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(57) Abstract: Methods, systems, and apparatus, including computer programs encoded on computer storage media, for the genera-
tion and use of an electro-thermal battery model. One of the methods includes obtaining battery data comprising voltage values, with
each voltage value corresponding to an operating state of the battery. The method includes selecting a battery model having convex
parameters and non-convex parameters. The method includes processing the battery data by performing a fitting procedure to de -
termine values of the convex parameters and non-convex parameters. The fitting procedure includes fitting the convex parameters
with respect to the battery data during which the non-convex parameters are held fixed. The fitting procedure includes fitting the
non-convex parameters with respect to the battery data. The fitting procedure also includes creating an electro-thermal model for a
battery from the selected battery model using the fitted values.
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SYSTEM AND METHOD FOR THE GENERATION AND USE OF AN
ELECTRO-THERMAL BATTERY MODEL

CROSS-REFERENCE TORELATED APPLICATION
This application claims priority to U.S. Non-Provisional Patent Application Serial
No. 15/044,454, filed on February 16, 2016 and entitled “SYSTEM AND METHOD
FOR THE GENERATION AND USE OF AN ELECTRO-THERMAL BATTERY

MODEL”, the entire contents of which is hereby tncorporated by reference in #s entirety.

BACKGROUND

An electric battery is a device consisting of two or more electrochemical cells that
convert stored chemical energy into electrical energy. Each cell has a positive terminal, or
cathode, and a negative terminal, or anode. The terminal marked positive is at a higher
clectrical potential energy than is the terminal marked negative. The terminal marked
negative is the source of electrons that when connected to an external circurt will flow
and deliver energy to an external device. When a batterv is connecied to an external
circint, electrolytes are able to move as ions within, allowing the chemical reactions to be
completed at the separate terminals and so deliver energy to the external circuit. The
process of converting chemical encrgy to electrical energy involves losses which are

converted to heat.

SUMMARY

This specification describes technclogies relating to individual cells and batteries.

In general, one innovative aspect of the subject matter described m this
specitfication can be embodied in methods that include, 1n aspect 1, the actions of
obtaining battery data comprising voltage values, with each voltage value corresponding
to an operating state of the battery. The method includes the actions of selecting a battery
model, the battery model having convex parameters and non-convex parameters. The
method includes the actions of processing the battery data by performing a fitting
procedure to determing values of the convex parameters and non-convex parameters. The
fitting procedure includes fitting the convex parameters with respect to the battery data
during which the non-convex parameters are held fixed. The fitting procedure includes

fitting the non-convex parameters with respect to the battery data. The fitting procedure
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also includes creating an electro-thermal model for a battery from the selected battery
model using the fitted values of the convex and non-convex parameters.

The foregoing and other embodiments can cach optionally include one or more of
the following features, alone or in combination.

An aspect 2 according to any combination of aspects 1, and 3 - 20, wherein the
fitting of the non~convex parameters triggers fitting of the convex parameters.

An aspect 3 according to any combination of aspects 1-2, and 4-20, wherein the
fitting procedure is configured to continue fitting the non-convex parameters vntil values
of a cost function satisfies a predefingd threshold.

An aspect 4 according to any combination of aspects 1-3, and 5-20, wherein the
fitting procedure comprises a nested loop procedure in which the convex parameters are
fit with respect to the battery data using an mner loop during which the non-convex
parameters are held fixed, and the non-convex parameiers are fit with respect to the
battery data using an outer loop.

An aspect S according to any combination of aspects 1-4, and 6-20, wherein the
battery model includes an electrical model and a thermal model, the electrical model
configured to predict battery voltage and heat generation, and thermal model being
contigured o predict temperature based on the heat generation and the difference between
predicted temperature and measured temperature i1s used n the Hitting procedure.

An aspect 6, according to any combination of aspects 1-3, and 6-20wherein the
battery model uses basis vector functions to represent the at least one convex parameter
over a range of battery states and the battery state include some set of battery temperature,
state of charge, and age.

An aspect 7 according to any combination of aspects 1-6, and 8-20, wherein
difference between the predicted temperature and the temperature data is included m the
cost function used m the fitting procedure.

An aspect & according to any combination of aspects 1-7, and 9-20, wherein the
battery data is collected from multiple, difforent batteries.

An aspect 9 according to any combination of aspects 1-8, and 10-20, where the
battery data is collected from a plurality of thermal environments,

An aspect 10 according to any combination of aspects 1-10, and 11-20, wherein

the battery data is collected from multiple measurement systoms.

)



WO 2017/142750 PCT/US2017/016887

An aspect 11 according to any combination of aspects 1-11, and 12-20, further
comprising encoding the electro-thermal model in electronics to monitor battery
performance in an automobile.

An aspect 12 according to any combination of aspects 1-11, and 13-20, further

(o]

mehiding encoding the clectro-thermal model in clectronics to monitor battery
performance in a mobile electronic device.
An aspect 13 according to any combination of aspects 1-12, and 14-20, further
comprising a simulation system configured to execute a numerical simulation of a battery.
An aspect 14 according to any combination of aspects 1-13, and 15-20, wherein
19 selecting the battery model comprises comparing a plurality of battery models and
selecting the battery model having the Towest cost function.

