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Abstract

The growing use of battery-powered electric cars and equipment has sparked worries about
the possible influence of charging station harmonics on battery deteriorationehe lead acid battery
is a well-known alternative among the different types of consumer batteries available. Despite
having a low energy density, it is nonetheless commonly utilized due to its ease of use and
inexpensive cost@ead acid batteries are widely used in electric rickshaws, uninterruptible power
supply (UPS), and home appliances in Bangladesh. Recognizing the rising concern about the
impact of AC ripples on battery health, we conducted a thorough experimental analysis in our
study to explore the impacts of different frequency harmonics on gel-type lead acid batteries. On
lead acid batteries, frequencies of 100Hz, 1kHz, and pure DC have been measured. The experiment
is repeated 35 cycles in constant current charging circumstances until a substantial change in

battery performance is seen.

For a more accurate conclusion, the deterioration is compared to numerous characteristics, such as
internal resistance and discharge capacity. The effect of AC harmonics on battery deterioration
was shown to be more pronounced at the lower frequency of 100Hz, as internal resistance rose
from 71m to 96m and discharge capacity decreased from 3.682Ah to 2.721Ah. Significant
increases in both measurements showed faster aging and deterioration in the battery charged at
100.



Chapter 1

Introduction

Qatteries are one type of galvanic cell. Galvanic cells are electrochemical devices that
produce electricity in spontaneous reactions when their electrodes are connected through a load

and in contact with an electrolyte.

The exponential advances in the battery industry's performance efficiency, reliability, and cost-
effectiveness have enabled a new paradigm in electric energy storage [1]. The transition from non-
renewable to renewable energy sources has increased demand for battery storage systems [2].
Lead-acid batteries have been and continue to be the most common rechargeable electrochemical
batteries [3]. Despite their lower energy density and shorter lifespan thathhium-ion batteries,
lead acid batteries (Lead Acid Batteries) are frequently used because to their great efficiency,
accessibility, affordability, and simplicity [4].

These batteries are inexpensive, can be stored for a long period of time without adverse effects (as
long as the acid is removed), have a low risk of explosion, do not produce much heat under normal
conditions, and can be maintained and extended in this manner. They are generally among the
most reliable batteries that are readily available. It is theQmst widely used rechargeable
electrochemical device in automobiles, uninterrupted power supply (UPS), and backup systems
for telecom and many other applications [5-9].Qead acid battery systems are used in both mobile
and stationary applications. Their typical applications are emergency power supply systems, stand-
alone systems with PV, battery systems for mitigation of output fluctuations from wind power,
and starter batteries in vehicles [10]. Th&ad-acid battery has a favorable cost/performance ratio,

in addition to being easily recyclable.



For the majority of applications, rechargeable Lead Acio@atteries are charged directly from the
grid or power supply. However, harmonics might be present in the background while charging
since particular orders cannot be completely avoided under non-ideal settings [12]. Some of these
ripples may be@aused by the electric motor, while others@nay be caused by the switching
frequency of the switched-mode power converter, raising worries that AC harmonics may degrade
the battery [13].

Preventing the fast deterioration of Lead Acid Batteries not only gives a technological benefit but
it also decreases hazardous waste generation [11,14]. Furthermore, if recycled in accordance with
typical environments and circumstances, recycled Lead Acid Batteries might be more dangerous
and cause explosions [15].

1.1 Problem Statement

Despite being a simple charging mechanism, lead-acid batteries have certain
disadvantages. One significant drawback is that they are more prone to electrode plate sulfation.
This effect happens when lead sulfate, a byproduct of thtﬁscharge reaction occurring on both
electrodes, grows in particle size, decreasing the accessible surface area for future reactions. These
reactions become irreversible over time, causing permanent harm to the battery. Furthermore@ne
capacity of lead acid batteries for complete discharge cycles is restricted, often ranging from 50 to
500 cycles. To avoid plate sulfation and eventual battery degeneration, these batteries should never
be stored in a depleted condition,Qnd their cell voltage should never go below the indicated cutoff
value. Sulfation can increas&e internal resistance of the battery as well as cause the battery to
age. The charging current and ripples also have an impact on lead acid battery degradation and can
result in premature aging. The ripples or fluctuations in current can increase the battery's internal

resistance or decrease its charging capacity, resulting in premature aging.

1.2 Research Gap

The aging processes for lead acid batteries, which eventually reduce the capacity and
shorten the life span of these batteries, have been the subject of extensive research. The aging

3



mechanisms include grid corrosion, active mass degradation, less active mass utilization or
sulfation, loss of water, short circuits, acid stratification, alternating current, and ripple current

effects.

In the instance omthium-ion batteries, extensive research has been conducted to identify whether
AC ripples cause aging or not. Even in a few studies as [19,20], have identified specific frequency
ranges that cause aging. Intensive research equipment such as impedance spectroscopy has also
been used to identify aging in Lithium-ion batteries. However, the research conducted on these
aging mechanisms due to AC ripples is relatively old [24,25]. In both papers, the experimental
analysis was different and not conducted on a large scale, and it reached different conclusions.
Previously, in [24], the influence of nonspecific frequency AC ripples on Lead Acid Batteries was
examined, but no conclusions were achieved. Because of the rapid charging rate in [25], the
influence of AC superimposed harmonics on Lead Acid Batteries may have been removed. Only

against capacity is LAB deterioration shown in [24, 25].

Since the publishing of these papers, the structural compositior@f the Lead Acid Battery has
changed also. Hence the validity of those investigations may be questionable at this current stage.
No extensive research has been done or%e effects of harmonics on the lifetime of Lead-acid

batteries.

1.3 Research Motivation

Q\ sinusoidal wave whose frequency is an integer multiple of the fundamental frequency is
referred to as a harmonic in an electric power system. Non-linear loads like rectifiers, discharge
lighting, or saturated electric machines produce harmonic frequencies. Due to harmonics, voltage,
and current waveforms are distorted, moving away from their ideal sinusoidal shape. They occur

by power semiconductors i.e diodes, triacs, thyristors, and transistors.

Battery damage could occur from@c harmonics from switching of power electronics and

harmonics in electric machinery.



Hence, the motivations for our research are

1. An inadequate amount of research has been conducted on the impact of AC harmonich
Lead Acid Batteries

2. Lead Acid Batteries are the most commonly used batteries. Hence it is necessary to identify
and avoid the factors that cause faster aging of batteries

3. Provide a refreshment on the previous studies and investigate the structural composition of

the new lead acid batteries.

1.4 Scopes of Research

With the results of our study, we will be able to identify whether AC ripples have an impact
on the acceleration of aging in batteries. Hence, we can determine and suggest the requirements of
rectifications and capacitors in battery chargers. Through our research, we can also increase battery
usage awareness and reduce battery wastage and toxic waste. Our research promises to be

beneficial both economically and ecologically.

