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ABSTRACT
Carbon emissions from fossil fuels significantly contribute to global warming. To mitigate these 
emissions, Electric Vehicles (EVs) and renewable energy stored in Energy Storage Systems (ESS) 
have been introduced to achieve net-zero carbon emissions. Various types of batteries, including 
Lithium-Ion (Li-Ion), Lead Acid (Pb-Acid), and Nickel Cadmium (NiCd), are used in EVs and ESS 
to meet the increasing demand. This article examines the effect of different battery profiles on the 
performance of batteries in ESS. The paper presents a simulation study of an EV charging system 
using MATLAB, incorporating a 600 V ESS battery with a 100 Ah capacity and an EV battery rated 
at 400 V and 50 Ah. The study explores the charging and discharging performance of Li-Ion, Pb-Acid, 

and NiCd batteries and investigates the impact 
of different battery connection arrangements and 
aging factors on battery performance. According 
to the findings, the state of charge (SOC), 
voltage, and current significantly influence 
battery charging and discharging performance. 
The results suggest that Li-Ion batteries with 
series-parallel connections outperform others, 
maintaining approximately 49.93% SOC 
with a minimal 0.07% drop after 10 seconds. 
Furthermore, aging batteries show a faster SOC 
decline, with Li-Ion batteries demonstrating the 
most stable performance across metrics. The 
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research highlights that series-parallel Li-Ion configurations best support EV charging applications 
due to their efficiency and durability.

Keywords: Battery properties, electric vehicle, energy storage system 

INTRODUCTION

Vehicles powered by gasoline play a significant role in emitting carbon, adversely impacting 
the environment. In 2015, such vehicles were responsible for 40% of the world's carbon 
dioxide emissions, projected to double by 2050 (Al-Hanahi et al., 2022; Jeon et al.,2021). 
Carbon emissions significantly contribute to global warming and climate change, resulting 
in extreme weather events. To achieve zero carbon emissions, electric vehicles (EVs) 
present a viable alternative to reduce the number of gasoline-fueled vehicles on the road 
(Umair et al., 2024; Said et al., 2015; Said, 2021; Said & Elloumi, 2022). EVs can operate 
with the same potential as gasoline-fueled vehicles while benefiting the environment by 
producing no carbon emissions. EVs and energy storage systems (ESS) rely on batteries 
for power by utilizing various types of batteries such as Lithium-Ion (Li-Ion), Lead-Acid 
(Pb-Acid), and Nickel-Cadmium (NiCd). However, several battery parameters must be 
considered when designing and modeling ESS and EVs. The parameters used to assess 
battery performance in ESS and EVs include state of charge (SOC), depth of discharge 
(DOD), state of discharge (SOD), battery efficiency, temperature, and degradation 
(Rosewater et al., 2019; Schommer et al., 2024). It is important to select the appropriate 
battery type to optimize system performance.

One major issue is the lack of an adequate model to analyze EV charging performance, 
which hinders the development of public charging infrastructure (Alghamdi et al., 2020; 
Arfeen et al., 2010). To increase the widespread use of EVs, a robust charging performance 
infrastructure must be established to support the growing demand (Al-Hanahi et al., 2022; 
Samadani et al., 2012). Different battery types affect the performance of ESS and EVs 
due to their unique characteristics. Each battery type exhibits varying performance and 
efficiency in charging and discharging, necessitating in-depth analysis and simulation to 
understand these differences (Gong et al., 2015). Li-Ion batteries exhibit higher energy 
density, longer cycle life, and lower self-discharge rates than Pb-Acid batteries (Miao et 
al., 2019; Talele et al., 2024; Bais et al., 2024; Jiang et al., 2024). Li-Ion batteries also 
have a relatively flat discharge voltage curve, offer stable output over a wide SOC range, 
and are lightweight (Hannan et al., 2018; Tran et al., 2021). While less expensive, Pb-Acid 
batteries are considered safer and have a flatter discharge voltage curve, making them 
suitable for cost-sensitive applications NiCd batteries, known for their temperature tolerance 
and reliability, fall between Pb-Acid and Li-Ion batteries in terms of energy density and 
weight. NiCd batteries can tolerate overcharging and deep discharging better but may be 
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susceptible to memory effects. The choice of battery technology in ESS and EVs depends 
on cost, cycle life, weight, safety, and specific application requirements.

The connection arrangement of the battery, whether in series, parallel or a combination 
series-parallel, also significantly influences battery charging and discharging performance 
(Gong et al., 2015). Additionally, charging and discharging can cause battery degradation, 
reducing cycle life and capacity due to the heat generated during these processes. This 
highlights the need for a comprehensive exploration of EV charging performance, 
considering battery connection arrangements and aging profiles (Timilsina et al., 2023; 
Lehtola & Zahedi, 2021). The connection arrangement of batteries in an ESS profoundly 
influences charging and discharging dynamics, whether in series, parallel, or combination 
configurations (Cho et al., 2019). In series connections, batteries are linked end-to-end, 
increasing the total voltage while maintaining the same overall capacity. In parallel 
connections, where batteries are connected with corresponding terminals, the total voltage 
is maintained while the overall capacity is improved. 

