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Abstract— To infer and predict the reliability of the remaining 

useful life of a lithium-ion (Li-ion) battery is very significant in the 

sectors associated with power source proficiency. As an energy 

source of electric vehicles (EV), Li-ion battery is getting attention 

due to its lighter weight and capability of storing higher energy. 

Problems with the reliability arises while li-ion batteries of higher 

voltages are required. As in this case several li-ion cells are 

connected in series and failure of one cell may cause the failure of 

the whole battery pack. In this paper, Firstly, the capacity 

degradation of li-ion cells after each cycle is observed and secondly 

with the help of MATLAB 2016 a mathematical model is 

developed using Weibull Probability Distribution and Exponential 

Distribution to find the reliability of different types of cell 

configurations of a non-redundant li-ion battery pack. The 

mathematical model shows that the parallel-series configuration 

of cells is more reliable than the series configuration of cells. The 

mathematical model also shows that if the discharge rate (C-rate) 

remains constant; there could be an optimum number for 

increasing the cells in the parallel module of a parallel-series 

configuration of cells of a non-redundant li-ion battery pack; after 

which only increasing the number of cells in parallel module 

doesn’t increase the reliability of the whole battery pack 

significantly.     

 Keywords—Weibull distribution, Exponential distribution, 

maximum likelihood estimation, shape parameter, scale parameter, 

rate parameter. 

I. INTRODUCTION 

The use of lithium ion batteries is widespread in powering 
laptop computers, mobile phones, cameras and many more 
household electronics and transport vehicles because of their 
characteristics of high energy density [1], high power density 
and long cycle life. Except these li-ion batteries are light in 
weight when compared to other forms of rechargeable cells. 
Users want long lasting battery life which accounts for the 
usability of an electronic device which is outright dominated by 
the amount of charge which is susceptible to storage or its 
battery capacity. The earliest [2], Eagle-Picher has a well-
developed, successful history of manufacturing cells and 
batteries for space programs around the world. Specific 
technical challenges include the ability of lithium-ion secondary 

cells to gain the longer cycle life, which is required to use on 
high reliability spacecraft, and the difficulties in scaling up cell 
technology to larger capacities required for spacecraft power 
systems [2].  

The reliability of a battery clarifies its ability to perform its 
intended function. In terms of improvement of the reliability of 
the battery it is very important to clearly understand the 
mechanism of capacity degradation pattern of li-ion cells and 
reasons influencing factors of degradation. As sometimes due 
to the degradation of anode upon cycling and safety issues 
prevent the manufacturer from commercialization of li-ion cells 
[3]. Hence after comprehending the material’s degradation 
pattern a designer can make batteries that have both high 
capacity and longer cycle life. In reference paper [1], it is found 
that at ambient temperature charge condition has more 
influence on the cycle life of the li-ion cell than discharge 
condition. It is also found that the cycling causes capacity 
degradation at an enhanced rate than storage and the loss of 
capacity of li-ion cell on storage has both reversible and 
irreversible components [4]. Temperature plays an important 
role in capacity degradation while storing or cycling as 
increasing temperature causes capacity degradation [4]. On the 
other hand, in case of automotive LiFePO4 li-ion battery it was 
found that at lower temperature (0ᴼC and - 10ᴼC) capacity and 
power fading is more severe after 600 cycle [5]. Hence to save 
the li-ion cells from capacity degradation, an optimum 
temperature should be selected while storing and cycling to 
attain better performance as well as better reliability of li-ion 
cell. The tensile and compressive stress due to lithium 
intercalation and de-intercalation is also important for 
investigation as this can also improve the rate capacity and 
cyclic life of a battery [6]. Except these, methods for estimating 
total capacity of cells and analyzing capacity degradation as well 
as capacity fade prediction model of cells have been presented 
by the many researchers [7-9] which may play a vital role in 
estimating and predicting the reliability of li-ion battery pack.  