1.5 Research Objectives

1.@0 investigate the impact of AC ripples on the accelerated aging of Lead Acid Batteries
2. To compare the aging of the battery between AC and DC charging conditions
3. To provide a new and fresh perspective on the investigation of lead Acid Batteries

4. To identify specific ranges of frequencies that may cause battery degradation

1.6 Novelty of the research

In our thesis, a complete experimental examination of the deterioration of frequently used
LABs owing to superimposed AC and DC current has been carried out in this work under cycle-
use settings. In this study, the major characteristics that indicate aging is internal resistance and
discharge capacity for 35 cycles. When batteries degrade, their discharge capacity decreases and
their internal resistance increases [27]. While rising internal opposition impedes power, the
quantity of energy that the battery can offer throughout each cycle is influenced by capacity

decline. In previous studies, both of these parameters together have not been considered as the



indicator aging. Using both parameters as indicators will not only solidify our results but also make
our research more novel. Along with this, we have conducted our experiments on fixed frequencies
of different spectrums instead of various ranges of frequencies, this will help us identify which
end of frequencies have an impact on the degradation. The charging cycle duration and voltages
are also compared to identify the battery performance of batteries evaluated in all three frequencies

of 100Hz, 1kHz, and pure DC.



%hapter 2

Literature Review and Background Study

2.1 Aging Mechanisms in Lead-Acid Batteries

Lead-acid batteries (LABs) are widely used energy storage devices with significant
implications for various applications. This literature review aims to provide a comprehensive
overview of the aging process in LABs, focusing on key mechanisms such as anodic corrosion and
loss of water that contribute to performance degradation. The authors of [1] emphasize that each
battery design possesses a characteristic aging mechanism, which determines its achievable service
life. Furthermore, it is highlighted that while LABs offer a favorable cost-to-performance ratio,

they suffer from a short life cycle and pose environmental concerns due to their toxic nature.
2.2: Rechargeable LABs in E-rickshaws

Rechargeable LABs serve as the primary power source for traditional E-rickshaws, which
have transformed transportability and become a traditional source of revenue, particularly in
developing Asian nations [11]. These vehicles heavily rely on rechargeable LABSs, often charged
directly from the power source or the grid. However, concerns arise when AC harmonics are
present during the charging process [12]. Harmonics can be attributed to the electric motor anﬁe

switching frequency of the power converter, potentially affecting the battery's performance [13].

Additionally, it is worth noting that preserving the longevity of LABs not only provides
technological and economic advantages but also reduces the generation of hazardous waste
[11,14]. The recycling of LABs must be conducted in adherence to industry standards to prevent
the potential hazards and explosions associated with mishandling [15]. Previous research studies
have extensively examined the effects of harmonics on batteries. For instance, [16] demonstrated

that charging a lithium-ion battery while subject to AC harmonics from the electrical grid



significantly increases its temperature, leading to accelerated degradation. Furthermore, [17]
evaluated ripple currents ranging from 1Hz to 100kHz on 12 lithium-ion battery test groups and

found that the frequency region between 1Hz and 10Hz induces rapid aging.
2.3 Impedance Analysis and Deterioration Studies

Impedance spectroscopy has been employed in [18] to identify indicators of degradation
in lithium-ion batteries caused by high-frequency ripples, resulting in improper current
distribution. Similarly, [19] and [20] identify specific frequency ranges that expeditﬁ\e aging of
lithium-ion batteries. In the context of LABS, deterioration analysis against various factors has
been conducted. The authors of [21] investigated how temperatur@nd discharge rate influence
the rate of LAB degradation in relation to battery capacity. Moreover, [22] revieweﬁe impact of
different charging methods on the lifetime of LABs, while [23] examined the performance of

LABs under pulsed loads.
2.4 Harmonic-Induced Degradation of LABs

Despite extensive research in recent years, the precise impact of harmonics on the
deterioration of LABs requires further investigation. Previous studies, such as [24], have examined
the effects of nonspecific frequency AC ripples on LABs; however, conclusive results could not
be drawn. It is suggested that the high charging rate employed in [25] may have minimized the
impact of AC superimposed harmonics on LABSs. Nonetheless,q is important to note that the
decline in LABs is evident in terms of capacity, but internal resistance also serves as an indicator
of aging [26]. As batteries age, their internal resistance increases, leading to a decrease in discharge
capacity and limitations in power delivery [27].

2.5 Experimental Analysis of LABs under Superimposed AC and DC Current

ths paper presents a comprehensive experimental analysis of commonly used LABs under
conditiongf superimposed AC and DC current. The study focuses on two main indicators of
aging: internal resistance and 35-cycle discharge capacity. Furthermore, the charging cycle

duration and voltages are compared to evaluate the battery performance at three different



frequencies: 100Hz, 1kHz, and pure DC. The experiment demonstrates that batteries experience

significant degradation when subjected to 100Hz charging harmonics.



Chapter 3

Methodology

Q.l Overall Workflow

Overall Workflow

5. Designing and conducting Experiment

1. Sealed Lead Acid Battery
(6V, 4.5Ah) /

' 6. Taking reading for 35 cycles for 3
' groups

2. Constructing Charger Circuit

|
7. Storing the Data

3. Constructing Discharging Circuit ,
|

4. Choosing Parameter

Figure 3.1. Overall Workflow of the Experiment

The aim of our experiment was to look intﬁe impact of different charging currents on the aging

process of lead-acid batteries. High charge currents are commonly acknowledged to have a
stronger influence on battery aging than high discharge currents [26]. We used three easily
accessible and inexpensive lead acid batteries with capacities of 6V and 4.5Ah for our

investigation.

We used a constant current technique with a duty cycle during the charging period. This required
the use of a pure direct current (DC) as well as the superimposition of alternating currents (AC) at

frequencies of 100Hz and 1kHz. It's worth mentioning that all three charging currents had an RMS

value of 0.83A, which is what the battery manufacturer recommends.
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To guarantee consistency, we kept the charging voltage from the power supply between 7.5V and
8.5V throughout the trial. This range was chosen to comply with the manufacturer's

recommendations and avoid any potential battery damage.

Each battery was exposed to a constant resistive load during the discharge phase. This totally
resistive load was chosen to simplify the research and allow for a more concentrated look a@m
impact of charging currents on battery aging.

In summary, we charged three 6V 4.5Ah lead acid batteries with three different charging currents:
a constant DC current, a DC current superimposed with a 100Hz AC, and a DC current overlaid
with a 1kHz AC.