The series-parallel combination allows for achieving specific voltage, capacity, and 
current requirements. During charging, series and parallel configurations impact current and 
voltage distribution. The arrangement determines the overall voltage and current handling 
capabilities during discharging. Careful consideration of these connections is essential, 
including balancing individual batteries to prevent over-charging, over-discharging, and 
uneven current distribution. This ultimately influences the performance and lifespan of the 
ESS and EV (Cho et al., 2019). The aging factor in battery systems refers to the gradual 
degradation of a battery's performance over time, influenced by cycle life, calendar life, 
temperature, DOD, and charging practices (Li et al., 2023). This aging process significantly 
affects the SOC and SOD of the battery. As the battery ages, its capacity diminishes, 
reducing the achievable SOC during charging and the available energy during discharge. 
Additionally, changes in voltage characteristics and increased internal resistance further 
complicate accurate SOC estimation (Kumar et al., 2023; Said, 2021). 

The primary objective of this study is to develop and design a model for an ESS 
charging system using MATLAB. The study also aims to simulate and analyze the effect 
of three different battery types, Li-Ion, Pb-Acid, and NiCd, on charging and discharging 
performance. The research focuses on analyzing EV charging performance as influenced 
by the type of battery, connection arrangement, and aging factor of ESS. This study is 
particularly important due to the increasing demand for efficient and sustainable ESS in 
EVs. As EV adoption continues to grow, understanding the variation of battery performance 
and longevity is critical for optimizing charging systems. Previous research has primarily 
focused on individual aspects of battery performance or specific battery types without 
considering a holistic approach that simultaneously encompasses different battery 
chemistries, their arrangement, and aging effects.
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Contribution

The novelty of this paper lies in its comprehensive approach to studying the interplay 
between various battery types and configurations within an ESS charging system through 
a bidirectional DC-DC (BDC) converter to charge EV batteries. By employing MATLAB 
for simulation, the research provides detailed insights into how each variable affects 
overall performance. This study addresses a significant research gap by integrating 
multiple factors that influence EV charging efficiency and battery life, which have often 
been studied in isolation. The findings from this research contribute new knowledge to the 
literature, offering a more complete understanding of ESS dynamics with battery types, 
connections arrangement, and aging factors study and paving the way for advancements 
in EV technology and sustainable transportation solutions.

METHODOLOGY

Overall System

Figure 1 shows a complete layout diagram of the proposed AC-DC EV Charging Station 
with ESS integration. As per Nissan Leaf EV specifications, a 400 V with 40 kW power 
for each EV is considered for the charging station (Sundararajan & Iqbal, 2021). In this 
paper, ESS will help balance the supply and demand of energy for EV chargers using a 
bidirectional DC-DC converter. The system simulation is performed using MATLAB. Still, 
this study only focused on one type of mode, which is discharging ESS to EV Battery 

Figure 1. Layout diagram of proposed AC-DC EV Charging Station with ESS integration
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Integration, because this mode is crucial for optimizing the efficiency and reliability of 
EV charging stations. By focusing on discharging, the study aims to ensure that the energy 
stored in the ESS can be effectively and efficiently transferred to the EV batteries, a common 
and essential operation in practical scenarios. The ESS battery type was Li-Ion, Pb-Acid, 
or NiCd. The ESS was connected to a bidirectional converter connecting to the EV battery 
to allow bidirectional charging and discharging to operate in two directions.

Flowchart of System
The flowchart shows the data collection based on established standards in the simulation 
process. Parameters were defined, and the circuit design was developed accordingly. 
Subsequently, system testing was conducted to validate the design. A decision point was 
introduced to address potential errors. If an error was detected, the flowchart directed the 
process to troubleshooting steps. In the absence of errors, the simulation proceeded with 
different cases. Three cases are defined in this study: Case 1, Case 2, and Case 3.

Case 1 utilized Li-Ion, Pb-Acid, and NiCd with identical battery parameters but varying 
discharging characteristics based on their specific chemistry and discharge curves. Every 
type of battery will produce its battery properties.

Case 2 involved testing different 
connection arrangements of batteries. Series, 
parallel, and series-parallel connections were 
tested in the simulation, using six batteries 
connected in series and another set of six 
batteries connected in parallel. A combination 
connection arrangement with twelve batteries 
connected in a series-parallel configuration 
was included.

Case 3 explored the aging factor of the 
batteries. The performance of aged batteries 
was compared with non-aged batteries for a 
comprehensive assessment of performance 
changes over time.

