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COMPUTER 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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COMPUTER GENERATES A BATTERY OUTPUT VECTOR y), HAVING AT LEAST ONE MEASURED VALUE OF A
BATTERY OUTPUT VARIABLE OBTAINED AT A FIRST PREDETERMINED TIME

64
¥ (_
COMPUTER DETERMINES AN ESTIMATED AUGMENTED COMBINED BATTERY STATE-PARAMETER VECTOR
X%, INDICATIVE OF BOTH.A STATE OF THE BATTERY AND A PARAMETER OF THE BATTERY AT A SECOND
PREDETERMINED TIME PRIOR TO THE FIRST PREDETERMINED 'TIME, UTILIZING THE EQUATION:

A T
Rk (&) e 0o

'y
ﬁl‘;_l CORRESPONDS TO AN ESTIMATED COMBINED BATTERY STATE-PARAMETER VECTOR INDICATIVE OF
BOTH A STATE OF THE BATTERY AND A PARAMETER OF THE BATTERY AT THE SECOND PREDETERMINED
TIME;
E[W,. ;] CORRESPONDS TO AN EXPECTED VALUE OF A COMBINED BATTERY STATE-PARAMETER 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

7 r- 06
COMPUTER DETERMINES AN ESTIMATED AUGMENTED COMBINED BATTERY STATE-PARAMETER VECTOR
COVARIANCE MATRIX Z’ Tt ASSOCIATED WITH THE ESTIMATED AUGMENTED COMBINED BATTERY

STATE PARAMETER VECT OR, UTILIZING THE EQUATION :

touezt ¢,
Xkl (XIIZWE)

WHERE

2 Tl CORRESPONDS TO AN ESTIMATED COMBINED BATTERY STATE-PARAMETER VECTOR COVARIANCE
MATRIX ASSOCIATED WITH THE ESTIMATED COMBINED BATTERY STATE-PARAMETER VECTOR AT THE
SECOND PREDETERMINED TIME;

X W CORRESPONDS TO A COVARIANCE MATRIX ASSOCIATED WITH A COMBINED BATTERY STATE-
PARAMETER INPUT NOISE VECTOR;

z y CORRESPONDSTO A COVARTANCE MATRIX ASSOCIATED WITH A SENSOR NOISE VECTOR; AND

DIAG() IS A FUNCTION THAT COMPOSES A BLOCK-DIAGONAL MATRIX FROM ITS INPUT ARGUMENTS

[j;;jl Tigure 2
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COMPUTER DETERMINES A PLURALITY OF ESTIMATED AUGMENTED COMBINED BATTERY STATE-
PARAMETER VECTORS X ?(:1 FACH INDICATIVE OF BOTH A STATE OF THE BATTERY AND A PARAMETER OF

THE BATTERY AT THE SECOND PREDETERMINE UTILIZING THE EQUATION:
at at Hat
Xy = {X47 Xpg + 7\/EXk1’Xk1 Xk i)
WHERE,
E“’ . CORRESPONDS T0 THE CHOLESKY MATKIX SQUARE ROOT OF S;‘{;' AND
4 CORRESPONDS TO A CONSTANT VALUE

i ™

COMPUTER DETERMINES A PLURALITY OF PREDICTED COMBINED BATTERY STATE-PARAMETER VECTORS
: x{ff FACH INDICATIVE OF BOTH A STATE OF THE BATTERY AND A PARAMETER OF THE BATTERY AT THE
FIRST PREDETERMINED TIME, UTILIZING THE EQUATION:

X = X+ W'I'
Xy =P8y puyep Ko )
WHERE,
X{f;i' CORRESPONDS TO THE {TH MEMBER OF THE PLURALITY X

L CORRESPONDS TO ABATTERY INPUT VECTOR AT THE SECOND PREDETERMINED TIME;

X Ef CORRESPONDS TO AN ESTIMATED COMBINED BATTERY STATE-PARAMETER VECTOR EXTRACTED

FROM THE {TH MEMBER OF THE PLURALITY X 1

XY(V; CORRESPONDS TO AN ESTIMATED CON.[B]NED BATTERY STATE-PARAMETER INPUT NOISE VECTOR,

TXTRACTED FROM THE {TH MEMBER OF THE PLURALITY X ;l{’l s AND
k-1 CORRESPONDS TO THE SECOND PREDETERMINED TIME

r r—72

COMPUTER DETERMINES A PLURALITY OF PREDICTED BATTERY QUTPUT VECTORS Yj, EACH INDICATIVE OF
QUTPUTS OF THE BATTERY AT THE FIRST PREDETERMINED TIME, UTILIZING THE EQUATION:

