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SUMMARY

The design of a battery pack commonly deals with high performance goals and challenging constraints in terms of cost,
volume or weight. One of the most crucial variables to maximise is the nominal energy, which depends on the number
of discrete battery cells that can be allocated and their individual technical specifications. This work proposes a systematic
method to optimise the nominal energy of a constrained battery pack from the perspective of the series-parallel topology. A
mathematical and graphical characterisation is presented on how the main battery’s variables are related to a topology
bounded to discretisation procedures. It was theoretically found that the effects of rounding the values of the topology
may lead to a considerable loss of potential nominal energy, a risk that increases linearly with the number of series. The
behaviour of the battery is assessed under nominal conditions and under the event of a cell failure. The theoretical analysis
suggests that the detrimental effects due to an open-circuit increase as the number of series increases, while it is the opposite
in the case of a shorted cell. The method is satisfactorily implemented in the development of two different battery packs for
solar competition cars with limiting regulations. The candidate topologies outperformed the nominal energy of topologies
defined without the method in up to 5%. It was also found that selecting an energy-maximising topology is not always the
most convenient choice, because other variables may be of interest and are dependent on the topology as well. The method
is of great use to guide the topology definition process in early theoretical stages, which is usually a compromise between
allocating as much cells as possible within constraints, and approaching other performance goals such as a given nominal
voltage or capacity. Copyright © 2017 John Wiley & Sons, Ltd.
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1. INTRODUCTION

There is currently a global trend towards broadening the
implementation of electrical technologies for industrial
and domestic applications. When their energy demand can-
not be entirely generated in the same place of consumption,
it is necessary to store the energy so it can be readily avail-
able. Electrochemical battery packs offer a way of deliver-
ing electric energy on demand after transforming the
potential energy stored in chemicals [1]. However, battery
packs for electrical devices, especially the portable ones,
must usually comply with strict practical limitations, which
in turn constrains the energy output. While battery cells
keep improving their energy density [2], electrical systems
keep increasing their energy demand in the quest for ex-
tended performance. This scenario underscores the need

Copyright © 2017 John Wiley & Sons, Ltd.

for optimising the nominal energy output of constrained
battery packs.

Numerous optimisation methods of battery pack perfor-
mance can be found in literature: the chemistry and elec-
trodes within the cells [3]; the thermal management
systems and strategies [4-06]; the electrical cell balancing
[7-9]; the reduction of resistance and leakage among con-
nections [7]; and the assessment of the effects of the series-
parallel topology. With ‘topology’, this work refers to the
electrical structure with which the individual battery cells
are interconnected; a concept also found in literature as
the layout of the battery pack [10]. The electrical structure
of the topology can be defined in terms of the number of
series, the number of parallels and the way in which the
cells are grouped in modules. As Plett and Klein [11] state,
when the number of individual cells is numerous, they are
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arranged in modules for technical practicality. When these
modules are connected in series, while the cells within are
connected in parallel, they are known as ‘parallel cell mod-
ules’ (PCM). Conversely, if the modules are connected in
parallel, with the cells within connected in series, the con-
figuration is known as ‘series cell modules’ (SCM). The
capacity of the battery pack (Cgp [Ah]) rises as the number
of parallels (nP) increases. Similarly, the pack’s nominal
voltage (Vpp [V]) rises with the number of series (nS).

The series-parallel topology is commonly regarded
merely as a means to achieve a minimum requirement of
voltage, capacity or power [4,5,12-18]. The number of
parallels nP and series nS of a battery pack is normally
calculated directly by applying the laws of Kirchhoff and
Ohm [19]. nS could be calculated from both the objective
voltage Vpp and the cells’ nominal voltage (Vi [V]). Hav-
ing a pack’s power objective (Pzp [W]) and an autonomy
objective (¢ [4]), the needed capacity Cgp would then be
known. Subsequently, it would be possible to directly cal-
culate the required number of parallels nP. Baronti et al.
[20] provide an example of a direct topology definition
process based on the capacity and voltage requirements.
Nevertheless, they conveniently choose objective values
for the pack that are multiples of the characteristics of the
cells, and thus, they avoid considering the rounding-
discretisation effects.

The previously described procedure, that is, directly
calculating nS and nP from the laws of Kirchhoff and
Ohm, results in real numbers, as opposed to integers.
Therefore, nS and nP would have to be rounded-up or
rounded-down to the next whole number. This
discretisation process may lead to unwanted implications,
such as exceeding a maximum number of allowable battery
cells (nBC,,,,) according to the general constraints. A
direct rounding procedure may also lead to topologies
incapable of satisfying the pack’s specification objectives
or which do not take full advantage of the available ranges.
Not considering the discretisation effects in that process
may undermine the capacity to take full advantage of the
allowable constraining ranges, leading to a ‘nominal en-
ergy loss’, that is, when a theoretical nominal energy mar-
gin is left unused due to a discretisation process in the
topology definition.

This is a critical issue when optimising a battery
pack, because that wasted margin could otherwise be
used to further increase the energy output. For instance,
if from weight restrictions 100 battery cells would be
allowed, but the number of series is defined as 45, then
the maximum number of parallels would be 2 within
weight constraints. This would mean a nominal energy
loss of 10 cells, that is, 10% less energy than what could
have been theoretically achieved while still respecting
the general boundaries. This work illustrates how
addressing the nominal energy loss due to a discrete
topology can get to a more complex design scenario,
where several candidate topologies must be carefully
compared and more variables should be considered in
early design stages.
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Based on the limitations and risks described, regarding
the topology definition, it is reasonable to propose the
series-parallel topology itself as an optimisation perspec-
tive. Xue et al. [10] developed a method to optimise a
battery pack for a hybrid vehicle from the internal
characteristics of the cells and their series-parallel topol-
ogy. However, they implemented a highly specific and
computationally demanding algorithm and did not address
in detail the implications of discretisation. Similarly, the
work of Sakti et al. [21] included certain aspects of the
battery pack’s topology within an optimisation process,
but the connections among and within modules were all
assumed to be in series without further flexibility. In the
work of Song et al. [22], a hybrid battery/super-capacitor
system is examined for optimisation in a process where
the series-parallel topology is iterated, but its discrete
implications were not characterised in detail. In a further
work, Song et al. [23] defined a minimum number of cells
for a battery pack but then adjusted that number without a
systematic approach into one which was allegedly ‘appro-
priate for grouping’, namely, that could be achieved
through a discrete topology. The latter illustrates how the
discretisation procedures, concerning the battery topology,
are commonly performed in a straightforward manner
without a deeper exploration of their effects over the
pack’s nominal characteristics or without a detailed com-
parison among the range of possible topology candidates.

Several authors addressed, directly or indirectly, the
implications of a battery pack’s topology over variables
of key interest. Plett and Klein [11] discussed advantages
and disadvantages of the topology configurations PCM
and SCM, considering the impact over the pack’s longev-
ity, the tolerance towards cell failure, the ability to self-
correct and the complexity for cell management and
monitoring. Similarly, Song et al. [22] characterised the
capacity loss depending on the series-parallel topology.
On the other hand, Chiu et al. [24] analysed the thermal
implications, such as capacity fade, contrasting between
cells connected in parallel and in series. In addition, Lamb
et al. [26] studied the thermal runaway propagation in
different series-parallel topologies.

Another crucial consideration regarding the topology
of a battery pack is the behaviour when a cell fails,
switching to an open-circuit (OC) or short-circuit (SC)
state. By no means is it appropriate to keep using a
battery pack while one or more of the cells are known
to be failing. However, it is worth assessing the pack’s
behaviour when such situations arise in order to develop
the capacity to identify when and how a pack is failing.
Also, under certain circumstances, it might not be possi-
ble to detect the failure of a single cell so the battery
could unknowingly remain in use under failure condi-
tions. Gholami et al. [25] studied battery pack topologies
based on their failure tolerance. Plett and Klein [11]
assessed the behaviour towards cell failure comparing
SCM and PCM arrangements. Several authors assessed
the effects of SCs and OCs focusing on different series-
parallel topologies [16,26-29].
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From the performed literature review, it can be
underscored that several key variables have been analysed
in relation to the series-parallel topology of a battery pack.
However, very few consider the topology itself as a means
for optimisation and, the ones who do, merely include the
topology within an iterative optimisation algorithm with-
out further discussion on the topic. No detailed characteri-
sation was found regarding the exposed discretisation
effects and risks. Nor was it found an analysis of how a
discrete topology may be related to the behaviour of the
battery when a cell is in SC or OC.

Addressing this knowledge gap, this work proposes a
systematic method to optimise the nominal energy output
of a constrained battery pack from the perspective of a
topology bounded to discrete values. By describing the
development of the method, and through the case study
implementation, this work provides a mathematical and
graphical characterisation of how the main battery’s vari-
ables are related to a discrete topology under constraints.
In addition, phenomena such as the risk of nominal energy
loss are examined in order to derive general equations. To
the best of the author’s knowledge, there is no battery
optimisation method found in the literature with the same
perspective as the one proposed in this work, nor is it
found such a characterisation of the discretisation
processes in topology definition. Furthermore, the detailed
case study may serve as a reference for similar
implementations. Accordingly, this work is a contribution
to the state of the art and can be complemented in further
design stages with other published methods for broadening
the battery pack optimisation perspectives.