Finally, the simulation concluded with 
an in-depth analysis of the results. This 
structured approach facilitated a systematic 
and comprehensive simulation process, 
allowing for efficient troubleshooting and 
the exploration of various scenarios in the 
simulation environment. The flowchart is 
shown in Figure 2.

Figure 2. Flowchart of system
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System Parameters

Table 1 represents the battery parameters of ESS and EV. A battery model was developed 
with three types of batteries: Li-Ion, Pb-Acid, and NiCd, to integrate with the ESS, while 
the EV only uses the Li-Ion type. The model ESS consists of one battery bank with 600 V 
100 Ah while the EV battery 400 V 50 Ah is connected in series. The battery model includes 
parameters such as types of battery, rated capacity, nominal voltage, initial SOC, rated 
power, and connection. SOC indicates the current charge level of a battery as a percentage 
of its total capacity. In simple terms, SOC represents how much energy is currently stored 
in the battery relative to its full capacity (Singh et al., 2023). SOC expression is shown 
in Equation 1. In battery configuration, there are two processes which are charging and 
discharging.  The expression of charging and discharging expression is shown in Equations 
2 and 3.

Table 1 
Battery parameters of ESS and EV

Performance Characteristics
Energy Storage System (ESS) 
Battery

Electric Vehicle (EV) Battery

Types of Battery Lead acid, Lithium-ion, and 
Nickel Cadmium

Lithium-ion

Rated Capacity
(Ah)

100 50

Nominal Voltage
(V)

600 400

Initial State of Charge
(%)

50 50

Rated Power
(kWh)

60 20

Connection series, parallel, series-parallel series
Aging effect Aging effect (50 cycles) 

Without the Aging effect (zero 
cycle)

Not applicable

(1) 

 

 

(2) 

 

 

 (3) 

Charging Time (In Hours) =
Battery Capacity (Ah)
Charging Current (A)

 

Discharging Time (In Hours) =
Battery Capacity (Ah)
Drawing Current (A)

 

SOC (%) =  
Capacity Remaining(Ah)

Total Capacity  (Ah)
 	 [1]

(1) 

 

 

(2) 

 

 

 (3) 

Charging Time (In Hours) =
Battery Capacity (Ah)
Charging Current (A)

 

Discharging Time (In Hours) =
Battery Capacity (Ah)
Drawing Current (A)

 

SOC (%) =  
Capacity Remaining(Ah)

Total Capacity  (Ah)
 

	 [2]

(1) 

 

 

(2) 

 

 

 (3) 

Charging Time (In Hours) =
Battery Capacity (Ah)
Charging Current (A)

 

Discharging Time (In Hours) =
Battery Capacity (Ah)
Drawing Current (A)

 

SOC (%) =  
Capacity Remaining(Ah)

Total Capacity  (Ah)
 

	 [3]
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Converter Circuit and Battery Connection 

Figure 3 shows the ESS battery model with an integrating buck-boost BDC to charge the 
EV battery. The theoretical equation for the buck-boost bidirectional converter is presented 
below:

The equations describe the relationship between input and output power. Equation 
4 shows that input power (𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑖𝑖𝑖𝑖 𝐼𝐼𝑖𝑖𝑖𝑖  (4) 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜  (5) 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 2

𝑅𝑅
 

(6) 

  

 

Equation 7 defines the duty cycle (𝐷𝐷) of a converter as the ratio of the absolute v 

) is the product of input voltage (𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑖𝑖𝑖𝑖 𝐼𝐼𝑖𝑖𝑖𝑖  (4) 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜  (5) 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 2

𝑅𝑅
 

(6) 

  

 

Equation 7 defines the duty cycle (𝐷𝐷) of a converter as the ratio of the absolute v 

) and input current  
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𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 2

𝑅𝑅
 

(6) 
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𝑅𝑅
 

(6) 
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) as the product of output voltage (
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(6) 

  

 

Equation 7 defines the duty cycle (𝐷𝐷) of a converter as the ratio of the absolute v 

) and 
output current (

𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑖𝑖𝑖𝑖 𝐼𝐼𝑖𝑖𝑖𝑖  (4) 
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(6) 

  

 

Equation 7 defines the duty cycle (𝐷𝐷) of a converter as the ratio of the absolute v 

). Equation 6 expresses output power in terms of output voltage squared 
divided (

𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑖𝑖𝑖𝑖 𝐼𝐼𝑖𝑖𝑖𝑖  (4) 
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𝑅𝑅
 

(6) 
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)by load resistance (
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𝑅𝑅
 

(6) 

  

 

Equation 7 defines the duty cycle (𝐷𝐷) of a converter as the ratio of the absolute v 
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𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  
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𝑅𝑅
 

(6) 

  

 

Equation 7 defines the duty cycle (𝐷𝐷) of a converter as the ratio of the absolute v 

