wo 20107120843 A2 [ 0K O N

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

Co o
1 rld Intellectual Property Organization /) -sady
(19) World Intellectual Property Organization /g5 1IN MDEVAN A1 0002011 O
International Bureau S,/ )
3 10) International Publication Number
(43) International Publication Date \'{:/_?___/ (10)
21 October 2010 (21.10.2010) PCT WO 2010/120843 A2
(51) International Patent Classification: DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
H02J 7/00 (2006.01) H02J 7/02 (2006.01) 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,
(21) International Application Number: ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
PCT/US2010/030981 NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
(22) International Filing Date: SE, 8G, SK, SL, SM, ST, SV, S§Y, TH, TJ, TM, TN, TR,
14 April 2010 (14.04.2010) TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(25) Filing Language: English (84) Designated States (unless otherwise indicated, for every
L. ) kind of regional protection available): ARIPO (BW, GH,
(26) Publication Language: English GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
(30) Priority Data: ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
12/425321 16 April 2009 (16.04.2009) UsS TM), European (AT, BE, BG, CI, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
(71) Applicant (for all designated States except US):. VA- MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM,
LENCE TECHNOLOGY, INC. [US/US]; 1889 Fast TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
Maule Avenue, Suite A, Las Vegas, NV 89119 (US). ML, MR, NE, SN, TD, TG).
(72) Inventor; and Declarations under Rule 4.17:
(75) Inventor/Applicant (for US only): LEE, Erik [US/US]; . , .
8518 Cahill Drive, Apartment 20, Austin, TX 78729 as to applicant's en{z.tlement to apply for and be granted
(US). a patent (Rule 4.17(i1))
) . ) — as to the applicant’s entitlement to claim the priority of
(74) Agents: MANGUM, Brian, T. ¢t al.; Yalence Technolo- the earlier application (Rule 4.17(iii))
gy, Inc., 1889 East Maule Avenue, Suite A, Las Vegas,
NV 89119 (US). Published:
(81) Designated States (unless otherwise indicated, for every without international search report and to be republished

kind of national protection available): AE, AG, AL, AM,
AOQ, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,

upon receipt of that report (Rule 48.2(g))

(54) Title: BATTERY SYSTEMS AND OPERATIONAL METHODS

NS

/70 /72

SOURCE

BATTERY
SYSTEM

LOAD

T azay 7

(57) Abstract: This disclosure includes battery systems and operational methods. According to one aspect, a battery system in-
cludes conversion circuitry, a plurality of main terminals configured to be coupled with a load, a charger and a plurality of
rechargeable battery modules which are coupled in series with one another intermediate the main terminals, switching circuitry
configured to couple a first of the battery modules with an input of the conversion circuitry, and the conversion circuitry being
configured to modify an electrical characteristic of electrical energy received from the first of the battery modules and to output
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BATTERY SYSTEMS AND OPERATIONAL METHODS

TECHNICAL FIELD

[0001] This disclosure relates to battery systems and operational methods.

BACKGROUND OF THE DISCLOSURE

[0002] Rechargeable batteries are being designed for and used in varied
applications with different requirements for electrical energy. Some rechargeable
battery systems comprise plural rechargeable cells which receive electrical energy
during charging operations and supply electrical energy to a load during discharging
operations. Rechargeable cells may have different chemistries and may include
Lithium lon cells in one example. The number of rechargeable cells used in different
applications is varied depending upon the requirements of the load, and the number of
cells may be numerous in some implementations, for example, transportation
implementations.

[0003] Individual ones of the rechargeable cells may vary from others of the
rechargeable cells, for example, due to manufacturing processes and tolerances.
More specifically, one or more of the rechargeable cells may have different internal
resistances, impedances, etc. coupled with others of the rechargeable cells of a
battery. Accordingly, during charging and/or discharging operations of the battery, one
or more of the cells may operate differently than others of the rechargeable cells. For
example, one or more of the cells may charge or discharge at a rate different than

others of the rechargeable cells. This may be undesirable in some applications.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Exemplary embodiments of the disclosure are described below with
reference to the following accompanying drawings.

[0005] Fig. 1 is a functional block diagram of an electrical system according to one
embodiment.

[0006] Fig. 2 is a functional block diagram of a battery system according to one
embodiment.

[0007] Fig. 3 is a schematic representation of a battery system according to one
embodiment.

[0008] Fig. 4 is a schematic representation of a battery system according to one
embodiment.

[0009] Fig. 5 is a schematic representation of a battery system according to one

embodiment.

DETAILED DESCRIPTION OF THE DISCLOSURE
[0010] According to one embodiment, a battery system comprises conversion
circuitry, a plurality of main terminals configured to be coupled with a load, a charger
and a plurality of rechargeable battery modules which are coupled in series with one
another intermediate the main terminals, switching circuitry configured to couple a first
of the battery modules with an input of the conversion circuitry, and the conversion
circuitry being configured to modify an electrical characteristic of electrical energy
received from the first of the battery modules and to output the electrical energy
having the modified characteristic to a second of the battery modules.
[0011] According to another embodiment, a battery system comprises a plurality of

rechargeable battery modules coupled in series between a plurality of main terminals
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configured to be coupled with a load and a charger, and balance circuitry configured
to receive electrical energy from a first of the rechargeable battery modules, to modify
the electrical energy, and to provide the modified electrical energy from the first of the
rechargeable battery modules to a second of the rechargeable battery modules to at
least one of decrease the state of charge of the first of the battery modules and
increase the state of charge of the second of the battery modules.