R A
V=X Xy k)

WHERE,
Yk, .CORRESPONDS TO THE iTH MEMBER OF THE PLURALITY i

X }'{’ 1 . CORRESPONDS TO A SINGLE ESTIMATED SENSOR NOISE VECTOR EXTRACTED FROM THE iTH

MEMBER OF THE PLURALITY xf‘;l AND
k CORRESPONDS TO THE FIRST PREDETERMINED TIME

Figure 3
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COMPUTER DETERMINES A PREDICTED COMBINED BATTERY STATE-PARAMETER VECTOR f(k
CORRESPONDING TO THE FIRST PREDETERMINED TIME BY CALCULATING A WEIGHTED AVERAGE OF THE

PLURALITY OF PREDICTED COMBINED BATTERY STATE-PARAMETER VECTORS X~ , UTTLIZING THE
EQUATION;

8. p m) vXy
X= 2y “i( )%y
WHERE,
( 1) CORRESPONDS T0 A SET OF CONSTANT VALUES; AND
X,

P CORRESPONDS T0 THE NUMBER OF MEMBERS IN THE PLURALITY X, " , MINUS ONE

¥ 76
COMPUTER DETERMINES A PREDICTED COMBINED BATTERY STATE-PARAMETER VECTOR COVARIANCE.
ATRIX 37 OTIZING THE FOLLOWING EQUATION

P “vroke 50T
()(Xk,l Xk)(xk,i'xk)
WHERE, o i(c) CORRESPONDS TO A SET OF CONSTANT VALUES

¥ — 78
COMPUTER DETERMINES A PREDICTED BATTERY OUTPUT VECTOR ly\k INDICATIVE OF OUTPUTS OF THE
BATTERY AT THE FIRST PREDETERMINED TIME, UTILIZING THE EQUATION:

By =2iio a

2 Tk “i=
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COMPUTER DETERMINES A PREDICTED FATTERY OUTPUT VECTOR COVARIANCE MATRIX ) UTILIZING
THE EQUATION:

p A A
Si,k"21=oai Uiy - Gy (- i)
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¥ —82
COMPUTER DETERMINES A PREDICTED CROSS-COVARIANCE MATRIX Z' UTILIZING THE

EQUATION: , . A7k
© (xAr 2y, .4
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% — 84
COPUTER DETERVINES A GAIN MATRIX Ly, UTILIZING THE FOLLOWING EQUATION:
Ly=y. X
k=2 %7k ZM

Figure 4
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COMPUTER DETERMINES AN ESTIMATED COMBINED BATTERY STATE-PARAMETER VECTOR X ; k?

INDICATIVE OF BOTH THE STATE OF THE BATTERY AND THE PARAMETER OF THE BATTERY AT THE FIRST
PREDETERMINED TIME, UTILIZING THE EQUATION:

X = Xp 4Lyl §l
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COMPUTER DETERM[NES AN ESTIMATED COMBINED BATTERY STATE-PARAMETER VECTOR COVARIANCE
MATRIX 2-5'( , ASSOCIATED WITH THE ESTIMATED COMBINED BATTERY STATE-PARAMETER VECTOR,
UTILIZING THE EQUATION:
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COMPUTER SELECTS NEW FIRST AND SECOND PREDETERMINED TIMES

Figure 5
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=DIAG (S
X,kl G(Xkl W’SV)

WHERE,

§ % " 1CORRESPONDS TO AN ESTIMATED COMBINED BATTERY STATE-PARAMETER VECTOR SQUARE-ROOT
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COMPUTER DETERMINES A PLURALITY OF ESTIMATED AUGMENTED COMBINED BATTERY STATE-
PARAMETER YECTORS Xf{’; EACH INDICATIVE OF BOTH A STATE AND A PARAMETER OF A BATTERY AT

THESECOND PREDETERINED TIME USING THE FOLLOWING EQUATION
at _ feoat oat Qi+
X1 = (R3] X + 78 kax 7SXk1
WHERE
% CORRESPONDSTO A CONSTANT VALUE

108
v (
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X BACH INDICATIVE OF BOTH A STATE OF THE BATTERY AND A PARAMETER OF THE BATTERY AT THE
FIRST PREDETERMINED TIME, UTILIZING THE EQUATION:

) X+ W+

K =Py e X p )
WHERE,
x{"; CORRESPONDS TO THE {TH MEMBER OF THE PLURALITY x{f"

k{’l CORRESPONDS TO A BATTERY INPUT VECTOR AT THE SECOND PREDETERMINED TIME;

