ECE5730: Physics-Based Battery Management 1-1

REDUNDANT PARAMETER ELIMINATION

1.1: Introduction to the course

= In ECE5710, you learned how to make sets of equations (models)
that described how battery cells work, inside and out.
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ODEs predictions
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= We looked first at empirical equivalent-circuit models (ECM), which
can describe input/output (current/voltage) behaviors of battery cells.

Features of equivalent-circuit models (ECMs):
o Amounts to an empirical curve fit that interpolates between data
seen when fitting the model (extrapolation is not reliable).
« Can predict input/output (current/voltage) behavior only, not
internal electrochemical states.

o But, yields fast, robust simulations.

= Then we studied physics-based models (PBM) which can additionally

describe the internal electrochemical processes occurring in the cell.
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ECES5730, REDUNDANT PARAMETER ELIMINATION 1-2
Features of physics-based models (PBMs):

o Can predict over wide range of operating conditions.

o Can predict internal state of cell (useful for aging prediction).
o But, slow simulations having robustness/convergence issues.

= We claimed that knowledge of a cell’s internal electrochemical
state—which requires PBMs—would be necessary if we wish to
control a cell to its physical limits (the focus of this course).

= However, PBMs are also computationally complex, so we relied on
reduced-order models (ROMs) to simplify the computations required.

m Either ECMs or PBMs (or ROMSs) can be used by algorithms in
battery-management systems (BMSs) to regulate battery usage.

= The figure below shows the main algorithm control loop in a BMS: In
ECE5720 you learned how to perform all these tasks using ECMs.
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m This course teaches how to perform the same general tasks—plus
fast charge—using PBMs instead of ECMs.
» To do so, we must revisit both the modeling and controls aspects
of the first two courses.
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= For modeling, you will learn how to:
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redundant modeling model efficient
parameter electrochem. parameter time-domain

elimination impedance estimation simulation

» Reformulate the PBM to eliminate redundant parameter values;

» Use reformulated PBM to model cell electrochemical impedance;

« Identify parameter values of physics-based full-order model (FOM);
» Create a physics-based ROM from this FOM for use by a BMS.

.

estimate diagnosis and model- compute
cell internal prognosis of predictive dynamic limits

= For control, you will learn how to:

T

gLl

variables degradation fast charge on power

« Estimate the entire cell internal electrochemical state;

o Use the model to predict how the cell will age over time;

» Use the PBM ROM to compute optimal fast-charge profiles;

o Compute power-limits estimates to optimize both life, performance.

m Physics-based battery management is a “cutting edge” topic and
there are important and significant pioneering research efforts

underway across the world.
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ECES5730, REDUNDANT PARAMETER ELIMINATION 14
= |n this course, | present the fundamental challenges that must be
overcome to make physics-based BMS practical, and an approach we
have developed at UCCS to address those challenges.

« All topics | present have been validated at least in simulation; most
have undergone early-stage validation in the lab.

o Yet, there remains work to test and refine all content further.

= While there are other excellent approaches being developed by other
research teams, | believe that the background you gain in this course
will prepare you to understand those as well.

Roadmap for this chapter

= This is an advanced course, so | do not spend much time on review.
» You may wish to consult App. 1.b for a brief refresher.

= However, since the Doyle—Fuller—Newman PBM is core to everything
we do in this course, | will review it quickly before continuing.

= Then, | show how to correct a fatal deficiency in the model to enable
identifying its parameter values for physical cells, so that ultimately
the reformulated model can be used in a BMS.
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1.2: The Doyle—Fuller—-Newman P2D model

= The continuum models that we developed can be used in 3D, but in
ECE5710 we specialized to a 1D description of cell dynamics, with an
added “pseudo-dimension” that describes activity inside the solid.
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= The diagram shows the geometry of a lithium-ion cell cross section
(roughly to typical scale), model x and model r pseudo dimensions.

= The operation of a lithium-ion cell is described using four PDEs (with
boundary conditions, initial values) and one algebraic closure term.