[0012] According to an additional embodiment, a rechargeable battery system
operational method comprises charging a plurality of rechargeable battery modules of
a rechargeable battery coupled in series with one another, discharging electrical
energy from the battery modules to a load, selecting a first of the battery modules, as
a result of the selecting, modifying an electrical characteristic from electrical energy of
the first of the battery modules, and after the modifying, applying the modified
electrical energy to a second of the battery modules to at least one of decrease the
state of charge of the first of the battery modules and to increase the state of charge of
the second of the battery modules.

[0013] According to yet another embodiment, a rechargeable battery system
operational method comprises monitoring states of charge of a plurality of
rechargeable battery modules coupled with one another in series, detecting a first of
the battery modules having a state of charge which is lower than a state of charge of a
second of the battery modules, modifying electrical energy from the second of the
battery modules, and after the modifying, applying the electrical energy from the
second of the battery modules to the first of the battery modules to at least one of
increase the state of charge of the first of the battery modules and decrease the state
of charge of the second of the battery modules.

[0014] Referring to Fig. 1, an example of an electrical system 1 is shown according
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to one embodiment. The depicted electrical system 1 includes a source 8, battery
system 10, and a load 12. In the described embodiment, battery system 10 is a
rechargeable battery system configured to operate in a charge mode of operation
where electrical energy from source 8 charges one or more of a plurality of
rechargeable cells of battery system 10. Furthermore, battery system 10 may operate
in a discharge mode of operation where the battery system 10 discharges electrical
energy to load 12. The battery system 10 may be subjected to numerous charge and
discharge cycles during operation in one embodiment.

[0015] Battery system 10 may include a plurality of rechargeable cells (not shown
in Fig. 1) arranged either in series and/or parallel configurations appropriate to power
load 12. More specifically, battery system 10 may be used in different applications
with different configurations of load 12 having different power requirements.
Accordingly, battery system 10 may include different numbers of rechargeable cells
arranged in different series and/or parallel arrangements appropriate for different
loads 12 in different embodiments.

[0016] However, one or more of the rechargeable cells may vary from others of the
rechargeable cells, for example, due to manufacturing tolerances. In particular, one or
more of the rechargeable cells may have different electrical characteristics (e.g.,
impedances) compared with the others of the rechargeable cells. Due to the
variances, the one or more of the rechargeable cells may charge and/or discharge at
different rates compared with others of the rechargeable cells during operation of the
battery system 10. At least some aspects of the disclosure are directed towards
increasing and/or maintaining equalization or balance of charge of the rechargeable
cells of the battery system 10 during charge and/or discharge operations.

[0017] Referring to Fig. 2, one embodiment of battery system 10 is shown. Battery



WO 2010/120843 PCT/US2010/030981

system 10 includes a plurality of main terminals 14, 16, rechargeable electrical energy
storage circuitry 20, switching circuitry 22, and conversion circuitry 24 in the depicted
embodiment. Other embodiments of battery system 10 are possible including more,
less and/or alternative components.

[0018] Although not shown in Fig. 2, a charger and load may be coupled with main
terminals 14, 16. The source 8 and load 12 may be coupled with main terminals 14,
16 at different moments in time or simultaneously. The source 8 operates as a
charger to charge the battery system 10 which may thereafter discharge stored
electrical energy to the load 12. Main terminals 14, 16 are terminals at different
voltage levels and may include positive and negative main terminals in one
embodiment.

[0019] In some arrangements, the depicted circuitry 20, 22, 24, 26 may be
provided within a common housing. In other embodiments, it may be desirable to use
the switching circuitry 22, conversion circuitry 24 and control circuitry 26 with different
storage circuits 20 (e.g., batteries) at different moments in time. For example, storage
circuitry 20 in the form of a rechargeable battery may have a fixed useful life and be
replaceable (e.g., have a fixed number of charge and discharge cycles), and
accordingly, circuitry 22, 24, 26 may be associated with different storage circuits 20 at
different times over the life of use of the battery system 10.

[0020] Storage circuitry 20 may include one or more rechargeable battery cells in
one embodiment. Charging electrical energy provided by source 8 may be received
by main terminals 14, 16 to charge the storage circuitry 20. Furthermore, electrical
energy stored in the storage circuitry 20 may also be provided to load 12 via main
terminals 14, 16 during discharge operations of battery system 10. In one

embodiment, the rechargeable cells may be Lithium lon cells having an operational
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(e.g., fully-charged) voltage of approximately 3.65 Volts.

[0021] As described below, the storage circuitry 20 may include a plurality of
battery modules which may individually include one or more of the rechargeable cells.
The rechargeable cells may be arranged in different configurations in different
arrangements of battery system 10, for example, depending upon the requirements of
the load 12. In addition, the battery modules of a given battery system 10 typically
have the same arrangement of rechargeable cells although different battery modules
of a given battery system 10 may also have different arrangements of rechargeable
cells in at least one embodiment. In one example embodiment, the battery modules
may individually have a 4s10p arrangement where four banks of rechargeable cells
are arranged in series between positive and negative terminals (not shown) of the
battery module while each bank includes ten cells coupled in parallel. Other
arrangements of storage circuitry 20 are possible, including an embodiment where
individual battery modules of the storage circuitry 20 only include a single
rechargeable cell.

