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Resolving Kirchhoft’s laws for state-estimator design
of Li-ion battery packs connected in parallel

Ross Drummond, Luis D. Couto and Dong Zhang

Abstract—A state-space model for Li-ion battery packs with
parallel connected cells is introduced. The key feature of this
model is an explicit solution to Kirchhoff’s laws for parallel
connected packs, which expresses the branch currents directly in
terms of the model’s states, applied current and cell resistances.
This avoids the need to solve these equations numerically.
To illustrate the potential of the proposed model for pack-
level control and estimation, a state-estimator is introduced for
the nonlinear parallel pack model. By exploiting the system
structure seen in the solution to Kirchhoff’s laws, algebraic
conditions for the observer gains are obtained that guarantee
convergence of the estimator’s error. Error convergence is
demonstrated through an argument based upon Aizerman’s
conjecture. It is hoped that the insight brought by this model
formulation will allow the wealth of results developed for series
connected packs to be applied to those with parallel connections.

Index Terms—Li-ion battery packs, parallel connections,
nonlinear state-estimators.

INTRODUCTION

To address ever increasing energy and power demands,
Li-ion battery pack sizes are growing rapidly, especially for
large-scale applications such as electric vehicles and grid
storage. In some parts of the world, it is now common to
see electric vehicles powered by thousands of cells, like the
Tesla Model S [], and large batteries, like the planned
50 MW battery to be run near Oxford by Pivot Power
[1], are now coming online to support the grid. The sheer
number of cells in these large battery packs introduces
several challenges that need to be overcome, especially
with the design of the battery management system (BMS).
The BMS is predominantly responsible for estimating the
state of charge and health of the pack, however, as pack
sizes continue to grow, ensuring that the BMS algorithms
remain both accurate and scalable enough to be imple-
mented on embedded hardware is becoming ever more
challenging.

Battery models are the foundations for any advanced
BMS and to perform at its best, it is desirable for the BMS
to have information about every cell in the pack. This has
motivated significant efforts to develop models for whole
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battery packs. However, whilst most large battery packs
used in practice are mixtures of both parallel and series
connections, most studies on pack level modelling and
BMS design are restricted to just series connections, for
example [22], [25]. Focusing explicitly on series connected
cells greatly simplifies the problem, as every cell in series
is charged with the same current, but neglects the diverse
spectrum of pack configurations seen in practice.

Whilst including parallel connections into the pack can
bring many benefits, such as increased reliability [4] and
natural self-balancing [25], modelling and supervising par-
allel connected cells has proven to be more challenging
than cells in series. This is primarily because the branch
currents charging each parallel branch have to be com-
puted at each time instant in the models. The branch cur-
rents are obtained by computing solutions to Kirchhoff’s
laws, which makes the resulting pack models differential al-
gebraic equation models (DAEs). DAEs models can be sig-
nificantly more complex than those described by ordinary
differential equations (ODEs), so most studies on parallel
packs numerically compute solutions to Kirchhoff’s laws
before projecting the state of the index 1 DAE down into
an ODE. Examples of this approach include the iterative
scheme of [§], the frequency domain approximations of [7]
and the numerical matrix inversion methods of studies like
[24] and [6] which was augmented with a thermal model
in [I8]. In contrast, this work obtains an ODE model by
providing an analytical solution to Kirchhoff’s laws for
n-cells connected parallel. Thus, the main result of this
work can be thought of as providing an analytical solution,
in terms of the various cell resistances, to the branch
current equations defined by Kirchhoff’s laws, in place of
the numerical solutions in benchmark studies like (20) of
[24] and (15) of [6]. This approach follows along a recent
direction in battery pack modelling, including the cell
merging approach of [12], and generalises similar efforts
like [I4], [I7] by relaxing some of the restrictive modelling
assumptions, like the linearity of the open cell voltage [14],
as well as providing a more involved model formulation
that additionally includes the important state-of-charge
dynamics than [I7]. With a state-space formulation for the
parallel connected Li-ion battery pack in hand, the state-
estimator design problem can then be addressed, with
simple gain conditions given in Section [Tl

