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Performance Evaluation of Battery Balancing Hardware

Matthias Preindl, Claus Danielson, and Francesco Borrelli

Abstract—1In this paper we evaluate the performance of
seven proposed hardware topologies for balancing the cells in
a battery pack. We consider four classes of battery balancing
hardware; shunting, cell-to-stack, storage element, and dissipa-
tive hardware. We present models of these hardware topologies
that capture the steady-state behavior of the balancing hard-
ware dynamics. We evaluate the hardware topologies based on
time required to balance the cells and energy dissipated during
balancing. A linear programming based method for calculating
the worst-case time to balance and energy dissipated during
balance is provided. The number of linear programs required
to compute both metrics grows exponentially with the number
of cells. We show how to use symmetries to efficiently compute
both metrics. Our approach scales well for large-scale battery
packs and provides non intuitive solutions.

I. INTRODUCTION

Electric and hybrid vehicles require battery systems with
high voltage, high efficiency, and long lifetime [1], [2].
Battery cells are connected in series to provide the required
voltage and efficiency. However, this setup leads to a nearly
exponential reduction of the battery life as the string length
increases [3], [4]. The lifetime reduction is mainly caused
by charge imbalances of the cells, which worsen over time.
Imbalances arise from internal and external effects. Internal
effects include manufacturing variance, variations in internal
impedance and different self-discharge rate. External effects
include unequal draining due to protection circuits, and
temperature variations between cells which alter internal
impedance and self-discharge rates [5]. Cell imbalance re-
duces the effective capacity of the battery pack. Li-Ion
battery cells require a balancing system to correct these cell
imbalances.

There are two classes of battery balancing hardware;
dissipative and redistributive. In dissipative balancing excess
charge is drawn from the cells with the highest state-of-
charge and dissipated through a shunt resistor. Redistributive
balancing uses power electronics to move charge between
cells [6], [7]. Redistributive balancing methods can further be
distinguished by the operation principle used to move charge
between the cells. In this paper we distinguish shunting, cell-
to-stack, and storage-element methods. Shunting methods
move charge between adjacent cells. Cell-to-stack methods
move charge from a cell to the entire battery pack or vice-
versa. storage-element methods use a passive storage element
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(capacitor or inductor) as an intermediary for moving charge
between cells.

The battery balancing hardware designs we consider are
described in detail in [5], [8]-[10]. The balancing hardware
designs are evaluated in terms of time-to-balance and energy-
loss-to-balance. Time-to-balance is the minimum time re-
quired for any controller to balance the cells from a given
initial imbalance. Energy-loss-to-balance is the minimum
energy dissipated for any controller when balancing a given
initial cell imbalance. In practice the time-to-balance and
energy-dissipated-to-balance will depend not only on the
hardware design but also on the controller design and initial
cell imbalance. In our study, we remove dependencies on
control design and initial cell imbalance in the following
way: the hardware designs are evaluated in terms of best-case
controller performance for the worst-case initial conditions.

The time-scale of cell balancing is typically measured
in hours. Therefore our models neglect the fast dynamics
of the power electronics [11], [12] and internal battery
chemistry [13], [14]. We model the battery cells using
simple continuous-time integrator dynamics. The cells are
able to exchange charge through balancing hardware [15].
We assume that the state-of-charge of the battery cells is
available. Details on estimating the state-of-charge for battery
cells can be found in [16]-[20].

The number of linear programs required to compute the
time-to-balance and energy-loss-to-balance metrics grows
exponentially with the number of cells. We show how to
use symmetries to efficiently compute both metrics. Our
approach scales well with the number of battery cells and
allows us to compute the performance metrics for large
scale battery packs. We use simulations with high fidelity
power electronic models and to show the effectiveness of
our approach.

II. BATTERY SYSTEM

The amount of charge stored in the battery cells is
Qqx(t) € R} where z € [0,1]" C R is the normalized
state-of-charge of the cells and the diagonal matrix Q, €
R}*™ contains the charge capacities of the battery cells.
State-of-charge is the amount of stored charge normalized
by the total charge capacity of the cell. A state-of-charge of
1 corresponds to the full battery cell and O corresponds to a
empty cell.

