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SYSTEM, METHOD, AND ARTICLE OF
MANUFACTURE FOR DETERMINING AN
ESTIMATED BATTERY STATE VECTOR

This application is a divisional application of U.S. patent
application Ser. No. 11/272,371, filed Nov. 10, 2005 now U.S.
Pat. No. 7,446,504.

BACKGROUND OF THE INVENTION

Batteries are used in a wide variety of electronic and elec-
trical devices. It is desirable to be able to estimate the internal
state of a battery, including a state-of-charge (SOC). The SOC
is a value that indicates the present available capacity of the
battery that may be used to do work.

Mathematical algorithms have been utilized to determine a
state of a battery. The inventor herein, however, has recog-
nized that the mathematical algorithms have been unable to
provide a highly accurate estimate of an internal state of a
battery because they are not sufficiently optimized for batter-
ies having non-linear operational characteristics. Since bat-
teries generally have non-linear operational characteristics, a
more accurate method is needed.

Accordingly, the inventor herein has recognized a need for
a system and a method for more accurately determining an
estimated battery state.

BRIEF DESCRIPTION OF THE INVENTION

A method for determining an estimated battery state vector
indicative of a state of a battery at a first predetermined time
in accordance with an exemplary embodiment is provided.
The method includes determining a first plurality of estimated
augmented battery state vectors that are indicative of a state of
the battery, a battery input noise, a sensor noise, an uncer-
tainty of the state of the battery, an uncertainty of the battery
input noise, and an uncertainty of the sensor noise at a second
predetermined time prior to the first predetermined time. The
method further includes determining a second plurality of
predicted battery state vectors that are indicative of the state
of the battery and an uncertainty of the state of the battery at
the first predetermined time based on the first plurality of
estimated augmented battery state vectors. The method fur-
ther includes determining a third plurality of predicted battery
output vectors that are indicative of at least one output vari-
able of the battery and an uncertainty of the output variable at
the first predetermined time based on the first plurality of
estimated augmented battery state vectors and the second
plurality of predicted battery state vectors. The method fur-
ther includes determining a first battery output vector having
at least one measured value of a battery output variable. The
method further includes determining a first estimated battery
state vector indicative of the state of the battery at the first
predetermined time based on the second plurality of predicted
battery state vectors, the third plurality of predicted battery
output vectors, and the first battery output vector.

A system for determining an estimated battery state vector
indicative of a state of a battery at a first predetermined time
in accordance with another exemplary embodiment is pro-
vided. The system includes a sensor configured to generate a
first signal indicative of an output variable of the battery. The
system further includes a computer operably coupled to the
sensor. The computer is configured to determine a first plu-
rality of estimated augmented battery state vectors that are
indicative of a state of the battery, a battery input noise, a
sensor noise, an uncertainty of the state of the battery, an
uncertainty of the battery input noise, and an uncertainty of
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the sensor noise at a second predetermined time prior to the
first predetermined time. The computer is further configured
to determine a second plurality of predicted battery state
vectors that are indicative of the state of the battery and an
uncertainty of the state of the battery at the first predetermined
time based on the first plurality of estimated augmented bat-
tery state vectors. The computer is further configured to deter-
mine a third plurality of predicted battery output vectors that
are indicative of an at least one output variable of the battery
and an uncertainty of the output variable at the first predeter-
mined time based on the first plurality of estimated aug-
mented battery state vectors and the second plurality of pre-
dicted battery state vectors. The computer is further
configured to determine a first battery output vector based on
the first signal. The computer is further configured to deter-
mine a first estimated battery state vector indicative of the
state of the battery at the first predetermined time based on the
second plurality of predicted battery state vectors, the third
plurality of predicted battery output vectors, and the first
battery output vector.