The RMS value of all currents was 0.83A, as stipulated by the battery manufacturer. The charging
voltage was kept between 7.5 and 8.5 volts. The batteries were depleted while being subjected to
a steady purely resistive load. We were able to evaluat&e effect of changing charge currents on

the aging properties of lead acid batteries using this system.

To avoid deep draining and changing the conclusion, the 6V batteries are depleted up to 5.5V. The

experiment in this study is carried out in an air-conditioned environment.

The room temperature should be between 22°C and 25°C. The resting interval between cycles was
kept constant at 8 hours to eliminate inconsistencies, as resting times might affect battery
performance, as shown in [28].

11



Table 3.1 Experimental Configuration

Test Set RMS Current (A) Frequency (Hz) Voltage range (V)
DC 0.83 0 8.0
DC + AC (100Hz) 0.83 100 7.5-8.5
DC + AC (1KHz) 0.83 1000 7.5-8.5

During the conversion of AC to DC, the full wave bridge rectification could be better, as residual
harmonics remain in the voltage supplied. The ripple factor for bridge rectifiers is

(1)

Where v, is the DC voltage, vrmﬁ the root mean square of the AC voltage. Taking (1) into

consideration, the alternating charging current is superimposed on direct charging current.

Where 1. is the direct current for charging. Following, for alternating current,

IDC:|0

l.=1,sinat

w=2rf

@)

(3)

(4)

Where z(ﬁ the alternating current, w is the angular frequency and f is the charging frequency.

I =1,+1, sinat

()

Where [ is the super imposed current for charging the battery with frequency f.




3.2 Performance Parameters

Battery degradation is a critical concern in various fields, from consumer electronics to
renewable energy systems. Monitoring performance parameters can provide valuable insights into
the health and efficiency of batteries. This article delves into two key factors, namely capacity and

internal resistance, and their relationship to battery degradation.
3.2.1 Capacity and its Decrease with Discharge Rate

Capacity, measured in ampere-hours (Ah), represents the energy storage capability of a
battererad-acid batteries (LABs) are widely used and have well-defined capacity characteristics
[4]. Peukert's law [3] mathematically illustrates how a@attery's capacity diminishes as the
discharge rate increases. By considering the capacity at known and unknown discharge rates (Q1
and Q2, respectively), along with the Peukert coefficient (pc), rapid degradation in LABs can be
identified [4].

3.2.2 Peukert Coefficient and its Influence on Battery Internal Resistance

The Peukert coefficient (pc) plays a crucial role in predicting battery capacity and is
affected not only by the battery system but also by factors such as battery design, operating
temperatures, and aging [4]. Internal resistance, a parameter closely linked to battery performance,
can be measured using various techniques. The most straightforward approach is the DC load
method, which utilizes ohmic data [29]. However, for more precise measurements,
Electrochemical Impedance Spectroscopy (EIS) is preferred [30]. EIS involves injecting a
sinusoidal signal into the battery and analyzing its response at different frequencies [27]. Although
EIS provides comprehensive insights into battery behavior without distortion, it requires expensive

equipment [13].

Q2- Ql(l'—jml (6)
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3.3.3 Calculation of Internal Resistancgsing Ohm's Law and the DC Load Method

To determine%e internal resistance (R) of a battery, Ohm's law can be applied%
conjunction with the DC load method. The voltaggifference between the load voltage and open

circuit voltage (v10) and the applied current (I) are used in the following equation:

(7)

3.3 Experimental Set-up

The experimental setup plays a crucial role in investigating the effects of AC harmonics on
lead-acid batteries. Thi@ection presents a detailed description of the experimental setup used in
this study, including the equipment, battery specifications, charging methods, discharge setup,

measurement techniques, and environmental conditions.

14



Table 3.2 Abbreviated data of alteration in internal resistance with no. of cycles

Measurement

Multimeter

Clamp Meter

Oscilloscope

Battery Tester

IR Thermometer

Stopwatch

IMAX B6 80W 6A
Charger 1-6 Cells

Parameters

Charging Time

Discharging Time

Discharging Capacity

Charging Current

Discharging Current

Internal Resistance

15

Equipment

Lead Acid Battery

PCB Charger

Oscilloscope

Variable DC Supply

Voltmeter

Battery Tester

Load Resistor



——

AT/ EKY

Figure 3.2. Measurement Instruments

3.3.1 Battery Selection

For this study, three commonly used and cost-effective Sunca 6V 4.5Ah sealed lead acid
batteries manufactured by Sun Fat Electric Products (Int'l) Co. Ltd., as shown in Figure 3.3, were
chosen as the subjects. These batteries are frequently employed in various applications and offer a

suitable representation of lead-acid batteries in general.
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SUNCA
—— ————

Sealed Lead-Acid
Rechargeabla Battery

RB640Cs 6V, 4.5Ah

ZAUTION: DO NOT SHORT CIRCUIT

& Sealed lsad acid battery
QJ C9 must be recycled or
disposed of property
pb pb

Constart Voltage Charge
Voltage regulation
cycle use:
standby use:
Max charging, current:

omomAL
SUN FAT ELECTRIC PRODUCTS (INT'L) CO,, LTD.

Figure 3.3. 6V Sunca Sealed Lead Acid Battery

3.3.2 Charging Setup

To prevent overcharging and mitigate the risk of disguising the effects of early degradation,
a specific charging process was employed. The batteries were charged in the constant current
phase, at the RMS value of 0.83A. The charging voltage was maintained between 7.2V and 7.5V,
which is within the recommended range for cycle use. Figures 3.4 and3. 5 depict the arrangement

of the equipment and connections required for each charging method.
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3.3.2.1 DC charging

For DC charging, a voltage-regulated DC power supply, the MCH-305D-11, was utilized.
This power supply ensures precise control of the charging process, allowing for accurate and
consistent charging conditions throughout the experiment. Figure 3.4 illustrates the DC charging

setup.

DC Power Supply

P

e

Figure 3.4. Experimental Setup for DC charging
3.3.2.2 AC charging

AC charging was performed by superimposing AC signals at 100 Hz and 1 kHz frequencies
on the batteries. A signal generator, the UTG9005C-11, was employed to generate pure sinusoidal
AC ripples. These AC signals were introduced to the batteries through an IRF540N switching
circuit, enabling controlled AC charging. Figure 3.5 illustrates the AC charging setup.
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Figure 3.5. Experimental Setup for AC charging
3.3.3 Discharge Setup

To discharge the batteries and evaluate their capacity, a 5W 7.5-ohm resistor load coupled with
the battery discharge capacity module HW-586 was used. The setup as illustrated by Figure 3.6,
ensured a consistent and controlled discharge process for accurate comparison of battery

performance.
3.3.3.1 Preventing deep discharge

Deep discharge can lead to mechanical stress and reduce battery lifespan. In this study, deep
discharge was prevented by limiting the battery discharge to a voltage of 5.5V. This threshold

ensured the batteries were not subjected to excessive discharge, preserving their longevity.
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Fig. 3.6. Experimental Setup for Discharging with Purely Resistive Load
3.3.4 Temperature Control
Temperature is a critical factor that can impact battery performance and longevity. To maintain
consistent and controlled environmental conditions, an ARSZO%frared thermometer was

employed to measure the temperature. Throughout the experiment, the temperature was carefully

regulated within the range of 22 to 25 degrees Celsius.
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3.4 Measurement Techniques

Accurate measurement techniques were employed throughout the experimental setup to
gather reliable data on battery performance. This section outlines the measurement techniques used
and their significance in assessing the effects of AC harmonics on lead-acid batteries.

