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Abstract— Large-format Lithium-ion battery packs consist of 
the series and parallel connection of elemental cells, usually 
assembled into modules. The required voltage and capacity of the 
battery pack can be reached by various configurations of the 
elemental cells or modules. It is thus worth investigating if 
different configurations lead to different performance of the 
battery pack in presence of a mismatch in the cell characteristics. 
A simulation tool is developed in this work and applied to a 
battery pack consisting of standard 12 V modules connected with 
various serial/parallel topologies. The results show that battery 
configurations with modules directly connected in parallel and 
then assembled in series are more robust against variation of the 
cell capacity through the battery. Moreover, given the cells and 
the battery configuration, we show that changing the position of 
the cells has a significant impact on the usable capacity of the 
battery.  

Keywords— Li-ion batteries; Cell parallel/serial connection; 
Battery-pack topology; Cell arrangement 

I.  INTRODUCTION 
The penetration rate of Electric and Plug-in Hybrid 

Electric Vehicles (EVs/PHEVs) is increasing and it is 
expected that a large fraction of vehicles will be battery 
powered in the future [1]. The International Energy Agency 
(IEA) calls for 20 million EVs on the market by 2020 in order 
to reduce global Greenhouse Gas emissions (GHGs), but the 
current pace does not ensure that the announced policy targets 
can be met [2]. One of the key factors that is supporting the 
electrification of vehicle is the availability of batteries with 
chemistries that outperform the lead-acid batteries utilized in 
the first generation of EVs. In particular, the lithium-ion 
batteries, originally introduced for the low-power portable 
electronic devices, are now becoming the preferred solution 
also for medium and high-power applications [3]. Great 
research efforts are thus devoted to the development of new 
generation batteries and the associated control electronics, i.e., 
Battery Management Systems (BMS) [4], [5]. 

A recent study has underlined the importance of a standard 
battery module in order to achieve a massive electrification of 
off-road vehicles [6]. According to the study, it is possible to 
use a standard module of 4 series-connected lithium-iron-
phosphate (LFP) cells in order to build up the battery of many 
types of off-road vehicles. The standard module has a 12.8 V 

nominal voltage. Its implementation with three capacity 
values: 30, 60, and 100 Ah is reported in [7]. 

A generic battery is obtained by connecting an appropriate 
number of standard modules in order to meet the voltage and 
capacity requirements given by the application. Modules can 
be parallel connected to obtain a higher capacity or serially 
connected to create battery strings with higher voltage. In 
turns, battery strings can be parallel connected to increase the 
capacity. In general, many different connection configurations 
can be devised to meet the required values of battery voltage 
and capacity. Evaluating the performance of each 
configuration is a crucial aspect of the design of the battery, 
especially in presence of a mismatch in the cell characteristics. 
Given the battery configuration, it is also interesting to 
investigate if the way the cells are placed in the battery has an 
impact on its performance. 

II. BACKGROUND 
Lithium-ion batteries are penetrating the market of the 

energy storage systems because of their excellent features in 
terms of specific and volumetric energy and power densities, 
charge/discharge efficiency, lifetime and performance. Thus, 
they are much more often used in EVs [8]. One single 
Lithium-ion (Li-ion) cell typically has a nominal voltage 
between 2.5 V and 4.2 V depending on the chemistry and a 
rather limited capacity, not sufficient for many applications. In 
order to meet the voltage and capacity required in automotive 
applications, tens to hundreds of cells are connected in series 
and parallel to build-up the battery pack. If the cells belonging 
to a pack are identical to each other, i.e., there is no mismatch 
among them, both the capacity and the voltage of the battery 
pack are proportional to those of the single cell, regardless of 
the connection topology of the battery. However, due to the 
inevitable differences in the manufacturing process and the 
different operating environment in which the cells may 
operate (e.g. the temperature), there are always some 
variations between the cell characteristics that cannot be 
eliminated. Unfortunately, cell variations can cause a 
significant degradation in capacity, life cycle and safety of the 
battery pack [9]-[11].  

Once the required voltage, current and capacity are defined 
for the target application, it is easy to calculate the number of 
necessary cells. The battery voltage is set by the number of 



series-connected cells, whereas the battery capacity and the 
maximum battery current are given by the number of parallel 
connected cells [12]. For instance, if an application requires 
240 Ah capacity and 76.8 V nominal voltage and 3.2 V 60 Ah 
cells are available, then 96 cells are required: 4 cells are 
placed in parallel to achieve the capacity and 24 cells in series 
for the voltage. Indeed, there are many possible connection 
topologies with which the array of 24 x 4 cells can be built. 