An aspect 15 according to any combination of aspects 1-14, and 16-20, wherein
the at least one convex parameter is selected based on a convex cost function.

An aspect 16 according to any combination of aspects 1-15, and 17-20, wherein

i5 selecting the battery model comprises comparing the number of non-convex parameters
to a threshold.

An aspect 17 according to any combination of aspects 1-16, and 18-20, wherein
selecting the battery model includes determuning a ratio between the non-~-convex
parameters and the convex parameters, and comparing the ratio to a threshold.

20 An aspect 18 according to any combination of aspects 1-17, and 19-20, wherein
the electro-thermal model 1s predictive over a continuous range of battery operating states
which compromises a subset of the conditions experienced by the battery or all design
conditions the battery will expenence.

A aspect 19 according to any combination of aspects 1-18, and 20, wherein the

2
Lo

fitting enables efficient processor use by selecting the non-convex parameters prior to
selecting the convex parameters.

An aspect 20 according to any combination of aspects 1-19, wherein the operating
state of the battery comprises at least one of tomperature, clectrical current, and state of

charge.

Particolar embodiments of the subject matter deseribed in this specification can be
mmplemented so as to realize one or more of the following advantages. Electro-thermal

models for batteries can be efficiently produced. Batteries may be monttored and
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controlled using clectronics using less processing power than required to manage and
compute more complex equations.
The details of one or more embodiments of the subject matier described m this

specification are set forth in the accompanying drawings and the description below.

(o]

Other features, aspects, and advantages of the subject matter will become apparent from

the description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 illustrates a typical voltage response of a batiery to a current pulse.
FIG. 2 illustrates an example of a circuit to represent a battery.
19 FIG. 3 llustrates an example of a battery data collection system.
FIG. 4 illustrates an example of a model generation system.
FIG. 5 illustrates a structure of equations for a discretized model.

FIG. 6 13 a flow chart of an example of a process for fitting a model using test

data.
15 FIG. 7 1s a graph that illustrates a convex function.
Like reference numbers and designations in the various drawings mdicate like
clements.
DETAILED DESCRIPTION
2% A battery is an electro-thermal system. It 13 primarily used to store electrical

energy. its efficiency and electrical behavior are closely tied to the temperature of the
clements i a batiery. A low order ¢lectrical model can be used to predict and control the
electrical behavior of a battery. For example, a low order model can be used to identifv a
range of charge and discharge power over which the battery can be used with mimimal

25 cffect on battery durability. This is done by using predicted voltages and heat gencration
to identify when excessive temperatures or chemical concentrations occur.

The electrical and thermal conditions on its boundanes interact. Furthermore, the
response of a battery to a change on its boundaries is a function of previous changes at the
boundaries. For example, under constant thermal conditions, a change in the current at the

30 terminals of a batterv results in a response which retlects the current and 1onic distribution
within the battery and its inferactions with the surrounding materials. FIG. 1 illustrates a

typical voltage response 102 of a battery to a current pulse 104, Additionally the changes
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in voltage are correlated with the generation of heat in the battery which leads to changes
i the temperature of the battery.

This battery electrical behavior can be modeled using different approaches. One
approach s based on the use of partial differential equations which describe the electrical
and 1onic behavior within a cell. The partial differential equation approach models the
physics within a cell o predict the electrical behavior. Another approach is to model the
obscrved behavior using cquations which mimic that behavior. For example, using an
equivalent circuit model as shown in FIG. 2. This explanation will focus on the use of
equivalent circuit models. However these approaches apply to systems of ¢quations which
cannot be described using electrical circuit models. In all of these techniques, test data is
used to tune the model to match experimental resulis.

For tllustration of the system, the circuit shown m FIG. 2 will be used. In this
model parameters can be tuned to predict battery voltages given current and voltage
mformation. Additionally, these parameters can vary o represent the changes which are
observed with temperature, state of change (SOC) and age.

Conventional techniques estimate electrical parameters given at a single
temperate, SOC, and age using only voltage and current measurements. In the system
described herein, the electnical parameters are estimated for all temperature, SOC, and
age conditions from measurements of voltage, current, and temperatures. A
representation of the electrical parameters is used so that modeling error is convex with
respect to the majority of the clectrical paramcters. Additionally, basis functions are used
both to ensure convexity and to represent the elecinical parameters over a range of
temperature, 50, and age. Further, a thermal model 202 coupled to the losses in the
clectrical model 204 so that observed teraperatures provide additional information for the
estimation of electrical parameters.

Referring to FIG. 2, the clectrical model allows the terminal voltage 208 across
the poles of the battery to be determined. The generation of electrical heat is ropresented
bv the arrows 206a-d, indicating the gencration of heat in the electrical model 204, The
thermal model 202 allows for the temperature of the battery to be determined at point
210, where the external temperature can be determined at point 212, Fig 2 is an
exemplary model. In practice, any system of equations representing the elecirical
behavior, the thermal behavior, and the coupling between the two may be applied.