The state-of-charge of the battery cells is controlled
through the balancing current Q,u(t) € R* where u(t) €
[—1,1]™ is the normalized balancing current and the diag-
onal matrix @, € R"*™ contains the current capacities of
the balancing hardware.
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The state-of-charge and balancing current are related by
the integrator dynamics

Qui(t) = TQuu(t) (D

where the topology matrix 7' relates the balancing currents
and state-of-charge. The topology matrix 7' depends on
the balancing hardware topology. In Section III we will
define the balancing topology matrices 7' for the hardware
topologies considered in this paper. For notational simplicity
we write the dynamics as

i(t) = Bu(t) 2)

where B = Q,;'TQ,, € R™ ™. The state-of-charge can be
expressed explicitly in terms of the control input,

z(r) =z(0)+ B /OT u(t)dt. 3)

The state-of-charge and normalized balancing current are
constrained by

x(t) e X, u(t) el “)

for all t € R} where X = [0, 1]™ and the input constraints
U C [—1,1]™ depend on the hardware topologies described
in Section III.

A. Battery Balancing Problem

In this section we define the control objectives for battery
balancing.

The battery balancing problem involves finding a balanc-
ing current trajectory that balances the battery cells. We
define the set of balanced states as

X={zeR"z=a;Vije[l,.,n}CXx (5

In a balanced state the amount of charge that can be removed
from the battery pack and amount of charge that can be added
to the battery pack are both maximized [15]. The battery
balancing problem is formally defined below.

Problem 1 (Battery Balancing). Find a terminal time 7 and
input trajectory u(t) for ¢ € [0, 7] such that z(¢) € & and
u(t) € U for all t € [0, 7], and z(7) € X.

Before continuing we prove two results that simplify the
battery balancing problem. Proposition 1 shows that the
infinite dimensional problem of finding an input trajectory
u(t) can be transformed into a finite-dimensional problem.

Proposition 1. There exists an input trajectory u(t) for
t € [0, 7] that solves Problem 1 if and only if there exists a
constant input trajectory u(t) = @ € U for t € [0,7] such
that

z(t) = z(0) + Bur € X. (6)

Proof. First we prove the existence of a trajectory w(t) for ¢t €
[0,7] that solves Problem 1 implies the existence of a constant
trajectory @ € U. Let

a= 1 / " u(t)dt. o
0

Then @ satisfies (6). Furthermore @ € U since u(t) € U for all
t € [0,7], U is convex, and the integral is the limit of Riemann
sums.

Now we prove the existence of @ implies the existence of a
trajectory u(t) for ¢ € [0, 7] that solves Problem 1. Let u(t) = u for
t € [0, 7] then u(t) satisfies u(t) € U and z(7) € X. Furthermore
z(t) = ©(0) + But € X for all t € [0, 7] since X is convex and
z(0)+ Bar € X C X. O

Next we show the set inclusion condition (6) can be
replaced by an equality constraint. Therefore we have the
equivalent simplified statement of the battery balancing prob-
lem.

Proposition 2. Problem 1 can be solved by computing a
terminal time T and constant input trajectory u € U such
that

Lz(0) + LBur = 0. (8)

Proof. Let L =1— 111" then z € X if and only if Lz = 0 for
any x € X. O

III. HARDWARE TOPOLOGIES

In this section we model the battery balancing hardwares
presented in [S], [8]-[10]. First, the topologies are modeled
based on the buck-boost and flyback converter topology
[11], [12]. We are concerned with modeling the behavior
of the balancing hardware over long time-scales relative to
the dynamics of the power electronics and battery chemistry.
Each hardware topology is modeled using the generic model
(2) and (4) where the topology matrix 71" and polytopic input
constraint set I/ vary between hardware topologies. Many
of the active balancing hardware topologies we present have
passive counter-parts. In this paper we only consider active
balancing hardware. However, the active topologies often
provide an upper-bound on the performance of their passive
counter-parts.