The majority of researches on Li-ion battery packs is 
conducted by manufacturers under proprietary terms [13]. 
Several studies are available in the literature about the 
analysis, monitoring and testing of individual cells under a 
large variety of different conditions, whilst only a few papers 
are focused on the design, simulation and testing of complete 
battery packs [8]. As stated above, there is a great variety of 
possible connections, given the number of cells. Most of the 
studies on battery packs are focused on two main 
topologies [14]. The first approach consists in wiring the cells 
in parallel and then wiring the parallel-connected modules in 
series [15]. The cells are first wired in series in the second 
approach, and then the series-connected modules are wired in 
parallel [16]. Plett and Klein called these two approaches 
“parallel cell module” (PCM) and “series cell module” (SCM), 
respectively [12]. PCM and SCM were compared in their 
study and the influence of the cell mismatch on the global 
battery performance was investigated. 

The result is that PCM batteries tend to smooth the 
differences among the cell capacities and resistances so that 
the pack remains usable even for large variations of these 
parameters. If one cell develops a leakage current, this can 
lead to a fault. If a cell develops a soft short-circuit fault, then 
all parallel-connected cells are subjected to the same fault as 
well. However, the pack is still operational with a lower 
terminal voltage. In SCM batteries, the strings placed in 
parallel self-balance each other when the pack is resting. 
However, the pack cannot balance itself quickly enough when 
the load is connected, as the load current is typically larger 
than the recirculation current between the strings. An open 
circuit fault on one cell electrically removes the whole string 
from the pack. A short circuit fault on one cell forces the cells 
of that string to a higher voltage, since the involved string 
must match the pack bus voltage set by the other strings in 
parallel. 

The discharge characteristics of multi-cell batteries in 
different series-parallel connections with non-uniform cells 
have also been studied in [17]. The analysis reveals that in the 
series connection of non-uniform cells, the total capacity of 
the string is governed by the cell with the smallest capacity, 
whilst in the parallel connection, the total capacity is the sum 
of the individual cell capacity. It follows that for multi-cell 
batteries with serial and parallel connections of cells, the total 
capacity of SCM is smaller than the total capacity of PCM. 

As to the best of our knowledge, there is no study which 
compares advantages and disadvantages of mixed approaches, 
i.e., topologies that combine PCM and SCM batteries, we 
carried out an investigation by simulating the behavior of 
multi-cell batteries, according to the methodology that will be 
described in the next section. 

III. METHODOLOGY 
Battery packs are mainly modeled in the literature 

according to three approaches. The first approach is building a 
cell model and creating the pack model with the aggregation 
of series and parallel structures of cells. The second approach 
is scaling the cell model into a simplified battery pack model 
similar to the cell model. The third approach is building a 
battery pack model that captures the totality of the pack 
behavior [18]. 

The analysis described in this paper follows a hierarchical 
approach, so that the behavior of both the pack and the single 
cells are investigated. The base element is the module that 
consists of four series-connected cells. The single cell is 
modeled in its turn with the well-known first order Randles 
circuit shown in Fig. 1. A similar approach to model the cell in 
a battery pack is also adopted in [19] and [20]. The final level 
of the hierarchy is the battery pack that consists of 24 
modules. The modules are connected to each other with 
different topologies that are investigated with simulations. 

The Randles circuit of the cell and the various battery pack 
connections have been modeled and described with 
Simscape™ in a Simulink® environment. 

A. Cell model 
A battery cell is usually modeled with an equivalent 

electric circuit or an electrochemical model [21]. They trade 
off the model simplicity with the better accuracy that a model 
deeply linked to the physical phenomena occurring inside the 
cell can give. Our choice was the equivalent electric circuit 
shown in Fig. 1, as it is a good compromise between accuracy 
and computational complexity. 

The model consists of a capacitor Cn that represents the 
battery capacity. Then, a non-linear voltage dependent voltage 
generator accounts for the relationship between the cell open 
circuit voltage (OCV) and the State-of-Charge (SoC). R0 is the 
series resistance, which is the product of a constant term and a 
coefficient that is function of the SoC. The constant resistance 
R1 and the constant capacitor C1 account for the relaxation 
phenomena that occur in Li-ion cells. The cell model is also 
provided with a Boolean output variable that is asserted when 
the cell is outside the safety voltage limits suggested by the 
cell manufacturer. The variable operates as a cell alarm useful 
to identify which cell of the pack is exceeding the safe zone. 

