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BATTERY CONTROL

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to United States Provisional Patent

Application Serial Number 61/924,644 entitled "BATTERY CONTROL" and filed on

January 7, 2014, which is incorporated herein by reference.

GOVERNMENT RIGHTS

[0002] This invention was made with government support. The government

has certain rights in the invention.

FIELD

[0003] The subject matter disclosed herein relates to battery control and more

particularly relates to battery reference based battery control.

BACKGROUND

DESCRIPTION OF THE RELATED ART

[0004] The charging and discharging of batteries is often controlled to

improve performance.



BRIEF DESCRIPTION OF THE DRAWINGS

[0005] In order that the advantages of the embodiments of the invention will

be readily understood, a more particular description of the embodiments briefly

described above will be rendered by reference to specific embodiments that are

illustrated in the appended drawings. Understanding that these drawings depict only

some embodiments and are not therefore to be considered to be limiting of scope, the

embodiments will be described and explained with additional specificity and detail

through the use of the accompanying drawings, in which:

[0006] Figure 1 is a schematic block diagram illustrating one embodiment of a

battery controller;

[0007] Figure 2A is a schematic block diagram illustrating one embodiment of

a battery system;

[0008] Figure 2B is a schematic block diagram illustrating one alternate

embodiment of a battery system;

[0009] Figure 2C is a schematic block diagram illustrating one alternate

embodiment of a battery system;

[0010] Figure 2D is a schematic block diagram illustrating one alternate

embodiment of a battery system;

[001 1] Figure 2E is a schematic block diagram illustrating one alternate

embodiment of a battery system;

[0012] Figure 2F is a schematic block diagram illustrating one alternate

embodiment of a battery system;

[0013] Figure 2G is a schematic block diagram illustrating one alternate

embodiment of a battery system;

[0014] Figure 2H is a schematic block diagram illustrating one alternate

embodiment of a battery system;

[0015] Figure 21 is a schematic block diagram illustrating one alternate

embodiment of a battery system;



[0016] Figure 2J is a schematic block diagram illustrating one alternate

embodiment of a battery system;

[0017] Figure 2K is a schematic block diagram illustrating one embodiment of

a battery unit;

[0018] Figure 2L is a schematic block diagram illustrating one alternate

embodiment of a battery unit;

[0019] Figure 2M is a schematic block diagram illustrating one alternate

embodiment of a battery unit;

[0020] Figure 2N is a schematic block diagram illustrating one embodiment of

a bypass converter;

[0021] Figure 20 is a schematic block diagram illustrating one alternate

embodiment of a bypass converter;

[0022] Figure 3A is a graph illustrating one embodiment of control objectives;

[0023] Figure 3B is a graph illustrating one alternate embodiment of control

objectives;

[0024] Figure 4A is a schematic block diagram illustrating one embodiment of

battery state data;

[0025] Figure 4B is a schematic block diagram illustrating one embodiment of

reference state data;

[0026] Figure 4C is a schematic block diagram illustrating one embodiment of

battery model data;

[0027] Figure 4D is a schematic block diagram illustrating one embodiment of

battery unit properties;

[0028] Figure 4E is a schematic block diagram illustrating one embodiment of

control data;

[0029] Figure 5A is a schematic flow chart diagram illustrating one

embodiment of a battery control method;

[0030] Figure 5B is a schematic flow chart diagram illustrating one

embodiment of a battery state modification method;



[0031] Figure 5C is a schematic flow chart diagram illustrating one

embodiment of a reference state determination method;

[0032] Figure 5D is a schematic flow chart diagram illustrating one

embodiment of a target parameter control method;

[0033] Figure 5E is a schematic flowchart diagram illustrating one

embodiment of a battery characterization method; and

[0034] Figure 5F is a schematic flowchart diagram illustrating one

embodiment of a battery model control method 750.



DETAILED DESCRIPTION OF THE INVENTION

[0035] Reference throughout this specification to "one embodiment," "an

embodiment," or similar language means that a particular feature, structure, or

characteristic described in connection with the embodiment is included in at least one

embodiment. Thus, appearances of the phrases "in one embodiment," "in an

embodiment," and similar language throughout this specification may, but do not

necessarily, all refer to the same embodiment, but mean "one or more but not all

embodiments" unless expressly specified otherwise. The terms "including,"

"comprising," "having," and variations thereof mean "including but not limited to"

unless expressly specified otherwise. An enumerated listing of items does not imply

that any or all of the items are mutually exclusive and/or mutually inclusive, unless

expressly specified otherwise. The terms "a," "an," and "the" also refer to "one or

more" unless expressly specified otherwise.

[0036] Furthermore, the described features, advantages, and characteristics of

the embodiments may be combined in any suitable manner. One skilled in the

relevant art will recognize that the embodiments may be practiced without one or

more of the specific features or advantages of a particular embodiment. In other

instances, additional features and advantages may be recognized in certain

embodiments that may not be present in all embodiments.

[0037] These features and advantages of the embodiments will become more

fully apparent from the following description and appended claims, or may be learned

by the practice of embodiments as set forth hereinafter. As will be appreciated by one

skilled in the art, aspects of the present invention may be embodied as a system,

method, and/or computer program product. Accordingly, aspects of the present

invention may take the form of an entirely hardware embodiment, an entirely software

embodiment (including firmware, resident software, micro-code, etc.) or an

embodiment combining software and hardware aspects that may all generally be

referred to herein as a "circuit," "module," or "system." Furthermore, aspects of the

present invention may take the form of a computer program product embodied in one



or more computer readable medium(s) having computer readable program code

embodied thereon.

[0038] Many of the functional units described in this specification have been

labeled as modules, in order to more particularly emphasize their implementation

independence. For example, a module may be implemented as a hardware circuit

comprising custom VLSI circuits or gate arrays, off-the-shelf semiconductors such as

logic chips, transistors, or other discrete components. A module may also be

implemented in programmable hardware devices such as field programmable gate

arrays, programmable array logic, programmable logic devices or the like.

[0039] Modules may also be implemented in software for execution by

various types of processors. An identified module of computer readable program

code may, for instance, comprise one or more physical or logical blocks of computer

instructions which may, for instance, be organized as an object, procedure, or

function. Nevertheless, the executables of an identified module need not be

physically located together, but may comprise disparate instructions stored in

different locations which, when joined logically together, comprise the module and

achieve the stated purpose for the module.

[0040] Indeed, a module of computer readable program code may be a single

instruction, or many instructions, and may even be distributed over several different

code segments, among different programs, and across several memory devices.

Similarly, operational data may be identified and illustrated herein within modules,

and may be embodied in any suitable form and organized within any suitable type of

data structure. The operational data may be collected as a single data set, or may be

distributed over different locations including over different storage devices, and may

exist, at least partially, merely as electronic signals on a system or network. Where a

module or portions of a module are implemented in software, the computer readable

program code may be stored and/or propagated on in one or more computer readable

medium(s).



[0041] The computer readable medium may be a tangible computer readable

storage medium storing the computer readable program code. The computer readable

storage medium may be, for example, but not limited to, an electronic, magnetic,

optical, electromagnetic, infrared, holographic, micromechanical, or semiconductor

system, apparatus, or device, or any suitable combination of the foregoing.

[0042] More specific examples of the computer readable storage medium may

include but are not limited to a portable computer diskette, a hard disk, a random

access memory (RAM), a read-only memory (ROM), an erasable programmable read

only memory (EPROM or Flash memory), a portable compact disc read-only memory

(CD-ROM), a digital versatile disc (DVD), an optical storage device, a magnetic

storage device, a holographic storage medium, a micromechanical storage device, or

any suitable combination of the foregoing. In the context of this document, a

computer readable storage medium may be any tangible medium that can contain,

and/or store computer readable program code for use by and/or in connection with an

instruction execution system, apparatus, or device.

[0043] In one embodiment, the computer readable medium may comprise a

combination of one or more computer readable storage mediums and one or more

computer readable signal mediums. For example, computer readable program code

may be both propagated as an electro-magnetic signal through a fiber optic cable for

execution by a processor and stored on RAM storage device for execution by the

processor.

[0044] Computer readable program code for carrying out operations for

aspects of the present invention may be written in any combination of one or more

programming languages, including an object oriented programming language such as

Java, Smalltalk, C++, PHP or the like and conventional procedural programming

languages, such as the "C" programming language or similar programming languages.

[0045] Furthermore, the described features, structures, or characteristics of the

embodiments may be combined in any suitable manner. In the following description,

numerous specific details are provided, such as examples of programming, software



modules, user selections, network transactions, database queries, database structures,

hardware modules, hardware circuits, hardware chips, etc., to provide a thorough

understanding of embodiments. One skilled in the relevant art will recognize,

however, that embodiments may be practiced without one or more of the specific

details, or with other methods, components, materials, and so forth. In other

instances, well-known structures, materials, or operations are not shown or described

in detail to avoid obscuring aspects of an embodiment.

[0046] Aspects of the embodiments are described below with reference to

schematic flowchart diagrams and/or schematic block diagrams of methods,

apparatuses, systems, and computer program products according to embodiments of

the invention. It will be understood that each block of the schematic flowchart

diagrams and/or schematic block diagrams, and combinations of blocks in the

schematic flowchart diagrams and/or schematic block diagrams, can be implemented

by computer readable program code. The computer readable program code may be

provided to a processor of a general purpose computer, special purpose computer,

sequencer, or other programmable data processing apparatus to produce a machine,

such that the instructions, which execute via the processor of the computer or other

programmable data processing apparatus, create means for implementing the

functions/acts specified in the schematic flowchart diagrams and/or schematic block

diagrams block or blocks.

