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COMPUTER DETERMINES A PREDICTED BATTERY PARAMETER VECTOR ék INDICATIVE OF A PARAMETER
OF THE BATTERY AT THE FIRST PREDETERMINED TIME BASED ON AN ESTIMATED BATTERY PARAMETER
VECTOR @l: 1 INDICATIVE OF A PARAMETER OF THE BATTERY AT A SECOND PREDETERMINED TIME PRIOR TO
THE FIRST PREDETERMINED TIME UTILIZING THE EQUATION:
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COMPUTER DETERMINES A PREDICTED BATTERY PARAMETER VECTOR COVARIANCE MATRIX 2~ "

INDICATIVE OF A COVARIANCE OF 4 BATTERY PARAMETER COVARIANCE AT THE FIRST PREDETERMINED

TIME, BASED ON AN ESTIMATED BATTERY PARAMETER VECTOR COVARIANCE MATRIX Eg Kl INDICATIVE
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COMPUTER GENERATES A BATTERY INPUT VECTOR ), HAVING AT LEAST ONE MEASURED VALUE OF A
BATTERY INPUT VARIABLE OBTAINED AT A FIRST PREDETERMINED TIME

| %

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

—64
COMPUTER DETERMINES A PREDICTED BATTERY PARAMETER VECTOR ék INDICATIVE OF A PARAMETER
OF THE BATTERY AT THE FIRST PREDETERMINED TIME BASED ON AN ESTIMATED BATTERY PARAMETER
VECTOR @l:. 1 INDICATIVE OF A PARAMETER OF THE BATTERY AT A SECOND PREDETERMINED TIME PRIOR TO
THE FIRST PREDETERMINED TIME UTILIZING THE EQUATION:

AL A4
8 =8y

66
-
COMPUTER DETERMINES A PREDICTED BATTERY PARAMETER VECTOR COVARIANCE MATRIX ).7

INDICATIVE OF A COVARIANCE OF A BATTERY PARAMETER COVARIANCE AT THE FIRST PREDETERMINED

TIME, BASED ON AN ESTIMATED BATTERY PARAMETER VECTOR COVARIANCE MATRIX ot 8 k1 INDICATIVE

OF A BATTERY PARAMETER COVARIANCE AT THE SECOND PREDETERMINED TIME AND A COVARIANCE

MATRIX CORRESPONDING TO A PARAMETER NOISE UTILIZING THE EQUATION:
25" 2@k1 + 2k
WHERE, £, CORRESPONDS T0 A COVARIANCE MATRIX ASSOCIATED WITH A BATTERY PARAMETER

NOISE VECTOR
Af

Figure 2
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(— 68
COMPUTER DETERMINES AN ESTIMATED AUGMENTED BATTERY PARAMETER VECTOR 'iﬂ INDICATIVE OF A
STATE OF THE BATTERY AT THE SECOND PREDETERMINED TIME, UTILIZING THE EQUATION:

it _[n T
Rl = (xlil)T o Elwk.ll)T o E[Vk-l)T] WHERE,
37 CORRESPONDS TO AN ESTIMATED BATTERY STATE VECTOR INDICATIVE 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

70
I -
COMPUTER DETERMINES AN ESTIMATED AUGMENTED BATTERY STATE VECTOR COVARIANCE MATRIX

%L 1 ASSOCIATED WITH THE ESTIMATED AUGMENTED BATTERY STATE VECTOR, UTILIZING THE EQUATION:
¥

gyt
E%,k-l = dlag(zl}',k.] 92w yzv).WHERE,

Z"it,k-l CORRESPONDS TO AN ESTIMATED BATTERY STATE VECTOR COVARIANCE MATRIX ASSOCIATED WITH

THE ESTIMATED BATTERY STATE VECTOR AT THE SECOND PREDETERMINED TIME;
X, CORRESPONDS TO A COVARIANCE MATRIX ASSOCIATED WITH A BATTERY INPUT NOISE VECTOR;

2, CORRESPONDS TO A COVARIANCE MATRIX ASSOCIATED WITH A SENSOR NOISE VECTOR; AND
diag( ) IS A FUNCTION THAT COMPOSES A BLOCK-DIAGONAL MATRIX FROM ITS INPUT ARGUMENTS

8

Figure 3
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COMPUTER DETERMINES A PLURALITY OF ESTIMATED AUGMENTED BATTERY STATE VECTORS X l?’l+ EACH
INDICATIVE OF A STATE OF THE BATTERY AT THE SECOND PREDETERMINED TIME, UTILIZING THE EQUATION:

Aa+Aa+ , a,+ Aa / a,+
Xkl,xkl+7 ~’ s X ’ ~, }WHERE

k CORRESPONDS TO THE CHOLESKY MATRIX SQUARE ROOT OF £2
7 CORRESPONDS TO A CONSTANT VALUE

kl ;AND

| 7
COMPUTER DETERMINES A PLURALITY OF PREDICTED BATTERY STATE VECTORS Xl):’ " EACH INDICATIVE OF
A STATE OF THE BATTERY AT THE FIRST PREDETERMINED TIME, UTILIZING THE EQUATION:

=P Xy g X, 1) WHERE,

X l’:,, ; CORRESPONDS TO THE ith MEMBER OF THE PLURALITY X I):, )

U 1 CORRESPONDS TO A BATTERY INPUT VECTOR AT THE SECOND PREDETERMINED TIME;

Xk 1, ICORRESPONDS TO AN ESTIMATED BATTERY STATE VECTOR EXTRACTED FROM THE ith MEMBER OF
THE PLURALITY X3 k 1 ;

Xk 1, lCORRESPONDS TOAN ESTIMATED BATTERY INPUT NOISE VECTOR, EXTRACTED FROM THE ith

MEMBER OF THE PLURALITY X ¥’ k 1 ;AND
k-1 CORRESPONDS TO THE SECOND PREDETERMINED TIME

76
s
COMPUTER DETERMINES A PREDICTED BATTERY STATE VECTOR ﬁk CORRESPONDING TO THE FIRST

PREDETERMINED TIME BY CALCULATING A WEIGHTED AVERAGE OF THE PLURALITY OF PREDICTED BATTERY
STATE VECTORS X l’(" ", UTILIZING THE EQUATION :

A-_ (m) yX,-

"k‘Z‘iio“i i

WHERE,

ai(m) CORRESPONDS TO A SET OF CONSTANT VALUES; AND

p CORRESPONDS TO THE NUMBER IN THE PLURALITY X I’((’ ", MINUS ONE

<

Figure 4
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©

. 78
COMPUTER DETERMINES A PREDICTED BATTERY STATE VECTOR COVARIANCE MATRIX 2 'x', k UTILIZING THE
EQUATION:

= © g% 2. %=~
E"""Z‘izoai (XG5

WHERE, ai(c) CORRESPONDS TO A SET OF CONSTANT VALUES

. 80
COMPUTER DETERMINES A PLURALITY OF PREDICTED BATTERY PARAMETERS VECTORS W1, EACH
INDICATIVE OF A PARAMETER OF A BATTERY AT THE FIRST PREDETERMINED TIME, UTILIZING THE
EQUATION:

W = {85 8k +2,/5, b -wj/zé,k}
WHERE,
A ’Z‘ é L CORRESPONDS TO THE CHOLESKY MATRIX SQUARE ROOT OF X~

B +AND
% CORRESPONDS TO A CONSTANT VALUE

(—82

COMPUTER DETERMINES A PLURALITY OF PREDICTED BATTERY OUTPUT VECTORS D |, EACH

INDICATIVE OF OUTPUTS OF THE BATTERY AT THE FIRST PREDETERMINED TIME, UTILIZING THE EQUATION :
Dk,i = h(xk,uk,‘\fk,wk,i k)

WHERE,

D ki CORRESPONDS TO THE ith MEMBER OF THE PLURALITY Dy, ;

Wk’ { CORRESPONDS TO THE ith MEMBER OF THE PLURALITY W ;

