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IN-SITU SHORT-CIRCUIT PROTECTION SYSTEM
AND METHOD FOR HIGH-ENERGY ELECTROCHEMICAL CELLS

FIELD OF THE INVENTION

This invention relates generally to'energy storage devices, and

more particularly, to an apparatus and method for protecting energy storage cells

upon occurrence of a short-circuit condition.

BACKGROUND OF THE INVENTION

The demand for new and improved electronic and electro-
mechanical systems has placed increased pressure on the manufacturers ot
energy storage devices to develop battery technologies that provide for high
energy generation in a low-volume package. Conventional battery systems, such
as those that utilize lead acid for example, are often unsuitable for use in high-
power, low-weight applications. Othér known battery technologies may be
considered too unstable or hazardous for use in consumer product applications.

A number of advanced battery technologies have recently been
developed, such as metal hydride (e.g., Ni-MH), lithium-1on, and lithium
polymer cell technology, which would appear to provide the requisite level of
energy production and safety margins for many commercial and consumer
applications. Such advanced energy storage systems, however, typically
produce a significant amount of heat which, if not properly dissipated, can result
in a thermal runaway condition and eventual destruction of the cells, as well as
the systerh being powered by the cells.

The thermal characteristics of an advanced battery cell must
therefore be understood and appropriately considered when designing a battery
system suitable for use in commercial and consumer devices and systems. A
conventional approach of providing a heat transfer mechanism external to such a

cell, for example, may be inadequate to effectively dissipate heat from internal
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portions of the cell. Such conventional approaches may also be too expensive or bulky 1n
certain applications. The severity of consequences resulting from short-circuit and
thermal run-away conditions increases significantly when advanced high-energy
electrochemical cells are implicated.

There 1s a need in the advanced battery manufacturing industry for an energy
storage system that exhibits high-energy output, and one that provides for safe and
reliable use 1n a wide range of applications. There exists a further need for a non-intrusive,
inexpensive thermal management approach that protects energy storage cells from thermal ‘

run-away resulting from a short-circuit condition. The present invention fulfills these and

other neéds.
SUMMARY OF THE INVENTION

The present invention is directed to an in-situ thermal management system for an
energy storage device. The energy storage device includes a plurality of energy storage
cells each being coupled in parallel to common positivé and negative connections. Each of
the energy storage cells, in accordance with the cell's technology, dimensions, and
thermal/electrical properties, 1s configured to have a ratio of energy content-to-contact
surface area such that thermal energy produced by a short-ciréuit 1n a particular cell 1s
conducted to adjacent and neighboring cells so as to prevent the temperature of the
particular cell from exceeding a breakdown temperature. In one embodiment, a fuse is
coupled 1n series with each of a number of energy storage cells. The fuses are activated by
a current spike capacitively produced by a cell lipon occurrence of a short-circuit in the '
cell, thereby electrically isolating the short-circuited cell from the common positive and

negative connections.

There 1s provided, in accordance with an embodiment, an in-situ thermal
management system for an energy storing unit, comprising: a plurality of planar
electrochemical cells each being coupled in parallel to common positive and negative

connections, each of the electrochemical cells having a ratio of energy content-to-contact

surface area of less than 0.006 Wh/cm? such that thermal energy produced by a short-
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circuit in a particular cell of the plurality of cells is conducted to a thermal conductor
connected to each of the cells and to a cell adjacent the particular cell so as to prevent a
temperature of the particular cell from exceeding a breakdown temperature, wherein the
breakdown temperature represents a melting temperature of the particular celi; and a
plurality of fuses each coupled in series with one of the electrochemical cells, a fuse
coupled to the particular cell being activated by a current spike capacitively produced by
the particular cell upon occurrence of the short-circuit in the particular cell, thereby
electrically i1solating the particular cell from the common positive and negative

connections.

In accordance with another embodiment, there is provided an in-situ thermal

management system comprising: a piurality of energy storing cells connected in parallel

- to common positive and negative connections and maintained in a state of compression, a

thermal conductor connected to each of the cells; and a plurality of short-circuit protection
devices each being coupled in series to one of the plurality of energy storing cells, a

particular short-circuit protection device of the plurality of short-circuit protection devices

~ coupled to a particular cell of the plurality of cells being activated by a current spike

capacitively produced upon occurrence of a short-circuit in the particular cell, the
particular cell being electrically isolated from the common positive and negative

connections upon activation of the particular protection short-circuit device.
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BRIEF DESCRIPTION OF THE DRAWINGS

Figs. 1A-1B_illustrate an embodiment of a solid-state, thin-film
electrochemical cell having a prismatic configuration and including a thermal
conductor in accordance with an embodiment of the present invention;

Fig. 1C is a partial illustration of an energy storing module
containing a stack of thin-film electrochemical cells and employing an in-situ
thermal management methodology in accordance with an embodiment of the
present invention;

Fig. 2 is a graphical representation of a relationship between
voltage and capacity for an electrochemical cell of the type illustrated in Fig. 1;