[0047] The computer readable program code may also be stored in a computer

readable medium that can direct a computer, other programmable data processing

apparatus, or other devices to function in a particular manner, such that the

instructions stored in the computer readable medium produce an article of

manufacture including instructions which implement the function/act specified in the

schematic flowchart diagrams and/or schematic block diagrams block or blocks.

[0048] The computer readable program code may also be loaded onto a

computer, other programmable data processing apparatus, or other devices to cause a

series of operational steps to be performed on the computer, other programmable



apparatus or other devices to produce a computer implemented process such that the

program code which executed on the computer or other programmable apparatus

provide processes for implementing the functions/acts specified in the flowchart

and/or block diagram block or blocks.

[0049] The schematic flowchart diagrams and/or schematic block diagrams in

the Figures illustrate the architecture, functionality, and operation of possible

implementations of apparatuses, systems, methods and computer program products

according to various embodiments of the present invention. In this regard, each block

in the schematic flowchart diagrams and/or schematic block diagrams may represent a

module, segment, or portion of code, which comprises one or more executable

instructions of the program code for implementing the specified logical function(s).

[0050] It should also be noted that, in some alternative implementations, the

functions noted in the block may occur out of the order noted in the Figures. For

example, two blocks shown in succession may, in fact, be executed substantially

concurrently, or the blocks may sometimes be executed in the reverse order,

depending upon the functionality involved. Other steps and methods may be

conceived that are equivalent in function, logic, or effect to one or more blocks, or

portions thereof, of the illustrated Figures.

[0051] Although various arrow types and line types may be employed in the

flowchart and/or block diagrams, they are understood not to limit the scope of the

corresponding embodiments. Indeed, some arrows or other connectors may be used

to indicate only the logical flow of the depicted embodiment. For instance, an arrow

may indicate a waiting or monitoring period of unspecified duration between

enumerated steps of the depicted embodiment. It will also be noted that each block of

the block diagrams and/or flowchart diagrams, and combinations of blocks in the

block diagrams and/or flowchart diagrams, can be implemented by special purpose

hardware-based systems that perform the specified functions or acts, or combinations

of special purpose hardware and computer readable program code.



[0052] The description of elements in each figure may refer to elements of

proceeding figures. Like numbers refer to like elements in all figures, including

alternate embodiments of like elements.

[0053] The articles and presentations Zane, Regan, et al. "Robust Cell-Level

Modeling and Control of Large Battery Packs," Control Number 0675-1537;

Costinett, Daniel, "Active Balancing System for Electric Vehicles and Incorporated

Low Voltage Bus;" Zane, Regan, "Robust Cell-Level Modeling and Control of Large

Battery Packs," AMPED Annual Meeting: Government Panel Review, January 9,

2014; Zane, Regan, "Robust Cell-Level Modeling and Control of Large Battery

Packs," AMPED Annual Meeting Review, January 8, 2014; Zane, Regan, "Robust

Cell-Level Modeling and Control of Large Battery Packs," AMPED Q3 Quarterly

Review; Zane, Regan, "Robust Cell-Level Modeling and Control of Large Battery

Packs," AMPED Poster (two pages); "Robust Cell-Level Modeling and Control of

Large Battery Packs," AMPED Poster; Levron, Yoash et al. "Low Complexity

Kalman Filter for Battery Charge Estimation;" and Zane, Regan, "Robust Cell-Level

Modeling and Control of Large Battery Packs;" Technology, Advantages, and

Differentiation are incorporated herein by reference.

[0054] In one aspect of the embodiments, an open circuit unit voltage Voc,max

is controlled to an upper limit as V0Cmax = Vmax — K - Q — Q , where Vmax is a

maximum unit voltage limit, K is a nonzero control constant, Qi is a unit capacity of

the given battery unit, and Q is one of a unit capacity of a maximum capacity battery

unit, an average unit capacity of the plurality of battery units, and a predefined unit

capacity.

[0055] In one aspect of the embodiments, an apparatus comprises a shared bus

and a central controller controlling a plurality of direct current (DC) to DC bypass

converters each with an associated battery unit, wherein outputs of each bypass

converter are in parallel electrical communication with the shared bus, and the central



controller determining a battery state for each battery unit and decreasing divergence

of the battery state from a reference state.

[0056] In one aspect of the embodiments, an apparatus comprises a shared bus

and a plurality of isolated balancing direct current (DC) to DC bypass converters,

each bypass converter associated with one battery unit, inputs of each bypass

converter in parallel electrical communication with the associated battery unit, outputs

of each bypass converter in parallel electrical communication with the shared bus, and

each bypass converter determining a battery state for the associated battery unit and

decreasing divergence of the battery state from a reference state.

[0057] In one aspect of the embodiments, the battery state comprises one or

more of a control signal, a unit state-of-charge, a unit state-of-discharge, a unit

capacity, a unit state-of-health, a unit impedance, a unit voltage, a unit current, a

minimum unit voltage, a maximum unit voltage, a unit temperature, a unit power

capability, a unit history, a unit electrochemical model parameter, and a unit life-

prognostic model parameter and the reference state comprises one or more of a

reference state-of-charge, a reference state-of-discharge, a reference capacity, a

reference state-of-health, a reference unit impedance, a reference unit voltage, a

reference unit current, a reference minimum unit voltage, a reference maximum unit

voltage, a reference unit temperature, a reference power capability, a reference unit

history, a reference unit electrochemical, and a reference unit life-prognostic.

[0058] In one aspect of the embodiments, the battery state for each battery

unit is determined to reduce variability of any battery state between a plurality of

battery units.

[0059] In one aspect of the embodiments, the variability of the battery state

between the plurality of battery units is reduced over a divergence interval.



[0060] In one aspect of the embodiments, the apparatus further comprises a

capacitor in parallel electrical communication with the shared bus.

[0061] In one aspect of the embodiments, the shared bus voltage is

proportional to the reference state.

[0062] In one aspect of the embodiments, the apparatus comprises a central

controller that senses the shared bus voltage.

[0063] In one aspect of the embodiments, the central controller communicates

with the first plurality of bypass converters on one of an analog shared

communications bus and a digital shared communications bus.

[0064] In one aspect of the embodiments, the central controller communicates

a control signal to the first plurality of bypass converters that modifies the battery

state.

[0065] In one aspect of the embodiments, central controller determines the

battery state for each battery unit.

[0066] In one aspect of the embodiments, the divergence is a reduction is unit

capacity.

[0067] In one aspect of the embodiments, the shared bus charges the battery

units by supplying power from an external power supply to the shared bus.

[0068] In one aspect of the embodiments, a plurality of battery units is in

series electrical communication.

[0069] In one aspect of the embodiments, the apparatus further comprises a

current sensor that senses current in the series connection of the plurality of battery

units.

[0070] In one aspect of the embodiments, the current sensor communicates

over one of an analog bus and a digital bus to the first plurality of bypass converters.



[0071] In one aspect of the embodiments, the current sensor communicates

with a central controller.

[0072] In one aspect of the embodiments, the shared bus provides power to

one of a load and a bus supply that provides power to the load.

[0073] In one aspect of the embodiments, each bypass converter comprises a

dual active bridge converter employing one of duty cycle control, frequency control,

and phase shift control.

[0074] In one aspect of the embodiments, a battery unit comprises of one or

more battery cells in parallel electrical communication.

[0075] In one aspect of the embodiments, a battery unit is comprised of one or

more parallel connected battery cells in series electrical communication.

[0076] In one aspect of the embodiments, the apparatus further comprises a

battery charger connected in parallel electrical communication to the plurality of

battery units, and in communication with any one of a central controller, the shared

bus, and the plurality of bypass converters, and wherein the battery charger modifies

the charging current based on the communications.

[0077] In one aspect of the embodiments, the apparatus further comprises a

second plurality of isolated balancing DC to DC bypass converters, each bypass

converter associated with one battery unit, inputs of each bypass converter in parallel

electrical communication with the associated battery unit and outputs of the second

plurality of bypass converters in parallel electrical communication with the shared

bus.

[0078] In one aspect of the embodiments, a first bypass converter cycles

current through an associated first battery unit to heat the first battery unit.

[0079] In one aspect of the embodiments, the plurality of bypass converters

further identify at least one battery unit with a battery state parameter that does not



satisfy a reference state parameter and modify the battery state to decrease divergence

of the battery reference parameter from the reference state parameter.

[0080] In one aspect of the embodiments, an apparatus comprises a shared bus

and a plurality of isolated balancing direct current (DC) to DC bypass converters,

each bypass converter associated with one battery unit, inputs of each bypass

converter in parallel electrical communication with the associated battery unit, outputs

of each bypass converter in parallel electrical communication with the shared bus, and

each bypass converter controls the unit current as a function of a battery model of the

associated battery unit.

[0081] In one aspect of the embodiments, a state-of-charge is calculated as a

function of a unit voltage in a no load state

[0082] In one aspect of the embodiments, the battery unit voltage in the no

load state is calculated as a function of the unit voltage, a unit current, and a unit

resistance

[0083] In one aspect of the embodiments, a first bypass converter

characterizes the associated battery unit in an off-line state

[0084] In one aspect of the embodiments, a first bypass converter perturbs one

of a unit current and a unit voltage of the first battery unit and characterizes the

associated battery unit in response to the perturbation.

