wO 2007/024093 A1 |10 0 0O 00 OO A0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization Vd”Ij

) IO O T VO 0T

International Bureau

(43) International Publication Date
1 March 2007 (01.03.2007)

(10) International Publication Number

WO 2007/024093 Al

(51) International Patent Classification:
GOIR 31/36 (2006.01)

(21) International Application Number:
PCT/KR2006/003305

(22) International Filing Date: 23 August 2006 (23.08.2006)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

11/209,453 23 August 2005 (23.08.2005) US

(71) Applicant: .G CHEM, LTD. [KR/KR]; 20, Yoido-dong,
Youngdungpo-gu, Seoul 150-721 (KR).

(72) Inventor: PLETT, Gregory, L.; 4660, Squirreltail Drive,
Colorado Springs, Colorado 80920 (US).

(74) Agent: LEE, Kwang-Bok; 4F., Byukcheon Bldg., 1597-5,
Seocho-dong, Seocho-gu, Seoul 137-876 (KR).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,

AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HN, HR, HU, ID, IL,, IN, IS, JP,
KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK, LR, LS, LT,
LU, LV, LY, MA, MD, MG, MK, MN, MW, MX, MY, MZ,
NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT, RO, RS, RU,
SC, SD, SE, SG, SK, SL, SM, SV, SY, TJ, TM, TN, TR,
TT, TZ, UA, UG, UZ, VC, VN, ZA, ZM, ZW.
(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, NL, PL, PT,
RO, SE, S, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,
GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report

Fortwo-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations” appearing at the begin-
ning of each regular issue of the PCT Gagzette.

(54) Title: SYSTEM AND METHOD FOR ESTIMATING A STATE VECTOR ASSOCIATED WITH A BATTERY

28
44 10
= 3
ROM ] jo sz
42 40 VOLTAGE 24 26
SENSOR rJ /
CL&% 1Y) BATTERY CURRENT LOAD
22 SENSOR CIRCUIT
45 IJ CELLIN
TEMPERATURE 14
ad N SENSOR
RAM
o/

(57) Abstract: A system and a method for estimating a state vector associated with a battery are provided. The method includes
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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.
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SYSTEM AND METHOD FOR ESTIMATING A STATE VECTOR
ASSOCIATED WITH A BATTERY

Technical Field
The present invention relates to system and method for estimating a state vector

5 associated with a battery.

Background Art
Batteries are used in a wide variety of electronic and electrical 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
10 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
15 and a state of the battery changes during this time interval. A battery monitoring system,
however, 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.
20
Thus, the inventor herein has recognized a need for a system and a method for

estimating a state vector associated with a battery at a time when a battery is electrically
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coupled to a load circuit, after it has been electrically decoupled from the load circuit for

the time interval.

Disclosure of the Invention

A method for estimating a state vector associated with a battery in accordance
with an exemplary embodiment is provided. The method includes determining 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 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 from 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 system 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



10

15

20

25

WO 2007/024093 PCT/KR2006/003305

circuit. 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
voltage 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 still another exemplary embodiment
is provided. The article of manufacture includes a computer storage medium having a
computer program encoded therein for estimating a state vector associated 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
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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 calculating a voltage error value
based on the first battery voltage value and the second battery voltage value. The
computer storage medium further inclides 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 embodiments will become or are
apparent to one with skill in the art upon review of the following drawings and detailed
description. It is intended that all such additional systems and methods be within the

scope of the present invention, and be protected by the accompanying claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic of a system for estimating a state vector associated with a
battery in accordance with an exemplary embodiment;

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

Figures 4-5 are flowcharts of a method for estimating a state vector associated

with a battery in accordance with another exemplary embodiment.

Mode for Carrying Out the Invention
Referring to Figure 1, a system 10 for estimating a state vector associated with a
battery 12 is illustrated. The battery 12 includes at least a battery cell 14. Of course, the

battery 12 can include a plurality of additional battery cells. The system 10 includes one
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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 /O interface 46 of the computer 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 I/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 I/O interface 46 of the computer 28. The current

sensor 24 transfers the third output signal to the computer 28.



10

15

20

WO 2007/024093 PCT/KR2006/003305

6

The load circuit 26 is electrically coupled to the current sensor 24 and sinks or
sources a current from the battery 12. The load 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 (I/O) interface 46. The
CPU 40 operably communicates with the ROM 44, the RAM 45, and the I/O interface 46.
The CPU 40 includes a clock 42. The computer readable media including the ROM 44
and the RAM 45 may be implemented using any of a number of known memory devices
such as PROMs, EPROMSs, EEPROMS, flash memory or any other electric, magnetic,
optical or combination memory device capable of storing data, some of which represent

executable instructions used by the CPU 40.

Before providing a detailed discussion of the methodologies 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 to 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 logd 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-energized or electrically
de-coupled from the battery 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 battei'y 12 including possibly compensation for hysteresis effects, voltage polarization
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effects, and self-discharge. The duration of time that the device was de-energized may be

measured using the clock 42 of the computer 28.

It is assumed that a mathematical model of the battery cell dynamics is known,
and may be expressed by using a discrete-time state-space model including a state

equation and an output equation, as will be described below.

The state equation utilized to determine the state vector associated with the

battery 12 is as follows:
X = [ty Wiy, —1,k)

wherein,

xz 1s the state vector associated with the battery 12 at time index 4;

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

Wy 18 a process noise or disturbance that models some unmeasured input which affects the
state of the system; and

S 1,1, Wi—1,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 determined utilizing the
following equation:

Ve = h(x,,u,v, k)
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wherein,
h(xp,u,Virk) 1S @ measurement function; and
v is sensor noise that affects the measurement of the output of the battery 12 in a

memory-less mode, but does not affect the state vector of the battery 12.