	 [5]

𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑖𝑖𝑖𝑖 𝐼𝐼𝑖𝑖𝑖𝑖  (4) 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜  (5) 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 2

𝑅𝑅
 

(6) 

  

 

Equation 7 defines the duty cycle (𝐷𝐷) of a converter as the ratio of the absolute v 

	 [6]

Equation 7 defines the duty cycle (𝐷𝐷 =  
|𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 |

𝑉𝑉𝑖𝑖𝑖𝑖 + |𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 |
 ) of a converter as the ratio of the absolute value 

of the output voltage 
𝐷𝐷 =  

|𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 |
𝑉𝑉𝑖𝑖𝑖𝑖 + |𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 |

 
 to the sum of the input voltage (

𝐷𝐷 =  
|𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 |

𝑉𝑉𝑖𝑖𝑖𝑖 + |𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 |
 

) and the absolute output 
voltage. The duty cycle determines the proportion of time the switch is on during each 
cycle, affecting the overall voltage regulation and power transfer efficiency of the converter.

𝐷𝐷 =  
|𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 |

𝑉𝑉𝑖𝑖𝑖𝑖 + |𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 |
 	 [7]

Equation 8 represents the inductor current (𝐼𝐼𝐿𝐿 =  
𝑉𝑉𝑖𝑖𝐷𝐷

𝑅𝑅(1 − 𝐷𝐷)2 ) in a converter, calculated as the product 
of the input voltage 

𝐷𝐷 =  
|𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 |

𝑉𝑉𝑖𝑖𝑖𝑖 + |𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 |
 

 and the duty cycle 𝐷𝐷 =  
|𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 |

𝑉𝑉𝑖𝑖𝑖𝑖 + |𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 |
 , divided by the resistance 

𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑖𝑖𝑖𝑖 𝐼𝐼𝑖𝑖𝑖𝑖  (4) 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜  (5) 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 2

𝑅𝑅
 

(6) 

  

 

Equation 7 defines the duty cycle (𝐷𝐷) of a converter as the ratio of the absolute v 

 and the square 
(

𝐼𝐼𝐿𝐿 =  
𝑉𝑉𝑖𝑖𝐷𝐷

𝑅𝑅(1 − 𝐷𝐷)2 
). This equation helps determine the current flowing through the inductor, which is 

critical for analyzing the converter's operation and performance, particularly in managing 
energy storage and power delivery.

𝐼𝐼𝐿𝐿 =  
𝑉𝑉𝑖𝑖𝐷𝐷

𝑅𝑅(1 − 𝐷𝐷)2 	 [8]

Equations 9 and 10 describe the maximum (

 inductor. 

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 =  =  
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷

𝑅𝑅(1 − 𝐷𝐷)2 +
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷𝐷𝐷

2𝐿𝐿
 (9) 

 

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 =  =  
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷

𝑅𝑅(1 − 𝐷𝐷)2 −
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷𝐷𝐷

2𝐿𝐿
 

 

(10) 

Equation 11 calcu 

) and minimum inductor currents  
(

 inductor. 

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 =  =  
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷

𝑅𝑅(1 − 𝐷𝐷)2 +
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷𝐷𝐷

2𝐿𝐿
 (9) 

 

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 =  =  
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷

𝑅𝑅(1 − 𝐷𝐷)2 −
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷𝐷𝐷

2𝐿𝐿
 

 

(10) 

Equation 11 calcu 

) in a converter, where (
𝐷𝐷 =  

|𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 |
𝑉𝑉𝑖𝑖𝑖𝑖 + |𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 |

 
) is the input voltage, (𝐷𝐷 =  

|𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 |
𝑉𝑉𝑖𝑖𝑖𝑖 + |𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 |

 ) in duty cycle, (

𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑖𝑖𝑖𝑖 𝐼𝐼𝑖𝑖𝑖𝑖  (4) 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜  (5) 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 2

𝑅𝑅
 

(6) 

  

 

Equation 7 defines the duty cycle (𝐷𝐷) of a converter as the ratio of the absolute v 

) is the load 
resistance, (

 inductor. 

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 =  =  
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷

𝑅𝑅(1 − 𝐷𝐷)2 +
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷𝐷𝐷

2𝐿𝐿
 (9) 

 

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 =  =  
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷

𝑅𝑅(1 − 𝐷𝐷)2 −
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷𝐷𝐷

2𝐿𝐿
 

 

(10) 

Equation 11 calcu 

) is switching time, and (

 inductor. 

