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Abstract—The aim of this work is to dive into the available
energy of different configurations of battery packs, a vital
factor when it comes to improving the driving range of electric
vehicles. To that end, two different storage system topologies
are considered: non-modular and modular batteries. Each of
them with passive or active balancing strategies. To achieve
realistic results, a reduced-order electrochemical model is used.
Cell-to-cell capacity variations are introduced to represent non-
uniformities inside the battery packs. Although many different
capacity distributions might be considered, the scope of this
paper has been limited to classical normal distribution. The
results of this analysis show that the available energy can be
increased using modular battery solutions.

Index Terms—Battery-pack, Available energy, Cell consis-
tency, Modular battery, Physics-based model.

I. Introduction

NE of the main challenges in this regard for electric
vehicles (EV) is the lack of consistency among
the parameters of all the cells. This non-uniformity is
measurable and is usually represented in factors such as
capacity, internal resistance and thermal properties. This
leads to the lessening of the total amount of available
energy of the battery pack (BP), always limited by the
weakest cell [1]. Thus, in medium and large size battery
systems, a high percentage of the available energy will
be unused due to cells’ inhomogeneities. In the context
of EV, this is understood as a constraint in the driving
range, a crucial characteristic towards its full adoption.
When developing these BESSs for EVs, features such
as scalability and reusability are not always taken into
account. For this reason, despite been constructed in
separated modules physically, at the end, all of them
operate as a single BP unit. However, to counter issues
related to their lack of robustness, multiple degradation
and aforementioned inconsistency problems are prevented
by using external balancing circuits and oversizing [1], [2].
On the one hand, as a way to be able to handle this
unbalances, passive and active balancing strategies are the
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Fig. 1. BESS configurations for DC a system a) conventional BP
structure b) modular battery system.

most well-known solutions [3], [4]. According to the liter-
ature, the former is commonly based on the most charged
cell’s energy dissipation with the aim of achieving total
equalization at the end-of-charge. Regarding the latter
option, traditionally, it has been focused on the balancing
of the state of charge (SoC) by redistributing charge
during the battery cycles. Nevertheless, for the purpose of
balancing some other measurable characteristics like losses
minimization, thermal balancing and power capability
equalization, smart balancing systems are already being
developed [5].

On the other hand, the increase in the volume and the
cost for oversizing are handicaps that are being tried to
be solved, among other things, by introducing the concept
of modular BESSs, e.g. in Fig. 1. Modularity enables
characteristics such as the reusability of the design and
even the repair or replacement of any faulty component.
At the same time, modular solutions may provide enhance-
ments like performing active thermal distribution control



strategies and active cell/module balancing algorithms,
while reducing power and voltage stress in the power
electronic devices [6]—[8]. Besides the technical advantages
that a modular system present, it may also contribute in
the increase of the reliability of the battery [9]. All this
could be translated into considerable financial savings for
the operator of the system.

In order to calculate the available energy of a battery
pack during discharge, first, accurate estimations of the
available energy of the cells is needed. For these calcula-
tions, a physics-based reduced-order model (ROM) is used.
Since the physics-based ROM is a faithful representation
of the cells, their calculated accessible energy depends
on their discharge current. In consequence, the calculated
available energy of the battery pack also depends on the
applied current, which makes the analysis more precise.

As mentioned above, when analysing the available
energy of a battery system during the discharge process,
establishing the cells’ initial capacity as well as the
corresponding cell-to-cell variation is mandatory [10]. As
already stated in literature, this values can vary due
to many reasons and in different ranges [11]. All these
variations have to fit with a kind of distribution so they
can be implemented in simulations. In the literature there
is not such a wide research focused on which distribution
is the appropriate. That is why the normal distribution
as the one presented in [3] is the most classical option.

The contribution of this article is focused on the increase
of the accessible energy of any BP oriented towards EVs.
To this end, a comparison between the traditional battery
systems and new modular battery storage systems is
performed. Active and passive balancing are considered
as methods to tackle the capacity deviation represented
by means of a normal distribution.

To carry out this research the paper is planned in
four main sections. It starts by presenting the reduced-
order electrochemical model corresponding to the cell
in Section II. Then, the BP models together with the
consistency issues are explained in the Section III. Once
all the theoretical frameworks are introduced, the obtained
available energy results are shown in Section IV. Lastly,
to sum up this work, some brief conclusions and future
research lines are proposed in Section V.

