woO 2012/167019 A1 |JIN I N0F 00 00 O O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2012/167019 A1

(51

eay)

(22)

(25)
(26)
(30)

1

(72)
(73)

74

6 December 2012 (06.12.2012) WIPOIPCT
International Patent Classification: (81)
HOIM 10/44 (2006.01) HOIM 10/052 (2010.01)

HOIM 10/46 (2006.01) HOIM 4/38 (2006.01)

HOIM 10/48 (2006.01) H02J 7/00 (2006.01)

International Application Number:
PCT/US2012/040377

International Filing Date:
1 June 2012 (01.06.2012)

Filing Language: English
Publication Language: English
Priority Data:

13/151,612 2 June 2011 (02.06.2011) US

Applicant (for all designated States except US): ROBERT
BOSCH GMBH [DE/DE]; Postfach 30 02 20, D-70442
Stuttgart (DE).

Inventors; and

Inventors/Applicants (for US only): CHRISTENSEN,
John, F. [US/US]; 555 Middlefield Rd. #m312, Mountain
View, CA 94043 (US). AHMED, Jasim [US/US]; 828
Seveley Drive, Mountain View, CA 94041 (US). KOJIC,
Aleksandar [US/US]; 980 Alpine Terrace #1, Sunnyvale,
CA 94086 (US).

Agent: MAGINOT, Paul, J.; MAGINOT, MOORE &
BECK LLP, Chase Tower, 111 Monument Circle, Suite
3250, Indianapolis, IN 46204-5109 (US).

(84)

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

of inventorship (Rule 4.17(iv))

Published:

with international search report (Art. 21(3))

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

(54) Title: SYSTEM AND METHOD FOR CHARGING AND DISCHARGING A LI-ION BATTERY

b 112

110

100

FIG. 1

(57) Abstract: An electrochemical battery system, in one embodiment, includes a plurality of electrochemical cells, a memory in
which command instructions are stored, and a processor contigured to execute the command instructions to sequentially connect a
first set of the plurality of electrochemical cells to an electrical load, disconnect the first set from the electrical load, connect a
second set of the plurality of electrochemical cells to the electrical load, and disconnect the second set from the electrical load,
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SYSTEM AND METHOD FOR CHARGING AND
DISCHARGING A Li-ION BATTERY

Cross Reference to Related Applications

Cross-reference is made to U.S. Utility Patent Application Serial No. 12/463,092
entitled “System and Method for Charging and Discharging a Li-ion Battery” by Nalin
Chaturvedi et al., which was filed on May 8, 2009, the entirety of which is incorporated
herein by reference. The principles of the present disclosure may be combined with features

disclosed in the above-referenced patent application.

Field of the Invention

[0001] The present disclosure relates to batteries and more particularly to lithium-ion

batteries.

Background

[0002] Batteries are a useful source of stored energy that can be incorporated into a
number of systems. Rechargeable lithium-ion (“Li-ion”) batteries are attractive energy
storage systems for portable electronics and electric and hybrid-electric vehicles because of
their high specific energy compared to other electrochemical energy storage devices. In
particular, batteries with a form of lithium metal incorporated into the negative electrode
afford exceptionally high specific energy (measured in Wh/kg) and energy density (measured
in Wh/L) compared to batteries with conventional carbonaceous negative electrodes.

[0003] When high-specific-capacity negative electrodes such as lithium are used in a

battery, the maximum benefit of the capacity-increase over conventional systems is realized
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when a high-capacity positive electrode active material is also used. Conventional lithium-
intercalating oxides (e.g., LiCoO,, LiNig3Cog 15Alg 9507, Li; 1Nig3C003Mng30;) are typically
limited to a theoretical capacity of ~280 mAh/g (based on the mass of the lithiated oxide) and
a practical capacity of 180 to 250 mAh/g. In comparison, the specific capacity of lithium
metal is about 3863 mAh/g. The highest theoretical capacity achievable for a lithium-ion
positive electrode is 1168 mAh/g (based on the mass of the lithiated material), which is
shared by LiS and Li,0,. Other high-capacity materials including BiF; (303 mAh/g,
lithiated) and FeF; (712 mAh/g, lithiated) are identified in Amatucci, G.G. and N. Pereira,
Fluoride based electrode materials for advanced energy storage devices. Journal of Fluorine
Chemistry, 2007. 128(4): p. 243-262. All of the foregoing materials, however, react with
lithium at a lower voltage compared to conventional oxide positive electrodes, hence limiting
the theoretical specific energy. The theoretical specific energies of the foregoing materials,
however, are very high (> 800 Wh/kg, compared to a maximum of ~500 Wh/kg for a cell
with lithitum negative and conventional oxide positive electrodes).