Fig. 3 is an illustration of various film layers constituting a thin-
film electrochemical cell;

Fig. 4 illustrates various energy storage device configurations;

Fig. 5 is an illustration of a grouping of energy storage cells
subjected to a temperature increase due to a short-circuit condition in one of the
cells;

Fig. 6 is a graphical representation of a relationship between
maximum temperature of a cell under short-circuited conditions and normalized
energy content of a cell, the graph providing ratios of energy content-to-contact
surface area for adjacently disposed cells;

Figs. 7-9 illustrate various cell configurations that exhibit
productive ratios of energy content-to-contact surface area;

Fig. 10 shows an embodiment of a multiple-cell energy storage
device in which one of the cells is subject to a short-circuit condition;

Fig. 11 illustrate a relationship between the maximum
temperature in a cell stack as a function of the number of adjacent short-circuited
cells at five difference state of charge (SOC) levels;

Fig. 12 illustrates a characteristic current waveform for an
electrochemical cell upon occurrence of a short-circuit in the cell;

Fig. 13 is an embodiment of an integrated short-circuit protection

device in accordance with an embodiment of the present invention;

PCT/US98/15299
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Fig. 14 is an exploded view of an energy storing module

containing a number of interconnected thin-film electrochemical cells;

Fig. 15 1s a cross-sectional illustration of an embodiment of a
pressure generating apparatus for maintaining a stack of electrochemical cells in
a state of compression;

Fig. 16 is an illustration of a band or strap including a tenstion
producing clamp for use in a pressure generating apparatus for maintaining a
stack of electrochemical cells in compression during charge and discharge
cycling;

Fig. 17 is a perspective view of the tension producing clamp
shown in Fig. 16; and

Figs. 18-19 illustrate in a graphical form a relationship between
maximum cell temperature of an energy storing module and the energy content

and thickness of the cell, respectively.

DETAILED DESCRIPTION OF THE EMBODIMENTS

In accordance with one embodiment of an energy storage system
that utilizes high-energy electrochemical cells, the system includes solid-state,
thin-film cells of the type shown in Fig. 1. Such thin-film electrochemical cells
are particularly well-suited for use in the construction of high-current, high-
voltage energy storing modules and batteries, such as those used to power
electric vehicles for example.

In Fig. 1A, there is shown an embodiment of a prismatic
electrochemical cell 50 which includes an anode contact 56 and a cathode
contact 55 formed respectively along opposing edges of the electrochemical cell
50. A thermal conductor 52 is spot welded or otherwise attached to each of the
anode and cathode contacts 56, 55, respectively. The thermal conductor 52 1s
typically disposed along the length of the anode contact 56 and the cathode

contact 55, and typically includes an electrical connection lead 54 for conducting

PCT/US98/15299
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current into and out of the electrochemical cell 50, the current being collected and conducted

preferentially along the anode and cathode contacts 56, 55.

The embodiment of a thermal conductor 63 shown in FIG. 1B includes a copper tab 53 that
extends along the length of a sprayed metal anode or cathode contact 61. The copper tab 53
includes a resilient member 59 through which heat is transferred between the cell 50 and an
adjacently disposed heat sink, such as a wall of a metallic housing. The copper tab 53 is spot
welded to the sprayed metal contact 61 at a number of weld locations 51. A flexible electrical
lead 57 1s ultrasonically welded to the end of the copper tab 53. Current is conducted
primarily along the sprayed metal contact 61 of the cell 50 and communicated to external

connections via the flexible electrical leads 57.

As 1s shown 1n FIG. 1C, the thermal conductor 63 provides a thermal flux path for
transferring thermal energy between the electrochemical cells and a thermally conductive,
electrically resistive material or element. It 1s to be understood that a thermally conductive,
electrically resistive matenal, element or structure as described herein refers to a surface
coating/treatment or separate material that permits a sufficient amount of heat to be
conducted therethrough, yet 1s electrically resistive to the flow of current relative to a current
path provided for conducting current into and out of an electrochemical cell. An anodized
coating, for example, may have a thickness that permits a sufficient amount of thermal energy
to be conducted therethrough, yet 1s sufficiently resistive to electrical current relative to the
anode and cathode contacts of the cell or the thermal conductor. By way of further example, a
thermally conductive polymer element may be employed, with the density of thermally
conductive particles impregnated therein being selected to provide a desired balance between

thermal and electrical conductivity charactenstics.

As 1s further shown 1n the multiple cell embodiment of FIG. 1C, the thermal conductors 63
also provide a thermal flux path for transferring heat between neighboring cells. If a short
develops 1n a cell 73 within a stack of cells, for example, the excess heat, Q.sub.gen,
generated by the short-circuited cell 73 1s conducted through the thermally conductive,
electrically resistive material provided on the housing surface 77, and to adjacent cells 72 and

non-adjacent
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neighboring cells 71 via the thermal conductors 63. The excess heat, Qgey, is

also conducted to adjacent cells 72 in physical contact with the short-circuited

cell 73. A thermally conductive plate 75 serves as a heat sink for a cell 74
situated at the end of the cell stack.