[0085] In one aspect of the embodiments, the characterization comprises one

or more of a unit impedance, a unit capacity, a unit temperature, a unit state-of-

charge, a unit state-of-health.

[0086] In one aspect of the embodiments, a first bypass converter performs a

diagnostic on an associated first battery unit.

[0087] In one aspect of the embodiments, the first battery unit is heated to

lower a unit impedance of the first battery unit.



[0088] In one aspect of the embodiments, an objective map of a battery

controller uses model predictive control (MPC) to decrease divergence of the battery

state from the reference state.

[0089] In one aspect of the embodiments, an apparatus includes a shared bus

and a plurality of isolated balancing direct current (DC) to DC bypass converters,

each bypass converter associated with one battery unit, inputs of each bypass

converter in parallel electrical communication with the associated battery unit, outputs

of each bypass converter in parallel electrical communication with the shared bus, and

each bypass converter controls the unit current as a function of a battery model of the

associated battery unit.

[0090] In one aspect of the embodiments, the battery model is a Laguerre

expansion of a discrete-time dynamic model.

[0091] In one aspect of the embodiments, the battery model is a continuous-

time realization algorithm that performs a discrete-time realization algorithm in

continuous time and converts the performed algorithm into a discrete domain.

[0092] In one aspect of the embodiments, the battery model comprises a

reduced-order electrochemical state estimation of internal battery processes.

[0093] In one aspect of the embodiments, the battery model determines the

battery state in response to inputs from one or more of a temperature sensor, an

optical sensor, a voltage sensor, a current sensor, a pH sensor, a strain sensor, a

pressure sensor, and a gas composition sensor.

[0094] In one aspect of the embodiments, the battery model describes

properties of the battery unit comprising chemical properties, electrical properties,

thermal properties, and physical properties.



[0095] In one aspect of the embodiments, the chemical properties comprise

one or more of a formation of dendrites, a gas composition, a gas pressure, and a unit

pH.

[0096] In one aspect of the embodiments, the electrical properties comprise

one or more of a unit impendence, a unit capacity, and a unit voltage.

[0100] In one aspect of the embodiments, the thermal properties comprise one

or more of a unit temperature and a unit temperature distribution.

[0101] In one aspect of the embodiments, the physical properties comprise an

expansion of a unit package.

[0102] In one aspect of the embodiments, an apparatus comprises a shared

bus, a plurality of battery units, a plurality of isolated balancing direct current (DC) to

DC bypass converters, each bypass converter associated with one battery unit of the

plurality of battery units and inputs of each bypass converter in parallel electrical

communication with the associated battery unit, outputs of each bypass converter in

parallel electrical communication with the shared bus, and a plurality of isolated

balancing direct current (DC) to DC bypass converters, each bypass converter

associated with one battery unit of the plurality of battery units and inputs of each

bypass converter in parallel electrical communication with the associated battery unit,

outputs of each bypass converter in parallel electrical communication with the shared

bus.

[0103] In one aspect of the embodiments, the battery controller controls a unit

state-of-charge for a given battery unit as a function of a unit capacity mismatch

between a unit capacity of the given battery unit and one of a unit capacity of a

maximum capacity battery unit, an average unit capacity of the plurality of battery

units, and a predefined unit capacity, such that a battery unit with a higher unit



capacity reaches a higher maximum unit state-of-charge than a battery unit with a

lower unit capacity.

[0104] In one aspect of the embodiments, a unit voltage Voc at open circuit of

a given ith battery unit and is controlled to an upper limit calculated as Vo c = Vmax —

K Q Qi) , where V max is a maximum unit voltage limit, K is a nonzero control

constant, Q i is a unit capacity of the given battery unit, and Q is one o a unit capacity

of a maximum capacity battery unit, an average unit capacity of the plurality of

battery units, and a predefined unit capacity.

[0105] In one aspect of the embodiments, the battery controller controls a unit

state-of-charge for a given battery unit as a function of a unit capacity mismatch

between a unit capacity of the given battery unit and one of a unit capacity of a

maximum capacity battery unit, an average unit capacity, and a predefined unit

capacity if the unit state-of-charge exceeds a control threshold and controls the unit

state-of-charge for the given battery unit as a function of a unit resistance mismatch

between a unit resistance of the given battery unit and one of an average unit

resistance for the plurality of battery units, a unit resistance of a maximum resistance

battery unit, and a predefined unit resistance if the unit state-of-charge is less than the

control threshold

[0106] In one aspect of the embodiments, a unit voltage Voc,i at open circuit

of a given ith battery unit is controlled to a lower limit calculated as Vo c = Vmin —

Im a x . R i if the unit voltage is less than the control threshold, and

controlled to an upper limit calculated as Vo c = Vmax — K - - Q — Q i if the unit

voltage exceeds the control threshold, where V max is a maximum unit voltage limit,

V m is a minimum unit voltage limit, K is a nonzero control constant and Q i is a unit

capacity of the given battery unit, Q is one o a unit capacity of a maximum capacity



battery unit, an average unit capacity of the plurality of battery units, and a predefined

unit capacity, Imax is a maximum unit current, R is a unit resistance for the given

battery unit, and R is an average unit resistance for the plurality of battery units.

[0107] In one aspect of the embodiments, Q is max(Q) and is calculated as

max(0 =Q i + AQi where AQi is a unit capacity mismatch between the given battery

unit and the maximum capacity battery unit and is calculated as

= Qi — , where Is tr is a supply current, I& is a unit current for the
nom str ,i)

given battery unit, n is a capacity parameter for the given battery unit

calculated as = Ql l where Vbus is a shared bus voltage, b is a predefined
bus

capacity constant, and ninom IS predefined nominal capacity

[0108] In one aspect of the embodiments, the battery controller controls a unit

state-of-charge for a given battery unit as a function of a unit capacity mismatch

between a unit capacity of the given battery unit and one of a unit capacity of a

maximum capacity battery unit, an average unit capacity, and a predefined unit

capacity if the unit state-of-charge exceeds a control threshold and controls the unit

state-of-charge for the given battery unit as a function of a unit resistance mismatch

between a unit resistance of the given battery unit and one of an average unit

resistance for the plurality of battery units, a unit resistance of a maximum resistance

battery unit, and a predefined unit resistance if the unit state-of-charge is less than the

control threshold.

[0109] In one aspect of the embodiments, a unit voltage Voc,i at open circuit

of a given ith battery unit is controlled to a lower limit calculated as Vo c = Vmin —

Im ax . i f the unit voltage is less than the control threshold, and

controlled to an upper limit calculated as Vo c = Vmax —K - - Q —Qi if the unit

voltage exceeds the control threshold, where Vmax is a maximum unit voltage limit,



V m is a minimum unit voltage limit, K is a nonzero control constant and Q i is a unit

capacity of the given battery unit, Q is one of a unit capacity of a maximum capacity

battery unit, an average unit capacity of the plurality of battery units, and a predefined

unit capacity, Imax is a maximum unit current, R i is a unit resistance for the given

battery unit, and R is an average unit resistance for the plurality of battery units.

[01 10] In one aspect of the embodiments, the battery controller controls a unit

state-of-charge for a given battery unit as a function of a unit state-of-charge

mismatch between a state-of-charge of the given battery unit and a unit state-of-

charge of a maximum state-of-charge battery unit if the unit state-of-charge exceeds a

control threshold and controls the unit state-of-charge for the given battery unit as a

function of a shared bus voltage, a unit voltage, and a unit resistance if the unit state-

of-charge is less than the control threshold.

[01 11] In one aspect of the embodiments, the a unit voltage Voc at open

circuit is controlled to a Voc calculated as

Vo c = -— — — — wherein Voc,i s a unit voltage at open

circuit for a given ith battery unit, Vmax is a maximum unit voltage limit, V min is a

minimum unit voltage limit, R i is a unit resistance for the given battery unit, and Imax

is a maximum unit current for the given battery unit if the unit state-of-charge is less

than the control threshold

[01 12] In one aspect of the embodiments, controlling the battery state

comprises extending a unit lifetime of the first plurality of battery units.

[01 13] In one aspect of the embodiments, the battery state comprises a unit

voltage.

[01 14] In one aspect of the embodiments, the battery state comprises a unit

state-of-charge.



[01 15] In one aspect of the embodiments, the battery state comprises a unit

state-of-discharge.

[01 16] In one aspect of the embodiments, the battery state comprises a shared

bus voltage.

[01 17] In one aspect of the embodiments, the battery state for each battery

unit is modified to extend a range of a first plurality of battery units for a drive cycle,

wherein the range is a function of a sum of the unit power capabilities of the first

plurality of battery units.

[01 18] Figure 1 is a schematic block diagram illustrating one embodiment of a

battery controller 111. The battery controller 111 may control a battery system. The

battery controller 111 may be embodied in semiconductor circuits, a processor, a

computer readable storage medium, or combinations thereof. The battery controller

111 may include a state estimator 112, an objective map 114, a summing function

117, and a DC - DC controller 118. In addition, the battery controller 111 may

include a droop control 116.

[01 19] The state estimator 112 may receive one or more state inputs 124 from

one or more battery units. The state inputs 124 may include one or more of a unit

voltage, a unit current, and a unit temperature. The state estimator 112 may generate

one or more state estimate 132 for the one or more battery units including a unit state-

of-charge, a unit state of discharge, a unit capacity, a unit state-of-health, a unit

resistance, the unit impedance, and/or unit power capability. For example, the state

estimator 112 may generate an open circuit unit voltage.