IT. Cell modelling

The cells that are used in this study are the LG M50.
As it has been stated previously, in this study the cell
voltage and the discharge capacity are not obtained from
their nominal values. Instead, the capacity and the voltage
are calculated using a cell model. This way, the obtained
results for the accessible energy study are more realistic,
since they include the cell current dependency.

Different modeling approaches could be considered for
this work, such as empirical models for example. With
an empirical model, the cell voltage response and the
discharge capacity can be calculated for each SoC and

current case. However, physics-based models (PBMs) have
been preferred to model the cells. Apart from the voltage
and capacity calculations, PBMs can represent the internal
physicochemical behavior of the cell, which can be used
to add detailed physical aging models or thermal models.
These are not included in this study, but they are
considered to be an interesting topic of research in this
field, and may be added in future work.

Among the different PBMs that can be used for cell
modeling, we selected the pseudo-two-dimensional (P2D)
model [12], [13]. The model selection requires a trade-
off between the represented amount of detail and the
computational cost. The P2D model is a continuum-scale
physics-based model, and it describes the electrochemical
processes occurring inside a Li-ion battery cell using a
partial differential algebraic equation (PDAE) system [14].
Different methods may be used to solve the PDAE system:
finite element method (FEM), finite volume method, finite
difference method, etc. However, the differential algebraic
equation system obtained from these methods are expen-
sive computationally, and therefore, not the best ones
for this analysis, where a big amount of simulations are
required. For this reason, a more computationally efficient
numerical method has been used to solve the system:
the orthogonal collocation on Chebyshev polynomials [15].
Using this method we obtained the ROM that we used for
the accessible energy analysis.

The ROM has been validated comparing its results to
a full-order model solution that has been obtained using
FEM in COMSOL Multiphysics ®. With the orthogonal
collocation method, the computational time was reduced
by a factor of 20, and the root mean square (RMS) error
was under 1 mV for a 1C discharge. The parameters of
the LG M50 cell for the simulations have been obtained
from [16].

ITI. Battery-pack modelling

The study of the available energy is always a hot topic
in the application of EVs due the concern with extending
the driving range. In this context, a model to approach
the energy provided by a BESS is suggested in [3].
However, this analysis focuses on the comparison of non-
modular BPs with one converter per cell topologies. This
research has been extended with modular BP solutions in
our previous work in [17] based on nominal cell values,
regardless the effect of the Crate in the performance of
any cell. So as to increase the accuracy of the results,
this article focuses on the analysis of non-modular and
modular topologies with electrochemical cell models.

A. Cell-to-cell Consistency

Once the cell model is developed, the next step before
the estimation of the available energy of the BP is
to model and determine the cell-to-cell variations and
inhomogeneities. As it is well known, there are many
factors such as the material inconsistencies as well as



manufacturing process issues that result in differences
between cells. Moreover, nonidentical environmental and
operational characteristics may also boost cell-to cell
variations [18]. That in mind, any inconsistency between
the cells becomes a vital factor regarding the performance
of the BP.

According to the literature, in [19] the available energy
of the BP is reduced by 25% due to a maximum SoC
deviation of 7%. In [20], the initial capacity of 700 cells
is measured in order to define the initial charge model by
means of a bimodal distribution or two separated Gaussian
distributions. The research carried out in [21] is grounded
on a SoC variation of 5% with an initial SoC of 95% that
follows a normal distribution. A wider range of SoC, up
to 34%, is considered in [22].

Taking into account the impact of cell inconsistencies
in the final useful energy estimation, it is considered
mandatory not to ignore its characterisation. Therefore,
based on examples of the literature and the EV ap-
plication, an average SoC of 80% is assumed with a
normal distribution that reaches a maximum standard
deviation of 9%. Hence, this research explores the available
energy under the influence of different SoC variations. The
essential parameters are presented in the Tab. I.

B. Non-modular systems

1) Passive balancing BP: The available energy of con-
ventional BPs with passive balancing (E,;) is going to
be limited always by the weakest cell (operation during
discharge cycles is neglected). This maximum energy
supply is estimated by using Eq. 1, as the balancing energy
losses and the converter efficiency are neglected for this
topology. The corresponding circuit is shown in Fig. la.