[0022] During operation of storage circuitry 20 (e.g., charging or discharging), the
battery modules typically have substantially the same state of charge which may be
referred to as a nominal state of charge. However, the states of charge of one or
more of the battery modules may vary from the nominal state of charge (e.g., be
greater than or less than the nominal state of charge by an amount in excess of a
threshold, such as 1% in one embodiment), for example, due to manufacturing
tolerances of rechargeable cells of the battery modules. A battery module may be
considered to be balanced with other battery modules (i.e., the nominal state of
charge) if its respective state of charge is less than the threshold with respect to the

nominal state of charge in one embodiment.
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[0023] Example embodiments described herein are configured to perform
operations to increase the balance of the states of charge of the battery modules
compared with arrangements where the operations are not performed. In one more
specific embodiment, operations are performed to provide the battery modules with
substantially the same nominal state of charge during charge or discharge operations
of the battery system 1. Switching circuitry 22, conversion circuitry 24 and control
circuitry 26 may be referred to as balance circuitry configured to implement balancing
operations with respect to different battery modules.

[0024] Switching circuitry 22 is configured to couple the storage circuitry 20 with
the conversion circuitry 24 in the described embodiment. Switching circuitry 22
includes a plurality of switches (not shown in Fig. 2) coupled intermediate the storage
circuitry 20 and conversion circuitry 24 in one embodiment. Switching circuitry 22 may
include transistors, relays, mutliplexers and/or other switching devices. In one
embodiment, conversion circuitry 24 has one or more inputs and outputs and
switching circuitry 22 is configured to selectively couple one or more of the battery
modules of the storage circuitry 20 with the inputs and the outputs of the conversion
circuitry 24. As described below according to one embodiment, switching circuitry 22
may couple different ones of the battery modules of the storage circuitry 20 with the
inputs and the outputs of the conversion circuitry 24 at different moments in time.
[0025] Conversion circuitry 24 is configured to modify an electrical characteristic of
electrical energy received at an input of the conversion circuitry 24 and to output the
modified electrical energy. Different configurations of conversion circuitry 24 may be
used in different embodiments. The conversion circuitry 24 discussed below
according to illustrative embodiments includes one or more DC-to-DC converters

individually configured to modify the electrical characteristic comprising voltage of the
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electrical energy received by the conversion circuitry 24. The conversion circuitry 24
implemented as DC-to-DC converter(s) is configured to receive electrical energy
having a voltage which may be within a range (e.g., 2.5 V to 4.5 V) and to output
modified electrical energy having a substantially constant voltage. In one
embodiment, the conversion circuitry 24 is configured to output the modified electrical
energy having a voltage corresponding to a voltage of an individual one of the
rechargeable cells in a fully charged state (e.g., 3.65 V). In another embodiment, the
output voltage may be adjustable.

[0026] In one example, the converters are implemented as isolated DC-to-DC
converters where the input and output of an individual one of the given converters do
not share a common reference (e.g., ground) coupled with the negative terminals of
the input and output of the converter. Usage of isolated DC-to-DC converters in one
embodiment provides increased flexibility with respect to selecting which battery
modules may be coupled with the inputs and outputs of the converters compared with
non-isolated arrangements which share a common reference. In one example,
different ones of the available battery modules may be used to supply electrical
energy to increase the state of charge of a battery module having a state of charge
below the nominal state of charge regardless of whether the available battery modules
have a common reference voltage with the battery module having the reduced state of
charge. In the described embodiment, an isolated DC-to-DC converter arrangement
permits the selection of any of the available battery modules having sufficient charge
to supply the electrical energy to the input of the converter for use in charging the
battery module having the lower state of charge. Furthermore, some DC-to-DC
converter arrangements may include control inputs which permit control circuitry 26 to

disable the converters for protection during faults or other possible damaging



WO 2010/120843 PCT/US2010/030981

conditions. Other configurations of conversion circuitry and/or converters may be
used in other embodiments.

[0027] As described below in illustrative examples, the conversion circuitry 24
includes one or more inputs and outputs. The selected battery module having the
different state of charge (e.g., lower state of charge than the nominal state of charge)
may be coupled with an output of the conversion circuitry 24 and another one of the
battery modules may be coupled with an input of the conversion circuitry 24 to provide
electrical energy to the conversion circuitry 24 for use in increasing the state of charge
of the selected battery module having the lower state of charge. In one embodiment,
the selected battery modules are directly coupled with conversion circuitry 24 (e.g.,
the selected battery modules may be directly coupled with the input and the output of
a DC-to-DC converter of the conversion circuitry 24 via switching circuitry 22 in one
embodiment).

[0028] In another example, the selected battery module having the different state of
charge (e.g., higher state of charge than the nominal state of charge) may be coupled
with an input of the conversion circuitry 24 and another one of the battery modules of
the storage circuitry 20 may be coupled with an output of the conversion circuitry 24.
In this example, electrical energy from the selected battery module is provided to the
input of the conversion circuitry 24 to bleed off excess charge and to equalize the
state of charge of the battery module coupled with the input of the conversion circuitry
24 with the other battery modules of the storage circuitry 20.

