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(57) Abrégé/Abstract:

Many embodiments involve rechargeable battery assemblies that are forklift-battery-sized but that comprise multiple removable
battery modules. The removable battery modules are individually rechargeable and are interchangeable with each other. A housing
contains six battery modules installed vertically on the front side of the assembly, with their electrical and data connections
occurring within the housing on the rear side. Assemblies will be two sided so that the system has two racks with six modules per
rack. The handles of each module are collapsible and on the top edges of the overall assembly so that they are readily accessible
during removal. Each battery module has an integrated battery supervisor system (BSS). A Battery Operating System Supervisor
(BOSS) module processor serves as a battery management system for the all the battery modules. The BOSS module grants

permissions to battery modules to enable them to connect and disconnect from busbars at the appropriate times to prevent
electrical issues.
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(57) Abstract: Many embodiments involve rechargeable battery assemblies that are forklift-battery-sized but that comprise multiple
removable battery modules. The removable battery modules are individually rechargeable and are interchangeable with each other. A
housing contains six battery modules installed vertically on the front side of the assembly, with their electrical and data connections
occurring within the housing on the rear side. Assemblies will be two sided so that the system has two racks with six modules per
rack. The handles of each module are collapsible and on the top edges of the overall assembly so that they are readily accessible during
removal. Each battery module has an integrated battery supervisor system (BSS). A Battery Operating System Supetrvisor (BOSS)
module processor serves as a battery management system for the all the battery modules. The BOSS module grants permissions to
battery modules to enable them to connect and disconnect from busbars at the appropriate times to prevent electrical issues.
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MODULAR LITHIUM-ION BATTERY SYSTEM FOR FORK LIFTS

MODULAR LITHIUM-ION BATTERY SYSTEM FOR FORK LIFTS

INVENTORS: Kennon Guglielmo, Adam Schumann, Brent Ludwig, & Matthew Martin

CLAIM OF PRIORITY TO PRIOR APPLICATIONS
[0001] The present application claims the benefit of previously filed co-pending
U.S. Provisional Application, Serial Number 62/532,199, filed on July 13, 2017, as well
as previously filed co-pending U.S. Provisional Application, Serial Number
62/692,702, filed on June 30, 2018. By this reference, the full disclosures, including
the claims and drawings, of U.S. Provisional Application, Serial Numbers 62/532,199

and 62/692,702, are incorporated herein as though now set forth in their entirety.
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BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] The present invention relates to battery-powered industrial trucks and
their rechargeable batteries, as well as to related aspects of their use. More
particularly, the invention is most directly related to Class | forklifts but may also find

applicability in relation to other classes of battery-powered industrial trucks.

2. Description of Related Art

[0003] Before reviewing the particular field of the invention, it may be helpful to
consider background information on rechargeable lithium-ion batteries in general.
Rechargeable lithium-ion batteries were developed in the 1970’s, and many of their
benefits and potential industrial uses were well understood even then. Although
commercial adoption was initially slow, they became much more widely popular by
the 1990’s. They are principally characterized by reference to the type of intercalated
lithium compound used as the cathodes in their battery cells. Lithium metal oxides

have been the most successful, with lithium cobalt oxide (LCO, or LiCoO2) being most
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popular for use in industry, although its use has not been without drawbacks,
particularly with respect to thermal runaway and related safety concerns. Through the
course of development, substantial improvements have been realized by doping of
lithium cathode formulations with additional metals such as nickel, manganese, and
aluminum. Various innovations have also involved core-shell particle cathodes,
improved anodes, and the use of solid lithium polymer electrolytes, and still other
innovations have led to smaller cathode particle sizes, increased electrode surface
areas, and other improvements in overall battery capacity.