X E; CORRESPONDS TO AN ESTIMATED COMBINED BATTERY STATE-PARAMETER VECTOR EXTRACTED

FROM THE {TH MEMBER OF THE PLURALITY Xfﬁ
XW’+ CORRESPONDS TO AN ESTIMATED COMBINED BATTERY STATE-PARAMETER INPUT NOISE VECTOR,

EX’IRACTED FROM THE iTH MEMBER OF THE PLURALITY X ek *OAND
k-1 CORRESPONDS TO THE SECOND PREDETERMINED TIME
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COMPUTER DETERMINES A PLURALITY OF PREDICTED BATTERY OUTPUT VECTORS Y, EACH INDICATIVE OF
OUTPUTS OF THE BATTERY AT THE FIRST PREDETERMINED TIME, UTILIZING THE EQUATION:

Y, =h(x¥ 0 X0 k)

ki ki’ "k TkLi?

WHERE,
Yk, CORRESPONDS 10 THE {TH MEMBER OF THE PLURALITY Y,

kl . CORRESPONDS TO A SINGLE ESTIMATED SENSOR NOISE VECTOR EXTRACTED FROM THE {TH
MEMBER OF THEPLURALITY. X ; 4ND

k CORRESPONDS TO THE FIRST PREDETERMINED TIME




U.S. Patent Feb. 22,2011 Sheet 8 of 9 US 7,893,694 B2

¥

i —112
COMPUTER DETERMINES A PREDICTED COMBINED BATTERY STATEPARAMETER VECTOR X[
CORRESPONDING TO THE FIRST PREDETERMINED TIME BY CALCULATING A WEIGHTED AVERAGE OF THE

PLURALITY OF PREDICTED COMBINED BATTERY STATE-PARAMETER VECTORS XX , UTILIZING THE
EQUATION:

&._vib (m) X
Xk"Ei=0 ;™ Xy
WHERE,

a[ ) CORRESPONDS TO A SET OF CONSTANT VALUES; AND
p CORRESPONDSTO THE NUMBER OF MEMBIRS IN THE PLURALITY X{f , MINUS ONE

v —114
COMPUTER DETERMINES A PREDICTED COMBINED BATTERY STATE-PARAMETER VECTOR COVARIANCE
MATRIX 2~ r’ UTILIZING THE EQUATI()N

5% =qr{1/ Loy RN

WHIRE a () CORRESPONDS TO A SET OF CONSTANT VALUES AND
ar{ }I5 A FUNCTION THAT COMPUTES A Q-R MATRIX DECOMPOSTION OF TS INPUT ARGUMENT AND
RETURNS THE UPPER-TRIANGULAR PORTION OF THE R MATRIX

v —116
COMPUTER DETERMINES A PREDICTED BATTERY QUTPUT VECTOR Ik INDICATIVE OF OUTPUTS OF THE
BATTERY AT THE FIRST PREDETERMINED TIME, UTILIZING THE EQUATION:

A _ p m
=Ty " Yy

) —118
COMPUTER DETERMINES A PREDICTED BATTERY OUTPUT VECTOR SQUARE-ROOT COVARIANCE MATRTX
S o , UTILIZING THE EQUATION:

y: T
ST {I\/__~ Yy o) W )T I}
v —120

COMPUTER DETERMINES APREDICTED CROSS-COVARIANCE MATRIX Z' UTILIZING THE EQUATION :
T

iy 'E~0 k,l )y §y)

I

Figure 8




U.S. Patent Feb. 22,2011 Sheet 9 of 9 US 7,893,694 B2

@

122
¥ (-
COMPUTER DE';I"ERMH\IE% A GAIN MATRIX L ., UTILIZING THE EQUATION:

b= 2 Oy a5

X k

, (— 124
COMPUTER DETERMINES AN ESTIMATED COMBINED BATTERY STATE-PARAMETER VECTOR ﬁk )

INDICATIVE OF BOTH THE STATE OF THE BATTERY AND THE PARAMETER OF THE BATTERY AT THE FIRST
PREDETERMINED TIME, UTILIZING THE EQUATION:

A+ _ I\. A
Xy = Bt Lylyg- b

v 126

COMPUTER DETERMINES AN ESTIMATED COMBINED BATTERY STATE-PARAMETER VECTOR SQRARE-ROOT
COVARIANCE MATRIX § % P ASSOCIATED WITH THE ESTIMATED COMBINED BATTERY STATE-PARAMETER