[0029] In one embodiment, control circuitry 26 is arranged to process data, control
data access and storage, issue commands, and control other desired operations.
Control circuitry 26 may comprise circuitry configured to implement desired

programming provided by appropriate media in at least one embodiment. For
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example, the control circuitry 26 may be implemented as one or more of processor(s)
and/or other structure configured to execute executable instructions including, for
example, software and/or firmware instructions, and/or hardware circuitry. Exemplary
embodiments of control circuitry 26 include hardware logic, PGA, FPGA, ASIC, state
machines, and/or other structures alone or in combination with a processor. These
examples of control circuitry 26 are for illustration and other configurations are
possible.

[0030] Control circuitry 26 is configured to monitor and control operations of battery
system 10 in one embodiment. For example, the control circuitry 26 is configured to
monitor the battery modules 10 and to control switching circuitry 22 in response to the
monitoring.

[0031] In a more specific example, control circuitry 26 is configured to access
information regarding states of charge of individual ones of the battery modules during
charge and discharge operations. In one embodiment, control circuitry 26 is
configured to select and couple one or more selected battery modules of storage
circuitry 20 with the conversion circuitry 24 responsive to the monitoring by the control
circuitry 26 detecting that at least one of the selected battery modules has a different
state of charge than the nominal state of charge of others of the battery modules of
the storage circuitry 20 in an attempt to balance or equalize the charge of the at least
one selected battery module with the other battery modules of the storage circuitry 20.
In one embodiment, the control circuitry 26 is configured to implement balancing
operations with respect to an individual one of the battery modules as a result of the
state of charge of the individual one of the battery modules deviating from the nominal
state of charge by an amount in excess of a threshold. For example, in one

arrangement, balancing operations described herein may be implemented with
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respect to a given battery module if the state of charge of the respective battery
module varies from the nominal state of charge by an amount greater than 1% (e.g.,
corresponding to a difference in voltage of approximately 2mV of the given battery
module with respect to the balanced battery modules in one embodiment).

[0032] In illustrative examples, if one of the battery modules is less than the
nominal state of charge, then the control circuitry 26 implements operations to
increase the state of charge of the one of the battery modules using the conversion
circuitry 24 electrical energy from one or more of the others of the battery modules. If
one of the battery modules is greater than the nominal state of charge, then the
control circuitry 26 implements operations to decrease the state of charge of the one
of the battery modules by applying electrical energy from the one of the battery
modules to the conversion circuitry 24 and one or more of the others of the battery
modules.  Additional details are described below with respect to different example
embodiments.

[0033] Referring to Fig. 3, the depicted example of battery system 10 includes
storage circuitry 20 comprising four battery modules 30a-d coupled in series between
main terminals 14, 16. In the depicted example, battery modules 30a is directly
coupled with terminal 14 while battery module 30d is directly coupled with terminal 16.
Other configurations of the storage circuitry 20 are possible including more, less
and/or other arrangements of battery modules 30a-d.

[0034] In the depicted example of Fig. 3, a plurality of module terminals 21 are
coupled with positive and negative terminals of individual ones of the rechargeable
modules 30a-30d. Individual ones of the battery modules 30a-30d have one or more
rechargeable cells arranged in series and/or parallel arrangements between the

module terminals 21 as discussed above.

11
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[0035] Switching circuitry 22 connects module terminals 21 of the battery modules
30a-30d with respective ones of a plurality of converters 50a-50d of the conversion
circuitry 24. In the illustrated configuration, switching circuitry 22 comprising a plurality
of switches 40 to implement the coupling of the module terminals 21 with the
converters 50a-50d. Electrical energy of a battery module 30a-30d coupled with an
input of one of the converters 50a-50d is used to charge another of the battery
modules 30a-30d coupled with the output of the one of the converters 50a-50d as
described below in one embodiment.

[0036] More specifically, in the illustrated configuration of Fig. 3 (where the battery
modules 30a-d may be referred to as one through four from top to bottom), the second
battery module 30b is used to charge the first battery module 30a, the third battery
module 30c is used to charge the second battery module 30b, the fourth battery
module 30d is used to charge the third battery module 30c and the first battery module
30a is used to charge the fourth battery module 30d. A plurality of the converters 50a-
50d may be transferring energy at the same moment in time in one example.

[0037] In one more specific example of the embodiment of Fig. 3, control circuitry
26 is configured to monitor states of charge of individual ones of the battery modules
30a-d (e.g., monitor during charging, discharging, non-conducting, etc.) and to control
the switching circuitry 22 in an attempt to balance or equalize the states of charge of
the battery modules 30a-d. For example, if the first battery module 30a is detected to
have a state of charge less than the nominal state of charge of the other battery
modules 30b-d, control circuitry 26 may control the appropriate switches 40 of
switching circuitry 22 to couple the module terminals 21 of the second battery module
30b with the input of the respective second converter 50b to increase the state of

charge of the first battery module 30a. In this arrangement, battery modules 30a and

12
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30b are simultaneously coupled with the DC-to-DC converter 50b and switching
circuitry 22 is configured to isolate battery modules 30a,c,d from respective converters
50a,c,d. Once battery module 30a is balanced with the other battery modules 30b,c,d,
switching circuitry 22 may disconnect battery module 30b from the input of converter
50b.