2. OPTIMISATION METHOD FOR
BATTERY PACK TOPOLOGIES

This section describes a method developed to optimise the
nominal energy of constrained battery packs from the per-
spective of a topology bounded to discretisation processes.
As the objective is towards nominal energy, the healthy
battery cells are assumed to work under nominal condi-
tions and with no imbalances among them. The only situa-
tion in which the pack is evaluated for non-nominal
behaviour is when one cell turns into a SC or an OC. In this
situation, the other cells that are not directly affected are
assumed to work under nominal specifications. It is hence
worth stating that the mathematical model presented along
the method is not intended for a realistic simulation of a
real battery pack under use but for a first-stage optimisation
based on nominal behaviours and on specific cell faults,
that is, OC or SC. This work can serve as a useful tool to
define battery pack topology candidates, which may then
be examined by considering other variables that are be-
yond the focus of this method, such as the ageing effects,
manufacture imbalances or temperature implications [30].

The main steps of the method are summarised in
Figure 1 and are described in detail throughout this section.
The method starts by defining the technical guidelines in
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terms of the constraints and performance objectives. After
a portfolio of possible battery cells is defined, every cell is
analysed for all the discrete topologies which are allowable
within constraints. This numerical analysis comprises the
impact over the nominal energy output and the main pack’s
specifications; both under nominal and failure conditions.
Afterwards, the suitable topologies are graphically
compared, and the series-parallel layout, as well as the cell
reference, are defined.

2.1. Definition of the technical guidelines
and battery cell portfolio

Electrochemical batteries are continuously improving their
performance but are still not competitive in terms of energy
density, as opposed to gasoline for instance [10]. This sce-
nario, combined with high-energy demanding applications,
often leads to battery packs that are too heavy, bulky or
costly to be practical.

As shown in Figure 1, Step 1 of the method is to define
the technical guidelines for the battery pack. This consists
in stating the limiting boundaries and the performance
objectives. The users of the method must consider if there
are relevant constraints regarding the weight of the battery
pack (Wgp [kg]), the pack’s volume (VOLgp [m3]), the
pack’s cost (COgp [USD)), the minimum nominal voltage
(Vgpmin [V]) and the maximum nominal voltage (Vgpnax
[V]). These were the constraints that were found to be more
common, but the users may state any other relevant vari-
ables considered to directly limit the battery pack accord-
ing to the specific implementation. Similarly, the users
may consider some of the proposed constraints as irrele-
vant for their application. For instance, a cost constraint
may not be relevant for a competition vehicle, or a weight
constraint may not be limiting for a stationary
implementation.

To define the pack’s nominal voltage limits, the specifi-
cations of the peripheral devices that are directly related to
the battery are considered. Two direct boundaries are then
established, that is, the lower output boundary V,,;, and the
upper output boundary V,,,.. As a precaution, a propor-
tional safety margin sm is defined. These limits must not
be exceeded by the pack at any time. Therefore, it should
also be considered that, along the discharge curve, the
voltage of the cells ranges from a maximum cell’s voltage
mVpe to a minimum cut-off voltage coVyc. Equations (1)
and (2) consider such behaviour within the redefinition of
the limits in function of the pack’s nominal voltage.

VBPmin = Vmin*(1 + Sm)*m (1)
1%
VBPmax = Vmax*(l - Sm)* m‘fzjc (2)

As part of the technical guidelines, it is crucial to define
the performance objectives expected from the battery pack.
Even though the power needed may vary in time, it is
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Battery optimisation method from the series-parallel topology
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Figure 1. Flow chart of the proposed optimisation method for battery pack topologies.

suggested for the user to define an average nominal situa-
tion for design purposes in which a constant power Ppp
is wanted at a nominal voltage Vzp with a minimum ¢
autonomy.

Guided by the technical guidelines, it is then possible to
perform Step 2 of the method, a selection of candidate bat-
tery cells. The method suggest to first define one or several
battery types, according to the constraints and power spec-
ifications, and then select specific commercial battery cell
references. Saw et al. [7] compared different battery types
and show lithium-ion batteries as the most appealing in
terms of specific energy [Whkg™ '], specific power
[Wkg™ 1], efficiency and life cycle. However, lithium-ion
batteries present disadvantages in terms of cost, safety
and environmental hazard. For high-performance systems
with highly restrictive constraints of weight and/or volume,
lithium-ion batteries may result as the best choice. By con-
trast, when the most challenging constraint is the capital
cost, lead-acid or NiCd batteries may be more viable.

For each reference of the selected candidate battery
cells, it is suggested to determine the nominal voltage
(Vge), the maximum cell’s voltage (mVjpc), the cut-off
cell’s voltage (coVpc), the cell’s capacity (Cpc [Ah]), the
maximum current that can be safely drained from the cell
(Upcmax [A]) at the maximum continuous C-rate, the cell’s
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weight (Wpgc [kg]), the cell’s cost (COgc [USD]) and the
volume occupied by the cell (VOLgc [m)).

2.2. Delimitation of the allowable range of
topologies

As the main objective is to optimise the nominal energy
output, it is a direct priority to maximise nBC,,,,. Equation
(3) defines nBC,,,, which must be calculated for every can-
didate battery cell reference; Step 3 of the method. The
effect of the battery cells being discrete units is addressed
in Eq. (3) with the math symbol | |, which means that the
result of the expression inside must be rounded-down to
the next integer. The symbol (¥) is used in Figure 1 to
underscore the variables that can directly limit nBC,,,,,.

nBC e = min Wir O i
max = Wae + Wee )" \COpe + CO. ) \VOLpc + VOL.,

3

Battery cells inside a battery pack imply more ele-
ments than just the cells themselves, such as connectors,
sensors, supporting structures or empty spaces between
them for cooling purposes. Regarding these extra ele-
ments, W,, refers to their weight, CO,, refers to their cost
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and VOL,, refers to their volume. nBC,,,, can be taken as
an upper limit for the maximum number of battery cells
given specific constraints. Correspondingly, a maximum
energy (Eppmax [Wh]) can be calculated with Eq. (4).
Egpmax 1s the nominal energy that could be produced if
all nBC,,,. cells were to be allocated in the pack. Step 4
of the method consists in calculating Egp,,, for all the
references selected in Step 2.

Egpmax = NBC 0 *Vpc*Cpe )

The real discrete number of battery cells (nBC) that
can in fact be placed in the battery pack may not reach
Egpnay because nBC depends on a discrete number of
series (nSg) and a discrete number of parallels (nPg), as
stated in Eq. (5).

nBC = nSg*nPg, where (nSg,nPg)eN (5)

As neither the number of series nor the number of
parallels can be less than 0, it is possible to determine that
the range of both variables is [1,nBC,,..].

2.3. Numerical calculations

Given a discrete number of series, it is possible to calculate
the corresponding maximum number of discrete parallels
(nPruax) With Eq. (6). This equation accounts for the effect
of nPpg being an integer with the ‘| |’ symbol shown. The
whole range of maximising series-parallel couples can be
defined when nPg,,,, is calculated for every possible num-
ber of series throughout [1,nBC,,,]. For the numerical
calculations of Step 5 of the method, all the variables are
defined in function of the number of series, taking into
account that every number of series is coupled with its
corresponding nPpg,,.. It is worth mentioning that these
equations could have been defined in function of the num-
ber of parallels instead. The authors arbitrarily chose nSg
as the independent variable because it was found that a
method based on nPyp would converge in the same
topology conclusions. Such symmetry results evident in
Figure 4(b).

(6)

BC,
nPryax = \‘n ?nGXJ

I’lSR

For every candidate battery cell, the following calcula-
tions must be performed throughout the whole allowable
range of nS; with equations derived from the laws of
Kirchhoff and Ohm [19]. The equations are defined in
function of input variables from Steps 1 and 2 and nSk in
such a way that the series-parallel couples are maximised
without exceeding the constraints stated in Step 1.
Equation (7) defines the nominal energy (Egp [Wh]) that
can be obtained from a series-parallel maximising couple.
The focus of this method is to maximise Egzp from a
discrete topology. This maximisation is performed
numerically because Epp is a discrete function and hence,
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it cannot be derived for a direct optimisation. Equation (8)
calculates the pack’s nominal voltage Vzp. Equation (9)
calculates the pack’s capacity Cgp. Equation (10) defines
the current that must be drained from each battery cell
(Ipc [A]) to sustain a total power Pgp. Equation (11) defines
the autonomy ¢ for a constant Pgp.

chllx
Epp = nSp*Vpc*Cpc* \‘n J @)
}’ISR
Vgp = Vc*nSg ()
nBCrﬂ(lX
Cpp = Cpc* {—J )
nSR
P
Isc = # (10)
VBC*nSR*\‘ nS:mJ
Vpc*Cpc*nSg , | nBCpax
t= * 11
Pgp { AT J (b

The series-parallel topology also affects the battery
pack’s behaviour towards failure. In this work, there are
two kinds of faults assessed: an OC and a SC in one of
the cells. The failure analysis of this work is in agreement
with what was found on literature [11,16,26-29].

When an OC takes place in a PCM configuration, the
module where the failing cell is located loses a branch of
the parallels within it. In order to keep delivering the same
current as the other healthy modules, the failing module
must increase the current drained from each of its battery
cells within. As those cells would be discharging at a
higher C-rate, the failing module would have a reduced
autonomy, limiting the autonomy of the whole battery
pack. However, Vjp is not expected to get directly affected
in nominal terms.

