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BATTERY MODULE WITH ACTIVELY COOLED HIGH POWER
ELECTRICAL INTERFACE

Cross Reference to Related Application

[0001] This disclosure claims the benefit of U.S. Provisional Application No.
62/760,435, filed November 13, 2018, which is hereby incorporated by reference in its

entirety.

Summary

[0002] This disclosure is directed to high power batteries, and more specifically
directed to actively cooling both the batteries and an electrical interface.

[0003] A vehicle such as an electric vehicle may include battery cells to provide
and/or supplement the drive power for the vehicle. The vehicle may have limited space for
battery cells. The battery cells may be part of modules that include other components such as
control systems and cooling for the cells, and may be densely packed within a frame. Battery
cells may be electrically connected to one another via contacts which may conduct high
currents, e.g., by connecting one or more batteries via wiring harnesses, busbars, etc. The
selection of components within a battery module may be based on thermal considerations
(e.g., based on resistance/heat generation, cooling ability, thermal mass, etc.) and/or based on
electrical considerations (e.g., such as creepage and clearance).

[0004] High-power electrical connectors such as those that connect battery modules
within a vehicle may typically be limited based primarily on thermal considerations. In such
a system, resistance scales approximately linearly with the smallest component dimension (X,
y, z, axial, or radial), while cooling ability scales with the two smallest dimensions and
thermal mass scales with the three primary dimensions (x, y, and z). For a densely-packed
battery system, the battery connector may reduce the overall volumetric energy density of the
system (e.g., on the order of 5-10 percent), for example, as a result of the smallest dimension
of the connector being insufficiently small. Stated another way, because resistance scales
approximately inverse-linearly with the smallest component dimension, the smallest
dimension of connectors typically needs to be made sufficiently large to prevent overheating,
which in turn reduces energy density of the system. Such connectors are passively cooled by

ambient air, resulting in a heat transfer coefficient of 5-50 W/m?K. The connectors may also
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have a relatively low thermal mass for their volumes, and additional cooling may be achieved
via heat sinking that occurs via connected busbars or cables.

[0005] The present disclosure overcomes the problems of conventional connectors by
providing active cooling to connectors. In an exemplary embodiment of the present
disclosure, the cooling capacity for electrical connectors between battery cells is increased
providing an active heat sink adjacent to the connectors. A cooling component such as a cold
plate having a flow of coolant may be thermally coupled to the connectors to substantially
increase cooling capacity. The cooling component may be designed to interface with the
connectors to increase or maximize heat exchange from the connectors to their associated
cold elements, resulting in an effective heat transfer coefficient on the order of 300W/m’K.
In an exemplary design, the improved electrical characteristics of the connectors due to active
cooling may allow an increase in the connectors’ ampacity on the order of 2.5X (e.g., based
on the square root of 300W/m?K / 50W/m?K). This increase in connector capacity may scale
inversely with the dimension of the connector that is perpendicular to the area being cooled.
In one test, it has been found that active cooling increased a connector’s ampacity on the
order of 2.0X. An increase in a connector’s ampacity enables a smaller form factor connector
to be used, thus increasing the energy density of battery systems.

[0006] In some embodiments, a battery module comprises a plurality of battery cells,
at least one busbar electrically coupled to the battery cells, a first connector electrically
coupled to the at least one busbar, and at least one cooling component thermally coupled to
the first connector. The first connector comprises a contact configured for interfacing with a
corresponding connector of an external circuit.

[0007] In some embodiments, the plurality of battery cells comprises a first battery
cell layer and a second batter cell layer. The first connector is electrically coupled to the first
batter cell layer via the at least one busbar and the battery module further comprises a second
connector electrically coupled to the second battery cell layer. The battery cell layers may be
located adjacent to each other within the battery module. In some embodiments, the at least
one cooling component extends at least partially between the first battery cell layer and the
second battery cell layer. The first connector may extend outward from the first battery cell
layer, and the second connected may extend outward from the second battery cell layer. The
at least one cooling component may similarly extend outward from the first battery cell layer

and the second battery cell layer such that a surface of the at least one cooling component is
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adjacent to the first connector and a surface of the at least one cooling component is adjacent
to the second connector.