Further, the thermal conductor 63 is configured so as to exhibit a
spring-like character which provides for substantially continuous contact
between a cell 73 and a structure, such as a metallic planar surface 77, disposed
adjacent the cell 73 in response to relative movement between the cell 73 and the
adjacent structure 77. A separate spring element, 69, such as a tubular
elastomeric element, may be retained within the thermal conductor 63 to
enhance the spring properties of the thermal conductor 63. The thermal
conductor 63 may be fashioned from copper and have a substantially C-shaped,
double C-shaped, Z-shaped, O-shaped, S-shaped, V-shaped, or finger-shaped
cross-section.

In the embodiment shown in Fig. 1A, the electrochemical cell 50
is fabricated to have é length L of approximately 135 mm, a height H of
approximately 149 mm, and a width We. of approximately 5.4 mm or
approximately 5.86 mm when including a foam core element. The width W, of
the cathode contact 55 and the anode contact 56 is approximately 3.72 mm,
respectively. Such a cell 50 typically exhibits a nominal energy rating of
approximately 36.5 Wh, a peak power rating of 87.0 W at 80 percent depth of
discharge (DOD), and a cell capacity of 14.4 Ah at full charge. Figure 2
illustrates in graphical form a relationship between voltage and capacity for an
electrochemical cell having a construction substantially similar to that shown in
Fig. 1A. It can be seen that an individual electrochemical cell has a nominal
operating voltage ranging between approximately 2.0 V and 3.1 V.

The electrochemical cells shown in Figs. 1A-1C may have a
construction similar to that illustrated in Fig. 3. In this embodiment, an
electrochemical cell 60 is shown as having a flat wound prismatic configuration
which incorporates a solid polymer electrolyte 66 constituting an ion

transporting membrane, a lithium metal anode 64, a vanadium oxide cathode 68

»

and a cathode current collector 70. These film elements are fabricated to form a

R b i — ———— ——— —
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thin-film laminated prismatic structure, which may also include an insulation film, such as

polypropylene film.

The cell shown 1in FIG. 3 includes a central cathode current collector 70 which is disposed
between each of the two cathode films 68 to form a bi-face cell configuration. A mono-face
cell configuration may alternatively be employed in which a single cathode collector 70 1s
associated with a single anode/electrolyte/cathode element combination. In this configuration,
an insulating film 1s typically disposed between individual

anode/electrolyte/cathode/collector element combinations.

A known sputtering metallization process 1s employed to form current collecting contacts
along the edges 65, 79 of the anode 64, and cathode current collecting films 70, respectively.
It 1s noted that the metal-sprayed contacts provide for superior current collection along the
length of the anode and cathode film edges 635, 79, and demonstrate good electrical contact
and heat transfer characteristics. The electrochemical cells illustrated in FIGS. 1A-1C and 3

may be fabricated in accordance with the methodologies disclosed in U.S. Pat. Nos.

5,423,110, 5,415,954, and 4,897,917.

In Table 1 below, various thermal properties are provided for an electrochemical cell having
a construction similar to that illustrated in FIG. 1 and maintained at a temperature of

approximately 60° C.
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TABLE 1

- Thermal Conductivity
(W/m°C)

Section Specific

Heat

Direction of
the

connectors

Direction of
the film
thickness

(J/kg"C)

0.4042 48.10 1356 1411
Anode Side, 0.0466 28.90 252 2714

Inactive Zone

Cathode Side,
Inactive Side

Complete Cell

0.0388 18.45 44] 1470

1218 1435

Other Components
Component Thermal Conductivity Density x specific heat
(W/m°C) (kJ/m*°C)

0.071
366.7
134.5
178.8

401.3
3254.6
3254.6
2566.9

Cell’s core (foam)
Metallization

Spring-type conductor
Vessel wall - anodize

(o

A number of electrochemical cells may be selectively
interconnected in a parallel and/or series relationship to achieve a desired voltage
and current rating. For example, and with reference to Fig. 4, a number of
individual electrochemical cells 80 may be grouped together and connected in
parallel to common positive and negative power buses or lines to form a cell
pack 8.2. A number of the electrochemical cell packs 82 may then be connected
in series to form a module 84. Further, a number of individual modules 84 may
be connected in series to constitute a battery 86.

The embodiment shown in Fig. 4 depicts an arrangement of
electrochemical cells 80 in accordance with a modular packaging approach
which provides an efficient means of achieving desired power requirements for a

broad range of high-power applications. In this illustrative embodiment, eight
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9
electrochemical cells 80 are grouped together and connected in parallel to form a

cell pack 82. A module 84 is constituted by grouping six cell packs 82 together
and connecting the packs 82 in series. A battery 86 i1s shown as constituting 24
modules 84 connected in series.