Contribution: To be specific, the main contribution
of this paper is to introduce a state-space model for
parallel connected packs that is fully described by an
ordinary differential equation explicitly parametersied by
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Figure 1: A Li-ion battery pack containing n cells con-
nected in parallel.

the various resistances and capacitances of the pack’s
cells. To achieve this, an analytic solution to the algebraic
equation of Kirchhoff’s laws is stated (see Section[Il)). With
this equation in hand, the parallel pack model can then
be condensed into a state-space form with an appealing
structure that can be exploited for analysis. To illustrate
this point, a new state estimator for this pack model is
introduced in Section [T, whose main benefit over existing
approaches is that checking asymptotic convergence of the
estimator error for the nonlinear system is simple, as the
conditions for convergence are algebraic.

State estimators are key components of battery man-
agement systems, but, the estimator design problem for
parallel packs has received significantly less attention than
that for cells in series. There are two main reasons for
this: 1. It is widely assumed that cells in parallel have the
same state-of-charge because of this setup’s natural self-
balancing [25] but the simulations of [24] suggest this may
not always hold; 2. The need to resolve the branch currents
makes parallel pack models more complex to analyse. The
results proposed here are directed at this second issue, with
the analytic expression for the branch currents bringing
insight into the model structure that can be exploited.

The results presented here are in many ways an exten-
sion of the recent results of [24] from some of the authors.
In [24], an observer was designed for a DAE model of
a parallel connected pack but the DAE element of this
model introduced severe complexity into the analysis of
the model’s vector field and the conditions guaranteeing
convergence of the observer error. This paper resolves
these issues by exploiting the analytic expression for the
parallel branch current. It is hoped that the analysis
presented in this paper will lead to new results in other
applications where parallel pack models are used, for
example in determining the weakest cells in the packs,
detecting thermal runaway and enabling whole pack state-
estimators for large Li-ion battery packs.

Notation: If a square matrix A of dimension n is positive
definite then A € ST and if it is negative definite then
A €S% . More generally, if a matrix A is negative-definite
then A < 0. If A is a non-negative diagonal matrix then
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Figure 2: Equivalent circuit model for the battery dynam-
ics. Here, 7, is the k'™ cell’s resistance, OCV(zy,) is its open
circuit voltage and (Ry, Cj) denote an RC-pair.

A € D%. The identity of dimension n is denoted I,. A
signal x(¢) is said to be in the Hilbert space x € Lo if the
norm

2 = / £(t)? dt (1)
0
is bounded.

I. DAE MODEL FOR A PARALLEL CONNECTED PACK

In this section, the equations of a DAE model for Li-ion
batteries connected in parallel are described. In Section [T}
this DAE model is converted into an ODE by resolving the
underlying algebraic equation for the branch currents.

A. Parallel pack model equations

Figure [ shows the set-up of the parallel connected
Li-ion battery pack that is to be modelled. Each cell is
assumed to be described by the equivalent circuit model of
Figure[2] composed of a capacitor (for the state-of-charge)
and an RC pair (generally associated with solid-state
diffusion in the active material particles). The dynamics
of the k*" cell in the pack with this circuit model are

.i'k(t)zgkxk(t)-i-gkik(t), k=1,...,n,
Vg (t) = wk(t) + OCV(Zk (t)) + rrig (t),

where x = [z, wg] is the state of the system, z; is the
state-of-charge of each cell and wy, is the relaxation voltage
of the capacitor in the £*® RC pair. The current going into
each parallel branch is ix(t). Each cell’s voltage vg(t) is
a function of the relaxation voltage wy, the open circuit
voltage OCV(z;) and the resistance ry. Because the cells
are connected in parallel, each cell’s voltage is the same
ve(t) = v(t), Vk = 1,...,n. The state space matrices in

@) are

(2a)
(2b)

w0
where @y is the battery capacity and (Rg, C)) represent
the RC pair.

