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Abstract

The pulsed current charging has been proposed in the literature to im-
prove the performance and maximize the lifetime of lithium-ion batteries by
eliminating concentration polarization and improving the active material uti-
lization. However, there are few studies on this charging technique, and some
of them hold opposite opinions. Moreover, the effect of the pulsed current
is inconclusive due to the changeable current profile and conditions. There-
fore, the main objective of this work is to prove that the pulsed charging
current under suitable conditions can improve the performance and extend
the lifetime of lithium-ion batteries.

Various pulsed current charging modes and their effects on battery per-
formance and lifetime are reviewed. Moreover, the main factor that impacts
the battery performance and lifetime are analysis and discussed according to
the previous studies.

The effects of pulsed current on the charging performance of batteries
are experimentally investigated. The considered conditions include current
modes, frequency, duty cycle, amplitude, and temperature. The main fac-
tors that impact the performance of batteries (i.e., obtained capacity, max-
imum rising temperature, and charging time) are analyzed and discussed.
The results illustrate that the pulsed current has no significant effect on the
improvement of the performance of batteries.

The effects of the pulsed current charging at a frequency range between
0.05 Hz and 2 kHz on battery lifetime are studied through aging tests. Com-
pared to the traditional Constant Current (CC) charging, the pulsed current
can extend the lifetime, where the PPC charging at 2 kHz can improve the
lifetime up to 105.5%. Moreover, the impacts of pulsed current charging on
the degradation mode of batteries are determined by a two-stage degradation
model. The results of the Internal Resistance (IR) evolution and the changes
in Incremental Capacity Analysis (ICA) curves are presented to comprehen-
sively analyze the effect of the pulsed current on battery lifetime.

The scientific contribution of this work is summarized as follows: the
pulsed current charging has no significant improvement in performance but
can significantly extend the lifetime of lithium-ion batteries, by more than 100%.
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Resumé

Den pulserende stremopladning er blevet foreslaet i litteraturen for at
forbedre ydeevnen og maksimere levetiden for lithium-ion-batterier ved at
eliminere koncentrationspolarisering og forbedre udnyttelsen af aktivt ma-
teriale. Der er imidlertid fa undersogelser om denne opladningsteknik, og
nogle af dem har modsatte meninger. Desuden er effekten af den pulserede
strom uklar pd grund af den eendrede stremprofil og betingelser. Derfor
er hovedformalet med dette arbejde at bevise, at den pulserende ladestrom
under passende forhold kan forbedre ydeevnen og forleenge lithium-ion-
batteriers levetid.

Forskellige pulserende nuvaerende opladningsmetoder og deres virkninger
pa batteriets ydeevne og levetid gennemgas. Desuden er den vigtigste faktor,
der pavirker batteriets ydeevne og levetid, analyse og diskuteret i henhold til
de tidligere undersogelser.

Effekterne af pulserende strom péa batteriets opladningsevne undersoges
eksperimentelt. De betragtede forhold omfatter aktuelle tilstande, frekvens,
driftscyklus, amplitude og temperatur. De vigtigste faktorer, der péavirker
batteriets ydeevne (dvs. opndet kapacitet, maksimal stigende temperatur og
ladetid) analyseres og diskuteres. Resultaterne illustrerer, at den pulserede
strom ikke har nogen signifikant effekt pa forbedringen af batteriernes ydeevne.

Virkningerne af den pulserende stremopladning ved et frekvensomrade
mellem 0,05 Hz og 2 kHz pa batteriets levetid underseges gennem aeldning-
stest. Sammenlignet med den traditionelle opladning med konstant strem
(CC) kan den pulserede strom forleenge levetiden, hvor PPC -opladningen
ved 2 kHz kan forbedre levetiden op til 105,5 %. Desuden bestemmes virkningerne
af pulserende opladning af batteriernes nedbrydningstilstand af en to-trins
nedbrydningsmodel. Resultaterne af Intern Resistance (IR) -udviklingen og
endringerne i inkrementel kapacitetsanalyse (ICA) kurver preesenteres for
omfattende at analysere effekten af den pulserede strem pa batteriets levetid.