The usability of battery in electric vehicles (EV) is very usual in 
the worldwide market and the design of the batteries are such 
that the driving range can be of 100km per charge [10]. 
Applications of the Li-ion battery pack in EVs are challenging 
as several li-ion cells are connected in series or parallel-series 
configuration to provide higher voltage [11]. Based on the 
ageing or life cycle of individual cells, the life span of the battery 
pack can be estimated. Cells connected in any kind of series 
configuration may fail as the failure of one cell or one series 
connection can hamper the operation of the whole battery pack 
and hence it’s obvious that the worst cell determines the 
performance of the whole battery pack [12]. Whereas a parallel-
series combination ensures more reliability as cells connected in 
parallel arrays which in turn connected in series, can still operate 
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with the desired voltage if one cell in parallel connection fails 
completely but the battery will definitely lose some capacity. 
Another way to increase reliability is to make a redundant 
system where the failed cell can be bypassed using switching. 
[13]. In this paper a non-redundant battery pack is considered for 
mathematical modeling and reliability analysis. 

Now days the electric three wheelers are increasing in 
Bangladesh; which use lead-acid batteries as power source. 
These Lead acid batteries are comparatively cheaper and safer 
than Li-ion batteries. But in case of performance and weight Li-
ion batteries are far more superior to conventional Lead acid 
batteries. For electric vehicle; the weight of the battery pack has 
an impact on the total weight of the vehicle itself and more 
weight means more torque as well as more currents. Hence if the 
conventional lead acid batteries are replaced by the Li-ion 
battery packs; the performance of the vehicles will improve. 

It has been found that different Li-ion cells show different life 
cycles although they are developed by using the same chemistry 
by the same manufacturer [14, 15] and the life cycle data of Li-
ion cells follows Weibull Distribution [14]. It is also found that 
mixed Weibull distribution function fits the life cycle data of Li-
ion cells more properly than a single Weibull distribution 
function [11]. In this paper life cycle data of 50 cells are selected 
randomly from a life cycle data of 96 cells presented by the 
researchers [14] and different mix of Weibull distribution 
functions are used to fit the data and the results are presented. 
As life cycle testing of a Li-ion cell is very time consuming and 
costly; in this paper three Li-ion cells are taken into 
consideration for finding and presenting their life cycle data. 
Later a 60 V Li-ion battery pack of different cell configurations 
are considered, which can replace the conventional lead-acid 
batteries of electric three wheelers available in Bangladesh. A 
mathematical model is developed and used to predict the 
reliability of different cell configuration of a 60 V non-redundant 
battery pack.   

II. DESIGN OF A BATTERY PACK 

A battery pack consisting of cells can be arranged in four 

different combinations (series, parallel, series-parallel and 

parallel series). In Fig. 1 these combinations are shown. 

Different ways of calculating the probability of normal state of 

the battery packs of different series-parallel and parallel-series 

cell configurations are shown in reference paper [16]; which 

can be utilized to calculate other cell configuration of li-ion 

battery packs. While designing a battery pack for electric three 

wheelers available in Bangladesh; only parallel connection of 

cells is not sufficient as they use a battery of 60Volts [17]. 

Research [11] shows that in most of the cases the manufacturer 

of electric vehicles uses series and parallel-series configuration 

of li-ion cells to design their battery pack. Hence most 

commonly used series configuration and parallel-series 

configuration of cells were considered to check the reliability 

among the pack models.  

 
a. Series connection 

 
b. Parallel connection 

 

 
 
c. Series-parallel connection  

 

 
d. Parallel-Series Connection 

Fig. 1. Four different battery packs designed with 10 cells in different 
combinations.  

The Li-ion cells available in the market have the nominal 
voltage ranges of 3.2V [5] to 3.85V [18] depending on the cell 
chemistry, where the maximum charge voltage can be of 4V to 
4.4V [18,19]. Hence only parallel connection of cells is not 
considered in this paper to design a battery pack of 60V. It was 
observed from the test (table 2) that the life cycle of the li-ion 
cells is not the same although they are made by using same cell 
chemistry by the same manufacturer at the same time. Same 
phenomenon was found for other types of li-ion cell also 
[14,15]. Hence if li-ion cells are connected in series to make a 
battery pack of higher voltage; the worst cell will determine the 
overall performance of the battery pack [12]. Therefore, 
sometimes it is found that a li-ion battery pack is showing less 
cycle life than the individual li-ion cells [20]. Which is the main 
drawback of series connected cells. Series-parallel combination 
of cells also faces same problems as a large number of cells are 
connected in series. On the other hand, parallel-series 
combination is proved to be more reliable as in this case if one 
cell fails after a certain cycle, the whole battery pack doesn’t 
fail and the voltage remain almost the same though the current 
carrying capacity become less. Parallel-series construction can 
be a bit costly compared to other configurations, due to the fact 
that more cells will be required to be connected in parallel to 
ensure further reliability. Failure of one cell may be dealt with 
ease without the interruption of electricity but the overall 
capacity of the battery will decrease. 
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III. METHODOLOGY 