An article of manufacture in accordance with another
exemplary embodiment is provided. The article of manufac-
ture includes a computer storage medium having a computer
program encoded therein for determining an estimated bat-
tery state vector indicative of a state of a battery at a first
predetermined time. The computer storage medium includes
code for determining a first plurality of estimated augmented
battery state vectors that are indicative of a state of the battery,
abattery input noise, a sensor noise, an uncertainty ofthe state
of'the battery, an uncertainty of the battery input noise, and an
uncertainty of the sensor noise at a second predetermined
time prior to the first predetermined time. The computer stor-
age medium further includes code for determining a second
plurality of predicted battery state vectors that are indicative
of'the state of the battery and an uncertainty of the state of the
battery at the first predetermined time based on the first plu-
rality of estimated augmented battery state vectors. The com-
puter storage medium further includes code for determining a
third plurality of predicted battery output vectors that are
indicative of at least one output variable of the battery and of
anuncertainty ofthe output variable at the first predetermined
time based on the first plurality of estimated augmented bat-
tery state vectors and the second plurality of predicted battery
state vectors. The computer storage medium further includes
code for determining a first battery output vector having at
least one measured value of a battery output variable. The
computer storage medium further includes code for determin-
ing a first estimated battery state vector indicative of the state
of the battery at the first predetermined time based on the
second plurality of predicted battery state vectors, the third
plurality of predicted battery output vectors, and the first
battery output vector.

Other systems and/or methods according to the embodi-
ments will become or are apparent to one with skill in the art
upon review of the following drawings and detailed descrip-
tion. It is intended that all such additional systems and meth-
ods be within the scope of the present invention, and be
protected by the accompanying claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic of a system for determining an esti-
mated battery state vector in accordance with an exemplary
embodiment;

FIGS. 2-5 are flowcharts of a method for determining an
estimated battery state vector in accordance with another
exemplary embodiment; and
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FIGS. 6-9 are flowcharts of a method for determining an
estimated battery state vector in accordance with another
exemplary embodiment.

DETAILED DESCRIPTION OF THE INVENTION

Referring to FIG. 1, a system 10 for estimating a state
vector associated with a battery 12 is illustrated. The battery
12 includes at least a battery cell 14. Of course, the battery 12
can include a plurality of additional battery cells. Each battery
cell can be either a rechargeable battery cell or a non-re-
chargeable battery cell. Further, each battery cell can be con-
structed using an anode and a cathode having electrochemical
configurations known to those skilled in the art. An input
variable is defined as a value of a battery input signal at a
specific time. For example, an input variable can comprise
one of a current entering the battery and a temperature of the
battery. An output variable is defined as a value of a battery
output signal at a specific time. For example, an output vari-
able can comprise one of a battery output voltage and a
battery pressure.

The system 10 includes one or more voltage sensors 20, a
load circuit 26, and a computational unit such as a computer
28, and may also include one or more of a temperature sensor
22, and a current sensor 24.

The voltage sensor 20 is provided to generate a first output
signal indicative of the voltage produced by one or more of
the battery cells of the battery 12. The voltage sensor 20 is
electrically coupled between the I/O interface 46 of the com-
puter 28 and the battery 12. The voltage sensor 20 transfers
the first output signal to the computer 28. For clarity of
presentation, a single voltage sensor will be described herein.
However, it should be noted that in an alternate embodiment
of system 10 a plurality of voltage sensors (e.g., one voltage
sensor per battery cell) are utilized in system 10.

The temperature sensor 22 is provided to generate a second
output signal indicative of one or more temperatures of the
battery 12. The temperature sensor 22 is disposed proximate
the battery 12 and is electrically coupled to the 1/O interface
46 of the computer 28. The temperature sensor 22 transfers
the second output signal to the computer 28. For clarity of
presentation, a single temperature sensor will be described
herein. However, it should be noted that in an alternate
embodiment of system 10 a plurality of temperature sensors
(e.g., one temperature sensor per battery cell) are utilized in
system 10.

The current sensor 24 is provided to generate a third output
signal indicative of a current sourced or sunk by the battery
cells of the battery 12. The current sensor 24 is electrically
coupled between the battery 12 and the load circuit 26. The
current sensor 24 is further electrically coupled to the /O
interface 46 of the computer 28. The current sensor 24 trans-
fers the third output signal to the computer 28.

The load circuit 26 is electrically coupled to the current
sensor 24 and sinks or sources a current from the battery 12.
Theload circuit 26 comprises any electrical device that can be
electrically coupled to the battery 12.

