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57 ABSTRACT

A system and a method for estimating a state vector associ-
ated with a battery are provided. The method includes deter-
mining a time interval that the battery has been electrically
decoupled from a load circuit. The time interval starts at a first
time. The method further includes obtaining a first state vec-
tor associated with the battery from a memory. The first state
vector is determined prior to the first time. The method further
includes calculating a second predicted state vector associ-
ated with the battery based on the first state vector and the
time interval.

6 Claims, 5 Drawing Sheets
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SYSTEM AND METHOD FOR ESTIMATING A
STATE VECTOR ASSOCIATED WITH A
BATTERY

CROSS REFERENCE TO RELATED
APPLICATION

This application is a divisional of pending U.S. patent
application Ser. No. 11/209,453, filed Aug. 23, 2005, the
contents of which are incorporated herein by reference in its
entirety.

BACKGROUND OF THE INVENTION

Batteries are used in a wide variety of electronic and elec-
trical devices. It is desirable to be able to estimate the internal
state of a battery, including state-of-charge (SOC). The SOC
is a value that indicates the present available capacity of the
battery that may be used to do work. A battery monitoring
system may measure a history of electrical current input to a
battery and an output voltage from the battery to provide an
estimate of a battery state.

A battery generally discharges over a time interval when it
is electrically unloaded and a state of the battery changes
during this time interval. A battery monitoring system, how-
ever, interrupts its history of measurements and calculations
during this time interval. A disadvantage of'this system is that
it cannot accurately determine the state of the battery at a time
when a battery is electrically coupled to a load circuit after it
has been electrically decoupled from the load circuit for the
time interval.

Thus, the inventor herein has recognized a need for a sys-
tem and a method for estimating a state vector associated with
a battery at a time when a battery is electrically coupled to a
load circuit, after it has been electrically decoupled from the
load circuit for the time interval.

BRIEF DESCRIPTION OF THE INVENTION

A method for estimating a state vector associated with a
battery in accordance with an exemplary embodiment is pro-
vided. The method includes determining a time interval that
the battery has been electrically decoupled from a load cir-
cuit. The time interval starts at a first time. The method further
includes obtaining a first state vector associated with the
battery from a memory. The first state vector is determined
prior to the first time. The method further includes calculating
a second predicted state vector associated with the battery
based on the first state vector and the time interval. The
method further includes measuring a battery voltage output
by the battery to obtain a first battery voltage value after the
first time interval when the battery is electrically re-coupled
to the load circuit. The method further includes estimating a
second battery voltage value associated with the battery based
on the second predicted state vector. The method further
includes calculating a voltage error value based on the first
battery voltage value and the second battery voltage value.
The method further includes calculating a third estimated
state vector associated with the battery based on the second
predicted state vector and the voltage error value.

A system for estimating a state vector associated with a
battery in accordance with another exemplary embodiment is
provided. The system includes a voltage sensor configured to
measure a voltage output from the battery. The further
includes a computer operably coupled to the voltage sensor.
The computer is configured to determine a time interval that
the battery has been electrically decoupled from a load cir-
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cuit. The time interval starts at a first time. The computer is
further configured to obtain a first state vector associated with
the battery from a memory. The first state vector is determined
prior to the first time. The computer is further configured to
calculate a second predicted state vector associated with the
battery based on the first state vector and the time interval.
The computer is further configured to induce the voltage
sensor to measure the voltage output from the battery to
obtain a first battery voltage value after the first time interval
when the battery is electrically coupled to the load circuit. The
computer is further configured to estimate a second battery
voltage value associated with the battery based on the second
predicted state vector. The computer is further configured to
calculate a voltage error value based on the first battery volt-
age value and the second battery voltage value. The computer
is further configured to calculate a third estimated state vector
associated with the battery based on the second predicted
state vector and the voltage error value.