[0004] Thus the advantage of using a Li metal negative electrode (sometimes referred to
as an anode) is the much higher energy density of the entire cell, as compared to cells with
graphitic or other intercalation negative electrode. A disadvantage of using pure Li metal is
that lithium is highly reactive. Accordingly, the lithium metal has a propensity to undergo
morphology changes, which cause structures having a high surface area to form on and
around the negative electrode when the cell is being charged. Exemplary high surface area
structures include dendrites and mossy structures. The high surface area structures may in

some instances cause an internal short of the cell.
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[0005] Moreover, asymmetric charging and discharging rates (i.e. where the charge rate
is more rapid than the discharge rate) of a Li metal cell results in significant morphology
changes. The initially dense lithium metal, after a certain number of cycles, may develop an
uneven metal morphology having surface roughness and a sponge-like morphology.
Additionally, the high surface area of the uneven metal morphology increases the chance for,
and the severity of, runaway reactions within the cell.

[0006] What is needed, therefore, is a battery system and charge/discharge method that
reduces the potential for dendrite formation and the undesired morphological changes in the

anode of battery cells having metal anodes.

Summa

[0007] An electrochemical battery system, in one embodiment, includes a plurality of
electrochemical cells, a memory in which command instructions are stored, and a processor
configured to execute the command instructions to sequentially connect a first set of the
plurality of electrochemical cells to an electrical load, disconnect the first set from the
electrical load, connect a second set of the plurality of electrochemical cells to the electrical
load, and disconnect the second set from the electrical load, wherein the electrochemical cells
in the first set and the electrochemical cells in the second set are selected based upon a target
electrochemical cell discharge rate.

[0008] In accordance with another embodiment, an electrochemical battery system
includes a plurality of electrochemical cells, a memory in which command instructions are
stored, and a processor configured to execute the command instructions to logically associate

the plurality of electrochemical cells into a first set of electrochemical cells and a second set
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of electrochemical cells, connect the first set of electrochemical cells to an clectrical load,
disconnect the connected first set of clectrochemical cells from the electrical load, connect
the second set of electrochemical cells to the electrical load after disconnecting the first set,
and disconnect the connected second set from the electrical load, wherein the electrochemical
cells in the first set and the electrochemical cells in the second set are logically organized

based upon a target electrochemical cell discharge rate.

Brief Description of the Drawings

[0009] FIG. 1 depicts a simplified schematic of a battery system including several
electrochemical cell modules which can be independently controlled for charging or
discharging operations;

[0010] FIG. 2 depicts a simplified schematic of the cell modules of FIG. 1 showing the
independently controlled connection switches for each of the electrochemical cells within the
electrochemical cell modules;

[0011] FIG. 3 depicts a schematic of one of the electrochemical cells of FIG. 1 showing a
coulomb counter and a voltage meter, which can be used in executing a charging and
discharging strategy; and

[0012] FIG. 4 depicts a flow diagram of an exemplary procedure that may be performed
by the battery system of FIG. 1 to control charging and discharging operations of the system

of FIG. 1.
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Description

[0013] For the purpose of promoting an understanding of the principles of the disclosure,
reference will now be made to the embodiments illustrated in the drawings and described in
the following written description. It is understood that no limitation to the scope of the
disclosure is thereby intended. It is further understood that the present disclosure includes
any alterations and modifications to the illustrated embodiments and includes further
applications of the principles of the disclosure as would normally occur to one of ordinary
skill in the art to which this disclosure pertains.

[0014] FIG. 1 depicts a battery system 100 including several battery cell modules 102,
having metal negative electrodes. In the embodiment of FIG. 1, five battery cell modules
102,5s are depicted each having lithium metal negative eclectrodes. In alternative
embodiments, more or fewer battery cell modules of different or the same chemistry may be
provided. Each of the lithium-ion battery cell modules 102 is selectively connected to a
load/voltage source 104 or to another one of the battery cell module(s) through one or more
of the switches 106, and the switches 108,. Each of the switches 106, and the switches 108,
are connected to and controlled by a processor 110, which is operably connected to a
memory 112. Connections in addition to those shown may be provided in some
embodiments.

[0015] The processor 110 may configure the switches 106, and the switches 108, to
connect one or more battery cell modules 102, to the load/voltage source 104 in any desired
arrangement. Accordingly, each battery cell module 102, may be independently charged or

discharged. Control of the switches is accomplished using various command instructions,
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discussed in further detail below, which are saved into the memory 112. The processor 110
is operable to execute the command instructions saved into the memory 112.