The computer 28 is provided for determining an estimated
battery state vector associated with the battery 12, as will be
explained in greater detail below. The computer 28 includes a
central processing unit (CPU) 40, a read-only memory
(ROM) 44, a volatile memory such as a random access
memory (RAM) 45 and an input/output (I/O) interface 46.
The CPU 40 operably communicates with the ROM 44, the
RAM 45, and the 1/O interface 46. The CPU 40 includes a
clock 42. The computer readable media including ROM 44
and RAM 46 may be implemented using any of a number of
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known memory devices such as PROMs, EPROMs,
EEPROMS, flash memory or any other electric, magnetic,
optical or combination memory device capable of storing
data, some of which represent executable instructions used by
the CPU 40.

For purposes of understanding, the notation utilized in the
equations of the following methods will be described. The
circumflex symbol indicates an estimated or predicted quan-
tity (e.g., X indicates an estimate of the true quantity x). The
superscript symbol “~” indicates an a priori estimate (i.e., a
prediction of a quantity’s present value based on past data).
The superscript symbol “+” indicates an a posteriori estimate
(e.g., X, is the estimate of true quantity x at time index k
based on all measurements taken up to and including time k).
The tilde symbol indicates the error of an estimated quantity
(e.g., X,7=x,~%x,” and X,*=x,~X,"). The symbol ny:E[xyT ]
indicates the correlation or cross correlation of the variables
in its subscript (the quantities described herein are zero-mean,
so the correlations are identical to covariances). The symbol
2 indicates the same quantity as Z .. The superscript “T” is a
matrix/vector transpose operator.

Before providing a detailed discussion of the methodolo-
gies for determining a state associated with the battery 12, a
general overview will be provided. The state vector may
include, for example, a state of charge (SOC) value associated
with the battery 12, a hysteresis voltage, or a polarization
voltage. The SOC value is a value from 0-100 percent, that
indicates a present available capacity of the battery 12 that
may be used to do work.

A mathematical model of battery cell behavior is used in
the method to compute an estimate of the state vector of the
battery 12. It is assumed that a mathematical model of the
battery cell dynamics is known, and may be expressed using
a discrete-time state-space model comprising a state equation
and an output equation, as will be described below.

The state equation utilized to determine the state vector
associated with the battery 12 is as follows:

K= f Xt Wy_ 1, k=1)

wherein,

X, 1s the state vector associated with the battery 12 at time
index k;

u,, is a variable representing a known/deterministic input to
the battery 12;

W, 1s a battery input noise vector that models some unmea-
sured input which affects the state of the system; and

F(Xp_ 1504 1sWs_;k—1) is a state transition function.
An output vector associated with the battery 12 is deter-

mined utilizing the following equation:

Vi h(X 3, Vi k)

wherein,

h(x,,u,,v,k) is a measurement function; and

v, 1s sensor noise that affects the measurement of the output of
battery 12 in a memory-less mode, but does not affect the

state vector of battery 12.

Referring to FIGS. 2-5, a method for determining an esti-
mated battery state vector indicative of a state of the battery
12 in accordance with an exemplary embodiment will now be
explained. The method can be implemented utilizing soft-
ware algorithms executed by the controller 28. The software
algorithms are stored in either the ROM 44 or the RAM 45.

At step 60, the computer 28 generates a battery input vector
u, having at least one measured value of a battery input
variable obtained at a first predetermined time.
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Next at step 62, the computer 28 generates a battery output
vector y, having at least one measured value of a battery
output variable obtained at the first predetermined time.

Next at step 64, the computer 28 determines an estimated
augmented battery state vector x,_,*", indicative of a state of
the battery at a second predetermined time prior to the first
predetermined time using the equation:

8 =@ Ewee) s Ea)’]

where,

X,_;" corresponds to an estimated battery state vector indica-
tive of a state of the battery at the second predetermined
time;

E[w,_,] corresponds to an expected value of a battery input
noise vector at the second predetermined time;

E[v,_,] corresponds to an expected value of a sensor noise
vector at the second predetermined time; and

T is the matrix/vector transpose operation.