N T
Ep=>_ /0 O (t)igen di (1)
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2) Active balancing BP: With the aim of increasing
the available energy, active balancing circuits give to the
whole BP the ability manage SoC unbalances. Thus, the-
oretically this system can always provide more energy in
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Fig. 2. Conventional battery-systems a) Passive balancing b) Active
balancing.

comparison with the aforementioned non-modular passive
balancing circuit. Fig. 2b represents the schematic that has
been considered. It has to be taken into account that any
balancing circuit is under the influence of the efficiency
issues (represented with a resistance Ryp).

During the discharge cycle of the BP, two different situa-
tions must be contemplated: 1) the estimated time before
the cut-off voltage is achieved does not limit the maxi-
mum balancing current, meaning that non-uniformities are
solved successfully 2) as a consequence of high discharge
current there is not enough time to finish the equalization
without exceeding the maximum design current; therefore,
the overcurrent is solved by limiting the flowing current
to the maximum of the active balancing circuit. Moreover,
it has to be taken into account that the sum of the the
power flow in the balancing bus has to be equal to O.
However, the calculation is simplified by assuming always
nominal cell voltage and assuming an 100% efficiency when
analysing this constraint. That in mind, the restriction is
replaced by Kirchhoff’s Law (sum of all the currents has
to be equal to 0). Hence, the energy calculation can be
written as presented in Eq. 2.

N T N T
Eu = Z/ U (t) (Ldeh + 1, ) dt — Z/ 2 rydt (2)
n=170 n—170

where the balancing current i, is going to be defined by
the Eq. 3. In case the maximum balancing current i,qz
is achieved a correction factor 8 has to be applied (check
the Appendix A). It has to be taken into account that the
discharge time is always limited by 6, the inverse of the
initial SoC condition.

# - Cn) Cratcaﬂ maX(|’ib7[1;N] |) > imaz

p = N
(# — Cn> Cratef)  max(|ip,1:37|) < imaz
3)

C. Modular battery system

1) Variable balancing BP: The systems with variable
balancing configurations are those that have a converter
per cell, as it is shown in Fig. 3a. It is the circuit whereby
individual cell charge/discharge current management is
enabled. Nevertheless, each converters efficiency will im-
pact in the resulting accessible energy, represented by Ry
in Fig. 3a.

With regard to the maximum available energy of a vari-
able balancing BP (E,;), the Eq. 4 defines the maximum
supplied energy.

Fu = z/

m=1

)iy dt — Z / (4)
m=1

where rg estimates the losses of the converters, while M

is the total amount of modules (equal to number of cells

in this design) and i,, is the discharge current, directly



S
=
=5
N2
—
flay
o
-
—
—

— —
- Rq Rd
HO) CLa it =
1, =
- Ci22 ¢ It
c > Rd|g ; 22 |8
2 el C] n i R ov}
= 5 C bl =
o) Iy g Iln| |+ vHa
g — S I,n I
o Cal a Rd § >
— R 4 -
Ca ] Im ™ C2.2 Z C2,1 Rb)
22 ’ I%21 £ é“
T > &
C Rolg |=
Cz,nl;_-l 22 Q 2 g |w
Im [ o2 g
»R CZn — 1}/\11 ?
Cm,1 d 2n ’
C E I_m>
m,2 N R4
H Cm,1 T b o
Cm,nl% m,llk 3
Cmp2| |- i\/l:\L g
— m, aQ
5 Rp|®
Cl’l’l,Il T’ i B7Z)
m,n

Fig. 3. Modular battery systems a) Variable balancing b) Variable
+ passive balancing c) Variable + active balancing.

dependent on each of the cell’s and the whole system’s
capacity. This discharge current is determined using Eq.
5, being C the weakest cells’ capacity of each module.

Mmin

C

Mmin

Z.m = Z%:1 Cmmm/M Oratecnom (5)

2) Modular passive balancing BP: By means of a
modular BP based on passive balancing circuits, such as
the one of the Fig. 3b, according to [17] higher energy
levels could be supplied. At the end, the weakest cell
will not limit the accessible energy of the remaining
modules. Furthermore, although the available energy is
not as high as in variable balancing topologies, from a
hardware complexity point of view its development is more
feasible.

This kind of modular designs require a detailed analysis
in order to be able to consider all the possible cell
combinations into the modules. However, to simplify this
analysis, instead of considering each different option, the
most energy limiting cases are taking into account: 1)
the maximum available energy is achieved in the case
where the low capacity cells are joined together in the
same module, while the high capacity cells are joined
in another module; 2) the minimum available energy is
calculated considering the case where the cells with the
lowest capacity are connected to the cells with the higher
capacity in the same module. The total available energy
is estimated based on Eq. 6.