Det videnskabelige bidrag fra dette arbejde er opsummeret som folger:
den pulserende stremopladning har ingen signifikant forbedring af ydeev-
nen, men kan forleenge lithium-ion-batteriers levetid betydeligt med mere
end 100 %.
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Chapter 1

Introduction

1.1 Background

The target of the Paris Agreement, settled in 2015, is to limit global warm-
ing by reducing greenhouse gas emissions [1]. In the transportation sector,
Electric Vehicles (EVs) will gradually replace the traditional internal combus-
tion engine to alleviate the environmental issues that result from the green-
house gas emissions [2]. With the strong support worldwide, the annual
sale of EVs has increased by around forty times in the last decade [3]. The
global stock of EVs in 2020 hit the 10 million mark, accounting for 1% of
the stock share. Fig. 1.1 shows the development in EV markets from 2010
to 2020, where China, United States, and Europe are the main regions that
dominate the EV market [4]. In 2018, the clean energy ministry launched the
EV30@30 campaign, which set a collective goal of speeding up deployment
and achieving a 30% share of EV sales among participating countries by 2030
[5]. The campaign supports the EV market, including electric passenger cars,
light commercial trucks, buses, and trucks. It is also committed to deploying
charging infrastructure to provide sufficient power for deployed vehicles. The
annual sales of EVs will reach 44 million vehicles by 2030 under the EV30@30
scenario, as shown in Fig. 1.2 [6].

Generally, there are four types of batteries that are applied in EVs, ie,,
lead-acid battery, Nickel-Cadmium (Ni-Cd) battery, Nickel-Metal Hydride
(Ni-MH) battery, and lithium-ion battery [7, 8]. The cost of the lead-acid bat-
tery is lower than other types of batteries. However, the disadvantages of
lead-acid batteries are the short lifetime and low energy density [7]. More-
over, lead-acid batteries require a cooldown period due to the high amounts
of heat that were generated during the charging process. Thus, lead-acid
batteries cannot use fast charging technology, which will result in high cell
temperature and thereby reducing the battery lifetime [9]. The Ni-Cd batter-
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Fig. 1.1: Global electric passenger car stock, 2010-2020 [4]. (PHEV: plug-in hybrid electric vehi-
cles; BEV: battery electric vehicles)
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Fig. 1.2: Electric vehicle stock in the EV30@30 scenario, 2021-2030 [6]. (PLDV: passenger light
duty vehicle, LCV: light commercial vehicle, BEV: battery electric vehicle, PHEV: plug-in hybrid
electric vehicle.)

ies have some advantages, e.g., long lifetime and low cost, but suffer from
low energy density as well as environmental issues [7]. Ni-MH batteries are
environment-friendly and can be operated in a high voltage with desirable
energy density. However, short cycle life is an issue for this type of batteries
[10]. The lithium-ion battery techniques have been a popular choice for EV
applications due to their high power and energy density, long lifetime, and
low self-discharge rate [11]. Table 1.1 shows some specifications of the four
types of batteries.



1.1. Background

Table 1.1: Specifications of the Batteries in EVs [7, 12].

Battery type Lead-acid Nickel-Cadmium (Ni-Cd) Nickel-Metal Hydride (Ni-MH)  Lithium-ion
Energy density [W/kg] 30-50 45-80 60-120 110-160
Cycle life 300-800 1500 300-500 500-2000
Self-discharge Low Moderate High Very low
Cost Low Average Average High
Nominal voltage [V] 2 1.25 1.25 3.6
Environmental issues ~ Moderate High Low Low

However, the largest challenge that hinders the popularization of EVs
is the high cost of lithium-ion batteries [13]. Several strategies have been
adopted to reduce the cost of lithium-ion batteries, such as the exploration
of lower-cost materials for lithium-ion chemistries, more cost-efficient bat-
tery manufacturing techniques, and mass-produced battery factories [14, 15].
Most of these methods are hard to implement shortly [16], while lifetime ex-
tension of lithium-ion batteries is a feasible solution to reduce the whole cost
of EVs. The following section introduces several methods that can extend the
lifetime of lithium-ion batteries.