[0038] Similarly, if one of the battery modules 30a-d is determined to have a state
of charge greater than the nominal state of charge of others of the battery modules
30a-d, then the one battery module 30a-d may be coupled via switching circuitry 22
with its respective converter 50a-d to charge the adjacent battery module 30a-d in
attempt to bleed off charge of the one battery module 30a-d to one or more of the
other three battery modules 30a-d. One or more of the other battery modules 30a-d
apart from the one battery module 30a-d may be isolated from the respective
converters 50a-d during the bleeding of charge from the one battery module 30a-d
having the higher state of charge in one embodiment.

[0039] In one embodiment, switching circuitry 22 may couple different battery
modules 30a-d with their respective converters 50a-d at the same time to provide
balancing of plural groups of battery modules 30a-d at the same moment in time. An
individual group includes one of the battery modules 30a-d coupled with an input of a
given converter 50a-d and another of the battery modules 30a-d coupled with the
output of the given converter 50a-d creating a path intermediate the two battery
modules 30a-d at one moment in time. In one illustrative example, battery module
30d could charge battery module 30c and be referred to as one group while battery
module 30b charges battery module 30a referred to as another group.

[0040] The balancing of battery modules 30a-d may be continuously implemented

until the battery modules 30a-d of the battery system 10 are balanced with one
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another (e.g., the battery modules 30a-d have the same state of charge within a
threshold such as less than 1%) and thereafter to maintain the balancing in one
embodiment. Different battery modules 30a-d may be out of balance at different
moments in time and need to be balanced. In one embodiment, control circuitry 26
continuously monitors the state of charge of the individual battery modules 30a-d and
controls switching circuitry 22 as a result of the monitoring to implement balancing
operations and equalize the states of charge of the battery modules 30a-d to the
nominal state of charge. In one embodiment, the balancing operations may be
implemented during charge, discharge, and standby (e.g., where storage circuitry 20
is neither charging nor discharging) states. As mentioned above, balancing
operations may also be implemented after battery modules 30a-d have been balanced
and one or more battery module 30a-d is subsequently detected to be out of balance.
[0041] In one more specific example, one of the battery modules 30a-d may
discharge faster than others of the battery modules 30a-d during discharge, for
example, due to capacity and manufacturing tolerances. The one of the battery
modules 30a-d having the lower state of charge may be charged via the conversion
circuitry 24 and using the respective other battery module 30a-d configured to charge
the one battery module 30a-d. Such charging of the one of the battery modules 30a-d
having the lower state of charge allows the other battery modules 30a-d to continue to
discharge and the states of charge of the one of the battery modules 30a-d will
equalize with the other battery modules 30a-d in one embodiment.

[0042] The converters 50a-d are arranged in a daisy-chained manner in the
example configuration of battery system 10 of Fig. 3. For example, charge may be
provided from battery module 30d to battery module 30c to battery module 30b to

battery module 30a in one embodiment. Furthermore, the battery system 10 may also
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be referred to as a charge loop since charge from battery module 30a coupled with
the main terminal 14 may be applied via converter 50a to battery module 30d coupled
with main terminal 16. As discussed above according to some example embodiments,
more than one of converters 50a-50d may be simultaneously receiving electrical
energy from different battery modules 30a-30d and applying the electrical energy to
different battery modules 30a-30d to implement balancing operations in one
embodiment.

[0043] Referring to Fig. 4, another arrangement of battery system 10a is shown.
Storage circuitry 20 includes three battery modules 30a-c coupled in series
intermediate main terminals 14, 16 in the illustrated example. Battery system 10a also
includes switching circuitry 22a implemented as a dual-port multiplexer in the
illustrated example including a plurality of input switches 42 and a plurality of output
switches 44. Conversion circuitry 24a includes a single DC-to-DC converter 50 in the
illustrated example. The arrangement of switching circuitry 22a in Fig. 4 is configured
to enable any one of the battery modules 30a-c to charge any other of the battery
modules 30a-c as desired. In one embodiment, the battery modules 30a-c coupled
with the input and output of converter 50 are isolated from one another as discussed
above.

[0044] Control circuitry 26 is configured to monitor states of charge of individual
battery modules 30a-c and to control the switching circuitry 22a as a result of the
monitoring in one embodiment. The arrangement of Fig. 4 provides the control
circuitry 26 with flexibility to select the individual ones of the battery modules 30a-c
which form a group to be coupled with the converter 50. More specifically, the control
circuitry 26 may select one of the battery modules 30a-30c having a state of charge

equal to or above the nominal state of charge to be coupled with the input of the

15



WO 2010/120843 PCT/US2010/030981

converter 50 and to select one of the battery modules 30a-30c having a state of
charge less than the nominal state of charge to be coupled with the output of the
converter 50. Control circuitry 26 may control switches 42a-42c and 44a-44c of
switching circuitry 22a to couple desired battery modules 30a-30c with the input and
output of the converter 50 in one embodiment. Furthermore, control circuitry 26 may
control the switching circuitry 22a to couple different ones of the battery modules 30a-
30c¢ with the input and output of converter 50 at different moments in time to
implement balancing operations in one embodiment.