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 =  =  
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷

𝑅𝑅(1 − 𝐷𝐷)2 +
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷𝐷𝐷

2𝐿𝐿
 (9) 

 

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 =  =  
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷

𝑅𝑅(1 − 𝐷𝐷)2 −
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷𝐷𝐷

2𝐿𝐿
 

 

(10) 

Equation 11 calcu 

) is inductor.
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𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 =  =  
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷

𝑅𝑅(1 − 𝐷𝐷)2 +
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷𝐷𝐷

2𝐿𝐿
 (9) 

 

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 =  =  
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷

𝑅𝑅(1 − 𝐷𝐷)2 −
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷𝐷𝐷

2𝐿𝐿
 

 

(10) 

Equation 11 calcu 

	 [9]

 inductor. 

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 =  =  
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷

𝑅𝑅(1 − 𝐷𝐷)2 +
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷𝐷𝐷

2𝐿𝐿
 (9) 

 

𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 =  =  
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷

𝑅𝑅(1 − 𝐷𝐷)2 −
𝑉𝑉𝑖𝑖𝑖𝑖𝐷𝐷𝐷𝐷

2𝐿𝐿
 

 

(10) 

Equation 11 calcu 

	 [10]

Equation 11 calculates the minimum inductance (𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 =  
(1 − 𝐷𝐷)2𝑅𝑅

2𝑓𝑓𝑠𝑠
 ) necessary for proper operation 

of a converter, given (𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 =  
(1 − 𝐷𝐷)2𝑅𝑅

2𝑓𝑓𝑠𝑠
 ) where (𝐷𝐷 =  

|𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 |
𝑉𝑉𝑖𝑖𝑖𝑖 + |𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 |

 ) is the duty cycle, (

𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑖𝑖𝑖𝑖 𝐼𝐼𝑖𝑖𝑖𝑖  (4) 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜  (5) 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 2

𝑅𝑅
 

(6) 

  

 

Equation 7 defines the duty cycle (𝐷𝐷) of a converter as the ratio of the absolute v 

) is the resistance, and  

(𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 =  
(1 − 𝐷𝐷)2𝑅𝑅

2𝑓𝑓𝑠𝑠
 ) is the switching frequency. This equation helps ensure that the inductor is sized correctly 

to maintain circuit stability and minimize current ripple.

𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 =  
(1 − 𝐷𝐷)2𝑅𝑅

2𝑓𝑓𝑠𝑠
 	 [11]

Equation 12 calculates the capacitance (𝐶𝐶 =  
𝐷𝐷
𝑅𝑅𝑅𝑅𝑓𝑓𝑠𝑠

 ) needed in a converter circuit, given by  

(𝐶𝐶 =  
𝐷𝐷
𝑅𝑅𝑅𝑅𝑓𝑓𝑠𝑠

 ) where (𝐷𝐷 =  
|𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 |

𝑉𝑉𝑖𝑖𝑖𝑖 + |𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 |
 ) is the duty cycle, (

𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑖𝑖𝑖𝑖 𝐼𝐼𝑖𝑖𝑖𝑖  (4) 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜  (5) 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 2

𝑅𝑅
 

(6) 

  

 

Equation 7 defines the duty cycle (𝐷𝐷) of a converter as the ratio of the absolute v 

) is the load resistance,(
𝐶𝐶 =  

𝐷𝐷
𝑅𝑅𝑅𝑅𝑓𝑓𝑠𝑠

 
) is a ripple voltage, and  

(𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 =  
(1 − 𝐷𝐷)2𝑅𝑅

2𝑓𝑓𝑠𝑠
 )is the switching frequency. This equation helps determine the appropriate capacitor 

value to ensure stable voltage regulation and minimize voltage ripple in the circuit.

𝐶𝐶 =  
𝐷𝐷
𝑅𝑅𝑅𝑅𝑓𝑓𝑠𝑠

 	 [12]

However, this simulation focuses only on the battery part of ESS by considering 
different battery types, connections, and aging factors. The Li-Ion batteries are connected 
in three ways: series connection, parallel connection, and series-parallel connection, as 
shown in Figures 4, 5, and 6. The voltage input to the ESS is set at 600 V. The function 
of the buck-boost bidirectional converter is to adjust the directional flow of charging and 
discharging with the current stability to the EV battery from ESS by using the proportional-
integral (PI) Controller algorithm. The connection arrangement of the battery was compared 
between series, parallel, and series-parallel configurations. Finally, the battery aging factor 
was applied to compare with a non-aging battery only for Li-Ion battery in MATLAB 
because Li-Ion batteries exhibit more complex degradation mechanisms compared to 
Pb-Acid and NiCd batteries and limitations on MATLAB block. In this simulation, the 
battery is cycled 50 times to show the effect of aging and compare it with a battery with a 
zero life cycle. A new battery means zero life cycle. A new battery that has not undergone 
any charge or discharge cycles. This battery is used as a baseline to compare the effects 
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of aging. A battery that has been cycled 50 times to simulate aging. This battery is used 
to study the impact of 50 charge or discharge cycles on its performance. All these factors 
were observed and analyzed, including the battery's SOC, voltage, and current performance 
(Singh et al., 2023).