In the case of an OC taking place in an SCM configura-
tion, the entire failing module would get effectively dis-
connected from the rest of the battery pack. This happens
because the series within the failing module is interrupted.
Similarly as with a PCM configuration, the current drained
from the remaining battery cells would have to increase in
order to maintain the same total current output. This in turn
reduces the autonomy of the battery pack for a given Pgp.
The previous phenomenon occurs because, in an SCM
configuration, every module is a branch of the parallel
comprising the whole battery pack, and therefore, an OC
would cause the main parallel to lose a branch. As with a
PCM, the nominal Vpp is not expected to get affected.
The difference between both configurations is that with
SCM, the current uniformly increases in all the remaining
battery cells, whereas with a PCM configuration, it only
increases in the remaining cells of the failing module.
However, the net effect over autonomy is expected to be
approximately the same, and the battery cells for which
the current is increased suffer an approximately equal
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increment for both configurations. Equation (12) defines
the current that must be drained from the remaining
battery cells after an OC (Igcoc [A]) in order to maintain
the same Ppgp. Equation (13) can be used to approximate
the new battery pack’s autonomy in the case of an OC

(toc [h]).
Pgp

rocrse([5] -1

Vac*Cac*nSy , (| nBCoax
toc = 2 =BC T R*Q” Jq) (13)

(12)

Ipcoc =

Pgp nSg

When an OC happens, the performance of the battery
pack is compromised, but it is expected to remain useful
in most cases. However, if such situation is identified, an
immediate intervention and suspension of use is highly
recommended to prevent further damage and underuse of
the battery pack.

On the other hand, when a SC takes place without extra
electrical protections, the consequences can render the
battery pack useless. It is certainly dangerous to keep using
a battery pack in the case of a shorted cell. Therefore, it is
not of interest for this work to estimate the pack’s perfor-
mance under such conditions within a design method.
However, the SC fault is assessed seeking to explore the
impact of the series-parallel topology over the high
currents that are expected to arise within the pack. The
individual cells are modelled as voltage sources with a
nominal Ve and an internal resistance Rzc. Other more
precise cell models are found in literature, such as the
one proposed by Oh et al. [31], but the representation used
in this work serves as a useful tool for the purposes of the
method. For this analysis, the internal resistances of the
cells should not be neglected, because they play a consid-
erable role in limiting the currents within the pack during
a SC. Additionally, no external loads are considered for
these simplified scenarios.

When a SC happens in a PCM configuration, the
current flowing towards the failing SC cell (Isc [A]) can
be analysed by first isolating the failing module. As there
is no external load, no current should be flowing from the
other unaffected modules. The healthy cells within the
failing module can then be grouped into an equivalent
battery as stated by the Thevenin’s theorem [32]. This
Thevenin-equivalent battery is then shorted and Ig- can
be defined from Ohm’s law. After the Thevenin’s equiva-
lent voltage and equivalent resistance are defined, /gc can
be stated in function of the number of series with
Eq. (14). The energy from the remaining battery cells in
the failing module would be drained into the SC until
the whole failing module gets completely discharged or
until a thermal runaway happens. This in turn interrupts
the series connections between modules. Hence, the
battery pack cannot keep being used even though the
other healthy modules may still have energy in their
battery cells.
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(R

nSg Rpc

From Eq. (14), it can be seen that when nSg=nBC,,,.,
there is only one parallel, and therefore, it indicates that
all the cells are connected in series and /,.=0A is
correctly predicted as expected. Also, when nSgp=1, it
indicates a pack configuration of only one module with
all the cells connected in parallel.

When a SC occurs in an SCM configuration, the possi-
ble outcome depends on several factors and the impact
over the overall performance is not entirely straightfor-
ward. A SC would not immediately affect the capacity of
the battery pack, but it reduces the voltage of the failing
module. As those modules are connected in parallel, they
cannot have different voltages according to Kirchhoftf’s
laws. It is hence expected for the other healthy modules
to start passing current towards the failing module. In this
process, the voltage of the modules could reach an interme-
diate equilibrium or the difference in voltage could be so
considerable that the other modules could get completely
discharged. As the internal resistance of the battery cells
is usually relatively low, the flow of current towards the
failing module could be dangerously high, leading to
possible overheating, thermal runaway and battery pack
failure.

In order to calculate an expected /g¢c in an SCM config-
uration, the cells from the healthy modules are first
grouped into a Thevenin’s equivalent battery. Afterwards,
Ohm’s and Kirchhoft’s voltage laws are implemented with
corresponding Thevenin’s equivalent voltage and resis-
tance. Lastly, Igc can be stated in function of the number
of series with Eq. (15).

nBCpax
Ise = [ |[=2e] —p )
o (] )

Ve s)
RBC ( \‘nigzaxJ (I’ISR - ]) + 1)

From Eq. (15), as previously discussed for the case of
PCM, when nSp=nBC,,,,, there is only one parallel and
L,,=0A is correctly predicted. When nSz=1, all the cells
are connected in parallel and the equation converges into
Eq. (14).

Step 5 of the method is fulfilled by solving Eqs 6-15
throughout the allowable range of nSy for every candidate
cell reference.

2.4. Identification of the boundaries within
delimited ranges

When performing the calculations enlisted in Section 2.3,
it is ensured that the battery pack is not exceeding the con-
straints marked with (*) in Figure 1. This is because those
constraints are directly used in the calculation of nBC,, .
However, there are other constraints bounded to the battery
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pack’s topology that may still be exceeded, that is, /gcaxs
Vgpmin and Vpp,,... Depending on the objectives regarding
fault resistance, it should also be considered if /3,4, could
be exceeded in the case of an OC or if there would be a
complete battery pack failure in that situation. Therefore,
as stated in Step 6 of the method (Figure 1), further bound-
aries should be calculated, if possible, in function of 1Sy in
order to take into account a broader impact of the series-
parallel topology.

Seeking to delimit a range in nSk that respects Vgpin
and Vgppnae, Eqs (16) and (17) define the low (nSg,) and
high (nSzz) boundaries, respectively. It should be noted
that nSg; is rounded-up, while nSgy is rounded-down to
the next integer.

VBPmin“
nSp, = | — (16)
R { Ve
V max
NS = {LJ (17)
Ve

In order to ensure that Iz~ and/or that Izc-oc- do not
exceed the safety limit /gc,,qy, it might be possible to set
further boundaries in the number of series. Equations
(10) and (12) define the current that must be drained from
the battery cells to sustain Pgp, under normal conditions or
in the event of an OC, respectively. These equations cannot
be analytically solved for nSkz because of their discrete
nature. However, as Eqs (10) and (12) are to be solved in
Step 5 for all the allowable series-parallel couples, it is
possible to directly identify if there are cases where ¢y
is exceeded. If so, it would be possible to set further
boundaries in the range of nSx.

In the event of an OC, it was identified that a total
battery pack failure would occur if there is only one
parallel in the topology; Eq. (18) defines this situation.
Similarly as with 3¢, limit, it is possible to identify
when the equality of Eq. (18) is satisfied while inspecting
the numerical results from Step 5.

nBC
1l=|— 18
{ nSR J ( )

On the other hand, the maximum power that can be ob-
tained from the battery pack without exceeding /3¢y, can
be estimated. Equation (19) calculates the maximum power
in nominal conditions (Pgpq. [W]), while Eq. (20) does so
for the event of an OC (Pgpocmax [W]).

nB CmaxJ ( 19)

PBPmax = VBC*IBCmax*nSR
nSR

nBCnlax
Pppocmax = VBc*I BCimax *nSR ( {WJ - 1) (20)

Int. J. Energy Res. 2017; 41:1709-1729 © 2017 John Wiley & Sons, Ltd.
DOI: 10.1002/er

M. Fernandez-Montoya et al.

2.5. Selection of the battery pack’s
topology

Step 7 identifies the topologies of highest interest. To facil-
itate this process, the method proposes to plot a graph of
Epp in function of nSk and graphically mark the boundaries
identified, as can be illustrated in the case study presented
in Section 3. This process should be performed for every
candidate battery cell reference, and if there are series-
parallel topologies that respect the boundaries, the ones
with the highest Egp should be identified as the candidate
topologies for selection.

For Step 8 of the method, the topologies identified as
candidate topologies are compared in detail by considering
as much information as possible besides the energy output.
Table I describes the way in which this work proposes to
perform such comparison. With three graphs vertically
aligned, each one with two Y axis, it is possible to compare
the topologies in terms of the impact of the series-parallel
topology. The proposed way of considering the boundaries
for this comparison is by marking the forbidden ranges in
nSk with shadowed areas. The allowable range in nSp
would then consist of the areas where no shadows are
present. A graphical implementation of these guidelines
is presented in the case study (Section 3).

Isc is not included in Table I because the authors be-
lieve that the risk of a SC should be principally addressed
with additional safety devices, such as intermediate fuses.
Therefore, /g¢ is not a decisive variable for the topology
definition. However, it could be optionally included in
Graph 3 for Y axis 1 (Table I). Otherwise, the /¢ behav-
iour could be analysed after the topology has been defined
for additional safety considerations.