What remains is to compute the branch current i; going
into each cell. This is achieved by applying Kirchhoff’s
laws. Namely, Kirchhoff’s voltage law implies

. B[Q_] 3)

" RCy Cr

OCV(z;) + wj + rji; = OCV(zx) + wi + Txis,

jkefl,2,....n}, (4a)



and the current law states that the sum of the currents
going into each branch i (t) equals the pack current I(t)

> in(t) = I(t).
k=1

B. Differential algebraic equation parallel pack model

(4b)

When combined, the dynamic circuit equations (2] and
the algebraic equations for Kirchhoff’s laws ([]) can be
collected into a single DAE system [24],

kRl R G

Wherei 14}1 = diag([ll, Ag, ceey An), Alg =
diag(Bl, BQ, ey Bn>,
_Tl —T2 0 e 0
T1 0 —Tr3
A22 = 0 (6&)
1 0 0 —ry
11 1
0 1 S 0 0
0 1 S
Ay = ol S=1 1], (6b)
0 1 0 0o S
o 00 0 ... 0
and
OCV(Zl) — OCV(ZQ)
o(t) = (6¢)

OCV(21) — OCV ()
1)

The variables with a time derivative z = [x1, ..., z,]T are
known as the differential or state-space variables whilst the
current vector i = [i1, ..., i,]T is the model’s algebraic
variable. Due to the linearity of Kirchhoff’s laws, these
currents can be obtained directly from

i(t) = — A" Aqa(t) — Ayl o(1), (7)

given that the matrix A, is invertible (as shown in
Section [Il). Substituting the expression for the currents
(@) into the DAE model (@) reduces it to an ODE

.Z'(t) = (All — A12A22_1A21)l‘(t) — A12A22_1¢(t). (8)

This is a standard model for parallel connected Li-
ion battery packs, but, no analytic expression has pre-
viously been obtained for the matrices AjoAss A9 nor
Ai2 A9 1. In the next section, these expressions are given
by writing out an explicit solution for the inverse of the
Ao matrix.

II. RESOLVING THE ALGEBRAIC EQUATION

The main result of this paper are contained in this
section where an algebraic solution for the current going
into each branch of the parallel circuit is provided. In this
way, the the parallel connected pack model of Section [II
can be fully characterised.

A. The matriz inverse Ags ™!

The main stumbling block behind resolving the alge-
braic equation for the currents is determining the matrix
inverse Ags L. Thankfully, because this matrix contains a
nice structure similar to an atomic matrix, its inverse can
be readily computed.

Theorem 1: Consider the matrix Asg in (Gal) with r; > 0
fori =1,...,n. Then Asy;™' = M where M is a matrix
composed of elements m; ;, satisfying

1 .
Mmjin = —f 7’-, ]:17"'5n7 (9&)
> 2
— "t
—1
1 1
mej = — ,ji=1,....n—1, (9b
J e <;Tk> J (9b)
&0 #35+1,
—1
1 "1 1
Mjy1,j = — - . 9c

Proof. The problem can be cast as finding the unique
solution to

Ao M =1, (10)
or, in an expanded form,
_7’1 —T2 0 N 0
71 0 —T3 :
. 11
: 0 (11)
1 0 .. 0 —-ry
|1 1 .. 1 1
_ mi1,1 mi,2 min
ma1 ma 2 man
: : (12)
Mp—1,1 Mp-1,2 Mnp—1,n
mMn,1 Mn,2 .. Mnp,n
1 0 0 0]
0 1 0
0 . . o
o 0 ... 0 1]

where m; 1 are the elements of M.
Multiplying through by the row of 1’s in Asy gives the
following relations for the column sums of M

> mik=0, Vk#n, (14a)
j=1
> min =1, (14b)
j=1



and, similarly, multiplying through by the remaining rows
implies

ji=1...,n, j#k—1,
(15a)
(15b)

rimi; —TEMg 3 = 0,

rIMl k-1 — TkMek—1 =1, k=1,2,...,n.