[0004] Today, the most popular lithium-ion batteries are of the LCO type, with
lithium nickel cobalt aluminum oxide (NCA, or LiNiCoAlO2) and lithium nickel
manganese cobalt oxide (NMC, or LiNIMnCoO2) being particularly popular. Other
alternative cathode compositions have included other lithium metal oxides such as
lithium manganese oxide (LMO) and lithium manganese nickel oxide (LMNO), and
other lithium-ion chemistries can be considered for particular needs. Lithium metal
phosphates, for instance, have also long been theoretically available for improved
cycle counts, shelf life, and safety, although other performance trade-offs have made
them less popular than LCO types amongst manufacturers. As one particular type of
lithium metal phosphate, lithium iron phosphate (LFP, or LiFePO4) batteries have long
been known as an available type of rechargeable lithium-ion battery, with various pros
and cons relative to NCA, NMC and other LCO batteries, which have generally
weighed against use of LFP.

[0005] As a particular example of successful implementation of lithium-ion
batteries in other fields, Tesla, Inc. has popularized the use of NCA batteries for its
Model S electric cars. Their NCA batteries work well largely due to their high energy

density, although they tend to have relatively low thermal stability, with a thermal
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runaway temperature of around 150°C. Tesla's battery manufacturing method helps
balance the benefits and risks by safely interconnecting hundreds of smaller battery
cells in a much larger assembly, in a way that enables the necessary energy density
while minimizing the risk of arcing and overheating. Within the larger assembly, the
hundreds of smaller battery cells are connected in groups, each group including a
parallel arrangement of numerous cells connected by wire bonds to adjacent busbars.
The busbars of those groups are then combined in series to produce a much larger
assembly that meets the power demands for an electric car. The method permanently
connects each terminal of each cell into the overall assembly, although rather than
using traditional methods of soldering, resistive spot welding, or laser welding, Tesla
uses ultrasonic vibration welding, and the wire bonds are made of low resistance wire
that allows for expected currents to pass through without significant overheating. Each
wire bond is only about a centimeter in length, with one end bonded to the battery
terminal and the other end bonded to an aluminum bl)sbar conductor, which in turn is
electrically joined in a circuit with other busbars. In the event of overcurrent such as
with a short circuit or the like, each wire bond can serve as a fuse that breaks to prevent
excessive overheating.

[0006] Although LFP batteries tend to have lower energy densities than NCA
and NMC batteries, they have also long been known to have greater thermal stability.
Thermal runaway for LFP batteries typically does not occur until around 270°C, which
improves safety and decreases the likelihood of catastrophic failure. LFP batteries
are also more stable under short circuit or overcharge conditions and will not readily
decompose at high temperatures. As other arguable advantages, LFP batteries also
tend to have greater power density (i.e., they can source higher power levels per unit

volume) as well as greatly increased cycle life in comparison to lead-acid batteries.
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While common lead-acid batteries have an average life of 300 cycles with 20%
degradation of stored charge, LFP batteries can last over 2000 cycles with the same
20% degradation of stored charge.

[0007] Meanwhile in the field of the present invention, despite long availability
of lithium ion batteries in general, Class | forklifts are still typically powered by lead-
acid batteries. One reason is that many forklifts, especially Class 1 forklifts, require a
substantial counterbalance for safe use. While lead-acid forklift batteries commonly
weigh more than a thousand pounds, many forklifts have therefore been designed to
use the weight of lead-acid batteries to maintain stability. However, their massive
weight also presents numerous challenges, particularly in the context of extracting,
replacing and otherwise handling them. While personnel cannot safely lift anything
near that heavy, special hoists and battery changing equipment are required, which in
turn involves more expense and floor space, not to mention the risks of back injury
and the like.

[0008] Beyond the weight-related risks, because of the corrosive nature of
sulfuric acid, lead-acid batteries also present risks of damage to eyes, lungs, skin and
clothing of personnel who work with them. Plus, hydrogen gas is commonly released
during battery recharge, which can combine explosively with oxygen, as well as cause
accelerated corrosion of surrounding components. Consequently, special safety
protocols are needed with lead acid batteries, and special attention is needed to
ensure adequate ventilation of hydrogen and sulfuric fumes around forklifts and their
recharging stations.

