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A B S T R A C T

This study addresses the common occurrence of cell-to-cell variations arising from manufacturing tolerances
and their implications during battery production. The focus is on assessing the impact of these inherent
differences in cells and exploring diverse cell and module connection methods on battery pack performance
and their subsequent influence on the driving range of electric vehicles (EVs). The analysis spans three battery
pack sizes, encompassing various constant discharge rates and nine distinct drive cycles representative of
driving behaviours across different regions of India. Two interconnection topologies, categorised as ‘‘string’’
and ‘‘cross’’, are examined. The findings reveal that cross-connected packs exhibit reduced energy output
compared to string-connected configurations, which is reflected in the driving range outcomes observed during
drive cycle simulations. Additionally, the study investigates the effects of standard deviation in cell parameters,
concluding that an increased standard deviation (SD) leads to decreased energy output from the packs. Notably,
string-connected packs demonstrate superior performance in terms of extractable energy under such conditions.
1. Introduction

1.1. Context and motivation

The global shift to EVs has gained momentum rapidly. Reports
show a 53% year-on-year (YoY) increase in passenger EV sales during
the fourth quarter of 2022, culminating in over 10.2 million units for
the year [1]. For instance, India’s thriving EV market experienced an
impressive 200% YoY growth, exceeding one million units in 2022 [2].
As the EV market grows, range variability has become an important
area of research, with considerable implications for electric vehicle
performance, usability, and overall market adoption. Lawsuits against
original equipment manufacturers (OEMs) have emerged due to dis-
crepancies between claimed and achieved ranges, further emphasising
the need to study range variability in EVs [3]. Although internal com-
bustion engine vehicles (ICEs) also display range variability, the factors
influencing EVs are far more complex and multifaceted, including
driving applications, intensities, and patterns [4].

Surprisingly, even two identical make and model EVs can show up
to 6.88% range variability under the same driving conditions (refer to
Section 3.1). This intriguing phenomenon raises a critical question: Can
the underlying causes of this variability be discovered, and can they be
mitigated during the pack design process?
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1.2. Literature review

Studies have identified the differences between cells of the same
chemistry from the same manufacturer as the main cause of this vari-
ability [5]. This difference is investigated in this study by considering
the variations in two key independent cell parameters, which are the
nominal voltage and the rated capacity, as shown in Fig. 1.

Dubarry et al. explored the subtleties of cell-to-cell variation [7],
laying the foundation for a deeper understanding of the issue. However,
these findings also raise further questions about optimising battery pack
performance and reducing variability. Table 1 offers a comprehensive
overview of the research conducted by various groups in this rapidly
evolving field. Despite the wealth of knowledge accumulated on this
topic, a definitive answer to these questions remains elusive.

The studies in the literature reviewed revealed three major direc-
tions of research in the context of analysing cell-to-cell variations:
(i) methods to analyse cell-to-cell variations and the different ways
the cells can be connected, (ii) influence of cell-to-cell variations on
the overall energy delivered by the battery pack, and (iii) studying
the impact of different cell connections on the battery pack’s energy
delivery. The analysis of cell-to-cell variations and the different ways
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Fig. 1. The figure illustrates the (a) rated capacity and (b) nominal voltage variations
of cells within a battery pack, assumed to conform to a normal distribution. The normal
distributions in cell parameter variations were derived from the standard deviations
obtained from the work of Xie et al. [6]. The cells are randomly distributed throughout
the pack, mimicking the pack manufacturing process.

Table 1
Literature review of the studies involving the effects of cell-to-cell variations on pack
energy output.; CE refers to the study of pack capacity estimation; VC refers to
the consideration of cell parameter variations; CX refers to different cell connections
considered while making the pack; OV refers to differences in output energy of pack
studied for cell variations, RV refers to variations in EV driving ranges studied, and LP
refers to sufficiently large pack taken for study (at least 25 cells).

Reference CE VC CX OV RV LP

[5] No Yes No No Yes Yes
[6] No Yes No No No No
[7] No Yes No No No No
[8] Yes Yes No Yes No No
[9] No Yes No No No No
[10] No Yes No No No Yes
[11] Yes Yes No Yes No Yes
[12] Yes Yes No No No Yes
[13] Yes No No No No No
[14] No Yes No No No No
[15] Yes Yes Yes Yes No No
[16] No Yes No Yes No Yes
[17] No Yes Yes No No Yes
[18] No Yes No No No No
[19] No Yes No No No Yes
[20] Yes Yes Yes Yes No No
[21] No No No No Yes No
[22] No Yes No No No No
[23] No Yes No No No No
[24] No Yes Yes No No No
[25] No Yes Yes No No No
[26] No Yes No No No No
[27] No Yes No No No No
[28] No Yes No No No No
[29] No Yes No No No No
[30] No Yes No No No No
[31] No Yes Yes No No Yes
[32] No Yes No No No No
[33] No Yes No No No No
[34] No Yes No No No No
[35] No Yes No No No No

the cells can be connected was the focus of [17,24,25,31]. Dubarry
et al. [17] examined a sizable cluster comprising 49 cells, investigating
both individual cell responses and their collective behaviour within a
battery pack. The study delved into pack performance across config-
urations of 1s49p, 49s1p, and 7s7p while exploring variations in cell
SoC, SoH, and capacity. They concluded that the performance can be
2

additive when cells are connected in series. However, in cases where
cells are connected in parallel, variations between individual cells
exhibited minimal impact on the overall battery pack performance,
largely due to the possibility of self-balancing. Rumpf et al. [24]
employed a comprehensive model for lithium-ion cells to analyse the
current distribution within various cell connections in a module. On
the other hand, Song et al. [25] utilised a primitive electrical model to
study cell-to-cell variations over time under different cooling structures
and considered the influence of cell connections. Ganesan et al. [31]
explored capacity fading in different modules over hundreds of cycles.

The influence of cell-to-cell variations on the overall energy deliv-
ered by the battery pack was a focal point in the studies by [8,11,16].
Liu et al. investigated current distributions over time in a group of
cells connected in parallel, emphasising the impact of placing higher
impedance cells in parallel on the total output energy [8]. An et al.
proposed battery pack inconsistency models and evaluated how varia-
tions in model parameters affect the pack’s output energy [11]. Zhou
et al. [16] identified Coulomb efficiency, temperature difference, and
capacity fading as the primary factors affecting the pack’s consistency.