[0016] The lithium-ion battery cell modules 102, in this embodiment are identical and
are described in further detail with reference to FIG. 2 and the lithium-ion battery cell
module 102s. The lithium-ion battery cell module 1025 includes five lithium-ion battery cells
114,5. In alternative embodiments, more or fewer battery cells of different or the same
chemistry may be provided. A connection switch 116, s is associated with each of the battery
cells 114,s. Each of the connection switches 1165 is connected to the processor 110 (some
connection lines are omitted for clarity of view in the simplified schematic of FIG. 2). Each
of the connection switches 116,_s is independently controlled by the processor 110, such that
the processor may selectively connect a respective one of the battery cells 1145 to an
internal battery cell circuit 118, bypass the internal battery cell circuit, or connect the
respective battery cell to another one or more of the battery cells. Accordingly, the processor
110 may arrange the battery cells 1145 of the cell module 1025 in a number of different
arrangements.

[0017] In the exemplary configuration shown in FIG. 2, the connection switches 116y, 5, 4,
and 5 are positioned to connect the battery cells 1144 5 4, ana s to the battery cell circuit 118,
while the connection switch 1163 is positioned to a bypass position, whereby the battery cell
1145 is effectively electrically isolated from the battery cell circuit 118. The battery cells
11445, 4, and 5 are thus connected in a series arrangement.

[0018] The lithium-ion battery cells 1145 are identical and are described in further detail
with reference to the lithium-ion battery cell 114, shown in FIG. 3. The lithium ion cell 114,

includes a negative electrode 120, a positive electrode 122, and a separator region 124
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between the negative electrode 120 and the positive electrode 122. The negative electrode
120 in this embodiment includes a dense Li foil 126 laminated to the current collector 132.
[0019] The negative electrode 120 may be provided in various alternative forms. The
negative electrode 120 may incorporate dense Li metal or a conventional porous composite
electrode (e.g., graphite particles mixed with binder). Incorporation of Li metal is desired
since the Li metal affords a higher specific energy than graphite.

[0020] The separator region 124 includes an electrolyte with a lithium cation and serves
as a physical and electrical barrier between the negative electrode 120 and the positive
electrode 122 so that the electrodes are not electronically connected within the battery cell
114, while allowing transfer of lithium ions between the negative electrode 120 and the
positive electrode 122.

[0021] The positive electrode 122 includes active material 136 into which lithium can be
inserted, inert material 138, the electrolyte 130, and a current collector 140. An optional
voltage meter 142 is configured to obtain the voltage between the negative electrode 120 and
the positive electrode 122, and an optional coulomb counter 144 is provided to detect current
flow into and out of the battery cell 114;. If desired, a single coulomb counter 144 may be
used to detect current flow into and out of a cell module 102,.

[0022] The lithium-ion battery cells 1144 operate in a manner similar to the lithium-ion
battery cell disclosed in U.S. Patent Application Serial No. 11/477,404, filed on June 28,
2006. In general, with reference to the battery cell 114, during discharge electrons are
generated at the negative electrode 120 and electrons are consumed at the positive electrode
122 as lithium ions and electrons move in the direction of the arrow 146 of FIG. 3. The

clectrons are generated at the negative electrode 120, because there is extraction via
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oxidation of lithium ions from the Li metal of the negative electrode 120, and the electrons
are consumed at the positive electrode 122, because there is reduction of lithium ions into the
active material 136 of the positive electrode 122. During recharging of the cell 1144, the
reactions are reversed, with lithium ions and electrons moving in the direction of the arrow
148 of FIG. 3.

[0023] Returning again to FIG. 1, the electrochemical battery cell modules 102,_s may be
used to supply electrical power to the load/voltage source 104 during normal discharge
operations by selectively controlling the switches 106, s and the switches 108, s. Similarly,
the electrochemical battery cell modules 1025 may be charged by the load/voltage source
104 during normal charging operations by selectively controlling the switches 106, s and the
switches 108, s. Charging and discharging of the lithium-ion battery cells 114 within the
cell modules 102, connected to the load/voltage source 104 can further be controlled by
selectively controlling the connection switches 116x.

[0024] In practice, users frequently charge and discharge electrochemical battery cells
asymmetrically. For example, users commonly desire a battery system 100 that can be
charged in minutes (or hours), and that can be discharged over the course of days (or weeks).
Such practice, of a fast charge rate and a comparatively slow discharge rate, while convenient
to the user or necessitated by operational considerations, increases the potential for dendrite
formation, non-uniform morphology changes, and the formation of other high surface arca
structures (these processes are referred to collectively as morphology changes) in the
negative electrode. Morphology changes occur to a greater extent at high rates of charge,
because at the high currents associated with high rates of charge, the current distribution

becomes less uniform due to the high voltage potential and ion concentration gradients in the
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electrolyte. These high ion concentration gradients result in preferential deposition of the
conductive metal on surfaces closer to the current collector 132 in the negative electrode 120
and thus morphology changes occur.