VECTOR, UTILIZING THE EQUATION:
- = ~
53 =DOWNDATE {5, Ly S5, }

WHI’ERE DOWNDATE{ } COMPUTES THE MATRIX DOWNDATE OPERATION ON ITS FIRST ARGUMENT USING
ITS SECOND ARGUMENT
128
! -

COMPUTER SELECTS NEW FIRST AND SECOND PREDETERMINED TIMES

Figure 9




US 7,893,694 B2

1

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

CROSS REFERENCE TO RELATED
APPLICATION

This application is a divisional of copending U.S. patent
application Ser. No. 11/350,418, filed on Feb. 9, 2006, the
content of which is incorporated herein by reference in its
entirety.

BACKGROUND OF THE INVENTION

The present application relates to a system, a method, and
an article of manufacture for estimating a battery pack system
state and model parameters using digital filtering techniques.

In the context of rechargeable battery pack technologies, it
is desired in some applications to be able to estimate quanti-
ties that are descriptive of the present battery pack condition,
but that may not be directly measured. Some of these quan-
tities may change rapidly, such as the pack state-of-charge
(SOC), which can traverse its entire range within minutes.
Others may change very slowly, such as cell capacity, which
might change as little as 20% in a decade or more of regular
use. The quantities that tend to change quickly comprise the
“state” of the system, and the quantities that tend to change
slowly comprise the time varying “parameters” of the system.

In the context of the battery systems, particularly those that
need to operate for long periods of time, as aggressively as
possible without harming the battery life, for example, in
Hybrid Electric Vehicles (HEVs), Battery Electric Vehicles
(BEVs), laptop computer batteries, portable tool battery
packs, and the like, it is desired that information regarding
quickly varying parameters (e.g., SOC) be used to estimate
how much battery energy is presently available to do work,
and so forth. Further, it may be desirable to ascertain infor-
mation regarding slowly varying parameters (e.g., total
capacity) in order to keep the prior calculations precise over
the lifetime of the pack, extending its useful service time, and
help in determining the state-of-health (SOH) of the pack.

The inventor herein, however, has recognized that math-
ematical algorithms have been unable to provide a highly
accurate estimate of an internal state and parameter of a
battery because they are not sufficiently optimized for batter-
ies having non-linear operational characteristics. Further, bat-
teries generally have non-linear operational characteristics.

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

BRIEF DESCRIPTION OF THE INVENTION

A method for determining an estimated combined battery
state-parameter vector indicative of both a state and a param-
eter 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
combined battery state-parameter vectors that are indicative
of'both a state and a parameter of the battery, a battery input
noise, a sensor noise associated with a sensor measuring a
battery output variable, an uncertainty of both the state and
parameter 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
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2

predicted combined battery state-parameter vectors that are
indicative of both the state and the parameter of the battery
and an uncertainty of the both state and parameter of the
battery at the first predetermined time based on the first plu-
rality of estimated augmented combined battery state-param-
eter vectors. The method further includes determining a third
plurality of predicted battery output vectors that are indicative
ofat least one output variable of the battery and an uncertainty
of'the output variable at the first predetermined time based on
the first plurality of estimated augmented combined battery
state-parameter vectors and the second plurality of predicted
combined battery state-parameter vectors. The method fur-
ther includes determining a first battery output vector having
atleast one measured value of the battery output variable. The
method further includes determining a first estimated com-
bined battery state-parameter vector indicative of both the
state and the parameter of the battery at the first predeter-
mined time based on the second plurality of predicted com-
bined battery state-parameter vectors, the third plurality of
predicted battery output vectors, and the first battery output
vector.