3.4.1 Voltage Measurement

Voltage measurements were a crucial aspect of evaluating battery behavior. The CD800A
digital multimetemas used to measure the voltage levels of the batteries during the charging and
discharging cycles. Stable voltage readings were taken 15 minutes after eacl@wrge and discharge
process to ensure that the battery had reached a stable state. These voltage measurements provided
valuable information on the battery's electrical potential and its response to different charging
methods.

3.4.2 Internal Resistance Measurement

@he internal resistance of the batteries was measured using the iMAX B6mini device.
Internal resistance values were recorded at both the fully charged and depleted states of the
batteries. These measurements served as indicators of battery health and performance. Formula (7)

was applied to confirm the accuracy of the internal resistance measurements.
3.4.3 Current Monitoring

Continuous monitoring of the current flowing through the batteries was essential to ensure
consistency and accuracy in the experimental results. The UNI-T UT203 digital clamp meter was
used to measure and record the current values throughout the charging and discharging cycles.
This monitoring allowed for the assessment of the battery's electrical flow and the detection of any

abnormalities or fluctuations in current behavior.
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3.4.4 Oscilloscope Measurements

In addition to voltage and current measurements obtained from the CD800A and UNI-T
UT203 digital clamp meter, respectively, the charging voltage waveforms were captured using an
oscilloscope. The oscilloscope provided detailed visual representations of voltage fluctuations
over time during the charging process as shown in Figures 3.7 and 3.8. These waveforms were
synchronized with the voltage measurements recorded by the CD800A, enabling a comprehensive
analysi@f the battery's response to the charging methods. The oscilloscope measurements offered
insights into the dynamics and characteristics of the charging process, contributing to a more

detailed understanding of the battery's behavior.
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Figure 3.7. Charging Voltage Waveforms for 100 Hz setup
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By employing these measurement techniques, the study was able to collect accurate and
comprehensive data on voltage, internal resistance, and current. These measurements facilitated a
thoroug@nalysis of the effects of AC harmonics on lead-acid batteries and provided valuable

insights into battery behavior and performance characteristics.
3.5 Experimental Procedure

The experimental procedure followed a structured approach to ensure consistency and reliability
in the data obtained. The following steps were carried out:

(1) Battery Preparation: The Sunca 6V 4.5Ah sealed lead-acid batteries were initially
conditioned by fully charging them using the DC charging method. This step ensured that all

batteries started the experiment in a consistent state.

(i) Initial Measurements: Internal resistance values were recorded using the iIMAX B6mini at
the fully charged state for each battery. These measurements provided a baseline for comparison

throughout the experiment.
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(iii)  Charging Cycle: The batteries were subjected to a series of charging and discharging
cycles. Each cycle consisted of charging the batteries using either the DC or AC method, followed
by a controlled discharge using the resistor load setup. The current was monitored continuously
using the UNI-T UT203 digital clamp meter.

(iv)  Measurement and Recording: After each charging and discharging cycle, stable voltage
readings and internal resistance measurements were taken 15 minutes later. These readings were
recorded using the CD800A and a timer. Additionally, voltage readings at predetermined time

intervals were documented for comparison purposes.

(V) Rest Period: Following each cycle, an 8-hour rest period was observed to allow the batteries
to stabilize and minimize the effects of sulfation. This rest period ensured consistent conditions

for subsequent cycles.
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Chapter 4

Results and Discussion

Three lead acid batteries, BAT1, BAT2, and BATS3, each having a capacity of 6V and
4.5Ah, were exposed to varied charging circumstances in this investigation. The batteries were

tested using both pure DC and superimposed AC impulses at frequencies of 100Hz and 1kHz.

Internal resistance values were evaluated over many charging cycles to assess battery
performance. Internal resistance values were obtained for each battery (BAT1, BAT2, and BAT3)
and listed in Table 4.1. This procedure was done 35 times to ensure that any significant

discrepancies in performance were detected.

For all three batteries, the change in internal resistance was studied and compared
throughout increasing cycles. This comparison is depicted in Figure 4.1, which displays the

numerical data from Table 4.1.

Qhe overall goal of this study was to look into the effect of different charging conditions
Qn the internal resistance of lead-acid batteries. The researchers hoped to get insight into the
performance and endurance of the batteries under varied charging settings by evaluating changes

in internal resistance across numerous cycles.
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TABLE 4.1 ABBREVIATED DATA OF ALTERATION IN INTERNAL RESISTANCE WITH NO. OF CYCLES

No. of Cycle BAT1 BAT2 BAT3
1 71 71 75
5 70 73 62
10 66 74 69
20 73 81 77
30 74 89 81
35 72 96 81
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Figure 4.1. Internal Resistance plotted against No. of Cycles
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Table 4.2 summarizes the results for discharge capacity at the discharge termination at 5.5V. Fig.
6 shows how the change in discharge capacity at the conclusion of each cycle of BAT1, BAT2,
and BATS3 is associated using data from Table 4.2. Furthermore, Figs. 4.3, 4.4, and 4.5 provide
consistent recordings of charging voltage characteristics at defined time intervals to gather further

verification in the battery performances for the course of the experiment for each test group.
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Figure 4.2. Discharge Capacity plotted against Number of Cycles

A comparison of the graphical representations of increasing internal resistance with each
cycle of each test group in Fig. 5 shows that BAT2, charged with the superimposed AC of 100Hz,
exhibits the largest rise in internal resistance.

Similarly, as seen in Fig. 6, BAT2 exhibits a higher decline in discharge capacity than the other
test groups.. In addition to this, Fig. 7 to Fig. 9 demonstrate three graphs representing the charging
voltage characteristics of each test group throughout the experiment. It can be observed in Fig. 7

and Fig. 9 that BAT1 and BAT3 display consistent changes in voltage characteristics, whereas, in
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the case of BAT2 in Fig. 8, voltage characteristics appear to be conflicting, indicating inconsistent

performance from the test group.