A. Life Cycle Test 

For the experiment; three commercial batteries were selected. 
The battery had a nominal voltage of 3.7V and rated capacity 
value of 1200mAh.  As shown in Fig. 2 the outside casing had 
a length of 50mm, a diameter of 14mm and a weight of 20g. 

 

Fig. 2. Lithium-ion battery used in the test. 

The batteries were charged at a constant voltage whilst battery 

input current dropped gradually to less than 50mA.Then the 

batteries taken under consideration were discharged 

deliberately at constant current rate (0.5C) until the nominal 

voltage came at 2.7V. The procedure was repeated continuously 

until the battery’s maximum discharge capacity fell to less than 

80% of the initial capacity as none of the batteries showed their 

rated capacity in the beginning. The best cell shows almost 36% 

of its rated capacity at the beginning of the test. Which is not 

abnormal for poor performance batteries as similar result were 

presented by other researchers before [19].  

 
TABLE I. THE NUMERICAL DATA OF DISCHARGING THE 

BATTERIES WERE RECORDED AND SHOWN BELOW. 

Battery Samples Discharge 
Condition 

Initial Cell Capacity 

Battery 1 0.5 C 425.2 mAh 

Battery 2 0.5 C 274.8 mAh 

Battery 3 0.5 C 165.1 mAh 

 

TABLE II. CYCLE LIFE RESULTS FOR TESTED BATTERIES 

Battery samples Number of Cycles to Reach 80% of Initial 
Capacity 

Battery 1 37 

Battery 2 53 

Battery 3 24 

 

The initial capacity and the cycle life of the cells are shown in 

Table I. and Table II. From the experiment it was found that the 

total time of discharging the cells are decreasing after each 

cycles. Initially the best cell takes almost 42.52 minutes to 

discharge completely and after 37 cycle it takes only 34.09 

minutes to discharge and its capacity fells below 80% of its 

initial capacity. Similar results are found for other two cells. 

The second cell gives more cycles than the first one to reach 

80% of its initial capacity but shows less initial capacity than 

the first one at the beginning. The third cell shows low initial 

capacity and less cycles (24 cycles) than other two cells. All of 

these batteries show a very poor performance in case of 

showing cycle life (less than 60 cycles) and don’t show their 

rated capacity in the test. This may occur due to manufacturing 

defect or poor storing condition.   

B.  Reliability Analysis 

The reliability of the battery pack depends on the reliability of 

the cells. Only three life cycle data is not sufficient to predict 

the probability distribution of Li-ion cell. Researchers provided 

[14] the life cycle data of Ninety-six 18650-type lithium iron 

phosphate cells (1450mAh, 3.2V nominal voltage) and it was 

observed that worst cell had provided 510 cycles whereas the 

best one showed 1021 cycles [14]. Another research [15] shows 

the life cycle data of 16 li-ion cells of two different 

constructions. Two different discharge rate (1C, 0.5C) were 

used for both types of li-ion cells to find the cycle life and in 

both cases different cycle life of the cells was found [15]. 

Previous research [11] proposes that the life cycle data of cells 

fits well with mixed Weibull distribution. 

Hence in this paper life cycle data of 50 cells have been selected 

randomly from the life cycle data [14] of Ninety-six 18650-type 

lithium iron phosphate cells and parameter of different mixed 

Weibull distribution is estimated using maximum likelihood 

estimation and iteration. After estimating the parameters of 

different Mixed-Weibull distributions; the curves are plotted to 

observe and find a more appropriate mix of Weibull distribution 

that fitted the randomly selected data. the process is shown in 

Fig. 3.  