FIG. 3 is an example of a battery data collection system 300. The components of

the system may be in one location or distributed spatially.
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A battery electrical load 302 15 a device with generates a time varving signal on
the battery causing the voltage and current to vary over time. A baitery 304 is the electro-
chemical device to be characterized. The thermal environment 306 exchanges thermal
energy with the battery 304. [is state is measured and known sufficiently to charactenze
the heat exchange with the battery. The temperatire sensing hardware 308 detects
temperatures and or heat flows in the batiery 304 and the thermal environment 306. The
temperature measuring system 314 converts the sensed signals into a form which can be
recorded. The voltage and current measurement system 312 converts voltage and current
measurements into a form which can be recorded. The electrical data is typically collected
at the battery ternunals 310, The data recording system 316 stores the measured
imformation from the voitage and current measurement svstem 312 and the temperature
measurement svstem 314, The model generation system 318 in converts the data recorded
in the data recording system 316 mto electrical parameters which are provided to the
maodel storage svstem 320, The model generation system 318 is described in depth below.

In some implementations, this type of sysiem includes laboratory setups and
embedded setups. Examples of embedded setups include stationary systems such as
uninterruptible power supphies and mobile applications such as vehicles or cell phones.
This system may also be applied to generation of models for numerical simulation and
analysis.

The mode! generation system 318 incorporates a battery electro-thermal model
which is convex with respect to a majority of parameters, a thermal model which predicts
temperatures, and a method to select the best set of parameters for the electrical model.
This svstem is llustrated i FIG 4. The data recording system (316 of FIG. 3) provides
{20) temperature data 402 and clectrical data 404, This system generates battery
parameter values 406 for a battery model consisting of parameters which are 1dentified as
convex and non-convex. The convex parameters satisfy the properties of convexity with
respect to differences between the electrical measurements 404 and battery voltage
predictions 408, Additionally, the convex parameters satisfy the properties of convexity
with respect to the differences between the thermal measurements 402 and the battery
temperature predictions 418,

The battery electro-thermal model 410 satisfies the following properties. It has
convex and non-convex battery parameters 406 which are assigned from the parameter
value selector 412, Additionally, the battery parameter values 406 contain mitial

conditions for the battery models. The electrical model 410 generates a voltage prediction

6
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408 and a heat prediction 414, Finally, the parameter values include initial conditions.
The battery parameter values 406 are also capable of defining the battery model for
combinations of temperature, SOC, and aging.

An mmplementations for this model 1s realized by the equations:

Eq.1 2 (1) = ey (&) + e i{t]
/ ) Pei (S} - wiy 18 @ (SO} wry b
-1
Eg.2 Fy (8} = e 0, () A e ()
5 /O Prz {\5@2’) TWTy 2(8) P2 {S(t)) Wiy !
£q.3 Voc(f) = (3.,0((5(?)) WV
Eq.4 V(&) = Vo @)+ 8} Pro (3«’(t}> “WRy -+ xy (6 - (Pm(s(t.)} “WRy 4 x5(t)  Pra (5(’5)} " wR;
Eg.5 gty = i*{t) - @xo(s(fn wRp + ()% - mRJ(S(t)) “WRy + (Y o (5(5)) CWR,

The cquations m BEQ. 1 through EQ. 5 simulate the electrical and thermal heat
generation by battery. The equations correspond to the electrical circuit shown in FIG. 2.
This model s illustrated using differential equations. In these equations, the symbol t

10 represents time. The symbol #{t} used in EQ. 1, EQ. 2, EQ. 4, and EQ. 5 is the current
measurcment contained in the battery electrical measurements 404, The symbol V(7
calculated 1n EQ. 4 1s the predicied voltage 408 and 1s an output from the battery cleciro-
thermal model 410, The symbol g(r} is the heat generated with the battery and 1s heat
generation cutput 414, The symbol S{7) reprosents the state of the battery at a given

i5 mstant and is some combination of batiery temperature, SOC, and age at a given mstant
in time. The symbols in EQ. 1-5 are the convex and non-convex parameters in the model
which are generally vectors. EQ3. 1-4 describe the electrical behavior of the battery. EQ. 5
describes the heat generation by the battery. The inttial values for this model arc
contained in the parameters as the values of x1{0) and x2(0).

26 So that the parameters in Table 1 (below) describe the operation of the battery at
all states of operation represented by S(€), the vector of values is multiplicd by a basis
vector function represented by the symbol @(5). This basis vector fumction return a basis
function for a given value of S. A simple example of a basis vector function is a function

where each element in the basis vector corresponds 1o a specific value of 5. For a given

2
Lo

value of 5, the clement of the vector which 1s closest to S is assigned a value of one while
all other clements are assigned a value of zero. In this particular basis, the nearest-
neighbor to S 1s set to a value of one. Many functions satisfy this property and can

provide an appropriate basis.
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The remaining symbols in Eq. 1 through Eg. 5 are mntermediate values used m the

calculation of values in Eq. 4 and Hq. 5.