Vi, CORRESPONDS TO AN EXPECTED SENSOR NOISE AT THE FIRST PREDETERMINED TIME ;
k CORRESPONDS TO THE FIRST PREDETERMINED TIME

D

_Figure §




U.S. Patent Apr. 21,2009 Sheet 6 of 16 US 7,521,895 B2

(D
r—84

COMPUTER DETERMINES A FIRST PREDICTED BATTERY OUTPUT VECTOR d k CORRESPONDING TO THE FIRST

PREDETERMINED TIME BY CALCULATING A WEIGHTED AVERAGE OF THE FIRST PLURALITY OF PREDICTED
BATTERY OUTPUT VECT ORS Dk , UTILIZING THE EQUATION :

dk Z‘P (m)

WHERE,

ai‘“‘) CORRESPONDS TO A SET OF CONSTANT VALUES; AND

p CORRESPONDS TO THE NUMBER OF MEMBERS IN'THE PLURALITY W), , MINUS ONE

' (— 86

COMPUTER DETERMINES A SECOND PLURALITY OF PREDICTED BATTERY OUTPUT VECTORS Yy, EACH

INDICATIVE OF QUTPUTS OF THE BATTERY AT THE FIRST PREDETERMINED TIME, UTILIZING THE EQUATION :
~hYR YWt a-

Yk,i = h(Xk’i,uk,Xk,i,@k,k)

WHERE,

Yk, 1 CORRESPONDS TO THE ith MEMBER OF THE PLURALITY Yy ;

k I ; CORRESPONDS TO A SINGLE ESTIMATED SENSOR NOISE VECTOR EXTRACTED FROM THE ith MEMBER
OF THE PLURALITY X k 1 ;AN
k CORRESPONDS TO THE FIRST PREDETERMINED TIME

88
—
COMPUTER DETERMINES A SECOND PREDICTED BATTERY OUTPUT VECTOR ,Ik INDICATIVE OF QUTPUTS OF
TIIE BATTERY AT THE FIRST PREDETERMINED TIME, UTILIZING THE EQUATION :

k = Ep m)Y

(—90

COMPUTER DETERMINES A FIRST PREDICTED BATTERY OUTPUT VECTOR COVARIANCE MATRIX & ko

UTILIZING THE EQUATIO‘I
@ _Figure 6

¥k = Z‘p a Yg yk)(Yk,,yk)T




U.S. Patent Apr. 21,2009 Sheet 7 of 16 US 7,521,895 B2

A

92
—
COMPUTER DETERMINES APREDICTED CROSS.COVARIANCE MATRIX 5= ,UTILIZING THE EQUATION:
. T
5k Ep (Xk,l ) (Y - ¥g)
94
I C
COMPUTER DETERMINES A STATE GAIN MATRIX L} , UTILIZING THE EQUATION
X _ o ;1
Lk= 25k 23k
96
I C

COMPUTER DETERMINES A SECOND PREDICTED BATTERY OUTPUT VECTOR COVARIANCE MATRIX 25 iK'
UTILIZING THE EQUA'HON

- 39T
Zd,k’xiiﬂai (D) Dy 8y) " + e
WHERE,
cr{*) CORRESPONDS T0 A SET OF CONSTANT VALUES;

X', CORRESPONDS TO A COVARIANCE MATRIX ASSOCIATED WITH A BATTERY QUTPUT NOISE VECTOR
T IS THE MATRIX/VECTOR TRANSPOSE OPERATION

98
' C
COMPUTER DETERMINES A SECOND PREDICT ED CROSS-COVARIANCE MATRIX 2@ ix UTILIZING THE EQUATION :
- (©)
TP LT AUV
100
‘ C
COMPUTER DETERMINES A PARAMETER GAIN MATRIX L@ , UTILIZING THE EQUATION:
O_5.. »l
Ly 2@ dk z dk
102
I C

COMPUTER DETERMINES AN ESTIMATED BATTERY STATE VECTOR Qt, INDICATIVE OF A STATE OF THE
BATTERY AT THE FIRST PREDETERMINED TIME, UTILIZING THE EQUATION :

A AL X A
Xg = Xg + Ly [yg-ygl

Figure 7
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COMPUTER DETERMINES AN ESTIMATED BATTERY STATE VECTOR COVARIANCE MATRIX E;’  » ASSOCIATED
WITH THE ESTIMATED BATTERY STATE VECTOR, UTILIZING THE EQUATION :

x T
l 106

+t _ - X
3k = 23k - Lk2yk (Ly)
COMPUTER DETERMINES AN ESTIMATED BATTERY PARAMETER VECTOR &/, INDICATIVE OF A PARAMETER
OF THE BATTERY ATTHE FIRST PREDETERMINED TIME, UTILIZING THE EQUATION :
6}=6,+181y,4,)

108
' C
COMPUTER DETERMINES A ESTIMATED BATTERY STATE VECTOR COVARIANCE MATRIX 2 é K ASSOCIATED
WITH THE ESTIMATED BATTERY STATE VECTOR, UTILIZING THE EQUATION :
+ _ar Boe OT
Eé, K Eé, K LkEd, k ( Lk )
l — 110

COMPUTER SELECTS NEW FIRST AND SECOND PREDETERMINED TIMES

_Figure 8
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COMPUTER GENERATES A BATTERY INPUT VECTOR uj, HAVING AT LEAST ONE MEASURED VALUE OF A
BATTERY INPUT VARIABLE OBTAINED AT A FIRST PREDETERMINED TIME

(— 122

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

124
—

COMPUTER DETERMINES A PREDICTED BATTERY PARAMETER VECTOR ék INDICATIVE OF A PARAMETER
OF THE BATTERY AT THE FIRST PREDETERMINED TIME BASED ON AN ESTIMATED BATTERY PARAMETER
VECTOR @I:. 1 INDICATIVE OF A PARAMETER OF THE BATTERY AT A SECOND PREDETERMINED TIME PRIOR TO
THE FIRST PREDETERMINED TIME UTILIZING THE EQUATION:

O = 8y

(— 126

COMPUTER DETERMINES A SQUARE-ROOT COVARIANCE UPDATE MATRIX D . 1 1 UTILIZING THE EQUATION :

. , 2, .
Dy g = diag{ § é ,k-l} +«/ diag{ St ,k-l} + diag{Z, Kl }

WHERE,
% 1.1 CORRESPONDS TO A COVARIANCE MATRIX ASSOCIATED WITH A BATTERY PARAMETER NOISE VECTOR,

Sé kel CORRESPONDS TO AN ESTIMATED BATTERY PARAMETER VECTOR SQUARE-ROOT COVARIANCE MATRIX
y

INDICATIVE OF A COVARIANCE OF A BATTERY PARAMETER COVARIANCE AT THE SECOND PREDETERMINED
TIME;

\/' CORRESPONDS TO THE CHOLESKY MATRIX SQUARE ROOT OF ITS INPUT ARGUMENT; AND

diag{ } IS A FUNCTION THAT COMPOSES A SQUARE DIAGONAL MATRIX FORMED FROM THE DIAGONAL

ELEMENTS OF THE INPUT MATRIX

_Figure 9
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COMPUTER DETERMINES A PREDICTED BATTERY PARAMETER VECTOR SQUARE-ROOT COVARIANCE MATRIX
Sé k INDICATIVE OF A COVARIANCE OF A BATTERY PARAMETER COVARIANCE AT THE FIRST

PREDETERMINED TIME, BASED ON AN ESTIMATED BATTERY PARAMETER VECTOR COVARIANCE MATRIX

Sé k]’ INDICATIVE OF A BATTERY PARAMETER COVARIANCE AT THE SECOND PREDETERMINED TIME AND A
3

SQUARE-ROOT COVARIANCE UPDATE MATRIX, UTILIZING THE EQUATION :

Y
Sk = %81t Drt

130
—
COMPUTER DETERMINES AN ESTIMATED AUGMENTED BATTERY PARAMETER VECTOR ?ﬁ INDICATIVE OF A

STATE OF THE BATTERY AT THE SECON’}) PREDETERMINED TIME, UTILIZING THE EQUATION:

R = [RFT (B DT (B D] WHERE,

Al:: 1 CORRESPONDS TO AN ESTIMATED BATTERY STATE VECTOR INDICATIVE OF A STATE OF THE BATTERY AT
THE SECOND PREDETERMINED TIME;

E[wk-l ] CORRESPONDS TO AN EXPECTED VALUE OF A BATTERY INPUT NOISE VECTOR AT THE SECOND
PREDETERMINED TIME;

E[v kel ] CORRESPONDS TO AN EXPECTED VALUE OF A SENSOR NOISE YECTOR AT THE SECOND
PREDETERMINED TIME; AND

T IS THE MATRIX/VECTOR TRANSPOSE OPERATION

J

_Figure 10
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(1
(— 132

COMPUTER DETERMINES AN ESTIMATED AUGMENTED BATTERY STATE VECTOR SQUARE-ROOT COVARIANCE
MATRIX S 1 ASSOCIATED WITH THE ESTIMATED AUGMENTED BATTERY STATE VECTOR, UTILIZING THE

EQUATION

-dlag(S+kl,Sw,S )

"'k 1
WHERE,
S + CORRESPONDS TO AN ESTIMATED BATTERY STATE VECTOR SQUARE-ROOT COVARIANCE MATRIX

ASSOCIATED WITH THE ESTIMATED BATTERY STATE VECTOR AT THE SECOND PREDETERMINED TIME;
§» CORRESPONDS TO A SQUARE-ROOT COVARIANCE MATRIX ASSOCIATED WITH A BATTERY INPUT NOISE
VECTOR;

§, CORRESPONDS TO A SQUARE-ROOT COVARIANCE MATRIX ASSOCIATED WITH A SENSOR NOISE VECTOR ;

AND
diag () IS AFUNCTION THAT COMPOSES A BLOCK-DIAGONAL MATRIX FROM ITS INPUT ARGUMENTS

(— 134
COMPUTER DETERMINES A PLURALITY OF ESTIMATED AUGMENTED BATTERY STATE VECTORS Xﬂ’j EACH
INDICATIVE OF A STATE OF A BATTERY AT THE SECOND PREDETERMINED TIME, UTILIZING THE EQUATION ;

Aa + Al + a,+ Aa,
WHERE,
7 CORRESPONDS TO A CONSTANT VALUE

3

Figure 11
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X
— 136

COMPUTER DETERMINES A PLURALITY OF PREDICTED BATTERY STATE VECTORS X E’ " EACH INDICATIVE OF
ASTATE OF THE BATTERY AT THE FIRST PREDETERMINED TIME, UTILIZING THE EQUATION:

Xk’l-f Xkl l,ukl,Xkl I’kl) WHERE,

X ; CORRESPONDS TO THE ith MEMBER OF THE PLURALITY X,
u i CORRESPONDS TO A BATTERY INPUT VECTOR AT THE SECOND PREDETERMINED TIME;

k 1i CORRESPONDS TO AN ESTIMATED BATTERY STATE VECTOR EXTRACTED FROM THE ith MEMBER OF
THE PLURALITY Xy k 1 ;
Xk i ¥ CORRESPONDS TO AN ESTIMATED BATTERY INPUT NOISE VECTOR, EXTRACTED FROM THE ith

MEMBER OF THE PLURALITY X & k 1 AND
k-1 CORRESPONDS TO THE SECOND PREDETERMINED TIME

' (— 138

COMPUTER DETERMINES A PREDICTED BATTERY STATE VECTOR X k CORRESPONDING TO THE FIRST
PREDETERMINED TIME BY CALCULATING A WEIGHTED AVERAGE OF THE PLURALITY OF PREDICTED BATTERY
STATE VECTORS x l? ", UTILIZING THE EQUATION :

As_ (m) X~

=2t AN

WHERE,

“i(m) CORRESPONDS TO A SET OF CONSTANT VALUES; AND

p CORRESPONDS TO THE NUMBER IN THE PLURALITY X", MINUS ONE

140
—
COMPUTER DETERMINES A PREDICTED BATTERY STATE VECTOR SQUARE ROOT COVARIANCE MATRIX §;  ,
UTILIZING THE EQUATION:
T
%k = qr{[ﬂ/_( (Xi(0p)- X&) }
WHERE,

ai(C) CORRESPONDS TO A SET OF CONSTANT VALUES

qr { } 1S AFUNCTION THAT COMPUTES A Q-R MATRIX DECOMPOSITION OF ITS INPUT ARGUMENT AND
RETURNS THE UPPER-TRIANGULAR POTION OF THE R MATRIX

@ Figure 12
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0
(— 142

COMPUTER DETERMINES A FIRST PLURALITY OF PREDICTED BATTERY PARAMETER VECTORS W, EACH
INDICATIVE OF A PARAMETER OF THE BATTERY AT THE FIRST PREDETERMINED TIME, UTILIZING THE
BQUATION:

W =48y By +75gx Oy - 756k !

WHERE, » CORRESPONDS TO A CONSTANT VALUE

l 144

COMPUTER DETERMINES A FIRST PLURALITY OF PREDICTED BATTERY OUTPUT VECTORS D EACH
INDICATIVE OF OUTPUTS OF THE BATTERY AT THE FIRST PREDETERMINED TIME, UTILIZING THE FOLLOWING
EQUATION:

Dk,i= h(xk,uk ’Tk ’Wk,i’k)

WHERE,

D ki CORRESPONDS TO THE ith MEMBER OF THE PLURALITY D, ;

Wk, ; CORRESPONDS TO THE ith MEMBER OF THE PLURALITY Wy, ;

V), CORRESPONDS TO AN EXPECTED SENSOR NOISE AT THE FIRST PREDETERMINED TIME ;

k CORRESPONDS TO THE FIRST PREDETERMINED TIME

14
r—6

COMPUTER DETERMINES A FIRST PREDICTED BATTERY OUTPUT VECTOR d k CORRESPONDING TO THE FIRST
PREDETERMINED TIME BY CALCULATING A WEIGHTED AVERAGE OF THE PLURALITY OF PREDICTED
BA’ITERY STATE VECTORS D , UTILIZING THE EQUATION:

dk Z‘P (m)D

WHERE,
ai(m) CORRESPONDS TO A SET OF CONSTANT VALUES; AND

p CORRESPONDS TO THE NUMBER OF MEMBERS IN THE PLURALITY W, , MINUS ONE

g

Figure 13
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COMPUTER DETERMINES A SECOND PLURALITY OF PREDICTED BATTERY OUTPUT VECTORS Y) EACH
INDICATIVE OF OUTPUTS OF THE BATTERY AT THE FIRST PREDETERMINED TIME, UTILIZING THE EQUATION :

- X, v+ A
Dy = (X s Xey 5O k)
WHERE,
Yk’ i CORRESPONDS TO THE ith MEMBER OF THE PLURALITY Y, ;

k 1 ; CORRESPONDS TO A SINGLE ESTIMATED SENSOR NOISE VECTOR EXTRACTED FROM THE ith MEMBER

OF THE PLURALITY X % kel ,AND
k CORRESPONDS TO THE FIRST PREDETERMINED TIME

(— 150

COMPUTER DETERMINES A SECOND PREDICTED BATTERY OUTPUT VECTOR y k INDICATIVE OF QUTPUTS OF
THE BATTERY AT THE FIRST PREDETERMINED TIME, UTILIZING THE EQUATION :

A (m)
Yp = Eil=,0 a; Yk,i

l 152

COMPUTER DETERMINES A FIRST PREDICTED BATTERY OUTPUT VECTOR SQUARE ROOT COVARIANCE MATRIX

Si k » UTILIZING THE EQUATION:

i {9 o 5]

l (154

COMPUTER DETERMINES A PREDIC’IED CROSS-COVARIANCE MATRIX Z‘~~ 'k UTILIZING THE EQUATION ;
c X X, A T

l (156

COMPUTER DETERMINES A STATE GAIN MATRIX L) UTILIZING THE EQUATION:
T
L= I, k(sy,ksy,k)