In addition to examining cell-to-cell variations, [15,20] also studied
the impact of different cell connections on the battery pack’s energy
delivery. Miyatake et al. [15] analysed 12 real cells with slightly differ-
ent characteristics and demonstrated that fewer cells in series delivered
higher discharge capacity (Ah). Luan et al. [20] considered various
connection topologies and found that cross-connections delivered the
most energy. However, it is worth noting that the pack size considered
in these studies was relatively small, and their analysis lacked range
analysis on EVs.

Chen et al. conducted pioneering research on the effects of cell-
to-cell variations on the range of EVs while accounting for cell-to-cell
parameter variations [5]. They simulated an EV with a large battery
pack operating on a specific drive cycle. However, their approach of
randomly choosing standard deviations in parameters led to a discon-
nect between simulation data and real-world outcomes. Additionally,
Chen et al. did not explore the impact of different pack configurations
on EV range.

Numerous other research [6,7,9,10,14,18,19,22,23,26–30,32–35],
directed their efforts towards investigating cell-to-cell variations and
deriving insights concerning variations in parameters such as impeda-
nce, cycle life, capacity, and voltage. The conclusions and method-
ologies drawn from their studies greatly contributed to developing
an understanding and shaping the approach employed in this current
work. Several of these references will be cited subsequently in the
following sections.

Overall, the literature review has shed light on the study of cell-to-
cell variations. However, a concrete answer to the question of range
variability requires consideration of appropriate parameters.

One common limitation observed in most of the reviewed literature
is the consideration of battery pack sizes that are not large enough
to mimic real-world EV packs. These smaller pack sizes result in a
limited number of discharge paths, which may not accurately reflect
the behaviour of larger packs with numerous cells interconnected in se-
ries and parallel. Moreover, cell parameter variations can significantly
affect the current distribution, leading to imbalances in the current
delivered by parallelly connected cells.

Experimental validation of multiple battery packs with different
cell-to-cell connections is another major challenge due to resource
constraints, such as the number of cells and the time required for
charging and discharging the packs.

In contrast to using basic electrical models for Li-ion batteries, the
battery model employed in this work was calibrated with data from Py-
BaMM, which will be further elaborated in the Experimental Validation
section. This calibrated model offers the potential for more accurate
and reliable results in understanding the impact of cell parameter
variations on EV range.
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Fig. 2. Summary of the research presented in the manuscript.
The core concept driving this research is encapsulated in the di-
agram presented in Fig. 2. Fundamentally, the study is built upon
the foundations of studying the effects of cell-to-cell variations in
nominal voltage and rated capacity. To enact this, a cell model is
employed, which is validated with the PyBaMM model available based
on experimental characterisation already published in the literature.
Further, experiments in the laboratory are also performed on an LG
M50 cell to validate the calibrated model. Using the cell modelled,
multiple packs are prepared in which the cell-to-cell variations studies
are performed, each characterised by distinct cell-to-cell and module-
to-module connections. Through comprehensive examination across
varying C rates and drive cycles, this approach sheds light on the
spectrum of range variability observed in electric vehicles (EVs).

1.3. Contributions of this work

Based on the challenges and drawbacks determined in the literature,
this study aims to unravel the complexities of range variability by
examining the contributing factors and proposing innovative strategies
to mitigate the differences in the extractable output from a battery
pack during design and manufacturing. The following are the major
contributions:

• A methodology to analyse the impact on extractable energy and
driving range due to the cell parameter deviation, cell connec-
tions, battery configuration, battery pack size, and driving be-
haviour. The methodology is the workflow followed in the anal-
ysis performed in this work.

• An empirical model is proposed that accurately predicts the ex-
tractable energy from a fresh battery pack and quantifies the de-
viation in extractable energy for different packs of the same con-
figuration, enabling effective design and manufacturing strategies
and performance optimisation.

• 74 possible battery pack configurations were studied based on
the methodology proposed in the work under constant charge–
discharge and real-world driving conditions. The study deter-
mines the differences in the vehicles’ driving range, which fur-
ther helps to decide the suitable configuration and cell-to-cell
connections for maximum extractable energy.

Further, to replicate all the work presented in the article in exper-
iments, we calculated that at least a minimum of 1.1 million cells,
3

which amounts to about 20 MWh of capacity, will need to be bought,
measured and binned according to the standard deviation in their cell
parameters, 27 568 unique packs would have to be made. Additionally,
all the battery management systems and measurement electronics costs,
the charging and discharging of all the packs, and then finally, reading
all the data would need to be accounted for. This feat would be
impossible for a research group to complete. There are two options
for performing the work (i) using data based on models in which
either field or synthetically generated data is used and (ii) developing
a simulation model calibrated experimentally.

Acquiring field-tested data that accurately reflects real-world bat-
tery operation remains difficult [36]. However, within the realm of syn-
thetic data generation, various models [37–40] have made significant
contributions, with a common technique being the revolutionary Gen-
erative Adversarial Network (GAN) proposed by Ian Goodfellow [41].
Although highly accurate, GAN models have often encountered chal-
lenges like model collapse [42,43], instability [44], and convergence
evaluation [45], which question their reliability. Hence, simulations
using experimentally evaluated models are one of the practical ways
to analyse the pack behaviour at such a scale. Although the results
presented in this article are based on simulation, the battery cell models
are calibrated with the experimental data already published in the
literature. Further, with the experimental calibration of the cell model
performed in the laboratory, we have ensured that our synthetic data
is reliable. More details of the calibration are presented in the Methods
section. Our research contributes to the ongoing pursuit of minimising
pack-to-pack variability and extending battery pack lifespan, marking
a significant step forward in the search for sustainable transportation
solutions.

1.4. Article organisation

The remaining sections of the article are organised as follows:
Section 2 presents the methodology followed and discusses about the
different pack layouts considered, cell model validation, and the design
of experiments. Section 3 presents the results based on the methodology
proposed for constant discharge and drive cycle-based discharge sce-
narios. Section 4 presents an empirical model derived from the results
of all the simulations. Section 5 discusses the assumptions and limita-
tions considered. Section 6 is the discussion of all of the observations
made from the results. Finally, Section 7 concludes the research by
summarising the research.
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Table 2
Illustration of all the pack sizes, some of the modules used and the abbreviations used
for different configurations.

(a) Specifications of three types of packs included in this analysis.