A. Dissipative Topology

The dissipative topology is shown in Figure 1(a). In the
dissipative topology charge is removed from cells with high
state-of-charge and dissipated as waste heat. Examples of
dissipative topologies are the dissipative resistor and dissipa-
tive shunting topologies from [5], [8]-[10]. In the dissipative
shunting topology each cell has an independently actuated
shunt circuit. The topology matrix 7" is given by

where n is the number of cell and m = n is the number
of dissipative links. The input u is limited by peak current
constraint of the links |u;| < 1 and since the topology is
dissipative we have u; > 0 for each i = 1,2, ..., m. Therefore
the input constraint set is

U={ueR™|0<uy <1} C[0,1]™
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B. Shunting Topology

The shunting topologies are shown in Figure 1. In the
line topology shown in Figure 1(b) charge is moved between
neighboring cells in the series connection using buck-boost
converters. In the ring topology shown in Figure 1(c) the first
and last cells in the stack are connect to form a ring using
a flyback converter. Examples of shunting topologies are the
controlled shunting and switched capacitor topologies from
[5], [8]-[10]. The topology matrix 7" for the line shunting
topology is given by

1 00..0 0

“110..0 0
T—|0-11..0 0 [ cpRnxm

0 00..-11

0 00..0 —1

where n is the number of battery cells and m = n — 1 is the
number of links. The ring shunting topology has the topology
matrix

1 00..0-1

-110..00
T=1]0-11..00 | ¢ RPXm

0 00.:10

0 00..01

where n is the number of battery cells and m = n is the
number of links. The input v is limited by peak current
constraint of the links |u;| < 1 for i = 1,2, ..., m. Therefore
the input constraint set is

U={ueR"| -1<uy <1} =[-1,1]"

C. Storage Element Topology

The storage element topologies are shown in Figure 1.
In these topologies a passive storage element (capacitor
or inductor) provides temporary storage for moving charge
between cells. In Figure 1(d) the temporary storage element
is an inductor and we use the multiple-winding inductor
converter. In Figure 1(e) the temporary storage element is
a capacitor and the links a realized with flyback converters.
In both topologies the charge level of the storage element
remains constant. Examples are the single switched capacitor
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Balance hardware topologies: dissipative (a); line shunting (b); ring shunting (c); inductive storage element (d); capacitive storage element (e);

topology and the multiple-winding inductor topology [5],
[8]-[10]. The topology matrix 1" for both the inductive and
capacitive storage element topologies is given by

100..00
010..00

T—[00100] cgnxm
000...10
000..01

where 7 is the number of cells and m = n is the number of
links. The input constraint sets are different for the capacitive
and inductive storage element topologies. In both variants
the input u is limited by peak current constraint of the links
|u;| < 1fori=1,2,...,m. Since the storage element should
neither be charged nor discharged over time, we have the
addition constraint Z?zl Qu,iu; = 0. Therefore the input
constraint set of the capacitive storage element topology is

U={ueR™| —1<u;<land 37" Quiui = 0}.

In the inductive topology (Figure 1(e)) only one link can be
active at each time instant. This constraint can be satisfied
by ensuring that the total control action is less than one at
each time instant ||u|j; < 1. Therefore the input constraint
set of the inductive storage element topology is

U={ueR™ |-1<u; <1, 3" Quu; =0, [Jull; <1}.

D. Cell to Stack Topology

The cell-to-stack topologies are shown in Figure 1. In these
topologies, charge is removed from one cell and distributed
equally among all the cells in the stack. Likewise charge can
be drawn equal from all the cells and added to a single cell.
We consider two variants of the cell-to-stack topology; the
common cell-to-stack topology shown in Figure 1(f), which
uses a converter with parallel mutual inductors, and the
individual cell-to-stack topology shown in Figure 1(g), which
uses flyback converters. In the latter each cell has an individ-
ual link to the stack that can be operated independently from
the other cells. This requires more high voltage switches
but allows simultaneous movement of charge to and from
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multiple cells. Examples of the cell-to-stack topologies are
the single and multiple transformer topologies from [5], [8]—
[10]. The topology matrix T for the cell-to-stack topologies
is given by