Subtracting the various expressions in (I5) from each other
gives

.
maﬁ?’jmw,jzl,.-.,n,k¢j+1,£¢j+1,
&k=1,....,nt=1,....n, (16a)
iy LETEMRE
£,k—1 " ; ey M, ey .(16b)

From these relations, the n*" column of M can be

extracted. Starting from (I4L) and substituting in (I6al)

means

L (17)
T
(=1
Fixing k = n gives
n
I e = 1, (18)
Te
=1
SO
1
M = = . (19)
Tn
="t

Using ([6a), the rest of the n*™ column’s elements my ,

for k=1,...,n — 1 can be computed
T 1 1
NS NS
=t =

To compute the remaining elements of M, it is noted
that (I5]) implies
1

meg,; = —mMij, j=1,...,n,&j7ék:—1, (21&)
Tk

rimi g—1 — 1

Mg g1 = 2L~ k=12 ...,n (21b)
Tk
where (2ID) can be re-written as
rimy g — 1
Myl = ———. (22)
Th+1

Substituting expressions ([2Ia) and ([22)) into (I4a)), gives

n

-1
Yo D+ PR 0, k=101

=102kt ¢ Tk+1

(23)
In other words,
s - 1
1

mik = — , k=1,...,n—-1 24
(ez_; 7“@) Tk+1 ( )

The remaining elements of M are then obtained from (2T])

n -1
T1 T1 1
me; = — = 25a
-1
1 "1 .
= Z— , j=1...n&lF#j+1,
7’@7’j+1 P Tk
(25b)
" ! 1
T1 T1
mjy1,j = — - 25¢
LT (; k) Tit1 T+ (25¢)
-1
1 "1 1
= =] - (25d)
7’]'+1 p Tk TjJrl
|

B. State-space model

With the matrix Aso™' inverse defined, an explicit
solution for the ODE model () can be stated. To arrive at
this statement, several matrices and vectors first have to
be established. Defining the vector of open-circuit voltages
as

OCV(z1(t))

OCV (2, (1))

(26)

then the solution to the branch current equation (7)) can
be expressed as

i(t) = IL,(OCV(2(t)) + w(t)) + 1 I(t) (27)
where
Z?:_ll myg —mi1 —Mmi2 ... —Mip-1
HU = — )
2?2—11 Mipn  —Mp1  —Mp2 —Mn,n-1
(28a)
H[ = — [mlﬁn mnflyn mnﬁn]T . (28b)
Next, the vector of concatenated voltages is defined
w1 (t) + OCV(Zl (t)) + Tlil(ﬁ)
9(t) = Lyo(t) = : (29)

wn(t) + OCV (2()) + rin(t)

Using the substitution (21), this voltage vector of repeat-
ing elements can be formulated as

i(t) = Cx(t) + DocyOCV(2(t)) + DI(t).

where C = W + rII, W with » = diag(rg), k =1, ..., n
and W € R"*?" is a matrix full of zeros apart from Wy, ; =
1if j =2k for k=1,...,n (more explicitly, w = Wx).
Also, Docy = I, + rlIl, and D; = rIl;.

With these matrices defined, the dynamics of (8) can be
written as

(30)

T =Ax + BochCV(Z) + B]I(t), (31)



with A = A11 — A12A2271A21 with A12A2271A21 =
BHUW, BOCV = BHU and B[ = BH[ where B = Alg.

Two key features of this model are 1. it is an ODE whose
vector field is written explicitly in terms of the circuit
parameters (the various resistance and capacitances) and
2. the model nonlinearities (from the open circuit volt-
ages OCVs) enter in an affine manner. With the added
assumption that these OCVs are slope-restricted, then this
nonlinear circuit model can be thought of as a Lurie system
[Bl, [10], [20], [23], a class of nonlinear systems whose
analysis is tractable (as illustrated in the observer design
of the following section).

Remark 1: Since the main issue of obtaining the state-
space form of the parallel pack model was resolving Kirch-
hoff’s laws, it would seem that the above approach can be
readily generalised to the case when the cell dynamics are
described by electrochemical models like the single particle
model [I5], the single particle model with electrolyte and
the Doyle-Fuller-Newman model [9], [10]. *

III. STATE ESTIMATOR DESIGN

To illustrate the potential of this model, a state-
estimator for a pack with parallel connected cells is now
introduced. The key point of this estimator is that it
guarantees boundedness of the estimation error of the
parallel connected pack model’s state to some set £ (de-
fined in Proposition [Il) even when the nonlinear model
is subject to disturbances. Once again, this result was
strongly motivated by simplifying the convergence criteria
of [24].