Pack rated capacity (kWh) Pack rated voltage (V) Pack size

2.5 48 14s9p
5 48 14s18p
10 72 21s24p

(b) Some of the cell and module connections used

Cell-to-cell connection Module-to-module connection Pack size

Type String/Cross Type String/Cross

14s1p String 1s9p String 14s9p
7s3p String 2s3p Cross 14s9p
14s3p Cross 1s6p String 14s18p
7s6p Cross 2s3p Cross 14s18p
21s3p Cross 1s8p String 21s24p
7s6p String 3s4p Cross 21s24p

(c) Abbreviations used to represent various cell and module connections. The
‘‘Inter-module’’ column refers to the connections of the cells inside the modules, and
the ‘‘Intra-module’’ column refers to the connections between the modules, both of
which can either be ‘‘String’’ or ‘‘Cross’’. A string connection is represented by a ‘‘|’’
and a cross connection is represented by an ‘‘X’’ in the abbreviations. For example,
7s6p-|X would mean a battery pack that has multiple modules of size 7s6p, with
cells inside the module connected in a cross and the modules connected with each
other in a string.

Module Connections Abbreviation

Intra module Inter module used

7s6p String String 7s6p-||
7s6p Cross String 7s6p-X|
7s6p String Cross 7s6p-|X
7s6p Cross Cross 7s6p-XX

2. Methodology

2.1. Experimentation

A series of simulation experiments were conducted to compre-
hensively investigate the impact of variations in cell parameters on
the capacity of battery packs. All possible inter-cell connections were
considered to analyse the effect of cell parameter variations on the
pack’s capacity. Due to the vast number of inter-cell connections and
parameters investigated, it was essential to keep the pack size large
enough for meaningful analysis while keeping the simulation time
within acceptable limits. Different battery pack sizes, including 2 kWh
and 5 kWh at 48 V, and 10 kWh at 72 V, were employed to validate the
proposed method in relation to pack size. The specifications of the three
types of packs are outlined in Table 2a. All the packs were constructed
using cell data from LG M50 cells [46], which have a nominal voltage
of 3.63 V and a nominal capacity of 18.2 Wh.

To facilitate simulations, all configurations were modelled in
Simulink. However, the Simulink cell model’s accuracy depends on
the proper estimation of parameters, which poses a major challenge.
To address this challenge, the cell model’s parameters were calibrated
with cell discharge data at each C-rate to ensure a computationally fast
model with reasonable accuracy. The calibration process is elucidated
later in the following subsection of this study, while a flowchart of the
process is shown in Fig. 3.

Modules with parallel cells were implemented with two designs:
string connections and cross-connections. String connections have cells
connected in series, and the only parallel connection is at the module’s
terminals. Cross-connections have all the connections of a string, but
the inter-terminal connections of other cells with similar voltages are
also connected. A modular pack design was chosen during battery
pack modelling, and packs were made with various modules. Similarly
to cells, modules were also connected in a string and cross. Fig. 4
illustrates the various combinations of cell connections. Fig. 4(a) shows
4

w

a module with m cells connected in series; we are calling this a string,
and n such strings of cells connected in parallel. Therefore, the module
comprises of m*n cells. Fig. 4(b) is similar to the module in Fig. 4(a),
except for the intra-string cross-connections. Similarly, the modules can
be connected in string or cross-connections, as shown in Figs. 4(c) and
4(d), respectively. In the figures showing the modules connections, p
represents the number of modules in a string connected in parallel, and
q denotes the number of such strings connected in series, resulting in
a total of p*q modules in a pack.

Table 2b shows a few cell connections, pack sizes, and module size
combinations. As the intra-module and the inter-module connections
can either be string or cross, represented by ‘‘|’’ or ‘‘X’’ in the abbre-
iations, there are four possible cases for connections, as illustrated in
able 2c. Similarly, abbreviations for all other modules and connection
ombinations can be created. Abbreviations for all the different cell
onnections for different packs can be found in the supplementary.

This study focuses on analysing the variations in pack performance
ue to cell parameter variations. To accomplish this, multiple packs,
pecifically 20, need to be made to analyse the differences in packs of
dentical connection topology. This process is simulated with battery
ack models using MATLAB Simulink.

All unique pack connections/topologies have a distinct Simulink
odel corresponding to them. To analyse the output of 20 packs, the

orresponding model of the selected battery pack topology is simu-
ated 20 times. During the initialisation of each simulation, each cell’s
ominal voltage and rated capacity parameters are generated from a
ormal or Gaussian distribution. At the same time, all other dependent
arameters are calculated from these two parameters by utilising the
alibration constants. Therefore, the output of these twenty simulations
s equivalent to the output of twenty different packs made.

.2. Experimental validation

In our work, we address the critical challenge of assessing the
mpact of variations in cell parameters on the capacity of battery packs.
onducting extensive experimental investigations involving a multi-
ude of configurations and pack sizes is not only impractical but also
esource-intensive and time-consuming. To overcome these limitations,
e have employed a comprehensive simulation-based methodology to
xpedite the validation process. Our simulations involve a substantial
umber of configurations and pack sizes, with 74 different models to
e simulated at different C rates and various drive cycles, which overall
omes out to more than 28 120 simulations.

.2.1. Experiments behind PyBaMM data
The parameters related to LGM50 were obtained from a thorough

et of experiments conducted by Chen et al. and Nyman et al. These
tudies extensively characterise the physical, chemical, and electro-
hemical properties of the LGM50 cell through a diverse array of
xperimental techniques. Notably, critical parameters pertaining to
lectrode and cell thermodynamics, kinematics, and transport prop-
rties were acquired from electrochemical tests employing a lithium
etal reference electrode in a three-electrode configuration [47]. This

pproach provides insights into individual electrode potentials, cell
toichiometry, and lithium content within the electrodes. Additionally,
he open circuit voltage (OCV) of the cells has been determined based
n data extracted from galvanostatic intermittent titration technique
GITT) experiments.

The physical properties of cell components, including electrodes,
eparators, and current collectors, were meticulously obtained through
irect measurements following cell disassembly [47]. The parameters
hich are related to mass transport phenomena within the electrolyte

ere obtained through a set of electrochemical methods, with ionic
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Fig. 3. Calibration process of the battery model with the help of Electro-Chemical Model (ECM) of the LG cell.
Fig. 4. Description of cell connection names used in this work, i.e. string and cross,
here ‘M’ represents a module. (a) Intra-module string connection of cells. ‘m’ cells
in series and ‘n’ cells in parallel. (b) Intra-module cross-connection of cells. (c)
Inter-module string connection. ‘p’ modules in series and ‘q’ modules in parallel. (d)
Inter-module cross connection.

conductivity, diffusivity, and transport number assessed via a standard
conductivity meter [48]. Galvanostatic polarisation and concentration
cell experiments have provided invaluable insights into diffusion co-
efficients, and thermodynamic factors of the salt [47]. Our simulation
results are backed up by this experimentally verified parameter data, of-
fering a robust and expedited means of conducting capacity-validating
experiments while upholding the reliability of outcomes.
5

2.2.2. Standard life cycle experimentation and calibration
To further strengthen the credibility of our simulation findings,

a comprehensive cycle life experiment specified by the manufacturer
was conducted on the designated LGM50 cell within our laboratory,
spanning approximately 100 h and involving 15 complete cycles. The
objective of this attempt was to gauge the concurrence between the sim-
ulation outcomes and real-world experimental results. Both Simulink
and Pybamm models, to which the Simulink model was calibrated,
were subjected to the same manufacturer-prescribed life cycle test. The
obtained simulation results were meticulously compared with the life
cycle data obtained from the physical experiment to ascertain their
degree of agreement.