Next at step 66, the computer 28 determines an estimated
augmented battery state vector covariance matrix

a,+
Z:,%,k—l

associated with the estimated augmented battery state vector
using the equation:

e, =diagEl, . I, L)

where,

+
Z:,%,k—l

corresponds to an estimated battery state vector covariance

matrix associated with the estimated battery state vector at the

second predetermined time;

2, corresponds to a covariance matrix associated with a bat-
tery input noise vector;

2, corresponds to a covariance matrix associated with a sen-
sor noise vector; and

diag( ) is a function that composes a block-diagonal matrix
from its input arguments.

Next at step 68, the computer 28 determines a plurality of
estimated augmented battery state vectors X, ;** each
indicative of a state of a battery at the second predetermined
time using the following equation:

@t _ (@t part ot sat o
X1 = {xk—ls XLt YN DI i AY Xt }
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where,

Np =
corresponds to the Cholesky matrix square root of
2

and y corresponds to a constant value.

Next at step 70, the computer 28 determines a plurality of
predicted battery state vectors X~ each indicative of a state
of the battery at the first predetermined time, utilizing the
following equation:

X = G 1, X S R-1)

where
X~ corresponds to the ith member of the plurality

X,

u,_, corresponds to a battery input vector at the second pre-
determined time;

X41,,"" corresponds to an estimated battery state vector
extracted from the ith member of the plurality X,_,“*;
X4,/ corresponds to an estimated battery input noise vec-

tor, extracted from the ith member of the plurality X, _,*™;

and
k-1 corresponds to the second predetermined time.

Next at step 72, a computer 28 determines a plurality of
predicted battery output vectors Y, each indicative of outputs
of the battery at the first predetermined time, utilizing the
following equation:

Y (X g Xy 10

where,

Y, ; corresponds to the ith member of the plurality Y;

X4y, corresponds to a single estimated sensor noise vector
extracted from the ith member of the plurality X, ,**; and

k corresponds to the first predetermined time.

Next at step 74, the computer 28 determines a predicted
battery state vector X, corresponding to the first time by
calculating a weighted average of the plurality of predicted
battery state vectors X, utilizing the following equation:

»

- (m) 3~

X = § @i Xy
=0

where,
a," corresponds to a set of constant values; and
p corresponds to the number of members in the plurality
X,»~, minus one.
Next at step 76, the computer 28 determines a predicted
battery state vector covariance matrix 2, ,, utilizing the fol-
lowing equation:

»

_ I

Yoy = Z ol XET - RO, - %0
=0

©

where, a,'” corresponds to a set of constant values.
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Next at step 78, the computer 28 determines a predicted
battery output vector ¥, indicative of outputs of the battery at
the first predetermined time, utilizing the following equation:

Fe=> oY
=0

Next at step 80, the computer 28 determines a predicted
battery output vector covariance matrix X ,, utilizing the
following equation:

»
=2 ol Wi = 500 =3

i=0

5k

Next at step 82, the computer 28 determines a predicted
cross-covariance matrix 2_ 7, utilizing the following equa-
tion:

xyk 0

>

_ — A— a T

o = ), ol =500 =30
i=0

Next at step 84, the computer 28 determines a gain matrix
L, utilizing the following equation:

Ly = Ty I

Next at step 86, the computer 28 determines an estimated
battery state vector X, *, indicative of a state of the battery at
the first predetermined time, utilizing the following equation:

£ =R+ L [Vl

Next at step 88, the computer 28 determines an estimated
battery state vector covariance matrix

%k

associated with the estimated battery state vector, utilizing the
following equation:

Ii =T - LSy

Next at step 90, the computer 28 selects new first and
second predetermined times. After step 90, the method
returns to step 60.

Referring to FIGS. 6-9, a method for determining an esti-
mated battery state vector indicative of a state of the battery
12 in accordance with another exemplary embodiment will
now be explained. The method can be implemented utilizing
software algorithms executed by the controller 28. The soft-
ware algorithms are stored in either the ROM 44 or the RAM
45.

At step 100, the computer 28 generates a battery input
vector u, having at least one measured value of a battery input
variable obtained at a first predetermined time.
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Next at step 102, the computer 28 generates a battery
output vector y, having at least one measured value of a
battery output variable obtained at the first predetermined
time.