The method supports a highly informed assessment by
delivering the whole panorama of topology options for
every battery cell reference. By carefully analysing the im-
plications over the response variables, the user can identify
the topologies that satisfactorily meet the guidelines and
that respect the boundaries with a sufficient margin. As
stated in Step 9 of the proposed method, the next step is
to select the candidate topology with the highest Egp.
Therefore, the selection can then be completed by
choosing the series-parallel topology and the battery cell
reference.

As indicated in Figure 1, it is possible that none of the
series-parallel topologies satisfactorily meet the guidelines

Table I. Description of the proposed comparison of topologies
through three graphs.

Graph 1 Graph 2 Graph 3
X axis nSg nSg nSg
Y axis1 Energy [Wh] Capacity [Ah] Current [Al]
Variables Esp, Espmax Cgp Isc. Iscoc
Y axis2 N° parallels Voltage [V Autonomy [h]
Variables NPRmax Vep t, toc
1715

85U8017 SUOLULLOD BARER.D 3|qed!dde 8u} Aq peusanob 81 S9[oe O ‘88N JO S3NJ 104 AXeId 17 8UIIUO AB]IM UO (SUORIPUOD-PLE-SLUBILOD" A3 1M AReIq1[BUI|UO//SURY) SUORIPUOD PUe SWS L 8L} 885 *[£202/20/LT] U0 Ariqiaulluo A8|im ‘(-duleAnge™) eanopeay Aq vELE"J8/200T 0T/I0p/L0D" A3 | 1M Areiq1eul|uo//Sdny Wwouy pepeojumod ‘ZT ‘LT0Z ‘XyTT660T



M. Ferndndez-Montoya et al. Battery optimisation method from the series-parallel topology

pack or follow the previously described options, such
as expanding the battery cell portfolio.

3. The voltage boundaries make the energy maximum
peaks unfeasible: As illustrated in Figure 2(b), the

and boundaries. Several such contradictory situations of
interest are described below:

1. Constraints are too limiting: If one or more of the con-

straints Wgp, VOLgp or COpgp is too low, the maximum
number of cells nBC,,,, could be too low as well. This
situation could undermine the fulfilment of one or more
of the objectives stated in the technical guidelines. In
terms of autonomy, it may happen that the maximum
achievable 7, sustaining a power Ppgp, is less than the
minimum autonomy expected. The objective power
itself may be unachievable (Pzp,ax<Ppp) or the
maximum reachable voltage could be less than the
minimum (Vgp < Vgppin, With nSp=nBC,,,.). Under

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
nSg (\° Series)

(c)

unshadowed range in nSg, which delimits the allowable
range, may not match a good enough option in terms of
Egp. Such a scenario would keep the user from choos-
ing a near global or local maximum (marked with
circles in the graph) in the Ezp curve, which means that
the energy could not be maximised for that battery cell
reference. In this situation, the user could accept the
allowable topology with the highest Ep or reconsider
the battery cell portfolio and guidelines looking for a
further energy maximisation closer to Egpyqx-

this scenario, the recommended procedure would be 4. The battery cell current is too high when OC happens:
to first expand the portfolio of candidate battery cells Figure 2(c) presents a scenario where Igc does not
in accordance with the most challenging constraint. exceed Ipcma but Igcoc does. If the allowable range
On the other hand, the user could reconsider the techni- due to this situation does not match the allowable range
cal guidelines seeking a more realistic technical brief. within voltage boundaries, there may not be any
. The battery cell current is too high: The current needed satisfactory topology. If a topology gets selected within
to be drained from each battery cell exceeds the safety the allowable voltage range, the user could reduce the
maximum current (Izc> Igcma). If all the calculated power demand up to Pppocmar in order to keep the
topologies exceed this limit, it may be necessary to ex- current under safe boundaries even in the case of an
pand the battery cell portfolio, widen the constraints or OC. The user may also reconsider the voltage
reduce the power objective. Even if there are some to- specifications in order to select a safer topology in the
pologies that respect /zcynax the contradictory situation case of OC without limiting Pgp.
may still arise if the voltage boundaries (nSz; and 5. The allowable range may imply a fatal failure when OC
nSgy) overlap. Figure 2(a) illustrates such scenario; happens: As stated in Eq. (18), there may be a fatal bat-
with shadowed areas indicating the range in nSz where tery pack failure when OC occurs if nPg = 1. Figure 2(d)
a boundary is exceeded. As can be seen, there is no nSp illustrates a situation where the user may be forced to se-
free of shadowed areas, because the ranges where lect a topology because of voltage restrictions and with
I3Cmax 18 Tespected do not match the range within the which that fatal failure could happen. As this situation
voltage limits. In such a situation, the user may directly could be too risky, the user should reconsider the techni-
consider different voltage specifications for the battery cal guidelines or expand the battery cell portfolio.
N ~1Ipc -~Ipcoc —IBcmax =-Vpp = Vepmin - Vppmax 20 500
450
25 » 100 400 _
: S (mE Eu =
15 S [ 60 S >, 250 o
" - — £ oo E
1 M’N 40 .2 g 150 2
os| - : 20 = 00
B \ 50
0= ; 0 0
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 0
nSg (N° Series) nSg (N° Series)
(a) (b)
~1Isc --Ipcoc —Ipcmax --Vap = Vepmin ~ Vepmax , ~Isc ~~Tpcoc —IBCmax == Ver = Vpmin ~Vepmax
25 2.5 100
2 = _ 2 80 >
15 “o;n % 15 60 :%'n
| § 2 40 E
0.5 0.5 20
0 0 0

nSy (N° Series)

(d)

Figure 2. Contradictory situations where no topology is satisfactory. (a) The cell current exceeds the safety maximum. (b) The
voltage boundaries imply a too low energy. (c) The cell current is too high when open-circuit (OC) happens. (d) Fatal failure when

OC happens. [Colour figure can be viewed at wileyonlinelibrary.com]
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Battery optimisation method from the series-parallel topology

3. IMPLEMENTATION OF THE
METHOD

In order to explore the implications of the method, and
seeking to assess its practicality for supporting the topol-
ogy definition process, the method is implemented in two
successive case studies: Solar competition cars developed
to compete in the “World Solar Challenge’ (WSC). A solar
car is an electric vehicle that harvests energy from the sun
with a photovoltaic array. The obtained power from the ar-
ray is stored in a battery pack, which ultimately supplies
the energy for the electric motors propelling the vehicle.
The solar competition cars are selected as the application
for the case studies because they offer a challenging
scenario where battery packs are strictly constrained, the
energy and efficiency demands are high and the voltage
specifications are carefully defined.

Even though solar competition cars are not yet intended
for practical purposes in commercial applications, they
serve as a platform to develop new technologies, improve
engineering methods and spread the interest towards clean
energy solutions. For these reasons, several events around
the world encourage the solar car competitions, with the
WSC being one of the most renowned and influential. In
this event, solar cars from all over the world participate
with the goal to drive from the city of Darwin to the city
of Adelaide, Australia. This journey must be completed
on a single initial charge of the battery pack, which re-
ceives power throughout the competition only from the so-
lar array and a regenerative braking system [33]. Seeking
to push the limits further with these events, in each WSC,
the organisers restrict more the allowable solar harvesting
area and the battery pack’s constraints. With such highly
competitive conditions, it is of great interest to optimise
the energy that can be stored in the vehicle’s battery pack
while respecting the regulatory constraints.

The case studies of this work revolve around the
‘Primavera’ solar car project, which has already served as
a convenient platform for testing new engineering ap-
proaches and methods for research purposes [34-36]. The
project is divided into two phases, that is, ‘Primavera 1’
and ‘Primavera 2. Primavera I is known as the first solar
car designed and built in Colombia. It competed in the
WSC 2013 and managed to travel for 2505 km. Primavera
2 competed in the WSC 2015 and managed to complete the
whole race by its own means (with solar power and an ini-
tial full charge of the battery), travelling 3022 km towards
the finish line. The comparison of both phases offers the
opportunity to understand how slight modifications in the
technical guidelines can lead to considerably different
results in terms of topology definition for a battery pack.

3.1. Definition of the main constraints

Table II presents the regulations for both WSC events in
terms of the allowable weight for battery cells according
to their chemistry.

Int. J. Energy Res. 2017; 41:1709-1729 © 2017 John Wiley & Sons, Ltd.
DOI: 10.1002/er

M. Fernandez-Montoya et al.

Table Il. Allowable net weights for battery cells based on their
chemistry. Modified from World Solar Challenge 2013 and
2015 regulations [41,42].

Cell chemistry WSC 2013 (kg) WSC 2015 (kg)
Li-ion 21.0 20

Li-polymer 22.0 20

LiFePO4 40.0 40

Pb-acid 125.0 125

The battery cell weight regulations of the WSC are de-
signed in such a way that they become the main constraint
for nBC,,,,. Because the WSC is a high-performance com-
petition, the cost COpp is not usually limiting. Also, when
lithium is chosen for the battery’s chemistry, as most of the
current competing teams do, the volume VOLgp is not an
issue either because of the relatively high volumetric
energy density [Whm™>] of lithium-based cells. For
Primavera 1 and Primavera 2, the maximum volume
constraints were 0.0594m> and 0.1275m>, respectively.
Those maximum volumes were calculated from the defined
locations of the battery packs within each vehicle, the di-
mensions of the surrounding systems and their bodyworks.
Taking full advantage of the allowable volumes to allocate
battery cells would lead to excessive lithium-based weight.
Hence, the volume is not considered to be as constraining
as the weight is.