The practical cycle life assessment involved the development of a
specialised environmental cell testing chamber in-house (Fig. 5). The
LGM50 cell underwent the standard manufacturer-specified cycle life
protocol, which involves distinct charging and discharging stages [46].
During charging, a consistent current rate of 0.3C (1.44 A) was applied
until the cell voltage reached 4.1 V, followed by a phase of constant
voltage charging at 4.1 V until the current attained 240 mA. A sub-
sequent intermission of 10 min ensued before the cell was subjected
to discharge, wherein a constant current rate of 0.5C (2.4 A) was
maintained until the voltage reached 2.85 V, followed by a rest period
of 20 min. This cycle was diligently replicated over the course of
15 cycles, with the ambient chamber temperature regulated at 25 ◦C
throughout. The terminal voltage profiles for all three scenarios –
experimental voltage, Simulink-simulated terminal voltage output, and
Pybamm-simulated voltage output – were meticulously analysed. In
Fig. 6(a), the combined voltage plots for the final 20 h of operation
are showcased for enhanced clarity.

In addition to the comparison of the terminal voltage, differen-
tial capacity is another important parameter, which, in the form of
graphical representations, serves as a distinct signature for a battery
system, permitting continuous monitoring over its lifespan. The dif-
ferential capacity analysis is a widely utilised approach to evaluate
battery health, achieved by pinpointing peaks linked to active mate-
rial phase transitions. This technique has demonstrated its utility in
both diagnosing and predicting battery conditions. Alterations in these
plots offer valuable insights into the system’s future performance. In
this investigation, we analysed the manufacturer-recommended C rates
and offered a visual comparison of the outcomes in Fig. 6(b). The
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Fig. 5. (a) Temperature controlled, indigenously designed cell testing chamber. The temperature can be increased with the help of cartridge heaters and decreased with the
refrigeration unit (Condenser). The battery holder allows for a quick change of cells and can hold up to a maximum of six cells. (b) The controller keeps the temperature constant
at a pre-specified level and ensures that the cells are cycled at the desired C-rates or drive cycles. The controller can be programmed with the Data storage and analysis computer.
Fig. 6. (a) The final 20 h of the manufacturer-specified cycle protocol for the PyBaMM and MATLAB cell models, along with the experimental result of the LG M50 cell. It
should be noted that the MATLAB cell model follows the other two curves closely. (b) Differential capacity analysis has been performed on the manufacturer-specified cycle life
experiment, and the obtained results have been compared. The accompanying figure illustrates the degree of alignment between the models and the experiment, thereby affirming
the validity and robustness of both the Pybamm and Simulink models.
close correspondence observed among these profiles not only strength-
ens the confidence in our experimental approach but also validates
the robustness of the simulation outcomes obtained throughout our
investigation.

2.3. Design of experiments

The experiments were conducted using various pack models de-
signed for the three pack sizes specified in Table 2a. These pack models
were classified based on their cell-to-cell and module-to-module con-
nections, as string and cross-connections, as depicted in Fig. 4. In total,
a comprehensive set of 74 distinct models was created to investigate
the influence of pack topology on pack performance. The cell param-
eters within these models were subject to variations following normal
distributions in nominal voltage and capacity, as previously discussed.
Within each of the 74 models, there were 20 instances of cell parameter
6

variations. These instances underwent simulation to discharge at five
different C rates and throughout various drive cycles. Moreover, for
a specific pack configuration, 14s1p-∥ of the 14s18p pack, a total of
140 instances were generated, each representing 20 instances for 7
increasing standard deviations in cell parameters. These 140 instances
were simulated for discharge at five C rates.

The battery pack simulations commence with the generation and
calculation of all cell parameters. At the outset, all cells are set to 90%
state of charge (SoC). Two types of simulations are conducted for each
pack model, one with a constant current discharge rate of packs and
the other where they are discharged according to drive cycles.

During the discharge phase, the SoC of each cell in the battery pack
is monitored. Once the first cell reaches the lower SoC limit of 10%, the
pack discharge is halted to prevent over-discharge damage to any cell.
The discharge is then followed by a 1 C constant current charge. Once
again, the SoCs of all cells are monitored, and the charge is stopped as
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Fig. 7. The figure depicts the nine unique driving patterns employed in this research for evaluating the EV range. While the (a) WLTC follows a standardised drive cycle, the
other drive cycles labelled (b) through (i) were derived from our prior research efforts. These diverse drive cycles capture varied driving behaviours across different regions of
India, contributing to a comprehensive analysis. The process of creating these specific drive cycles is elaborated upon in [49].
soon as the first cell reaches the maximum SoC limit of 90% to prevent
overcharging of any cell. This entire operation constitutes one cycle,
and two initial cycles are analysed in this work.

The constant C-rate discharge of the model is carried out at five
different C-rates, with a constant interval of 0.5C, ranging from 0.5C
up to 2.5C.

For the analysis of the EV range, a total of nine distinct drive cycles
were employed. Among these, one was the Worldwide Harmonised
Light Vehicles Test Cycle (WLTC), while the remaining eight cycles
were derived from prior research conducted by our team. However, to
comprehensively study the behaviour of electric two-wheelers in the
Indian driving scenario, the remaining eight drive cycles were chosen
from different parts of India, depicting different driving conditions. The
Indian drive cycles were derived from the previous work conducted
by our team [49]. These drive cycles can be seen in Fig. 7. To create
these eight additional cycles, eight members of our group rode their
two-wheelers across various cities in India, encompassing both urban
and rural areas. Each member selected a specific route and undertook
three trips at different times of the day, spanning three weeks. This
collected data was then utilised to construct unique drive cycles for
each location. Incorporating these drive cycles into our study necessi-
tated the transformation of speed-time data into power-time data while
7

considering numerous parameters related to the electric two-wheeler
drivetrain. The resulting power-time data was replicated multiple times
to ensure that the battery packs reached the termination condition
during discharge. A comprehensive account of this entire procedure is
documented here [49].