1.1.1 Lifetime Extension of Lithium-ion Batteries

The lifetime extension is a huge challenge for the application of lithium-
ion batteries. From the system level, developing advanced Battery Manage-
ment Systems (BMSs) is necessary for EVs to ensure safe operation and ex-
tend the battery pack’s service life. The main functions of the BMSs are mon-
itoring and controlling the states of the cells in the battery pack. The optimal
operating temperatures for lithium-ion batteries are between 15 °C and 35 °C
[17]. Lower temperatures will lead to lithium plating and a loss of lithium
inventory [18-20], while higher temperatures will result in rapid capacity
fade due to the chemical side reactions such as the formation and growth
of solid-electrolyte interface (SEI) [21]. Therefore, thermal management is
an important part of BMSs to guarantee a safe and comfortable operating
environment for batteries. To maintain the normal operating temperature,
the cooling and heating systems are necessary for regulating environmental
temperatures, which will increase the costs of EVs.

Balancing control is another method to extend the battery lifetime. The
battery pack in EVs is assembled by tens or hundreds of battery cells con-
nected in series and parallel. With the increase in the cycling number, the
cells in the battery pack have different state-of-charge (SOC) and state-of-
health (SOH), which can result in overcharging/overdischarging for some of
the cells. Unbalanced states of the battery pack will accelerate the degrada-
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tion and even lead to permanent damage of the battery cells [22]. To achieve
the balance between cells, the simplest method is consuming the unbalancing
energy by shunting resistors, which results in low energy efficiency. Various
active balancing strategies are proposed, such as cell-to-cell, cell-to-pack, and
pack-to-cell, which can transfer the energy from the high-energy cells to the
low-energy cells [23-25]. In [26], an advanced balancing method based on the
SOC and SOH is proposed, which can achieve the balance of the large bat-
tery pack with any number, aging states, and capacity deviation. However,
the balancing control generally requires accurate SOC and SOH estimation.

Both the thermal management and balancing control extend the lifetime
by controlling the operating states of the entire battery pack. At the cell level,
developing an advanced charging strategy is essential to improve the charg-
ing performance and extend the battery lifetime [27]. The constant current
(CC) charging is the most common-used charging strategy, which charges the
battery cells by a specific current until the battery voltage reaches its maxi-
mum voltage. The CC charging is followed by the constant voltage (CV)
phase to obtain a higher discharging capacity. During the CV phase, the
current decreases until it reaches a predefined current value, e.g., 5% of 1 C
current [28]. Therefore, the CC-CV charging strategy is a practical method
to determine the battery capacity [29]. However, the CV phase increases
the charging time by up to 48%, while it only contributes 22% of the dis-
charging capacity [30]. Thus, the fast-charging stations recommend the users
only charging the battery with the CC phase [31]. Various Multi-Stage Con-
stant Current (MSCC) charging profiles have been proposed to optimize the
charging performance and achieve different charging targets. In [32], a two-
stage charging strategy is proposed to achieve 30-minute fast charging and
improve the energy efficiency by 1% when compared with the CC charging
strategy. In [33], a four-stage charging current profile based on Taguchi’s
method has been proposed to reduce the charging time. In [34], the Taguchi-
based method is also applied to search the optimal MSCC pattern, which can
improve the charging efficiency by 0.6-0.9% and lower cell’s temperature by
2 °C when compared with the CC-CV charging. However, the MSCC charg-
ing requires accurate SOC estimation to switch the charging stage. Moreover,
most of the MSCC charging methods are proposed to achieve fast charging
and temperature control. Few of them further investigate the effect of the
proposed MSCC charging on the lifetime of lithium-ion batteries. Therefore,
even though the developing advanced charging strategy is a feasible way to
extend the lifetime of batteries, no charging strategy has been widely proven
to achieve this target so far.