Given these arrangements, and assuming that each of the
electrochemical cells 80 has dimensions and characteristics equivalent to those
of the cell depicted in Fig. 1, each individual cell 80 provides for a total energy
output of approximately 36.5 Wh. Each cell pack 82 provides for a total energy
output of approximately 292 Wh, while each module 84 provides for a total
energy output of 1.75 kWh. The battery 86, constituted by an array of four
axially and six longitudinally oriented modules 84 connected in series, provides
for a total energy output of approximately 42 kWh. It is understood that the
arrangement of electrochemical cells 80 and interconnection of cells 80 forming
a cell pack 82, module 84, and battery 86, may vary from the arrangements
depicted in Fig. 4.

In Fig. 5, there is shown a number of electrochemical cells
arranged in a stack configuration. A particular cell 112 is depicted as having
sustained a short-circuit. The cell 112 generates heat as a consequence of the
high rate of energy discharge resulting from the short-circuit. In accordance
with this one-dimensional (x-axis) heat conduction model, the thermal energy
generated by the short-circutt in the cell 112 is partially conducted through the
cell 112 and to the outer surfaces 115, 117 of the cell 112. The close proximity
of an adjacent cell 110 to the short-circuited cell 112 permits the thermal energy
conducted to the outer surfaces 115, 117 of the cell 112 to dissipate into the
adjacent cell 110.

| In a similar manner, an adjacent cell 114, having an outer surface
113 in thermal contact with an outer surface 117 of the cell 112, conducts heat
produced by the cell 112 through the thermal contact interface 113, 117. In this
illustrative example, the adjacent cells 110, 114 include outer surfaces 111, 113
which are in intimate thermal contact with the outer surfaces 115, 117 of the cell
112. It is understood that an insert element, such as a foam or metallic flat

spring element, or thermally conductive material, may be situated between
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adjacent cells. Although not depicted in Fig. 5, it is understood that the heat
generated by the short-circuited cell 112 is also conducted in the y and z
directions and, in particular, to adjacent and neighboring cells via the thermal
conductors and thermally conductive, electrically resistive material as is depicted
in Fig. 1C.

It is believed that immediately following a short-circuit event in
the cell 112, approximately 50% of the generated heat dissipates in the x-
direction to adjacent cells 110, 114, while the remaining 50% is dissipated via
the thermal conductors and thermally conductive, electrically resistive material.
As time progresses, a disproportionate amount of the excess heat is dissipated
via the thermal conductor route. It 1s noted that the end cells of the cell stack
require the presence of an adjacently situated heat sink, such as the metal plate
75 shown in Fig. 1C, which is in intimate contact with end cell 74.

Those skilled in the art will appreciate that the energy increase
within the short-circuited cell 112, and the rate at which the energy generated
from the short-circuit event is dissipated into adjacent cells 110, 114, can be
characterized through use of Fourier's Law of Heat Conduction. In describing a
process by which heat generated from the short-circuited cell 112 1s conducted to
adjacent cells 110, 114, a brief discussion of a generalized one-dimensional heat
conduction analysis may be useful. It is understood that the following
description is provided for purposes of illustration only, and ignores three-
dimensional transient heat transfer considerations.

In the energy storage system illustrated in Fig. 5, the rate at which

heat flows axially through the short-circuited cell 112 1s denoted as Qgeq, Which
represents the heat generated per unit time in the cell 112 of thickness dx. The

heat conducted into the volume element 118 at a location x = xp is given by the
parameter Q.. The heat conducted out of the volume element 118 at a location x
= x + dx is given by the parameter Q.+4x. In this simplistic description, the
quantity Qgen represents the heat energy generated throughout the volume
element 118 which is dependent on the rate of heat generation per unit volume

per unit time, represented by the parameter q, and the volume of the element

118. The resulting energy balance equation 1s given by:
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Qx + Qgen = Qu+ax [1]

and; .
" Qgen = gAdx ' [2]

where, Qx, Qx+dx, and Qgen represent heat flow rates measured in watts (W), g

represents the rate of heat generation per unit volume per unit time measured in

watts/m’, dx represents the thickness of the volume element 118, and A4

represents the cross-sectional area of the volume element 118.

10 Those skilled in the art will appreciate that a temperature increase
within the energy storage system shown in Fig. 5 due to a short-circuit event can
be appropriately managed by understanding the thermal characteristics and
energy producing capability of the cells. An in-situ thermal management system
in accordance with the principles of the present invention may be employed to

15 dissipate excess thermal energy resulting from a short-circuit event without
necessity of an external active thermal management scheme, such as a forced
cooling or forced convection apparatus. The in-situ thermal management
methodology described herein may be implemented by understanding the heat
capacity and heat dissipation characteristics of the particular cells used 1n an

20 energy storage system, and appropriately limiting the energy content of the cells.