During one of the twenty simulations for a specific pack size model,
all the cell parameters are recorded according to the cell distribution.
These parameters are then updated in all the remaining models of the
same pack size. As a result, the 𝑛th cell of each model for a particular
pack size will have the same parameters. This approach ensures that
the output data for a pack is comparable in every simulation.

The initial step in setting up the pack models for simulations is to
calculate the variations in cell parameters for all the cells in the pack
based on the previously derived voltage and capacity distribution. As
explained earlier, all the pack configurations get identical cell varia-
tions. Subsequently, the pack models undergo either constant discharge
or discharge following a drive cycle. This proposed methodology is
further illustrated in the flowcharts depicted in Fig. 8. To evaluate the
performance of vehicles equipped with the battery packs investigated
in this work under real-world driving conditions, charge–discharge
experiments were conducted for all models across each pack size. The

simulations were aimed at determining the duration of the vehicles’
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Fig. 8. Pack simulation process.
driving time before the battery pack energy is depleted, reaching the
lower SoC limit as described previously. Subsequently, utilising appro-
priate calculations as discussed in [49], the speed-time data obtained
from the drive cycles was transformed into battery power output versus
time. This power output drive cycle was repeated until the battery pack
energy was exhausted.

3. Results

We employed the battery model of MATLAB Simulink and calibrated
the cell parameters with LG M50 cell data [46,47] using PyBaMM,
to ensure the accuracy of our findings, as this is a well-understood
cell [50]. We investigated battery packs with three distinct energy
capacities, which are, 2.5 kWh, 5 kWh, and 10 kWh, as shown in
Table 2a, which are the typical pack capacities available in electric two
and three-wheelers. A total of 74 battery pack models, with different
cell and module connections, are created for these three pack sizes. All
these models are briefly described in Table S1 of the supplementary
section. Our systematic approach entailed conducting 20 instances of
each configuration for 5 constant discharge rates and 9 drive cycles,
using an e-2W as the test case. We executed 28,120 simulations and
conducted comprehensive statistical analyses to categorise pack con-
figurations and identify the optimal pack based on maximal extractable
energy, minimal performance variability, maximum range and the least
divergence of cell SoCs.

In this study, ‘ideal pack energy’ refers to the ideal or the theoretical
amount of energy that the battery pack is considered to have. This is
the product of the ‘Number of cells in the pack’ with the ‘Energy output
of a single cell from fully charged to fully discharged state’. Here the
parameters of the cell used are equal to the rated values from the cell
datasheet.
8

3.1. Comparison at constant discharge rate

Our results reveal that the difference between the ideal and deliv-
ered pack energy strongly correlates with the standard deviation (SD)
in cell parameters. By comparing various pack configurations, we found
that cell-to-cell connection patterns significantly affect pack energy
output. From our analysis, these patterns can lead to a decrease up
to 7.74% in energy, comparing the best and the worst configuration.
Drive cycle analyses indicated that distinct pack configurations could
produce a 7% difference in driving range between them.

The inferiority of cross-connected configurations can be seen in
Fig. 9, where the points for string connections show better energy
output and lower SD. Furthermore, as SD in cell parameters double,
the decrease in energy output relative to the ideal pack energy approx-
imately doubles as well. Lastly, discharging a battery pack with cells of
unequal parameters leads to SoCs of cells diverging during discharge,
which is associated with the pack configuration and the SD of cell
parameters.

We focus on two pack configurations, 14s1p-∥ and 14s9p-X| for pack
14s18p. The abbreviations used to represent the cell and module con-
nections are explained briefly in Table 2c. The abbreviations of all the
models used in this work are available in Table S1 of the supplementary
section. We simulated 20 instances of these pack configurations to
discharge at five different rates. The energy delivered by the packs is
illustrated in Figs. 10(a) and 10(b). It is evident that the variations
in cell parameters in each of these 20 instances have impacted their
energy output. For instance, at a 0.5C discharge, the maximum energy
delivered by 14s1p-∥ is 4104.5 Wh, and the minimum energy is 4021.7
Wh. However, at the same discharge rate, the maximum energy deliv-
ered by 14s9p-X| is only 3859 Wh, and the minimum energy is only
3718.8 Wh. The difference between the maximum and minimum is
82.8 Wh for 14s1p-∥ and 140.2 Wh for 14s9p-X|, i.e. 2.06% and 3.77%
variation in the output energy, respectively.
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Fig. 9. Comparison of the ratio of mean output energy and ideal pack energy of each
f the 74 pack configurations with the RSD (relative SD) in output energy of the same
odel.

Table 3
Best and worst pack configurations as mentioned in Fig. 14. Here 𝜎 denotes the
usage standard deviation calculated from the work of Xie et al. [6], in simulating
the discharge of pack configurations. Whereas 2𝜎 denotes the usage of double these
standard deviations.

Pack 14s9p 14s18p 21s24p

Best model at 𝜎 14s1p-|| 14s1p-|| 7s1p-||
Worst model at 𝜎 7s3p-X| 14s9p-X| 21s12p-X|
Best model at 2𝜎 14s1p-|| 14s1p-|| 7s1p-||
Worst model at 2𝜎 7s3p-X| 14s9p-X| 21s12p-X|

Similarly, on repeating the same analysis on the smaller 2.5 kWh
ack, the pack 7s3p-XX has maximum and minimum energy output as
983 Wh and 1862.8 Wh, which meant a variation of 120.2 Wh in the
0 instances of the same pack. This is a variation of 6.45% in energy.

For 14s18p pack, the mean energy delivered by each pack model
as compared, Fig. 11(a) shows a line plot of all the various pack

onfigurations for this. Many string-connected configurations, such as
4s1p-∥ and 14s6p-∥, deliver the maximum energy and overlap each
ther, while the cross-connected modules result in the lowest energy
utput. At a 0.5C discharge, 14s6p-∥ delivers 4068.3 Wh, while the
4s9p-X| only manages about 3780 Wh. Hence, the difference between
he best and the worst configuration is 288.3 Wh at a 0.5C discharge.
s we move to the right end of the plot, at 2.5C discharge, 14s1p-∥
elivers 3300 Wh, and 14s9p-X| provides an output of 3098.75 Wh. The

difference amounts to 201.25 Wh. As the C-rate increases the difference
in the energy output of the 14s1p-∥ and the 14s9p-X| packs decreases
as shown in Fig. 11(b). Fig. 12(a) shows the relative SD in the energy
output of different configurations. Fig. 12(b) shows the percentage of
how other configurations compare with the best configuration in terms
of delivered energy (Wh), at 1C discharge rate. Here, the output of
14s9p-X| is less than 7.09% of what the 14s1p-∥ has delivered. Some
zero-value bars are present at the left end, indicating that they all
delivered the same output energy.