 

Life cycle data

Random selection of 50 cells

Estimate the parameters and mixing 

weights for Weibull probability distribution

Creating functions for computing CDF of 

different  mixed Weibull distributions

Use of MLE and iteration to estimate the 

parameters and mixing weights

Find the best fit for sampled data
 

 
Fig. 3. Process of finding appropriate mix of Weibull distribution for randomly 
selected life cycle data. 

 

After finding the best fit of mixed Weibull distribution for the 

data; the probability of failure of cell was estimated. Using the 

exponential distribution, the probability of failure of weld 
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connections were determined and using the mathematical 

model based on equation 1 the probability of failure of different 

cell configuration of li-ion battery pack was estimated. A 

comparison between series connected cell configuration and 

parallel-series connected cell configuration were presented 

considering the failure probability of weld connection between 

the series cells and weld connection of parallel cell modules that 

are connected in series. The equation can be shown as follows 

[11].  

 

𝐹𝑐𝑐(𝑡) = 1 − [1 − 𝐹𝑐𝑒𝑙𝑙(𝑡)]𝑛[1 − 𝐹𝑤_𝑐(𝑡)]2𝑛         [1] 

Where  

𝐹𝑐𝑐
(𝑡)= Failure probability of cell configuration. 

𝐹𝑐𝑒𝑙𝑙(𝑡)= Failure probability of cell. 

𝐹𝑤_𝑐(𝑡)= Failure probability of weld connection. 

n= number of cells or parallel cell modules. 

 

At the end 60V li-ion battery pack of different cell configuration 

was considered for electric three wheelers and their reliability 

were checked. 

 

C. Weibull Probability Distribution 

Weibull probability distribution method is one of the methods 

used by the researchers to estimate the reliability of li-ion cell 

[11,14,21,]. The method is used for simple interpretation of the 

distribution parameters, their relation to the failure rates 

[11,14]. If a battery pack consists several cells in series or 

parallel-series configuration; estimating the life time of the 

whole pack become harder as several failure modes can exist in 

the system with their own characteristic shape and lifetime, 

which requires different expression for each failure types and 

hence Weibull distribution can be a useful tool to check and 

analyze the reliability of cells of such system [22]. Basically 

there are three parameters in Weibull distribution. The shape 

parameter is β, scale parameter is α and location parameter is γ. 

In this paper two parameter Weibull distribution is considered, 

where location parameter,   = 0. The cumulative failure 

distribution function (cdf) can be derived as [21, 23] 
  

𝐹(𝑡) = 1 −  𝑒−(
𝑡

𝛼
)𝛽

   [2] 

ln [ln [
1

1−𝐹(𝑡)
]] =  𝛽ln(𝑡) −  𝛽ln(𝛼)  [3] 

 

Where F(x) = probability function density;  

t = time 

β = shape parameter  

α = scale parameter  

 

Scale parameter (α): 

Scale parameter is also known as characteristic life. α Is defined 

by the time when the cumulative failure percent of the 

population reaches 63.2% [23]. 

 

Shape parameter (β):  

The value of shape parameter β reflects the hazard function or 

the expected failure rate of the Weibull distribution [23-25]. 

1. A value of β <1, means the failure rate reduces with 

time which is normally associated with infant 

fatality or early failures which may cause due to 

manufacturing related failures.  

2. A value of β=1, means the failure rate is constant 

with time. Constant failure rate means the half-life 

of the product can take place due to random 

failures. 

3. A value of β >1, means that there is a failure rate 

increment with time. This occurs when there is 

aging of the system and that too is likely to fail as 

time goes on. It is a common co-operator with wear 

out, fits to the end life of the product. 

4. A value of β >10, means extremely high rate of 

wear-out failure.  

 

Location parameter (γ): 

Weibull distributions have been advanced with more variables 

to approve for other factors such as location parameter γ 

(gamma) which represents the time delay before the effect of 

the failures comes off or expected minimum life of a sample 

[23]. To ignore the complexity in this paper location parameter 

γ is considered as zero. 