An important consideration that impacts the design of a multiple-
cell energy storage system concerns the temperature at which the materials of a
particular cell technology break down or degrade such that overali cell
performance is significantly reduced. By way of example, a cell having a

25 construction of the type shown in Figs. 1A-1C and 3 has a breakdown
temperature of approximately 180° C, which represents the melting point of

lithium. Employment of an in-situ thermal management scheme.implemented in
accordance with the principles of the present invention prevents the temperature
of a cell from reaching a breakdown temperature, or a safety temperature lower
30 than the breakdown temperature, even under short-circuit conditions.
The heat dissipation characteristics of a particular cell are
dependent on a number of factors, including the cell’s technology, dimensions,

and thermal/electrical properties. Taking into consideration these known factors,
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the heat dissipation characteristics of a cell may be altered and optimized. Since

heat dissipation in the cell 112 is a function of thermal contact surface area with
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respect to contact surfaces of adjacent cells 110, 114, the maximum energy
content per unit contact surface area required to maintain the cell temperature
below a breakdown or safety temperature may be determined. By way of
example, and with reference to Fig. 6, there 1s shown in graphical form a
relationship between the maximum temperature of a cell having a construction as
shown in Figs. 1A-1C and 3 under short-circuit conditions and a ratio of
normalized energy content-to-contact surface area for the cell. It is to be
understood that the graph of Fig. 6 characterizes a cell having a particular
chemistry and having particular geometric and thermal/electrical properties.

Using the graph shown in Fig. 6, the energy content of a cell and
the physical dimensions of the cell may be selected so that the ratio of energy
content-to-cell surface area is kept within a range such that the maximum cell
temperature remains below a breakdown or safety temperature, even under short-
circuit conditions. An energy content-to-contact surface area ratio of less than
approximately 0.0050 Wh/cm® for a thin-film lithium polymer cell will ensure
that a worst-case temperature resulting from a short-circuit in the cell does not
exceed the melting point of the lithium elements within the cell (i.e., 180° C).

If it desired to design the cell to ensure that a maximum short-
circuited cell temperature does not exceed a safety temperature, such as 130° C,
the energy content and contact surface area of the cell may be appropriately
selected using the graph of Fig. 6. It is understood that graphs similar to that
shown in Fig. 6 which characterize maximum cell temperature under short-
circuit conditions relative to the ratio of energy content-to-contact surface area
may be developed for energy storage cells constructed using technologies other
than those described herein. It is noted that Fig. 18, for example, depicts a
relationship between energy content and maximum cell temperature for a cell
having a similar construction as that shown in Figs. 1A-1C and 3 but a different
cathode oxide.

The depictions of energy storage cells shown in Figs. 7-9 are

provided to illustrate that an in-situ thermal management design approach may
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be employed for energy storage cells having varying configurations. For

example, the length (L), height (H), width (w), or radius (r) may be varied as
needed for a given application, with the constraint that the ratio of energy
content-to-contact surface area remain in a range that prevents the worst-case
cell temperature from exceeding the cell breakdown temperature.

In order to facilitate the proper design and manufacture of
thermally stable energy storing modules and devices which contain a number of
closely situated electrochemical cells of a given technology, it is useful to
express the maximum temperature achievable by the cells under worst-case
conditions (i.e., a short-circuit) as a function of several variables, including the
ratio of energy content of the cell to cell volume, conductivity of the cells,
thermal conductance, and cell thickness. The following equations characterize
the maximum temperature, (Tnax), of a short-circuited cell of a given technology
when the cell is packaged in an energy storing module such as that depicted in
Figs. 4, 10, and 14. It is noted that the equations below were developed by use
of numerical simulations of a multiple-cell module at an initial operating
temperature of 60° C. It is further noted that these equations were developed
based on a cell technology implicated in Fig. 18. Using the following equations,

it is possible to calculate the conductance of a thermal conductor required to
safely dissipate excess heat generated by a short-circuited cell.

Equation [3] below mathematically characterizes the maximum
cell temperature of a thin-filmed electrochemical cell, which does not include a
foam core element, as a function of various operative parameters. The
dimensions of the cell characterized in Equation [3] are given as 0.135m x

0.149m x 0.054m. The maximum cell temperature for the cell is given by:

T, = 1/1.101/1.200.037738¢(1/(Pce*Cpee)) ¢ o(Q/keell) ¢ ()M o (K/LY**"  [3]

where, Tmax represents the maximum temperature reached by a short-circuited
cell in a module (° C), pcenn represents the density of the cell (kg/m3), Cpeelt
represents the heat capacity of the cell (J/kgK), Q represents the energy content

of one cell per unit volume (Wh/m>), kcell represents the conductivity of the cell