We simulated 20 instances of the 14s1p module used in the 5 kWh
pack at each multiplier and C rate. Here, the multiplier is a factor
by which both the SD values i.e. voltage SD and capacity SD, are
multiplied, simultaneously. This is done to study the pack performance
as the variations in cell-to-cell parameters increase. The 𝑥-axis shows
the variation in the multiplier. The SD values calculated from the work
9

of Xie et al. [6] are 0.0315 for rated capacity and 0.0156 for nominal
Fig. 10. Simulations are only done at the 5 discharge rates shown on the 𝑥-axis;
the lines drawn show the expected energy output at all the other discharge rates.
(a) Variations over 20 instances of a 14s1p-∥ connected 14s18p (5 kWh) pack. (b)
Variations over 20 instances of a 14s9p-X| connected 14s18p pack.

voltage. As the multiplier increases, the SD in both the nominal voltage
and the rated capacity increases.

Fig. 13 displays the variation of pack energy output with an in-
crease in SD of cell parameters. Examining the 0.5C discharge data,
the maximum and minimum energy delivered is the same, when the
multiplier is zero, i.e., the SD in cell parameters is zero. The mean value
of energy delivered here is 4192.6 Wh. When the multiplier is 3, the
maximum, minimum, and difference in the energy delivered are 3891.4
Wh, 3729.2 Wh, and 162.2 Wh, respectively. Here, the mean and SD in
the output energy of 20 instances is 3826 Wh and 52 Wh, respectively.

We compared the mean values of the energy output of all the
extreme pack configurations cases for each pack size to the ideal pack
energy of the pack in Fig. 14. The best and worst configurations of
all three pack sizes are mentioned in Table 3. For a 14s18p pack, the
14s1p-∥ module delivers 2.98% less energy compared to the ideal pack
energy. However, the 14s9p-X| module with cross connections delivers

higher reduction of 9.56% in energy. If the standard deviations in
ell parameters are doubled, the 14s18p pack with the 14s1p-∥ module
elivers 5.23% less energy, while the 14s9p-X| module for the same
ack delivers the highest reduction of 18.28% in energy compared to
he ideal pack.
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Fig. 11. Simulations are only done at the 5 discharge rates shown on the 𝑥-axis; the
lines drawn show the expected energy output at all the other discharge rates. (a) Energy
output of the 27 pack configurations of 14s18p pack. Every data point is a mean of 20
instances of that pack configuration at one of the five C rates. (b) Figure illustrates the
difference between the best (14s1p-∥) and the worst (14s9p-X|) pack configurations in
nergy output (%).

The internal behaviour of cells was studied during all the simu-
ations mentioned above. Fig. 15 shows the average SDs in SoCs of
ells of all the pack configurations of the 14s18p pack. The string cell
onnections like the 14s1p-∥ module show an average SD in SoC of
.459. On the other hand, this variation goes up to 1.27 for the 7s9p-XX
odule.
10
Fig. 12. (a) RSD (relative SD) between all the connection topologies for 14s18p pack,
at 1C discharge rate. (b) Comparison of the decrement in output energy of each pack
connection compared to the best pack connection i.e. 14s1p-∥, at constant 1C discharge.
To enable easier comparison between figures, the sorting order and the colours of
models shown here is preserved for further figures showing all the models of the 14s18p
pack. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

3.2. Comparison at drive cycle discharge

The origins of the data used for simulating these drive cycle sim-
ulation has already been explained in the Design of Experiments Sec-
tion 2.3.

Fig. 16(b) shows the mean energy that the battery packs discharged
while being driven on drive cycles. For this part, we simulate the
application of the considered battery packs in e-2Ws [49].

For instance, in the Zirakpur drive cycle, the best module is 14s1p-∥
which delivered around 4119.8 Wh of energy, whereas the bottom most
module 7s6p-XX, with both internal and external cross connections, is
delivering 3857.36 Wh, which is 262.44 Wh difference in the energy.
Looking at the distance, the 14s1p-∥ equipped e-2W travelled 104.6 km
and a 7s6p-XX e-2W travelled 97.9 km. Hence, a 262.44 Wh difference
between the two pack configurations translated into an extra 6.74 km
being driven by the superior 14s1p-∥ equipped e-2 W, as seen from
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Fig. 13. Correlation between increasing SD in cell parameters and output Wh. 14s1p
module with a 14s18p pack is used. 20 simulations have been performed at each C
rate, cell parameters SD pair. SD in cells = k * SDs from [6] (Here k is the multiplier,

hich is displayed on the x-axis). The whiskers extending upwards and downwards
rom each point indicate the maximum and minimum values observed in 20 instances
f pack simulations.

Fig. 14. Difference in energy delivered by the best and worst battery model within each
ack size, compared to the ideal pack energy of the respective pack. This comparison
s carried out at 1C discharge and for the original SDs in cell parameters, which is
enoted by 𝜎 in the legend and for the double of it, denoted by 2𝜎.

Fig. 16, is around a 6.88% increase in the driving range between the
best and the worst ways the cells can be connected inside the battery
pack. For the same drive cycle but with the smaller 2.5 kWh pack, the
best and the worst topologies had a difference of 100.73 Wh, which
translated into a 2.52 km difference in the distance travelled by the
e-2 W, a 5.25% increase in range. Similarly, for the 10 kWh equipped
e-2 W, the best and the worst topologies had a difference of 571.53
Wh, which translated into a 14.6 km difference in the distance travelled
by the e-2 W, a 7.33% increase in range. These were the mean values
of the 20 instances of each pack topology described. Analysing the
variations within the 20 instances, continuing with the Zirakpur drive
cycle, the 14s1p equipped e-2W had a difference of 66.56 Wh between
the maximum and the minimum energy delivered by the pack, this
translated into a 1.72 km variation in range. Meanwhile, the 7s6p-XX
e-2W had a variation of 148.4 Wh, which show a 3.86 km variation in
the driving range. The corresponding figures for both the largest and
the smallest pack are available in the section 1 of the supplementary.
11
Fig. 15. The mean of SDs in SoC of each cell, in each pack configuration of the pack
14s18p, after 1000 s of discharge. All cells have the same initial SoC.