M N/mop M T
Fon =3 % /0 on(@imdt — 3 /O rai, dt (6)
m=1n=1 m=1

3) Modular active balancing BP: Similarly to the pre-
vious solution with modular passive balancing, a modular
BP can also be designed with an active balancing BMS.
This enables the capability to handle cell-to-cell SoC
variances of each module, in order to be able to boost
useful energy. Eq. 7 shows how to estimate the energy
that can be provided with such systems.

N/M

M T
Emab = Z_l Zl /O Un(t) (ideh,n + Z‘b,[m,n]) dt

(7)

N/M M T
Sl AT D O AR
n=1 0 m=1 0

In respect of the distribution of the cells into the mod-
ules, not to analyse all the cell initial state combinations as
stated in Section ITI-C2, the research is only focused on the
estimation of the minimum and maximum available energy
results. Regarding the equalization currents, following
the steps of the Section III-B2, although power balance
between the input and the output has to be always
achieved, constant voltage is considered. As a results,
balancing current inflows and outflows are again simplified
to Kirchhoft’s Law. At the same time, in case the balancing
current of any of the cells exceeds the allowed peak value
it is mandatory to apply limiting controls of Eq. 3.

IV. Results

Once the theoretical context at cell level and module
level is introduced, MATLAB® is used to develop all the
simulations. Thus, available energy results at different
scenarios are estimated. All the required parameters are
shown in Tab. I. On the one hand, different discharge
currents together with various balancing currents are
analyzed. On the other hand, the effect of increasing the
number of cells from 16 to 80 is studied with the aim of
understanding if there is any variation, and how could this
affect in the context of an electric vehicle and its driving
range.

Building on the defined parameters, Fig. 4 illustrates
the results obtained at 0.5 C and 1.5C with a balancing
current of 5% of the maximum cell capacity for systems
with 16 and 80 cells. It is essential to remember that
balancing system’s input/output power is simplified to
current equilibrium. Moreover, for a better understanding,
take into account that the nominal available energy of a
cell is around 18.3 Wh. In the case of a system with 16
cells, it is possible to appreciate three main considerations:

o Regardless the discharge current of the BP, the

modular passive balancing solution always improves
the non-modular topology as shown in Fig. 4a and
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b) C rate: 1.5C; Balancing: 5%; 16 cells
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Fig. 4. Available energy ranges for different BP topologies with a balancing system of 5% of the cell capacity a) 16 cells discharge at 0.5
C b) 16 cells discharge at 1.5 C ¢) 80 cells discharge at 0.5 C d) 80 cells discharge at 1.5 C.

Fig. 4b. In the worst case, with a 1.5C discharge limited to 151.06 Wh, while this value increases
between 10.01 Wh and 26.86 (1-2 extra cells) for

current, the traditional system’s available energy is



TABLE 1
Data used for the simulation.

Parameters Values
Cell name LG M50
Cell capacity (Crom) 5.09 Ah
Nominal voltage 3.6V
Maximum cell voltage 42V
Minimum cell votalge 25V
SoC average () 80%
Standard deviation 10%
Number of cells 16 and 80
Cells per module 4 and 8
Discharge currents 0.5C and 1.5 C
Maximum balancing current 0.05 C
Balancing resistance (rp) 0.8 mQ
Converter resistance (rg) 108 mQ

a system with 2 modules and 20.19 Wh to 40.38
Wh (2-3 extra cells) for a system with 4 modules.
Lower discharge currents, such as 0.5C, provide more
energy due to the effect of the C rate over the cell,
however the previously mentioned accessible energy
improvement is preserved.

o For the case of active balancing solutions, accord-
ing to 4a and 4b, for low capacity deviations the
useful energy levels are close to each other. But if
a higher capacity variance has to be managed, in
some cases, there may not be enough equalization
time if maximum balancing constraint is complied.
That in mind, the results obtained with 16 cells at
a discharge current of 1.5C and a balancing current
of 5% of the capacity show that, with the maximum
capacity deviation, modular topologies boost the non-
modular energy value between 9.9 Wh (1 extra cell)
and 26.98 Wh (2 extra cells) for a 2 modules system,
and 20.27 Wh (2 extra cell) and 40.46 Wh (3 extra
cells) for a 4 modules BP. This results change when
the discharge and balancing current relation varies.
Thus, the results with 0.5C of discharge and 5% of
equalization prove how favourable could be reducing
the operating current flow without changing the
balancing one.

e In order to access more stored energy, the variable
balancing topology presents the best results. The
minimum accessible energy at a 0.5C discharge is of
223.09 Wh, which is over any result of the rest of
topologies. Even if the discharge power is elevated to
1.5C, handling each cells’ energy individually allows
rising the useful energy to 200.05 Wh over the other
six topologies.