1.2. Objectives and Limitations

1.1.2 Motivation

To extend the lifetime, it is necessary to develop advanced charging strate-
gies for lithium-ion batteries by optimizing the charging current profiles. To
avoid that the lifetime extension at the expense of the charging performance,
such as the charging speed, the effects of the charging current on battery per-
formance should be investigated at the same time. The pulsed current charg-
ing technique was previously proposed for Lead-acid batteries to extend their
lifetime [35-38]. Then, it has been further applied in lithium-ion batteries to
improve the charging performance and extend the lifetime [39-41]. As afore-
mentioned, there are few studies on pulse current charging techniques, and
some of them hold opposite opinions. For example, the authors in [41] claim
that the pulsed current charging can extend the battery lifetime, while some
other researchers reported that the pulsed current will result in a rapid capac-
ity fade of the lithium-ion batteries [42]. Therefore, the effect of the pulsed
current charging on the lifetime of lithium-ion batteries is not clear currently.
Furthermore, the pulsed current is defined in different ways in the literature.
In [41], the pulsed current can be represented as the constant current with
periodic relaxation time. In [43], during the relaxation time, the current is
not zero but a constant current that is lower than the positive current pulse.
In [39], the pulsed current consists of a positive pulse, a negative pulse, and
a relaxation time. In [44], the pulsed current is the positive current pulse
followed by a negative current pulse. Moreover, the frequency of the pulsed
current is a critical parameter, which can result in different effects on battery
charging performance and lifetime [42, 45].

Even though the effect of the pulsed current on lithium-ion batteries has
not been comprehensively presented in the literature, the pulsed current
charging has been regarded as a promising charging strategy to improve the
charging performance and lifetime of lithium-ion batteries [46—48]. There-
fore, how the pulse current impacts the charging performance and lifetime of
lithium-ion batteries needs to be further investigated.

1.2 Objectives and Limitations

1.2.1 Research question

This Ph.D. project aims to widen the knowledge of advanced charging
strategies for lithium-ion batteries. The pulsed charging current has been
previously proposed and studied; however, its effect on the performance and
lifetime of lithium-ion battery cells is still inconclusive.
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Therefore, the overall research question is defined as follows:

¢ Can the pulsed charging current improve the performance and life-
time for lithium-ion batteries?

1.2.2 Objectives

To answer this question, various pulsed current charging strategies need
to be compared, and the effects of the pulsed current on charging perfor-
mance and lifetime of lithium-ion batteries should be investigated. According
to the overall research question, the main objective of this thesis is:

e To prove that the pulsed charging current can improve the perfor-
mance and extend the lifetime of lithium-ion batteries.

In order to reach this main objective, three technical objectives are considered
in this thesis, as follows:

* Obj 1: Review of the pulsed current charging techniques for lithium-
ion batteries.

Various pulsed current charging strategies will be reviewed in this the-
sis. According to the current profile, the fudamental current modes will
be summarized and their definitions will be provided in detail. More-
over, the impacts of different pulse current modes on charging perfor-
mance and lifetime will be reviewed. The main factor that impacts the
performance and lifetime of lithium-ion batteries should be discussed
according to previous studies.

* Obj 2: Analyze the effects of the pulsed charging current on the per-
formance of lithium-ion batteries.

The effects of the pulse current on the charging performance of lithium-
ion batteries will be studied through experimental testing. Various test
conditions of the pulsed current will be considered, such as the current
modes, frequency, duty cycle, amplitude, and ambient temperature. Ac-
cording to the experimental results, the main factors that impact the
battery capacity, maximum rising temperature, and charging time will
be analyzed and discussed. The main factors that impact the charging
performance of lithium-ion batteries will be obtained.