PCT/US98/15299
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in the cell-to-cell axial direction (W/mK), & represents cell thickness in the cell-
to-cell axial direction (mm), and K/L represents the conductance of the thermal
conductor (W/m’K).
Using Equation [3] above, a relationship between maximum
S temperature of a short-circuited cell as a function of the cell’s energy content for
a given cell chemistry and configuration may be developed. A relationship
between maximum cell temperature as a function of cell thickness may also be
developed. By way of example, and with reference to Figs. 18-19, there is
depicted a relationship between maximum cell temperature as a function of
10 energy content and cell thickness, respectively. The data reflected in Figs. 18-19
was developed with the following variables held constant: kcell = 0.4 W/mK,
K/L = 400 W/m’K, pcent* Cpeen = 1218 « 1435 J/m’K.
It can be seen from Fig. 18 that a thin-film electrochemical cell of
the type characterized above should have an energy content which 1s limited to
15 less than approximately 38 Wh to ensure that the maximum temperature of the
cell will not exceed a breakdown temperature, such as the melting point of
lithium (i.e., 180° C). It is interesting to note the linearity of the maximum cell
temperature-to-energy content relationship depicted in Figs. 18 and 6, given the
difference in cell technology. It can be seen from Fig. 19 that the thickness of
20 the cell should not exceed approximately 8.5 mm in order to ensure that the
maximum temperature of the cell does not exceed the 180° C breakdown
temperature.
Equation [4] below characterizes maximum cell temperature for
an energy storing module of the same cell technology as that implicated in
25 Equation [3] in which some of the cells include a foam core element compressed
to approximately 2 mm. More specifically, Equation [4] characterizes maximum
cell temperature for a module design in which compressed foam core elements
are provided in every two electrochemical cells. In this case, maximum cell

temperature for such a module configuration is given by:
30

Tonax = 0.037738 « (1/(poen Cpeen))™">0 « (Qrkeell) « (8)*°M* « (K/LY*" 4]
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It is interesting to note that Equations [3] and [4] differ only by constants (i.e.,
the constants 1/1.1 and 1/1.2 in Equation [3]).

Equation [5] characterizes the maximum cell temperature for a
module having cells of the same technology implicated in Equations [3]-[4],
wherein the cells incorporate a foam core element that is thinner than the
element associated with Equation [4) above. More specifically, Equation [5)
below assumes that a foam core element having a thickness of approximately
1/32 inches is provided in every two cells of the cell stack. The foam core
element is fabricated from Poron S2000™. The maximum cell temperature for a

module having this configuration is given by:

Trnax = 1/1.1 ¢ 0.037738 « (1/(peeit * Cpeet))™° « (Q/keell) o ()41 o (K/LY2?7  [5]

It 1s noted that the term peen.* Cpeer allows Equations [3]-[5] to be used to
quantify the effect of heat capacity of the components within the cell on the
maximum cell temperature, Tpax, reached during a short-circuit event. These
equations, therefore, may be used to characterize maximum cell temperatures
under similar situations for energy storing cells of differing technologies.

These equations may also be employed to characterize the effects
of modifications and improvements in cell design and construction. It is noted
that the numerical simulations used to develop Equations [3]-[5] were directed to
the investigation of electrochemical cells having an energy content that varied
from approximately 30 to 40 Wh, a cell thickness, 8, that varies from
approximately 5.4 and 7.8 mm, and cells that utilize a thermal conductor having
a conductance value, K/L, that varies between approximately 200 and 600
W/m’K. |

The in-situ thermal management approach described above with
reference to Figs. 1C and 5 is generally applicable for managing short-circuit
temperature increases occurring in a single cell of a grouping of cells. In
applications in which a significant number of parallel connected cells are
configured in a stack or bundle, an enhanced in-situ short-circuit protection
scheme may be implemented to prevent thermal runaway within the cell stack,
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and to 1solate a particular cell from the parallel connection upon occurrence of a

short-circuit 1n the cell.

In the embodiment of an energy storage system illustrate in Fig.

10, the energy storage device 120 includes eight energy storage cells
respectively connected in parallel to common positive and negative terminals
124, 125. The cell EC1 1s shown as a short-circuit. Given this arrangement, and
with reference to Fig. 11, it can be seen that only one short-circuited cell within a
stack of eight cells can be managed using the above-described in-situ thermal
management methodology without exceeding the breakdown temperature of the
cell material. An in-situ short-circuit protection device may be incorporated into
an energy storage system to prevent multiple short-circuit events from occurring.
In accordance with one embodiment of the present invention, and
as shown in Fig. 10, a fuse 123 is connected in series with a respective cell 122
within the multiple-cell energy storage device 120. In the event that a short-
circuit occurs in any of the parallel connected cells 122, the fuse 123 of the
defective cell 122 blows so as to electrically isolate the short-circuited cell 122
from the parallel connection. The heat generated during development of the
short-circuit in the cell 122 and after blowing of the fuse 123 is conducted to
cells adjacent the defective cell 122 in a manner previously described. As such,
the maximum temperature attainable by a cell under worst-case conditions is
well below the breakdown temperature of the cell. More particularly, the data of

Fig. 11 confirms that the temperature of a short-circuited cell within the cell

stack never exceeds a safety temperature of 130° C when an in-situ short-circuit
protection device is employed. .