Figure 3. The circuit design for different types of batteries and the aging factor of ESS and EV

In a series connection, the batteries are connected end-to-end, positive to negative, 
to increase the overall voltage while keeping the same capacity (Gong et al., 2015). The 
expressions for total voltage and total capacity are shown in Equations 13 and 14.

Figure 4. The circuit design of the system for series connection battery
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Voltagetotal =  V1 + V2 + V3 + Vn  	 [13]

Capacitytotal =  Capacity1 =  Capacity2 = Capacity3 = Capacityn 	 [14]

In a parallel connection, the batteries are connected positive to positive and negative to 
negative to increase the overall capacity while keeping the voltage the same (Gong et al., 
2015). The expression of total voltage and total capacity is shown in Equations 15 and 16.

Figure 5. The circuit design of the system for parallel connection battery

design of the system for parallel connection battery 

 

 

 (15) 

 

 

Vtotal =  V1 =  V2 = V3 = Vn  

Capacitytotal =  Capacity1 +  Capacity2 + Capacity3 + Capacityn  

	 [15]

design of the system for parallel connection battery 

 

 

 (15) 

 

 

Vtotal =  V1 =  V2 = V3 = Vn  

Capacitytotal =  Capacity1 +  Capacity2 + Capacity3 + Capacityn  	 [16]

In a series-parallel connection, the batteries are connected, with some in series and 
others in parallel. In the series portion, batteries are connected positive to negative, 
increasing the overall voltage while keeping the same capacity. In the parallel portion, 
batteries are connected positive to positive and negative to negative, increasing the overall 
capacity while maintaining the same voltage (Gong et al., 2015). The expressions for total 
voltage and total capacity are shown in Equations 17 and 18. where  𝑛𝑛𝑠𝑠   𝑛𝑛𝑃𝑃    is the number of 
batteries in a series, V is the voltage of a single battery, and  𝑛𝑛𝑠𝑠   𝑛𝑛𝑃𝑃    is the number of parallel 
groups, and C is the capacity of a single battery.
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Figure 6. The circuit design of the system for series-parallel connection batterycircuit design of the system for series-parallel connection battery 

 

 (17) 

 

 (18) 

PI Controller Algorithm 

Capacitytotal =  np  × C 

Vtotal =  ns  × V 	 [17]

circuit design of the system for series-parallel connection battery 

 

 (17) 

 

 (18) 

PI Controller Algorithm 

Capacitytotal =  np  × C 

Vtotal =  ns  × V 

	 [18]

PI Controller Algorithm

Figures 7 and 8 present the charging and discharging control algorithms for the buck-
boost bidirectional converter to integrate ESS into EV operation. A proportional-integral 
(PI)-based Pulse width Modulation (PWM) generator is implemented for controlling the 
bidirectional battery charger circuit using a buck-boost converter with constant-current (CC) 
100 A and constant-voltage (CV) 400 V for the EV battery. The comparator compares the 
reference current and actual current, the output of the comparator generator error signal. 
The EV battery charges while the ESS battery discharges simultaneously during the buck 
operation. The converter’s input voltage is the DC-link voltage 𝑉𝑏𝑎𝑡𝐸𝑆𝑆 generated by the 
ESS battery, and the output of the converter is the battery voltage 𝑉𝑏𝑎𝑡𝐸𝑉. The control 
algorithm in Figure 7 regulates the charging process by controlling the two IGBT switches 
(S_1 and S_2). Initially, the DC-link voltage 𝑉𝑏𝑎𝑡𝐸𝑆𝑆 energizes both the inductor and the 
EV battery. Once the inductor is fully energized, the battery is charged solely by the energy 
stored in the inductor. The algorithm compares the measured 𝑉𝑏𝑎𝑡𝐸𝑉 with the desired 
EV battery voltage. The PI voltage controller then minimizes and eliminates the errors to 
ensure they are equal until the EV battery reaches 100% SOC. 

In the boost operation, the control algorithm in Figure 8 regulates the discharging of 
the EV battery and the charging of the ESS battery simultaneously. The converter’s input 
voltage is the DC-link voltage 𝑉𝑏𝑎𝑡𝐸𝑉 generated by the EV battery, and the output of the 
converter is the battery voltage 𝑉𝑏𝑎𝑡𝐸𝑆𝑆. The control algorithm manages the discharging 
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process by controlling the two MOSFET switches (S_1 and S_2). Initially, the DC-link 
voltage 𝑉𝑏𝑎𝑡𝐸𝑉 energizes the inductor and the ESS battery. Once the inductor is fully 
energized, the ESS battery is charged solely by the energy stored in the inductor. The 
algorithm compares the measured 𝑉𝑏𝑎𝑡𝐸𝑆𝑆 with the desired ESS battery voltage. Figure 
9 shows the operation switch of the BDC to change between two modes: Buck mode 
(charging the EV by discharging the ESS) and Boost mode (discharging the EV by charging 
the ESS). After the mode operation is selected, the battery current reference 𝐼𝑏𝑎𝑡_𝑟𝑒𝑓 
sends a signal to the PI current controller, as shown in Figure 10, to control the PWM of 
the two MOSFETs.