[0120] The objective map 114 may receive the state estimate 132 and one or

more parameter mismatches 126. The parameter mismatch 126 may specify between

parameters of 2 or more battery states. The objective map 114 may generate a shared

bus reference voltage 134. In one embodiment, the shared bus reference voltage 134



is a bus reference voltage as will be described hereafter. The objective map 114 may

control a battery unit using the control input 134.

[0121] The droop control 116 may receive the control input 134 and one or

more droop inputs 128. The droop inputs 128 may include an input current to a

bypass converter and a droop control resistance. The droop control 116 may generate

a modified shared bus reference voltage 136. The modified shared bus reference

voltage 136 may facilitate the sharing of a load current between one or more bypass

converters.

[0122] The summing function 117 may receive a shared bus voltage 145 that

will be described hereafter. In addition, the summing function 117 may receive one of

the shared bus reference voltage 134 and the modified shared bus reference voltage

136. The summing function 117 may subtract the shared bus voltage 145 from the

shared bus reference voltage 134 or the modified shared bus reference voltage 136 to

generate a control signal 138.

[0123] The DC-DC controller 118 may receive the control signal 138 and

generate one or more DC-DC controls 210 that could control a DC-DC converter as

will be described hereafter.

[0124] In one embodiment, the functions of the battery controller 111 are

distributed among one or more bypass converters. Alternatively, the functions of the

battery controller 111 may be performed by a central controller. In addition, the

functions of the battery controller 111 may be distributed among the one or more

bypass converters and the central controller.

[0125] Figure 2A is a schematic block diagram illustrating one embodiment of

a battery system 100. The system 100 includes a plurality of battery units 105. Each

battery unit 105 may include one or more cells in a series configuration, a parallel

configuration, or combinations thereof. In the depicted embodiment, the battery units



105 are arranged in series electrical communication. Each battery unit 105 is in

parallel electrical communication with inputs of a bypass converter 110. The bypass

converter 110 is described in greater detail hereafter. Outputs of each bypass

converter 110 are in parallel communication with a shared bus 180. In the depicted

embodiment, the shared bus 180 includes positive 180a and negative 180b

conductors. The shared bus 180 may have a shared bus voltage 145.

[0126] A battery sensor 150 is connected to each battery unit 105. The battery

sensor 150 may include at least one of a temperature sensor, an optical sensor, a

voltage sensor, a current sensor, a pH sensor, a strain sensor, a pressure sensor, and a

gas composition sensor. The battery sensor 150 may measure a unit voltage 130 for

the battery unit 105. In addition, the battery sensor 150 may measure one or more of a

unit impedance, a unit current, a minimum unit voltage, a maximum unit voltage, a

unit temperature, the unit power capability, and the like for the battery unit 105.

[0127] In one embodiment, the plurality of battery units 105 forms a battery

pack. The plurality of battery units 105 may have a series voltage VA 135. In

addition, a current sensor CS 151 may sense the current of the series connection of the

plurality of battery units 105.

[0128] Each bypass converter 110 may determine a battery state for the

associated battery unit 105. The battery state was referred to as battery state in the

predecessor provisional application. The bypass converter 110 may control the battery

unit 105 to the battery state during charging and discharging of the battery unit 105.

In addition, the battery controller 111 and/or each bypass converter 110 may decrease

divergence of the battery state from a reference state as will be described hereafter.

The reference state represents an objective battery state for the plurality of battery

units 105. The battery states are managed over a longer divergence time interval to

decrease divergence from the reference state. In one embodiment, the battery states



are converged to the reference state. Alternatively, the divergence of the battery

states from the reference state may be minimized.

[0129] The battery state may be at least one of battery state comprising a

control signal, a state-of-charge, a state-of-discharge, a capacity, a state-of-health, a

unit impedance, a unit voltage 130, a unit current, a minimum unit voltage, a

maximum unit voltage, a unit temperature, a unit power capability, a unit history, a

unit electrochemical model parameter, and a unit life-prognostic model parameter.

The reference state may be at least one of reference state parameters comprising a

reference state-of-charge, a reference state-of-discharge, a reference capacity, a

reference state-of-health, a reference unit impedance, a reference unit voltage, a

reference unit current, a reference minimum unit voltage, a reference maximum unit

voltage, a reference unit temperature, a reference power capability, a reference unit

history, a reference unit electrochemical model, and a reference unit life-prognostic

model.

[0130] Figure 2B is a schematic block diagram illustrating one alternate

embodiment of the battery system 100. In the depicted embodiment, a load 170 is

electrical communication with the shared bus 180. In addition, a central controller 160

and a charger 165 are also in electrical communication with the shared bus 180.

[0131] The central controller 160 may sense the shared bus voltage 145 of the

shared bus 180. In one embodiment, the central controller 160 is in communication

with the bypass converters 110. In addition, the central controller may be in

communication with the current sensor 151. In one embodiment, the central controller

160 may modify the reference state for the battery units 105. For example, the

reference state may be the shared bus voltage 145 and the central controller 160 may

modify the shared bus voltage 145. Alternatively, the central controller 160 may



communicate a control signal to the plurality of bypass converters 110. The control

signal may modify the battery state for the battery units 105.

[0132] The battery charger 165 is connected in electrical communication with

the shared bus 180. In an alternative embodiment, the battery charger 165 is in

parallel electrical communication to the series connected plurality of battery units

105. The battery charger 165 may charge the battery units 105 by supplying power

from an external power supply to the shared bus 180.

[0133] In one embodiment, the battery charger 165 is in communication with

at least one of the central controller 160, the shared bus 180, and the plurality of

bypass converters 110. The battery charger 165 may modify the charging current

based on the communications with the central controller 160, the shared bus 180,

and/or the plurality of bypass converters 110.

[0134] Figure 2C is a schematic block diagram illustrating one alternate

embodiment of the battery system 100. In the depicted embodiment, a battery unit

105p is in parallel electrical communication with the shared bus 180. In a certain

embodiment, the battery unit 105p drives the shared bus voltage 145.

[0135] Figure 2D is a schematic block diagram illustrating one alternate

embodiment of the battery system 100. In the depicted embodiment, the shared bus

180 is in electrical communication with the bus supply 115. The bus supply 115 may

be a DC to DC converter. In one embodiment, the bus supply 115 provides a supply

voltage 125 and a supply current 195. The supply current 195 may drive the load 170.

[0136] In one embodiment, the bus supply 115 may provide an auxiliary

power system such as a 12 Volt power supply. Alternatively, the bus supply 115 may

provide high-voltage power.

[0137] Figure 2E is a schematic block diagram illustrating one alternate

embodiment of the battery system 100. In the depicted embodiment, the battery units



105 are not in series electrical communication. Instead, the shared bus 180 may

provide power for the load 170.

[0138] Figure 2F is a schematic block diagram illustrating one alternate

embodiment of the battery system 100. As in Figure 2E, the battery units 105 are not

in series electrical communication. The shared bus 180 drives the bus supply 115

which provides power for the load 170. The bus supply 115 may be a DC to DC

converter and may supply the load 170 at a supply voltage 125 that is greater than or

less than the shared bus voltage 145.

[0139] Figure 2G is a schematic block diagram illustrating one alternate

embodiment of the battery system 100. In the depicted embodiment, a first plurality of

battery units 105a-b are in series electrical communication while a second plurality of

battery units 105c-d are also in series electrical communication but are not an

electrical communication with the first plurality of battery units 105a-b. The bypass

converters 110 associated with the first plurality of battery units 105a-b and the

bypass converters 110 associated with a second plurality of battery units 105c-d are in

electrical communication with the shared bus 180. As a result, the first plurality of

battery units 105a-b may provide power independent of the second plurality of battery

units 105c-d while the shared bus 180 provides power to the load 170.

[0140] Figure 2H is a schematic block diagram illustrating one alternate

embodiment of the battery system 100. The first plurality of battery units 105a-b and

the second plurality of battery units 105c-d of Figure 2G are depicted in parallel

electrical communication.

[0141] Figure 21 is a schematic block diagram illustrating one alternate

embodiment of the battery system 100. In the depicted embodiment, the central

controller 160 communicates with the bypass converters 110 over a shared



communications bus 175. The shared communications bus 175 may be an analog bus.

Alternatively, the shared communications bus 175 may be a digital bus.

[0142] The current sensor 151 may also communicate with the bypass

converters 110 over the shared communication bus 175. In an alternative

embodiment, the shared communication bus 175 is not in communication with the

central controller 160. In a certain embodiment, the current sensor 151 communicates

with the bypass converters 110 over a dedicated bus such as an analog bus or a digital

bus.

[0143] Figure 2J is a schematic block diagram illustrating one alternate

embodiment of the battery system 100. In the depicted embodiment, a capacitor 185 is

in parallel electrical communication with the shared bus 180.

[0144] Figure 2K is a schematic block diagram illustrating one embodiment of

the battery unit 105. In the depicted embodiment, the battery unit 105 includes three

battery cells 106 in parallel electrical communication. The battery unit 105 may

include any number of battery cells 106 and that the battery cells 106 may be

organized in multiple configurations. Figures 2K-M illustrate three configurations that

are exemplary and not limiting.

[0145] The battery unit 105 includes a positive connector 107 and a negative

connector 108. The positive connector 107 and the negative connector 108 may be in

electrical communication with the bypass converter 110. The unit voltage 130 is the

voltage between the positive connector 107 in the negative connector 108. The unit

current 109 flows through the battery unit 105. The battery unit 105 also includes a

unit impedance. In addition, the battery unit 105 may include a unit resistance. The

unit resistance may be a series resistance. In addition, the unit resistance may include

the resistance of the positive connector 107, the negative connector 108, and all other

connections.