[0045] For example, if battery module 30a has a lower state of charge than battery
modules 30b,c, control circuitry 26 may control one of input switches 42b,c to couple
one of the battery modules 30b,c with the input of the converter 50 and to control the
output switches 44a to couple the output of the converter 50 with battery module 30a.
In one embodiment, control circuitry 26 may select the one of the battery modules
30b,c having the highest state of charge to charge battery module 30a in one
embodiment. In the described embodiment, any one of the battery modules 30a-c
may be selected to charge any other of the battery modules 30a-c using converter 50.
Accordingly, in the described embodiment, control circuitry 26 has increased flexibility
compared to the arrangement of Fig. 3 to select the one of the battery modules 30a-c
to provide electrical energy to another of the battery modules 30a-c without use of pre-
defined groups of battery modules where a given battery module is associated with
another battery module.

[0046] Furthermore, if one of the battery modules 30a-c has a state of charge
higher than the others of the battery modules 30a-c (i.e., the nominal state of charge),
the one of the battery modules 30a-c may be coupled via respective input switches

42a-c with the input of converter 50 and the output of the converter 50 may be
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coupled with a different one of the battery modules 30a-c to bleed off charge from the
one of the battery modules 30a-c.

[0047] In one embodiment, the arrangement of battery system 10a permits any
desired one of the battery modules 30a-c to directly charge another desired one of the
battery modules 30a-c with increased efficiency compared with an arrangement where
a plurality of converters are used to transfer charge between desired battery modules
since use of multiple converters may be typically less efficient than use of a single
converter.

[0048] Referring to Fig. 5, another arrangement of battery system 10b is shown.
Other configurations of Fig. 5 are possible. Storage circuitry 20b includes three
battery modules 30a-c coupled in series intermediate terminals 14, 16 in the depicted
embodiment. Switching circuitry 22b includes a plurality of input multiplexers 46a,b
and a plurality of output multiplexers 48a,b. Conversion circuitry 24b includes plural
DC-to-DC converters 50a,b coupled with multiplexers 46a,b and 48a,b, respectively.
Converters 50a,b may be isolated DC-DC converters where the inputs and outputs of
the converters do not share a common reference in one embodiment.

[0049] As described above, control circuitry 26 may monitor the states of charge of
the individual battery modules 30a-c and control the operations of switching circuitry
22b to form desired groups of battery modules 30a-c for charging as a result of the
monitoring. In the illustrated arrangement, the control circuitry 26 may control the
input and output multiplexers 46a,b and 48a,b to select any pair of the battery
modules 30a-c to form a group for charging as a result of the charging. For example,
if battery module 30a has a low state of charge relative to the other battery modules
30b-30c, control circuitry 26 may control either of the multiplexers 46a,b to connect

one of battery modules 30b,c with the input of the respective converter 50a,b and to
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control the respective output multiplexer 48a,b to couple the selected converter 50a,b
with battery module 30a.

[0050] In one embodiment, control circuitry 26 may control switching circuitry 22b
to have plural battery modules 30a-c charge a single one of the battery modules 30a-
c. For example, if battery module 30a has a lower state of charge than others of the
battery modules 30b,c, input multiplexer 46a could be controlled in one embodiment to
couple battery module 30b with an input of converter 50a while input multiplexer 46b
could be controlled to couple battery module 30c with an input of converter 50b and
output multiplexers 48a,b could couple the outputs of the converters 50a,b with the
battery module 30a to rapidly charge battery module 30a at a faster rate compared
with only using a single one of the battery modules 30b,c for charging.

[0051] Multiplexers 46a, 48a may be considered to form one path while
multiplexers 46b, 48b may be considered to form another path in one embodiment. In
one embodiment, battery system 10b may control switching circuitry 22b to
simultaneously form plural groups of battery modules. For example, if battery system
10b included additional battery modules (not shown) in series between the main
terminals 14, 16, the control circuitry 26 could control multiplexers 46a, 48a to charge
battery module 30b using battery module 30a and to simultaneously control
multiplexers 46b, 48b to charge battery module 30c using the additional battery
module. Accordingly, more than one of converters 50a-50b may be simultaneously
receiving electrical energy from different battery modules 30a-30c and applying the
electrical energy to different battery modules 30a-30c to implement balancing
operations in one embodiment.

[0052] At least some aspects of the disclosure utilize isolated conversion circuitry

(e.g., isolated DC-to-DC converters) which provides increased flexibility with respect

18



WO 2010/120843 PCT/US2010/030981

to selection of battery modules which may be coupled with the conversion circuitry to
provide balancing of the states of charge of the battery modules. According to
additional aspects described above, additional energy may be extracted from the
rechargeable battery modules used with arrangements of the disclosed balance
circuitry compared with other configurations which do not use the balance circuitry.
For example, as described above, electrical energy may be provided during discharge
from one of the battery modules to another of the battery modules which has a state of
charge less than a nominal state of charge in an attempt to avoid the another of the
battery modules (and battery) from obtaining a completely discharged state.
Accordingly, some arrangements of the disclosure may reduce or avoid situations
where the battery is indicated to be discharged (and perhaps taken off-line) when the
battery contains additional charge (i.e., in one or more of the battery modules). Some
arrangements of the disclosure also provide increased efficiencies by directly coupling
desired battery modules to inputs and outputs of conversion circuitry without having to
shuttle charge across a plurality of different levels using a plurality of different circuits.