In terms of the voltage limitations, it is crucial to con-
sider the specifications of the electrical devices related to
the drive-train. The maximum voltage of the DC Bus is
defined by the minimum upper boundary of the peripheral
devices installed in the vehicle. The selected electronic
speed controller (7ritium Wavesculptor22) can handle a
continuous voltage of up to 165V DC [37]. Therefore,
the maximum voltage for the battery pack was defined as
151.8V, corresponding to the described specifications of
the speed controller minus an 8% margin. Similarly, the
minimum voltage constraint was defined as 43.2V, corre-
sponding to the boundary specifications of the selected
maximum power point tracker plus an 8% margin. As both
vehicles shared most of the main electrical devices, such as
the electronic speed controller, these voltage constraints
apply to both Primavera I and Primavera 2.

3.2. Battery pack’s objectives: theoretical
energy model

In order to define the technical objectives of the battery
pack, an energy model was developed. Considering that
solar vehicles in the WSC usually maintain the same speed
for prolonged periods of time with smooth variations, the
energy model was centred around estimations of average
power consumption. The main forces that the vehicle must
overcome with the force provided by its motors (Fiouwrs)
are the friction force (Fy) due to the rolling resistance, the
drag force (Fp) due to the air resistance and a component
of its weight in accordance with the gradient of the slope
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(G). Figure 3(d) presents a free-body diagram where a so-
lar car is analysed considering those forces. Equation (21),
modified from [38], can be used to approximate the power
consumption (P [W]) of both vehicles of the case study

while maintaining a constant speed (V’ [ms™ 1]).

—

P= % [mg(sin(atan(G)) + cos(atan(G))*C,)

1 —  —\2
+5p*cd*A(v — VW) ] @1)

Where n is the power-train efficiency, m is the mass of
the vehicle with the passenger included [kg], g is the grav-
itational acceleration [ms~ 2], C,, is the rolling resistance
coefficient, p is the air density [kgm™ ], C4 is the aerody-
namic drag resistance coefficient, A is the frontal area of
the vehicle [m*] and VW is the wind speed in the direction
of advance [ms ™ 1].

Table III presents the input parameters for the devel-
oped models. For every vehicle, there were two model
set-ups, that is, a ‘Base’ model with average conditions
and a ‘High’ model, with more challenging conditions.

The Base model was calculated with VW =O0ms™" and

G =0, whereas the High model was defined with V’W =
—5.56ms™! and G=0.07; in other words, with a 20kmh~ !
wind speed in the opposite direction of advance and a slope
gradient of 7%.

The results of the four calculated models, two scenarios
for every car, can be viewed in Figure 3. Figure 3(a) con-
sists in the resulting power consumption, from Eq. (21),
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2 8000 "
o -
6000 ——-
& w0l —mooeeemTT 1857W
_______ 1326W
2000 1 _mmEeeomT g
0 : T = : : : T T
0 10 20 30 40 50 6 70 8 9 100 110 120
ConstantSpeed [km/h]
(a)
35 Approximate Motor Efficiency Contours @ Pl e P2
u,/ 93% 94% 959,
30 91% 96%
- 25
E 20
= 98%
g 15
= 98.3%
S 10 ~98.3% 09%
5
0 . T . {
0 250 500 750 1000 1250 1500 1750
Speed [RPM]

(©)

Battery optimisation method from the series-parallel topology

Table lll. Input parameters for the energy model of the
Primavera solar cars for ‘Base’ and ‘High” set-ups.

Primavera 1 Primavera 2
m [kg] 350 282
Design Vims 27.8 27.8
Wheel ¢ [m] 0.545 0.558
RPM 973.4 950.7
C/A 0.089 0.0667
C 0.00625 0.005
N° motors 2 1
G 0 0
G High 0.07 0.07
V>W Ims™ ] 0 0
V' High [ms ™) —5.56 ~5.56

RPM, revolutions per minute.

in function of the speed of advance. The power consump-
tion curve is shown for the Base and the High modelling
scenarios. Also, five points of the graph are highlighted,
that is, the consumptions corresponding to the design
speed for both Primavera vehicles and a consumption
point of reference taken from one of the top teams of the
event, Tokai University. The power consumptions
highlighted in Figure 3(a) for the Base model curves were
taken as the power objectives (Pgp) for each vehicle.
Figure 3(b) shows the torque curves per motor for the four
models. Even though Primavera 2 is more efficient than
Primavera 1 in every other aspect, Primavera 2 presents
a higher torque curve due to the fact that it used only one
motor. In a second Y axis, Figure 3(b) shows the needed
voltage for the motors to reach the revolutions per minute

160

—PIT —P2T —HighP1T —HighP2T ---P1V --P2V
140 1265V g

A

Torque [Nm]
Voltage

0 10 20 30 40 50 60 70 8 90 100 110 120
ConstantSpeed [km/h]

(b)

Rise

Weight ~ Rise/p =G

(d)

Figure 3. Theoretical energy model of Primavera 1 (P1) and Primavera 2 (P2): (a) power consumption; (b) torque per motor and
necessary voltage; (c) motor efficiency; and (d) free body diagram. (b) and (c) were developed with information provided by CSIRO
manufacturer. RPM, revolutions per minute. [Colour figure can be viewed at wileyonlinelibrary.com]
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[RPM] in accordance with the speed of advance in the X
axis. Both vehicles differ slightly in the voltage curve
because their wheels have different diameters that lead to
a different correspondence between the speed of advance
and the RPM value. From the torque and speed [RPM]
values, taken from the main Base models, it is possible to
estimate the efficiency of the motor; as shown in
Figure 3(c). The graphs of the motor’s needed Voltage
and the motor’s efficiency were developed with informa-
tion provided by the manufacturer CSIRO.

The method suggests to define an autonomy (#) objec-
tive for the battery pack. However, defining a minimum ¢
is not meaningful for these case studies, and it is consid-
ered instead as a variable that is maximised as Ezp is
maximised.

3.3. Selection of the candidate battery cell
references

Considering the technical guidelines defined in Sections 3.1
and 3.2, a portfolio of candidate battery cells is selected.
Initially, there were 22 commercial, industrial-use or
‘under development’ cell references compared. The most
competitive ones are described in Table IV and are all
based on lithium because of their high specific energy.
For instance, while the analysed lithium-ion-based cells
have an average specific energy of 180-250 [Whkg™ ']
for commercial references, the lead-acid cells show low
specific energy values of 5.5-14 [Whkg™ '].

The cells from ENVIA Systems and Nomura achieve
the highest performance in the general comparisons.
However, by the time Primavera 1 was developed, they
were both still experimental [39] or under commercial
development. Therefore, for the first vehicle, the battery
cells Panasonic NCR18650A and Panasonic NCR8650B
are chosen as the main candidates for a detailed topology
assessment. On the other hand, the Nomura cells were
already available when Primavera 2 was being developed,
and thus, the main candidate references for the second
vehicle are the Nomura 8543125SH1 and the Panasonic
NCR18650B.

M. Fernandez-Montoya et al.

3.4. Analysis of the numerical calculations

As stated in Section 2.3, the numerical calculations start by
defining the range of nSg, which serves as the independent
variable for the rest of the calculations:

e Primavera 1. nSy [1,442] for the reference Panasonic
NCRI18650A (PAl); nSz [1,432] for the reference
Panasonic NCR18650B (PB1).

e Primavera 2: nSp [1,412] for the reference Panasonic
NCR18650B (PB2); nSp [1,240] for the reference
Nomura 8543125SH1 (N2).

With Eq. (6), it is then possible to define the
maximising series-parallel couples. As an example to illus-
trate the behaviour of these couples, Figure 4(a) shows
nPr,ax in function of nSy for the selected candidate cells
of Primavera 1, namely, PA1 and PB1. The dots corre-
spond to the discrete maximising couples, which can be
seen in the close-up within the figure. The continuous
lines, that is, PAlc and PBlc, correspond to the
calculations of nP in disregard of its discrete nature,
namely, with continuous functions, which always result
in nSgp*nP=nBC,,,. As it is expected, the discrete
couples may reach the continuous functions but never
exceed them. The farther these dots are to their correspond-
ing continuous function, the more potential nominal
energy is lost because less cells could be allocated within
constraints. With the intention to assess how well these
continuous functions represent their discrete counterparts,
their coefficients of determination (Rz) were calculated as
0.9996, 0.9996, 0.9996 and 0.9994 for PA1, PBI1, PB2
and N2, respectively. Such high R? coefficients illustrate
the risk of not carefully considering the discrete nature of
the series-parallel topology: Small changes due to
rounding up or down may lead to a considerable loss of
potential nominal energy.

With the topological exploration of PB1 as an example,
Figure 4(b) shows the nominal energy that may be pro-
duced for every discrete series-parallel couple within con-
straints. The upper border of the surface corresponds to
the discrete maximising couples described for Figure 4

Table IV. Comparison of the candidate battery cell references for Primavera 1 (P1) and Primavera 2 (P2). Units: Vg, mVgc and coVge
%8 CBC [Ah]; Wpge [kg]: Egpmax [WhI.