Understanding how these results are influenced by
incrementing the size of the BP is also analyzed. The
effects are shown in Fig. 4c and Fig. 4d. Hence, studying
a system with 80 cells (BP 5 times bigger) strengths and
weaknesses are accentuated from a Wh proint of view. As
an example, bearing the worst capacity deviation in mind,
modular passive balancing solutions ensure at least the

same available energy of the non-modular active topology
at 0.5 C. Instead, at 1.5 C the modular passive BP can
provide at least an extra energy equal of 55.99 Wh (4 extra
cells) for 8 cells modules, and 94.64 Wh (6 extra cells) for 4
cells modules. In the case of modular batteries with active
balancing, better results are obtained for both discharge
currents. Thus, for a C rate of 0.5C they guarantee a
minimum extra energy equal to 37.81 Wh (3 extra cells)
for the biggest modules and 77.65 Wh (5 extra cells)
for the smallest modules. At 1.5 C the results show an
improvement of the available energy of 98.03 Wh (6 extra
cells) and 137.11 Wh (8 extra cells) respectively.

Furthermore, for a better comprehension of the rela-
tionship between the discharge and the balancing current,
Fig. 5 is illustrated. On the one hand, Fig. 5a presents
the minimum accessible energies for different capacity
deviation values. On the other hand, Fig. 5b shows
the maximum available energy for different cell-to-cell
capacity variations. On the basis of the former figure, it is
shown that doubling the balancing current enhances the
capability to solve non-uniformities of capacity increasing
the available energy at the end-of-discharge. The same
cannot be said for the maximum accessible energy since
the 4 cell per module topology does not improve its
performance. Hence, an optimized active balancing system
can improve even more the available energy range of
the Fig. 4, particularly in modular configurations with
medium to high number of cells.
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Fig. 5. Effect of the balancing current, 5% and 10% of the cell
capacity, at 1.5 C discharge a) minimum available energy and b)
maximum available energy.

V. Conclusions

In this paper the available energy of a BP has been
explored considering modular and non-modular topolo-
gies. For the representation of the cells, a physics-based



ROM has been implemented. To enhance the quality of the
results, cell-to-cell variations’ influence in the performance
of the system is analyzed. By means of this research the
following conclusions are drawn.

The results show that modular battery topologies in
the worst possible scenario can provide almost the same
energy of a non-modular BP. For the rest of the situations,
modular systems enable a larger driving range for an
electric vehicle. This means that a transition towards
modular BP solutions would improve the performance of
every BESS. Comparing the different modular topologies
from the available energy point of view, modules with
active balancing are the best choice. They present bet-
ter characteristics than a passive modular option, while
simplifying the costly design of variable modular BPs.
Nevertheless, in a real EV application, a trade-off between
accessible energy, complexity, cost and volume have to be
analyzed.

Building on the aforementioned results, the maximum
equalization current requires an special attention. Al-
though initially it is supposed to be beneficial to enable
the option of fast balancing, if the cells are already
operating close to their maximum C rate, balancing can
be an issue in the improvement of the performance of
the BP. On the other hand, in low discharge current
systems, high balancing rates are not required, boosting
the final results of the system. Therefore, when defining
the maximum balancing current for active equalization
solutions, its interaction with the discharge current should
be considered to optimize the driving range of any EV.

Regarding the improvements and future lines of this
study, three main aspects have to be mentioned. Firstly,
developing a simulation using MATLAB Simulink® could
be interesting in order to apply dynamic control systems
that include cell degradation models. In addition, design-
ing prototypes with the aim of validating the already
estimated results is vital for the veracity of this analysis.
Lastly, carrying out an optimization analysis to minimize
the cost of the Wh is mandatory to decrease the final cost
of an EV.
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Appendix A
Active Balancing Strategy
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