B. Battery modelling 
The battery module presented in [4] is composed by 4 

series-connected cells and a BMS with a circular bus for 

 
Fig. 1. Cell equivalent Randles circuit 



balancing the cell charges. As far as the analysis described in 
this paper is concerned, the BMS operations that can possibly 
be carried out in each module are omitted, as the focus of the 
paper is just exploring the connection topology influence on 
the battery pack performance. Therefore, the internal 
balancing in the four-cell module is not considered, as if the 
module BMS was not operative. Each module is then 
connected with different topologies to build up the battery 
pack.  

C. Case study 
As mentioned before, the standard module is the basic 

building block of the battery pack. The case study investigated 
is a battery pack with 240 Ah capacity and 76.8 V nominal 
voltage. The module nominal voltage is 12.8 V and the 
capacity is 60 Ah. Thus, 24 modules are required. They are 
organized in an array with 4 units in parallel (240 Ah) and 6 
units in series (76.8 V). Several connection topologies are 
possible inside the array. We chose to study the regular 
topologies showed in Fig. 2 in the preliminary investigation 
attempts described in this paper. The configurations A and D 
resemble the SCM and PCM connections referenced above, 
whereas the configurations B and C are hybridizations 
between A and D, being the parallel groups 2 and 4 
respectively. 

All the parameters of the cell model are configurable. They 
can individually be assigned for each cell by means of a 
Matlab script. This is the way by which the cell mismatch is 
taken into account. So, varying the cell parameters according 
to a statistical distribution allow us to have battery packs with 
different topologies made of non-uniform cells. 

It is important to discuss the way in which the cell 
mismatch is implemented in the battery model. If we consider 
the variations in the fabrication process of the battery cell the 
cell capacity can be represented as a random variable with a 
reasonably normal distribution around a mean value. As a 
lower series resistance corresponds to a larger capacity, the 
assumption we made is to consider constant the product 
between the cell series resistance and capacity [22]. 

IV. SIMULATIONS 
This section discusses the results obtained by simulating 

the above described battery pack configurations with some 
distributions of the cell mismatches. 

A. Capacity of different topologies 
The simulations start with the SoC of each cell set at 

100%. Then the battery is discharged at 1C rate (240 A) until a 
cell voltage exceeds the safe area, condition that is signaled by 
the cell alarm Boolean variable.  

First simulations aim at investigating the dependence of 
the full battery capacity on the connection topology of the 
cells when some variations in the cell parameters are 
introduced. Before doing this, we verified that all the four 
topology provide a total battery capacity equal to four times 
that of a single cell when all the cells are perfectly matched. 

To account for cell mismatch, the capacity of each cell is 
randomly generated with a Gaussian distribution having a 
mean value of 60 Ah (the nominal capacity of the cells) and 
three different values of the standard deviation: 2.5%, 5% and 
10%. These 3 values are representative of the capacity 
differences between the cells of the same pack, at the 
beginning of their life and during their ageing, which tends to 
increase cell differences [23].  

 

Fig. 2. Studied topologies 



We performed 200 simulations for each value of the 
standard deviation, evaluating the behavior of the four 
previously described architectures for each randomly 
generated battery. Fig. 3 shows the histogram of the battery 
pack capacity when the capacity cell mismatch has a standard 

deviation of 2.5%. The height of each bin indicates the relative 
frequency of occurrences, i.e. the number of occurrences of 
each bin divided by 200. It is worth noting that the usable 
capacity of the pack is around 226 Ah and it is strongly 
reduced with respect to the nominal capacity of 240 Ah, even 
with a rather small mismatch variance. Fig. 4 and Fig. 5 show 
the histograms when the standard deviation of the random 
distribution is 5% and 10%, respectively. The results show 
how the global battery performance is strongly degraded by 
the capacity mismatch. In the 10% standard deviation case, the 
available capacity is on average reduced to a value ranging 
from 76% (for topology A) to 79% (for topology D) of the 
240 Ah theoretical total capacity. 