A system for determining an estimated combined battery
state-parameter vector indicative of both a state and a param-
eter of a battery at a first predetermined time in accordance
with another exemplary embodiment is provided. The system
includes a sensor configured to generate a first signal indica-
tive 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 plurality of esti-
mated augmented combined battery state-parameter vectors
that are indicative of both a state and a parameter of the
battery, a battery input noise, a sensor noise associated with
the sensor, an uncertainty of both the state and parameter 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 is
further configured to determine a second plurality of pre-
dicted combined battery state-parameter vectors that are
indicative of both the state and the parameter of the battery
and an uncertainty of both the state and parameter of the
battery at the first predetermined time based on the first plu-
rality of estimated augmented combined battery state-param-
eter vectors. The computer is further configured to determine
a third plurality of predicted battery output vectors that are
indicative of an at least one output variable of the battery and
anuncertainty ofthe output variable at the first predetermined
time based on the first plurality of estimated augmented com-
bined battery state-parameter vectors and the second plurality
of predicted combined battery state-parameter vectors. The
computer is further configured to determine a first battery
output vector based on the first signal. The computer is further
configured to determine a first estimated combined battery
state-parameter vector indicative of both the state and the
parameter of the battery at the first predetermined time based
on the second plurality of predicted combined battery state-
parameter 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 com-
bined battery state-parameter vector indicative of a state and
a parameter of a battery at a first predetermined time. The
computer storage medium includes code for determining a
first plurality of estimated augmented combined battery state-
parameter vectors that are indicative of both a state and a
parameter of the battery, a battery input noise, a sensor noise
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associated with a sensor measuring a battery output variable,
an uncertainty of both the state and parameter of the battery,
anuncertainty 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 storage medium fur-
ther includes code for determining a second plurality of pre-
dicted combined battery state-parameter vectors that are
indicative of the state and the parameter of the battery and an
uncertainty of both the state and parameter of the battery at
the first predetermined time based on the first plurality of
estimated augmented combined battery state-parameter vec-
tors. The computer storage medium further includes code for
determining a third plurality of predicted battery output vec-
tors that are indicative of at least one output 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 combined battery state-parameter vectors and the
second plurality of predicted combined battery state-param-
eter vectors. The computer storage medium further includes
code for determining a first battery output vector having at
least one measured value of the battery output variable. The
computer storage medium further includes code for determin-
ing a first estimated combined battery state-parameter vector
indicative of both the state and the parameter of the battery at
the first predetermined time based on the second plurality of
predicted combined battery state-parameter 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 combined battery state-parameter vector in accordance
with an exemplary embodiment;

FIGS. 2-5 are flowcharts of a method for determining an
estimated combined battery state-parameter vector in accor-
dance with another exemplary embodiment; and

FIGS. 6-9 are flowcharts of a method for determining an
estimated combined battery state-parameter vector in accor-
dance with another exemplary embodiment.

DETAILED DESCRIPTION OF THE INVENTION

Referring to FIG. 1, a system 10 for determining an esti-
mated combined battery state-parameter vector indicative of
both a state and a parameter of 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-rechargeable battery cell. Further, each battery cell can
be constructed using an anode and a cathode having electro-
chemical configurations known to those skilled in the art.

In the context of rechargeable battery pack technologies, it
is desired in some applications to be able to estimate quanti-
ties that are descriptive of the present battery pack condition,
but that may not be directly measured. Some of these quan-
tities may change rapidly, such as the pack state-of-charge
(SOC), which can traverse its entire range within minutes.
Others may change very slowly, such as cell capacity, which
might change as little as 20% in a decade or more of regular
use. The quantities that tend to change quickly comprise the
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“state” of the system, and the quantities that tend to change
slowly comprise the time varying “parameters” of the system.
Inthe context of the battery systems, particularly those that
need to operate for long periods of time, as aggressively as
possible without harming the battery life, for example, in
Hybrid Electric Vehicles (HEVs), Battery Electric Vehicles
(BEVs), laptop computer batteries, portable tool battery
packs, and the like, it is desired that information regarding
slowly varying parameters (e.g., total capacity) be available
to determine pack health, and to assist in other calculations,
including that of state-of-charge (SOC). Some exemplary
parameters include, but are not limited to: cell capacity, resis-
tance, polarization voltage time constant(s), polarization
voltage blending factor(s), hysteresis blending factor(s), hys-
teresis rate constant(s), efficiency factor(s), and so forth.

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 tempera-
ture of the battery. An output variable is defined as a value of
a battery output signal at a specific time. For example, an
output variable 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 1/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
combined battery state-parameter vector indicative of both a
state and a parameter of a 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
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readable media including ROM 44 and RAM 46 may be
implemented using any of a number of known memory
devices such as PROMs, EPROMs, EEPROMS, flash
memory or any other electric, magnetic, optical or combina-
tion 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, =x,—%, and X, *=x,~X,"). The symbol =_=E[xy’]
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 2. The superscript “T” is a
matrix/vector transpose operator.

Before providing a detailed discussion of the methodolo-
gies for determining a battery parameter vector associated
with the battery 12, a general overview will be provided.

A battery state vector may include, for example, a state of
charge (SOC) value associated with the battery 12, a hyster-
esis 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: x,=f(x;_;,0; 1,
W;_;.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_ 104 1sWs_;k-1) is a state transition function.