Referring now to Fig. 12, there is illustrated a graph which
characterizes the effect on cell current upon the occurrence of a short-circuit in a
thin-film electrochemical cell. A thin-film cell of the type shown in Figs. 1A-1C
and 3, as well as other types of high-energy cells, exhibit a significant short-term
increase in cell current due to the capacitive characteristics of the cell. For
example, the current in the cell characterized in Fig. 12 spikes at a value in
excess of 500 A in less than approximately 100 milliseconds. Following the

current spike, the current in the cell rapidly decays to approximately 150 A after




10

15

20

25

30

WO 99/05747

CA 02297839 2000-01-24

17 |
1 second, and gradually decays thereafter. At S seconds following the short-

circuit event, the cell current reaches a value of approximately 60 A.

The characteristic current spike that occurs immediately after a
short-circuit event in a high-energy cell is advantageously exploited by an in-situ
short-circuit protection device implemented in accordance with the principles of
the present invention. In the embodiment shown 1n Fig. 10, for example, each of
the fuses 123 connected in series with a corresponding energy storage cell 122
are designed to activate in response to a current spike generated from a short-
circuit in the cell 122. A fuse 123 typically has a current rating that prevents the
fuse from activating during normal operation, yet permits the fuse to activate in
response to a short-circuit condition. Exploiting the current spike as a triggering
mechanism for the fuse 123 provides for a large current gap between the
maximum operating current level of the cell 122 and the minimum activation
current level of the fuse 123.

In accordance with one embodiment, the parallel connected cells
of an energy storage device have a structure and behavior similar to those
previously described with reference to Figs. 1A-1C and 3. Insuch a
configuration, the fuses connected in series with the cells have a current rating of
approximately 50 A. By utilizing the capacitive eftect of the cell to trigger the
50 A fuse, unintentional activation of the fuse is avoided, providing for both safe
and reliable short-circuit protection of the energy storage device.

In some applications, protection against accidental shorting of an
energy storage device or cell, such as through a foreign conductive implement or
material, may be of primary concern. It may be desirable, therefore, to employ a
fuse that is activated more slowly than the fast acting fuse described above. For
example, a fuse that activates after several hundred milliseconds or several
seconds after occurrence of a short-circuit in the cell may be employed.
Although excess heat is generated between the time the short occurs and the time
the fuse blows, the in-situ thermal management methodology described
previously provides for the safe dissipation of such excess heat.

In Fig. 13, there is 1llustrated an embodiment of a short-circuit

protection device fabricated in an integrated package. The integrated device 130

PCT/US98/15299
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includes an enclosure 132 within which eight fuses (not shown) are mounted. A
first contact of each fuse 1s connected in series with a corresponding one of eight
terminals 134, and a second contact of the each fuse is' connected to a common
bus 140. Each of the terminals 134 includes a lead 136 and a contact 138. When
the short-'circuit protection device 130 is connected to an array of cells, each of
the contacts 138 engages a corresponding contact of one of eight cells in the
array. The common bus 140 is typically coupled to one or more common busses
of other short-circuit protection devices 130 connected to corresponding cell
arrays to form a series connected energy storage device, such as a module.

In one embodiment, the enclosure 132 has a height, Hg, of 16.00
mm, a width, Wg, of 7.49 mm, and a length, Lg, of 50.80 mm. The lead portion
136 of the terminal 134 has a height, H;, of 12.70 mm, a width, Wy, of 1.27 mm,
and a length, L, of 5.00 mm. The contact portion 138 of the terminal 134 has a
height, He, and a width, W¢, of 1.27 mm, and a length, L¢, of 13.03 mm. The
common bus 140 has a height, Hcg, of 6.35 mm, a width, Wc¢g, of 1.27 mm, and
a length, Lcg, of 49.02 mm.

In Fig.14, there is shown an exploded view of an embodiment of
an energy storing module 142 which houses a number of electrochemical cells
144, interconnection hardware, and control hardware and software. In
accordance with one embodiment, the module 142 includes a stack of 48
electrochemical cells 144 which are interconnected through use of a interconnect
board 147. Short-circuit protection circuitry, such as an integrated short-circuit
protection pack 148, is typically provided on the interconnect board 147. Each
of the six integrated short-circuit protection packs 148 disposed on the
interconnect board 147 electrically couple to a corresponding one of six cell
packs 143 upon mounting the interconnect board 147 in place above the stack of
cells 144.

The volume of an electrochemical cell of the type described
previously with regard to Fig. 1 varies during charge and discharge cycling due
to the migration of lithium ions into and out of the lattice structure of the cathode
material. This migration creates a corresponding increase and decrease in total

cell volume on the order of approximately five to six percent during charging
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and discharging, respectively. In order to accommodate variations in cell volume resulting
from charge and discharge cycling of a grouping of cells, a pressure producing apparatus is
employed to maintain the cells in a continuous state of compression to ensure continuous
intimate contact between cell of the cell stack. It is considered desirable that the compressive
forces, whether produced internally or externally of the cell, be distributed fairly uniformly

over the surface of application.