A. State-estimator

The goal of the estimator will be to obtain more accurate
values of the states under the assumption that the pack is
being perturbed by disturbances on the current d;y € Lo
and voltage d, € L5. Under this assumption, the battery
model plant becomes

z(t) = Az(t) + BocvOCV(2(¥)) + Br(1(t) + dr(t)), (
32a)
3(t) = Ca(t) + DocyOCV(2) + D (I(t) + dr(t)) + dy ().
(32b)

The following state-estimator is proposed for this system

&(t) = A#(t) + BoevOCV(2(t)) + BrI(t) — K (0(t) — 0(t))

with & = [2, ], k =1, ..., n being the estimated states,
0 the predicted voltage, i, the estimated currents and
o(t) w (t) + OCV(£1(t)) + riia (¢)
: : (34)
o(t) W (t) + OCV (2,(1)) + Tpin(t)

the voltage concatenation.

Defining the error between the plant ([B2]) and the state
estimator ([B3]) as e = x — & then a set of error dynamics
can be written

é(t) = Ae(t) + BocvAOCV + K (9(t) — (t)) + Brds(t),
(35)

where AOCV is the open circuit voltage error

AOCV = OCV(2(t)) — OCV((t)). (36)

Demonstrating boundedness of this error system guaran-
tees that the estimator can provide a good estimate of the
plant’s state, even when it is subject to the disturbances
dr(t) and d,(¢).

B. Estimator design

The following proposition can be used to guide the
design of this state estimator.

Proposition 1: Consider the Li-ion battery pack model
B2) with the state estimator ([B3) and assume that each
cell’s open circuit voltage OCV(zy) is a strictly monotonic
function of its state-of-charge z,

dOCV(Zk)

T =0 €4,d],

d>0. (37)
Set the estimator gain to K = K + K where K =

—BIL,(I, + rII,)"Y, K = k(I, + rll,)"! and x =

diag(k1, ..., kn) is built from the 2 x 1 blocks
ki
P
Kj = [n?} . (38)
The gains fi]l, n? are chosen such that the roots of the
quadratic
p(s,0) = 8% — b(8)s + ¢(9), (39)
with
_ (.1 2
b(d) = (fij5+ Kj — RJC]) , (40)
1
_ 1 2 2
c(0) = ;6 <I€j TRC HJ> , (41)

strictly lie within the left half plane for all § € [4, 6] and
each j =1, ..., n. With this choice of gain, then the error
system is stable in the large meaning that is has a unique
attractive global equilibrium point.

Proof. With the chosen gain K, the error dynamics can
be expanded out as

é(t) = Ae(t) + BocvAOCV + K (d(t) — o(t)) + Brdr(t),
(42a)

= (A1 4 BILW + (K 4 K)(I, + rI1,)W)e(t)
(42b)

- (BHU + (K + K)(I, + rHU)) AOCV
+ Kd,(t) + Brd;(t).
Substituting in the expressions for K and K and defining
d(t) = Kd,(t) + Brd(t), (43)



then these error dynamics reduce to

e(t) = (A + kW)e(t) + KAOCV +d(t).  (44)

The choice of gain has decoupled the error dynamics of
each cell from one another, with (@) being composed of n
decoupled, second order systems. Since the error dynamics
of each cell are now decoupled and second order, they
satisfy the Kalman conjecture [3], [13], [16], [2I] and so
the stability of the nonlinear system can be checked from
its linearisation as conjectured (wrongly for the general
case) by Kalman in [I9] with its modern interpretation
given in [I1]. As such, for each of these decoupled second
order dynamics representing each cell in the pack, verifying
the stability of the nonlinear system (@4]) is equivalent to
checking the stability of each of its linearisations.