Figure 7. Reference current for charging EV operation

Figure 8. Reference current for discharging EV operation

Figure 9. Operation switching of BDC
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Figure 10. PI Controller used for PWM (Pulse Width Modulation) control

SIMULATION RESULTS 

Case 1 – Battery Types

Figure 11 illustrates the SOC, voltage, and current of three different types of batteries: Pb-
Acid, Li-Ion, and NiCd over time. All three batteries show a decrease in SOC, as expected 
during discharge. The Pb-Acid battery (blue line) has the steepest slope, indicating the 
fastest discharge rate. In contrast, the Li-Ion battery (red line) has a moderate slope, showing 
a slower discharge rate compared to Pb-Acid but faster than NiCd. The NiCd battery (yellow 
line) has the least steep slope, indicating the slowest discharge rate. Initially, time, t=0, all 
three batteries start with a SOC of 50%. By t=10, the SOC of the Pb-Acid battery drops 
to about 49.75%, the Li-Ion battery to around 49.8%, and the NiCd battery maintains the 
highest SOC at about 49.85%. It is observed that the SOC of Pb-Acid, Li-Ion, and NiCd 
dropped by 0.5%, 0.4%, and 0.3% in 10 seconds, respectively.  The Li-Ion battery has the 
highest nominal voltage at around 640 V, followed by NiCd at approximately 620 V and 
Pb-Acid at about 560 V, showing minimal fluctuations over time. It was found that the 
nominal voltage of Li-Ion was around 14.29% higher than the nominal voltage of Pb-Acid 
batteries for a defined period t=10. The current readings reveal that Pb-Acid delivers a 
higher and more stable current, around 80 A, indicating a more constant load, while the 
Li-Ion and NiCd batteries, both around 75 A, show more fluctuations, reflecting dynamic 
responses to load changes. This trend highlights that Pb-Acid batteries, with higher internal 
resistance and lower efficiency, discharge more quickly. In contrast, Li-Ion batteries, with 
higher energy density and better efficiency, discharge more slowly. Despite having lower 
energy density than Li-Ion, NiCd batteries are robust and have a lower self-discharge 
rate, resulting in the slowest SOC decrease among the three types. Overall, the observed 
current and voltage levels align with the characteristics of these battery types, with Pb-Acid 
typically providing higher discharge currents compared to Li-Ion and NiCd.
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(a)

(b)

(c)

Figure 11. Result of battery Li-Ion, Pb-Acid, NiCD (a) SOC, (b) Voltage, (c) Current of different types of 
battery

Case 2 – Different Connection Arrangement of Battery

Figure 12 illustrates the SOC voltage and current for three battery configurations, series, 
parallel, and series-parallel, over time using a Li-Ion battery. All configurations show a 
decrease in SOC during discharge, with the series configuration (blue line) exhibiting the 
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Figure 12. Result of battery connection (a) SOC, (b) Voltage, (c) Current of different battery arrangement
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steepest slope, indicating the fastest discharge rate, dropping from 50% to about 49.82% 
by t=10 seconds. The parallel configuration (red line) shows a moderate discharge rate, 
decreasing to around 49.96%, while the series-parallel configuration (yellow line) maintains 
about 49.93% SOC, indicating the slowest discharge rate. Initially, all configurations start 
with a SOC of approximately 50%. As time progresses, the series configuration consumes 
energy more rapidly, while the series-parallel configuration retains charge most efficiently, 
making it suitable for applications requiring prolonged energy availability. The battery's 
SOC for series, parallel and series-parallel configurations dropped by 0.18%, 0.04%, and 
0.07%, respectively. Voltage stability is observed across all configurations, with the parallel 
configuration having the highest nominal voltage, averaging around 645 V, followed 
by series-parallel at approximately 640 V and series at about 635 V. Minimal voltage 
fluctuations suggest reliable performance under load. Current fluctuations indicate varying 
load conditions, with the parallel configuration showing the highest and most variable 
current, averaging around 100 A, the series-parallel configuration averaging about 85 A 
with moderate fluctuations, and the series configuration having the lowest and most stable 
current, averaging around 70 A, indicating consistent performance under load. Overall, 
the series-parallel configuration demonstrates the best balance of discharge rate, voltage 
stability, and current consistency, making it ideal for applications requiring steady and 
prolonged energy output.