_Figure 14
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COMPUTER DETERMINES A FIRST PREDICTED BATTERY OUTPUT VECTOR SQUARE ROOT COVARIANCE MATRIX
83 k> UTILIZING THE EQUATION

Sdk q'{[“[( (D (0 ¢ W/_]}

ai( ) CORRESPONDS TO A SET OF CONSTANT VALUES ;
X, CORRESPONDS TO A COVARIANCE MATRIX ASSOCIATED WITH A SENSOR NOISE VECTOR ;

qr { } IS AFUNCTION THAT COMPUTES A Q-R MATRIX DECOMPOSITION OF ITS INPUT ARGUMENT AND
RETURNS THE UPPER-TRIANGULAR POTION OF THE R MATRIX ; AND
T IS THE MATRIX/VECTOR TRANSPOSE OPERATION

160
—
COMPUTER DETERMINES A SECOND PREDICTED CROSS-COVARIANCE MATRIX {UTILIZING THE
@dk
EQUATION :
o L3 AT
ik Z‘ W @k)( ki dk)
r—162
COMPUTER DETERMINESAPARAMETER GAINMATRIX L& , UTILIZING THE EQUATION:
. -1
L= @dk(sdk ix’
(— 164

COMPUTER DETERMINES AN ESTIMATED BATTERY STATE VECTOR x I INDICATIVE OF A STATE OF THE
BATTERY AT THE FIRST PREDETERMINED TIME, UTILIZING THE EQUATION:

At AL X A
X =X Lyl Yl
i‘

_Figure 15
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AN
0

l (166

COMPUTER DETERMINES AN ESTIMATED BATTERY STATE VECTOR SQUARE-ROOT COVARIANCE MATRIX S;,k y
ASSOCIATED WITH THE ESTIMATED BATTERY STATE VECTOR, UTILIZING THE EQUATION :

§% .= DOWNDATE {85 Ly S5}
WHERE DOWNDATE { } COMPUTES THE MATRIX DOWNDATE OPERATION ON ITS FIRST ARGUMENT USING
ITS SECOND ARGUMENT
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COMPUTER DETERMINES AN ESTIMATED BATTERY PARAMETER VECTOR @T( JINDICATIVE OF A PARAMETER
OF THE BATTERY AT THE FIRST PREDETERMINED TIME, UTILIZING THE EQUATION :

6= 8+ 1oy
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COMPUTER DETERMINES AN ESTIMATED BATTERY PARAMETER VECTOR SQUARE-ROOT COVARIANCE

MATRIX Sé " ASSOCIATED WITH THE ESTIMATED BATTERY PARAMETER VECTOR, UTILIZING THE EQUATION :
t = , - @ et
S~ DOWNDATE {8 | S

l —1n

COMPUTER SELECTS NEW FIRST AND SECOND PREDETERMINED TIMES

Figure 16
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SYSTEM AND METHOD FOR DETERMINING
BOTH AN ESTIMATED BATTERY STATE
VECTOR AND AN ESTIMATED BATTERY
PARAMETER VECTOR

BACKGROUND OF THE INVENTION

The present application relates to a system and a method
for determining an estimated battery state vector and an esti-
mated battery parameter vector using digital filtering tech-
niques.

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 has recognized that other mathemati-
cal algorithms have been unable to provide a highly accurate
estimate of an internal state and a parameter of a battery
because they are not sufficiently optimized for batteries hav-
ing non-linear operational characteristics. Since batteries
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 and an estimated battery parameter. In
particular, the inventor herein has recognized a need for uti-
lizing two coupled “filters” with combined behavior that esti-
mates an estimated battery state and an estimated battery
parameter.

BRIEF DESCRIPTION OF THE INVENTION

A method for determining an estimated battery state vector
and an estimated battery parameter vector in accordance with
an exemplary embodiment is provided. The estimated battery
state vector is indicative of a state of a battery at a first
predetermined time. The estimated battery parameter vector
is indicative of a parameter of the battery at the first predeter-
mined time. The method includes determining a plurality of
estimated augmented battery state vectors that are indicative
of a state of the battery, a battery input noise, a sensor noise
associated with a sensor measuring a battery output variable,
an uncertainty 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 plurality of
predicted battery state vectors that are indicative of the state
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of the battery and an uncertainty of the state of the battery at
the first predetermined time based on the plurality of esti-
mated augmented battery state vectors. The method further
includes determining a plurality of predicted battery param-
eter vectors that are indicative of the parameter of the battery
and an uncertainty of the parameter of the battery at the first
predetermined time. The method further includes determin-
ing a first plurality of predicted battery output vectors that are
indicative of at least one output variable of the battery and an
uncertainty of the output variable at the first predetermined
time based on the plurality of predicted battery parameter
vectors. The method further includes determining a second
plurality of predicted battery output vectors that are indicative
of at least one output variable of the battery and the uncer-
tainty of the output variable at the first predetermined time
based on the plurality of estimated augmented battery state
vectors and the plurality of predicted battery state vectors.
The method further includes determining a battery output
vector having at least one measured value of a battery output
variable obtained at the first predetermined time. The method
further includes determining an estimated battery parameter
vector indicative of the parameter of the battery at the first
predetermined time based on the plurality of predicted battery
parameter vectors, the first plurality of predicted battery out-
put vectors, and the battery output vector. The method further
includes determining an estimated battery state vector indica-
tive of the state of the battery at the first predetermined time
based on the plurality of predicted battery state vectors, the
second plurality of predicted battery output vectors, and the
battery output vector.

A system for determining an estimated battery state vector
and an estimated battery parameter vector in accordance with
another exemplary embodiment is provided. The estimated
battery state vector is indicative of a state of a battery at a first
predetermined time. The estimated battery parameter vector
is indicative of a parameter of the battery at the first predeter-
mined time. The system includes a sensor configured to gen-
erate 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 deter-
mine a plurality of estimated augmented battery state vectors
that are indicative of a state of the battery, a battery input
noise, a sensor noise associated with a sensor measuring a
battery output variable, an uncertainty 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 computer is
further configured to determine a plurality of predicted bat-
tery 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 plurality of estimated aug-
mented battery state vectors. The computer is further config-
ured to determine a plurality of predicted battery parameter
vectors that are indicative of the parameter of the battery and
an uncertainty of the parameter of the battery at the first
predetermined time. The computer is further configured to
determine a first plurality of predicted battery output vectors
that are indicative of at least one output variable of the battery
and an uncertainty of the output variable at the first predeter-
mined time based on the plurality of predicted battery param-
eter vectors. The computer is further configured to determine
a second plurality of predicted battery output vectors that are
indicative of at least one output variable of the battery and the
uncertainty of the output variable at the first predetermined
time based on the plurality of estimated augmented battery
state vectors and the plurality of predicted battery state vec-
tors. The computer is further configured to determine a bat-
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tery output vector based on the first signal. The computer is
further configured to determine an estimated battery param-
eter vector indicative of the parameter of the battery at the first
predetermined time based on the plurality of predicted battery
parameter vectors, the first plurality of predicted battery out-
put vectors, and the battery output vector. The computer is
further configured to determine an estimated battery state
vector indicative of the state of the battery at the first prede-
termined time based on the plurality of predicted battery state
vectors, the second plurality of predicted battery output vec-
tors, and the 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 both an
estimated battery state vector and an estimated battery param-
eter vector in accordance with an exemplary embodiment;

FIGS. 2-8 are flowcharts of a method for determining both
an estimated battery state vector and an estimated battery
parameter vector in accordance with another exemplary
embodiment; and

FIGS. 9-16 are flowcharts of a method for determining
both an estimated battery state vector and an estimated battery
parameter vector in accordance with another exemplary
embodiment.