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 estimating a state vector asso-
ciated with a battery. The computer storage medium includes
code for determining a time interval that the battery has been
electrically decoupled from a load circuit. The time interval
starts at a first time. The computer storage medium further
includes code for obtaining a first state vector associated with
the battery from a memory. The first state vector is determined
prior to the first time. The computer storage medium further
includes code for calculating a second predicted state vector
associated with the battery based on the first state vector and
the time interval. The computer storage medium further
includes code for measuring a battery voltage output from the
battery to obtain a first battery voltage value after the first time
interval when the battery is electrically coupled to the load
circuit. The computer storage medium further includes code
for estimating a second battery voltage value associated with
the battery based on the second predicted state vector. The
computer storage medium further includes code for calculat-
ing a voltage error value based on the first battery voltage
value and the second battery voltage value. The computer
storage medium further includes code for calculating a third
estimated state vector associated with the battery based on the
second predicted state vector and the voltage error value.

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 estimating a state
vector associated with a battery in accordance with an exem-
plary embodiment;

FIGS. 2-3 are flowcharts of a method for estimating a state
vector associated with a battery in accordance with another
exemplary embodiment; and

FIGS. 4-5 are flowcharts of a method for estimating a state
vector associated with a battery in accordance with another
exemplary embodiment.

DETAILED DESCRIPTION OF THE INVENTION

Referring to FIG. 1, a system 10 for estimating a state
vector associated with a battery 12 is illustrated. The battery
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12 includes at least a battery cell 14. Of course, the battery 12
can include a plurality of additional battery cells. The system
10 includes one or more voltage sensors 20, a load circuit 26,
and a computational unit such as a computer 28, and may also
include one or more of a temperature sensor 22, and a current
sensor 24.

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

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

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

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

The computer 28 is provided for determining a state vector
associated with the battery 12, as will be explained in greater
detail below. The computer 28 includes a central processing
unit (CPU) 40, a read-only memory (ROM) 44, a volatile
memory such as a random access memory (RAM) 45 and an
input/output (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.

Before providing a detailed discussion of the methodolo-
gies for determining a state vector associated with the battery
12, a general overview will be provided. The state vector
includes at least a state of charge (SOC) value associated with
the battery 12. 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. The estimated state vector is
determined when the load circuit 26 is energized utilizing the
following parameters: (i) measured battery voltage (ii) a
stored prior estimated state vector (including an SOC value);
and (iii) a time interval that the load circuit 12 was de-ener-
gized or electrically de-coupled from the batter 12. These
parameters are utilized in a mathematical model of battery
cell behavior in order to compute an improved estimate of the
state vector of the battery 12 including possibly compensa-
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tion for hysteresis effects, voltage polarization effects, and
self-discharge. The duration of time that the device was de-
energized may be measured using the clock 42 of the com-
puter 28.

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:

= S, Wi 1K= 1K)

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 process noise or disturbance that models some unmea-
sured input which affects the state of the system; and

FX 1,0, W, . k=1,K) is a state transition function.

The state vector X, includes a SOC value therein. Further,
the known/deterministic input u, includes at least one of: (i)
an electrical current presently sourced or sunk by the battery
12, and (ii) a temperature of the battery 12.

An output vector associated with the battery 12 is deter-
mined utilizing the following equation:

Vi h(X 3, Vi k)

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

v, 1s sensor noise that affects the measurement of the output of
battery 12 in amemory-less mode, but does not affect the state
vector of battery 12.

The following system utilizes probabilistic inference to
determine an estimated state vector X;, of the state vector x,
given all observations Y, ={yo, v1, - - - » i} . A frequently used
estimator is the conditional mean:

X = Elx | Y] =f X p(xy | Ye) dxy
Ry,

where R, is the range of x,, and B[ ] is the statistical expec-
tation operator. The foregoing equation computes a posterior
probability density p(x,Y,) recursively. Because the forego-
ing equation is difficult to solve, numerical methods have
been utilized to approximate the equation to calculate the
estimated state vector X, as will be explained in greater detail
below.