Case 3 – Battery Aging Factor

Figure 13 shows the SOC over time with and without the aging effect only for Li-Ion 
because the batteries exhibit more complex degradation mechanisms compared to Pb-Acid 
and NiCd batteries. Both lines decrease over time, as expected during battery discharge. 
The line with the aging effect (blue) has a steeper slope, indicating a faster discharge rate. 
In comparison, the line without the aging effect (orange) has a gentler slope, showing 
slower discharge and better efficiency. At the start (t=0), both configurations begin with a 
SOC of approximately 50%. By time t=10, the SOC with aging decreases to about 49.6%, 
whereas it remains higher at around 49.85% without aging. It was found that the SOC of a 
battery without aging decreased by 0.15% after 10 seconds, but the SOC of an aged battery 
decreased by 0.4%.  This illustrates that the battery, without aging, retains its charge better, 
reflecting optimal performance. The graph highlights that aging leads to a faster SOC 
decline, emphasizing the importance of managing battery health. Additionally, the voltage 
with aging is slightly lower and exhibits moderate fluctuations, indicating increased internal 
resistance, while without aging, the voltage remains higher and more stable. The current 
with aging is lower overall and fluctuates slightly, whereas, without aging, the current is 
higher and more stable, reflecting better battery health and consistent current delivery under 
load. Overall, the battery without aging shows more stable performance across all metrics.
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Figure 13. The result of the comparison of aging batteries and non-aging batteries is (a) SOC, (b) Voltage, 
and (c) Current for the aging factor of the battery
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DISCUSSION 

The study examines the performance of different battery types and configurations in various 
scenarios. Pb-Acid batteries discharge the fastest due to higher internal resistance, while 
Li-Ion batteries offer moderate discharge rates with better efficiency and energy density. 
NiCd batteries exhibit the slowest discharge, benefiting from robustness and low self-
discharge rates. In terms of connection arrangements, the series configuration discharges 
rapidly, the parallel configuration maintains high voltage with variable current, and the 
series-parallel configuration provides a balance of efficient energy retention, stable voltage, 
and consistent current. Regarding the effects of aging, batteries without aging retain charge 
better, maintain more stable voltage and current, and underscore the importance of battery 
health management. Overall, Li-Ion batteries in a series-parallel configuration are ideal 
for ESS applications to charge EV batteries, offering a balance of efficiency, stability, 
and adaptability to varying load conditions. Figure 14 illustrates the charging of EVs by 
discharging ESS using selected battery properties and connections. The SOC graph shows 
the EV battery's charge increasing from 50% to approximately 50.6% by t=10 seconds, 
indicating efficient charging, while the ESS battery's SOC decreases slightly from 50% 
to about 49.9%, reflecting its role as the energy source. The voltage graph indicates that 
the ESS battery maintains a stable voltage of around 600 V, while the EV battery holds a 
steady voltage of about 450 V, suggesting consistent performance. 

The current graph shows that the EV battery has a higher average current, around 100 
A, with more fluctuations. In contrast, the ESS battery maintains a lower average current, 
around 75 A, with less variability. This demonstrates effective energy transfer, with the 
ESS supplying steady energy while the EV battery charges efficiently, highlighting the 
system's reliability and effectiveness. From Equations 2 and 3 charging and discharging, 
the EV battery can receive a current of 100 A, fully charging from 0% to 100% SOC in 
approximately 30 minutes. Meanwhile, the ESS will fully discharge its 100 Ah capacity 
with a discharging current of 75 A in about 1 hour and 33 minutes. This demonstrates that 
the ESS, with a constant current controlled by a PI controller to minimize losses, can act 
as a backup supply, supporting nearly three complete charges of the EV battery with good 
efficiency.

CONCLUSION

The simulation study successfully developed an EV charging system model using 
MATLAB. The analysis showed that Li-Ion batteries are most suitable for ESS due to their 
high energy density and stable voltage profile.   The study also found that series-parallel 
battery connections enhance performance by 0.07%, offering balanced load distribution 
and improved maintenance. Additionally, the impact of battery aging was highlighted, 
emphasizing the need for effective battery management. As a result of the selected Li-Ion 
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(a)

(b)

(c)

Figure 14. Graph of Charging EV by discharging ESS (a) SOC, (b) Voltage, (c) Current for best battery 
properties and connection arrangement
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battery with no aging factor and series-parallel connection, the EV battery can receive 
a current of 100 A, fully charging from 0% to 100% SOC in approximately 30 minutes. 
Meanwhile, the ESS will fully discharge its 100 Ah capacity with a discharging current 
of 75 A in about 1 hour and 33 minutes. This demonstrates that the ESS, with a constant 
current controlled by a PI controller to minimize losses, can act as a backup supply, 
supporting nearly three complete charges of the EV battery with good efficiency. This 
research provides valuable insights into the automotive and renewable energy sectors, 
promoting more efficient and sustainable energy solutions. Future work should focus on 
advancements in battery technology and management systems to further optimize ESS 
and EV performance.
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