The evolution of data indicating rising internal resistance and a rapid decrease in discharge
capacity suggests symptoms of quicker deterioration. However, larger sample size experiments,
additional cycles, and the use of EIS might offer more statistically reliable data and more

meaningful conclusions.

TABLE 4.2 Abbreviated data of alteration in discharge capacity with no. of cycles

No. of Cycle BAT1 BAT2 BAT3
1 3.799 3.682 4.060
5 3.423 3.251 3.720
10 3.590 3.260 3.406
20 3.698 3.405 3.564
30 3.490 3.289 3.395
35 3.327 2.721 3.139
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%hapter 5

Future Work

We plan to extend our research using:

More simulation models

Machine learning inclusion

More types of batteries

Electrochemical Impedance
Spectroscopy and
temperature control

Figure 5.1. Future Work

5.1 Simulation Models

Computational approaches are used in lead acid battery simulation models to mimic battery
performance under various situations, offering significant insights beyond the given data.

Existing data on lead acid batteries, such as charging patterns, temperature fluctuations, discharge
rates, and internal resistance measurements, may be used to train simulation models. The

simulation model may understand the underlying patterns and relationships in the battery system

by feeding this data into it.

Once trained, the simulation model may extend data by making predictions and modeling battery
behavior in conditions that have not been seen or tested directly. This extrapolation feature is

particularly beneficial for comprehending battery performance under various operating settings,

improving charging procedures, and projecting battery health and longevity.
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For modeling the aging of lead-acid batteries, numerous electrical circuit simulation models are

routinely utilized. Some of these models are

Peukert's model: The Peukert equation, which specifies the link between battery capacity,
discharge current, and battery efficiency, serves as the foundation for this model. It compensates
for capacity loss owing to the Peukert effect, which occurs when discharge currents are high and

effective capacity is low.

The Equivalent Circuit Model: This model depicts the battery as an electrical circuit made up of
resistors, capacitors, and current sources. The circuit parts are tweaked t(ﬁ]imic the behavior of a

lead acid battery, including aging effects like capacity loss and increases in internal resistance.

These simulation models may be used in applications such as MATLAB Acid Batteries/Simulink
SPICE, or dedicated battery modeling software. They enable scientists and engineers to investigate
the aging behavior of lead acid batteries, optimize battery and management systems, and

investigate techniques for prolonging battery life and enhancing performance.
5.2 Extension of research using Machine Learning

Machine learning is a strong technique that may dramatically increase data analysis and
extrapolation accuracy. Machine learning algorithms may discover patterns, correlations, and
trends from existing data and make predictions or provide insights for new, unknown data by

applying complex algorithms and statistical models.

One of machine learning's primary capabilities is its capacity to extrapolate data beyond previous
observations. However, machine learning algorithms can go beyond the given data range and make

predictions or produce important information.

Furthermore, by continually learning from fresh data, machine learning algorithms may adapt and
enhance their performance over time. As they meet increasingly diverse and representative
datasets, their adaptive nature allows them to refine their predictions and provide more accurate
extrapolations. Here, for our experimental data, Adaboost can be used easily to extend the readings

of internal resistance and discharge capacity.
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5.3 Increasing Number of Test Groups

Increasing the number of battery test groups in an experiment can considerably improve its
validity and reliability. A higher number of test groups reduces the influence of individual
differences and gives a more representative sample of the population. A greater sample size boosts

statistical power and the generalizability of the results.

Researchers can use more rigorous statistical analyses to reach valid results when there are more
test groups. To examine the significance of differences and correlations between variables,
statistical procedures such as hypothesis testing, analysis of variance (ANOVA), and regression
analysis can be used. The results of a larger number of test groups can give more evidence and
lower the possibility of chance discoveries. It also reduces anomalies and outliers

5.4 EIS and Temperature Control

Qlectrochemical Impedance Spectroscopy (EIS) is a powerful technique that enhances
battery examination greatly by offering precise insights into battery performance and health. It
enables full evaluation of battery behavior across a wide frequency range and offers information

about numerous electrochemical processes occurring within the battery.

It enables the quantitative evaluation of battery parameters such as internal resistance, capacitance,
and impedance spectra. These characteristics can givgﬁormation about the battery's health, level
of charge, and aging. Researchers can discover particular frequency-dependent patterns associated
with certain battery degradation processes, such as electrode/electrolyte interface deterioration or
electrode surface passivation, by examining impedance spectra.

Early identification of battery degradation: Because EIS is very sensitive to changes in battery
performance, it is a useful technique for detecting battery degeneration early on. Researchers can
detect minor changes in battery behavior that may suggest the start of deterioration processes by

measuring impedance spectra over time.
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Battery state-of-health (SOH) assessment: EIS may be used to determine the health of batteries.
Changes in SOH, such as capacity fading, internal resistance rise, or electrolyte deterioration, may
be evaluated by comparing impedance data from multiple or the same battery over time. This data
is critical for estimating battery life, developing energy management tactics, and guaranteeing

dependable functioning in a variety of applications.

High temperatures accelerate chemical processes within the battery. As a result, battery
components such as electrodes, electrolytes, and separators degrade more quickly. As does ionic
migration, electrode deterioration, and self-discharge, internal resistance increases. The higher

internal resistance diminishes the battery's efficiency, useful capacity, and power output.

Thermal stress occurs in batteries as a result of temperature fluctuations. Cycling between high
and low temperatures causes battery components to expand and contract, causing mechanical stress

on the electrodes and separators.
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Chapter 6

Conclusion

This project ha@onducted an extensive experimental analysis to investigate the effects of
harmonics on lead-acid batteries. The study focused on 6V 4.5Ah lead-acid batteries subjected to
both DC and superimposed AC charging currents at frequencies of 100Hz and 1kHz. By utilizing
high-performance laboratory equipment and ensuring precise control over charging conditions%e

research aimed to evaluate the impact of AC harmonics on battery aging.

Throughout the experimental setup, several important findings emerged. By comparing batteries
charged with DC and high-frequency AC currents, it was observed that lower-frequency harmonics
had a detrimental effect on the premature aging of the batteries. This was evident fron%e increase
in internal resistance and the decrease in discharge capacity over the course of the cycles. These
results suggest that AC harmonics can accelerate the degradation of lead-acid batteries,

compromising their lifespan and overall performance.

However, it is important to acknowledge the limitations of this study. The research was conducted
under specific conditions and with a limited sample size. To strengthen the conclusions drawn
from this study, further investigations could incorporate larger sample sizes, additional cycles, and
the integration of machine learning techniques. This would provide more comprehensive and

robust data to support the observed effects of AC harmonics o@attery aging.