* Obj 3: Analyze the effects of pulsed current charging on lifetime of
lithium-ion batteries.

The frequency of the pulsed current is one of the critical parameters that
influence the lifetime of lithium-ion batteries. The effects of the pulsed
current charging on the lifetime of lithium-ion batteries will be investi-
gated by aging tests considering a wide frequency range, i.e., between

8
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0.05 Hz and 2 kHz. The optimal frequency for the lifetime extension of
lithium-ion batteries will be obtained. By developing the degradation
model, the impacts of pulsed current on battery degradation modes
will be analyzed. Moreover, the evolutions in the internal resistance
(IR) and incremental capacity analysis (ICA) curve will be presented
to explore the effects of the pulsed current on the degradation of the
batteries.

1.2.3 Limitations
There are several limitations in this Ph.D. project as follows:

¢ All experiments are performed using NMC-based battery cells with a
nominal capacity of 2.2 Ah. The effects of pulsed charging current on
lithium-ion battery cells with other chemical systems, e.g., LFP-based
battery cells, which may show different results, are not investigated and
discussed.

* Only the effects of the PPC on the lifetime of lithium-ion battery cells
are investigated. Other pulsed current modes, e.g., the NPC and the
APC, may result in different effects on the lifetime, which are not stud-
ied in this Ph.D. project.

¢ The different duty cycles of the pulsed current and different ambi-
ent temperatures that may result in different effects on the lifetime of
lithium-ion battery cells are not investigated in this Ph.D. project.

1.3 Battery Cell Used in This Project

The type of battery used in this work is the lithium nickel cobalt oxide
(NMC) cathode battery, which is the same battery technology for many of
nowadays EVs, such as BMWi3 EVs [49]. The specifications of the tested
battery cells are summarized in Table 1.2. Fig. 1.3 shows an NMC battery
cell during the test in a climate chamber, which ensures a stable and reliable
ambient temperature during all the measurements. The voltage, current, and
temperature of battery cells are measured during all testing processes.

1.4 Thesis Outline

The outcomes of the Ph.D. project are summarized in this Ph.D. thesis,
which includes a report and selected publications. The structure of the thesis
is presented in Fig. 1.4. There are five chapters in the report, and the relevant
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Table 1.2: Specifications of the tested battery cells.

Main parameter Value

Model HTCNR18650
Format Cylindrical cell
Chemical system NMC
Nominal capacity, Cap, 2,200 mAh
Nominal voltage, V;, 3.6V
Maximum voltage, Viuax 42V
Minimum voltage, Vi, 25V

Maximum (dis)charging current, I;;sx 3 C (6.6 A)

Temperature
sensing probe

NMC cell

Power cables

Fig. 1.3: A battery cell is under test in a climatic chamber.

papers are mentioned in the corresponding chapters. The objectives Obj 1 -
Obj 3 are discussed in Chapters 2-4, respectively.

Chapter 1 is the introduction of the thesis and presents the background,
motivation, objectives, and limitations of this project.

Chapter 2 reviews the pulsed current charging techniques for lithium-
ion batteries, including five pulsed current charging strategies, four negative
pulsed current charging strategies, and a sinusoidal-Ripple current charging
strategy. Several basic pulsed current modes are summarized and their defi-
nitions are described in detail. Furthermore, the effects of various pulsed cur-
rent charging strategies on performance and lifetime are reviewed. Further-
more, the main factors that impact the performance and lifetime of lithium-
ion batteries are summarized.