1.7 1 1 11
n n n n n

1 01_q 1 11

n n n N n n

1 1 1_ 1 1 nxm
T = n ow o owmle onoon eR

i1 1 T1i_q 1

n n n n n

11 1 101,

n n n n n

where n is the number of cells and m = n is the number
of links. We use the sign convention u; > 0 to indicate
charge flow from cell 7 to the stack and u; < O to indicate
charge flowing from the stack to the j-th cell. The input
constraint sets are different for the individual and common
cell-to-stack topologies. In both the input w is limited by peak
current constraint of the links |u;| < 1 for i = 1,2,...,m.
Therefore the input constraint set of the individual cell-to-
stack topology is

U={ueR"|-1<u; <1}.

In the common cell-to-stack topology only one link can be
active at each time instant ||u|l; < 1. Therefore the input
constraint set of the common cell-to-stack topology is

L{:{ueR" | —1<w; <1 and Hu||1§1}.
IV. PERFORMANCE METRICS

In this section we define the metrics used to evaluate
the performance of the hardware topologies described in
Section III. In practice hardware performance will depend
on the control design and initial imbalance as well as the
hardware design. Our performance metrics are defined such
that they are independent of controller design and initial
conditions. The performance metrics depend only on the
hardware design.

A. Time to Balance

The time-to-balance 7* is the minimum amount of time
required to equalize the state-of-charge of the battery cells.
The dependency of the time-to-balance on the initial condi-
tion 2(0) is removed by considering the worst-case time-
to-balance over a set of initial imbalances D C X. The
dependency on the controller design is removed by consider
the best-case performance for any controller. The time-to-
balance is defined in Definition 1.

Definition 1. Let D C X be a set of initial cell imbalances.
The time-to-balance 7* is
7*(D) = argmin{r € Ry | Vz(0) € D, Ju(t) e U Vt € [0, 7]
s.t. x(t) € X and z(7) € X'} )
Proposition 3 provides a procedure for calculating the time

to balance for a given polytopic set of initial imbalances
DCAX.

Proposition 3. Let U = {u|Hu < K} and let D =
conv{Zy, ..., &, }. The time-to-balance can be computed as

7(D) = max 71/ (10)

ie{l,...,r}

where
7/ = minimize T (11a)
7>0,v
subject to Lz; + LBv =10 (11b)
Hv—-Kr <0 (11c)

Sor each vertex &; of D = conv{iy,..
- 111"

., &y} and where L =

Proof. In Proposition 2 we showed that there exists an input
trajectory u(t) € U for t € [0, 7] such that z(¢) € X and z(7) € X
if and only if there exists a constant trajectory v € U such that
Lx + 7LBv = 0. Thus for any « € D the time-to-balance is

T (z) = min>i{)nize T (12a)
subject to Lx + LBv =0 (12b)
Hv—-—Kr<0 (12¢)

where v = 74 € TU. For any = € D the value function 7*(z)
provides a lower-bound on the worst-case time-to-balance 7*(D) >
7*(z). Since the value function 7*(z) is convex [21] the maximum
occurs at one of the vertices of the set D. O

Calculating the time-to-balance 7*(D) for a given poly-
topic set D requires solving the linear program (11) for each
vertex of the polytope D. It is well known that the number of
vertices grow exponentially in the dimension of the polytope
[22]. However in special cases the time-to-balance can be
calculated more efficiently by exploiting the symmetry of
the hardware topologies.

Theorem 1. Let D = {z € X | || Lz|o < d} and let
Qx = q.I, be the cell charge capacities and Q, = quIn
the link current capacities. Then the time-to-balance can be
calculated by solving the linear program (11) for the n — 1
points

L =d [1"1—:] (13)

for k =1,...,n —1 where d € [0,0.5] is the worst-case
imbalance for each battery cells.

Proof. Proposition 3 states that the worst-case time-to-balance can
be calculated by evaluating 7*(x) at each vertex of D where 7*(z)
is the solution to the linear program (12).