Linearising the error dynamics ([@4) for each cell (with
er, being the error in the state prediction of the k*" cell)
gives

. doj—
ér = Ep(0)er + [ Z’;kl] , (45)
where
) ki
Ey(8)=1|"% k } 46
0= [ e (46)

Each of these linear systems are stable provided Ej(d)
is Hurwitz for all 6 € [§, §]. And, since (BJ) is the
characteristic equation of Ej(¢), it’s roots determine the
eigenvalues of Ej(9).
|
Remark 2: Convergence of the state estimator error
from Proposition [[l implies that the system (B2)) is at least
detectable. However, unless some specific feature in the
system structure can be exploited, proving the stronger
notion of observability for the nonlinear system will prove
challenging, as it will involve computing Lie derivatives
along the vector field, which do not scale well to large
systems. *
Remark 3: Standard state estimators such as the ex-
tended Kalman filter (EKF) could also be applied but the
design of Proposition [I has the benefit of a) exploiting
the system structure to decouple the cell dynamics and b)
providing a simple check to guarantee error convergence.
Normally, the EKF is not accompanied with similar guar-
antees. *
The main benefit of Proposition [ is that it gives alge-
braic conditions to construct the estimator gains ([39) for
the nonlinear system. These conditions are rather simple
to check, but stronger results may be obtained using a
numerical search. This is exemplified by the following
proposition which applies the classical observer design
approach of [2] to obtain an upper bound for the observer
error and because the following is an linear matrix inequal-
ity it can be solved using convex optimisation.
Proposition 2: Define the matrices

A=A+ BHvWa Ae,? = (In + T‘HU)VV,
B, = BHU, Beo = (In + ’I“HU).

(47a)
(47D)

34

Open circuit voltage OCV (z)

3.05

. . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
State-of-charge z

Figure 3: Open circuit voltage.

Celll | Cell2 | Cell 3
r, | 0.0040 | 0.0035 | 0.00045
Ry, | 0.0025 | 0.0015 | 0.0035
Qr 1.7 2 2.3
Cr | 1500 2000 1000

Table I: Cell parameters for the numerical simulation.

and, for some P € 82;6, QeR™™ y>0and T € D7,

PA.+QAco PB.+QB.» P
M = 0 0 0 (48)
0 0 f%'y
6627z L@G+48)rZ 0O
Q= |30+9)2"r —T 0f, (49)
0 0 0
where Z € R2?"*" is a matrix full of zeros apart from
Zy; =1if j=2k—1for k=1,...,n (in other words
z=Zx).

If the linear matrix inequality

M+M"+Q=<0 (50)

holds, then with the estimator’s gain set to K = P~1Q its
error is bounded from above by

V(e(t)) < V(e(0)) + I3

for all d € Lo where V(e(t)) = e(t)T Pe(t) provided the
state-of-charge of both the estimator and the plant remain
within [0, 1].

Proof. By writing the error dynamics of [{2)) as

(51)

é(t) = (A1 + BIL,W + K (I, + rIL,)W)e(t)
+ (BI, + K (I, + rII,)) AOCV + d(t),
= (Ae + KA2)e(t) 4+ (Be + KB, 2)AOCV + d(t),

(52a)

these dynamics are in the standard Lurie system form
which allows the classical nonlinear observer synthesis
results of [2] to be applied. Applying these results gives
the conditions and bounds of the theorem. |
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Figure 4: Slope of the open circuit voltage.
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Figure 5: Branch currents during the charge.

IV. SIMULATIONS

A simulation is introduced in this section to illustrate
the potential of the proposed state-estimator and ODE
model for the parallel connected Li-ion batteries. Consider
three NMC cells connected in parallel with parameter
values given in Table[[ltaken from [24] and the open circuit
voltage

6
OCV(z) = Z apz" (53)
k=0

with coefficients a;, given in Table[[Il This OCV is shown
in Fig. Bl and its slope is given in Fig. @ clearly indicating
its strict monotonicity. From Figure[d the upper and lower
slope bounds § = 0.0936 and 6 = 1.1627 for the OCV are
obtained.