The significance of this research lies in the growing popularity of lead-acid batteries irgarious
applications, such as electric vehicles, energy storage systems, telecommunication power supplies,
home appliances, and uninterruptible power supplies (UPS). Premature aging and reduced battery
life not only pose risks to health but also contribute to pollution and financial losses. Consequently,
manufacturers have taken measures to protect batteries during charging, considering the potential
damage that AC harmonics can inflict on lead-acid cells. The attention researchers give to the
analysis of deterioration caused by AC harmonics reflects the importance of understanding and

mitigating these effects.
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In conclusion, this project contributes to the existing knowledge on lead-acid battery behavior and
provides valuable insights into the impact of AC harmonics on battery aging. The results highlight
the need for further research and development to enhance battery performance, extend their
lifespan, and ensure their safe and efficient operation in various applications. By gaining a deeper
understanding of the mechanisms and effects of AC harmonics, future advancements can be made

in battery technology and charging strategies to optimize battery performance and durability.

In summary, this study emphasizes the importance of considerin&e effects of AC harmonics on
lead-acid batteries and provides a foundation for further investigations in this field. By addressing
the limitations and incorporating more comprehensive data, future research endeavors can build
upon these findings to enhance our understanding of battery aging and develop strategies to
mitigate its negative effects. Ultimately, this research contributes to the advancement of battery
technology, supporting the widespread adoption of lead-acid batteries in various industries while

ensuring their long-term sustainability and reliability.

36



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

References

I. Batarseh and K. Alluhaybi, “Emerging opportunities in distributed power electronics
and battery integration: Setting the stage for an energy storage revolution,” IEEE Power
Electron. Mag., vol. 7, no. 2, pp. 22-32, 2020.

P. K. Pathak and A. R. Gupta, “Battery energy storage system,” in 2018 4th
International Conference on Computational Intelligence & Communication Technology
(CICT), 2018, pp. 1-9.

S. Kitaronka, “LEAD-ACID BATTERY,” Researchgate.net, Jan-2022. [Online].
Available: https://www.researchgate.net/publication/357913548 LEAD-
ACID_BATTERY.

S. Petrovic, Battery Technology Crash Course: A Concise Introduction. Cham: Springer
International Publishing, 2021.

M. J. Lencwe, S. P. Daniel Chowdhury, and T. O. Olwal, “Performance studies of lead
acid batteries for transport vehicles,” in 2017 IEEE PES PowerAfrica, 2017, pp. 528—
532.

E. M. Valeriote, T. G. Chang, and D. M. Jochim, “Fast charging of lead-acid batteries,”
in Proceedings of 9th Annual Battery Conference on Applications and Advances, 2002,
pp. 33-38.

D. J. Becker, “Lead-acid battery charge process in photovoltaic applications,” in
INTELEC - 1979 International Telecommunications Energy Conference, 1979, pp.
242-247.

D. J. Deepti and V. Ramanarayanan, “State of charge of lead acid battery,” in 2006 India
International Conference on Power Electronics, 2006, pp. 89-93.

H. J. Schaetzle and D. P. Boden, “Lead-acid storage batteries for uninterrupted power
supply (UPS) applications,” in INTELEC - 1979 International Telecommunications
Energy Conference, 1979, pp. 226-230.

37



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

S. Khan, M. U. Zaman Chowdhury, M. Rabbi, and A. Khatun, “The million improvised
electric rickshaws in Bangladesh: Preliminary survey and analysis,” in 2022 IEEE
International 10T, Electronics and Mechatronics Conference (IEMTRONICS), 2022,

pp. 1-7.

P. Nambisan, S. Bansal, and M. Khanra, “Economic performance of solar assisted
battery and supercapacitor based E-rickshaw,” in 2020 IEEE International Conference
on Power Electronics, Smart Grid and Renewable Energy (PESGRE2020), 2020, pp. 1-
6.

Y. Li, Y. Sun, K.-J. Li, K. Sun, Z. Liu, and Q. Xu, “Harmonic modeling of the series-
connected multi-pulse rectifiers under unbalanced conditions,” IEEE Trans. Ind.
Electron., vol. 70, no. 7, pp. 1-10, 2022.

A. Bessman, R. Soares, O. Wallmark, P. Svens, and G. Lindbergh, “Aging effects of
AC harmonics on lithium-ion cells,” J. Energy Storage, vol. 21, pp. 741-749, 2019.

P. G. Horkos, E. Yammine, and N. Karami, “Review on different charging techniques
of lead-acid batteries,” in 2015 Third International Conference on Technological
Advances in Electrical, Electronics and Computer Engineering (TAEECE), 2015, pp.
27-32.

N. Vitkov, “Environmental and health challenges in battery recycling in Bulgaria,” in
2022 14th Electrical Engineering Faculty Conference (BUlEF), 2022, pp. 1-5.

S. Bala, T. Tengner, P. Rosenfeld, and F. Delince, “The effect of low frequency current
ripple on the performance of a Lithium Iron Phosphate (LFP) battery energy storage
system,” in 2012 IEEE Energy Conversion Congress and Exposition (ECCE), 2012, pp.
3485-3492.

M. Uno and K. Tanaka, “Influence of high-frequency charge—discharge cycling induced
by cell voltage equalizers on the life performance of lithium-ion cells,” IEEE Trans.
Veh. Technol., vol. 60, no. 4, pp. 1505-1515, 2011.

P. J. Osswald et al., “Current density distribution in cylindrical Li-lon cells during
impedance measurements,” J. Power Sources, vol. 314, pp. 93-101, 2016.

38



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

K. Uddin, A. D. Moore, A. Barai, and J. Marco, “The effects of high frequency current
ripple on electric vehicle battery performance,” Appl. Energy, vol. 178, pp. 142—-154,
2016.

L. W. Juang, P. J. Kollmeyer, A. E. Anders, T. M. Jahns, R. D. Lorenz, and D. Gao,
“Investigation of the influence of superimposed AC current on lithium-ion battery aging
using statistical design of experiments,” J. Energy Storage, vol. 11, pp. 93-103, 2017.

M. A. Fatullah, A. Rahardjo, and F. Husnayain, “Analysis of discharge rate and ambient
temperature effects on lead acid battery capacity,” in 2019 IEEE International
Conference on Innovative Research and Development (ICIRD), 2019, pp. 1-5.

H. A. Serhan and E. M. Ahmed, “Effect of the different charging techniques on battery
life-time: Review,” in 2018 International Conference on Innovative Trends in Computer
Engineering (ITCE), 2018, pp. 421-426.

I. Lahbib, A. Lahyani, A. Sari, and P. Venet, “Performance analysis of a lead-acid
battery/supercapacitors hybrid and a battery stand-alone under pulsed loads,” in 2014
First International Conference on Green Energy ICGE 2014, 2014, pp. 273-278.