DETAILED DESCRIPTION OF THE INVENTION

Referring to FIG. 1, a system 10 for determining both an
estimated battery state vector indicative of a state of the
battery 12 and an estimated battery parameter vector indica-
tive of a parameter of the 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 electro-chemi-
cal 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 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
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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 both an esti-
mated battery state vector indicative of a state of the battery
12 and an estimated battery parameter vector indicative of a
parameter of 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 (1/O) interface 46. The CPU 40 operably com-
municates with the ROM 44, the RAM 45, and the I/O inter-
face 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 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,~%,*). The symbol X_=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.
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The state equation utilized to determine the state vector
associated with the battery 12 is as follows:

X X1 W1,k 1)

wherein,

X, is 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(X;_1,0;_1,W,_;.K—1) is a state transition function.
An output vector associated with the battery 12 is deter-

mined utilizing the following equation:

V= h 3,V 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.

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
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:

Ok 1 =017

=X 00 te;

The first equation states that the parameters 0, 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. 2-8, a method for determining both an
estimated battery state vector and an estimated battery param-
eter vector associated with the battery 12 utilizing Sigma-
Point Kalman filters, 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.

Atstep 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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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 a predicted battery
parameter vector 0,~, indicative of a parameter of the battery
12 at the first predetermined time based on an estimated
battery parameter vector 0,_, * indicative of a parameter of the
battery 12 at a second predetermined time prior to the first
predetermined time utilizing the equation:

6,76, "

At step 66, the computer 28 determines a predicted battery
parameter vector covariance matrix

X5,

indicative ofa covariance of a battery parameter covariance at
the first predetermined time, based on an estimated battery
parameter vector covariance matrix

+
Z:§,k—l ’

indicative of a battery parameter covariance at the second
predetermined time and a covariance matrix corresponding to
a parameter noise utilizing the equation:

g =25, ) + Ik

where X, ;| corresponds to a covariance matrix associated
with a battery parameter noise vector.

At step 68, the computer 28 determines an estimated aug-
mented battery state vector X,_,*™, indicative of a state of the
battery 12 at the second predetermined time, utilizing the
equation:

B = E Y SE P D SEM DT

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.

At step 70, the computer 28 determines an estimated aug-
mented battery state vector covariance matrix

associated with the estimated augmented battery state vector,
utilizing the equation:
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Zoe ) =diag(El 1, Ty, L)
where,
Z:;g,kfl

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.

At step 72, the computer 28 determines a plurality of esti-
mated augmented battery state vectors X, _; “* each indicative
of a state of a battery 12 at the second predetermined time,
utilizing the equation:

Gt _ (nat nact T pr T
X = {xk—lsxk—l 1y Zi,k—l &L TV Zi,k—l }

where,

P

corresponds to the Cholesky matrix square root of 2 _,_,“™;

and
y corresponds to a constant value.

At step 74, the computer 28 determines a plurality of pre-
dicted battery state vectors X, ™~ each indicative of a state of
the battery 12 at the first predetermined time, utilizing the
equation:

DT (0 NTALRTAND U Tuthl 3|

where,

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

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

Xy_1;/" corresponds to an estimated battery state vector
extracted from the ith member of the plurality X,_,**;
X, 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.

At step 76, the computer 28 determines a predicted battery
state vector X~ corresponding to the first predetermined time
by calculating a weighted average of the plurality of predicted
battery state vectors X, utilizing the equation:

p

e (m) yx,—

X = § o X
=0
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where,
o, corresponds to a set of constant values; and
p corresponds to the number of members in the plurality
X7, minus one.
At step 78, the computer 28 determines a predicted battery
state vector covariance matrix

utilizing the equation:

»
- () T~ a— i~ a—\T
o) @l (X —ROXE - %)
=

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

At step 80, the computer 28 determines a plurality of pre-
dicted battery parameter vectors W, each indicative of a
parameter of a battery 12 at the first predetermined time,
utilizing the equation:

W, = {9,:, 8, Uy g, b, —v e }
where,
v Zax

corresponds to the Cholesky matrix square root of %, ,~; and
y corresponds to a constant value.

At step 82, the computer 28 determines a first plurality of
predicted battery output vectors D, each indicative of outputs
of the battery 12 at the first predetermined time, utilizing the
equation:

Dy =h(x,u, vy, W), k)

where,

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

W,.; corresponds to the ith member of the plurality W,;

v, corresponds to an expected sensor noise at the first prede-
termined time; and

k corresponds to the first predetermined time.

At step 84, the computer 28 determines a first predicted
battery output vector d,” corresponding to the first predeter-
mined time by calculating a weighted average of the first
plurality of predicted battery output vectors D,, utilizing the
equation:

2
d = Z wgm)Dk,i
=0

where,

o, corresponds to a set of constant values; and

p corresponds to the number of members in the plurality W,
minus one
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At step 86, the computer 28 determines a second plurality
of predicted battery output vectors Y, each indicative of out-
puts of the battery 12 at the first predetermined time, utilizing
the equation:

Y =X o X 1,iv’+aék7: k)

where,
Y, corresponds to the ith member of the plurality Y;
X, 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 88, the computer 28 determines a second predicted
battery output vector ¥, indicative of outputs of the battery 12
at the first predetermined time, utilizing the equation:

»

IS (m)

Y= Z " Y i
=

At step 90, the computer 28 determines a first predicted
battery output vector covariance matrix 2, utilizing the
equation:

,
Tpe =, i =300 =50
i=0

At step 92, the computer 28 determines a predicted cross-
covariance matrix

pI

ko

utilizing the equation:

,
Iop = . el =20 -5
=0

At step 94, the computer 28 determines a state gain matrix
L~ utilizing the equation:

I =3

Tk

—1
Lok

At step 96, the computer 28 determines a second predicted
battery output vector covariance matrix X, utilizing the
equation:

where,
0.9 corresponds to a set of constant values;

2, corresponds to a covariance matrix associated with a bat-
tery output noise vector.

T is the matrix/vector transpose operation.
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At step 98, the computer 28 determines a predicted cross-
covariance matrix

T

utilizing the equation:

Zgax = IYEC)(W/(,; - 9/:)([)/(,; - ak)T-

s

I
=3

i

At step 100, the computer 28 determines a parameter gain
matrix L,°, utilizing the equation:

Lf = Yggu X7

At step 102, the computer 28 determines an estimated
battery state vector X", indicative of a state of the battery 12
at the first predetermined time, utilizing the equation:

=+ L Ve Pl
At step 104, the computer 28 determines an estimated

battery state vector covariance matrix X ,*, associated with
the estimated battery state vector, utilizing the equation:

Ih =T - L)

At step 106, the computer 28 determines an estimated
battery parameter vector 0,*, indicative of a parameter of the
battery 12 at the first predetermined time, utilizing the equa-
tion:

6,"=0,+L,° [y3-d;].

At step 108, the computer 28 determines an estimated
battery parameter vector covariance matrix X, ", associated
with the estimated battery parameter vector, utilizing the
equation:

—_ T
=Yg - LT Ul

At step 110, the computer 28 selects new first and second
predetermined times. After step 108, the method returns to
step 60.

Referring to FIGS. 9-16, a method for determining both an
estimated battery state vector and an estimated battery param-
eter vector associated with the battery 12 utilizing Square-
Root Sigma-Point Kalman filters, 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 120, 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 122, 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.
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At step 124, the computer 28 determines a predicted bat-
tery parameter vector 0,7, indicative of a parameter of the
battery at the first predetermined time based on an estimated
battery parameter vector 0,_, * indicative of a parameter of the
battery 12 at a second predetermined time prior to the first
predetermined time, utilizing the equation:

é{:ékflt

At step 126, the computer 28 determines a square-root
covariance update matrix D, ,_,, utilizing the equation:

Dr,k—lz_diag{sé,k—l+}+\/diag{sé,k—l+}2+diag{2r,k—l}

where,

2, 41 corresponds to a covariance matrix associated with a
battery parameter noise vector;

Sg._1 corresponds to an estimated battery parameter vector
square-root covariance matrix indicative of a covariance of
a battery parameter covariance at the second predeter-
mined time;

J corresponds to the Cholesky matrix square root of its input
argument; and

diag{ } is a function that composes a square diagonal matrix
formed from the diagonal elements of the input matrix.
At step 128, the computer 28 determines a predicted bat-

tery parameter vector square-root covariance matrix Sg’k_

indicative of a covariance of a battery parameter covariance at

the first predetermined time, based on an estimated battery

parameter vector covariance matrix Sy,_,", indicative of a

battery parameter covariance at the second predetermined

time and a square-root covariance update matrix, utilizing the

equation:

Sop =St g1 +Dp g1

At step 130, the computer 28 determines an estimated
augmented battery state vector x,_,*", indicative of a state of
the battery 12 at the second predetermined time using the
equation:

B 1 =[E VA E i DLEM DT

where,

X,_,* corresponds to an estimated battery state vector indica-
tive of a state of the battery 12 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.