It can be shown that the value function 7*(x) is invariant under
permutations 7*(P,xz) = 7*(z) for any permutation matrix P, €
R™*™. Thus the time-to-balance 7*(z) is constant for each vertex
in the vertex orbit

O(x;) = {Puii | P} C {&1,...,20}
where D = conv{#1,...,Z,}. Therefore the number of linear
programs we must solve to calculate the worst-case time-to-balance
is equal to the number of vertex orbits of the set LD.

The parameter set D can be written as D = C @& dH where
C C null(L), H = {z | |z||loc < 1} is a hyper-cube, and & is
the Minkowski sum of sets. Thus LD = dLH. Hyper-cubes have
n + 1 vertex orbits; all vertices with k ones and n — k negative
ones are equivalent under permutation. The vertices 1 and —1 are
mapped to the origin under L = I — %11T. This leaves the n — 1
vertices in equation (13) that must be checked. O

(14)
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B. Energy Dissipated to Balance

The energy-dissipated-to-balance ¢* is the minimum
amount of energy dissipated in the process of balancing the
battery cells. Each charge transfer u(t) dissipates a portion
of the stored energy. The power dissipation is a non-linear
function of the voltage and current [23], [24]. However in
practice the power electronics are operated about a single
current set-point. Furthermore the voltage range of the bat-
tery cells is limited and can be upper-bounded. Therefore we
assume the energy dissipation is directly proportional to the
magnitude of the control action according to the relation

(u) = / W) e

where W is a diagonal matrix which defines the dissipation
of the links. Realistic efficiency ranges were obtained from
[23], [24].

In order to remove the dependency on the initial imbalance
we consider the worst-case energy dissipation over a set of
initial imbalances D C X'. The dependency on the controller
design is removed by consider the best-case performance for
any controller. The energy-dissipated-to-balance is defined in
Definition 2.

15)

Definition 2. Let D C X be a set of initial cell imbalances.
The energy-dissipated-to-balance is

*(D) = i Wu(t)||1dt 16
(D) = mxwin - [ [Wa(o) (162)
subject to Lx—!—LB/ u(t) =0 (16b)

0

u(t) eU, z(t) € X Vt € [0,7]

Proposition 4 provides a procedure for efficiently calcu-
lating the energy-dissipated-to-balance for a given polytopic
set of initial imbalances D C X.

Proposition 4. Ler U = {u|Hu < K} and let D =

conv{Zy, ..., &, . Then the energy-dissipated-to-balance is
given by
e*(D) = max e (17
i€Z(D)
where
er = min>i{)nize [[Wollx (18a)
subject to LZ; + LBv =0 (18b)
Hv—-— Kt <0 (18¢)

for each vertex &; of D = conv{Zy,...,T,} and where L =

I—1117.

Proof. In Proposition 2 we showed that there exists an input
trajectory u(t) € U fort € [0, 7] such that z(¢) € X and z(7) € X
if and only if there exists a constant trajectory @ € U such that
Lz + tLBu = 0. Furthermore the constant trajectory % has a
lower cost than an equivalent general trajectory u(t) since

iwarl = | [ waad| < [“Iwu@a a9)
0 0

for any norm || - || and weighting matrix W. Thus for any = € D
the energy-dissipated-to-balance is

e (z) = min>ignize (IWoll1 (20a)
subject to Lx + LBv =0 (20b)
Hv—Kt<0 (20c¢)

where v = 74 € TU. For any x € D the value function £*(z)
provides a lower-bound on the worst-case energy-dissipated-to-
balance (D) > ¢*(z). Since value function *(z) is convex [21]
the maximum occurs at one of the vertices of the set D. O

Calculating the energy-to-balance £*(D) for a given poly-
topic set D requires solving a linear program for each vertex
of the polytope D. It is well known that the number of
vertices grow exponential in the dimension of the polytope
[22]. However in special cases the energy-dissipated-to-
balance can be calculated more efficiently by exploiting the
symmetry of the hardware topologies.