[0008] In some embodiments, the first connector and the second connector may
extend from a shared side of the battery module. In other embodiments, the first connector
and second connector may extend from different sides of the battery module. For example,
the first connector may be on a first side of a substantially rectangular battery module, and
the second connected may be on a second side of the battery module whose face is
perpendicular to that of the first side. Alternatively, the second connector may be on a side of
the batter module that is opposite the first side.

[0009] In some embodiments, the at least one cooling elements comprises a cooling
manifold. The cooling manifold may comprise a coolant intake and a coolant outlet, and at
least one fluid passage. The cooling manifold may have substantially the same shape as the
battery module. For example, in embodiments where the battery module is substantially
rectangular in shape, and wherein each battery cell layer is similarly substantially rectangular
in shape, the cooling manifold may also be substantially rectangular in shape so that is can be
placed on a surface of between battery cell layers of the battery module.

[0010] The at least one cooling component may be physically coupled to the first
connector and the second connector. Such coupling may be achieved using an electrically
insulating adhesive which substantially conducts thermal energy and substantially electrically
insulates the at least one cooling component from the first connector and the second
connector. The insulating adhesive may have an electrical resistivity of at least 10! Ohm-
cm. The insulating adhesive may have a thermal conductivity of at least 0.5W/mK. The
at least one cooling component may comprise a single cooling component. However, in
some embodiments, the at least one cooling component may comprise a first cooling
component associated with the first connector and a second cooling component associated
with the second connector. The physical coupling of the cooling component to the first
connector may comprise a first contact surface area and the physical coupling of the cooling
component to the second connector may comprise a second contact surface area. The cooling
component may also comprise a third surface area that is not in physical contact with either
of the first connector or the second connector. The third surface area may be greater than the
first contact surface area or the second contact surface area. The third surface area may even

be greater than the combined surface area of the first contact surface and the second contact
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surface. For example, the third surface area may be at least two times greater than the
combined surface area of the first contact surface and the second contact surface.

[0011] In some embodiments, connectors of a battery module may be cooled by
connecting, via a first connector of the battery module and at least one busbar, an external
electrical circuit to a first battery cell layer of the battery module, and connecting, via a
second connector of the battery module and the at least one busbar, the external electrical
circuit to a second battery cell layer of the battery module, wherein the first battery cell layer
and the second battery cell layer are electrically coupled within the battery module. At a
coolant intake of the battery module, a flow of coolant to a cooling plate of the battery
module is then provided, wherein the cooling plate extends substantially between the first
battery cell layer and the second battery cell layer, and wherein the cooling plate includes a
first cooling extension thermally and physically coupled to the first connector and a second
cooling extension thermally and physically coupled to the second connector. The flow of

coolant from the cooling plate is then received at a coolant outlet of the battery module.

Brief Description of the Drawings

[0012] The above and other objects and advantages of the disclosure will be apparent
upon consideration of the following detailed description, taken in conjunction with the
accompanying drawings, in which like reference characters refer to like parts throughout, and
in which:

[0013] FIG. 1 depicts an exemplary battery module in accordance with some
embodiments of the present disclosure;

[0014] FIG. 2 depicts an exemplary partial side view of a battery module in
accordance with some embodiments of the present disclosure;

[0015] FIG. 3 depicts a second exemplary battery module in accordance with some
embodiments of the disclosure; and

[0016] FIG. 4 depicts a second exemplary partial side view of a battery module in

accordance with some embodiments of the disclosure.

Detailed Description

[0017] FIG. 1 depicts an exemplary battery module 100 in accordance with an

embodiment of the present disclosure. The battery module may include multiple battery cells
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arranged, for example, in a rectangular shape and vertically stacked in two layers (e.g., layers
102, 104), although other configurations may be utilized (e.g., any suitable number of battery
cells, battery cell shapes, relative locations of battery cells, layers, etc. may be utilized). High
power contacts 106, 108 may allow the battery cells of battery module 100 to be connected to
an external circuit. For example, the battery cells of battery module 100 may be electrically
connected, via high power contacts 106, 108, to other battery modules or to a load (e.g., to
provide electrical power to an electrical motor and other components of an electrical vehicle).
As depicted in FIG. 1, a first layer 102 of battery cells may be coupled internally (e.g., in a
parallel configuration or series configuration) via busbar 110. Busbar 110 is physically
and/or electrically connected to terminal busbar 112 which extends along a side of layer 102.
An electrical connector 114, which physically and/or electrically interfaces with terminal
busbar 112, may extend from battery module 100 horizontally and may include vertically
oriented high power contact 106 for electrical coupling to the external circuit, e.g., by a cable
and/or busbar. Similarly, a second layer 104 of battery cells may be coupled internally via
another busbar (not shown) which is physically and/or electrically connected to terminal
busbar 116, which extends along a side of layer 104. An electrical connector 118, which
physically and/or electrically interfaces with terminal busbar 116, may extend from battery
module 100 horizontally and may include vertically oriented high power contact 108 for
electrical coupling to the external circuit.