At step 132, the computer 28 determines an estimated
augmented battery state vector square-root covariance matrix
S, 41 ™" associated with the estimated augmented battery
state vector, utilizing the equation:

Sx,k— 1a7+:diag(sx,k—l * 8, S))

where,

S,.;" 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.
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At step 134, the computer 28 determines a plurality of
estimated augmented battery state vectors X, ,“* each
indicative of a state of a battery 12 at the second predeter-
mined time, utilizing the equation:

at_fa  a+ g a+ a5 at at
PO 7{xk—1 o1 TS, e TR TS }

where y corresponds to a constant value.

At step 136, the computer 28 determines a plurality of
predicted battery state vectors X~ each indicative of a state
of the battery 12 at the first predetermined time, utilizing the

equation:
DR (0 CRRTAARTND, CERTuti <3 )|

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 battery state vector
extracted from the ith member of the plurality X,_,“*;
X1, 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.

At step 138, the computer 28 determines a predicted bat-
tery state vector X,~ corresponding to the first predetermined
time by calculating a weighted average of the plurality of
predicted battery state vectors X, utilizing the equation:

p

e (M) v x,—

X = § o X
i=0

where,
0., corresponds to a set of constant values; and
p corresponds to the number of members in the plurality
X7, minus one.
At step 140, the computer 28 determines a predicted bat-
tery state vector square-root covariance matrix S, ,”, utilizing
the equation:

S, =g, ai(C)(Xk,(O:p)xr_xAki)T] o

where
0.9 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 142, the computer 28 determines a plurality of
predicted battery parameter vectors W, each indicative of a
parameter of a battery 12 at the first predetermined time,
utilizing the equation:

Wk:{ékiaéki"'ysg,kiaéki_ys@,ki}

where y corresponds to a constant value.

At step 144, the computer 28 determines a first plurality of
predicted battery output vectors D, each indicative of outputs
of the battery 12 at the first predetermined time, utilizing the
following equation:

Dy =h(y, 43, v3, Wy o)

where,

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

W, corresponds to the ith member of the plurality W

v, corresponds to an expected sensor noise at the first prede-
termined time;

k corresponds to the first predetermined time.
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At step 146, the computer 28 determines a first predicted
battery output vector d,~ corresponding to the first predeter-
mined time by calculating a weighted average of the first
plurality of predicted battery state vectors Dy, utilizing the
equation:

o
dy = Z wgm)ij
=0

where,

ohd i corresponds to a set of constant values; and

p corresponds to the number of members in the plurality W,
minus one.

At step 148, the computer 28 determines a second plurality
of predicted battery output vectors Y, each indicative of out-
puts of the battery 12 at the first predetermined time, utilizing
the equation:

Y =h(G X 1V’+aé{: k)

where,

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

X, 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 150, the computer 28 determines a second pre-
dicted battery output vector ¥, indicative of outputs of the
battery 12 at the first predetermined time, utilizing the equa-
tion:

»

IS (m)

Y= Z " Y i
iz0

At step 152, the computer 28 determines a first predicted
battery output vector square-root covariance matrix S, ;, uti-
lizing the equation:

Sy,k:qr{[W(Yk,(op)—ﬁk)T]}T-
At step 154, the computer 28 determines a predicted cross-

covariance matrix Xz ,~, utilizing the equation:

»

— - aA— A T

Z@,k = Z IYEC)(X/;Y:; =X )Y —yk) -
i=0

Atstep 156, the computer 28 determines a state gain matrix
L~ utilizing the equation:

_ -1
LY =5, (ST 5507

At step 158, the computer 28 determines a predicted bat-
tery output vector square-root covariance matrix Sy, utiliz-
ing the equation:

Sae=qr{ [W(Dk,(op)—d{), \/2_3] nr

where,

0.9 corresponds to a set of constant values;

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

T is the matrix/vector transpose operation.
At step 160, the computer 28 determines a second pre-

dicted cross-covariance matrix

Lz i

utilizing the equation:

o R .
Z = 3ol (Wi~ 8D - &)
ax

At step 162, the computer 28 determines a parameter gain
matrix L,°, utilizing the equation:

=) (shsa) -

7k

At step 164, the computer 28 determines an estimated
battery state vector X,*, indicative of a state of the battery 12
at the first predetermined time, utilizing the equation:

=8 Ly Vi Pl
At step 166, the computer 28 determines an estimated
battery state vector square-root covariance matrix S, ,*, asso-

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

Sxyk":downdate{Sxyk’,Lk)‘Syyk},

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

At step 168, the computer 28 determines an estimated
battery parameter vector 6,*, indicative of a parameter of the
battery 12 at the first predetermined time, utilizing the equa-
tion:

6, =6, +L,° [d,-,).

At step 170, the computer 28 determines an estimated
battery parameter vector square-root covariance matrix S ,*,
associated with the estimated battery parameter vector, uti-
lizing the equation:

Sg - =downdate{S5 " L2 }-

At step 172, the computer 28 selects new first and second
predetermined times. After step 172, the method returns to
step 120.

The system and the method for determining both an esti-
mated battery state vector and an estimated battery parameter
vector associated with the battery 12 provide a substantial
advantage over other systems and methods. In particular, the
system and method provide a technical effect of more accu-
rately determining the estimated battery state vector and the
estimated battery 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
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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 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-
over, 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. A system for determining an estimated battery state
vector and an estimated battery parameter vector, the esti-
mated battery state vector being indicative of a state of a
battery at a first predetermined time, the estimated battery
parameter vector being indicative of a parameter of the bat-
tery at the first predetermined time, the system comprising:

a sensor configured to generate a first signal indicative of

an output variable of the battery; and

a computer operably coupled to the sensor, the computer

configured to determine a plurality of estimated aug-
mented battery state vectors that are indicative of a state
of'the battery, a battery input noise, a sensor noise asso-
ciated with a sensor measuring a battery output variable,
an uncertainty 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 computer further config-
ured to determine a 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 plurality of estimated
augmented battery state vectors, the computer further
configured to determine a plurality of predicted battery
parameter vectors that are indicative of the parameter of
the battery and an uncertainty of the parameter of the
battery at the first predetermined time, the computer
further configured to determine a first plurality of pre-
dicted battery output vectors that are indicative of at
least one output variable of the battery and an uncer-
tainty of the output variable at the first predetermined
time based on the plurality of predicted battery param-
eter vectors, the computer further configured to deter-
mine a second plurality of predicted battery output vec-
tors that are indicative of at least one output variable of
the battery and the uncertainty of the output variable at
the first predetermined time based on the plurality of
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estimated augmented battery state vectors and the plu-
rality of predicted battery state vectors, the computer
further configured to determine a battery output vector
based on the first signal, the computer further configured
to determine an estimated battery parameter vector
indicative of the parameter of the battery at the first
predetermined time based on the plurality of predicted
battery parameter vectors, the first plurality of predicted
battery output vectors, and the battery output vector, the
computer further configured to determine an estimated
battery state vector indicative of the state of the battery at
the first predetermined time based on the plurality of
predicted battery state vectors, the second plurality of
predicted battery output vectors, and the battery output
vector.