= Within the cell, the following state variables are of interest:
o The concentration of lithium in the solid, ¢(x, r, t), and particularly
at the surface of the solid, c;.(x, ),
o The concentration of lithium in the electrolyte, c.(x, 1),
« The potential in the solid, ¢s(x, 1),
« The potential in the electrolyte, ¢.(x, t), and
» The rate of lithium movement (“flux”) between phases, j(x, 7).
= \We now review the model equations. In the following, note that all

variables are functions of x and ¢; all parameters are functions of the
cell region but are assumed to be uniform across that cell region.
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= Notation is condensed vis-a-vis ECE5710; cf. appendix for a glossary.

EQUATION I: Charge conservation in the solid (for r € {n, p}).]
» Partial-differential equation:

0 0 ,
a“éffaﬁ =a,Fj'.
= Boundary conditions:
0 0 —1,
of _¢r — o' _¢r — PP’
effax S o effax S e A
0 0
—H = =0.
0X "limpn OX 7 |i—pnyps

m |nitial values:
$? =0, and ¢f= Ugcp(eio) — U3 (070),

S

where 6, ) = c, o/c; max @re the initial electrode stoichiometries.

EQUATION II: Mass conservation in the solid (for r € {n, p}).

= Partial-differential equation:
8_c§ _ ii Dt Za_cg .
ot  r?or

= Boundary conditions:

Dgi—cg =—j, Dga—cg = 0.
r r=R! or r=0

= |nitial values:
€50 = Csmax (00 + 20(B100 — 0p)) »
where 0 < zo < 1 is initial cell state of charge, 6, is the value of
0; = c;/c; .. when the cell is resting at 0 % SOC, and 6, is the value

S, max

of 6; when the cell is resting at 100 % SOC.
! Superscript “n” = negative-electrode region, “s” = separator region, “p” = positive-

“_n

electrode region, “r” = any applicable cell region. L' = L" + L* + LP,

Lecture notes prepared by Gregory L. Plett and M. Scott Trimboli. Copyright © 2020—26, Gregory L. Plett and M. Scott Trimboli
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EQUATION IlI: Charge conservation in the electrolyte (for r € {n, s, p}).

= Partial-differential equation (where j* = 0):

o o 2RT (10 — 1) oln fi\ dlnct
o r s r 1 € rF-r:O.
<9)c'c‘°*ff(<9)c¢"*Jr F ( T 6lnce) ox )T

= Boundary conditions:

0 2RT (1! — 1 o 1n olnct
—Kegr | Z-Pe T (& =) 1+ E : =0
Ox F 0lnc. 0x | ._o
_Ltot
o i¢r+2RT(t9r—1) 1+alnfi dlnct _ lapp
e ox e F olnc. ) ox | ._;» A’
x=L"+1%

m |nitial values across the entire cell are:

b = —Usep(050)-

EQUATION IV: Mass conservation in the electrolyte (for r € {n, s, p}).

» Partial-differential equation (where j° = 0):

o(elcy 0 0
= —D' c, +a,(l —1
ot ox fox (A=)
= Boundary conditions:
oct|  _oa|
ax .X'_O ax x:Ltot
oc? ocs
Dn € _ DS €
e,eff Bx (L) e,eff Ox x—(LH)+
ocs ock
P c
Desteffae :De,effa
X lx=(Lr4L9)~ X le=(@ntLot
n 5
Ce X:(Ln)_ - CG‘_X:(LH)-F
s _ P
CC‘)C:(L‘H—LS)_ = Ce }x=(L“+LS)+ '
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m |nitial values across the cell are:

r
Co = Ce,0-

EQUATION V: The standard reaction kinetics (Butler—Volmer equation) we
studied in ECE5710 derived (for r € {n, p}):

.1 T (1 - ar)F T _arF T
= X e — €X
J Jo Y RT n p RT n

T

oF I—a oF 1—a' of a
r _ kr c 1 S, S,
Jo = Knorm,0 r r

Ce,O Cs,max Cs,max

;,Ir — ¢§ o ¢fr: o Uécp(cg,e/cg,max) o FR% .

T

» This Butler—Volmer closure term is a good description of reaction
kinetics for constant-current events, but misses some critical cell
behaviors at high frequencies.

m For example, a double layer of charges can develop at the interface
between the solid and electrolyte, which has a capacitive effect.

= You will learn how to refine this kinetics equation in the next chapter.
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1.3: Reducing number of model parameters: method

= The DFN equations reviewed in

Topic 1.2 contain 36 parameters

(plus U, relationships) whose
values must be determined.