Next at step 104, computer 28 determines an estimated
augmented battery state vector x,_,*™, indicative of a state of
the battery 12 at a second predetermined time prior to the first
predetermined time using the equation:

2 = (@ Ewea D Eve )]

where,

X,_,* corresponds to an estimated battery state vector indica-
tive of a state of the battery at the second predetermined
time;

E[w,_,] corresponds to an expected value of a battery input
noise vector at the second predetermined time;

E[v,_,] corresponds to an expected value of a sensor noise
vector at the second predetermined time; and

T is the matrix/vector transpose operation.

Next at step 106, the computer 28 determines an estimated
augmented battery state vector square-root covariance matrix
S, 41 ™" associated with the estimated augmented battery
state vector using the equation:

S,

X,

Je— 1"’*:diag(SXJt,1 *5,,5,)-

where,

S, 41" corresponds to an estimated battery state vector
square-root covariance matrix associated with the esti-
mated battery state vector at the second predetermined
time;

S,, corresponds to a square-root covariance matrix associated
with a battery input noise vector;

S, corresponds to a square-root covariance matrix associated
with a sensor noise vector; and

diag( ) is a function that composes a block-diagonal matrix
from its input arguments.

Next at step 108, the computer 28 determines a plurality of
estimated augmented battery state vectors X, ,“* each
indicative of a state of a battery at the second predetermined
time using the following equation:

@t _ jnat et at sart at
X =80 B0 S B - Sy

where, y corresponds to a constant value.

Next at step 110, the computer 28 determines a plurality of
predicted battery state vectors X~ each indicative of a state
of the battery at the first predetermined time, utilizing the

following equation:

X = G P, K T -1

where

X~ corresponds to the ith member of the plurality X, ™~

u,_, corresponds to a battery input vector at the second pre-
determined time;

X1,/ corresponds to an estimated battery state vector
extracted from the ith member of the plurality X, ,**; and

X;_1,/"" corresponds to an estimated battery input noise vec-
tor, extracted from the ith member of the plurality X, ,*™;
and

k-1 corresponds to the second time.
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Next at step 112, the computer 28 determines a plurality of
predicted battery output vectors Y, each indicative of outputs
of the battery 12 at the first predetermined time, utilizing the
following equation:

Y =h (G X 1K)

where,

Y, ; corresponds to the ith member of the plurality Y;

Xy, corresponds to a single estimated sensor noise vector
extracted from the ith member of the plurality X, _,**; and

k corresponds to the first predetermined time.

Next at step 114, the computer 28 determines a predicted
battery state vector X, corresponding to the first time by
calculating a weighted average of the plurality of predicted
battery state vectors X,™~, utilizing the following equation:

p

e (m) yx,—

X = § o X
i=0

where,
a™ corresponds to a set of constant values; and
p corresponds to the number of members in the plurality
X,°~, minus one.
Next at step 116, the computer 28 determines a predicted
battery state vector square-root covariance matrix S, ;”, uti-
lizing the following equation:

Sz = ar{ [Vl O - 30071} -

where,
a,? corresponds to a set of constant values.
gr{ } is a function that computes a Q-R matrix decomposition
of its input argument and returns the upper-triangular por-
tion of the R matrix.
Next at step 118, computer 28 determines a predicted bat-
tery output vector ¥, indicative of outputs of the battery at the
first predetermined time, utilizing the following equation:

»

IS (m)

Y= Z " Y i
=

Next at step 120, the computer 28 determines a predicted
battery output vector square-root covariance matrix S, uti-
lizing the following equation:

S5 = qr{[M(Yk,(o:p) - &k)T]}T.

Next at step 122, the computer 28 determines a predicted
cross-covariance matrix

Zﬁ,k ’

—
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utilizing the following equation:

»

_ A a T

o = ), al K =500 =50
i=0

Next at step 124, the computer 28 determines a gain matrix
L, utilizing the following equation:

_ -
Ly =X, (ST S )

Next at step 126, the computer 28 determines an estimated
battery state vector X, *, indicative of a state of the battery at
the first predetermined time, utilizing the following equation:

=5 +Ly Vil
Next at step 128, the computer 28 determines an estimated
battery state vector square-root covariance matrix S, ,*, asso-

ciated with the estimated battery state vector, utilizing the
following equation:

Sxyk*:downdate{Sxyk’,LkSyyk},

where downdate{ } computes the matrix downdate operation
on its first argument using its second argument.