Table 4
Data of two parameters, at five different C rates, for two different types of connections,
to estimate the pack performance parameters of a new pack size.
𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠 𝐶𝑅𝑎𝑡𝑒 𝜇Wh(𝑐𝑙𝑢𝑠𝑡𝑒𝑟) 𝜎𝑅(𝑐𝑙𝑢𝑠𝑡𝑒𝑟)
String 0.5 96.66 0.44
String 1 96.68 0.43
String 1.5 96.73 0.42
String 2 96.70 0.41
String 2.5 96.73 0.41
Cross 0.5 90.95 1.04
Cross 1 91.22 1.00
Cross 1.5 91.53 0.97
Cross 2 91.68 0.95
Cross 2.5 91.82 0.95

The correlation coefficient between the kinetic intensity of all of the
drive cycles and the distance travelled is −0.347.

4. Empirical modelling

The performance of all 74 different configurations, comprising all
three packs, simultaneously, for a specific C rate is studied in this
section. The energy delivered by each configuration is compared to its
respective ideal pack energy. This is compared with the relative SD in
the energy output of each configuration.

The resulting plot is presented in Fig. 9. The points are clustered
into two groups, one associated with string-connected modules and the
other with cross-connected ones. The two mean points of these clusters
were used to propose a relationship capable of computing the mean
Wh and SD in the energy output of a new pack size. Consequently,
simulations of smaller battery packs can be utilised to estimate the
output performance of a larger battery pack.

After choosing a connection type i.e. cross or string, the correspond-
ing cluster is to be selected and the following calculations need to be
performed, or that cluster, to estimate new pack output energy and the
SD in it. The 𝜇Wh(𝑐𝑙𝑢𝑠𝑡𝑒𝑟) and 𝜎𝑅(𝑐𝑙𝑢𝑠𝑡𝑒𝑟) are already calculated from our
data and are available in Table 4.

𝜇Wh(𝑜𝑙𝑑) = 𝑀𝑒𝑎𝑛 𝑜𝑓 20 𝑝𝑎𝑐𝑘 𝑜𝑢𝑡𝑝𝑢𝑡 Wh 𝑓𝑜𝑟 𝑎 𝑚𝑜𝑑𝑒𝑙

𝜇Wh = 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 Wh 𝑜𝑢𝑡𝑝𝑢𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑛𝑒𝑤 𝑝𝑎𝑐𝑘
𝜇%Wh(𝑜𝑙𝑑) = 𝑀𝑒𝑎𝑛 Wh (%) 𝑜𝑓 𝑎 𝑐𝑙𝑢𝑠𝑡𝑒𝑟 (𝑥-𝑎𝑥𝑖𝑠)
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Fig. 16. It is assumed that the battery pack (14s18p) is installed inside an e-2 W,
hich is driven on nine different drive cycles. All the 27 pack models of 14s18p were

valuated. (a) Distance travelled by the e-2W (in km) for each drive cycle. (b) Energy
elivered by the battery pack (in Wh) for each drive cycle. (c) Kinetic Intensity of each
rive cycle.

Wh(𝑐𝑙𝑢𝑠𝑡𝑒𝑟) = 𝑀𝑒𝑎𝑛 𝑜𝑓 𝑎𝑙𝑙 𝜇%Wh(𝑜𝑙𝑑) 𝑖𝑛 𝑎 𝑐𝑙𝑢𝑠𝑡𝑒𝑟

𝜎Wh(𝑜𝑙𝑑) = 𝑆𝐷 𝑖𝑛 20 𝑝𝑎𝑐𝑘 𝑜𝑢𝑡𝑝𝑢𝑡 Wh 𝑓𝑜𝑟 𝑎 𝑚𝑜𝑑𝑒𝑙

Wh = 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑆𝐷 𝑖𝑛 𝑜𝑢𝑡𝑝𝑢𝑡 Wh 𝑜𝑓 𝑡ℎ𝑒 𝑛𝑒𝑤 𝑝𝑎𝑐𝑘

𝜎𝑅(𝑜𝑙𝑑) = 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑆𝐷 𝑖𝑛 𝑝𝑎𝑐𝑘 𝑜𝑢𝑡𝑝𝑢𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 (𝑦-𝑎𝑥𝑖𝑠)

= 𝑀𝑒𝑎𝑛 𝑜𝑓 𝑎𝑙𝑙 𝜎 𝑖𝑛 𝑎 𝑐𝑙𝑢𝑠𝑡𝑒𝑟
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𝑅(𝑐𝑙𝑢𝑠𝑡𝑒𝑟) 𝑅(𝑜𝑙𝑑)
Wh𝑐𝑒𝑙𝑙 = Wh 𝑟𝑎𝑡𝑖𝑛𝑔 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑒𝑙𝑙

𝑂𝐷𝑐𝑒𝑙𝑙 = 𝐷𝑒𝑝𝑡ℎ 𝑜𝑓 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑜𝑓 𝑐𝑒𝑙𝑙

= 𝑇 𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑛𝑒𝑤 𝑝𝑎𝑐𝑘

𝑜𝑙𝑑 = 𝑇 𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑛𝑒𝑤 𝑝𝑎𝑐𝑘

= 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑑𝑒𝑙𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑙𝑢𝑠𝑡𝑒𝑟

%Wh(𝑜𝑙𝑑) =
𝜇Wh × 100

Wh𝑐𝑒𝑙𝑙 ×𝑁𝑜𝑙𝑑
(1)

𝜎𝑅(𝑜𝑙𝑑) =
𝜎Wh(𝑜𝑙𝑑) × 100

𝜇Wh(𝑜𝑙𝑑)
(2)

𝜇Wh(𝑐𝑙𝑢𝑠𝑡𝑒𝑟) =
𝑛
∑

𝑖=1

𝜇%Wh(𝑜𝑙𝑑)𝑖
𝑛

(3)

𝜎𝑅(𝑐𝑙𝑢𝑠𝑡𝑒𝑟) =
𝑛
∑

𝑖=1

𝜎𝑅(𝑜𝑙𝑑)𝑖
𝑛

(4)

𝜇Wh =
𝑁 ×Wh𝑐𝑒𝑙𝑙 × 𝜇Wh(𝑐𝑙𝑢𝑠𝑡𝑒𝑟)

100
(5)

𝜎Wh =
𝜇Wh × 𝜎𝑅(𝑐𝑙𝑢𝑠𝑡𝑒𝑟)

100
(6)

5. Assumptions and limitations

For the ease of simulating and studying the pack behaviour of so
many different pack models, some assumptions were made along the
way, which are listed below.

• Normal distribution is assumed for the variation of nominal cell
capacity and voltage. The mean value is taken from the rated
parameters provided by the manufacturer, while the SD is taken
from the work of Xie et al. [6]. As the nominal parameters are
real-valued random numbers. Hence, the distribution according
to the central limit theorem turns out to be a Normal Distribution.