= Some of these are redundant/
unidentifiable, and can be
eliminated via a systematic
parameter-reduction method.

o Normalize length scales;

o Define new scaled variables
to replace original variables;

= Qutcome is that we find lumped
scaling constants that eliminate

redundancy from the equations.

Negative Separator  Positive
electrode electrode
n p
Oeff Oeff
a; ag
L" L® LP
n S p
Ketf Ketf Ketf
Dy Dy
R{ R}
Ee € &

n S p
De,eff De,eff De,eff
n p
knorm,O knorm,O
n
Cs,max Cs,max
o" oP
R" RP
f f
9(‘)‘ 9(1))
n p
100 0 100

A, 12, 01In fi/d1nce, cep Span all

m All equations are reformulated using the lumped parameters.
o Minimizes the number of parameter values we must determine
from cell tests in order to characterize the dynamics of a cell.

Intensive versus extensive quantities

= A quick example might help illustrate the issue we are trying to solve.

= Newton’s 2nd law states: “force equals mass times acceleration”.

» Equivalently, “force equals density times volume times acceleration’.
e S0, both F = ma and F = pVa are true.
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2

m [fwe measure F =1Nanda=1ms ™™, wefindm = F/a = 1Kkg.

= But, based only on these measured F and a, we have no idea what
are the distinct values of p and V.
« We could have p = 1kgm 2 and V = 1m?;
« We could have p = 0.5kgm == and V = 2m?>;
« We could have p = 2kgm= and V = 0.5m? (etc.).

m The issue is that p and V are joined together in Newton’s model in a
way that is mathematically impossible to separate using
measurements of only {F, a}. It simply cannot be done.

» Would need to perform an independent kind of experiment (e.g.,
measure p or V directly) to determine both values with certainty.

= Why do we have this problem with our PBMs? Recall from ECE5710
that we say that a property is intensive if it is a normalized quantity.
e €.79., pressure, temperature, concentration, and density.

o If everything (dimensions, moles, etc.) in a system is doubled, the
value of an intensive property remains unchanged.

= We say that a property is extensive if it is a total quantity.
e €.9., internal energy, Gibbs free energy, volume, and mass.

o If everything in a system is doubled, the value of an extensive
property also doubles.

= In ECE5710 we preferred to work with intensive properties.

« This allowed us to derive models that apply directly to any scale,
whereby we scale intensive values to fit a particular application.

= But, for the parameter-estimation problem (Ch. 3), we require that the

model be expressed using extensive properties!
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 In Newton’s example, we can identify mass (extensive) but not
density (intensive, scaled by volume to compute mass).

= So, we will reformulate the physics-based-model PDEs to lump
together groups of parameters that always appear together in
equations and cannot be identified independently (although many
researchers who do not recognize this problem have tried!).
e This is like lumping p and V by defining a new variable m = pV.

» The lumped parameters are identifiable from input/output
measurements, whereas the original parameters are not.

= In the majority of the cases, the effect of the reformulation is simply to
convert intensive properties to extensive properties, but there are a
few exceptions, where more parameters combine to form a group.

How are we going to do this?

= We first apply the method we will use to a simple example to illustrate
the process, and then to the P2D model.

= Assume that we have measurements (x, y) where 0 < x < 1.

m For simplicity, we skip the step
of normalizing x since it already
has a normalized range.

Data measured to fit line

0.5
04F
031 . w2 .
= Now, suppose we desire to fit = ol e

these data to some physically )

derived relationship: o

My — (A _|_ B)x _|_ C 00 0i2 0i4 0j6 0j8 1

X

m We define scaled variables: let y = y/y and x = x/x.
Lecture notes prepared by Gregory L. Plett and M. Scott Trimboli. Copyright © 2020—26, Gregory L. Plett and M. Scott Trimboli




ECE5730, REDUNDANT PARAMETER ELIMINATION 1-12
 (7) indicates a constant (not yet determined), usually chosen to
normalize the primary variable to make the (*) variable unitless;

e (7) is a temporary notation that indicates a (possibly time-varying)
variable that has been normalized and (often) made unitless.

m Substituting, then looking in more detail at the quantities in brackets:

M35% = (A + B)ix + C

. [(A+B)x], C
=[N e )

m Definey=C/M andx =C/(A+ B). Then, y =x + 1.
= This equation itself has no remaining constants that can be identified.