An output vector associated with the battery 12 is deter-
mined utilizing the following equation: y,=h(X;,u;,V..K)
wherein,
h(x,,u,,v,,k) is a measurement function; and
v, is 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.

The system state x, includes, at least, a minimum amount
of information, together with the present input and a math-
ematical model of the cell, needed to predict the present
output. For a cell 14, the state might include: SOC, polariza-
tion voltage levels with respect to different time constants,
and hysteresis levels, for example. The system exogenous
input u,, includes at minimum the present cell current i, and
may, optionally, include cell temperature (unless temperature
change is itself modeled in the state). The system parameters
0, are the values that change only slowly with time, in such a
way that they may not be directly determined with knowledge
of the system measured input and output. These might
include, but not be limited to: cell capacity, resistance, polar-
ization voltage time constant(s), polarization voltage blend-
ing factor(s), hysteresis blending factor(s), hysteresis rate
constant(s), efficiency factor(s), and so forth. The model out-
put y, corresponds to physically measurable cell quantities or
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those directly computable from measured quantities at mini-
mum for example, the cell voltage under load.

A mathematical model of parameter dynamics is also uti-
lized. An exemplary model has the form:

051 =047

=X 00 ey

The first equation states that the parameters 6, are prima-
rily constant, but that they may change slowly over time, in
this instance, modeled by a “noise” process denoted, r,. The
“output” d, is a function of the optimum parameter dynamics
modeled by g(.,.,.) plus some estimation error ¢,. The opti-
mum parameter dynamics g(.,.,.) being a function of the sys-
tem state x,, an exogenous input u,, and the set of time varying
parameters 0,.

Referring to FIGS. 2-5, a method for determining an esti-
mated combined battery state-parameter vector indicative of
both a state and a parameter of a battery 12 in accordance with
an exemplary embodiment will now be explained. The
method can be implemented utilizing software algorithms
executed by the controller 28. The software algorithms are
stored in either the ROM 44 or the RAM 45 or other computer
readable mediums known to those skilled in the art.

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.

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.

At step 64, the computer 28 determines an estimated aug-
mented combined battery state-parameter vector X, ;**,
indicative of both a state of the battery 12 and a parameter of
the battery 12 at a second predetermined time prior to the first
predetermined time, utilizing the equation: X,_,**=[(
XD EIW,, DY, BV, DI where,

X,_,* corresponds to an estimated combined battery state-
parameter vector indicative of both a state of the battery 12
and a parameter of the battery 12 at the second predeter-
mined time;

E[W,_,] corresponds to an expected value of a combined
battery state-parameter 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.

At step 66, the computer 28 determines an estimated aug-
mented combined battery state-parameter vector covariance
matrix Xy, ,“* associated with the estimated augmented
combined battery state-parameter vector, utilizing the equa-
tion:

where,

+
Z:)'(,k—l

corresponds to an estimated combined battery state-param-
eter vector covariance matrix associated with the estimated
combined battery state-parameter vector at the second prede-
termined time;
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2, corresponds to a covariance matrix associated with a
combined battery state-parameter 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.

At step 68, the computer 28 determines a plurality of esti-
mated augmented combined battery state-parameter vectors
X, @ each indicative of both a state of the battery 12 and a
parameter of the battery 12 at the second predetermined time,
utilizing the following equation:

At AG+ ~a+
X5 = {Xk—ls X1 +7y Ve X -y ,E(;(';(—l }

where,
a,+
Iy

corresponds to the Cholesky matrix square root of

Zpp1“Tsand

y corresponds to a constant value.

At step 70, the computer 28 determines a plurality of pre-
dicted combined battery state-parameter vectors X,*~ each
indicative of both a state of the battery 12 and a parameter of
the battery 12 at the first predetermined time, utilizing the
following equation: X, *=F(X,_, /5" u,_, X, 7" k-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;

X, 7 corresponds to an estimated combined battery state-
parameter vector extracted from the ith member of the
plurality X, ,**;

Xi1s 7+ corresponds to an estimated combined battery state-
parameter input noise vector, extracted from the ith mem-
ber of the plurality X,_,*™";

P(Xoy o w1 X,y k=1) corresponds to an equation
that models the dynamics of the combined state-parameter
vector; and

k-1 corresponds to the second predetermined time.

At step 72, the computer 28 determines a plurality of pre-
dicted battery output vectors Y, each indicative of outputs of
the battery 12 at the first predetermined time, utilizing the
following equation: Y, =h(X, ;/*~,u,,X,_, **k), where
Y, ; corresponds to the ith member of the plurality Y;
X;_1,”" 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.