[0146] Figure 2L is a schematic block diagram illustrating one alternate

embodiment of a battery unit 105. In the depicted embodiment, three battery cells 106

are depicted in series electrical communication.

[0147] Figure 2M is a schematic block diagram illustrating one alternate

embodiment of a battery unit 105. In the depicted embodiment, pairs of battery cells

106 are in parallel electrical communication, while the pairs of battery cells 106 are in

series electrical communication. One or more sets of parallel connected battery cells

106 may be in series electrical communication.

[0148] Figure 2N is a schematic block diagram illustrating one embodiment of

the bypass converter 110. In the depicted embodiment, the bypass converter 110 may

provide distributed control of a battery unit 105. For distributed control, the bypass

converter 110 includes the battery sensors 150, a battery model 260, converter sensors

265, a DC-DC controller 118, and a direct current (DC) to DC converter 280.

[0149] The state estimator 112 may receive inputs 270 such as the shared bus

reference voltage 124 from the battery sensors 150 and/or the converter sensors 265.

In the depicted embodiment, the DC to DC to converter 280 is a dual active bridge

converter. In alternative embodiments, the DC to DC converter 280 may be a half

bridge converter.

[0150] In the depicted embodiment, the DC to DC converter 280 includes a

plurality of switches 205, an inductor 235, and a transformer 215. In addition, the DC

to DC converter 280 may include one or more capacitors 240, 245, 250. In one

embodiment, each switch 205 comprises a field effect transistor and the diode. The

DC-DC controller 118DC-DC controller 118 may control the switches 205 employing

at least one of duty cycle control, frequency control, and phase shift control.

[0151] The battery model 260 may be a mathematical representation of one or

more cells of the battery unit 105. In one embodiment, the battery model 260



comprises an equivalent circuit representation of the battery unit 105. Alternatively,

the battery model 260 may comprise an electrochemical representation of the cells of

the battery unit 105. The battery model 260 may receive state inputs 124 from the

battery sensors 150. The battery model 260 may be updated based on the state inputs

124. In addition, the battery model 260 may receive commands and/or inputs from the

central controller 160 over the shared communications bus 175.

[0152] In one embodiment, the battery model 260 comprises reduced-order

electrochemical state estimation of internal battery processes for the battery unit 105.

The battery model 260 may determine the battery state response to inputs from the

battery sensor 150 of the battery unit 105. The battery model 260 may estimate

properties of the battery unit 105.

[0153] The DC-DC controller 118 may generate the DC-DC controls 210 that

drive the switches 205 to control the output of the battery unit 105.

[0154] Figure 20 is a schematic block diagram illustrating one alternate

embodiment of a bypass converter 110. Portions of the bypass converter 110 of

Figure 2N are shown. In the depicted embodiment, the central controller 160 controls

the battery units 105 by generating the DC-DC controls 210 for the bypass converter

110.

[0155] Figure 3A is a graph 301 illustrating one embodiment of control

objectives. The control objectives may be embodied in the objective map 114. The

graph 301 shows relationship of shared bus reference voltage 134 and a state estimate

132. In one embodiment, the state estimate 132 is controlled to a control limit 302

during the charging and/or discharging of a battery unit 105. The control limit 302

does not exceed a maximum shared bus voltage 306. For example, while charging the

battery unit 105, the shared bus reference voltage 134 may be controlled so the shared

bus reference voltage 134 does not exceed the control limit 302.



[0156] Figure 3B is a graph 301 illustrating one alternate embodiment of

control objectives. As in the graph 301 of Figure 3A, relationship of shared bus

reference voltage 134 and a state estimate 132. The control threshold 304 is also

shown for a specified state estimate value 310. A lower control limit 308 is used for a

state estimate 132 that is less than the control threshold 304 while an upper control

limit 312 is used for state estimate 132 that is greater than the control threshold 304.

[0157] Figure 4A is a schematic block diagram illustrating one embodiment of

battery state data 201. The battery state data 200 maybe organized as a data structure

in a memory. The battery state data 200 may be stored in the DC-DC controller 118,

the central controller 160, or combinations thereof. In the depicted embodiment, the

battery state data 200 includes a battery state 201 comprising the unit state-of-charge

204, the unit state-of-discharge 206, the unit capacity 208, the unit state-of-health

209, the unit impedance 212, the unit voltage 130, the unit current 109, the minimum

unit voltage limit 214, the maximum unit voltage limit 216, the unit temperature 217,

the unit power capability 218, the unit history 220, unit life time 221, the unit

electrochemical model 222, and the unit life-prognostic model 224.

[0158] The unit state-of-charge 204 may measure a current charge of the

battery unit 105. The unit capacity 208 may measure a maximum charge of the battery

unit 105. The calculation of the unit state-of-charge 204 is described in Figure 5E.

[0159] The unit state-of-discharge 206 may measure a discharge of the battery

unit 105 from the unit capacity 208. The unit state-of-health 209 may describe one or

more failure related parameters.

[0160] The unit impedance 212 may measure an internal impedance of the

battery unit 105 and/or the battery unit connections. The unit impedance 212 may be

measured during the characterization of the battery unit 105.



[0161] The unit resistance 213 may measure an internal resistance of the

battery unit 105 and/or the battery unit connections. The unit resistance 213 may be

measured during the characterization of the battery unit 105.

[0162] The unit voltage 130 may be an open circuit voltage for the batter unit

105. be measured by the battery sensors 150 as shown in Figure 2A. The unit current

109 may be measured by the battery sensors 150 as shown in Figures 2K-M.

[0163] The minimum unit voltage limit 214 may be a minimum control limit

of the unit voltage 130 of the battery unit 105. The maximum unit voltage limit 216

may a maximum control limit for the unit voltage 130.

[0164] The unit temperature 217 may measure an internal temperature of the

battery unit 105. The unit temperature 217 may include a unit temperature distribution

with the battery unit 105. Alternatively, the unit temperature 217 may measure an

external temperature of the battery unit 105.

[0165] The unit power capability 218 may be calculated as a function of the

unit voltage 130 and the unit current 109. The unit power capability 218 may be a

current unit power capability 218 calculated for a point in time. Alternatively, the unit

power capability 218 may be calculated for an extended time interval such as a

discharge cycle.

[0166] The unit history 220 may record the battery state 201 at regular history

intervals. For example, the unit history 220 may record the battery state 201 each 10

seconds. The unit electrochemical model 222 is described in more detail in Figure 4D.

[0167] The unit life-prognostic model 224 may forecast the unit lifetime 221

of the battery unit 105. The lifetime may be calculated as a function of the battery

state 201.

[0168] Figure 4B is a schematic block diagram illustrating one embodiment of

reference state data 229. The reference state data 229 maybe organized as a data



structure in a memory. The reference state data 229 may be stored in the DC-DC

controller 118, the central controller 160, or combinations thereof. In the depicted

embodiment, the reference state data 229 includes the reference state 23 1 comprising

the reference state-of-charge 234, the reference state-of-discharge 236, the reference

capacity 238, the reference state-of-health 241, the reference unit impedance 242, the

reference unit voltage 226, the reference unit current 228, the reference minimum unit

voltage 244, the reference maximum unit voltage 246, the reference unit temperature

247, the reference power capability 248, the reference unit history 251, reference unit

life time 253, the reference unit electrochemical model 252, and the reference unit

life-prognostic model 254.

[0169] The reference state-of-charge 234, the reference state-of-discharge

236, the reference capacity 238, the reference state-of-health 241, the reference unit

impedance 242, the reference unit voltage 226, the reference unit current 228, the

reference minimum unit voltage 244, the reference maximum unit voltage 246, the

reference unit temperature 247, the reference power capability 248, the reference unit

history 251, the reference unit life time 253, the reference unit electrochemical model

252, and the reference unit life-prognostic model 254 are target parameters

corresponding to the unit state-of-charge 204, the unit state-of-discharge 206, the unit

capacity 208, the unit state-of-health 209, the unit impedance 212, the unit voltage

130, the unit current 109, the minimum unit voltage limit 214, the maximum unit

voltage limit 216, the unit temperature 217, the unit power capability 218, the unit

history 220, unit lifetime 221, the unit electrochemical model 222, and the unit life-

prognostic model 224 respectively. The bypass converter 110 and/or central controller

160 may determine the reference state 231 for the one or more battery units 105 as

will be described hereafter in Figure 5C.



[0170] Figure 4C is a schematic block diagram illustrating one embodiment of

a battery model data 261. The battery model data 261 may be employed by the

battery model 260. The battery model data 261 maybe organized as a data structure in

a memory. The battery model data 261 may be stored in the DC-DC controller 118,

the central controller 160, or combinations thereof. The battery model data 261 may

be used to define a battery model for a battery unit 105. In the depicted embodiment

the battery model data 261 includes optical data 262, the unit voltage 130, the unit

current 109, pH data 264, strain data 266, pressure data 268, and gas composition data

270.

[0171] The battery model data 261 may be a Laguerre expansion of a discrete-

time dynamic model. Alternatively, the battery model data 261 may be a continuous-

time realization algorithm that performs a discrete-time realization algorithm in

continuous time. The performed algorithm may be converted into a discrete domain.