= To implement the physical relationship, we must find:
» Modified slope (reciprocal) ¥ and modified y-intercept y.

m These (or variations on these) are the only two parameters that can
be identified from input/output data.

m |t is impossible to find unique values for A, B, C, and M from
input/output data to characterize this model.
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1.4: Reducing number of model parameters: solid

= \We now apply this method to the DFN model, equation by equation.

= | recommend that you first look through the next two topics quickly
and then return to study them more carefully to catch the details.

= Start by normalizing the 1D length: Let x = (x — x)/L" + x; where x,
is starting location of each region and x; is the index of each region.
e 0 < x < 1isin the negative electrode;
e 1 < x < 2isinthe separator;
e 2 < x < 3isin the positive electrode.

= Then also, for any generic variable “(-)”,
00) _ 100)
ox L™ 0x
EQUATION I: Charge conservation in the solid.

m Let ¢ = ¢'/¢! and j* = j*/j" and note that we can also write:

0P, _ 2,08
o0~ a0y
= We substitute these definitions into the PDE (assume o uniform):
0 0
8x gffax¢ = aFj'

ff 82
s e T
(L1 % ¢l =alF ]

82 . r(Lr)Z T .
o = F [ )
X Prol

= We will ultimately define j" and ¢ to make the bracketed constant in
this equation disappear, to help minimize the number of parameter

values that must be determined.
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» Using the same approach, the nonzero boundary conditions are
rewritten as:

eff¢s ~¢ _ eff¢5 ~¢p _ _iapp
Ln 0 LP 0x °|;_4 A
|:A0-f?ff¢;l:| 0 &n _ |:Ao-eff¢s :| ¢p —
~ — app-
L™ | ox" 7|, LpP 3

= Finally, consider the initial values:
e ¢y = 7 = 0 in the negative electrode.

o doo = UL (000 — Ul (67 in the positive electrode, so

ocp
B0 = (U, O ) — U (020)) /.

= WWe now make our first assignments.

_ T . _ AO'r B _

o Let ¢f = —— and define " = —=, so ¢} = 1/5"
Oeff L

o Let iT = .

/ alAL"

m This reduces our PDE to:
Equation: 9 _ Fi’
: | oxz Y
0 v .
Boundary values: = —@P| = —iapp
i=0  O0X 7li_3

Initial Conditions: ¢, = 0 and P, = (UL, (070) — Ug,(02)) /.
= We have completely eliminated all parameters from the PDE’s

equation and its boundary values but we still must identify ¢P and
specify 67, and 950 to be able to describe initial values.

= We also must have equations U__,(6;) for both electrodes.

ocp
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EQUATION II: Mass conservation in the solid.

mWeletr" =r/R;and ¢; = c,/c;

= Then, using EQUATION II from Topic 1.2,

ocg, 10 2 0Cq
- P = Dsr I
ot r2or or

_.0C: 1 10 Dr(R7PE c. OC:
C = ———
“ot  (R'F)?RIor R! ar

o 106 ([ DI ] _,0&
— = === re—1_.
or  72oF \[(R)2]" oF

= The nonzero boundary condition is:

0cq
Dr — _ T

YOr | _p /
Dgaga_ég _ _jr ir

oF|  _ _[IR]
oF |._, DGt

m The initial values can be rewritten as:
CE,O — s max (Qr + Z0((9100 6))
€50 = Co.max (60 + 20000 — ) -

= WWe now make additional assignments, defining:

r
T — Ds
S (Rr)Z’
_r ]rRr Cg,max rALr g rnang
« =" and ¢ . = e oo :
s s s
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= Note that cell total capacity (in Ah) can be written as:?

Q = el AL'Fcl . 0100 — 05| /3600.

= |[f we assume spherical particles, then ¢, = a R;/3. So,
GALFC RS F(RY)*

s,max”. ‘s r}_ srnax

10 800 %100 =% 10 800 D*

0100 — 65 -

or, -
~ _ 10800D[Q
S, max ‘9100 . 06| *

reducing our PDE to:

m S0, we can eliminate ¢!

S,max’?