• Cells are distributed inside the battery pack randomly. Individual
cell parameters cannot be measured on an assembly line. Hence,
no order can be seen in cell distribution.

• Throughout the simulation, it is assumed that the developed
model is temperature-independent. At the time of manufacturing,
capacity is declared at standard temperature and pressure condi-
tions (STP). Hence, there is no need to consider the thermal model
of the pack. (As we are not looking into the life cycle of the pack).

• Capacity fading and cell degradation are not considered in the
proposed method. Capacity fading or cell degradation does not
come into the picture for new cells. This work is to estimate the
capacity of a new battery pack.

• This method assumes that the SoC of each cell will be known.
While in reality, the SoC calculation results from many voltage
and current measurements throughout the battery pack and us-
ing those values through complex mathematical models which
can approximately calculate SoC. Still, this is a viable option to
pursue in laboratories, and the results of this method can then be

extrapolated for commercial usage.
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6. Discussion

We probed the energy delivery dynamics of packs with cells con-
nected in cross configurations, laying the groundwork for future inves-
tigations. Slight differences in cell parameters in a battery pack cause
an uneven distribution of the load current among parallel cells or cell
strings. Internal paths within the pack also allow cells to discharge
into one another, generating circulating currents. Our hypothesis sug-
gests that the cell SoC variations, as depicted in Fig. 15, could be
the underlying cause of the reduced output energy in cross-connected
battery packs. These variations likely stem from the uneven distribution
of current within cross-connected cells, a phenomenon also evident
in previous studies [8,24]. It is possible that the elevated number of
interconnections in cross-connected packs contributes to this uneven
current distribution.

The difference between the energy output of a pack’s best and worst
configurations decreases as the discharge rate rises. This may be due to
the higher C-rates discharging the pack so quickly that the variations
in the cell do not get enough time to impact the energy output. Higher
SDs in cell parameters lead to increased SDs in the pack output energy.
The percentage Wh vs. SD plot, Fig. 9, displays two distinct clusters of
points, one for all cross-connected configurations and another for string
configurations. The string cluster shows lower SDs and higher output
energy, whereas the cross-connected packs cluster has higher SDs and
low energy output.

Fig. 12(a) shows that the SD in string-connected modules is lower
compared to the cross-connected ones. Fig. 11(a) demonstrates the fact
that string topology modules deliver more output energy compared to
cross-connected ones. On average, the string topology delivered more
than 7% the energy of the cross topology. Hence, string modules are
better, both in terms of mean output energy delivered to the load and
the variations of output energy from the mean.

As the SD in cell parameters increases, the output energy of the pack
falls, and the SD in the output energy increases. Hence, it is necessary
to keep the SD in cell parameters to a minimum.

The output energy from a pack decreases as the number of cross-
connections between the cells increases, as seen in Fig. 14. A significant
difference between the best and the worst topologies is evident. Essen-
tially, a significant dip in output energy is observed compared to the
ideal pack energy. Moreover, it is evident that doubling the SD in cell
parameters implies about double the amount of decrement in output
energy for each module and each pack, i.e., the percentage of decrease
in output energy is highly proportional to the SD in cell parameters.

Essentially, the string-connected packs show the least average SD
in cell SOCs, while the cross-connected ones show the highest average
cell SoC SDs after discharging. This could be the reason why the cross-
connected packs have performed so poorly compared to the string
modules throughout the analysis. With lesser variations in the SoCs
of cells, it can also be said that string-connected packs have a sort of
SoC balancing effect on their cells compared to the cross-connected
ones. Moreover, the cross-connected packs have many more internal
paths allowing a chance of more circulating currents between cells.
Additionally, as the cells alongside each other are a bit different, they
share load currents unequally. Altogether, the weakest cell, with the
least energy, discharges to the lower SOC limit first, triggering the
pack cut-off from the load. This limits the amount of energy that the
cross-connected packs can deliver compared to the string-connected
ones.

A similar trend, as observed in the case of constant discharge rate,
can be seen with the drive cycle discharge, i.e. the energy delivered
and the distance driven by the vehicles with different pack topologies
are different. Again, it was the string configuration of the pack that
delivered the most range, and this range decreased with the increase
in the cross-connections between the packs. Furthermore, the SD in
the energy delivered increases as we move from the string to the
13

cross-connected pack configurations.
We observed a loose correlation between the kinetic intensity of the
drive cycles and the distance travelled by the vehicle. The obtained cor-
relation coefficient is also negative, implying that the distance driven
decreases with an increase in the kinetic intensity of the drive cycle.

An empirical model has been proposed using the data of all the
topologies analysed in this work. This will help in getting a quick
estimate of the output performance of a larger battery pack from the
data accumulated by simulating various cross and string-connected
models of smaller packs. This will reduce the computation time during
the pack design process. Moreover, the proposed model can help in
deciding the kind of configuration and cell-to-cell connections within a
battery pack that will provide the maximum extractable energy during
the design and manufacturing stage itself.

Lastly, the key findings from this work have been highlighted here
in three major points: (I) The study revealed that series-connected packs
exhibited higher energy output, which translated into a greater range
for EVs compared to cross-connected battery packs. (II) As the standard
deviation in cell capacity and voltage increased, the mean energy deliv-
ered by the pack decreased while the standard deviation in the energy
increased. This reduction in mean energy was particularly pronounced
in cross-connected pack configurations. (III) The higher variability in
state-of-charge (SoC) among cells in cross-connected configurations was
identified as the main contributor to this energy variation.

In summary, our research work contributes to the broader under-
standing of the impact of cell-to-cell parameter variation and pack
configuration on energy and range variability, paving the way for con-
tinued advancements in designing optimal battery packs. By examining
the contributing factors and proposing innovative strategies to mitigate
these differences during pack design, this research work may mark a
significant step forward in the search for sustainable transportation
solutions.

7. Conclusion

The impact of cell-to-cell variations and pack connection topology
has been investigated on the battery pack’s performance. The study
involved analysing three distinct pack sizes, resulting in a compre-
hensive assessment of 74 unique pack configurations. These config-
urations encompassed diverse combinations of both cell-to-cell and
module-to-module connections, primarily classified as string and cross-
connections. These various models were subjected to simulations across
a range of constant C discharge rates and nine distinct drive cycles
representative of driving conditions across different regions of India.

Additionally, an empirical model is proposed based on comprehen-
sive simulation data. This model offers a means to estimate the average
energy and standard deviation in energy delivery at various C rates
for battery packs composed of identical cells but differing dimensions.
Similarly, this methodology can be adapted to different cell chemistries
by updating the constants specific to the particular chemistry used.
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