Figure Bl shows a simulation of the branch currents of

this parallel connected pack under a 1C charging current
with I(t) = 1.4 x 1073 A. The initial conditions were

ao al a2z as aq as ae

3.0896 | 1.1627 | -2.3821 | 2.1870 | -0.5444 | -0.1939 | 0.0582

Table II: Coefficients of the OCV curve in (B3)).
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Figure 6: Rapid convergence in both the state and voltage
error of the state-estimator designed using Proposition [l

such that the initial state-of-charge for each cell was
21(0) = 0.05, 22(0) = 0.1, 2z3(0) = 0.15 and the relaxation
voltages were zero with wg = 0 for £ = 1, 2, 3. The non-
uniform branch currents of the pack are clearly visible in
this simulation.

Figure [6] examines the performance of the state es-
timator designed in Proposition [II For this simulation,
the plant was again charged at 1C from the same initial
conditions. The observer state was initialised by 2(0) =
z(0) — 0.05, @ = 0 and the gain was set to

ﬁkz—{o'l}, Vk=1,...n=3 (54)

0.1

This choice of gain satisfies the stability conditions of
Proposition [l Sinusoidal disturbances were assumed to
be perturbing the current and voltage measurements with

(t) sin(27t),

I(t)s (5ba)
I(t) sin(mt).

di(t) =
. (55b)

dy (t)

The convergence of the voltage and state errors with this
estimator design is shown in Fig. [6] justifying the claims
of Proposition [



CONCLUSIONS

This paper has introduced a state-space model for
lithium ion battery packs connected in parallel. The key
result was the solution to Kirchhoff’s laws for parallel
connected packs, where the various branch currents charg-
ing each cell could then be written explicitly in terms of
the pack’s state-space variables, applied current and the
various cell resistances. In this way, the model avoids the
need to compute these branch currents numerically. The
analytic solution for the branch currents brings insight
into the model’s dynamics and structure, as highlighted in
this paper by the design of a new state estimator for the
nonlinear pack model. Simple conditions are stated for this
estimator’s gains that guarantee its error is convergent,
with the conditions being derived from an application of
Aizerman’s conjecture. It is hoped that the methods devel-
oped in this work will lead to the transfer of ideas from the
model simulation and battery management system design
of series connected battery packs to their parallel counter-
parts.

REFERENCES

[1] https://www.pivot-power. co.uk/pivot-power-an-edf-renewables-
company-places-order-with-wartsila-for-100mw-of-energy-
storage-in-uk/. Accessed 17/08/20.

[2] M. Arcak and P. Kokotovié¢, “Nonlinear observers: a circle crite-
rion design and robustness analysis,” Automatica, vol. 37, no. 12,
pp- 1923-1930, 2001.

[3] V. Bragin, V. Vagaitsev, N. Kuznetsov, and G. Leonov, “Algo-
rithms for finding hidden oscillations in nonlinear systems. the
Aizerman and Kalman conjectures and chua’s circuits,” Journal
of Computer and Systems Sciences International, vol. 50, no. 4,
p. 511, 2011.

[4] M. J. Brand, M. H. Hofmann, M. Steinhardt, S. F. Schuster,
and A. Jossen, “Current distribution within parallel-connected
battery cells,” Journal of Power Sources, vol. 334, pp. 202-212,
2016.

[5] B. Brogliato, R. Lozano, B. Maschke, and O. Egeland, “Dissi-
pative systems analysis and control,” Theory and Applications,
vol. 2, 2007.

[6] T.Bruen and J. Marco, “Modelling and experimental evaluation
of parallel connected lithium ion cells for an electric vehicle
battery system,” Journal of Power Sources, vol. 310, pp. 91—
101, 2016.

[7] L. Chang, C. Zhang, T. Wang, Z. Yu, N. Cui, B. Duan,

and C. Wang, “Correlations of cell-to-cell parameter variations

on current and state-of-charge distributions within parallel-

connected lithium-ion cells,” Journal of Power Sources, vol. 437,

p- 226869, 2019.

X. Fan, W. Zhang, Z. Wang, F. An, H. Li, and J. Jiang,

“Simplified battery pack modeling considering inconsistency

and evolution of current distribution,” IEEE Transactions on

Intelligent Transportation Systems, 2020.