If the various connection configurations are compared to 
each other, the results confirm the findings reported in the 
literature [12], as configuration D statistically provides a 
higher capacity than configuration A. We add the results that 
configurations C and B provide intermediate capacity values 
on average. However, this trend is very limited for the lowest 
value of the variance and significantly emerges with larger 
capacity variance: the higher the variance, the higher the 
capacity difference between the configurations. Another 
interesting result shown by the simulations is that the 
histograms of the total capacity for the various configurations 
seem to be more spread from D to A. Let us calculate and 
report in Table I, the average value η and the standard 
deviation σ of the total battery capacity, for each configuration 
in the three cases. We notice that configuration D provides 
more capacity with less statistical spreading. This occurs for 
all the three cases investigated.  
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Fig. 3. Battery capacities with 2.5% standard deviation of the cell capacity 
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Fig. 4. Battery capacities with 5% standard deviation of the cell capacity 

140 155 170 185 200 215
0

5

10

15

20

25

30

Capacity (Ah)

Fr
eq

ue
nc

y 
(%

)

A

140 155 170 185 200 215
0

5

10

15

20

25

30

Capacity (Ah)

Fr
eq

ue
nc

y 
(%

)

B

140 155 170 185 200 215
0

5

10

15

20

25

30

Capacity (Ah)

Fr
eq

ue
nc

y 
(%

)

C

140 155 170 185 200 215
0

5

10

15

20

25

30

Capacity (Ah)

Fr
eq

ue
nc

y 
(%

)

D

 
Fig. 5. Battery capacities with 10% standard deviation of the cell capacity 



Fig. 6 shows the simulation results of the first 25 random 
extractions in the case of 2.5% cell capacity standard 
deviation. The battery capacity of each configuration is 
compared to the minimum cell capacity found in that 
particular extraction. The battery capacity is normalized to 
240 Ah (nominal battery capacity) whilst the minimum cell 
capacity is normalized to 60 Ah (nominal cell capacity). It is 
interesting to note that there are cases in which the normalized 
capacity of the battery is lower than the minimum cell 
capacity of the pack. This apparently weird result can easily be 
explained by considering that the parallel connection self-
balances the different open circuit voltages of the involved 
elements by letting a circulation current flow between the 
strings. If the minimum capacity cell belongs to a string that is 
not the least in capacity and thus provides charge to the other 
strings, it happens that part of the charge of that minimum 
capacity cell does not go to the load. This means that the 
battery provides to the load a total capacity that is even lower 
than the minimum capacity cell. 

B. Effects of cell arrangement in the same topology  
The above considerations suggest that the performance of 

a battery also depends on the arrangement of its cells. Since 
configuration A of Fig. 2 showed a higher sensitivity of the 
total capacity on the cell mismatch, we decided to choose this 
topology to investigate how a battery-pack is affected by 
different arrangements of the same cells. The capacity 
distribution of the cells used in this analysis is shown in Fig. 7. 

Given the topology of a battery-pack, its cells can still be 
arranged in a large number of different ways. Some of them 
are however equivalent, as no variation in the battery 
performance can be expected when changing the order of the 
cells in a string or switching one string with another. In 

mathematical terms, given a parallel battery of p strings of s 
cells each, the p × s cells can be arranged in n non-equivalent 
ways, where n is given by the following relationship. 

psp
spn
)!(!
)!( ⋅

=  (1) 

For our case-study, p = 4 and s = 24, thus n is in the order 
of 1054. Consequently, simulating all the possible cases is 
unfeasible from a computational point of view. We therefore 
decided to simulate 100 random arrangements of the same 
cells. The results of these simulations are reported in Fig. 8, 
together with 6 cases of interest, labeled with letters from a to 
f. In order to describe the cases of interest, let us sort the cells 
by their capacity in ascending order. Be S1, S2, S3, S4 the 
strings, C1, C2,…, C96 the cells and Q1, Q2,…, Q96 their 
capacity, then: 

Q1 ≤ Q2 ≤ … ≤ Q96  (2) 

The cases of interest are chosen to investigate particular 
arrangements of which we foresee the performance. The  
expected “best” case (case a), is obtained by placing the 24 
lowest capacity cells in the first string, the cells from 25 to 48 
in the second string, the cells from 49 to 72 in the third string 