2. The system of claim 1, wherein the computer is further
configured to retrieve an estimated battery state vector indica-
tive of the state of the battery at the second predetermined
time from a memory device;

the computer further configured to determine a first esti-

mated augmented battery state vector indicative of the
state of the battery, the battery input noise, and the sensor
noise at the second predetermined time, based on the
estimated battery state vector, an expected battery input
noise vector, and an expected sensor noise vector;

the computer further configured to retrieve an estimated

battery state vector covariance matrix indicative of the
uncertainty of the state of the battery at the second pre-
determined time from the memory device;
the computer further configured to determine a first esti-
mated augmented battery state vector covariance matrix
indicative based on the estimated battery state vector
covariance matrix, a covariance matrix indicative of the
uncertainty of the battery input noise and a covariance
matrix indicative of the uncertainty of the sensor noise;
and
the computer further configured to calculate the plurality of
estimated augmented battery state vectors based on the
first estimated augmented battery state vector and the
first estimated augmented battery state vector covari-
ance matrix.
3. The system of claim 2, wherein the computer is further
configured to set one member of the plurality of estimated
augmented battery state vectors equal to the first estimated
augmented battery state vector;
the computer further configured to set a first additional set
of L. members of the plurality of estimated augmented
battery state vectors equal to the first estimated aug-
mented battery state vector added to a constant value
multiplied by respective columns extracted from a
matrix square-root of the first estimated augmented bat-
tery state vector covariance matrix, where L is the length
of the first estimated augmented battery state vector; and

the computer further configured to set a second additional
set of . members of the plurality of estimated aug-
mented battery state vectors equal to the constant value
multiplied by respective columns extracted from the
matrix square-root of the first estimated augmented bat-
tery state vector covariance matrix subtracted from the
first estimated augmented battery state vector.

4. The system of claim 1, wherein the computer is further
configured to retrieve an estimated battery state vector indica-
tive of the state of the battery at the second predetermined
time from a memory device;

the computer further configured to determine a first esti-

mated augmented battery state vector indicative of the
state of the battery, the battery input noise, and the sensor
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noise at the second predetermined time based on the
estimated battery state vector, an expected battery input
noise vector, and an expected sensor noise vector;
the computer further configured to retrieve an estimated
battery state vector square-root covariance matrix
indicative of the uncertainty of the state of the battery at
the second predetermined time from the memory device;

the computer further configured to determine a first esti-
mated augmented battery state vector square-root cova-
riance matrix indicative of the uncertainty of the state of
the battery, the battery input noise, and the sensor noise,
based on the estimated battery state vector square-root
covariance matrix, a covariance matrix indicative of the
uncertainty of the battery input noise and a covariance
matrix indicative of the uncertainty of the sensor noise;
and

the computer further configured to calculate the plurality of

estimated augmented battery state vectors based on the
first estimated augmented battery state vector and the
first estimated augmented battery state vector square-
root covariance matrix.

5. The system of claim 4, wherein the computer is further
configured to set one member of the plurality of estimated
augmented battery state vectors equal to the first estimated
augmented battery state vector;

the computer further configured to set a first additional set

of L. members of the plurality of estimated augmented
battery state vectors equal to the first estimated aug-
mented battery state vector added to a constant value
multiplied by respective columns extracted from the
estimated augmented battery state vector square-root
covariance matrix, where L is the length of the estimated
augmented battery state vector; and

the computer further configured to set a second additional

set of [ members of the plurality of estimated aug-
mented battery state vectors equal to the constant value
multiplied by respective columns extracted from the first
estimated augmented battery state vector square-root
covariance matrix subtracted from the first estimated
augmented battery state vector.

6. The system of claim 1, wherein the computer is further
configured to extract values indicative of the state of the
battery and of the uncertainty of the state of the battery at the
second predetermined time from the plurality of estimated
augmented battery state vectors, to obtain a first plurality of
estimated battery state vectors;

the computer further configured to extract values indicative

of the battery input noise and an uncertainty of the bat-
tery input noise at the second predetermined time from
the first plurality of estimated augmented battery state
vectors, to obtain a plurality of estimated battery input
noise vectors;

the computer further configured to generate a battery input

vector having at least one measured value of a battery
input variable at the second predetermined time;

the computer further configured to determine the plurality

of predicted battery state vectors based on the first plu-
rality of estimated battery state vectors, the first plurality
of predicted battery input noise vectors, and the battery
input vector.

7. The system of claim 1, wherein the computer is further
configured to retrieve from a memory device an estimated
battery parameter vector indicative of the parameter of the
battery at the second predetermined time;

the computer further configured to retrieve an estimated

battery parameter vector covariance matrix indicative of
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an uncertainty of the parameter of the battery at the
second predetermined time from the memory device;

the computer further configured to determine an estimated
battery parameter noise covariance matrix indicative of
an uncertainty of a parameter noise at the second prede-
termined time;

the computer further configured to calculate the plurality of
predicted battery parameter vectors based on the esti-
mated battery parameter vector, the estimated battery
parameter vector covariance matrix, and the estimated
battery parameter noise covariance matrix.

8. The system of claim 7, wherein the computer is further

configured to set one member of the plurality of predicted
battery parameter vectors equal to the estimated battery
parameter vector;

the computer further configured to determine a predicted
battery parameter vector covariance matrix indicative of
an uncertainty of the parameter of the battery at the first
predetermined time based on the estimated battery
parameter vector covariance matrix and the estimated
battery parameter noise covariance matrix;

the computer further configured to set a first additional set
of L members of the plurality of predicted battery
parameter vectors equal to the first estimated battery
parameter vector added to a constant value multiplied by
respective columns extracted from a matrix square-root
of'the first predicted battery parameter vector covariance
matrix, where L is the length of the first estimated bat-
tery parameter vector; and

the computer further configured to set a second additional
set of . members of the plurality of predicted battery
parameter vectors equal to the constant value multiplied
by respective columns extracted from a matrix square-
root of the first predicted battery parameter vector cova-
riance matrix subtracted from the first estimated battery
parameter vector.

9. The system of claim 1, wherein the computer is further

configured to retrieve an estimated battery parameter vector
indicative of the parameter of the battery at the second pre-
determined time from the memory device;

the computer further configured to retrieve an estimated
battery parameter vector square-root covariance matrix
indicative of an uncertainty of the parameter of the bat-
tery at the second predetermined time from the memory
device;

the computer further configured to determine an estimated
battery parameter noise square-root covariance matrix
indicative of an uncertainty of a parameter noise at the
second predetermined time; and

the computer further configured to calculate the plurality of
predicted battery parameter vectors based on the esti-
mated battery parameter vector, the estimated battery
parameter vector square-root covariance matrix, and the
estimated battery parameter noise square-root covari-
ance matrix.

10. The system of claim 9, wherein the computer is further

configured to set one member of the plurality of predicted
battery parameter vectors equal to the estimated battery

60 parameter vector,

65

the computer further configured to determine a predicted
battery parameter vector square-root covariance matrix
indicative of an uncertainty of the parameter of the bat-
tery at the first predetermined time based on the esti-
mated battery parameter vector square-root covariance
matrix and the estimated battery parameter noise cova-
riance matrix;
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the computer further configured to set a first additional set
of L members of the plurality of predicted battery
parameter vectors equal to the first estimated battery
parameter vector added to a constant value multiplied by
respective columns extracted from the first predicted
battery parameter vector square-root covariance matrix,
where L is the length of the first estimated battery param-
eter vector; and

the computer further configured to set a second additional

set of . members of the plurality of predicted battery
parameter vectors equal to the constant value multiplied
by respective columns extracted from the first predicted
battery parameter vector square-root covariance matrix
subtracted from the first estimated battery parameter
vector.

11. The system of claim 1, wherein the computer is further
configured to retrieve an estimated battery state vector indica-
tive of the state of the battery at the second predetermined
time from a memory device;

the computer further configured to generate a battery mean

sensor noise vector indicative of the average sensor
noise at the first predetermined time and a battery mean
input noise vector indicative of the average battery input
noise at the second predetermined time;

the computer further configured to generate a first battery

input vector having at least one measured value of a
battery input variable at the first predetermined time;
the computer further configured to generate a second bat-

tery input vector having at least one measured value of a
battery input variable at the second predetermined time;
the computer further configured to determine the first plu-
rality of predicted battery output vectors based on the
plurality of predicted battery parameter vectors, the first
battery input vector, the second battery input vector, the
battery mean sensor noise vector, the battery mean input
noise vector, and the estimated battery state vector.