[0025] The battery system 100 is configured to mitigate the above-described
morphology changes by implementing a symmetrical charge and discharge profile for the
electrochemical battery cells 114 in the cell modules 102,. Specifically, the battery system
100 discharges a particular battery cell 114 at a discharge rate that is preferably about equal
to or greater than the normal or nominal charge rate of the battery cell to mitigate
morphology changes that may have occurred during charging of the battery cell, thereby
flattening the metal surfaces of the negative electrode 120. This charge/discharge profile is
referred to herein as a “symmetrical charge and discharge profile”. Operating a symmetrical
charge and discharge profile does not prevent the morphology changes that occur during
charging of the battery cells 114y; instead, the symmetrical charge and discharge profile
results in a discharge rate that reverses (i.c. through a process of electrochemical Li stripping)
the morphology changes that may have presented during charging of the battery cell. While
a symmetrical charge and discharge profile is achieved at the battery cell 114 level, an
overall discharge rate of the battery system 100 can remain much lower than the charge rate
of the collection of cells.

[0026] The processor 110 in one embodiment operates command instructions stored
within the memory 112 in accordance with a procedure 150 depicted in the flowchart of FIG.
4 to symmetrically charge and discharge the electrochemical battery cells 114,. Initially,

criteria for operating the system 100 are stored in the memory 112, at the block 152. The
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criteria may be stored in the form of an algorithm with different weights provided for
different factors.

[0027] Multiple algorithms may be associated with each cell module 102, depending on
the arrangement of the cells 114, within the cell module and the desired complexity of the
system. By way of example, the criteria may include, among other criteria, a nominal charge
voltage (“V.”) and a nominal discharge voltage (“V4”) for each of the cells 114.
Additionally, an initial open cell potential (“OCP”) / SOC relationship for each individual
cell 114, may be stored in the memory 112. The stored criteria provide values for the
algorithm that the processor 110 uses to implement the symmetrical charge and discharge
profile. The criteria stored in the memory 112 may be obtained in any desired manner. In
some embodiments, the algorithms may comprise a look-up table as described more fully
below.

[0028] At block 156, the system 100 determines if operation of the system has been
enabled such as by checking an on-off switch position. If system operation is not enabled,
the process 150 ends at the block 160.

[0029] If the system 100 determines that system operation is enabled, the processor next
determines if the load/voltage source 100 is functioning as a voltage source at the block 164.
The processor 110 may determine if the load/voltage source 100 is a load or voltage source in
any desired manner.

[0030] If the processor determines that load/voltage source 104 is a voltage source, the
processor 110 evaluates the battery cells 114 to determine if the battery cells should receive
charge from the voltage source, at the block 168. The processor 110 determines if the battery

cells 114 should receive charge in any desired manner. In one exemplary embodiment, the

10
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processor 110 accesses the memory 112 to determine a current SOC, actual or estimated, for
cach of the cells 1144. Additionally or alternatively, the processor 110 may receive data from
the voltage meters 142 and the coulomb counters 144 associated with each of the cells 114,
to determine a present SOC and/or a present OCP of the cells. If no cells are to be charged,
then the process 150 continues to block 156.

[0031] If at the block 168 any cells are identified as needing a charge, the process 150
continues at block 172 and the processor 110 controls charging of the battery cells 114, with
a charging procedure. The specific charging procedure used by the processor 110 may
depend on chemical characteristics, physical characteristics, and/or design limitations of the
battery system 100. Additionally, the charging procedure may further depend on a desired
rate of charge and/or the amount of power available from the load/voltage source 104. The
system 100 may use any desired charging procedure to charge the battery cells 114,.

[0032] In general, the nominal charge current I, applied to a set of cells connected in

series may be expressed by the following relationship:

=7

IC
In the foregoing equation, the charge power “P.” is the power available from the load/voltage
source 104 to charge a grouped set of cells, such as the battery cells 114, which are
connected in series. Assuming each of the cells to be identical, V. is the voltage drop across
cach of the cells during charging and “n” is the number of cells that are connected in series.
Thus, for a given P, the I, can be controlled by controlling the number of cells “n” which are
being charged.