TABLE I.  TOTAL BATTERY CAPACITY  

Conf. 
2.5% 5% 10% 

η (Ah) σ η (Ah) Σ η (Ah) σ 

A 225.97 2.246% 211.11 8.681% 181.61 45.492% 

B 226.35 2.106% 211.83 8.597% 182.87 42.403% 

C 226.72 2.210% 212.63 7.311% 184.52 43.169% 

D 227.85 1.867% 215.28 5.866% 189.13 34.394% 

 
Fig. 6. First 25 results of the simulation at 2.5% standard deviation 
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Fig. 7. Cell capacity distribution in the studied battery-pack 



and the last 24 cells in the fourth string. With a compact 
notation, the battery Ba can be represented as: 

Ba = [S1a; S2a; S3a; S4a] = [C1...C24; C25...C48; C49...C72; 
C73...C96] 

where Si with i = 1...4 is a string of 24 cells. The symbol “;” 
indicates that the strings are connected in parallel. 

Case b is similar to case a except that strings S2b-S4b are 
obtained by randomly selecting cells C25-C96 (Bb = [S1a; S2b; 
S3b; S4b]). The purpose of this case is to analyze if the battery-
pack performance is affected by the way in which the other 
three strings are formed.  

Then we consider 3 configurations that are expected to 
have the worst behaviors. For the case c, we kept the same 
structure as in a, but we exchanged the cell C1 with the cell 
C73: 

Bc = [S1c; S2c; S3c; S4c] = [C73C2…C24; C25...C48; C49...C72; 
C1C74…C96] 

Configuration d is obtained from c, keeping the fourth 
string and placing the other cells randomly (Bd = [S1d; S2d; S3d; 
S4c]). The configuration e is obtained from a, placing the 3 
cells with the lowest capacity in string 4, 3 and 2, respectively. 

Be = [S1e; S2e; S3e; S4e] = [C4...C25C49C73; C3C26...C48;  
C2C49...C72; C1C74...C96] 

The simulations results of cases a-e shown in Fig. 8 
confirm our predictions. In particular, the best cases a and b 
provide a capacity around 9% higher than the capacity of the 
worst cases c-e. Finally, we note that in cases a-e the cell of 
the battery that firstly reaches the cut-off voltage is the worst 
cell, as it might be expected. However, if we built the case f 
from configuration b by exchanging the cell C73 with the cell 
C5, 

 Bf = [S1f; S2f; S3f; S4f] = [C1…C4C6…C24C73; C25...C48; 
C49...C72; C5C74…C96] 

we find out that cell C5 is the first cell to reach cut-off voltage, 
even if its capacity is higher than the minimum cell capacity. 
The result is reasonable as the string 4 provides charge also to 
the other strings because of the parallel connection. Therefore, 
its discharging current is higher than that of the other strings. 
This can lead its weaker cell to reach the cutoff voltage before 
the minimum capacity cell.  These preliminary simulation 
results show that the arrangement of inhomogeneous cells in a 
parallel battery pack may lead to large differences in the total 
capacity of the battery. Moreover, the particular cases 
investigated seem to be the bounds within which a random cell 
arrangement falls. 

V. CONCLUSIONS 
This paper describes the results of the investigation carried 

out on Lithium-ion battery packs consisting of standard 12.8 V 
modules connected according to different series and parallel 
topologies to achieve the capacity and voltage required by the 
application. The battery packs are modeled with a hierarchical 
model of elemental cells first assembled in modules of 4 series 
connected cells. The modules are then connected in various 
parallel/series configurations and their behavior is simulated 
finding the total capacity provided to the load when a 
mismatch in the cell parameters is introduced. A statistical 
distribution of the cell capacity with Gaussian density and 
different variance values is applied. The results show that the 
capacity mismatch from cell to cell may significantly reduce 
the pack capacity and that the series connection of parallel 
modules of cells provides the best connection topology, as it 
maximizes the capacity of the pack and reduces the statistical 
dispersion of the values. Given a topology, the effect of the 
variation of the cell arrangement is investigated too. The 
results show that arranging the cells in different ways can 
produce a significant variation in the pack capacity. Therefore 
the arrangement of the cells inside the battery-pack seems to 
be a crucial point, especially in applications with 

 
Fig. 8. Battery capacities for configurations a-f and 100 random permutations of the cells 



inhomogeneous cells as in battery second-life applications. 
Other significant results are that the capacity of the pack can 
be lower than the minimum cell capacity and that the cell of 
the pack which first reaches the discharge cut-off voltage may 
not be the cell with minimum capacity.  
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