At step 74, the computer 28 determines a predicted com-
bined battery state-parameter vector X~ corresponding to the
first predetermined time by calculating a weighted average of
the plurality of predicted combined battery state-parameter
vectors X,/ utilizing the following equation:

)A(,: = a(-m)Xk)i-ﬁ

1

s

I
=3

i

where,
o, corresponds to a set of constant values; and

p corresponds to the number of members in the plurality
X7, minus one.
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At step 76, the computer 28 determines a predicted com-
bined battery state-parameter vector covariance matrix

Ty

utilizing the following equation:

»
Tyu = Z wEC)(Xk),(iﬁ - % )(Xk),(iﬁ - % )T
i

where, ,® corresponds to a set of constant values.

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:

»
Su= Z Y.
i=0

At step 80, the computer 28 determines a predicted battery
output vector covariance matrix 2, ;, utilizing the following
equation:

,
= > el = S = 30
i=0

ik

At step 82, the computer 28 determines a predicted cross-
covariance matrix 2y ;”, utilizing the following equation:

»
Ligu = Z “EC)(X/(),({i =X )i - B ).
Py

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

L, = E}(y,k

At step 86, the computer 28 determines an estimated com-
bined battery state-parameter vector X, ", indicative of both
the state of the battery 12 and the parameter of the battery 12
at the first predetermined time, utilizing the following equa-
tion:

K=K, Ll 9l

At step 88, the computer 28 determines an estimated com-
bined battery state-parameter vector covariance matrix X ,*,
associated with the estimated combined battery state-param-
eter vector, utilizing the following equation:

t

— T
e =Tk - LiZp Ll

At step 90, the computer 28 selects new first and second
predetermined times. After step 90, the method returns to step
60.
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Referring to FIGS. 6-9, a method for determining an esti-
mated combined battery state-parameter vector indicative of
both a state and a parameter of a 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 software algorithms are
stored in either the ROM 44 or the RAM 45 or other computer
readable mediums known to those skilled in the art.

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.

At step 101, 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.

At step 102, the computer 28 determines an estimated
augmented combined battery state-parameter vector X,_,**,
indicative of both a state of the battery 12 and a parameter of
the battery 12 at a second predetermined time prior to the first
predetermined time, utilizing the equation:

X &G Y EW DL EM )T where,

X,_,* corresponds to an estimated combined battery state-
parameter vector indicative of both a state of the battery 12
and a parameter of the battery 12 at the second predeter-
mined time;

E[W,_,] corresponds to an expected value of a combined
battery state-parameter 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.

At step 104, the computer 28 determines an estimated
augmented combined battery state-parameter vector square-
root covariance matrix Sy, _, “*associated with the estimated
augmented combined battery state-parameter vector, utiliz-
ing the equation: Sy, ,“*"=diag(Sy,_,*.S,..S,). where,

Sy 41" corresponds to an estimated combined battery state-
parameter vector square-root covariance matrix associated
with the estimated combined battery state-parameter vec-
tor at the second predetermined time;

Sy-corresponds to a square-root covariance matrix associated
with a combined battery state-parameter input noise vec-
tor;

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.

At step 106, the computer 28 determines a plurality of
estimated augmented combined battery state-parameter vec-
tors X,_;** each indicative of both a state and of a parameter
of a battery 12 at the second predetermined time using the
following equation:

Xk—1a’+:{j(k—1a’+l‘3(k—1a’++YSX,k—1a’+fj(k—la’+_YSXk—la’+}
where,
y corresponds to a constant value.

At step 108, the computer 28 determines a plurality of
predicted combined battery state-parameter vectors X,~
each indicative of both a state of the battery 12 and a param-
eter of the battery 12 at the first predetermined time, utilizing
the following equation: X, =F(X,_, /w1 Xy k-
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;
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X uX’* corresponds to an estimated combined battery state-
parameter vector extracted from the ith member of the
plurality X, _,*™;

X uW’* corresponds to an estimated combined battery state-
parameter input noise vector, extracted from the ith mem-
ber of the plurality X,_,*™";

P(Xoy o 1 Xy, 7 k=1) corresponds to an equation
that models the dynamics of the combined state-parameter
vector; and

k-1 corresponds to the second predetermined time.

At step 110, 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: Yk,i:h(Xk,iX’",uk,Xk_ 1 k) where,

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

Xy1,,”" 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.