 

D. Expotential Distribution 

The exponential distribution describes the situation wherein the 

hazard rate is constant [23]. For the evaluation of welded 

connection between series cells and welded connection between 

parallel cell modules that are connected in series; an 

exponential distribution is used. Considering exponential 

distribution, the cumulative failure distribution can be 

expressed as [23,25] 

 

𝐹(𝑡) = 1 − 𝑒−𝜆𝑡     [4] 

 

Where, λ= constant hazard rate 

t = time 

 

Cumulative failure distribution of exponential distribution is 

considered for modeling the probability of failure of the welded 

connections; where λ is considered 0.00005 Failures/106hrs 

[26].  

E. Maximum Likelihood Estimation (MLE) 

For estimating the parameters of Weibull probability 

distribution; maximum likelihood estimation system provides 

better result [27]. Maximum likelihood function is the product 

of individual probability density functions which can be written 

as [27]: 

 

𝐿 =  ∏ 𝑓(𝑡𝑖)
𝑛
𝑖=1      [5] 

 

The likelihood function for two parameter Weibull distribution 

can be written as [14]: 

𝐿 = ∏ (
𝛽

𝛼
) (

𝑡𝑖

𝛼
)

𝛽−1

𝑒−(
𝑡𝑖
𝛼

)
𝛽

𝑛
𝑖=1    [6]       
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The equation of maximum likelihood estimators �̂� , �̂� of α and 

β can be written as [24] 

�̂� =  (
1

𝑛
∑ 𝑥𝑖

�̂�𝑛
𝑖=1 )

1
�̂�⁄

    [7] 

�̂� =  [(∑ 𝑥𝑖
�̂�

log 𝑥𝑖
𝑛
𝑖=1 ) (∑ 𝑥𝑖

�̂�𝑛
𝑖=1 )

−1

−  
1

𝑛
∑ 𝑙𝑜𝑔𝑥𝑖

𝑛
𝑖=1 ]

−1

   [8]  

 

Where x1, x2……. n are n independent observations from the 

two parameter Weibull distribution. The target for the research 

is to find a good estimation of shape parameter and scale 

parameter of Weibull distribution for randomly selected 

samples of 50 li-ion cells. 

IV. EXPERIMENTAL RESULTS AND ANALYSIS 

To check the distribution, life cycle data of fifty cells were 

selected randomly from the life cycle data of 96 cells presented 

by the researchers [14]. From the analysis it was found that the 

randomly selected life cycle data don’t follow simple Weibull 

distribution properly; but it follows mixed Weibull distribution 

as stated by the researchers [11]. For analysis three different 

functions were generated using MATLAB 2016; whereas the 

first function checks if the data follows mixture of two Weibull 

distribution or not. Similarly, the second and third function 

check if the data follows mixture of three Weibull distribution 

and mixture of four Weibull distribution or not. For generating 

these functions some important built-in functions of MATLAB 

2016 are used.  

For getting the cumulative distribution function, ‘wblcdf’ 

function is used. For initial estimation of the parameters of 

Weibull distribution ‘wblfit’ function was used. Finally, 

maximum likelihood estimation (MLE) and iteration method is 

used to estimate all the parameters of mixed Weibull 

distribution. For maximum likelihood estimation ‘mle’ function 

of MATLAB 2016 was used by providing conditions. From the 

analysis it was found that mixture of three Weibull distribution 

shows good fit for randomly selected life cycle data of 50 cells.   

After selecting data randomly and arranging them in ascending 

order; the parameter for single Weibull distribution was 

estimated and the curve is plotted which is shown in Fig. 4. But 

it was found that single Weibull distribution is not the best fit 

for the randomly selected data. Hence for those data, parameters 

are estimated for mixture of two, mixture of three and mixture 

of four Weibull distribution using MLE method and after that 

the curves are being plotted, which is shown in Fig. 5, Fig. 6 

and Fig. 7. It can be seen from the figures that best fit was 

provided by the mixture of three Weibull distribution. The 

parameters for mixture of three Weibull distribution are shown 

in the Table III. 