Next at step 130, the computer 28 selects new first and
second predetermined times. After step 130, the method
advances to step 100.

The system, method, and article of manufacture for deter-
mining an estimated battery state vector indicative of the state
of a battery provide a substantial advantage over other sys-
tems and methods. In particular, the system, method, and
article of manufacture provide a technical effect of more
accurately determining the estimated battery state vector fora
battery having non-linear operational characteristics.

The above-described methods can be embodied in the form
of computer program code containing instructions embodied
in tangible media, such as floppy diskettes, CD ROMs, hard
drives, or any other computer-readable storage medium,
wherein, when the computer program code is loaded into and
executed by a computer, the computer becomes an apparatus
for practicing the invention. The above-described methods
can also be embodied in the form of computer program code,
for example, whether stored in a storage medium, loaded into
and/or executed by a computer, or transmitted over some
transmission medium, loaded into and/or executed by a com-
puter, or transmitted over some transmission medium, such as
over electrical wiring or cabling, through fiber optics, or via
electromagnetic radiation, wherein, when the computer pro-
gram code is loaded into an executed by a computer, the
computer becomes an apparatus for practicing the methods.
When implemented on a general-purpose microprocessor, the
computer program code segments configure the microproces-
sor to create specific logic circuits.

While the invention is described with reference to the
exemplary embodiments, it will be understood by those
skilled in the art that various changes may be made and
equivalent elements e may be substituted for elements thereof
without departing from the scope of the invention. In addi-
tion, many modifications may be made to the teachings of the
invention to adapt to a particular situation without departing
from the scope thereof. Therefore, is intended that the inven-
tion not be limited the embodiment disclosed for carrying out
this invention, but that the invention includes all embodi-
ments falling with the scope of the intended claims. More-
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over, the use of the term’s first, second, etc. does not denote
any order of importance, but rather the term’s first, second,
etc. are used to distinguish one element from another.

12
code for determining a first battery output vector having at
least one measured value of a battery output variable;
and

What is claimed is:

1. An article of manufacture, comprising:

a computer storage medium having a computer program
encoded therein for determining an estimated battery
state vector indicative of a state of a battery at a first
predetermined time, the computer storage medium com-

5

code for determining a first estimated battery state vector
indicative of the state of the battery at the first predeter-
mined time based on the second plurality of predicted
battery state vectors, the third plurality of predicted bat-
tery output vectors, and the first battery output vector.

2. The article of manufacture of claim 1, wherein the code

L 10 for determining the first estimated battery state vector com-
prising: o . . prises:
code for determining a first plurahty.of.est%mated aug- code for determining a first predicted battery state vector
mented battery state vectors that are indicative Of,a state indicative of the state of the battery at the first predeter-
of the battery , @ battery input noise, a sensor noise, an mined time based on the second plurality of predicted
uncertainty of the state of the battery, an uncertainty of 15 battery state vectors:
th? battery input 510152 and an u(I;C?ITalnt}./ ofthehs eIIliS or code for determining a first predicted battery output vector
n01(sie ata .se%on. p.re ctermined time prior to the first indicative of at least one output variable of the battery at
predetermine : t.1me, . . the first predetermined time based on the third plurality
code for determining a second plurality of predicted bat- of predicted output vectors;
tery state vectors that. are indicative of the state of the ,, . 4o for determining a gain matrix based on the first pre-
battery and anuncertainty ofthe state of the battery at the dicted battery state vector, the first predicted battery
ﬁrs.t predetermined time based on the ﬁrs.t plurality of output vector, the second plurality of predicted battery
estimated augmented bgttery staFe vector 8 state vectors, and the third plurality of predicted battery
code for determining a third plurality of predicted battery output vectors; and
output vectors that are indicative of at least one output 5 code for calculating the first estimated battery state vector

variable of the battery and of an uncertainty of the output
variable at the first predetermined time based on the first
plurality of estimated augmented battery state vectors
and the second plurality of predicted battery state vec-
tors;

based on the first predicted battery state vector, the first
predicted battery output vector, the gain matrix, and the
first battery output vector.

#* #* #* #* #*