[0009] Moreover, lead-acid forklift batteries are also expensive in terms of time,
space and inventory. A lead-acid forklift battery can generally only be used

continuously for around six hours before requiring 8-9 hours to recharge. They can
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also require extensive hours of maintenance and have a much shorter life cycle when
compared to lithium-ion technologies. They also tend to require dedication of large
areas in warehouses for charging and maintenance, and each forklift generally
requires two spare batteries for a facility conducting 24-hour operations.

[0010] As a result of many of the above-mentioned and other reasons, others
have long considered use of lithium-ion forklift batteries as an alternative, but any
resulting attempts have been weak at best, and many of the challenges of the
characteristically massive lead-acid forklift batteries still plague forklift-related

industries.

[0011] Therefore, despite the well-known characteristics and long availability of
rechargeable LFP and other lithium-ion battery technologies, there are still substantial
and long-felt unresolved needs for battery technology improvements in the forklift
industry. Commonly owned U.S. Provisional Patent Application 62/532,199 is

incorporated herein by reference in its entirety.

SUMMARY OF THE INVENTION
[0012] The innovations of the present invention improve safe and reliable
operations of conventional electric forklifts in various ways, in part by enabling
rechargeable lithium-ion forklift batteries that are interchangeable with lead-acid forklift
batteries for which such forklifts are conventionally adapted to be used. Many
embodiments of the present invention involve rechargeable battery assemblies that
are forklift-battery-sized but that comprise multiple removable battery modules. The
removable battery modules are individually rechargeable and are interchangeable with
each other. Each such battery module is self-contained, is equipped with an integral

handle for easy removal from the outer assembly, and is preferably sized and
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otherwise adapted to be manually removable by forklift operators and maintenance
personnel. Hence, each individual battery module can be selectively removed for
purposes of recharging it or replacing it with a fully charged replacement module.
[0013] Preferred adaptations are such that, if the operator or maintenance
personnel desires to recharge the entire assembly, that entire assembly can be
removed and recharged in the same manner as conventional lead-acid forklift
batteries, or the preferred method of charging the entire assembly while it remains in
the forklift; whereas one or more of the separately removable modules can
alternatively be removed by hand for recharge or replacement. Aspects of the
invention further allow for removal of multiple modules out of the larger battery
assembly, to allow for its recharge or replacement, while still allowing continued forklift
operation. Moreover, due to other innovative aspects of Applicant’'s approach, the
individual battery modules and/or the larger assembly can be recharged with lithium-
ion chargers but are also readily compatible to be recharged with conventional lead
acid battery chargers.

[0014] Preferred embodiments of the larger battery assemblies include a
housing that is forklift-battery-sized, together with a symmetrical arrangement of
individually removable and interchangeable modules. Preferably, the housing
contains six battery modules installed vertically on the front side of the assembly, with
their electrical and data connections occurring within the housing on the rear side.
Preferred embodiments will be two sided so that the system has two racks with six
modules per rack for a total of 12 modules. The handles of each module are
collapsible and oriented on the top edges of the overall assembly so that they are

readily accessible during manual removal of the corresponding modules.
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[0015] A preferred embodiment has battery modules secured in place using
doors with latches. Each battery module has a low friction surface to ensure smooth
and controlled movement during release of the battery modules. There is interlock
functionality built into pins in a low voltage connector. This interlock is wired so that
three conditions must be met before the battery module will engage the
communication bus. These conditions include mating of the low current connector,
engagement of the physical locking system on the housing rack, and successful link
to the communication bus. The interlock pin loops through the physical latch in the
slot where the module connects so that the BOSS module knows that the module is
connected. When a module is inserted and the latch closes, the interlock pin is shorted
with module ground pin. This mechanism helps prevent arcing in many embodiments
of the present invention. Without associated benefits, arcing might otherwise lead to
overcurrent scenarios which, in turn, run the risk of causing destruction of electrical
connectors in the absence of proper safeguards.