 

 

 

Fig. 4. Representation of single Weibull distribution 

 

 

Fig.5. Representation of two Weibull distribution 

 

 

Fig. 6. Representation of three Weibull distribution 
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Fig. 7. Representation of four Weibull distribution 

 

 
Fig. 8. Representation of three different mixtures of Weibull distributions 

 

TABLE III. SCALE PARAMETERS (𝜶) AND SHAPE PARAMETERS (𝜷) 

OF MIXTURE OF THREE WEIBULL DISTRIBUTION 

𝜶𝟏 𝜶𝟐 𝜶𝟑 𝜷𝟏 𝜷𝟐 𝜷𝟑 

878.4631
2426786

1 

613.9408
8770557

9 

1012.596
1834642

1 

16.90604
3950648

8 

46.78586
5743805

6 

106.0353
6738924

1 

    

From Table III. it can be seen that every time the value of β is 

greater than 10; which indicates wear-out failures of cells. Fig. 

8 shows all the plots found from the mixture of two, three and 

four Weibull distributions together for better understanding of 

the best fit. Data were selected randomly several times and 

every time, mixture of three Weibull distribution shows good 

result for fifty randomly selected data. 

 

The failure probability of cells is obtained considering the 

cumulative distribution function (CDF) of mixture of three 

Weibull distribution. The failure probability of welded 

connection is obtained by using exponential distribution 

considering constant hazard rate. After that by using the 

mathematical model; probability of failure of whole battery 

pack of series cell configuration was obtained. 

 

In case of parallel-series configuration of cells, the average life 

cycle of cells presented in each parallel module was obtained; 

which also followed mixture of three Weibull distribution. 

After getting the CDF for parallel-series connection of cells; the 

probability of failure of welded connection is considered and 

the failure probability of parallel-series combination of cells 

was obtained by using the mathematical model. The failure 

probability of series configuration (19 cells connected in series; 

1p19s) and parallel-series configuration (2 cells are connected 

in parallel to create a module and 19 such modules are 

connected in series; 2p19s) of cells are presented in Fig. 9.  

From Fig. 9 it can be seen that 2p19s provided better reliability 

than 1p19s system. Here it should be mentioned that for both 

case the time to discharge both battery packs is considered 6 

hours/cycle (constant); which is the estimated average running 

time per day for electric three wheelers available in Bangladesh. 

 

Similar simulation was done for 50p19s and 100p19s system 

using the developed mathematical model and considering same 

time for discharging (6hrs/cycle). the result is presented in Fig. 

10. From the result shown in Fig. 10 it can be said that 100p19s 

provided little bit better result than 50p19s. But 100p19s cell 

configuration requires twice the numbers of cells than 50p100s 

system. So it can be said that if time required to discharge the 

whole battery remains same (fixed discharge rate) for a non-

redundant battery pack, only by increasing the number of cells 

in a parallel module of a parallel-series cell configuration does 

not increase the reliability of whole battery pack significantly. 

Hence if discharge rate is same for a non-redundant battery 

pack; an optimum number of cells should be considered in the 

parallel module of parallel-series cell configuration, else the 

design would not be economically feasible. 

 

 
Fig. 9. Probability of failure of series (1p19s) cell configuration and parallel-

series cell (2p19s) configuration. 
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Fig. 10. Probability of failure of two different parallel-series cell (50p19s and 

100p19s) configurations 

V. CONCLUSION 

In this work, first of all the capacity fading of three li-ion cells 
were observed which are available in the market.  All three cells 
failed to show their rated capacity. A mathematical model for 
non-redundant cell modules of 60V battery pack is presented in 
this paper and simulation for 4 different cell configurations are 
done using the mathematical model considering same discharge 
rate (C-rate) for all battery packs. From the simulation it was 
found that parallel-series configuration of cells is better than 
series configurations of cells. This paper considers a non-
redundant battery pack for parallel-series configurations which 
means if any cells in a parallel module failed, the capacity of 
the whole battery will decrease and it was found that if 
discharge rate remains same only increasing the cells in parallel 
module of parallel-series configuration does not increase 
reliability significantly. This problem can be solved by making 
a redundant battery pack which may consists of some extra 
batteries as backup in the parallel module and a switching 
system. The switching system may be able to by-pass the failed 
cell and replace it with the cell kept in the battery pack as 
backup. In this situation the reliability of the battery pack will 
become higher but at the same time the cost will be increased 
for the additional cells and switching system. It should be kept 
in mind that the reliability of such redundant battery pack also 
depends on the reliability of switching system; which may 
create a scope for further research.   
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