Cell reference Chem Vee mVge  coVae Cae Wpe P1, nBCrax  P1, Egpmax P2, nBCrhax P2, Egprax
ENVIA Syst. Li-ion 3.7 4.2 25 45 0.365 57 9490.5 54 8991.0
8543125SH1 Li-Po 3.7 4.3 2.75 5.6  0.083 253 5242.2 240 4972.8
NCR18650B Li-ion 3.6 4.2 2.5 3.2 0.0485 432 4976.6 412 4746.2
NCR18650A Li-ion 3.6 4.2 2.5 29 0.0475 442 4614.5 421 4395.2
Tenergy 18650 Li-ion 3.7 4.2 2.75 2.8 0.048 437 4527.3 416 4309.8
EEMB LIR18650  Li-ion 3.7 4.2 2.75 2.6 0.048 437 4203.9 416 4001.9
UPF476790 Li-ion 3.7 4.2 25 3.3 0.061 344 4200.2 327 3992.7
Tenergy 30123 Li-ion 3.7 4.2 2.75 10 0.205 102 3774.0 97 3589.0
UR18650A Li-ion 3.6 4.2 2.75 2.2 0.043 488 3865.0 465 3682.8
Int. J. Energy Res. 2017; 41:1709-1729 © 2017 John Wiley & Sons, Ltd. 1719
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Figure 4. Analysis of the numerical behaviour. (a) Maximising series-parallel couples. (b) Nominal energy achievable by the
series-parallel couples for PB1. (c) Risk of nominal energy loss. [Colour figure can be viewed at wileyonlinelibrary.com]

(a). The surface ends abruptly after this border because any
series-parallel exceeding the border would be in violation
of the general constraints, exceeding nBC,,,,. The pro-
nounced Silhouette of this border reveals the considerable
differences in nominal energy that may arise even among
the maximising couples that are in close proximity. In fact,
most of the discrete topologies leading to a high nominal
energy peak (local maximums) are directly followed by to-
pologies leading to a valley (local minimums). This can be
intuitively understood by identifying the almost vertical
lines in the surface’s border.

Figure 4(c) shows the nominal energy that could be pro-
duced with the discrete maximising couples described in
Figure 4(a). The Ezp curve is shown in function of nSg,
but it is worth mentioning that Ep is being calculated from
nSg and from the corresponding 7Pg,,.. With Eq. (6). It can
be seen that the valleys in the curve grow deeper as nSg
increases. Therefore, the risk of possible nominal energy
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losses increases as well. For instance, if nSp =48 were to
be defined for PB1, there could be a maximum of 9 paral-
lels, resulting in 432 cells and a nominal energy of
4976.64 Wh. As nBC,,,. =432, the previous topology cor-
responds to a global maximum. However, if nSz=49, the
maximum number of parallels would be 8 and the number
of cells and nominal energy would drop to 392 and
4515.84 Wh, respectively. This slight change in the
number of series would mean a nominal energy that is
—9.26% less than Egp,.. If the topology were to be
defined from nSk =144 and compared against a topology
defined from nSp=145, the previous effect would be
considerably more detrimental: a resulting energy of
3340.8 Wh for nSp=145; that is, —32.87% less than
EBPmax~

With the intention to characterise the previously ex-
posed risk of potential nominal energy loss, linear regres-
sions were performed from the local minimums of the

Int. J. Energy Res. 2017; 41:1709-1729 © 2017 John Wiley & Sons, Ltd.
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nominal energy curves (minEgp). Equations 22-25
describe minEgp for PA1, PB1, PB2 and N2, respectively.

minEgp = —10.678%nSk + 4683.1,R* = 0.9971  (22)
minEgp = —11.719%nSg + 5050.7, R* = 0.9962  (23)
minEgp = —11.64*nSg 4+ 4796.5, R* = 0.9977  (24)
minEgp = —21.095*nSy 4+ 5081.8, R = 0.9942  (25)

By analysing the slopes and intercepts of the previous
regressions, Eq. (26) was derived as a general equation ap-
plicable to other battery studies. By using this expression
for PA1, PB1, PB2 and N2, the R? achieved were satisfac-
torily high: 0.9852, 0.9834, 0.9910 and 0.9699, respec-
tively. The potential nominal energy loss is isolated in
Eq. (27) with respect to Egpax-

E
minEgp = — ZBPmax *nSr + EppPmax (26)
nBC oy
E max
AEpppe: = — (%) *nSy 27)
max

Given the risk of potential energy loss, it is of interest to
identify the maximum peaks in the Egp curve. In Table V,
the number of maximum peaks is identified for the cells of
interest, as well as the proportion of those peaks that are lo-
cal maximums and the average proportional difference be-
tween the local maximums and Egp,,,., namely the global
maximums. It can be seen that there is little proportional
difference, on average, between the local and the global
maximums. Therefore, the interest in selecting a local
maximum increases even when it is not a global maximum
as well. This in turn renders the topological exploration
more flexible.

With the exploration of PB1 as an example, Figure 5
explores the behaviour of /g in function of the number
of series nSz and the internal resistance of the cells
Rpc. The four sub-figures present a close-up of such
behaviour to better examine the stepped facets of the
surfaces: nSx is limited to 215, as Igc=0 if the series ex-
ceed that value; Rpc ranges from a plausible [0.01-0.1]
Ohms; and Ig- is shown below 3000A for a PCM
configuration and below 10A for a SCM configuration.
Figures 5(a) and 5(c) correspondingly show the surfaces
for PCM and SCM. The stepped facets arise as a conse-
quence of the discrete topology and they are parallel to

Table V. Maximum peaks in the Egp curve for the candidate cell
references.

Cell ref N max Local max (%) AV AEgpmax (%)

PA1 26 69.2 -0.7

PB1 28 28.6 —1.48
PB2 25 76 -1.19
N2 22 9.1 —1.67

Int. J. Energy Res. 2017; 41:1709-1729 © 2017 John Wiley & Sons, Ltd.
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the Rpc axis. Hence, the borders of such facets reveal
how Igc smoothly increases as the internal resistance
decreases. On the other hand, Figures 5(b) and (d) corre-
spondingly show slices, of the previous surfaces, which
are parallel to the nSy axis. Therefore, the upper borders
of these slices describe the stepped way in which Igc
increases as nSy decreases, for a given internal resistance
value.

With Egs (10) and (12), it is verified that none of the
maximising series-parallel couples, for the four candidate
battery cells, surpasses /gcy,qy in the case of normal opera-
tion or even under the event of OC. Therefore, there are no
boundaries associated with /z¢,,.. Nevertheless, there are
boundaries in function of nSk identified in relation with
Vpmins Varmax and for the case of fatal OC as described in
Section 2.4. Figure 6 presents the numerical results for the
four candidate battery cell references, two for every
vehicle. This figure includes the shadowed areas defined
by the calculated boundaries. The regions in the X axis that
do not intersect with these greyed areas designate the
definitive allowable ranges in nSk.

3.5. Definition of the battery pack
topologies

For every candidate battery cell, there are four topology
set-ups selected for a detailed comparison. These set-ups
are all within the definitive allowable ranges shown in
Figure 6. They are selected among the local maximums
(in terms of the Epp curve) and based on the proximity to
the voltage objectives defined in Section 3.2. Table VI pre-
sents the comparison of these topologies divided by the
intended vehicle.

For Primavera 1, the selected topology is dPB1, that is,
the battery cell Panasonic NCR18650B with 36 series and
12 parallels. dPB1 is chosen because it represents a global
maximum in Egp, and it also presents the closest voltage to
the objective Vpp compared with the other global maxi-
mums. The candidate topologies for this battery cell refer-
ence are graphically compared in detail in Figure 6(e). The
selected topology is calculated to deliver a nominal voltage
of 129.6V, which is only a 2.5% higher than the voltage re-
lated to the objective speed. With an energy output of
4976.64W, a battery pack with this topology could sustain
the objective power Pgp for up to 2.684 under nominal
conditions and up to 2.457h under the event of an OC.
While respecting the maximum discharge current (/zcyax)
of the battery cells, the selected topology can still deliver
a maximum power of 9953.28W, which is 436% higher
than the objective Pgp and 5.9% higher than the power
needed for the High consumption scenario shown in
Figure 3. Under the event of an OC, the battery pack would
still be able to deliver up to 9123.84W, which is enough for
the Base Pgp scenario but would be 2.9% lower than the
consumption required for the High scenario. Under nomi-
nal power consumption, the battery pack would discharge
the battery cells at 1.2A and at 1.3A in the case of OC,
which are both safely below Izcpax-
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Figure 5. Analysis of the short-circuit behaviour for PB1. (a) and (b) for a parallel cell modules (PCM) configuration; (c) and (d) for a
series cell modules (SCM) configuration. [Colour figure can be viewed at wileyonlinelibrary.com]

In the case of Primavera 2, the selected topology is
dN2, that is, battery cell reference Nomura 8543125SH1
with 34 series and 7 parallels. The candidate topologies
for this battery cell reference are compared in Figure 6(f).
Even though aN2 and cN2 have an energy output 0.84%
higher than the selected topology, they have a nominal
voltage that is respectively 28.1% and 10.1% lower than
the voltage objective, whereas dN2 has a nominal voltage
just 1.9% higher than the objective. Therefore, in this case,
it is more convenient to select a local maximum over a
global maximum. The set-up dN2 presents an energy out-
put of 4931.36W, which could deliver the objective Ppp
for 3.72h and 3.19/ under OC conditions. The maximum
power output is 7397.04W, which is 458% higher than
the projected Base consumption and 0.3% higher than the
High power consumption scenario. In the event of an
OC, the maximum power output is estimated at 6340.3W,
which is still 378.2% higher than the Base consumption
but 14.0% lower than the High scenario. While sustaining
Pgp of the Base scenario, Izc=1.5A and Izcoc=1.75A,
which is satisfactory in terms of safety for discharge.