Theorem 2. Let D = {z € X | || Lz|o < d} and let
Qx = q.I, be the cell charge capacities and Q, = quIn
the link current capacities. Then the energy-dissipated-to-
balance can be calculated by solving the linear program
(18) for the n — 1 points

Lé;=d {“k] 1)
-1,
for k =1,...,n —1 where d € [0,0.5] is the worst-case

imbalance for each battery cells.

Proof. The proof of Theorem 4 is similar to the proof for Theorem
3. O

V. RESULTS

In this section we demonstrate our methodology for an
example battery pack. For this example the charge capacity
of the battery cells is 10[A-h], the current capacity of the
links is 5[A], and the rated voltage per cell is 3.7[V]. Thus,
W = 18.51,,[Wh] for dissipative topologies. For the non-
dissipative hardware topologies, we assume 95% link effi-
ciency, which results in W = 0.9741,,[Wh]. The initial im-
balances are +10% from balance D = {z | ||Lz||s < 0.1}.
We show the time-to-balance 7*(D) and energy-dissipated-
to-balance ¢*(D) as function of the battery pack size n for
different hardware topologies. We vary n of the battery pack
between 2 and 100 battery cells.

The dissipative hardware topology (trajectory A in Figure
2) is widely used in industry and it is used as a benchmark
reference. Figure 2(a) shows that the time-to-balance for dis-
sipative topologies is not sensitive to the battery pack size n.
The worst-case time-to-balance remains constant regardless
of the number of cells n. However Figure 2(b) shows that
the energy-dissipated-to-balance increases drastically with
battery pack size n.

The shunting topologies (trajectory B and C in Figure 2)
move charge between adjacent cells arranged in a string or
ring formation. Figure 2(a) shows that the time-to-balance
grows linearly with the number of cells n. Figure 2(b)
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stack, G individual cell-to-stack

shows that the energy-dissipated-to-balance grows exponen-
tially with the number of cells n. Compared to the other
hardware topologies, the shunting topologies have poor time-
to-balance and energy-dissipation. This behavior is a result
of the fact that charge cannot be moved directly from an
arbitrary cell ¢ to another j. Instead the charge must move
through all the intermediate cells in the string or ring.

The storage element topologies (trajectory D and E in
Figure 2) use a capacitive or inductive storage element to
move charge directly between any cells. In the capacitive
topology charge can be moved between several cells simulta-
neously. In the inductive topology charge can only be moved
between two cells at each time instant. As a results the time-
to-balance for the capacitive topology is independent of the
number of cells in the pack n as shown in Figure 2(a). On
the other hand the time-to-balance for the inductive topology
grows linearly with the number of cells n. The time-to-
balance of the inductive topology has the highest rate of
grow or the seven topologies. Figure 2(b) shows that the
energy-dissipated-to-balance grows linearly with the number
of cells n in the battery pack. The rate of grow of the storage
element energy-dissipated-to-balance is among the lowest of
the seven topologies.

The cell-to-stack topologies (trajectory F and G in Figure
2) move charge between individual cells and the entire cell
stack. If the links can be used simultaneously the time-to-
balance is constant as shown in Figure 2(a). On the other

hand, if only one link can be used at each time instant
then the time-to-balance grows linearly with the number of
cells. The energy-dissipated-to-balance grows linearly with
the number of cells n as shown in Figure 2(b). Both time-
to-balance and energy-dissipated-to-balance have a similar
rate of grow than the storage element topologies.

ACKNOWLEDGMENTS

We thank Professor Silverio Bolognani at the University of
Padova and Doug Oliver, Dyche Anderson and Tony Phillips at
Ford Research and Advanced Engineering for their support.

[1]

[2]

[3]

[4]
[5]
[6]
[7]
[8]
[9]

[10]
(11]

[12]
[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

4070

REFERENCES

A. Affanni, A. Bellini, G. Franceschini, P. Guglielmi, and C. Tassoni,
“Battery choice and management for new-generation electric vehicles,”
IEEE Trans. Ind. Electron., vol. 52, pp. 1343-1349, 2005.

S. M. Lukic, J. Cao, R. C. Bansal, F. Rodriguez, and A. Emadi,
“Energy storage systems for automotive applications,” IEEE Trans.
Ind. Electron., vol. 55, pp. 2258-2267, 2008.