08 _ 10 (5all
Ot 72 or > or

~

*T

OCy _

oF

10800DFQ

o = ‘9100 96}( + 20000 — ) -

= At this point, we need to identify Q, 6°, 63, 65, 0}y,, 05y, D", and DP.

= We don’t need to find ¢" (yet) because we don’t need to find ¢ (yet).

2 Note that electrochemists may be more comfortable expressing capacity in mol rather
than Ah. However, it “feels” more natural to most engineers to express capacity in Ah
and so this will be our convention.
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1.5: Reducing number of model parameters: electrolyte, kinetics

EQUATION IllI: Charge conservation in the electrolyte.

= We let " = ¢!/¢" and & = ¢! /¢". This changes our electrolyte
charge-conservation equation EQUATION Il from Topic 1.2 to:

o o 2RT (t°—1 o1ln dlnct
a"éff(—qﬁé + (t:—1) (l-l— fi) e) +aFj =0

ox F olnc. ox

1 0 (ke © v,  Keg2RT (§—1) ¢ 2lnfi) alncy v
o effe r e 1 e L L
Lrax‘( Lr it F Tome ) ax ) TAIY

o ([k"AP] o - 2R(t9— o 1n k' A dln et
_ eff ¢e _ ¢£ 4+ T ) 1+ f + eff ~ e ) +
oXx Lt oXx - F 0lnc, LT oXx

atAFL'j" j* =0,
F

= The nonzero boundary conditions are:

0 2RT (t°—1 0 ln olnc! i
—Kefp |:$¢£+ i )(H— fi) = = 2P

F olnc, 0X | ._;» A

x=L"+1°%

 [xiAP: aﬁ_T 2R(1)~1) +8ln fr) kigA 6ln~5£
Lt oXx - F 0lnc, LT oXx

= The initial values are reformulated as (where 6, , = c{ ./c; a:)

$ro=—Ul, (@) andso... Pro= —Us (62 )/t

— lapp.
x=1,2

m We define:
n Lr —r Akéff Ir —r
o« P, = and k" = , SO ¢, = 1/k".
eff
_ 2R(1) — 1) oln fi
o — 1 :
D F ( T e,

Lecture notes prepared by Gregory L. Plett and M. Scott Trimboli. Copyright © 2020—26, Gregory L. Plett and M. Scott Trimboli



ECES5730, REDUNDANT PARAMETER ELIMINATION 1-18
m This reduces the PDE and its nonzero boundary conditions to:

i(ié;JrT[z%Dx]ah;( ))+F =0

ox \ 0x X

0 ir — -7 dln (Er)
— g% — T [KDK ]

— iapp
F=1,2

ée 0o— Ugcp ((9;6)/$fr:

m This PDE adds k", k°, P, and ip to the list of values to be identified.

EQUATION IV: Mass conservation in the electrolyte.
= WWe now look at the mass-conservation EQUATION 1V from Topic 1.2.

o(elct 0 0 ,

aet = = P Dé,effacé +al(l—1)))"
(3 1 0 D! _c. o — v
efarlle _ eeff e ~5£—|—Cl§(1—t_?_)jrjr

e ot T Ltax L' O

|:8£E£ALr:| aér 0 |: D; effAE :| 0 & n Yr

= | el ma et
= The nonzero slope boundary condition at the neg/sep interface is:
och oc?

n e . S e
e,eff - e,eff
OX |y (Lmy- ox

[ D¢ ACe } 0Ce _ [ D; .AC, ] oc,
Lr(1 —¢%) ] ox s —1%) ] ox

= The nonzero slope boundary condition at the sep/pos interface is:

D; .Ac; | o¢; | DeegAce |08
ey | LP(1—1D) | 0%

Ls(1 —10)] ox
= The continuity boundary conditions at the electrode/separator
boundaries are: ¢7|._, = ¢ S =P

elx=1+ elx=2~ elx=2*"
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m The initial values are reformulated as:

C(ra(xa O) — Ce,O

c
C.(x,0) = eO.

= We define ¢, = c. 9, which makes ¢ Coo = 1; We define
gs = elctAL'F /(3600(1 — 1)), and D] = D% zAct/(L'(1 —17)). Then,

6 0 ocy,
3600q. —F—D'—C 4+ Fj'
o =P oDy T
l_)lefta_ée _ Dright%
© O g ©oox right

= |t appears that we now need also to find ¢, g5, g°, D", D, and D?.