[0053] Further, aspects herein have been presented for guidance in construction
and/or operation of illustrative embodiments of the disclosure. Applicant(s) hereof
consider these described illustrative embodiments to also include, disclose and
describe further inventive aspects in addition to those explicitly disclosed. For
example, the additional inventive aspects may include less, more and/or alternative
features than those described in the illustrative embodiments. In more specific
examples, Applicants consider the disclosure to include, disclose and describe
methods which include less, more and/or alternative steps than those methods
explicitly disclosed as well as apparatus which includes less, more and/or alternative

structure than the explicitly disclosed structure.
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[0054] In compliance with the statute, the invention has been described in
language more or less specific as to structural and methodical features. It is to be
understood, however, that the invention is not limited to the specific features shown
and described, since the means herein disclosed comprise preferred forms of putting
the invention into effect. The invention is, therefore, claimed in any of its forms or
modifications within the proper scope of the appended claims appropriately interpreted

in accordance with the doctrine of equivalents.
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CLAIMS:

What is claimed is:

1. A battery system comprising:

conversion circuitry;

a plurality of main terminals configured to be coupled with a load, a charger and
a plurality of rechargeable battery modules which are coupled in series with one
another intermediate the main terminals;

switching circuitry configured to couple a first of the battery modules with an
input of the conversion circuitry; and

the conversion circuitry being configured to modify an electrical characteristic of
electrical energy received from the first of the battery modules and to output the
electrical energy having the modified characteristic to a second of the battery

modules.

2. The system of claim 1 wherein the conversion circuitry comprises at
least one DC-to-DC converter configured to modify the electrical characteristic of the

electrical energy comprising voltage of the electrical energy.

3. The system of claim 2 wherein the DC-to-DC converter is configured to
receive electrical energy having different voltages and to output the electrical energy

having a substantially constant voltage.

4. The system of claim 2 wherein the at least one DC-to-DC converter

comprises an isolated converter wherein an input and output of the DC-to-DC
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converter do not share a common reference voltage.

5. The system of claim 1 wherein the first and second of the battery
modules are individually directly coupled with the main terminals comprising positive

and negative terminals of the battery system.

6. The system of claim 1 wherein the switching circuitry is configured to
selectively couple the input of the conversion circuitry with only the first of the battery
modules at a first moment in time and to selectively couple the input of the conversion

circuitry with only a third of the battery modules at a second moment in time.

7. The system of claim 1 further comprising control circuitry configured to
monitor the battery modules and to control the switching circuitry to selectively couple
the first of the battery modules with the conversion circuitry as a result of the

monitoring.

8. The system of claim 7 wherein the control circuitry is configured to
control the switching circuitry to selectively couple the first of the battery modules with
the conversion circuitry as a result of the first of the battery modules having a state of

charge less than states of charge of others of the battery modules.

9. The system of claim 7 wherein the control circuitry is configured to

control the switching circuitry to selectively couple the second of the battery modules

with the output of the conversion circuitry.
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10. The system of claim 9 wherein the control circuitry is configured to
control the switching circuitry to selectively couple the second of the battery modules
with the output of the conversion circuitry as a result of the second of the battery
modules having a reduced state of charge compared with others of the battery

modules.

11.  The system of claim 1 wherein the conversion circuitry comprises:

a first converter coupled with the first and second battery modules; and

a second converter, and wherein the switching circuitry is configured to
selectively couple an input of the second converter with a third of the battery modules
and to selectively couple an output of the second converter to the first of the battery
modules during the coupling of the first of the battery modules with an input of the first

converter.

12.  The system of claim 1 wherein the conversion circuitry comprises:

a first converter coupled with the first and second battery modules; and

a second converter, and wherein the switching circuitry is configured to
selectively couple an input of the second converter with a third of the battery modules
and to selectively couple an output of the second converter with a fourth of the battery
modules during the coupling of the first converter to the first and second of the battery

modules.

13. The system of claim 1 wherein the switching circuitry and conversion
circuitry are configured to provide electrical energy from the first battery module to the

second battery module to increase a state of charge of the second battery module.
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14. The system of claim 1 wherein the switching circuitry is configured to
directly couple the input of the conversion circuitry with the first of the battery modules,
and wherein the output of the conversion circuitry is directly coupled with the second

of the battery modules.

15. The system of claim 1 wherein module terminals of the first and the

second battery modules are not directly coupled with one another.

16. The system of claim 1 further comprising the rechargeable battery

modules individually configured to store electrical energy.

17.  The system of claim 1 wherein the switching circuitry is configured to
electrically couple the first of the battery modules with the conversion circuitry during

charging of the battery modules.

18. The system of claim 1 wherein the switching circuitry is configured to
electrically couple the first of the battery modules with the conversion circuitry during

discharging of the battery modules.