[0016] Each battery module has an integrated battery supervisor system (BSS).
The system monitors the health to include cell voltage, current, and temperature.
During charging, the system monitors the state of charge, compensates for voltage
differences, and ensures the pack remains operational if and only if the battery cells
are properly balanced and within the operating temperature limits. Additionally, the
system can retain and communicate history and information to lift trucks and chargers
through a physical CAN bus.

[0017] Battery modules of preferred embodiments are connected in a
combination of series and parallel to achieve higher voltage, higher capacity, and

higher ampacity. Each battery module is self-sufficient containing its own internal
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controllers. However, there will be some redundant monitoring and control conducted
by secondary controllers, e.g. motor controllers and/or chargers.

[0018] Within each module, individual battery cells are connected using an
approach that is comparable to the Tesla method of wire bonded battery manufacture.
An important differencé from Tesla, however, involves the use of LFP battery
technologies rather than NCA or other LCO battery technologies, as previously
discussed. Amidst a number of resulting performance differences, it is notable that in
the preferred embodiment, removal of up to four modules per housing rack for
charging still allows continued operation of the forklift, since such removal does not
decrease the voltage below the overall requirements. The assembly requires a
minimum number of two 24 Volt battery modules for continuous operation. Located
between the battery cells and the printed circuit board (PCB) are plastic battery trays
and a thermally conductive adhesive. A thermally conductive, electrically insulative
adhesive is used between the top plastic battery tray and the PCB. Additionally, the
same adhesive is used between the battery cells and the top and bottom plastic battery
trays. A thermal gap filler is applied between the bottom of the battery cells and the

module enclosure for the purpose of thermal management.

BRIEF DESCRIPTIONS OF THE DRAWINGS
[0019] Fig. 1 shows a perspective view of a preferred embodiment of the
disclosed assembly with closed doors. The assembly includes a housing rack
containing six separable battery modules.
[0020] Fig. 2 shows a side view of a Class | forklift in a configuration
representative of the prior art, showing its inclusion of a conventional lead-acid forklift
battery in an openable battery compartment with arrows conceptually illustrating the

relationship between its counterweight, the weight of its load, and the resulting center
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of mass in comparison to the force of the opposing fulcrum created at the front wheels
of the forklift.

[0021] Fig. 3 is a side view of a Class | forklift without the conventional lead acid
forklift battery of Fig. 1, instead incorporating a rechargeable battery assembly
according to the teachings of the present invention.

[0022] Fig. 4A shows the disengagement of a slam latch from the housing.
[0023] Fig. 4B shows the pin locking feature of the door which holds the battery
module in place.

[0024] Figs. 5A and 5B show a door of housing in a halfway open position and
the location of the door pin.

[0025] Figs. 6A and 6B show a door of housing in a fully open position and the
location of the door pin.

[0026] Figs. 7A and 7B show the removal process for the module from the
housing once the door is fully opened.

[0027] Figs. 8A and 8B show the disengagement of a slam latch from the
housing for an alternative embodiment.

[0028] Figs. 9A and 9B show a door of housing in a halfway open position and
the location of the module pin.

[0029] Figs. 10A and 10B show a door of housing in a fully open position and
the location of the module pin.

[0030] Figs. 11A and 11B show the removal process for the module from the
housing once the door is fully opened.

[0031] Fig. 12 shows a rear view of the housing with the modules inserted.
[0032] Fig. 13 shows a perspective view of the rear and sides of the housing

with the modules inserted.

10
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[0033] Fig. 14 shows a rear view of a battery module.

[0034] Fig. 15 shows a sectional front view of a battery module.

[0035] Fig. 16 shows a perspective view of the interidr of a battery module.
[0036] Fig. 17 shows a top interior view of a battery module.

[0037] Fig. 18 shows a a cross sectional view of an individual battery cell within
a module.

[0038] Fig. 19 shows a schematic diagram where the six battery modules are

connected in parallel to the housing rack.