[0018] The battery module may also include a cooling component to provide cooling
to the battery cells and other components that experience heating during operation such as the
connectors. Although a variety of cooling components may be utilized, in an exemplary
embodiment the cooling component may be a cooling manifold 120 having a rectangular
plate shape (e.g., a cooling plate). A coolant may be circulated through channels 122 of the
cooling manifold to increase the heat transfer, and in an exemplary embodiment may be
provided via a coolant intake 124 and may exit the cooling manifold via a coolant outlet 126.
The rectangular plate shape may generally match the rectangular shape of the battery cell
arrangement and may be located in between two layers 102, 104 of battery cells, although
cooling may be provided to additional surfaces of the battery cells in other embodiments. In
some embodiments, the cooling manifold 120 may also extend outside of the battery module
to cover a portion of the connector structure that is not used to make the electrical contact,

thereby providing cooling of the connectors as well as the battery packs. For example,
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cooling manifold 120 may cover at least a portion of the horizontally-extending portion of
connectors 114, 118, leaving the vertically-extending contacts 106, 108 exposed for electrical
contact with the external circuit. A bonding material such as an electrically insulating
adhesive (e.g., a thermal interface material) may attach cooling manifold 120 to connectors
114, 118, such that thermal energy may be transferred from connectors 114, 118 to cooling
manifold 120 while connectors 114, 118 remain electrically insulated from cooling manifold
120. For example, the electrically insulating adhesive may have an electrical resistivity of at
least 10'° Ohm-cm (e.g., approximately 10'° Ohm-cm to approximately 10'2 Ohm-cm) and a
thermal conductivity of at least 0.5W/mK (e.g., 0.5W/mK, 0.89W/mK, 3.4W/mK, or a
suitable range such as 0.89W/mK to 3.4W/mK).

[0019] As shown in FIG. 1, cooling plate 120 extends out from the side of battery
module 100 and at least partially covers the top of the horizontally extending portion of
connector 118 and the bottom of the horizontally extending portion of connector 114.
Partially visible are cooling channels 122 of cooling plate 120. As illustrated, cooling
channels 122 do not extend along the portion of the cooling plate that covers the horizontally
extending portion of connector 118, but they do at least partially extend along the portion of
the cooling plate that covers the horizontally extending portion of connector 118. It will be
understood that in some embodiments, cooling channels 122 may extend at least partially or
fully over the portion of cooling plate 120 that covers connector 114, the portion of cooling
plate 120 that covers connector 118, or both.

[0020] It will be understood that in some embodiments, the cooling component of the
present disclosure provides cooling to connector components and associated hardware
external to the battery modules and is not limited to the cooling plate shown in FIG. 1. In
some embodiments, the cooling component does not provide cooling to the inside of the
battery module. Additionally, while FIG. 1 shows connectors 114 and 118 located on the
same side of battery module 100, it will be understood that connectors 114 and 118 may be
located on different sides of battery module 100. For example, connector 114 may be located
on a first side of battery module 100 and connector 118 may be located on a side of battery
module 100 whose face is perpendicular to that of the side on which connector 114 is located.
Alternatively, connector 118 may be located on a side of battery module 100 that is opposite

the side on which connector 114 is located.
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[0021] FIG. 2 depicts an exemplary partial side view of battery module 100 described
above in connection with FIG. 1. In an exemplary embodiment, upper terminal busbar 112 is
associated with a first battery cell and lower terminal busbar 116 is associated with a second
battery cell. Upper connector 114 is electrically coupled to upper terminal busbar 112,
extends horizontally from upper terminal busbar 112, and includes vertically extending high
power contact 106. Lower connector 118 is electrically coupled to lower terminal busbar
116, extends horizontally from lower terminal busbar 116, and includes a vertically extending
high power contact 108. Cooling plate 120 is located between upper connector 114 and
lower connector 118 and is thermally coupled to the horizontally extending portions of each
of connectors 114, 118 via a respective layer of thermal interface material 200. In this
manner, cooling plate 120 may provide heat transfer from upper connector 114 and lower
connector 118, increasing the efficiency of the battery module.