N. H. Kutkut, H. L. N. Wiegman, D. M. Divan, and D. W. Novotny,
“Charge equalization for an electric vehicle battery system,” IEEE
Trans. Aerosp. Electron. Syst., vol. 34, pp. 235-246, 1998.

——, “Design considerations for charge equalization of an electric
vehicle batt. sys.” IEEE Trans. Ind. Appl., vol. 35, pp. 28-35, 1999.
J. Cao, N. Schofield, and A. Emadi, “Battery balancing methods: A
comprehensive review,” in VPPC, 2008.

C. S. Moo, Y. C. Hsieh, and I. S. Tsai, “Charge eq. for series-connected
batt.” IEEE Trans. Aerosp. Electron. Syst., vol. 39, pp. 704-710, 2003.
M. Tang and T. Stuart, “Selective buck-boost eq. for series batt. packs,”
IEEE Trans. Aerosp. Electron. Syst., vol. 36, pp. 201-211, 2000.

M. Daowd, N. Omar, P. Van Den Bossche, and J. Van Mierlo, ‘Passive
and active batt. balancing comp. based on matlab sim.” in VPPC, 2011.
S. Moore and P. Schneider, “A review of cell equalization methods
for lithium ion and lithium polymer battery systems,” in SAE World
Congress, 2001.

W. C. Lee, D. Drury, and P. Mellor, “Comp. of passive cell balancing
and active cell balancing for automotive batt.” in VPPC, 2011.

A. Emadi, Integrated Power Electronic Converters and Digital Con-
trol. CRC Press, 2009.

J. D. Irwin, The Industrial Electronics Handbook. CRC Press, 1997.
V. H. Johnson, A. A. Pesaran, and T. Sack, “Temperature-dep. battery
models for high-power li-ion batteries,” NREL, Tech. Rep., 2000.

K. Thomas, J. Newman, and R. Darling, “Mathematical modeling of
lithium batteries,” Advances in Li-lon Batteries, pp. 345-392, 2002.
C. Danielson, F. Borrelli, D. Oliver, D. Anderson, M. Kuang, and
T. Phillips, “Balancing of battery networks via constrained optimal
control,” in ACC, 2012.

G. L. Plett, “Extended kalman filtering for battery management
systems of lipb-based hev battery packs: Part 1. background,” J. Power
Sources, vol. 134, pp. 252-261, 2004.

B. S. Bhangu, P. Bentley, D. A. Stone, and C. M. Bingham, “Nonlinear
observers for predicting state-of-charge and state-of-health of lead-
acid batteries for hybrid-electric vehicles,” IEEE Trans. Veh. Technol.,
vol. 54, pp. 783-794, 2005.

M. Charkhgard and M. Farrokhi, “State-of-charge estimation for
lithium-ion batteries using neural networks and ekf,” IEEE Trans. Ind.
Electron., vol. 57, pp. 4178-4187, 2010.

H. He, R. Xiong, X. Zhang, F. Sun, and J. Fan, “SoC estimation of
the li-ion battery using an adaptive ekf based on an improved thevenin
model,” IEEE Trans. Veh. Technol., vol. 60, pp. 1461-1469, 2011.

J. Kim and B. H. Cho, “SoC estimation and SoH prediction of a li-ion
degraded battery based on an ekf combined with a per-unit system,”
IEEE Trans. Veh. Technol., vol. 60, no. 9, pp. 42494260, 2011.

F. Borrelli, A. Bemporad, and M. Morari, Predictive Control for Linear
and Hybrid Systems. Cambridge, 2011.

G. M. Ziegler, Lectures on Polytopes. Springer, 1995.

S. Waffler, M. Preindl, and J. W. Kolar, “Multi-objective optimization
and comparative evaluation of si soft-switched and sic hard-switched
automotive dc-dc converters,” in JECON, 2009.

M. Preindl and S. Bolognani, “Optimized design of two and three level
full-scale voltage source converters for multi-mw wind power plants
at different voltage levels,” in JECON, 2011.