[0039] Fig. 20 is an elevation view of the rechargeable battery assembly 220 of
an alternative embodiment. The assembly 220 is a variation that incorporates eight
separable battery modules 330, while Fig. 16 shows the outer housing rack 300 and
one half of those eight battery modules 330 (namely modules 330a-330d) operatively
positioned therein.

[0040] Fig. 21 is a middle cross-section view of the rechargeable battery
assembly 220 of an alternative embodiment, showing the outer housing rack 300 and
the other half of the battery modules 330 (i.e., the half not shown in Fig. 21, namely
modules 330e-330h) operatively positioned therein, with the viewing plane of Fig. 22
being numbered as the cross-sectional plane 4-4 in Fig. 23.

[0041] Fig. 22 is a partially-cut-away isometric perspective view of the
rechargeable battery assembly 220 of an alternative embodiment with its battery
modules 330 operatively positioned therein, with a large portion of the top wall 303
and part of central wall 350 partially cut-away in order to reveal some of its detail.
[0042] Fig. 23A is a partial isometric perspective view focusing on one of the
individual battery modules 330 (namely, module 330a) of an alternative embodiment

in its operatively engaged position within bay 307a of housing rack 300, with most of

11
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that housing being cut-away to show the module 330a and its removability in the
direction of arrows 608 and 609.

[0043] Fig. 23B is a simpler isometric view showing the rear of an individual
battery module 330a of an alternative embodiment resting on elemental
representations of slides 610 and 611 of the housing rack assembly 300.

[0044] Fig. 24A is an isometric view of the fop of the interior of a battery
module 330 of an alternative embodiment and its rear connections 400, 401 and 402.
[0045] Fig. 24B is an isometric view of the botfom of the interior of the battery
module 330 of the alternative embodiment of Fig. 24A, and its rear connections 400,
401 and 402.

[0046] Fig. 25 is an elemental top view of a battery module 330 of an alternative
embodiment showing symbolic representations of its connections and mechanisms for
operative installation and removal in and from the housing rack 300 of Fig. 23.
[0047] Fig. 26 is a schematic diagram example of an alternative embodiment
with the battery modules in the housing rack connected in parallel and connected to a

housing rack control system 901.

DETAILED DESCRIPTIONS OF PREFERRED EMBODIMENTS
[0048] The following descriptions relate to presently preferred embodiments
and are not to be construed as describing limits to the invention, whereas the broader
scope of the invention should instead be considered with reference to the claims,
which may be now appended or may later be added or amended in this or related
applications. Unless indicated otherwise, it is to be understood that terms used in
these descriptions generally have the same meanings as those that would be
understood by persons of ordinary skill in the art. It should also be understood that

terms used are generally intended to have the ordinary meanings that would be

12
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understood within the context of the related art, and they generally should not be
restricted to formal or ideal definitions, conceptually encompassing equivalents,
unless and only to the extent that a particular context clearly requires otherwise.
[0049] For purposes of these descriptions, a few wording simplifications should
also be understood as universal, except to the extent otherwise clarified in a particular
context either in the specification or in particular claims. The use of the term “or” should
be understood as referring to alternatives, although it is generally used to mean
“‘and/or” unless explicitly indicated to refer to alternatives only, or unless the
alternatives are inherently mutually exclusive. When referencing values, the term
“about” may be used to indicate an approximate value, generally one that could be
read as being that value plus or minus half of the value. “A” or “an” and the like may
mean one or more, unless clearly indicated otherwise. Such “one or more” meanings
are most especially intended when references are made in conjunction with open-
ended words such as “having,” “comprising” or “including.” Likewise, “another” object
may mean at least a second object or more.
Preferred Embodiments

[0050] The following descriptions relate principally to preferred embodiments
while a few alternative embodiments may also be referenced on occasion, although it
should be understood that many other alternative embodiments would also fall within
the scope of the invention. It should be appreciated by those of ordinary skill in the art
that the techniques disclosed in these examples are thought to represent techniques
that function well in the practice of various embodiments, and thus can be considered
to constitute preferred modes for their practice. However, in light of the present

disclosure, those of ordinary skill in the art should also appreciate that many changes

13
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can be made relative to the disclosed embodiments while still obtaining a comparable

function or result without departing from the spirit and scope of the invention.

