36.5 15.1 7.90
22 0.0254 0.64516 1415 30.7 127 0.65
23 0.0226 0.57404 1348 25.80 10.7 5.58
24 0.0201 0.51054 129.2 21.6 8.97 4.68
25 0.0179 045466 | 24.5 18.1 7.54 3.93
26 0.0159 0.40386 1 20.5 152 6.31 3.29
27 .0142 036068 117.3 12.8 5.33 2.78
28 0.0126 0.32004 1 14.5 10.7 445 2.32
29 0.0113 028702 112.3 8.11 3.78 1.97
30 0.01 0.254 10.2 7.59 315 1.64
31 0.0089 0.22606 1 8.6 6.37 2.64 1.38
32 0.008 0.2032 7.3 543 7.31 1.17

[

1920 1940 1960

FIG. 22
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