C. Protogeropoulos and J. Nikoletatos, “Examination of ripple current effects on lead-
acid battery ageing and technical and economical comparison between ‘solar’ and sli
batteries,” Cres.gr. [Online]. Available:
http://www.cres.gr/kape/publications/photovol/batt-bar.pdf.

S. Okazaki, S. Higuchi, O. Nakamura, and S. Takahashi, “Influence of superimposed
alternating current on capacity and cycle life for lead-acid batteries,” J. Appl.
Electrochem., vol. 16, no. 6, pp. 894-898, 1986.

X. Tan et al., “Real-time state-of-health estimation of lithium-ion batteries based on the
equivalent internal resistance,” IEEE Access, vol. 8, pp. 56811-56822, 2020.

S. Barcellona, S. Colnago, G. Dotelli, S. Latorrata, and L. Piegari, “Aging effect on the
variation of Li-ion battery resistance as function of temperature and state of charge,” J.
Energy Storage, vol. 50, no. 104658, p. 104658, 2022.

39



[28]

[29]

[30]

B. O. Agudelo et al., “Experimental analysis of capacity degradation in lithium-ion
battery cells with different rest times,” in 2020 2nd IEEE International Conference on
Industrial Electronics for Sustainable Energy Systems (IESES), 2020, vol. 1, pp. 44—
49.

“BU-902: How to measure internal resistance,” Battery University, 07-Feb-2011.
[Online].  Available: https://batteryuniversity.com/article/bu-902-how-to-measure-
internal-resistance.

N. Meddings et al., “Application of electrochemical impedance spectroscopy to
commercial Li-ion cells: A review,” J. Power Sources, vol. 480, no. 228742, p. 228742,
2020.

40



?_‘ turnitin Similarity Report ID. 0id:22779:36858316

® 13% Overall Similarity
Top sources found in the following databases:

* 9% Internet database * 6% Publications database

» Crossref database » Crossref Posted Content database
* 8% Submitted Works database

TOP SOURCES

The sources with the highest number of matches within the submission. Overlapping sources will not be
displayed.

researchgate.net

<1%
Internet
dokumen.pub <1%
Internet
mafiadoc.com <1%
Internet
RMIT University on 2022-11-10
<1%
Submitted works
Federal University of Technology on 2014-03-17 <1%
(o]
Submitted works
Submitted on 1685894843377 <1%
(o]
Submitted works
dspace.mist.ac.bd:8080 <1%
Internet
luanvan.net.vn <1%

Internet

Sources overview


https://www.researchgate.net/publication/357913548_LEAD-ACID_BATTERY
https://dokumen.pub/battery-technology-crash-course-a-concise-introduction-1st-edition-3030572684-9783030572686-9783030572693.html
https://mafiadoc.com/dc-dc-and-ac-dc-zeta-and-buck-converter-design_5caedcb5097c478f038b4586.html
http://dspace.mist.ac.bd:8080/xmlui/bitstream/handle/123456789/414/thesis-final-edited-Reference.pdf?isAllowed=y&sequence=1
https://luanvan.net.vn/luan-van/luan-an-moi-lien-he-giua-phat-trien-ben-vung-xa-hoi-va-hieu-qua-hoat-dong-trong-chuoi-cung-ung-vai-tro-trung-gian-cua-83775/

?_l turnitin Similarity Report ID. 0id:22779:36858316

©®© 6 6 © 6 6 6 6 © 6 6 ©

Universiti Teknologi Petronas on 2021-07-12

<1%
Submitted works
Alexander Bessman, Rudi Soares, Oskar Wallmark, Pontus Svens, Gora... <1%
(o]
Crossref
curve.carleton.ca <1%
Internet
vbn.aau.dk <1%
Internet
unsworks.unsw.edu.au <1%
Internet
D.A.J. Rand. "Publications on lead /acid batteries and related phenome... <1%
(o]
Crossref
etheses.whiterose.ac.uk o
<1%
Internet
Queen Mary and Westfield College on 2012-05-09 <1%
(o]
Submitted works
repository.sustech.edu <1%
Internet
dspace.iiuc.ac.bd:8080 <1%
Internet
Kazeem Bolade Adedeji, Akinlolu A. Ponnle, Bolanle T. Abe, Adisa A. Ji... <1%
(o]
Crossref
Tshwane University of Technology on 2021-01-18 <1%
(o]

Submitted works

Sources overview


https://linkinghub.elsevier.com/retrieve/pii/S2352152X18307035
https://curve.carleton.ca/system/files/etd/2c4ab5c4-0331-4d7e-a5e0-dcf38601f350/etd_pdf/1b88c647ab740a778ca45bf667aea7db/zhai-developmentofpreheatingandpowerinvertingsystems.pdf
https://vbn.aau.dk/da/publications/52f83392-f4ef-4f60-b2c6-28b61eba54ec
https://unsworks.unsw.edu.au/server/api/core/bitstreams/6029a72d-3a77-4349-b7e2-a0e2f015f3c0/content
https://doi.org/10.1016/S0378-7753(96)80000-0
http://etheses.whiterose.ac.uk/23326/1/Thesis_MJS_V5-1_final.pdf
http://repository.sustech.edu/bitstream/handle/123456789/20787/GIS%20Based%20Route%20....pdf?isAllowed=y&sequence=1
http://dspace.iiuc.ac.bd:8080/xmlui/bitstream/handle/123456789/3311/output.pdf?isAllowed=y&sequence=1
https://doi.org/10.15866/iree.v13i6.15766

?_l turnitin Similarity Report ID. 0id:22779:36858316

®© 06 6 6 6 © 6 6 6 6 0 6

etd.aau.edu.et

<1%
Internet
utpedia.utp.edu.my <1%
Internet
South Dakota Board of Regents on 2014-04-14 <1%
Submitted works ’
uir.unisa.ac.za <1%
Internet
A Cooper. "The European ALABC IMPLAB project: final results and con... <1%
Crossref ’
Larry W. Juang, Phillip J. Kollmeyer, Adam E. Anders, Thomas M. Jahn... <1%
Crossref ’
University of Bradford on 2020-03-11 <1%
Submitted works ’
University of Northumbria at Newcastle on 2011-08-08 <1%
Submitted works ’
University of Sheffield on 2016-10-31 <1%
Submitted works ’
University of Technology, Sydney on 2020-11-02 <1%
Submitted works ’
electrical.theiet.org <1%
Internet
evergreenelectrical.com.au <1%