[0033] Accordingly, in a basic approach for establishing a charge, nominal values for P,

V., and n may be predetermined to achieve a design I.. The processor 110 in this basic

11



10

15

20

WO 2012/167019 PCT/US2012/040377

approach may be configured to configure the switches 1064, 108,, 116, such that the design I,
is applied to each of the cells 114,. In some systems this may be accomplished by
connecting all of the cells 114, to the load/voltage source 104. In more advanced systems,
the number of cells 114 connected to the load/voltage source 104 may be based upon an
analysis of the P available from the load/voltage source 104. In yet more advanced systems,
the V. of each of the cells 1144 may influence the manner in which the set of cells to be
charged is determined. The V. in these more advanced processes may be estimated or
determined at some periodicity.

[0034] Accordingly, as more information is available regarding the actual state of charge
of a particular cell 114, more advanced charging philosophies may be incorporated, resulting
in more complex algorithms executed by the processor 110 during a particular charge. In the
more complex algorithms, the charging of a particular cell 114, may be prioritized by the
processor 110 to achieve desired system parameters. Moreover, the actual charge conditions
including the current used to charge each of the cells 114, may be measured and stored in
some more complex systems.

[0035] Returning to the process 150, after a charge of a selected set of cells has been
conducted at block 172, the process 150 returns to block 168 and the processor 110 again
determines if a charge is needed. By way of example, the processor 110 may originally
select for charging a subset of the cells 114, which are below a first state of charge threshold,
wherein the number of cells 114, is limited to establish a target I.. After the initial subset of
cells 114, is charged, the state of charge threshold may be modified, such as from cells at
25% state of charge to cells at a 50% state of charge to identify a second subset of cells 114

for charging while achieving a target ..

12
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[0036] When no further cells need to be charged at block 168, the process 150 returns to
block 156 and the process 150 continues. Of course, the process 150 may be further
modified to terminate charging of the cells 114 based on other criteria besides cell state of
charge. Other criteria that may be used by the processor 110 to halt the charge procedure
include, but are not limited to, disconnection of the load/voltage source 104 from cell
modules 102, conversion of the load/voltage source 104 from a source to a load, and the
processor determining that the cells 114, have been charged for a desired amount of time.
[0037] Returning to block 164, if the processor 110 determines that the load/voltage
source 104 is not functioning as a source, then the procedure 150 continues at the block 176
and the processor 110 determines if the load/voltage source 104 is functioning as a load. If
the load/voltage source 104 is not functioning as a load, the procedure continues at block
156.

[0038] If at the block 176 the load/voltage source 104 is functioning as a load, the
processor 110 performs a discharge routine by proceeding to block 180. At block 180, the
processor 110 establishes a discharge rate at a cell level which mitigates morphological
changes within the cells 1144 which may have presented during charging of the cells 1144
while providing the system discharge rate required by the load/voltage source 104, even if
the system discharge rate required by the load/voltage source 104 is much smaller than the
nominal charging rate of the cells.

[0039] Specifically, the processor 110 in one embodiment controls the number of cells
114, which are used to supply the load/voltage source 104 so as to substantially achieve a
“target discharge rate” for the set of cells which are being discharged at any given moment.

The “target discharge rate” as that term is used herein, also referred to as a “target

13
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electrochemical cell discharge rate” or “target 147, is a discharge rate that is established based
upon the rate at which a cell has been charged or may have been charged.
[0040] In general, a target discharge rate is achieved based upon the following simplified
system equation:

P, =mV,l,
This equation is simplified in that it assumes that all of the cells are configured in a series
relationship. In practice, while some of the cells are serially arranged, other cells may be
arranged differently. Nonetheless, the simplified equation provides a useful basis for
explaining the manner in which a target discharge rate may be achieved. In the foregoing
equation, the variable “P4” represents the power demand of the load/voltage source 104 and
may be determined by any desired method. The number of cells in a series arrangement is
represented by “m” while the discharge voltage (Vq) represents the nominal voltage of each
of the cells 114 during discharge and “I4” is the discharge current of the cell(s) 114. As is
evident from the foregoing relationship, for a given Py, the I4 may be controlled by
controlling the number of cells 114y included in the series arrangement.
[0041] Accordingly, once a target 14 is identified for a particular system, the processor
110 can configure the switches 1064, 108y, and 1164 such that the number of cells 114
connected to the load/voltage source 104 results in achieving an l4 that is at or about the
targeted Ig. In scenarios wherein the system discharge rate is much smaller than the system
charge rate, the number of cells 1144 selected for discharge at any given moment will be less
than the total number of cells 114 in the system 100. By way of example, the equations

discussed above may be rearranged to the following equations:

Pg
g =—=

mVg

14
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Pc
nv,

(4

By establishing the target 14 to be equal to the L of each cell 114, these two equations are

equal and can be rearranged to the following equation:

Pg Ve
Pe Vg

m=n

[0042] In the foregoing equation, the V, is necessarily greater than the Vy, typically
resulting in a number less than 1.5 (depending on the chemistry, cell design, and charge /
discharge rates involved). Accordingly, the above relationship shows that even when all of
the cells 114 in the system 100 are used in discharge (i.c., m=n), the total power available
from the system (P a1) 1S less than the power used to charge the system (P.). Moreover, as
P, is decreased from Py to a lower power, the value of “m” (the number of cells used in
discharge) is decreased. Thus, as power demand decreases, the number of cells 114, needed
to provide that power while maintaining a target 4 in the set of cells selected for discharge at
any given moment is reduced. By way of example, P4 may be an order of magnitude smaller
than P, for a fast charging system. Thus, a system including 100 cells may use on the order
of only 10 cells in any given set of cells selected for discharge.

[0043] The foregoing relationships also indicate that since “m” is an integer, the actual Iy
will not necessarily be equal to the target I4. In other words, since P4 can vary linearly while
P., V., V4 and n are substantially fixed, the actual I will vary between an upper and lower
value for a given number of cells 114 in a discharge cell set as the Py varies. When Py varies
sufficiently, the number of cells 114 in a discharge cell set can be iterated (e.g., from 10
cells to 11 cells) resulting in a step increase or decrease in Iq. Accordingly, the target 14 is
preferably selected to be less than the maximum allowed 14 of a cell and greater than the L. of

the cell.
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[0044] The target 14 for a particular embodiment may be determined or established in a
number of difference ways. In a basic approach, the target 1, is established based upon a
design I, for the cells in a system. In more complex embodiments, the target Iy may be
established based upon actual or estimated L. for the cells in a system. Moreover, while a
single target Iy may be used for an entire system in some embodiments, a unique target Iy
may be established for each cell or grouped set of cells in system. The complexity of any
particular embodiment can thus vary depending upon the amount of information available for
the various cells and the desired complexity for the system. Furthermore, the target Iy may
be established at a value that is less than, equal to, or greater than the I, depending upon the
particular embodiment. Preferably, however, the target I, is established at a value equal to or
greater than the ..

[0045] Continuing with the process 150 at block 184, once the target I, is known, the
processor 110 controls the number of the cells 114, connected to the load/voltage source 104,
such that the actual discharge rate of each of the cells approaches, equals, or exceeds the
target discharge rate of each of the cells, thereby mitigating the morphological changes. To
this end, the processor 110 logically associates the cells 114, into one or more sets of cells
based at least in part upon the target discharge rate. The manner in which the processor 110
logically associates the cells 114y into one or more sets of cells can vary from very basic
approaches to very complex approaches.

[0046] In one basic approach, processor 110 logically associates the cells 114, into one
or more sets of cells based upon a table stored in the memory 112 at block 152. For example,
at block 152 a look-up table may be stored in the memory 112. In the table, the cells in the

system may be divided into a first group of cell sets that are to be used for a first range of Py.
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The table may further identify a second group of cell sets that are to be used for a second
range of Pg. Any number of groups of cell sets for a corresponding number of Py ranges may
be stored.

[0047] Thus, at a low range of Py, a large number of discharge cell sets may be identified
in the table, each set having a small number of cells 114,. As P4 increases to a higher range
of Py, the table identifies a smaller number of discharge cell sets, each set having a larger
number of cells 114,. This embodiment may be implemented with little if any input as to the
actual status of the cells 114,.

[0048] As more information, e.g., estimated or actual data, is available about the
condition of the cells 114, more complex approaches may be used in logically associating
the cells 114, into one or more sets of cells for discharge. For example, data may be stored
in the memory 112 regarding the state of charge, charging history, discharge history, etc., for
the cells 114, individually, as a grouped set, or as a system. The processor 110 may use
some or all of the stored data to more optimally group the cells 114, into one or more sets for
discharge. Thus, in one embodiment the processor 110 may group cells 114, based upon an
estimated state of charge for the system 100. In a more complex embodiment, the processor
110 may group cells 1144 based upon a state of charge for each individual cell 114, based
upon an actual or estimated open cell voltage of the cell 114,. The complexity of any
particular embodiment can thus vary depending upon the amount of information available for
the various cells and the desired complexity for the system.