[0172] In one embodiment, the battery model data 261 includes a reduced-

order electrochemical state estimation of internal battery processes using the unit

electrochemical model 222.

[0173] Figure 4D is a schematic block diagram illustrating one embodiment of

the unit electrochemical model 222. The unit electrochemical model 222 maybe

organized as a data structure in a memory. The unit electrochemical model 222 may

be stored in the DC-DC controller 118, the central controller 160, or combinations

thereof. In the depicted embodiment, the unit electrochemical model 222 includes

chemical properties 282, electrical properties 284, thermal properties 286, and

physical properties 288.

[0174] The chemical properties 282 may include at least one of a formation of

dendrites in the battery unit 105 and/or battery cells of the battery unit 105, a gas

composition of the battery unit 105 and/or battery cells of the battery unit 105, a gas



pressure of the battery unit 105 and/or battery cells of the battery unit 105, and a unit

pH of the battery unit 105 and/or battery cells of the battery unit 105. The optical

sensor may measure the formation of dendrites.

[0175] The electrical properties 284 may include at least one of the unit

impedance, the unit capacity, and the unit voltage 130 of the battery unit 105. The

thermal properties 286 may comprise one or more of the unit temperature 217 and a

unit temperature distribution with the battery unit 105. The physical properties may

include an expansion of the unit package for the battery pack.

[0176] Figure 4E is a schematic block diagram illustrating one embodiment of

control data 380. The control data 380 maybe organized as a data structure stored in a

memory. The control data 380 includes a divergence time interval 382, the divergence

limits 384, a control constant 386, a maximum shared bus voltage 306, a maximum

supply current 390, a predefined unit capacity 392, a predefined nominal capacity

394, and a predefined unit resistance 396.

[0177] The divergence time interval 382 may specify a time interval for

reducing the divergence of the battery state 201 relative to the reference state 231.

The divergence time interval 382 may be a number of months and/or a lifetime of the

battery system 100.

[0178] The divergence limits 384 may specify an acceptable divergence of the

battery state 201 from the reference state 231. In one embodiment, the divergence

limits 384 are specified for a plurality of time intervals and/or for a plurality of

milestones.

[0179] The control constant 386 may control a rate of reducing the divergence

of the battery state 201 from the reference state 231. In addition, the control constant

386 may control a rate of converging the battery state 201 to the reference state 23 1.



[0180] The maximum shared bus voltage 306 may specify a maximum for the

shared bus voltage 145. The maximum supply current 390 may specify a maximum

for the supply current 195. The predefined unit capacity 392 may specify a default

value for a unit capacity 208. The predefined nominal capacity 394 may specify a

default value for nominal unit capacity 208. The predefined unit resistance 396 may

specify default value for unit resistance 213.

[0181] Figure 5A is a schematic flow chart diagram illustrating one

embodiment of a battery control method 500. The battery control method 500 may

control a battery unit 105 of the battery system 100. The battery control method 500

may be performed by the battery controller 111. Alternatively, the method 500 may

be performed by the central controller 160. In one embodiment, the battery control

method 500 is performed by a combination of one or more bypass converters 110 and

the central controller 160. In a certain embodiment, the method 500 is performed by a

processor. In addition, the method 500 may be performed by computer readable

storage medium storing code.

[0182] The method 500 starts, and in one embodiment, the battery controller

111 characterizes 505 the associated battery unit 105. The battery controller 111 may

characterize the battery unit 105 in an off-line state. The characterization 505 is

described in detail in Figure 5E.

[0183] The battery controller 111 may determine 510 a battery state 201 for

the associated battery unit 105. The battery state 201 may initially be determined 510

from the characterization 105 as described in Figure 5E. In addition, the battery

controller 111 may determine 510 a modified battery state 201 in order to manage the

battery unit 105. For example, the battery controller 111 may modify the battery state

201 in order to reduce variability between the battery states 201 of the battery units



105, to extend the lifetime of the battery unit 105, to balance the lifetimes of one or

more battery units 105, and to balance the power of one or more battery units 105.

[0184] In one embodiment, the battery state of each battery unit 105 may be

determined 510 to increase the charging rate for some battery units 105 and reduce

the charging rate for other battery units 105 to reduce the variability of the state-of-

charge among the battery units 105. The variability of the battery states 201 may be

reduced over a target interval. The target interval may be a time interval such as three

weeks. Alternatively, the target interval may be a number of charge/discharge cycles

for the system 100. The determination 510 of the battery state 201 is described in

more detail in Figure 5B.

[0185] The battery controller 111 may determine 515 the reference state 231

for the associated battery unit 105. The determination 515 of the reference state is

described in more detail in Figure 5C.

[0186] The battery controller 111 may cycle 520 current to the associated

battery unit 105 to heat the battery unit 105. The unit impedance 212 of the battery

unit 105 may decrease as the battery unit 105 is heated. Reducing the unit impedance

212 of the battery unit 105 may improve the performance of the battery unit 105. By

cycling current from the shared bus 180 through the DC to DC converter 282 the

battery unit 105, the battery controller 111 may heat the battery unit 105 and improve

the performance of the battery unit 105.

[0187] The battery controller 111 may modify 525 the reference state 231

using the objective map 114. In one embodiment, the objective map 114 modifies 525

the reference state 231 based on a parameter mismatch between parameters of the

battery state 231 of one or more battery units 105. In one embodiment, the parameter

mismatch is reduced to within the divergence limits 384.



[0188] In one embodiment, modifying 525 the reference state 231 reduces a

rate of divergence of the parameter mismatch over time. In one embodiment, the rate

of divergence of the parameter mismatch is reduced over the divergence time interval

382.

[0189] The battery controller 111 may modifies 525 the reference state 231

based on a capacity mismatch between a unit capacity 208 of the given battery unit

105 and one of a unit capacity 208 of a maximum capacity battery unit 105, an

average unit capacity 208 of the plurality of battery units 105, and the predefined unit

capacity 392. As a result, a battery unit 105 with a higher unit capacity 208 reaches a

higher maximum unit state-of-charge 204 than a battery unit 105 with a lower unit

capacity 208.

[0190] The open circuit unit voltage Voc 130 may be modified based on a

unit capacity mismatch parameter wherein the unit capacity mismatch is calculated

for each given ith battery unit 105 using Equation 1, where Vmax is a maximum unit

voltage limit 216, K is the control constant 386, Qi is a unit capacity 208 of the given

battery unit 105, and Q is one of a unit capacity 208 of a maximum state-of-charge

battery unit 105 with a greatest unit capacity 208 max(Q), an average unit capacity

208 of the plurality of battery units 105, and the predefined unit capacity 392.

Equation 1 calculates a maximum open circuit unit voltage 130 for a charging unit

current 109 to the battery unit 105. Reversing the unit current 109 modifies the

Equation.

[0191] V0 C a x = Vmax - K - Qi) Equation 1

[0192] In one embodiment, Q is determined by the central controller 160 for

each bypass converter 110. Alternatively, Q may be determined by the battery

controller 111. In addition, Q may be max(Q) and each bypass converter 110 may



calculate max(Q). In one embodiment, max(Q) is calculated using Equation 2, where

AQi is a unit capacity mismatch between the given battery unit 105 and the maximum

unit capacity battery unit 105 with the greatest unit capacity 208.

[0 193] max(0 = Q + AQ Equation 2

[0194] In one embodiment, the unit capacity mismatch is calculated using

Equation 3, where Istr is a supply current 195, I& is a unit current 209 for the

given battery unit 105, n nom IS the predefined nominal capacity 394 and ¾ is

capacity parameter calculated as described below, As a result, each bypass

converter 110 may calculate the unit voltage target parameter in a distributed

manner.

[0195] A Q = Q - m , t Equation 3

[0196] The capacity parameter m may calculated using Equation 4, is where

Vbus is the shared bus voltage 145 and b is a defined capacity constant.

Parameter n may be calculated for a give battery unit 105 and mn 0m may be the

predetermined nominal capacity 394.

[0197] rrii = Equation 4
v bus

[0198] In one example, the target parameter may be a unit voltage 130. The

target parameter for each battery unit 105 may be controlled to match the unit power

capability 218 between one or more battery units 105. Alternatively, the target

parameter may be controlled to match the lifetimes of one or more battery units 105.

The target parameter may be one or more of the unit state-of-charge 204, the unit

state-of-discharge 206, the unit capacity 208, the unit state-of-health 209, the unit

impedance 212, the unit voltage 130, the unit current 109, and the unit temperature

217.



[0199] In one embodiment, the open circuit unit voltage Voc 130 may be

modified using Equation 5, where V OCD is the modified shared bus reference voltage

136, ig is a bypass converter input current and Rdroop is a droop control resistance. The

bypass converter input current and the droop control resistance may be droop inputs

128.

[0200] V0CD = Vo c - ig - Rdroop Equation 5

[0201] The bypass converter may control 525 the unit state-of-charge 204 for

the given battery unit 105 as a function of a unit voltage 130, a unit voltage 130, and a

unit resistance 213. In one embodiment, the target parameter is the shared bus voltage

145. The open circuit unit voltage 130 may be calculated using Equation 6, wherein

Voc, i is a unit voltage 130 at open circuit for a given ith battery unit 105, Vmax is a

maximum unit voltage limit 216, V is a minimum unit voltage limit 214, R i is a unit

resistance 213 for the given battery unit, and Imax is a maximum unit current for the

given battery unit. Equation 6 calculates the unit voltage 130 for a charging unit

current 109 to the battery unit 105. Reversing the unit current 109 modifies Equation

5 .