Medel parameter Symbel {onvexity
Open circutt voltage WVge Convex
Resistance for positive current WwR, Convex
Time constant #1 Wy Non-Convex
BC gam #1 whRy Convex
Time constant #2 W7o Non-Convex
BC gamn #2 wR, Convex
Initial time constant value 1 x,{0) Non-Convex
Initial time constant value 2 x2{0) Non-Convex

Table 1 — Parameters in Battery Electrical Model
The thermal model 416 provides a prediction of one or more temperatures which
5 are observed i, on, or arsund the battery given the heat generation by the battery and
boundary conditions for its themmal environment (206 of FIG. 2). This model may be
realized in many ways. An exemplary thermal model 15 shown in Eq. 6 In this model, the
heat generation 414 input from the battery ¢lectro thermal model 410 1s represented by

g (). The parameters for this model are shown in Table 2.

10 Eg.6 T =q(e) = A (T~ Tue(8))
Model parameter Symbol
Initial Temperature T{0)
Heat transfer h
Boundary Conditions Tont ()

Table 2 ~ Parameters in the Battery Electrical Model
The parameter value selector 412 compared the clectrical 404 and thermal 402
measurements with the predicted battery voltage 408 and temperatures 418, Using this
15 difference and the stracture of the model equations, the selector will find the best convex
parameter values for cach non-convex parameter value set evaluated. The best parameters
are found which mmimize a cost function that maps the clectrical and thermal errors to a

scalar value.
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For example, a simple battery electro-thermal model can include of an open
circuit voltage with a resistor. This model is equivalent to a simple resistive electrical
circuit. The equations for this model are shown below.

V=V, +] R
3 g=1?R

In these equations, V is the voltage at the terminal, V. is the open circuit voltage,
I 1s the current, R is the resistance, and @ 1s the heat generated. This model lacks
sensitivity to temperature and state of charge (8OC). To address this, the open circuit
voltage and resistance is represented by fumctions of temperature and SOC, creating a

19 new system of equations for the model.
V=V, (T.50CYy+ 1 -R(T,50C)
Q= {*-R(T,50C)

The variable T represents the temperature and SO represents the state of charge.

This tvpe of model is usually tuned to match test data by representing the temperature and

15 SOC with tables. The table’s entrics are selected by performing tests at different
temperatures and SOC and choosing entries to best match the test results for cach
condition independently.

This system of equations is convex for changes in ¥, and 8. When V, (T, 50C)
and R{T, SOC} are represented by weighted sums of lincar basis functions, then the

20 resulting model is convex with respect to the parameters to be fit.

This simple resistive circuit model can be expanded to include addition circuit
glements and functional behaviors. For example, the following differential equation is
cguivalent to an electrical circuit with an RC circuit in series with the previous model.

AVecs . Vre / , +1/.
/dt J(R(T,S0CY- C,(T, 500y}~ 74
25 V=V, +V,T,50C)+ 1 R(T,S50C)

V2 (T SOCY/
Q = 17 R(T,500) + Ve S0 (T.500)

In this model, the value of the parameters RV, .84, and C; can be selected by
measuring battery operation about a give temperatare and SOC, then assigning the results
of this data to the resulting parameters. Increasingly complex battery models can be

30 generated by adding additional cquations. These additional equations may include cffects

such as hysteresis and non-hinear resistance.
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This model 1s nonconvex with respect to Ry, and £, and convex with respect to R
and V..
Another approach to battery modeling 1s to generate a model from geometry and
physics, expressed in partial differential equations. The equations below llustrate a
5 battery modcl for a high power lithinm ion cell under constant teraperature conditions.
The 1on concentration m this model 1s a high dimensional equivalent to the SOC. The cell
consists of a lithinm-carbon (Li-C} electrode, a hithium electrode, an electrolyte region
between the two electrodes and a reference a ithrum-aluminum (Li-Al) electrode located
in the center of the electrolvte region. The cell has a width of /) +/, where the Li
10 electrode has 0 width is located at x =0, /, s the width of the electrolyte region and /, 18
the width of the L1-C electrode.
This cell is described via partial differential equations in three dimensions for the
clectrodes and electrolyvte regions in the cell. Boundary conditions are specified tor cach

of these regions. The equations are presented here in Table 3 to illastrate their structure.

i5 For the electrolyte region:
de &
=D—
f ox’
~ SRS
i MD, b ( 0} U{l]‘i(()}}
EX Q() ox f G) s
]
L
o

20 = D L

; ab, o (1 vo}('ﬁ(in(c))
........................................ — [ PR S A,
N
ex{c) o N Ox
i
%
(2 - 0
Ox
oD,
& ¢
OX
09, o
2’16¢ _"5;“ - w”s] n
25 The Li clectrode is assumed to possess trivial dynamics and those are ignored.