[0049] In any event, once the cells 114, have been logically associated in a desired
manner, the processor 110 at block 184 configures the switches 106y, 108y, and 116, to apply

a first set of cells 114, to the load/power source 104. The cells 114, in the first set of cells
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may include cells from only one of the cell modules 102y, or may include cells from more
than one of the cell modules. Once the first set of cells 1144 is applied to the load/power
source 104, the first set of cells 114, will exhibit an 14 that approaches, equals, or exceeds the
I, of the cells.

[0050] After a first discharge period, which may be established at a predetermined
duration and which typically has an order of magnitude of about a millisecond, the processor
110 configures the switches 1064, 108,, and 116, to remove the first set of cells 114, from the
load/power source 104 and the process 150 proceeds to block 186. At block 186, the process
100 determines whether or not additional discharge is needed or available. If power is no
longer needed by the load/power source 104 or if the system 100 is no longer capable of
providing the needed power to the load/power source 104, the process 150 then continues at
block 156.

[0051] If at block 186 additional discharge is needed and power is still available in the
system 100, the process returns to block 180 and the processor 110 then configures the
switches 106, 108, and 1164 to apply a second set of cells 1144 to the load/power source
104. After a second discharge period, the processor 110 configures the switches 1064, 108,
and 116, to remove the second set of cells 114, from the load/power source 104 and the
process 150 continues at block 186.

[0052] As described above, ecach of the sets of cells 1144 is only applied to the
load/voltage source 104 for a very brief period of time. Accordingly, the discharge sequence
does not result in a state of charge imbalance between the cells 1144 in the first applied set of
cells and the cells 114, in the other set or sets of cells 114,. Moreover, in more complex

systems, the discharge period may be varied between sets of cells 1144 to maintain a desired
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state of charge relationship. For example, the first, the second, and the third discharge time
periods may each equal one millisecond (1 ms). Alternatively, the first discharge time period
may equal 0.5 milliseconds (0.5 ms), the second discharge time period may equal two
milliseconds (2 ms), and the third discharge time period may equal three milliseconds (3 ms).
[0053] Other modifications to the discharge sequence may also be incorporated into the
process 150 depending upon the complexity and operational characteristics desired. For
example, in some systems some of the cells 1144 may be assigned to more than one set of
cells, such that one of the cells is in both a first set of cells and a third set of cells. Also, the
number of the cells 114, in a first set of cells may be different than the number of the cells in
a second set of cells. Differences in the number of cells in each of the cell sets may be
advantageous in systems including detailed information as to the unique condition of each of
the cells 114,.

[0054] Moreover, while operation of the system 100 was described with respect to the
process 150, a number of variations to the process 150 in addition to those discussed above
may be made within the scope of the present disclosure. For example, the operations
described above with respect to blocks 180, 184 and 186 may occur substantially
simultaneously such that no substantial fluctuation in Py is experienced by the load/voltage
source 104. Additionally, logical assignment of cells 114 to a particular set of discharge
cells may be modified continuously during the discharge procedure.

[0055] The battery system 100 can thus be operated in a manner which prolongs the
useful life of battery cells with metal negative electrodes (especially Li metal electrodes) by
establishing an I4 based upon a targeted I3 which is in turn based upon an I of the cells in the

system. Accordingly, the battery system 100 enables users to benefit from the high capacity
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of Li metal battery cells and the convenience of a rapid charge rate. For these reasons and
others, the battery system 100 may be especially suitable for powering electrical loads
including, but not limited to, portable electronic devices (cell phones, laptop computers, etc.),
electric vehicles, and hybrid/electric vehicles.

[0056] Advantageously, a target Iy may be used to operate systems of varying
complexity. In some embodiments, a target Iy may be identified based upon design
parameters and used to generate a look-up table which is stored and accessed by a processor
in the system. In other embodiments, a target I may be identified by the system itself based
upon algorithms which use a variety of data, calculated or measured, related to the cells in
the system.

[0057] In one embodiment, the processor 110 may also be configured to operate a cell-
balancing routine based upon a targeted l4. For example, a first set of the cells 114 is
disconnected from the load/voltage source 104 and is connected to a second set of cells.
Charge from the first set of the cells is transferred to the second set of the cells such that the
first set of the cells are discharged and the second set of the cells is charged. The number and
arrangement of the first set of the cells may be controlled such that the discharge rate of the
first set of the cells approaches or exceeds the charge rate of the first set of the cells.