[0202] voc = Equation 6

[0203] The shared bus voltage 145 calculated using Equation 6 may maximize

instantaneous unit power capability 218 for the battery unit 105.

[0204] The battery controller 111 may control 530 the battery state 201 a

battery unit 105 to the reference state 231. In one embodiment, the reference state 231

is based on the shared bus voltage 145. In one embodiment, a parameter mismatch

between the battery state 201 and the reference state 231 controlled 525 to minimize

a reduction in unit capacity 208. The unit capacity 208 of the battery unit typically



diminishes over time. The target parameter may be controlled to decrease the

reduction of unit capacity 208.

[0205] The battery controller 111 may decrease the rate of divergence of the

battery state 201 from the reference state 231 for the battery unit 105. In one

embodiment, the DC-DC controller 118 employs model predictive control (MPC) to

decrease the rate of divergence the battery state 201 to the reference state 231.

[0206] Figure 5B is a schematic flow chart diagram illustrating one

embodiment of a battery state modification method 550. The battery state

modification method 550 may be performed by a battery controller 111. Alternatively,

the method 550 may be performed by the central controller 160. In one embodiment,

the method 550 is performed by a combination of one or more bypass converters 110

and the central controller 160. In a certain embodiment, the method 550 is performed

by a processor. In addition, the method 550 may be performed by computer readable

storage medium storing code.

[0207] The method 550 starts, and in one embodiment, the battery controller

111 calculates 555 the initial battery state 201 for the battery unit 105. The calculation

555 of the initial battery state 201 may be performed as part of the characterization of

the battery unit 105 is described in Figure 5E. Alternatively, the calculation 555 may

be performed periodically such as after a representation calculation interval. The

representation calculation interval may be in the range of 1 to 30 minutes.

[0208] In one embodiment, the battery controller 111 identifies 560 the

variability of the battery states 201 between the plurality of battery units 105. The

battery controller 111 may compare parameters of the battery states 201 of the battery

units 105. In one embodiment, if a first battery unit 105 has a parameter of the battery

state 201 that exceeds a corresponding average of the parameters of the battery states



200 one of the other battery units 105 by greater than a variability threshold, the

battery controller 111 may identify 560 the difference as a variability.

[0209] Alternatively, the battery controller 111 may rank parameters for each

battery unit 105. If the first battery unit 105 has a parameter of the battery state 201

that is least desirable and that exceeds a corresponding parameter of the binary

representation 201 of the battery unit with the next least desirable parameter of the

battery state 201 by greater than the variability threshold, the central controller 160

may identify 560 the difference is a variability.

[0210] In one embodiment, the battery controller 111 may identify 565 a

battery unit 105 that is not satisfying a parameter of the reference state 231. For

example, the unit life time 221 may not satisfy the reference unit life time 253.

[021 1] In one embodiment, the battery controller 111 modifies 570 the battery

state 201 for each battery unit 105 and the method 550 ends. The battery state 201

may be modified 570 to decrease a rate of divergence of a parameter of the battery

state 201 to the corresponding parameter of the reference state 231. For example, the

battery state 201 may be modified to decrease a rate of divergence of the unit life time

221 from the reference unit life time 253. Alternatively, the battery state 201 may be

modified to converge the unit life time 221 to the reference unit life time 253.

[0212] Alternatively, the battery controller 111 may modify 570 the battery

state 201 for each battery unit 105 to reduce variability between the battery states 21.

For example, the battery states 201 may be modified 570 to match the unit power

capability 218 between the plurality of battery units 105. The battery state 201 of each

battery unit 105 may be modified 570 so that the charging and discharging of the

battery units 105 modifies the overall unit power capability 218 of the plurality of

battery units 105.



[0213] In one embodiment, the battery state 201 for each battery unit 105 is

modified 570 to extend a system lifetime of the battery system 100. In one

embodiment, the system lifetime is a minimum of the unit lifetimes 221 for the

plurality of battery units 105. Alternatively, the system lifetime may be an average of

the unit lifetimes 221 .

[0214] The battery state 201 for each battery unit 105 may be modified 570 to

extend a range of the battery pack for a drive cycle. In one embodiment, the drive

cycle may comprise charging the battery pack and then discharging the battery pack,

such as to motivate an electric vehicle. The range may be a function of a sum of the

unit power capabilities of the plurality of battery units 105.

[0215] Figure 5C is a schematic flow chart diagram illustrating one

embodiment of a reference state determination method 800. The reference state

determination method 800 may be performed by a battery controller 111. In one

embodiment, the method 800 is performed by a combination of one or more bypass

converters 110 and the central controller 160. In a certain embodiment, the method

800 is performed by a processor. In addition, the method 800 may be performed by

computer readable storage medium storing code.

[0216] The method 800 starts, and in one embodiment, the bypass controller

110 and/or the central controller 160 defines 805 requirements for the battery system

100. The requirements may include a system power, the system voltage, a system

current, and a system discharge rate. The requirements may be based on power needs

of the device such as an electric car.

[0217] In one embodiment, the requirement may be one or more of the

reference capacity 238, a reference state-of-health 241, a reference power capability

248, and a reference unit lifetime 253.



[0218] The battery controller 111 may further calculate 810 the reference state

231 and the method 800 ends. In one embodiment, a single reference state 231 is

calculated for all battery units 105. Alternatively, a unique reference state 231 may be

calculated for each battery unit 105.

[0219] In one embodiment, the battery controller 111 may calculate 810 the

divergence time interval 382 and the divergence limits 384. The divergence time

interval 382 may be short if the requirements specify to more rapidly decrease a rate

of divergence of the battery state 201 from the reference state 231. Alternatively, the

divergence time interval 382 may be long if the requirements specify slowly reducing

the rate of divergence of the battery state 201 from the reference state 23 1.

[0220] The divergence limits 384 may be narrow if the requirements specify

to more rapidly decrease the rate of divergence of the battery state 201 from the

reference state 231. In addition, the divergence limits 384 may be broad if the

requirements allow a slow decrease of the rate of divergence of the battery state 201

from the reference state 23 1.

[0221] In addition, the battery controller 1 1 1 may calculate 810 the control

constant 386 based on the divergence time interval 382 and/or the divergence limits

384. For example, if the divergence time interval 382 is short and/or the divergence

limits 384 are narrow, the control constant 386 may be high. Alternatively, if the

divergence time interval 382 is long and/or the divergence limits 384 are broad, the

control constant 386 may be low.

[0222] Figure 5D is a schematic flow chart diagram illustrating one

embodiment of a target parameter control method 650. The target parameter control

method 650 may be performed by a battery controller 111 to reduce a parameter

mismatch two or more battery state parameters. In one embodiment, the method 650

is performed by a combination of one or more bypass converters 110 and the central



controller 160. In a certain embodiment, the method 650 is performed by a processor.

In addition, the method 650 may be performed by a computer readable storage

medium storing code.

[0223] In one embodiment, each battery controller 111 controls a state

estimate 132 for a given battery unit as a function of a unit capacity mismatch

between a unit capacity 208 of the given battery unit 105 and one of a unit capacity

208 of a maximum capacity battery unit 105, an average unit capacity 208, and the

predefined unit capacity 392 if the unit state-of-charge 204 exceeds a control

threshold 304. The battery controller 111 may further control the state estimate 132

for the given battery unit 105 as a function of a unit resistance 213 mismatch between

a unit resistance 213 of the given battery unit 105 and one of an average unit

resistance 213 for the plurality of battery units 105, a unit resistance 213 of a

maximum resistance battery unit 105, and the predefined unit resistance 396 if the

unit state-of-charge 204 is less than the control threshold 304. Alternatively, the

battery controller 111 may control the state estimate 132 for the given battery unit 105

as a function of a shared bus voltage 145, a unit voltage 130, and a unit resistance

213 if the unit state-of-charge 204 is less than the control threshold 304. The method

650 may be used while charging a battery unit 105 or discharging the battery unit 105.

[0224] The method 650 starts, and in one embodiment, the battery controller

111 determines 655 if one or more first parameters of the battery state 201 are less

than the control threshold 304. In addition, the battery controller 111 may balance the

unit life time 221 of one or more battery units 105 and the unit power capability 218

of the one or more battery units.

[0225] If the one or more first battery parameters are less than the control

threshold 304, the battery controller 111 may calculate 660 the target parameter using



a first algorithm. The first algorithm may calculate 660 the unit voltage 130 using

Equation 5 .

[0226] In one embodiment, the first algorithm calculates 660 the unit voltage

Voc,i 130 at open circuit using Equation 7, where Vmi is a minimum unit voltage

limit 214, Imax is a maximum unit current 109, R is a unit resistance 213 for the given

battery unit 105, and R is one of an average unit resistance 213 for the plurality of

battery units, a unit resistance 213 of a maximum resistance battery unit 105, and the

predefined unit resistance 396. Equation 7 calculates the unit voltage 130 for a

charging unit current 109 to the battery unit 105. Reversing the current modifies

Equation 6 .

[0227] Voci = Vmin - Imax R - R ) Equation 7

[0228] If the one or more first battery parameters are not less than the control

threshold 304, the battery controller 111 may calculate 665 the target parameter using

a second algorithm. In one embodiment, the second algorithm calculates 665 the unit

voltage Voc,i 130 at open circuit using Equation 1.

[0229] By selecting the first algorithm or the second algorithm based on the

relationship of the one or more first parameters to the control threshold, the battery

controller 111 balances 670 the two or more battery state parameters, such as the unit

life time 221 and the unit power capability 218, and the method 650 ends.