= But note there is a relationship between D! and " that we can exploit:

b
Ketr = K (8¢) %, DQ eff — De(gg)bmg
KSff — K(gz)brug, Ds = — D (8 )brug
b b
Ko = (e2)™, Dg or = De(eD)™™.

m Therefore, )
n S
De,eff . De,eff . De,eff . De

n S — p - :
Ketf Keft Keff K
= Similarly,
‘ - AP
Fl_)—g = l_)—; = F& =y,

K" KS KP
and if we have already identified the set of «', then can compute the
set of D by knowing only .

= We re-write the PDE, its boundary conditions, and initial condition as:

o 0 08
3600g;—* = y/a—x S+ F]
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’zrightace

left 0x

1 OCe
i left h
ox

right
Celieft = Celright
Co = 1.
= Therefore, we now need also to find only g", ¢, g°, and .
EQUATION V: The reaction kinetics.
= Can have many forms, depending on double-layer model used.

= Here, we investigate the default Butler—Volmer EQUATION V.

e (I -a")F . —a'F |
= cX _— — X
J Jo p RT n P RT n
r\ 1-daf Cr 1—a' cr o’
_ knorm 0 ( Ce ) (1 . S, ) ( S,€ ) .
Ce,0 Cg max Cg max

”r — ¢; o ¢fr: ocp(cs e/cs rnax) o FRf]

= [nserting our prior definitions,

Y Y (1-— ar)F
— exp| —— — ex
J 0 p RT n p
Yr krrlorm 0 or\ 1—
O - [ Tr | } (Ce) ( )
J s max

”r — &;é; o éfr:éert ocp( Cs, max
= Let kf = kb o/J" @and Rf = R{j". Then, the additional parameter
values that we must identify are kJ), ko", R", RF, #", a" and aP.

i )|
(sm)
F[Rij

]

o If we assume that « = 0.5, we no longer need to find «" and aP.
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1.6: Summary of reformulated PDEs

= We have reduced the number of - —
Negative Separator  Positive

parameters that must be electrode electrode
identified from 36 down to 23 o b
(21 if we assume a' = 0.5). n P2 P

= Thirteen “degrees of freedom” b n _S Dj
have been removed, making the Zi e %E
parameter-estimation task 1%% R%
possible with input/output data. a: app

= Any similar formulation with the 99?20 9?20
same number of parameter 0. #p. and i span all regions

values will also be minimal.
m S0, we slightly modify our notation to be easier to interpret.

= We find that we must know ¢ and ¢ in all cell regions.
o Therefore, we may as well write the PDEs in terms of ¢, and ¢. but
with the new lumped-parameter constants.

= But, after the reformulation, neither ¢!, ¢f, nor ;" “show up” in the final
PDEs, so we do not need to (nor can we) identify these values.
» So, for now, corresponding PDEs remain functions of ¢;, ¢;, and I

= Also the “breve” in j* becomes cumbersome, so rename if = F ',
recognizing that j* has units mols~' and so i has units A.
o Subscript “t” stands for “faradaic”... more on this in Ch. 2; note
that i; is different from i,,, and from i{ and i..

m Recapping, then, the charge-conservation in the solid equation,

where ¢; is measured in volts and ¢" in siemens is:
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Charge conservation in the solid:

e The reformulated PDE is:

_, 0
— 5P 4P

~ — _ia .
ax S B pp

x=3

e The initial values in the positive electrode are (¢, = 0)

n

E,O = U(I))cp(esp,o) _ Ucr)lcp(gs,o)'

= For mass conservation in the solid, D! is in s~' (okay), but & is in

mols~', which is an awkward unit for concentration.

= Rewrite PDE in terms of the already-defined unitless concentration
. which does not require finding any additional

r __ <r/=or _r
6)s — Cs/cs,rnax — Cs/cs,max’

parameter values.

Mass conservation in the solid:

e The PDEfor0 <6, < 1is:

00° 10 (= 00"
= —=—= DSI" — 1.
ot F2OF or

e The nonzero boundary condition is:

= a(9slr |91r00 - g(r)| .1
prsl = e — ol
o7 |~ 108000

e The initial condition is: 6; , = 6y + zo(F}4 — 6p)-

= For charge conservation in the electrolyte, ¢, is measured in volts, «*
in siemens, and ¢! is unitless.