The stack of electrochemical cells 144 shown in FIG. 14 are banded together by use of two
bands 146 and two opposing thrust plates 145. The 48 electrochemical cells 144 are subjected
to continuous compressive forces generated by use of the bands 146/thrust plates 145 and a
foam or spring-type element disposed in each of the cells 144 and/or between all or selected
ones of the cells 144. It is noted that the foam or spring-type core element provided in the
center of each of the cells 144 serves to distribute pressure evenly between the cells 144,
which is of particular importance as cell volumes change during charge and discharge

cycling.

In the embodiment illustrated in FIG. 15, a metal strap 194 includes a wave-like spring 198
which generates tension forces that cause the thrust plates 196, 1n turn, to exert compressive
forces on the cell stack 192. It is understood that the tension spring apparatus 1llustrated in
FIG. 15 may be implemented using a number of coil springs or using elastomeric matenal,
and that a combination of metallic and elastomeric spring materials may also be
advantageously employed. Further, it will be appreciated that foam or other spring elements
may be incorporated within the cell stack and/or within individual cells in combination with a

tension spring apparatus external to cell stack.

FIG. 16 illustrates an embodiment of a strap apparatus 180 which is particularly useful in
constraining a number of electrochemical cells configured as a stack or bundle. In contrast to
a strap apparatus which is substantially non-extendible 1n its length, the strap apparatus
shown in FIG. 16 incorporates a unique clamp 182 which significantly enhances the efficacy

of a cell stack pressure system. The strap apparatus includes two bands 180 each
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having C-shaped ends 181. A clamp 182 is attached to a band 180 by coupling the C-shaped
ends 181 of the band 180 with corresponding C-shaped ends 184 of the clamp 182. It 1s
assumed that the bands 180 are disposed around the stack of cells in a manner as shown in
FIG. 15. The clamp 182 includes a hinge 186 integral to the clamp 182 which is collapsible

onto a contact surface 188 of the clamp 182 when subjected to sufficient force.

When the hinge 186 is collapsed onto the contact surface 188, the C-shaped ends 184 of the
clamp 182 are pulled towards each other which, in turn, produces a tension force in the C-
shaped ends of the bands 180. The magnitude of the tension force induced in the bands 180
by actuation of the clamps 182 1s moderated by a sign wave-shaped spring 189 integral to the
clamps 182. The sign wave-shaped spring 189 may be configured, in terms of shape,
thickness, and material, to provide for a desired amount of expansion and retraction of the

strap apparatus during charge/discharge cycling of the cells.

It will, of course, be understood that modifications and additions can be made to the various
embodiments discussed hereinabove without departing from the scope or spint of the present
invention. By way of example, a short-circuit protection device may include thermally
activated fuses, such as Model NTE8090 ™ manufactured by NTE Electronics, rather those
described herein. Thermally activated fuses typically activate at a prescribed temperature,
such as a temperature below a breakdown temperature. Also, a thermally activated fuse may
be connected 1n series with a current activated fuse which provides for increased activation
reliability. Further, the principles of the present invention may be employed for use with
battery technologies other than those exploiting lithium polymer electrolytes, such as those
employing nickel metal hydnde (N1-MH), lithium-10n, (Li-Ion), and other high energy battery
technologies. Accordingly, the scope of the present invention should not be limited by the
particular embodiments discussed above, but should be defined only by the claims set forth

below and equivalents thereof.
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CLAIMS
What we claim 1s:
1. An 1n-situ thermal management system for an energy storing unit, comprising:

a plurality of planar electrochemical cells each being coupled 1n parallel to common
positive and negative connections, each of the electrochemical cells having a ratio of energy
content-to-contact surface area of less than 0.006 Wh/cm? such that thermal energy produced
by a short-circuit 1n a particufar cell of the plurality of cells is conducted to a thermal
conductor connected to each of the cells and to a cell adjacent the particular cell so as to
prevent a temperature of the particular cell from exceeding a breakdown temperature,
wherein the breakdown temperature represents a melting temperature of the particular cell;
and

a plurality of fuses each coupled in series with one of the electrochemical cells, a fuse
coupled to the particular cell being activated by a current spike capacitively produced by the
particular cell upon occurrence of the short-circuit in\ the particular cell, thereby electrically

1solating the particular cell from the common positive and negative connections.

2. The system of claim 1, wherein the fuses are activated by a current spike having an

amperage ranging between 300 A and 600 A.

3. The system of claim 1, wherein the fuses have a current rating of 50 A.
4. The system of claim 1, wherein the fuses are fabricated as an integrated package.
5. The system of claim 1, wherein each of the plurality of electrochemical cells has a

prismatic configuration.

6. The system of claim 1, wherein each of the plurality of electrochemical cells has an

energy content ranging between 10 Wh and 40 Wh.
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