[0022] FIG. 3 depicts a second exemplary battery module 300 in accordance with
some embodiments on the disclosure. Battery cells of a first layer 302 of battery module 300
are electrically coupled, via a busbar (not shown) to terminal busbar 304. Similar to terminal
busbar 112, terminal busbar 304 extends along a side of layer 302 and physically and/or
electrically interfaces with electrical connector 306. Electrical connector 306 may extend
horizontally from battery module 300 and may include vertically oriented bolts 308 to serve
as contacts through which battery module 300 may be electrically coupled to an external
circuit. Bolts 308 may be composed of any electrically conductive material, including
copper, aluminum, silver, gold, steel, or any combination thereof, or any other suitable
material. Battery cells of a second layer 310 may similarly be electrically coupled, via a
busbar (not shown) to terminal busbar 312. Terminal busbar 312 extends along a side of
layer 310 and physically and/or electrically interfaces with electrical connector 314.
Electrical connector 314 may extend horizontally from battery module 300 and may include
vertically oriented bolts 316 to serve as contacts through which battery module 300 may be
electrically coupled to an external circuit. Bolts 316 may be composed of any of the
materials listed above in connection with bolts 308. Bolts 316 may be composed of a
different material than bolts 308.

[0023] Cooling plate 318 may be similar to cooling plate 120, and is located between
the two layers 302, 310 of battery cells. A portion 320 of terminal busbar 304 may extend
horizontally from battery module 300. Similarly, a portion 322 of terminal busbar 312 may
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extend horizontally from battery module 300. A bonding material such as an electrically
insulating adhesive (e.g., a thermal interface material) may attach cooling plate 318 to
portions 320, 322, such that thermal energy may be transferred from portions 320, 322 to
cooling plate 318 while portions 320, 322 remain electrically insulated from cooling plate
318. A coolant may be circulated through channels of cooling plate 318 (not shown) to
increase the heat transfer, and in an exemplary embodiment may be provided via a coolant
intake 324 and may exit the cooling plate via a coolant outlet 326.

[0024] FIG. 4 depicts a second exemplary partial side view of battery module 300 in
accordance with some embodiments of the disclosure. In an exemplary embodiment, upper
terminal busbar 304 is associated with a first battery cell and lower terminal busbar 312 is
associated with a second battery cell. Upper connector 306 is electrically coupled to upper
terminal busbar 304, extends horizontally from upper terminal busbar 304, and includes
vertically extending bolts 308 to serve as high power electrical contacts. Lower connector
314 is electrically coupled to lower terminal busbar 312, extends horizontally from lower
terminal busbar 312, and includes vertically extending bolts 316 to serve as high power
electrical contacts. Cooling plate 318 is located between upper terminal busbar 304 and
lower terminal busbar 312 and is thermally coupled to the horizontally extending portions of
each of upper terminal busbar 304 and lower terminal busbar 312 via a respective layer of
thermal interface material 400. In this manner, cooling plate 318 may provide heat transfer
from upper terminal busbar 304 and lower terminal busbar 312, increasing the efficiency of
the battery module.

[0025] The foregoing description, for purposes of explanation, used specific
nomenclature to provide a thorough understanding of the disclosure. However, it will be
apparent to one skilled in the art that the specific details are not required to practice the
methods and systems of the disclosure. Thus, the foregoing descriptions of specific
embodiments of the present disclosure are presented for purposes of illustration and
description. They are not intended to be exhaustive or to limit the disclosure to the precise
forms disclosed. Many modifications and variations are possible in view of the above
teachings. For example, the size, shape, and configuration of the cooling component may
take many different forms in accordance with the present disclosure. It will be understood
that while the cooling plate of FIG. 1 provides cooling to both the battery cells and the

connectors, in some embodiments a separate cooling component can be used to provide
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cooling to the connectors. In addition, in some embodiments an additional cooling
component or channel can be provided to provide cooling to the other side of the connecter
(not shown in the FIG. 1). The embodiments described above were chosen and described in
order to best explain the principles of the disclosure and its practical applications, to thereby
enable others skilled in the art to best utilize the methods and systems of the disclosure and
various embodiments with various modifications as are suited to the particular use
contemplated. Additionally, different features of the various embodiments, disclosed or
otherwise, can be mixed and matched or otherwise combined so as to create further

embodiments contemplated by the disclosure.
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What is Claimed is:

1. A battery module, comprising;

a plurality of battery cells;

at least one busbar electrically coupled to the battery cells;

a first connector electrically coupled to the at least one busbar, wherein the first
connector comprises a contact configured for interfacing with a corresponding connector of
an external circuit; and

at least one cooling component thermally coupled to the first connector.