The following system utilizes probabilistic inference to determine an estimated

state vector £, of the state vector x, given all observations Y: ={yo, y1, ;. A

frequently used estimator is the conditional mean:

S = Elx | Y= [ 5p0x | o),

where R, is the range of x;, and E[ ] is the statistical expectation operator. The

foregoing equation computes a posterior probability density p(x | Yi) recursively.
Because the foregoing 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., % 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., %, 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, —%; and ¥ =x, —%;). The symbol > »=E[xy"] indicates the correlation or

cross correlation of the variables in its subscript (the quantities described herein are zero-

PCT/KR2006/003305
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mean, so the correlations are identical to covariances). The symbol 3, indicates the

same quantity as >.,.. The superscript "T" is a matrix/vector transpose operator.

Referring to Figures 2-3, a method for calculating the estimated state vectorX,

utilizing a general sequential probabilistic 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 equation: %, = E[f(x,_,4, >, W,k =] Y, ]

At step 66, the computer 28 calculates a first covariance value X7, associated

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

%z, = EfE@ED |

At step 68, the computer 28 induces a voltage sensor 20 to measure a battery
voltage output from 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.
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At step 70, the computer 28 estimates a second battery voltage value associated

with the battery 12 based on the second predicted state vector ¥, , utilizing the equation:

9y = Elr(x, v B 1 Y, ]

At step 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 %, associated
with the battery 12 based on the second predicted state vector £ and the voltage error
value y, — 7, , utilizing the equation: % =% +L,{y, —»,]. where the value L, is
determined by utilizing the equation:

1, = BlEn G0 {ElGoGo )
The third predicted state vector £; is the most accurate estimate of the true state of the

battery 12 produced by the foregoing method.

At step 76, the computer 28 calculates a second covariance value X3 .associated
with the third predicted state vector X , utilizing the equation:

Ti, =33, ~ L35, L;. After step 76, the method is exited.

Tt should be noted that there are many methods for approximating 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 2 nonlinear sigma-point Kalman filter. These methods utilize different



10

15

20

WO 2007/024093 PCT/KR2006/003305

11

levels of computational effort and produce different degrees of accuracy in the resulting

state vector.

For example, referring to Figures 4-5, a method for calculating the estimated state

vector £, utilizing a non-linear extended Kalman filter will be explained. The following

definitions are utilized in the equations of the method:

o T G W B) 52 ¥ G, 0|
£ 2 a ow,
Xt X =27 k Wy =¥y
& Oh(x%y, 2>V, B)| B, = kst )

ox, ov,

X =8 Ve=,

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 vector £;_, associated with the
battery 12 from the memory 46. The first state vector £/, is determined prior to the first

time.

At step 84, the computer 28 calculates a second predicted state vector
% associated with the battery 12 based on the first state vector %;_, and the time interval,

utilizing the equation: %, = f(%;_,u,_,w,_,k—Lk).

At step 86, the computer 28 calculates a first covariance value I, associated
with the second predicted state vector £ , utilizing the equation:

_ A en Ap oA .
Yok =4 Xz Ay + B2 B .
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At step 88, the computer 28 induces the voltage sensor 20 to measure a battery
voltage output from 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 £; , utilizing the equation:

Ve =X, u,, 9, 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 % associated
with the battery 12 based on the second predicted state vector x; and the voltage error
value, utilizing the equation: £ = X + L,[y, — §, 1. where the value L, is determined
utilizing the equation:

L =x;,ClCs; CF+ D DI

At step 96, the computer 28 calculates a second covariance value Z; passociated
with the third predicted state vector £; , utilizing the equation:

2%, = (- L,C)25,. After step 96, the method is exited.

It should be noted that in alternate embodiments, the estimated state vector £, of
the battery 12 can be calculated utilizing a linear Kalman filter, a nonlinear sigma-point
Kalman 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.
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The system and methods for estimating a state vector associated 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
ROM, 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 computer, or transmitted over
some transmission medium, such as over electrical wiring or cabling, through fiber optics,
or via electromagnetic radiation, wherein, when the computer program 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 microprocessor 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
equivalence may be substituted for elements thereof without departing from the scope of

the invention. In addition, many modifications may be made to the teachings of the
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invention to 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 invention, 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.
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CLAIMS

L. A method for estimating a state vector associated with a battery, the method
comprising the steps of:

determining a time interval that the battery has been electrically decoupled from a
load circuit, the time interval starting at a first time;

obtaining a first state vector associated with the battery from a memory, the first
state vector being determined 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 from 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; and

calculating a third estimated state vector associated with the battery based on the

second predicted state vector and the voltage error value.

2. The method of claim 1, further comprising calculating a covariance value

associated with the third estimated state vector.



10

15

20

25

WO 2007/024093 PCT/KR2006/003305

16

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.

7. A system for estimating a state vector associated with a battery, the system
comprising:

a voltage sensor configured to measure a voltage output from the battery; and

a computer operably coupled to the voltage sensor, the computer configured to

implement the steps according to any of claims 1 to 6.

8. A computer storage medium having a computer program encoded therein
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for estimating a state vector associated with a battery, the computer storage medium

comprising a program implementing the method as claimed in any of claims 1 to 6.
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