(12]

(10]

(11]

(13]

14]

(15]

(16]

(17]

(18]

(19]

20]

(21]

(22]

23]
[24]

[25]

W. Diao, M. Pecht, and T. Liu, “Management of imbalances in
parallel-connected lithium-ion battery packs,” Journal of Energy
Storage, vol. 24, p. 100781, 2019.

M. Doyle, T. F. Fuller, and J. Newman, “Modeling of galvano-
static charge and discharge of the lithium/polymer/insertion
cell,” Journal of the Electrochemical society, vol. 140, no. 6, p.
1526, 1993.

R. Drummond, A. M. Bizeray, D. A. Howey, and S. R. Duncan,
“A feedback interpretation of the Doyle-Fuller-Newman lithium-
ion battery model,” IEEE Transactions on Control Systems
Technology, 2019.

R. Drummond and S. Duncan, “The Aizerman and Kalman
conjectures using symmetry,” Automatica, vol. 92, pp. 240—243,
2018.

R. Fessler, “A proof of the two-dimensional Markus-Yamabe
stability conjecture and a generalization,” in Annales Polonici
Mathematici, vol. 62. Instytut Matematyczny Polskiej
Akademii Nauk, 1995, pp. 45—74.

A. Fill,; S. Koch, A. Pott, and K.-P. Birke, “Current distribution
of parallel-connected cells in dependence of cell resistance, ca-
pacity and number of parallel cells,” Journal of Power Sources,
vol. 407, pp. 147-152, 2018.

M. Guo, G. Sikha, and R. E. White, “Single-particle model for
a lithium-ion cell: Thermal behavior,” Journal of The Electro-
chemical Society, vol. 158, no. 2, p. A122, 2010.

C. Gutiérrez, “A solution to the bidimensional global asymptotic
stability conjecture,” in Annales de I’Institut Henri Poincare (C)
Non Linear Analysis, vol. 12, no. 6. Elsevier, 1995, pp. 627-671.
M. H. Hofmann, K. Czyrka, M. J. Brand, M. Steinhardt,
A. Noel, F. B. Spingler, and A. Jossen, “Dynamics of current
distribution within battery cells connected in parallel,” Journal
of Energy Storage, vol. 20, pp. 120-133, 2018.

E. Hosseinzadeh, J. Marco, and P. Jennings, “Combined elec-
trical and electrochemical-thermal model of parallel connected
large format pouch cells,” Journal of Energy Storage, vol. 22,
pp. 194-207, 2019.

R. E. Kalman, “Physical and mathematical mechanisms of in-
stability in nonlinear automatic control systems,” Trans. ASME,
vol. 79, no. 3, pp. 553-566, 1957.

H. K. Khalil and J. W. Grizzle, Nonlinear systems.
hall, Upper Saddle River, NJ, 2002, vol. 3.

G. Leonov and N. Kuznetsov, “Algorithms for searching for
hidden oscillations in the Aizerman and Kalman problems,” in
Doklady Mathematics, vol. 84, no. 1. Citeseer, 2011, pp. 475—
481.

X. Lin, A. G. Stefanopoulou, Y. Li, and R. D. Anderson, “State
of charge imbalance estimation for battery strings under reduced
voltage sensing,” IEEE Transactions on Control Systems Tech-
nology, vol. 23, no. 3, pp. 1052-1062, 2014.

M. Vidyasagar, Nonlinear systems analysis. SIAM, 2002.

D. Zhang, L. D. Couto, S. Benjamin, W. Zeng, D. F. Coutinho,
and S. J. Moura, “State of charge estimation of parallel con-
nected battery cells via descriptor system theory,” in Procs. of
the American Control Conference, 2020, pp. 2207-2212.

L. Zhong, C. Zhang, Y. He, and Z. Chen, “A method for the
estimation of the battery pack state of charge based on in-pack
cells uniformity analysis,” Applied Energy, vol. 113, pp. 558-564,

Prentice

2014.



	I DAE model for a parallel connected pack
	I-A Parallel pack model equations
	I-B Differential algebraic equation parallel pack model

	II Resolving the algebraic equation
	II-A The matrix inverse A22-1
	II-B State-space model

	III State estimator design
	III-A State-estimator
	III-B Estimator design

	IV Simulations
	References