2. The battery module of claim 1, wherein the contact comprises a bolted electrical joint.

3. The battery module of claim 1, wherein the plurality of battery cells comprises a first
battery cell layer and second battery cell layer, wherein the first connector comprises a first

connector electrically coupled to the first battery cell layer via the at least one busbar, further
comprising a second connector electrically coupled to the second battery cell layer via the at

least one busbar.

4. The battery module of claim 3, wherein the first battery cell layer and the second

battery cell layer are located adjacent to each other within the battery module.

5. The battery module of claim 4, wherein the at least one cooling component extends at

least partially between the first battery cell layer and the second battery cell layer.

6. The battery module of claim 5, wherein the first connector extends outward from the
first battery cell layer and the second connector extends outward from the second battery cell

layer.
7. The battery module of claim 6, wherein the at least one cooling component extends

outward from the first battery cell layer and the second battery cell layer adjacent to the first

connector and adjacent to the second connector.

10
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8. The battery module of claim 7, wherein the first connector and the second connector

extend from a shared side of the battery module.

0. The battery module of claim 7, wherein the first connector and the second connector

extend from different sides of the battery module.

10.  The battery module of claim 9, wherein the first connector and the second connector

extend from opposite sides of the battery module.

11. The battery module of claim 7, wherein the at least one cooling component comprises

a cooling manifold.

12. The battery module of claim 11, wherein the cooling manifold comprises a coolant
intake and a coolant outlet, and wherein the cooling manifold comprises at least one fluid

passage.

13. The battery module of claim 11, wherein each of the battery cell layers and the

cooling manifold have a rectangular shape.

14.  The battery module of claim 7, wherein the at least one cooling component is

physically coupled to the first connector and the second connector.

15.  The battery module of claim 14, wherein the physical coupling comprises an
electrically insulating adhesive, wherein the electrically insulating adhesive substantially
conducts thermal energy and substantially electrically insulates the at least one cooling

component from the first connector and the second connector.

16. The battery module of claim 15, wherein the electrically insulating adhesive has an

electrical resistivity of at least 10'® Ohm-cm.

17. The battery module of claim 15, wherein the electrically insulating adhesive of a

thermal conductivity of at least 0.5W/mK.

11
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18.  The battery module of claim 14, wherein the at least one cooling component

comprises a single cooling component.

19.  The battery module of claim 14, wherein the at least one cooling component
comprises a first cooling component associated with the first connector and a second cooling

component associated with the second connector.

20.  The battery module of claim 14, wherein the physical coupling of the cooling
component to the first connector comprises a first contact surface area, wherein the physical
coupling of the cooling component to the second connector comprises a second contact
surface area, and wherein the cooling component comprises a third surface area that is not in

physical contact with either of the first connector or the second connector.

21.  The battery module of claim 20, wherein the third surface area is greater than either

the first contact surface area or the second contact surface area.

22.  The battery module of claim 20, wherein the third surface area is greater than the first

contact surface area plus the second contact surface area.

23.  The battery module of claim 20, wherein the third surface area is at least two times

greater than the first contact surface area plus the second contact surface area.

24, A method comprising:

connecting, via a first connector of a battery module and at least one busbar, an
external electrical circuit to a first battery cell layer of the battery module;

connecting, via a second connector of the battery module and the at least one busbar,
the external electrical circuit to a second battery cell layer of the battery module, wherein the
first battery cell layer and the second battery cell layer are electrically coupled within the
battery module;

providing, at a coolant intake of the battery module, a flow of coolant to a cooling

plate of the battery module, wherein the cooling plate extends substantially between the first

12
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battery cell layer and the second battery cell layer, and wherein the cooling plate includes a
first cooling extension thermally and physically coupled to the first connector and a second
cooling extension thermally and physically coupled to the second connector; and

receiving, at a coolant outlet of the battery module, the flow of coolant from the

cooling plate.

13
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