10
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The boundary conditions are:

gN, =1 at x=0

/,
(D 2 josed 0 ai X = PEEN
2
~ o . e
m g —=Im g —
T Ox T Oy
hmml,l, ¢ =lim oy € —

m @, =lm D,
¥ 2 x> 4

1

bm _i-bm_ &7, =0

Xl EES A
N =0
i, =0
5 : catx =1 +1,
(;Dl =z VJ
1= icei."

With the following auxiliary equations:

Ve \i-B

@,e07 _(1-@) 7"

;)7 == (D} — ('DZ - 7—]9 4:_{/]”] (G)T)

s 0
. ge ‘
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1o N, ===+~ i Li-C electrode region
ox F

@, +a,07)
t+a (@, +a,07)
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»

Vi (®1 ) =iy
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J
\ " ax / ! \ max  /

......

o :’/ ez Y] — 3 '/m—m .
K(c) =K ------------ exp B(’”ﬁ - M, ) 4' ..

Table 3 - 1-D PDE Cell Model

15 In this form, the two state variables, ¢ and ©,, are elements of the space

C'[0.7,+1, ) and €41, +1,] respectively. Both are differentiable with respeet to 7.

Fitting this battery model usually involves using known physical properties for the

1
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majority of parameters, then using lab experiments to tune remaining parameters for
operation at a given temperature. To make tuning and simulation easier, a common
technique is to discretize the model in space. This discretization results in the model

shown below m Table 4. To arrive at thas result, the coefficients in the PDE model are

(o]

combined and simplified, resulting in new coefficients.
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where

¢, € R™1is a vector containing the average electrolyte concentration in the »
discretized segments in the Li-C electrode.
10 ., e R™1s a vector containing the average fractional occupancy in the Li-C
electrode

¢, € R™ 15 a vector containing the average clectrolyte concentration in the #,
discretized segments i the electrolvte region.
i, e R" isthe average current density across the eloctrochemical interfaces

between segments in the electrode region

-
e
U2

1= R™" is the potential across the electrochemical interfaces
e R*™™ is the state vector of the system.

- s I+l ~ .
z=1il o 1 e R*™ is the vector of algebraic states

w=[i, TeR isthe input vector, the terminal current density

=4
<

Y= [»rm] e R 1s the output vector, the terminal voltage between the Li-C current

collector and the Li-Al reference electrode

Table 4 — Discretized 1-D Model

12
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For this type of problem, separation of convex and non-convex parameters can be
calculations from above. To help illustrate the structure of the equations, see Error!
Reference source not found., for a discretized model 500 of the clectrode with five
regions. Given knowledge of the concentration (¢} at the nodes 1n the discretized model,
then this five node model has /; and ¢, though ¢ known. The unknowns are parameters
of interest and the variables vygm, Vi, through Vy, and [ through [, Eleven simultancous
cquations are available. If R, and R, arc parameters to fit, then by solving for their

nrverse (for example, 1 / R())’ a convex fiting problem is available. However, if resistance

is not inverted, then the resulting fit is nonconvex.

FIG. 6 13 a flow chart of an example of a process 600 for fitting a model using test
data. After the process 600 starts 602, the process 600 measures 604 batter boundary
conditions for current, voltage, and temperature over time. For example, referring to FIG.
3, the battery electrical load 302 and thermal environment 306 establish time varying
boundary conditions on the battery 304, In some implementations, battery data can be
collected from multiple difforent batterics and mwltiple ditferent thermal environments.
The battery data can also be collected from multipie different measurement systems.
Battery data can also come from other sources including a simulation of battery
performance.

Referring back to FIG. 6, the process 600 sciects 606 a parameterized dynamic
model for the battery electrical behavior. The dvnamic model can be a parametenized
battery model which can be selected for use in the battery electro-thermal mode! (for
cxample, the battery clectro-thermal model 410 of FIG. 4). The dynamic model can use
basis vector functions to represent the parameters over a range of battery states (for
example, temperature, state of charge, and age).

The process 660 generate 608 a thermal model for the battery. The model of the
(3) battery and its thermal environment can be gencrated for use in the thermal model.
The thermal model may be, for example, the thermal model 416 of FIG . 4.

The process 600 selects 610 values for the non-convex parameters for the battery
model. The process also selected 612 selects values for the convex parameters for the
dvnamic battery model. The parameters may be selected by a model gencration system,

such as the model generation system 318 of FIG. 3. The values for the parameters can
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mclade weights applied to basis functions and intercept adjustments to the basis
functions.

The process 600 can perform a search to find the best parameter values for the
battery electrical model for a convex cost function of the errors between the predicted
voltages and temperatures. This is done by a nested process where the non-convex
parameter values are sclected (610}, and then a convex optimization is performed using
the cost function and the convex portion of the battery model to select 6172 the convex
parameter values. Fitting the non-convex parameter values may trigger fitting of the
convex parameter values. In some implementations, selecting non-convex parameters
may include an tterative fitting procedure in which different values or functions are fit to
the non-convex parameters in a loop.