For purposes of understanding, the notation utilized in the
equations of the following methods will be described. The
circumflex symbol indicates an estimated quantity (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 mea-
surements taken up to and including time k). The tilde symbol
indicates the error of an estimated quantity (e.g., X, =x;,-X;~
and X, *=x,—Xx,"). The symbol ny:E[xyT ] indicates the cor-
relation or cross correlation of the variables in its subscript
(the quantities described herein are zero-mean, so the corre-
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lations are identical to covariances). The symbol 2_indicates
the same quantity as X . The superscript “I” is a matrix/
vector transpose operator.

Referring to FIGS. 2-3, a method for calculating the esti-
mated state vector X, utilizing a general sequential probabi-
listic inference methodology will be explained.

At step 60, the computer 28 determines a time interval that
the battery 12 has been electrically decoupled from the load
circuit 26. The time interval starts at a first time.

At step 62, the computer 28 obtains a first state vector x,,_,
associated with the battery 12 from a memory 46. The first
state vector X,_; is determined prior to the first time.

At step 64, the computer 28 calculates a second predicted
state vector X, associated with the battery 12 based on the
first state vector X,,_, and the time interval, utilizing the equa-
tion: X, =E[f(X;_1, U1, Wy 1 K= DIY, ]

At step 66, the computer 28 calculates a first covariance
value

Zek

associated with the second predicted state vector X, utilizing
the equation:

o = ElE)@E)]

At step 68, the computer 28 induces a voltage sensor 20 to
measure a battery voltage output by the battery 12 to obtain a
first battery voltage value after the first time interval when the
battery 12 is electrically coupled to the load circuit 26.

At step 70, the computer 28 estimates a second battery
voltage value associated with the battery 12 based on the
second predicted state vector X, utilizing the equation:

P E (X th,v35) | Y]

Atstep 72, the computer 28 calculates a voltage error value
based on the first battery voltage value and the second battery
voltage value.

At step 74, the computer 28 calculates a third predicted
state vector X,* associated with the battery 12 based on the
second predicted state vector X, and the voltage error value
V,—¥ utilizing the equation: X, *=X,”+L,[y;~¥,]. where the
value L, is determined utilizing the equation:

L = E[G) G IEGIGTD

The third predicted state vector X,* is the most accurate esti-
mate of the true state of the battery 12 produced by the
foregoing method.

At step 76, the computer 28 calculates a second covariance
value

,M+

s
-

associated with the third predicted state vector x,*, utilizing
the equation:
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Zf, = Ea - LSy L.

R

After step 76, the method is exited.

It should be noted that there are many methods for approxi-
mating the third predicted state vector x,*, described above.
For example, one method utilizes a linear Kalman filter,
another method utilizes a nonlinear extended Kalman filter,
another method utilizes a nonlinear sigma-point Kalman fil-
ter. These methods utilize different levels of computational
effort and produce different degrees of accuracy in the result-
ing state vector.

For example, referring to FIGS. 4-5, a method for calcu-
lating the estimated state vector X, utilizing a non-linear
extended Kalman filter will be explained. The following defi-
nitions are utilized in the equations of the method:

Of (i, i, Wi, k) B o Of (i, i, Wi, k)
G B Wi B , = 2 Tk M Wi 1)

A, =

, Ay e =f Iwy —
5 Ohlx, uy, vi, k) A OhCx, ug, vi, k)
C=—— Dy=—"""""

k Bxk k ka

=t V=T

At step 80, the computer 28 determines a time interval that
a battery 12 has been electrically decoupled from a load
circuit 26. The time interval starts at a first time.

At step 82, the computer 28 obtains a first state vectorx,,_,*
associated with the battery 12 from the memory 46. The first
state vector X,,_,* is determined prior to the first time.

At step 84, the computer 28 calculates a second predicted
state vector X, associated with the battery 12 based on the
first state vector X, ,* and the time interval, utilizing the
equation: X, =f(X,_,*,u, 1, W, .k-1,K).

At step 86, the computer 28 calculates a first covariance
value

Zek

associated with the second predicted state vector X,~, utilizing
the equation:

s e AT T
epAr1 Xy Aeer + B BBy

At step 88, the computer 28 induces the voltage sensor 20
to measure a battery voltage output by the battery 12 to obtain
a first battery voltage value after the first time interval when
the battery 12 is electrically coupled to the load circuit 26.