12. The system of claim 1, wherein the computer is further
configured to extract values indicative of the sensor noise and
of the uncertainty of the sensor noise at the second predeter-
mined time from the plurality of estimated augmented battery
state vectors, to obtain a plurality of estimated sensor noise
vectors;

the computer flirt her configured to generate the first bat-

tery input vector having at least one measured value of a
battery input variable at the first predetermined time;
the computer further configured to determine the second

plurality of predicted battery output vectors based on the
plurality of predicted battery state vectors, the first bat-
tery input vector, the plurality of estimated sensor noise
vectors.

13. The system of claim 1, wherein the computer is further
configured to determine a first predicted battery output vector
indicative of at least one output variable of the battery at the
first predetermined time based on the first plurality of pre-
dicted battery output vectors;

the computer further configured to determine a predicted

battery parameter vector indicative of the parameter of
the battery at the first predetermined time based on an
estimated battery parameter vector indicative of the
parameter of the battery at the second predetermined
time;

the computer further configured to determine a parameter

gain matrix based on the predicted battery parameter
vector, the first predicted battery output vector, the plu-
rality of predicted battery parameter vectors, and the
plurality of predicted battery output vectors; and
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the computer further configured to calculate the estimated
battery parameter vector based on the battery output
vector, the first predicted battery output vector, the pre-
dicted battery parameter vector, and the parameter gain
matrix.

14. The system of claim 13, wherein the computer is further
configured to determine the first predicted battery output
vector by calculating a weighted average of the plurality of
predicted battery output vectors.

15. The system of claim 13, wherein the computer is further
configured to determine determine a predicted battery output
vector covariance matrix based on the first predicted battery
output vector and the plurality of predicted battery output
vectors;

the computer further configured to determine a predicted

cross-covariance matrix between a battery output vector
and a battery parameter vector based on the first pre-
dicted battery output vector, the plurality of predicted
battery output vectors, the predicted battery parameter
vector, and the plurality of predicted battery parameter
vectors; and

the computer further configured to calculate the parameter

gain matrix based on the predicted cross-covariance
matrix and the predicted battery output vector covari-
ance matrix.

16. The system of claim 15, wherein the computer is further
configured to determine a predicted battery output vector
square-root covariance matrix based on the first predicted
battery output vector and the plurality of predicted battery
output vectors;

the computer further configured to calculate the predicted

battery output vector covariance matrix based on the
predicted battery output vector square-root covariance
matrix and the predicted battery output vector square-
root covariance matrix.

17.The system of claim 13, wherein the computer is further
configured to determine an innovation vector based on the
battery output vector and the first predicted battery output
vector;

the computer further configured to determine an update

vector based on the parameter gain matrix and the inno-
vation vector; and

the computer further configured to calculate the estimated

battery parameter vector based on the predicted battery
parameter vector and the update vector.

18. The system of claim 13, wherein the computer is further
configured to determine an estimated battery parameter vec-
tor covariance matrix at the first predetermined time based on
the first predicted battery parameter vector, the first plurality
of predicted battery parameter vectors, the parameter gain
matrix, and the first predicted battery output vector covari-
ance matrix.

19. The system of claim 13, wherein the computer is further
configured to determine an estimated battery parameter vec-
tor square-root covariance matrix at the first predetermined
time based on the first predicted battery parameter vector, the
first plurality of predicted battery parameter vectors, the
parameter gain matrix, and a predicted battery output vector
square-root covariance matrix.

20. The system of claim 1, wherein the computer is further
configured to determine a predicted battery state vector
indicative of the state of the battery at the first predetermined
time based on the plurality of predicted battery state vectors;

the computer further configured to determine a second

predicted battery output vector indicative of at least one
output variable of the battery at the first predetermined
time based on the plurality of predicted output vectors;
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the computer further configured to determine a state gain
matrix based on the predicted battery state vector, the
second predicted battery output vector, the plurality of
predicted battery state vectors, and the second plurality
of predicted battery output vectors; and

the computer further configured to calculate the estimated

battery state vector based on the predicted battery state
vector, the second predicted battery output vector, the
state gain matrix, and the battery output vector.
21. The system of claim 20, wherein the computer is con-
figured to determine the predicted battery state vector by
calculating a weighted average of the plurality of predicted
battery state vectors.
22. The system of claim 20, wherein the computer is con-
figured to determine the second predicted battery output vec-
tor by calculating a weighted average of the second plurality
of predicted battery output vectors.
23.The system of claim 20, wherein the computer is further
configured to determine a predicted battery output vector
covariance matrix based on the second predicted battery out-
put vector and the second plurality of predicted battery output
vectors;
the computer further configured to determine a predicted
cross-covariance matrix between a battery output vector
and a battery state vector based on the second predicted
battery output vector, the second plurality of predicted
battery output vectors, the predicted battery state vector,
and the plurality of predicted battery state vectors; and

the computer further configured to calculate the state gain
matrix based on the predicted cross-covariance matrix
and the predicted battery output vector covariance
matrix.

24.The system of claim 23, wherein the computer is further
configured to determine a predicted battery output vector
square-root covariance matrix based on the second predicted
battery output vector and the second plurality of predicted
battery output vectors; and

the computer further configured to calculate the predicted

battery output vector covariance matrix based on the
predicted battery output vector square-root covariance
matrix and the predicted battery output vector square-
root covariance matrix.

25.The system of claim 20, wherein the computer is further
configured to determine an innovation vector based on the
second battery output vector and the second predicted battery
output vector;

the computer further configured to determine an update

vector based on the state gain matrix and the innovation
vector; and

the computer further configured to calculate the estimated

battery state vector based on the predicted battery state
vector and the update vector.

26. The system of claim 20, wherein the computer is further
configured to determine an estimated battery state vector
covariance matrix at the first predetermined time based on the
predicted battery state vector, the plurality of predicted bat-
tery state vectors, the state gain matrix, and the predicted
battery output vector covariance matrix.
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27. The system of claim 20, wherein the computer is further
configured to determine an estimated battery state vector
square-root covariance matrix at the first predetermined time
based on the predicted battery state vector, the plurality of
predicted battery state vectors, the state gain matrix, and a
predicted battery output vector square-root covariance
matrix.

28. A method for determining an estimated battery state
vector and an estimated battery parameter vector, the esti-
mated battery state vector being indicative of a state of a
battery at a first predetermined time, the estimated battery
parameter vector being indicative of a parameter of the bat-
tery at the first predetermined time, the method comprising:

determining a plurality of estimated augmented battery

state vectors that are indicative of a state of the battery, a
battery input noise, a sensor noise associated with a
sensor measuring a battery output variable, 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;

determining a 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 prede-
termined time based on the plurality of estimated aug-
mented battery state vectors;

determining a plurality of predicted battery parameter vec-

tors that are indicative of the parameter of the battery and
an uncertainty of the parameter of the battery at the first
predetermined time;

determining a first plurality of predicted battery output

vectors that are indicative of at least one output variable
of the battery and an uncertainty of the output variable at
the first predetermined time based on the plurality of
predicted battery parameter vectors;

determining a second plurality of predicted battery output

vectors that are indicative of at least one output variable
of the battery and the uncertainty of the output variable
at the first predetermined time based on the plurality of
estimated augmented battery state vectors and the plu-
rality of predicted battery state vectors;

determining a battery output vector having at least one

measured value of a battery output variable obtained at
the first predetermined time;
determining an estimated battery parameter vector indica-
tive of the parameter of the battery at the first predeter-
mined time based on the plurality of predicted battery
parameter vectors, the first plurality of predicted battery
output vectors, and the battery output vector;

determining an estimated battery state vector indicative of
the state of the battery at the first predetermined time
based on the plurality of predicted battery state vectors,
the second plurality of predicted battery output vectors,
and the battery output vector; and

storing the estimated battery state vector and the estimated

battery parameter vector in a memory device.