At step 112, the computer 28 determines a predicted com-
bined battery state-parameter vector X, corresponding to the
first predetermined time by calculating a weighted average of
the plurality of predicted combined battery state-parameter
vectors X,/ utilizing the following equation:

»
Xy = Z o xl
0

where,
o, corresponds to a set of constant values; and
p corresponds to the number of members in the plurality
X;©7, minus one.
At step 114, the computer 28 determines a predicted com-
bined battery state-parameter vector square-root covariance
matrix Sy~ utilizing the following equation:

T
_ [ - o—T
Sk = ‘1”{[ af i (Xk),((O:p) - Xk) ]} :
where, o, corresponds to a set of constant values and

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.

At step 116, the computer 28 determines a predicted bat-
tery output vector y, indicative of outputs of the battery 12 at
the first predetermined time, utilizing the following equation:

»
Y= Z ol oY
=

At step 118, the computer 28 determines a predicted bat-
tery output vector square-root covariance matrix S, ,, utiliz-
ing the following equation:

Syu = qr{[\/wg_c)(yk,m:p) -3 )T]}T-
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At step 120, the computer 28 determines a predicted cross-
covariance matrix 2y ,~, utilizing the following equation:

»
Ziyu = Z ‘YEC)(X/(),(f - X;)(Yk,i =507
im0

At step 122, the computer 28 determines a gain matrix L,
utilizing the following equation: L,=%_ (S, /7S, )"

At step 124, the computer 28 determines an estimated
combined battery state-parameter vector )A(,:, indicative of
boththe state of the battery 12 and the parameter of the battery
12 at the first predetermined time, utilizing the following
equation:

X=X+ Lim9)

At step 126, the computer 28 determines an estimated
combined battery state-parameter vector square-root covari-
ance matrix Sy,* associated with the estimated combined

battery state-parameter vector, utilizing the following equa-
tion:

Sy =downdate{Sy;",L;S, x} where,

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

At step 128, the computer 28 selects new first and second
predetermined times. After step 128, the method returns to
step 100.

The system, method, and article of manufacture for deter-
mining an estimated combined battery state-parameter vector
indicative of both a state and a parameter of a battery 12
provide a substantial advantage over other systems and meth-
ods. In particular, the system, method, and article of manu-
facture provide a technical effect of more accurately deter-
mining the combined battery state-parameter vector for a
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
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embodiments falling with the scope of the intended claims.
Moreover, the use of the terms first, second, etc. does not
denote any order of importance, but rather the terms first,
second, etc. are used to distinguish one element from another.

What is claimed is:

1. An article of manufacture, comprising:

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

code for determining a first plurality of estimated aug-
mented combined battery state-parameter vectors that
are indicative of both a state and a parameter of the
battery, a battery input noise, a sensor noise associated
with a sensor measuring a battery output variable, an
uncertainty of both the state and parameter of the battery,
an uncertainty of the battery input noise, and an uncer-
tainty of the sensor noise at a second predetermined time
prior to the first predetermined time;

code for determining a second plurality of predicted com-
bined battery state-parameter vectors that are indicative
of the state and the parameter of the battery and an
uncertainty of both the state and parameter of the battery
at the first predetermined time based on the first plurality
of estimated augmented combined battery state-param-
eter vectors;

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 an uncertainty of the output
variable at the first predetermined time based on the first
plurality of estimated augmented combined battery
state-parameter vectors and the second plurality of pre-
dicted combined battery state-parameter vectors;

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

code for determining a first estimated combined battery
state-parameter vector indicative of both the state and
the parameter of the battery at the first predetermined
time based on the second plurality of predicted com-
bined battery state-parameter vectors, the third plurality
of predicted battery output vectors, and the first battery
output vector.

2. The article of manufacture of claim 1, wherein the code
for determining the first estimated combined battery state-
parameter vector comprises:

code for determining a first predicted combined battery
state-parameter vector indicative of both the state and
the parameter of the battery at the first predetermined
time based on the second plurality of predicted com-
bined battery state-parameter vectors;

code for determining a first predicted battery output vector
indicative of at least one output variable of the battery at
the first predetermined time based on the third plurality
of predicted output vectors;

code for determining a gain matrix based on the first pre-
dicted combined battery state-parameter vector, the first
predicted battery output vector, the second plurality of
predicted combined battery state-parameter vectors, and
the third plurality of predicted battery output vectors;
and

code for calculating the first estimated combined battery
state-parameter vector based on the first predicted com-
bined battery state-parameter vector, the first predicted
battery output vector, the gain matrix, and the first bat-
tery output vector.

#* #* #* #* #*