= For cleaner notation, define unitless ratio of concentrations 6, = ..
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Charge conservation in the electrolyte:

e The PDE is:
a —TI a r by Gln (Hé) T
0x (’C (ai¢e ol 0x )) tie=0

e The nonzero boundary conditions are:

e .. _ o) .
—K |:£¢e +xpT i|~1 2 = {app.

ox

e The initial condition is: ¢; , = —Ug,(6¢)-

= For mass conservation in the electrolyte, g, is in Ah.

Mass conservation in the electrolyte:

e The PDE is:

89r -0
= z//— —Qr-l—ifr.

36005
9y 0% 0%

e The nonzero boundary conditions at the separator interfaces are:

00, 00,
Eleft —
X left 0x

_ ’Enght

Ocliee = 9e|right and

right

e The initial condition is: 6; , = 1.

= For kinetics equation, &, is in amperes, R} is in ohms, and 7" is in volts.

o (1—-a"F | —a'F

if = i yexp \ ————1") —exp\ ——
r)l—ar (1 . esr,e)l—ar (esr,e)ar

77r = ¢; - ¢er: - Uécp(esr,e) - Rﬁl;

Kinetics:
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1.7: Recovering the original electrochemical variables

= The reformulated PDEs allow us to simulate ¢;, ¢, 6;, 6., and i,
which is sufficient to be able to compute cell voltage.

« This is why we can identify the required parameter values from
current/voltage input/output data.

= However, what if we desire the ability also to simulate c;, c., and j*?
 This will turn out not to be as necessary as it might seem.

- P .
o For example, performance limits 0 < ¢; < ¢, ., automatically

translate to 0 < 6; < 1 without needing to simulate ¢ directly or to
identify any new parameter values.

m To recover all original electrochemical variables from the modified set,
we would need to be able to identify ten additional values:®
« A, L", L%, LP, a?, aP, R?, R, 1!, cep.
» Most of these are dimensional and relatively easy to measure via
cell teardown if needed.

» No fancy electrochemical techniques are needed.

= Finding the electrochemical variables:

CI' — CI' 91’

S s,max"- s
T T
Co = ce,()@e
-I‘ _ 1 cr
J =l
alAL"F

3 This is an interesting result. We removed 13 degrees of freedom but require finding
only 10 parameters to find the complete set. Where did the other three go? One was
gained by replacing two ¢ max parameters with a single Q parameter; the other two
were by replacing three D, parameters with a single relationship in v .
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Where to from here?

= We now have a reformulated physics-based PDE model of a lithium-
ion cell that has a minimal number of unknown parameter values.

= For BMS purposes such as SOx estimation, we need to convert this
to a reduced-order state-space model.

= We follow the same general procedure we did in ECE5710, with some
enhancements:
o We first find transfer functions for each electrochemical variable.

o Then, we estimate parameter values corresponding to a real cell
from laboratory tests (“system ID”).

o We then use a subspace realization algorithm to convert the
transfer functions into reduced-order models (ROMs).

= WWhen we have done so, we will be able to simulate cells and packs.

= Further, we can use the ROMs for BMS tasks such as SOC
estimation, SOH estimation, power-limits estimation, and so forth.

= We look at these topics in that order.
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Appendix 1.a: Summary of variables

Notation conventions for variables and parameters

modifier,region
phase

region,

m Variables are always denoted using the form: name phase -

Or name

e “name” is the variable identifier, such as ¢ for potential, 6 for normalized
concentration, and so forth.

e “modifier” is a temporary descriptive tag sometimes added during a derivation,
but is not permanent (i.e., the modifier is eventually removed from the name).

e “region” is the cell domain to which this variable applies: either n, s, or p, for the
negative electrode, separator, and positive electrode, respectively.
+ Sometimes this is left blank when an equation applies to multiple regions.

+ Sometimes the identifier “r” is given, showing more explicitly that the equation
applies to multiple regions.

e “phase” is the material to which this variable applies, such as “s” for solid, “e” for
electrolyte, “” for film, and so forth.

modifier,region

modifier,region
phase .

m Constant parameters are always of the form: name phase

Or name

e The presence of an overbar denotes a lumped parameter.
e “name” is the parameter identifier, such as « for electrolyte conductivity.
e “region” and “phase” have the same interpretation as for variables.

e “‘modifier” is again a temporary descriptive tag sometimes added during a
derivation, but is not permanent.