The process 600 improves the vtilization the computer or processor executing it
The processor utilization is improved because the process 600 reduces the processing
time required to generate an electro-thermal model. The process 600 by focusing on
fitting 600 the fewer non-convex parameters prior to fitting the convex parameters, the
process 600 intelligently selects the parameters to use. For example, fitting convex
parameters is less cost intensive than fitting non-convex parameters. Accordingly models
may be selected that include relatively tewer non-convex parameters. In some
nplementations, selecting a battery model may mehude comparing the number of non-
convex parameters to a threshold. In some implementations, selecting a battery model
may include deternining a ratio between the non-convex parameters and the convex
parameters. The ratio may then be compared the ratio to a threshold.

The process 600 evaluates 614 the errors between the measurement and the
voltage and thermal outputs of the battery models. Generally, the process evaluates the
difference between the electro thermal model’s predicted results and the measured values
are low enough (616} then the parameter values arc combined 618 and used to create an
clectro thermal model.

If the error are not low cnough the process 600 retums to select 610 new
parameter values.

The fitted electro thermal model can be used to predict battery function over a
continuous range of battery operating states. The range of battery operating states may
mclude a subset of the conditions expected to be experienced by the battery during its

aseful life.

14
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Once an electro thermal model 1s selected, the model can be encoded or integrated
1nto electronic devices to monitor and predict the performance of the battery. For
example, the electro-thermal mode! can be integrated into an automobile or a mobile
electronic device.

FIG. 7 is a graph 700 that illustrates a convex function. A fimetion is convex with
respect to a variable if along every interval, the value of the function is less than any point
along a line between the ends of the nterval. Another definition of convexity is if f(Bx +
(1 -8y <8fx) + (1 — 83/y) for 0 <8 < 1 then the domain of x. ¥ is also convex.

Convexity may be determined by analysis of equation stracture. It may also be
determined experimentally with a high degree of certainty through cvaluation of gradient
and sampling.

Embodiments of the subject matter and the operations described in this specification
can be mplemented in digital electronic circuitry, or in computer software, firmware, or
hardware, including the structures disclosed in this specification and their structural
equivalents, or in combinations of one or more of them. Embodiments of the subject matter
described in this speetfication can be implemented as one or more computer programs {(also
referred to as a data processing program) {i.¢., one or more modules of computer program
mstructions, encoded on computer storage medium for execution by, or to control the
operation of, data processing apparatus). A computer storage medium can be, or be
ncluded in, a computer-readable storage device, a computer-readable storage substrate, a
random or senial access memory array or device, or a combination of one or more of them.
The computer storage medium can also be, or be included n, one or more separate physical
components or media {¢.g., multiple CDis, disks, or other storage devices). The subject
matier may be implemented on computer program instructions stored on a non-transitory
computer storage medium.

The operations described in this specification can be maplemented as operations
performed by a data processing apparatus on data stored on one or more computer-readable
storage devices or received from other sources.

The term ““data processing apparatus” encompasses all kinds of apparatus, devices,
and machines for processing data, including by way of example: a programmable
processor, a computer, a systern on a chip, or multiple ones, or combinations, of the
foregomg. The apparatus can mchude special purpose logic circuitry {(e.g., an FPGA (ficld
programmable gate array) or an ASIC (application specific integrated circuit)), The

apparatus can also include, in addition to hardware, code that creates an execution

[
(¥,
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environment for the computer program i question {e.g., code that constituies processor
firmware, a protocol stack, a database management system, an operating system, a cross-
platform runtime environment, a virtual machine, or a combination of one or more of them).
The apparatus and execution environment can realize various different computing model
ifrastructures, such as web services, distnbuted computing and gnd computing
infrastructires.

A computer program (also known as a program, software, software application,
script, or code) can be written in any form of programming language, inclading compiled
or interpreted languages, declarative or procedural languages, and it can be deployed in any
form, including as a stand-alone program or as a module, component, subroutine, object,
or other unit suitable for use in a computing environment. A computer program may, but
need not, correspond to a file in a file system. A program can be stored in a portion of a
file that holds other programs or data {¢.g., one or more scripts stored in a markup language
document), in a single file dedicated to the program in question, or in multiple coordinated
files (e.g., files that store one or more modules, sub programs, or portions of code). A
computer program can be deploved to be executed on one computer or on multiple
computers that are focated at ong site or distributed across multiple sites and mterconnected
by a communication network,

The processes and logic flows desceribed m this specification can be performed by
one or more programmable processors executing one or more computer programs to
perform actions by operating on nput data and generating output. The processes and logic
flows can also be performed by, and apparatus can also be implemented as, special purpose
fogic circuitry {e.g., an FPGA (field programmable gate array) or an ASIC (application
specific integrated circut}}.