In terms of the SC behaviour of the topology dPB1, Is¢
is calculated as 720A in PCM or 1.71A in SCM; with an
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assumed Rpc=0.0550hms based on [40]. For the topology
dN2, Igc is calculated as 2220 A in PCM or 9.57 A in
SCM; with an assumed Rz =0.010hms based on informa-
tion provided by NOMURA CO.

With the intention to challenge the results obtained
through the proposed method, the topologies for both vehi-
cles are also calculated in disregard of the discrete topolog-
ical complexities exposed in this work. The first step is to
calculate the number of series xS as the quotient of the ob-
jective Vpp divided by Vpc. nS is then rounded to the next
integer to obtain nSk. The number of parallels nP is calcu-
lated as the quotient of nBC,,,, divided by nSk. After-
wards, nP is rounded up, and down, to the next integers
as different candidates. Finally, the nominal performance
was calculated for the candidate topologies in which
nBC<nBC,,,. Table VII presents the results of the previ-
ous procedure for the scenarios PA1, PB1, PB2 and N2.
In the cases where nBC >nBC,,,, the nominal perfor-
mance appear as ‘-’ because they would be exceeding the
pack’s constraints.

In the case of PA1, the nominal energy achieved by the
topology that is within constraints is 5% less than the
nominal energy achieved by the topology dPA1, which

Int. J. Energy Res. 2017; 41:1709-1729 © 2017 John Wiley & Sons, Ltd.
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Figure 6. Numerical results of Primavera 1: (a) for Panasonic NCR18650A (PA1), (c) for Panasonic NCR18650B (PB1) and (e) a close-up
of the latter. Numerical results for Primavera 2: (b) for Panasonic NCR18650B (PB2), (d) for Nomura 85643125SH1 (N2) and (f) a close-up
of the latter. [Colour figure can be viewed at wileyonlinelibrary.com]

Table VI. Topology set-ups selected to be compared in detail. Units: Egp [Wh], Vgp[V], Cgp [AN], Igc and Igcoc [Al, tand toc (), Pepmax
and Pepocmax [WI.

Set-up nSg NPRmax Egp Vap AV (%) Csp Isc Iscoc t toc Pspmax Pspocmax
aPA1 26 17 4614.5 93.6 —26 49.3 1.167 1.240 2.485 2.339 9229.0 8686.1
bPA1 29 15 4541 .4 104.4 —17.5 435 1.186 1.270 2.446 2.283 9082.8 8477.3
cPA1 31 14 4531.0 111.6 -11.8 40.6 1.188 1.280 2.440 2.266 9061.9 8414.6
dPA1 34 13 4614.5 122.4 -3.2 37.7 1.167 1.264 2.485 2.294 9229.0 8519.0
aPB1 27 16 4976.6 97.2 —23.2 51.2 1.194 1.273 2.680 2.513 9953.3 9331.2
bPB1 30 14 4838.4 108.0 —-14.6 44.8 1.228 1.322 2.606 2.420 9676.8 8985.6
cPB1 33 13 4942 1 118.8 —6.1 41.6 1.202 1.302 2.662 2.457 9884.2 9123.8
dPB1 36 12 4976.6 129.6 2.5 38.4 1.194 1.302 2.680 2.457 9953.3 9123.8
aPB2 27 15 4665.6 97.2 -21.3 48.0 0.909 0.974 3.519 3.285 9331.2 8709.1
bPB2 29 14 4677.1 104.4 —15.5 44.8 0.907 0.977 3.628 3.276 9354.2 8686.1
cPB2 31 13 4642.6 111.6 -9.6 41.6 0.914 0.990 3.502 3.232 9285.1 8570.9
dPB2 34 12 4700.2 122.4 -0.9 38.4 0.903 0.985 3.545 3.250 9400.3 8617.0
aN2 24 10 4972.8 88.8 —28.1 56.0 1.493 1.659 3.751 3.376 7459.2 6713.3
bN2 26 9 4848.5 96.2 —22.1 50.4 1.631 1.723 3.657 3.251 7272.7 6464.6
cN2 30 8 4972.8 111.0 -10.1 44.8 1.493 1.706 3.751 3.282 7459.2 6526.8
dN2 34 7 4931.4 125.8 1.9 39.2 1.506 1.756 3.720 3.188 7397.0 6340.3
Int. J. Energy Res. 2017; 41:1709-1729 © 2017 John Wiley & Sons, Ltd. 1723
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Table VII. Topology set-ups calculated without the proposed method. Units: Egp [WHhI, Ve[V, Cgp AN, Igc and Igcoc [Al, tand toc [hl,
Pgpmax aNd Pepocmax [VW.

Set—up nS nSR nP nPg Egp Vip AV (%)

Cap Isc Iscoc t toc  Pepmax  Psrocmax

PA1 36.14 35 1263 13 - - -

36.14 35 1263 12 43848 126 -0.4

PB1 3514 35 1234 13 - - -

3514 35 1234 12 48384 126 -04

PB2 3431 34 1212 13 - - -

3431 34 1212 12 47002 1224 -0.9

N2 3338 33 7.27 8 - - -

3338 33 7.27 7 47863 1221 -1.1

348 1228 1340 2362 2165 8769.6 8038.8

384 1.228 1340 2606 2389 9676.8 8870.4

384 0903 0985 3545 3.2560 9400.3 8617.0

39.2 15561 1810 3610 3.094 7179.5 6153.8

was a global maximum identified by the method in
Table VI. In the case of PB1 without the method, the
energy achieved within constraints is 2.8% less than the
energy achieved by the topology dPB1. For PB2, the topol-
ogy found without the method matched cPB2, which was
the best topology found with the method. Lastly, in the
case of N2, the energy achieved within constraints without
the method is 2.9% less than the nominal energy of dN2.

After comparing the results in Table VI (from the method)
against the results in Table VII (without the method) the to-
pologies dPB1 and dN2 are corroborated as the best topolo-
gies for Primavera I and Primavera 2, respectively.

3.6. Implementation of the defined
topologies

With the cell references selected and the series-parallel
topologies defined for both vehicles, the next step is to
choose between a PCM or SCM configuration for the
sub-modules. Both battery packs are implemented under
the PCM structure to simplify and reduce the number of
electronic elements needed besides the battery cells. For
instance, it is possible to use only one battery management

system (BMS) per PCM module, as opposed to one BMS
per cell. The simplicity of the vehicle’s systems is a prior-
ity, because it tends to reduce the possibility of faults in
manufacturing, assembly and operation. Moreover, as
Baronti et al. [20] found for real-life conditions where cells
do not always work at nominal specifications, ‘the total ca-
pacity of SCM is smaller than the total capacity of PCM’.
This is because the PCM configuration tends to smooth the
possible imbalances that may arise among the cells. As
shown in Section 3.5, the selected topologies could poten-
tially present higher Igc for a PCM configuration in the
case of a SC. However, this is not taken as a decisive factor
for the case study, because the risk of a SC is not addressed
from topology but from the implementation of devices
such as BMS systems and fuses.

The defined topologies are used as the guidelines to
build the two battery packs and implement them in the ve-
hicles Primavera I and Primavera 2. Figure 7 presents the
physical implementations, with Figures 7(a)—(c) referring
to Primavera I and the rest of sub-figures referring to
Primavera 2.

The discharge response of the real batteries is experi-
mentally measured with the objective to characterise their

Figure 7. Implementation of the defined topologies. (a) and (d) respectively show the fully functional solar vehicles Primavera 1

and Primavera 2; (b) and (e) respectively show the vehicles with their internal sub-systems exposed, including the battery packs;

(c) and (f) present the real functional battery packs with their battery cells and modules visible respectively for Primavera 1 and
Primavera 2. [Colour figure can be viewed at wileyonlinelibrary.com]
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real behaviour and compare it against the theoretical model
and the design constraints. Figure 8(a) shows the discharge
curves of the batteries of both vehicles and corresponding
polynomial regressions of the fifth order. These curves
were first measured from individual cells, that is, a
Panasonic NCR18650B and a Nomura 8543125SH1 and
then scaled in voltage according to nSk and in capacity
according to nPg. Based on the real discharge rates of the
WSC performed competitions, the battery cell of Prima-
vera 1 was measured at an average 0.253 C-rate, while
the one of Primavera 2 at 0.157 C-rate. Equations (28)
and (29) were obtained from the regressions performed
for the batteries of Primavera I and Primavera 2, respec-
tively. These equations serve as a continuous characterisa-
tion of the discharge voltages in function of the discharged
capacity (Dis). Both regressions present high coefficients
of determination (R%), suggesting that there is a satisfactory
fit of the obtained data.

In the case of Primavera 2, it was also possible to mea-
sure the discharge response directly from the battery pack
as a whole, which is shown in Figure 8(b) and defined by
Eq. (30). The same was not possible for the complete pack
of Primavera I before the WSC competition due to a strat-
egy decision: Such a test could have compromised the
extra-charge that the cells may have for their first dis-
charge. The test was performed at an average 0.155 C-rate.