Housing Rack and Battery Module Interface Design
[0051] In Fig. 1, there is shown a perspective view of a preferred embodiment
10, showing the front of the housing rack (“housing”) 100. Housing 100 is preferably
constructed of steel or another material suitable for providing strength and stability. A
preferred embodiment 10 has six battery modules (“modules”) 200 arranged vertically.
When installed in housing 100, each module 200 is secured in place by doors 110 with
slam latches 115. Slam latches 115 are attached to the front of each door 110. The
doors 110 prevent the modules 200 from sliding back and forth and preventing the
contacts from becoming loose. Each door 110 extends from the top of housing 100 to
the exposed bottom sheath 202 of module 200. Additionally, partitions 101 are fixed
to housing 100 and located between each module 200 to prevent side to side
movement. There are a total of five partitions 101 fixed to housing 100. Each of the
doors 110 is hollowed out so that the display panels 225 on each module 200 are
visible. The display panels 225 are lit up using LEDs and indicate the status of each
module 200. Further details regarding the display panels 225 are shown in Fig. 15

and described later in the specification.

Representative Lift Truck
[0052] Fig. 2 shows a side view of a conventional Class | electric forklift 130,
which is representative of a prior art lift truck design with which and in which the
present invention may be incorporated, embodied or used. The particular model of
forklift 130 illustrated is most like a Caterpillar model E6000 forklift, which specifies a
48V battery that is 34.4 inches long (i.e., depth from front to rear) x 39.5 inches wide

(i.e., the lateral dimension when installed on the forklift) x 23.3 inches in height and

14
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that meets minimum weight requirements. As a Class | forklift, forklift 130 is a mobile
truck with a lifting assembly 131 for raising and lowering forks or other load supporting
members 132 that are adapted to support a load 150 thereon, for the purpose of lifting,
carrying or moving that load 150.

[0053] While the load supporting members 132 are conventionally designed to
support the load 150 in a cantilevered fashion, extending forward of a fulcrum
generally created by the front wheels 142 of the forklift 130, heavier loads present risks
of tipping over the forklift 130. Hence, minimizing that risk of tipping under load is
basic to safe operation of such a forklift 130 and, in line with its classification as a
Class | lift truck, the full range of weight (Fv, illustrated by arrow 151) of the loads 150
to be carried by forklift 130 must be properly counterbalanced by a counterweight
force (Fe, illustrated by arrow 121). In other words, for safe lifting and maneuvering of
a load 150 without tipping, the forward-tipping torque created principally by the weight
(Fu, illustrated by arrow 151) of that load 150 must be exceeded by the opposing
torque created principally by the counterweight force (Fc) of the forklift 130, particularly
for loads at the heavier end of the range of manufacturer specified load capacities for
forklift 130.

[0054] In the prior art, such a forklift 130 generally includes a large lead acid
battery 160 as a major part of the counterweight force (Fc), and Class | forklifts are
generally designed accordingly. The design of such forklifts generally incorporates
structure to safely support the weight of the forklift battery 160 within a battery
compartment 122 of a particular length (i.e., depth), width and height. The battery
compartment 122 is generally defined in part by removable or openable panels or the
like that partially or completely contain and define the space for the forklift battery 160

therein. In the case of the illustrated forklift 130, for instance, the battery compartment
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122 is defined in part by a seat assembly 135 and a partial side panel 136. The seat
assembly 135 normally sits over the top of the forklift battery 160 but has a releasable
latch that allows it to be manually pivoted up and away from the forklift battery 160 to
enable an operator to access the forklift battery 160 or its compartment 122.
Analogously, panel 136 or other structures are provided to hel