Variables and parameters used only in derivations but not thereafter

Roman
. = .o [molm™3].
W, =c./Cc =0, [Ull].
_JR R
D asAL Dy
B Gy max = Comax/Cs = GsALDqCq max/ Ry [MOIS™].
m ¢ = c,/¢s = a,ALDycs/ Ry [mols™1].
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De,effACe,O

mD. = —"""""Imols].
L(l—rﬁ)[ ]
. 1 o
| = m
J aSAL[ ]

mj=j/j=i/F =aALj[mols7'].

Greek
" g =1/ [Q].
" &e =1/x [Q]

Variables and parameters used continually after this point

Roman
m D, = D,/R*>[s7].

. IEO = Fknorm,O/.]T = asALFknorm,O [A]a where knorm,O = kO(Ce,O)l_aCs,maX [m0| m_2 S_1]-

i;=Fj=Fj/j=aALFj[A]
Ce0ALF
= —CebTET [aAR].
3600(1 — 1)
m O [Ah] is cell total capacity.

" ge

Greek
m o [u/l] is charge-transfer coefficient.
m . [V], potential in the electrolyte (unchanged from standard definition).
m ¢ [V], potential in the solid (unchanged from standard definition).

® x = kA /L [S], where k is treated as a constant.

2R(° — 1 1 1
2R — 1) )(1+a “fi) [VK-"], where nfe
F olnc, olnc,

my = FD"/k" = FDS/k* = FD?/i? [V].
| — O'effA/L [S]

Wy = is treated as a constant.

B (. = Ce = c./ce [U/l]; NnOte that 6. o = 1 always.

m) = 5s/5s,max = Cs/Cs,max [U/l], note that (93,() = 6y + z(0100 — (9())
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Appendix 1.b: Review of BMS terminoloqy and tasks

» State of charge (SOC) z of a battery cell is a value between 0 and 1
(often reported in percent between 0 % and 100 %):

o When the cell is fully charged, z = 100 %;
o When the cell is fully discharged, z = 0 %.

» We define the total capacity Q of a cell to be the total amount of
charge removed when discharging it from z = 100 % to z = 0 %.

e O is usually measured in Ah or mAh.

= The resting (equilibrium) voltage of a cell is called its open-circuit
voltage (OCV), and is a function of SOC and temperature.

= Cell voltage under load is a function of OCV plus ohmic resistance
plus dynamic polarization that is dominated by diffusion effects.

= The total energy that can be extracted from a cell before reaching a

minimum SOC can be computed from its OCV relationship

z(1)
E(t) =0 OCV(&) d¢ ~ O VhomAz.
« We can compute energymi? we have estimates of SOC and Q.
o Be careful with units: If Q isin Ah then E is in Wh.

» Note: Total energy is different from discharge energy.

m |f a cell is required to operate within a specific voltage window, the
power it can deliver is limited by its resistance.

» S0, we can compute power if able to estimate SOC and resistance.

= Battery packs often built by connecting cells first in parallel and then
in series, where every parallel-cell module may have a different SOC.
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» Therefore, it does not make sense to talk about a battery-pack
SOC, although many people try to come up with definitions for one.

= A BMS is an embedded system (purpose-built electronics plus
processing to enable a specific application).
 Protects the safety of the battery operated device’s operator.
Detects unsafe operating conditions and responds.

« Protects cells of battery pack from damage in abuse/failure cases.
» Prolongs life of battery pack (normal operating cases).

» Maintains battery pack in a state in which it can fulfill its functional
design requirements.

o Informs the application controller how to make the best use of the
battery pack right now (e.g., power limits), control charger, etc.
= BMS provides estimates of available energy and power to the load.

m As a cell ages, its total capacity tends to decrease and its resistance
tends to increase.

 The first effect is called capacity fade; the second is power fade.

m Therefore, the computations of total capacity and resistance must be
ongoing. This task is referred to as state-of-health (SOH) estimation.

o In this course, you will learn methods of deeper diagnostics.
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