155 — Scaled P1 —— P1 Regression
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There are evident differences between the curves obtained
from the pack as a whole compared with the scaled results
from a single cell. This may be due to the different measur-
ing equipments and loads used for both tests, given the
considerable difference in scale of both experiments. Nev-
ertheless, the energy calculated from both curves closely
converges with only a 0.1% difference, as can be seen in
Table VIIIL.

—7.739Dis®  6.484Dis*

-3
Vep = 108 + 0 —0.01949Dis .
+0.25865Dis> — 2.2187Dis + 147.474, (28)
R*>=0.9913
—3,541Dis>  4,0947Dis*
Vap = =3 BT e B 0.01789Dis?
+0.3622Dis* — 3.828Dis + 138.365, 29)
R*> =0.9943
—3.141Dis>  3.093Dis*
= L = & 0.01141Dis’
+0.19806Dis> — 2.23886Dis + 142.737, (30)
R*>=10.9912

Table VIII presents the main experimental results in
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Figure 8. Experimental discharge curves; (a) for both vehicles by scaling individual cell results; (b) for Primavera 2, comparing scaled-
cell measurements with pack measurements. [Colour figure can be viewed at wileyonlinelibrary.com]
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Table VIII. Experimental results compared against theoretical values. Units: Egp [Wh, Vap [V, Cgp [AR], Igc [AL

EB,D A (%) VBP A (%) VBP,maX VBP,min CBP A (%) /BC C-rate
P1 theoretical 4976.64 129.60 151.8 43.2 38.40
P1 experimental scaled 5079.89 2.07 129.15 -0.35 147.02 89.89 39.12 1.88 0.811 0.253
P2 theoretical 4931.36 125.80 151.8 43.2 39.20
P2 experimental scaled 5162.38 4.68 115.93 —7.84 137.29 93.74 44.41 13.29 0.882 0.157

P2 experimental pack 5156.93 4.57 125.81 0.00

141.44 102.30 41.28 5.31 0.866 0.165

comparison with the theoretical values. The experimental
energy output is directly calculated from the measured data
with a Riemann sum. In the case of Primavera 1, the mea-
sured energy is 2.07% more than the theoretical value.
Also, the function from Eq. (28) is integrated within the
limits of capacity resulting in Epp=5080.4Wh, that is,
0.01% more than the previous result with the Riemann
sum. In the case of Primavera 2, the experimental energy
is 4.68% and 4.57% higher than the theoretical nominal en-
ergy, respectively to the scaled cell and whole pack tests.
By integrating Eqs (29) and (30), the energy was respec-
tively obtained as 5170 Wh and 5163.3Wh; both below a
0.25% difference as compared with the corresponding
Riemann sums. These results show a close agreement
between the nominal energies calculated, the energies
obtained from Riemann sums with the experimental data
and the areas under the obtained regression functions.
Table VIII also shows a close agreement between the
nominal theoretical voltages and the average voltages mea-
sured during the discharge of the Primavera 1 cell and the
Primavera 2 pack. Both batteries respect the voltage
theoretical boundaries throughout the discharge curves, as
shown by Vgp,max and Vgp,min in the table. Furthermore,
it is worth mentioning that a board of judges of the WSC
satisfactorily approved both batteries and certified that they
complied with the tight regulations of the competition.

4. CONCLUSIONS

The topology definition of a battery pack is a trade-off be-
tween achieving predefined requirements and maximising
the nominal energy by allocating as many cells as possible.
The proposed method is of great use in such situations, be-
cause it allows a designer/engineer to systematically assess
all the possible series-parallel topologies allowed by gen-
eral boundaries and compare them in terms of key nominal
variables, that is, energy, capacity, voltage, maximum
power, autonomy and current for a given power. The topol-
ogies defined within the case study were theoretically com-
pared against topologies defined without the method,
namely, by directly rounding up or down for discretisation.
The latter were outperformed by the nominal energies
achieved through the method: by 5%, 2.8%, 0% and
2.9% for PA1, PB1, PB2 and N2, respectively.

The maximum number of parallels in function of the
number of series is defined by a discrete behaviour that
leads to maximising couples. Although this can be
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approximated with continuous functions with coefficients
of determination higher than 0.9994, the small discrepan-
cies between these discrete and continuous functions, due
to rounding up or down, may lead to a considerable loss
of potential nominal energy. A general equation was de-
rived to describe this behaviour, which implies that the risk
of potential nominal energy loss, due to topology defini-
tion, increases linearly with the number of series. Further-
more, it was found that most of the discrete topologies
leading to a high nominal energy peak (local maximums)
are directly followed by topologies leading to a valley
(local minimums), which underscores the risk of
overlooking the discretisation effects.

It was recognised that there is little proportional differ-
ence, on average below 1.7%, between the local and global
maximums in nominal energy arising from the series-
parallel topology. Therefore, selecting a local maximum
may be a feasible compromise to approach objectives in
other variables, rendering the topological exploration more
flexible. In the case of Primavera 2, a local maximum was
selected because it closely approached the objective volt-
age, exceeding it in a 1.9%, while only the 0.83% of the
nominal potential energy was not used. On the other hand,
the nominal energy of the pack for Primavera 1 was
optimised with a global maximum while complying with
all the technical guidelines. Hence, selecting a global max-
imum in terms of nominal energy, within the allowable
range of number of series, is not always the most conve-
nient option overall.

For all the analysed topologies, the cell fault model im-
plies that, if an OC takes place, the cell current needed to
be drained for a given power increases with the number
of series. Therefore, for higher numbers of series related
to less parallels, the risks in the case of an OC are greater.
For a single-series array, an OC can lead to a fatal failure of
the battery pack. In the case of a shorted cell, high parasitic
currents are expected to be drained from the unaffected
cells within the pack. The model implies that these currents
escalate for a lower internal resistance of the cells and for
lower numbers of series.

NOMENCLATURE

Acronyms

BMS = battery management system

N2 = Nomura 8543125SH1 for Primavera 2
ocC = open-circuit
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PA1 = Panasonic NCR18650A for Primavera 1

PB1 = Panasonic NCR18650B for Primavera 1

PB2 = Panasonic NCR18650B for Primavera 2

PCM = parallel cell modules

SC = short-circuit

SCM = series cell modules

SOC = state of charge

WSC = World Solar Challenge

Greek Symbols

p = air density [kgm™ ]

Variables

A = frontal area of the vehicle [mz]

Cgc = capacity of the battery cell [AA]

Cpp = capacity of the battery pack [A4]

Cq = aerodynamic drag resistance coefficient

Cr = rolling resistance coefficient

COpc = cost of the battery cell [USD]

COgp = cost of the battery pack [USD]

CO,, = cost of the supplementary elements besides
the battery cell [USD]

coVgce = cut-off voltage [V]

Dis = capacity discharged from a battery pack
[AR]

Eppmax = maximum possible energy within the
battery pack’s constraints [Wh]

Egp = nominal energy obtainable from a given
discrete topology [Wh]

Fp = drag force [N]

Fy = friction force [N]

Fatotors = force provided by electric motors [N]

G = gradient of the slope

g = gravitational acceleration [ms~ %]

1gCmax = maximum current that can be safely drained
from a battery cell [A]

Igcoc = current that must be drained from the
remaining battery cells after an OC [A]

Ipc = current drained from each battery cell [A]

Isc = current flowing towards a failing module
with a cell in short-circuit [A]

m = mass of the vehicle [kg]

minEgp = a local minimum of the energy curve [Wh]

mVpgc = maximum cell’s voltage [V]

n = power-train efficiency

nBC = discrete number of battery cells

nBC,,ux = maximum number of battery cells within
constraints

nP = number of parallels

NPRumax = maximum number of discrete parallels

nPpg = discrete number of parallels

nS = number of series

nSru = high boundary in the range of the number of
series according to the voltage limits

nSgr = low boundary in the range of the number of
series according to the voltage limits

nSg = discrete number of series

P = power consumption [W]

Int. J. Energy Res. 2017; 41:1709-1729 © 2017 John Wiley & Sons, Ltd.
DOI: 10.1002/er
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Pepmax = maximum power that can be safely
provided by the battery pack in nominal
conditions [W]

Pppocmax = maximum power that can be safely
provided by the battery pack in the event of
an OC [W]

Pgp = power of the battery pack [W]

R? = coefficient of determination

Rpc = internal resistance of a battery cell [Q]

sm = proportional safety margin for voltage limits

t = autonomy [/] of the battery pack for a given
power output

toc = battery pack’s autonomy in the case of OC
(7]

Vac = nominal voltage of the battery cell [V]

VePmax = maximum output voltage [V]

V BPmin = minimum output voltage [V]

Vep = nominal voltage of the battery pack [V]

Vinax = upper output voltage boundary [V]

Vinin = lower output voltage boundary [V]

VOLgc = volume of the battery cell [m3]

VOLgp = volume of the battery pack [m3]

VOL,, = volume of the supplementary elements

. besides the battery cell [m3]

K = average speed of the vehicle [ms™ 1

Vw = wind speed in the direction of advance
[ms™ ']

Wace = weight of the battery cell [kg]

Wgp = weight of the battery pack [kg]

Wex = Weight of the supplementary elements
besides the battery - cell [kg]
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