[0230] Figure 5E is a schematic flowchart diagram illustrating one

embodiment of a battery characterization method 600. The battery characterization

method 600 may determine the battery state 201. The battery characterization method

600 may be performed by a battery controller 111. Alternatively, the method 600 may

be performed by the central controller 160. In one embodiment, the method 600 is

performed by a combination of one or more bypass converters 110 and the central

controller 160. In a certain embodiment, the method 600 is performed by a processor.



In addition, the method 600 may be performed by computer readable storage medium

storing code.

[0231] The method 600 starts, and in one embodiment, the battery controller

111 enters 605 an off-line state. The battery controller 111 may enter 605 the off-line

state while the battery system 100 is not being discharged. The battery controller 111

may enter 605 the off-line state in response to a command. Alternatively, the battery

controller 111 may automatically enter 605 the off-line state when the battery system

100 has not been discharged for an unused time interval.

[0232] In a certain embodiment, the battery controller 111 perturbs 610 one of

the unit current 109 and/or the unit voltage 130 for the battery unit 105. For example,

the battery controller 111 may vary the unit current and/or the unit voltage of the

battery unit 105. The battery controller 111 may perturbs 610 the battery unit 105 by

placing the battery unit 105 in a no load state.

[0233] In an alternate embodiment, the battery controller 111 perturbs 610 the

battery unit 105 by drawing no unit current 109 from the battery unit 105 in a no load

state for a perturbation time interval, followed by drawing unit current 109 at one of

the maximum unit voltage limit 216 and the unit power capability 218 for the

perturbation time interval. In addition, the battery controller 111 may subsequently

draw no unit current 109 from the battery unit 105 for the perturbation time interval.

[0234] The battery sensors 150 may measure 615 the unit voltage 130 in the

unit current 109 during the perturbation 610 of the battery unit 105. The battery

controller 111 may determine the battery state 201 from the measurements of the

battery unit 105 from the perturbation 610 is described in step 510 of Figure 5A.

[0235] In one embodiment, the battery controller 11 1 calculates 620 the

battery state 201. The battery state 201 may include at least one of the unit impedance



212, the unit capacity 208, the unit temperature 217, the unit state-of-charge 204, and

the unit state-of-health 209 for the battery unit 105.

[0236] In one embodiment, the unit state-of-charge 204 is calculated 620 as a

function of the unit voltage 130 of the battery unit 105 in a no load state VNL. The

unit voltage 130 in the no load state VNL may be calculated as a function of the unit

voltage 130, the unit current 109, and a unit resistance 213 of the battery unit 105. In

one embodiment, the unit voltage 130 in the no load state VNL is calculated using

Equation 7, where VB is the measured unit voltage 130, RB is the unit resistance 213

of the battery unit 105 and battery unit connections, and IB is the unit current 109 of

the battery unit 105. Equation 7 calculates VNL for a unit current 109 flowing from

the battery unit 105. Reversing the flow will modify Equation 7 .

[0237] VNL = VB + (RB*IB) Equation 7

[0238] In one embodiment, the battery controller 111 performs 625 a

diagnostic on the battery unit 105. The battery model 260 may employ the

measurements of the battery sensors 150 to diagnose failures and potential failures for

the battery unit 105. In addition, information from the diagnostic may be included in

the battery state 201 .

[0239] Figure 5F is a schematic flowchart diagram illustrating one

embodiment of a battery model control method 750. The battery model control

method 750 may determine the battery state 201. The battery characterization method

750 may be performed by the battery controller 111. In a certain embodiment, the

method 750 is performed by a processor. In addition, the method 750 may be

performed by computer readable storage medium storing code.

[0240] The method 750 starts, and in one embodiment, the battery controller

111 characterizes 755 the battery unit 105 as described in Figure 5E. In addition, the



battery controller 111 may determine 760 the battery model data 261 for the battery

unit 105.

[0241] The objective map 114 may determine 763 the battery state 201 in

response to inputs from one or more of a temperature sensor, an optical sensor, a

voltage sensor, a current sensor, a pH sensor, a strain sensor, a pressure sensor, and a

gas composition sensor. For example, the battery model may determine the battery

state 201 based on the unit temperature 217, optical data 262, unit voltage 130, unit

current 109, pH data 200 before, strain data 266, pressure data 268, and gas

composition data 270.

[0242] The battery controller 111 may control 765 the target parameter based

on the battery model data 261. In one embodiment, the battery controller 111 control

765 the target parameter to decrease 770 a rate of divergence of the battery state 201

from the battery model data 261 and the method 750 ends.

[0243] The embodiments may be practiced in other specific forms. The

described embodiments are to be considered in all respects only as illustrative and not

restrictive. The scope of the invention is, therefore, indicated by the appended claims

rather than by the foregoing description. All changes which come within the meaning

and range of equivalency of the claims are to be embraced within their scope.

[0244] What is claimed is:



1. An apparatus comprising:

a shared bus; and

a plurality of isolated direct current (DC) to DC bypass converters,

each bypass converter associated with one battery unit, inputs

of each bypass converter in parallel electrical communication

with the associated battery unit, outputs of each bypass

converter in parallel electrical communication with the shared

bus, and each bypass converter estimates a battery state for

each battery unit and controls the battery state to a reference

state.

2 . The apparatus of claim 1, wherein the reference state is based on a shared bus

voltage.

3 . The apparatus of claim 2, wherein each bypass converter further modifies the

reference state using an objective map based on a parameter mismatch

between one or more battery units.

4 . The apparatus of claim 3, wherein modifying the reference state reduces a rate

of divergence of the parameter mismatch.

5 . The apparatus of claim 3, wherein the reference state further is modified in

response to a bypass converter input current and a droop resistance.

6 . The apparatus of claim 1, wherein the battery state comprises a unit state-of-

charge and the parameter mismatch is a capacity mismatch between a unit



capacity of the given battery unit and one of a unit capacity of a maximum

capacity battery unit, an average unit capacity of the plurality of battery units,

and a predefined unit capacity, such that a battery unit with a higher unit

capacity reaches a higher maximum unit state-of-charge than a battery unit

with a lower unit capacity.

7 . The apparatus of claim 1, wherein the battery state comprises a unit state-of-

charge and the parameter mismatch is a unit capacity mismatch between a unit

capacity of the given battery unit and one of a unit capacity of a maximum

capacity battery unit, an average unit capacity, and a predefined unit capacity

if the unit state-of-charge exceeds a control threshold and the parameter

mismatch is a unit resistance mismatch between a unit resistance of the given

battery unit and one of an average unit resistance for the plurality of battery

units, a unit resistance of a maximum resistance battery unit, and a predefined

unit resistance if the unit state-of-charge is less than the control threshold.

8. The apparatus of claim 1, further comprising a battery charger connected in

parallel electrical communication to the plurality of battery units, and in

communication with any one of a central controller, the shared bus, and the

plurality of bypass converters, and wherein the battery charger modifies the

charging current based on the communications.

9 . The apparatus of claim 1, the apparatus further comprises a capacitor in

parallel electrical communication with the shared bus.

10. An apparatus comprising:



a shared bus;

a plurality of battery units;

a plurality of isolated direct current (DC) to DC bypass converters,

each bypass converter associated with one battery unit of the

plurality of battery units and inputs of each bypass converter in

parallel electrical communication with the associated battery

unit, outputs of each bypass converter in parallel electrical

communication with the shared bus;

a central controller that estimates a battery state for each battery unit

and controls the battery state to a reference state using the

bypass converters of each battery unit.

11. The apparatus of claim 10, wherein the reference state is based on a shared bus

voltage.

12. The apparatus of claim 11, wherein the battery controller further modifies the

reference state using an objective map based on a parameter mismatch

between one or more battery units.

13. The apparatus of claim 11, wherein modifying the reference state reduces a

rate of divergence of the parameter mismatch.

14. The apparatus of claim 11, wherein the objective map is embodied in one of

one or more bypass converters and the central controller.



15. The apparatus of claim 11, wherein the reference state further is modified by a

droop controller in response to a bypass converter input current and a droop

resistance.

16. The apparatus of claim 11, wherein the droop controller is embodied in one of

one or more bypass converters and the central controller.

17. The apparatus of claim 10, wherein the battery state comprises a unit state-of-

charge and the parameter mismatch is a capacity mismatch between a unit

capacity of the given battery unit and one of a unit capacity of a maximum

capacity battery unit, an average unit capacity of the plurality of battery units,

and a predefined unit capacity, such that a battery unit with a higher unit

capacity reaches a higher maximum unit state-of-charge than a battery unit

with a lower unit capacity.

18. The apparatus of claim 10, wherein the battery state comprises a unit state-of-

charge and the parameter mismatch is a unit capacity mismatch between a unit

capacity of the given battery unit and one of a unit capacity of a maximum

capacity battery unit, an average unit capacity, and a predefined unit capacity

if the unit state-of-charge exceeds a control threshold and the parameter

mismatch is a unit resistance mismatch between a unit resistance of the given

battery unit and one of an average unit resistance for the plurality of battery

units, a unit resistance of a maximum resistance battery unit, and a predefined

unit resistance if the unit state-of-charge is less than the control threshold.



19. The apparatus of claim 10, wherein the reference state further is modified in

response to a bypass converter input current and a droop resistance.

20. The apparatus of claim 10, the apparatus further comprises a capacitor in

parallel electrical communication with the shared bus.
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