At step 90, the computer 28 estimates a second battery
voltage value associated with the battery 12 based on the
second predicted state vector X,~, utilizing the equation:

F=hE u v k).

At step 92, the computer 28 calculates a voltage error value
based on the first battery voltage value and the second battery
voltage value.

At step 94, the computer 28 calculates a third predicted

state vector X, * associated with the battery 12 based on the
second predicted state vector X, and the voltage error value,
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utilizing the equation: X, *=%,”+L,[y,~¥,]. where the value L,
is determined utilizing the equation:

Lkzxx,l;ékT[ ékzx,kiékT"'lA)kzvka] -1
At step 96, the computer 28 calculates a second covariance
value

+
Zi,k

associated with the third/predicted state vector X,*, utilizing
the equation:

2= (- L&),

After step 96, the method is exited.

It should be noted that in alternate embodiments, the esti-
mated state vector X, of the battery 12 can be calculated
utilizing a linear Kalman filter, a nonlinear sigma-point Kal-
man filter, a square-root linear Kalman filter, a square-root
extended Kalman filter, a square-root sigma-point Kalman
filter, a particle filter, and the like.

The system and methods for estimating a state vector asso-
ciated with a battery provide a substantial advantage over
other systems and methods. In particular, the system and
methods provide a technical effect of accurately estimating a
state vector associated with the battery at a time when a
battery is electrically coupled to a load circuit, after it has
been electrically decoupled from the load circuit for the time
interval.

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 an equiva-
lence may be substituted for elements thereof without depart-
ing from the scope of the invention. In addition, many modi-
fications may be made to the teachings of the invention to
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adapt to a particular situation without departing from the
scope thereof. Therefore, is intended that the invention not be
limited the embodiment disclosed for carrying out this inven-
tion, but that the invention includes all embodiments falling
with the scope of the intended claims. Moreover, the use of
the term’s first, second, etc. does not denote any order of
importance, but rather the term’s first, second, etc. are used to
distinguish one element from another.

What is claimed is:
1. A method for estimating a state vector associated with a
battery, the method comprising:
determining a time interval that the battery has been elec-
trically decoupled from a load circuit utilizing a com-
puter, the time interval starting at a first time;

obtaining a first state vector associated with the battery
from a memory device, the first state vector being deter-
mined prior to the first time;

calculating a second predicted state vector associated with

the battery based on the first state vector and the time
interval;

measuring a battery voltage output by the battery to obtain

a first battery voltage value after the first time interval
when the battery is electrically re-coupled to the load
circuit;

estimating a second battery voltage value associated with

the battery based on the second predicted state vector;
calculating a voltage error value based on the first battery
voltage value and the second battery voltage value;
calculating a third estimated state vector associated with
the battery based on the second predicted state vector
and the voltage error value; and

storing the third estimated state vector in the memory

device.

2. The method of claim 1, further comprising calculating a
covariance value associated with the third estimated state
vector.

3. The method of claim 1, wherein the step of calculating
the second predicted state vector comprises calculating the
second predicted state vector associated with the battery
based on the first state vector and the time interval utilizing at
least one of a Kalman filter, an extended Kalman filter, a
sigma-point Kalman filter, a square-root sigma-point Kalman
filter, and a particle filter.

4. The method of claim 1, wherein the step of calculating
the third estimated state vector comprises calculating the
third estimate state vector associated with the battery based
on the second predicted state vector and the voltage error
value interval utilizing at least one of a Kalman filter, an
extended Kalman filter, a sigma-point Kalman filter, a square-
root sigma-point Kalman filter, and a particle filter.

5. The method of claim 1, wherein the second predicted
state vector is indicative of at least a predicted state-of-charge
of the battery.

6. The method of claim 1, wherein the third predicted state
vector is indicative of at least a predicted state-of-charge of
the battery.