[0058] While the disclosure has been illustrated and described in detail in the drawings
and foregoing description, the same should be considered as illustrative and not restrictive in
character. It is understood that only the preferred embodiments have been presented and that
all changes, modifications and further applications that come within the spirit of the

disclosure are desired to be protected.
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Claims
Claim 1. An electrochemical battery system, comprising:
a plurality of electrochemical cells;
a memory in which command instructions are stored; and
5 a processor configured to execute the command instructions to sequentially
connect a first set of the plurality of electrochemical cells to an electrical load,
disconnect the first set from the clectrical load,
connect a second set of the plurality of electrochemical cells to the electrical
load, and
10 disconnect the second set from the clectrical load,
wherein the electrochemical cells in the first set and the electrochemical cells in the

second set are selected based upon a target electrochemical cell discharge rate.

Claim 2. The electrochemical battery system of claim 1, wherein the processor is
15  further configured to execute the command instructions to:
evaluate each of the plurality of electrochemical cells;
connect the first set of electrochemical cells based upon the evaluation; and

connect the second set of electrochemical cells based upon the evaluation.

20

21



10

15

WO 2012/167019 PCT/US2012/040377

Claim 3. The electrochemical battery system of claim 2, wherein the processor is
further configured to execute the command instructions to sequentially:

connect a third set of the plurality of electrochemical cells to the electrical load after
disconnecting the second set; and

disconnect the third set from the electrical load.

Claim 4. The electrochemical battery system of claim 2, wherein the first set is

disconnected from the load about one millisecond after the first set is connected to the load.

Claim 5. The electrochemical battery system of claim 2, wherein at least one
electrochemical cell of the first set of electrochemical cells is in the second set of

electrochemical cells.

Claim 6. The electrochemical battery system of claim 2, wherein the number of

electrochemical cells in the first set of electrochemical cells is different from the number of

electrochemical cells in the second set of electrochemical cells.
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Claim 7. The electrochemical battery system of claim 2, wherein:

the first set is disconnected from the load after a first duration of time after the first
set 1s connected to the load;

the second set is disconnected from the load after a second duration of time after the
second set is connected to the load; and

the first duration of time is different from the second duration of time.

Claim 8. The electrochemical battery system of claim 2, wherein the target
electrochemical cell discharge rate is established at a current greater than or equal to a

nominal electrochemical cell charge current.

Claim 9. The electrochemical battery system of claim 8, wherein each of the plurality
of electrochemical cells has a respective target electrochemical cell discharge rate, the
respective target electrochemical cell discharge rate established based upon an evaluation of

the respective electrochemical cell.
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Claim 10. An electrochemical battery system, comprising:
a plurality of electrochemical cells;
a memory in which command instructions are stored; and
a processor configured to execute the command instructions to
5 logically associate the plurality of electrochemical cells into a first set of
clectrochemical cells and a second set of electrochemical cells,
connect the first set of electrochemical cells to an clectrical load,
disconnect the connected first set of electrochemical cells from the electrical
load,
10 connect the second set of electrochemical cells to the electrical load after
disconnecting the first set, and
disconnect the connected second set from the electrical load,
wherein the electrochemical cells in the first set and the electrochemical cells in the

second set are logically associated based upon a target electrochemical cell discharge rate.

15
Claim 11. The electrochemical battery system of claim 1, wherein the processor is
further configured to execute the command instructions to:
evaluate each of the plurality of electrochemical cells;
logically associate the first set of electrochemical cells based upon the evaluation; and
20 logically associate the second set of electrochemical cells based upon the evaluation.

Claim 12. The electrochemical battery system of claim 11, wherein the processor is

further configured to execute the command instructions to:
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connect a third set of the plurality of electrochemical cells to the electrical load after
disconnecting the second set; and

disconnect the connected third set from the electrical load.

Claim 13. The electrochemical battery system of claim 12, wherein the first set is

disconnected from the load about one millisecond after the first set is connected to the load.

Claim 14. The electrochemical battery system of claim 13, wherein at least one
electrochemical cell of the first set of electrochemical cells is in the second set of

electrochemical cells.

Claim 15. The electrochemical battery system of claim 11, wherein the number of
electrochemical cells in the first set of electrochemical cells is different from the number of

electrochemical cells in the second set of electrochemical cells.

Claim 16. The electrochemical battery system of claim 11, wherein:

the first set is disconnected from the load after a first duration of time after the first
set 1s connected to the load;

the second set is disconnected from the load after a second duration of time after the
second set is connected to the load; and

the first duration of time is different from the second duration of time.
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Claim 17. The electrochemical battery system of claim 11, wherein the target
electrochemical cell discharge rate is established at a current greater than or equal to a

nominal electrochemical cell charge current.

Claim 18. The electrochemical battery system of claim 17, wherein each of the plurality
of electrochemical cells has a respective target electrochemical cell discharge rate, the
respective target electrochemical cell discharge rate established based upon an evaluation of

the respective electrochemical cell.
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