19. The system of claim 1 wherein the switching circuitry is configured to
electrically couple the first and second battery modules with the conversion circuitry to

balance the states of charge of the first and second battery modules.

20. The system of claim 1 wherein the switching circuitry is configured to
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couple only the first of the battery modules with the input of the conversion circuitry.

21. A battery system comprising:

a plurality of rechargeable battery modules coupled in series between a
plurality of main terminals configured to be coupled with a load and a charger; and

balance circuitry configured to receive electrical energy from a first of the
rechargeable battery modules, to modify the electrical energy, and to provide the
modified electrical energy from the first of the rechargeable battery modules to a
second of the rechargeable battery modules to at least one of decrease the state of
charge of the first of the battery modules and increase the state of charge of the

second of the battery modules.

22. The system of claim 21 wherein the balance circuitry is configured to
provide the modified electrical energy to the second of the battery modules to provide
increased balancing of the states of charge of the first and second of the rechargeable
battery modules compared with the states of charge of the first and second of the
rechargeable battery modules prior to the provision of the modified electrical energy to

the second of the battery modules.

23. The system of claim 21 wherein the balance circuitry is configured to

modify the electrical energy from only the first of the rechargeable battery modules.

24.  The system of claim 21 wherein the balance circuitry comprises a DC-to-

DC converter configured to modify voltage of the electrical energy.
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25. The system of claim 21 wherein the first and the second of the
rechargeable battery modules are simultaneously coupled with conversion circuitry of

the balance circuitry and which is configured to modify the electrical energy.

26. A rechargeable battery system operational method comprising:

charging a plurality of rechargeable battery modules of a rechargeable battery
which are coupled in series with one another;

discharging electrical energy from the battery modules to a load;

selecting a first of the battery modules;

as a result of the selecting, modifying an electrical characteristic from electrical
energy from the first of the battery modules; and

after the modifying, applying the modified electrical energy to a second of the
battery modules to at least one of decrease the state of charge of the first of the
battery modules and to increase the state of charge of the second of the battery

modules.

27. The method of claim 26 wherein the selecting comprises selecting as a
result of the first of the battery modules having a higher state of charge than the state

of the charge of the second of the battery modules.

28. The method of claim 26 wherein the selecting comprises selecting in
response to a state of charge of the second of the battery modules being less than a

nominal state of charge of the battery modules.

29. The method of claim 26 wherein the applying comprises applying
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electrical energy from only the first battery module of the plurality of battery modules

to the second of the battery modules.

30. The method of claim 26 wherein the selecting, the modifying and the
applying comprise selecting, modifying and applying as a result of the second of the
battery modules having a state of charge less than a nominal state of charge of the

battery modules.

31.  The method of claim 26 further comprising directly conducting current to
individual ones of a plurality of main terminals of the rechargeable battery using

respective ones of the first and second of the battery modules.

32. The method of claim 26 wherein the applying comprises applying during
the charging.
33. The method of claim 26 wherein the applying comprises applying during

the discharging.

34. The method of claim 26 wherein the modifying comprises modifying the

electrical characteristic comprising voltage of the electrical energy.

35. The method of claim 34 wherein the modifying the voltage comprises

modifying using a DC-to-DC converter.

36. The method of claim 26 where the applying comprises applying to

balance the state of charge of the second of the battery modules with the others of the
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battery modules.

37. The method of claim 26 where the applying comprises applying to
balance the state of charge of the first of the battery modules with the others of the

battery modules.

38. The method of claim 26 further comprising, as a result of the selecting,
coupling the first of the battery modules with a DC-to-DC converter and wherein the

modifying comprises modifying using the DC-to-DC converter.

39. Arechargeable battery system operational method comprising:

monitoring states of charge of a plurality of rechargeable battery modules
coupled with one another in series;

detecting a first of the battery modules having a state of charge which is lower
than a state of charge of a second of the battery modules;

modifying electrical energy from the second of the battery modules; and

after the modifying, applying the electrical energy from the second of the
battery modules to the first of the battery modules to at least one of increase the state
of charge of the first of the battery modules and decrease the state of charge of the

second of the battery modules.

40. The method of claim 39 wherein the modifying and the applying

comprise modifying and applying as a result of the first of the battery modules having

a state of charge less than a nominal state of charge of the battery modules.
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41. The method of claim 39 wherein the modifying and the applying
comprise modifying and applying as a result of the second of the battery modules
having a state of charge greater than a nominal state of charge of the battery

modules.

42. The method of claim 39 wherein the modifying comprises modifying

voltage of the electrical energy.

43. The method of claim 42 wherein the modifying the voltage comprises

modifying using a DC-to-DC converter.

44.  The method of claim 39 wherein the modifying comprises receiving the
electrical energy having a plurality of different voltages and outputting the electrical

energy having a substantially constant voltage.

45. The method of claim 39 wherein the detecting comprises detecting the
first of the battery modules having a lower state of charge than a nominal state of

charge of the battery modules.

46. The method of claim 39 wherein the applying comprises:

configuring switching circuitry to only couple the second of the battery modules
with an input of a DC-to-DC converter; and

outputting the electrical energy from the DC-to-DC converter to the first of the

battery modules.
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47. The method of claim 39 wherein the applying comprises applying the

electrical energy from only the second of the battery modules.
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