Internet

Sources overview


http://etd.aau.edu.et/bitstream/handle/123456789/18790/PHILMON%20G.%20THESES%20080519.pdf
http://utpedia.utp.edu.my/id/eprint/623/
http://uir.unisa.ac.za/bitstream/handle/10500/26149/dissertation_nevhulaudzi_t.pdf?isAllowed=y&sequence=1
https://doi.org/10.1016/S0378-7753(01)01076-X
http://linkinghub.elsevier.com/retrieve/pii/S2352152X16301426
https://electrical.theiet.org/wiring-matters/issues/52/electrical-energy-storage-and-the-smart-electrical-installation/
https://www.evergreenelectrical.com.au/blog/can-solar-panels-overcharge-batteries

?_l turnitin Similarity Report ID. 0id:22779:36858316

6 6 6 6 6 6 6 6 6 6 6 ©6

Defence Academy of the United Kingdom on 2021-12-20

<1%
Submitted works
Southampton Solent University on 2021-06-28 <1%
Submitted works °
Townsville Grammar School on 2023-03-23 <1%
Submitted works °
Tshwane University of Technology on 2021-09-06 <1%
Submitted works °
University of Warwick on 2017-08-23 <1%
Submitted works °
d-nb.info <1%
Internet
www-personal.engin.umd.umich.edu <1%
Internet °
Anindita Roy, Rajkumar Bhimgonda Patil, Rajarshi Sen. "The effect of f... <1%
Crossref °
Florida Polytechnic University on 2022-08-25 <1%
Submitted works °
Griffth University on 2016-10-28 o

<1%
Submitted works
Mpho Lencwe, Shyama Chowdhury, Thomas Olwal. "A Multi-Stage App... <1%
Crossref °
Savoye, Francgois, Pascal Venet, Serge Pelissier, Michael Millet, and Je... <1%

o

Crossref

Sources overview


https://d-nb.info/1206337664/34
http://www-personal.engin.umd.umich.edu/~chrismi/publications/2013_TVT_62_9_Li_Siqi_Brusa.pdf
https://doi.org/10.1016/j.est.2022.105841
https://doi.org/10.3390/en11112888
http://dx.doi.org/10.1504/IJEHV.2015.074670

7 turnitin

®© 6 6 6 6 06 6 6 6 6 6 ©

Swinburne University of Technology on 2020-07-08

Submitted works

Tshwane University of Technology on 2021-07-22

Submitted works

University of Bahrain on 2015-03-22

Submitted works

University of Nottingham on 2013-04-26

Submitted works

University of Warwick on 2016-12-20

Submitted works

University of the West Indies on 2017-03-29

Submitted works

citeseerx.ist.psu.edu

Internet

coek.info

Internet

eprints.ncl.ac.uk

Internet

ia801203.us.archive.org

Internet

research.chalmers.se

Internet

islandscholar.ca

Internet

Similarity Report ID. 0id:22779:36858316

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

Sources overview


https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.220.2554&rep=rep1&type=pdf
https://coek.info/pdf-solar-power-lead-battery-storage-solution-using-cycle-recovery-charging-method-.html
https://eprints.ncl.ac.uk/file_store/production/283083/E7D4C57A-A072-4428-AC19-93BD5ADC6DFA.pdf
https://ia801203.us.archive.org/29/items/Httpwww.ijer.inijerpublicationv5s8IJER_2016_810.pdf/IJER_2016_810_djvu.txt
https://research.chalmers.se/publication/535926/file/535926_Fulltext.pdf
http://www.islandscholar.ca/islandora/object/ir%3A23559/datastream/PDF/download

?_l turnitin Similarity Report ID. 0id:22779:36858316

®©® 6 6 ©6 6 6 6 6 ©

mdpi.com <1%
Internet

Mohammed A. Alharbi, Mohamed S. A. Dahidah, Saleh Abdusalam Alj, ... <1%
Crossref ’
Pablo Korth Pereira Ferraz, Robert Schmidt, Delf Kober, Julia Kowal. "A... <1%
Crossref ’
Peter Keil, Andreas Jossen. "Charging protocols for lithium-ion batterie... <1%
Crossref ’
University of Southampton on 2012-05-29 <1%
Submitted works ’
Korea National University of Transportation on 2020-08-01 <1%
Submitted works ’
Shripad T. Revankar. "Chemical Energy Storage", Elsevier BV, 2019 <1%
Crossref ’
University of Houston System on 2022-04-23 <1%
Submitted works ’
digitalcommons.fiu.edu <1%

Internet

Sources overview


http://www.mdpi.com/2313-0105/4/3/43/htm
https://doi.org/10.1109/TPEL.2022.3194979
http://linkinghub.elsevier.com/retrieve/pii/S2352152X18301713
https://doi.org/10.1016/j.est.2016.02.005
https://doi.org/10.1016/B978-0-12-813975-2.00006-5
https://digitalcommons.fiu.edu/etd/3515

	Toukir Rahman (180021114)
	Mahruba Jannat Punny (180021127)
	Rayaa Tabassum (180021132)
	BACHELOR OF SCIENCE IN ELECTRICAL AND ELECTRONIC ENGINEERING
	CERTIFICATE OF APPROVAL
	AUTHORS

	Acknowledgments
	Table of Contents
	List of Figures
	List of Tables
	Abstract
	Chapter 1
	Introduction
	1.1 Problem Statement
	1.2 Research Gap
	1.3 Research Motivation
	1.4 Scopes of Research
	1.5 Research Objectives
	1.6 Novelty of the research

	Chapter 2
	Literature Review and Background Study
	2.1 Aging Mechanisms in Lead-Acid Batteries
	2.2: Rechargeable LABs in E-rickshaws
	2.3 Impedance Analysis and Deterioration Studies
	2.4 Harmonic-Induced Degradation of LABs
	2.5 Experimental Analysis of LABs under Superimposed AC and DC Current

	Chapter 3
	Methodology
	3.1 Overall Workflow
	3.2 Performance Parameters
	3.2.1 Capacity and its Decrease with Discharge Rate
	3.2.2 Peukert Coefficient and its Influence on Battery Internal Resistance
	3.3.3 Calculation of Internal Resistance using Ohm's Law and the DC Load Method

	3.3  Experimental Set-up
	3.3.1 Battery Selection
	3.3.2 Charging Setup
	3.3.2.1 DC charging
	3.3.2.2 AC charging
	3.3.3 Discharge Setup
	3.3.3.1  Preventing deep discharge
	3.3.4 Temperature Control

	3.4    Measurement Techniques
	3.4.1 Voltage Measurement
	3.4.2 Internal Resistance Measurement
	3.4.3 Current Monitoring
	3.4.4 Oscilloscope Measurements

	3.5  Experimental Procedure

	Chapter 4
	Results and Discussion

	Chapter 5
	Future Work
	5.1 Simulation Models
	5.2 Extension of research using Machine Learning
	5.3 Increasing Number of Test Groups
	5.4 EIS and Temperature Control

	Chapter 6
	Conclusion

	References