Processors suitable for the execution of a computer program include, by way of
cexample, both gencral and special purpose microprocessors, and any one or more
processors of any kind of digital computer. Generally, a processor will receive instructions
and data from a read only memorv or a random access memory or both. The essential
clements of a computer are a processor for performing actions m accordance with
nstructions and one or more memory devices for storing instructions and data. Generally,
a computer will also include. or be operatively coupled to receive data from or transfer data
to, or both, one or more mass storage devices for storing data {c.g., magnetic, magneto
optical disks, or optical disks}), however, a computer need not have such devices.

Moreover, a computer can be embedded 1n another device (e.2.. 3 mobile telephone, a

16
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personal digital assistant (PDA)Y, a mobtile audio or video player, a game console, a Global
Positioning System {(GPS) receiver, or a portable storage device (2.g., a universal serial bus
(USB) flash duve}). Devices suitable for storing computer program instructions and data
include all forms of non-volatile memory, media and memory devices, including by way
of example, semiconductor memory devices {e.g., EPROM, EEPROM, and flash memory
devices), magnetic disks {e.g., intemal hard disks or removable disks), magneto optical
disks, and CI} ROM and DV-ROM disks. The processor and the memory can be
supplemented by, or incorporated in, special purpose logic circuitry.

To provide for interaction with a user, embodiments of the subject matter described
i this specification can be implemented on a computer having a display device {e.g., a
CRT (cathode ray tube) or LTD (hiquid cryvstal display) monitor) for displaving information
to the user and a keyboard and a pointing device {¢.g., a mouse or a trackball} by which the
user can provide input to the computer. Other kinds of devices can be used to provide for
mteraction with a user as well; for example, feedback provided to the user can be any form
of sensory feedback {e.g., visual feedback, auditory feedback, or tactile feedback) and input
from the user can be recetved in any form, including acoustic, speech, or tactile mput. In
addition, a computer can inferact with a user by sending documents to and receiving
documents from a device that s used by the user {for example, by sending web pagesto a
web browser on a user’s user device in response to requests received from the web
browser).

Fobodiments of the subject maticr described m this specification can be
mplemented in a computing system that mcludes a back end component {c.g., as a data
server), or that includes a middleware component {e.g., an application server), or that
includes a front end component {e.g., a user compuier having a graphical user interface or
a Web browser through which a user can mnteract with an implementation of the subject
matter described in this specification), or any combination of one or more such back end,
middleware, or front ead components. The components of the system can be
imterconnected by any form or medium of digital data communication {(cg. a
communication network). Examples of communication networks include a local arca

network ("LANT) and a wide area network ("WANT), an mter-network {e.g.

=

the Internet),
and peer-to-peer networks {¢.g., ad hoc peer-to-peer networks).

The computing system can include users and servers. A user and server are
generally remote from each other and typically interact through a commumication network.

The relationship of user and server arises by virtue of computer programs running on the

[-—
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respective computers and having a user-server relationship to each other. In some
embodiments, a server transmits data {e.g., an HTML page) tc a user device {e.g., for
purposes of displaying data to and recciving user input from a user interacting with the user
device}. Data generated at the user device {e.g., a result of the user interaction) can be
recetved from the user device at the server.

While this specification contains many specific implementation details, these
should not be construed as imitations on the scope of any inventions or of what may be
claimed, but rather as descriptions of features spectfic to particular embodiments of
particular inventions. Certain features that are described in this specification in the context
of separate embodiments can also be implemented 1n combination in a single embodiment.
Conversely, varnous features that are described n the context of a single embodiment can
also be implemenied in moltiple embodiments separately or in any suitable
subcombination. Morcover, although features may be described above as acting in cortain
combinations and even tnitially claimed as such, one or more features from a claimed
combination can in some cases be excised from the combination, and the claimed
combination may be directed to a subcombimation or variation of a subcombination,

Similarly, while operations are depicted in the drawings 1o a particular order, this
should not be understood as requiring that such operations be performed in the particular
order shown or in sequential order, or that all llustrated operations be performed, to achieve
desirable results. In certain circumstances, muldtitasking and paralie! processing may be
advantageous. Moreover, the scparation of various system components in the embodiments
described above should not be understood as requiring such separation i all embodiments,
and 1t shouold be understood that the described program components and systems can
generally be integrated together in g single sofiware product or packaged into nwdtiple
software products.

Thus, particular embodiments of the subject matter have been described. Other
embodiments arc within the scope of the following claims. In some cases, the actions
recited n the claims can be performed in a different order and still achieve desirable
results. In addition, the processes depicted in the accompanying figures do not
necessartly require the particular order shown, or sequential order, to achieve desirable
results. In certain implementations, nmwultitasking and paralle! processing may be

advantageous.
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CLAIMS
1. A method for processing battery data to generate an ¢lectro-thermal model for a
battery, the method comprising:

obtaining battery data comprising voltage values, with each voltage value

(o]

corresponding to an operating state of the battery;

selecting a battery model, the battery model having convex parameters and non-
convex parameters; and

processing the battery data by performing a fitting procedure to determine values
of the convex paramgeters and non-convex parameters, the fitting procedure

19 comprising:

fitting the convex parameters with respect to the battery data during which
the non-convex parameters are held fixed,

fitting the non-convex parameters with respect to the battery data, and

creating an clectro-thermal model for a battery from the selected battery

i5 model using the fitied values of the convex and non-convex
parameters.
2. The method of claim 1, wherein the fitting of the non-convex parameters triggers

fitting of the convex parameters.

3. The method of claim 1, wherein the fitting procedure is configured to continue
fitting the non-convex parameters until values of a cost function satisfies a

predefined threshold.

N
e
I

The method of claim 1, wherein the fitting procedure comprises a nested loop
procedure m which the convex parameters are fit with respect to the battery data
using an inner toop during which the non-convex parameters are held fixed, and
the non-convex parameters are fit with respect to the battery data using an outer
loop.

36
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5. The method of claim 1, wherein the battery model includes an electrical model
and a thermal model, the electrical model configured to predict batiery voltage
and heat generation, and thermal model being configured to predict temperature

based on the heat generation and the difference between predicted temperature

(o]

and measured temperature i used in the fitting procedure.

6. The method of claim 1, wherein the battery model uses basis vector functions to
represent the at least one convex parameter over a range of battery states and the
battery state include some set of battery temperature, state of charge, and age.

19
7. The method of claim 1, wherein difference between the predicted temperature and

the temperature data is included in the cost function used m the fitting procedure.

8. The method of claim 1, wherein the battery data is collected from multiple,
i5 different batteries.
9. The method of claim 1, where the battery data is collected from a plurality of

thermal enviromments.

20 10. The method of claim 1, wherein the batiery data is collected from multiple

measurement systoms.

1. The method of claim 1, further comprising encoding the electro-thermal model

electronics to monitor battery performance in an autcmobile,

23
12. The method of clamm 1, further comprises encoding the electro-thermal model in
electronics to monitor battery performance in a mobtle ¢lectronic device.
13, The method of claim 1, further comprising a simulation system configured to
30 execute a numerical simolation of a battery.
14. The method of claim 1, wherein selecting the battery model comprises comparing

a phurality of battery models and selecting the battery model having the lowest

cost function.

20
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[V,
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The method of claim 1, wherein the at least one convex parameter is selected

based on a convex cost function.

16, The method of claim 1, wherein selecting the battery model comprises comparing

(o]

the mumber of non-convex parameters to a threshold.

17. The method of claim 1, wherein selecting the battery model comprises:
determining a ratio between the non-convex parameters and the convex
parameters; and

] comparing the ratio to a threshold.

18, The method of claim 1, wherein the electro-thermal model is predictive overa
continuous range of battery operating states which compromises a subsct of the

conditions experienced bv the battery or all design conditions the battery will

—
(o]

experience.

19, The method of claim 1, wherein the fitting enables efficient processor use by

selecting the non-convex parameters prior to selecting the convex parameters.

20 20, The method of claim 1, wherein the operating state of the batterv comprises at

least one of temperature, electrnical current, and state of charge.

21, A system for processing battery data to generate an electro-thermal model for a
battery, the system comprising:
25 a processor and a memory being configured to:
obtain battery data comprising voltage values, with each voltage value
corresponding to an operating state of the battery;
select a battery model, the batiery mode! having convex parameters and
non-~-convex parameters; and
36 process the battery data by performing a fithng procedurs to determine
values of the convex parameters and non-convex parameters, the
fitting procedure comprising:
fitting the convex parameters with respect to the battery data during
which the non-convex parameters are held fixed,

15 fitting the non-convex parameters with respect to the battery data,

21



WO 2017/142750 PCT/US2017/016887

and
creating an electro-thermal model for a battery from the selected
battery model using the fitted values of the convex and non-

convex parameters.

(o]

22. A non-transtiory compuier-readable data storage medium storing computer-
executable mstructions that, when executed, simulate flow and acoustic
mteraction of a fluid with a porous medium, the mstructions being configured,

io when executed, to cause a computer to perform actions comprising:
obtaining battery data comprising voltage values, with each voltage value
corresponding to an operating state of the battery;
selecting a batiery model, the battery model having convex parameters and

non~-Cconvex parameters; and

—
(o]

processing the battery data by performing a fitting procedure to determine
values of the convex parameters and non-convex parameters, the
fitting procedure comprising:

fitting the convex parameters with respect o the battery data during which
the non-convex parameters are held fixed,

20 fitting the non-~convex parameters with respect to the battery data. and

creating an electro-thermal model for a battery from the selected battery
model using the fitted values of the convex and non-convex

parameiers.

22
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604 ( Measure battery boundary conditions for current, voltage, and temperature over
time
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Select a parameterized dynamic mode! for the battery electrical behavior

608 k 4
1— Generate a thermal model for the battery
L 4
610 “a
Select values for non-convex parameters for the battery model
¥
612 z
Select values convex parameters for the dynamic battery model
k:d

614 L Evaluate the errors between the measurements and the voltage and thermal
cutputs of the battery models at one or more combinations of state of charge,
temperature, and age.
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