Chapter 3 is dedicated to investigating the effects of the pulsed current
on the charging performance of the lithium-ion batteries. The investigated

10



1.4. Thesis Outline

The Effects of Pulsed Charging Current on the
Performance and Lifetime of Lithium-lon Batteries

Report Publications
Chapter 1
Introduction
Obj 1 Chapter 2 Outcomes __|
Overview of Pulsed Current Charging Techniques J1
Obj 2 Chapter 3 < Outcomes
Performance Analysis with Pulsed Charging Current J2, C1
Obj 3 Chapter 4 ) Outcomes
Lifetime Analysis with Pulsed Charging Current J3, C2
Chapter 5

Conclusions and Future Work

Fig. 1.4: Thesis structure and related publications.

charging performance includes the battery capacity, maximum rising tem-
perature, and charging time. The battery cells were charged by various test
conditions regarding the current modes, frequencies, duty cycles, amplitude,
and ambient temperature. The factors that impact the charging performance
are analyzed and discussed based on experimental results.

Chapter 4 studies the aging effect of the pulsed current charging within
a wide frequency range, i.e., from 0.05 Hz to 2 kHz, for lithium-ion battery
cells. The experimental results illustrate that the pulsed current charging can
improve the battery lifetime. Moreover, frequency is an important factor that
influences the battery lifetime. A two-stage degradation model is developed
to determine the effects of the pulsed current charging on degradation modes
at different aging stages. Moreover, the impacts of pulsed current charging
on degradation modes of batteries are explored by analyzing the capacity
fade, IR evolution, and ICA curves.

Chapter 5 gives the conclusions and main contributions of this project.
Finally, the future research perspectives are presented.

11
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1.5 List of Publications

The research dissemination during the Ph.D. project is shown below in
the form of journal papers and conference publications. Parts of them are
used in the Ph.D. thesis, i.e., J1, J2, J3, C1, and C2.

Journal Papers

J1. X. Huang, Y. Li, A. B. Acharya, X. Sui, J. Meng, R. Teodorescu, and D. I. Stroe,
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Chapter 2

Overview of Pulsed Current
Charging Techniques

This chapter reviews various pulsed charging currents and their effects on the
performance and lifetime of lithium-ion batteries. Moreover, the main factor that
impacts the performance and lifetime are analyzed and discussed according to the
existing studies. The related outcome is listed as follows:

J1. X. Huang, Y. Li, A. B. Acharya, X. Sui, J]. Meng, R. Teodorescu, and D. I. Stroe,
"A Review of Pulsed Current Technique for Lithium-ion Batteries" Energies, vol.
13, no. 10, p. 2458, May. 2020.

2.1 Introduction

According to the controlled input, the pulse charging technique can be catego-
rized into voltage pulse charging and current pulse charging. For the voltage pulse
charging, the required averaging current can be achieved by controlling the duty cy-
cle and frequency of the switching device [50, 51]. Meanwhile, adaptive voltage pulse
charging has been developed to reduce the charging time through searching the opti-
mal frequency and duty cycle [52, 53]. To further improve the charging performance
and lifetime of lithium-ion batteries, the pulsed current charging technology becomes
a promising alternative [41, 54]. Moreover, the current pulse includes positive current
pulse and negative current pulse [39, 41], which can be extended to derive various
pulsed current modes [43, 44]. However, in literature, all the pulsed current modes
are named pulsed current charging while showing different profiles. The effect of the
pulsed current is inconclusive due to inconsistent evaluation criteria, e.g., definitions,
evaluation methods, research targets, etc. [55, 56]. It is necessary to review all re-
lated studies on pulsed current charging techniques in order to provide guidance to
develop advanced charging strategies and determine future research gaps [57].

This chapter reviews the pulsed current charging techniques. Various pulsed cur-
rent charging modes are summarized and defined in Section 2.2. In Section 2.3, the
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effects of the pulsed current on the performance and lifetime of lithium-ion batteries
are summarized according to the previous work. Then, the main factor that influ-
ences the performance and lifetime of lithium-ion batteries is analyzed and discussed
in Section 2.4. The summary is given in Section 2.5.

2.2 Pulsed Current Charging Mode

There are two kinds of the current pulse, i.e., positive pulse and negative pulse.
Typical positive pulse modes are Positive Pulsed Current (PPC) mode and Pulsed
Current-Constant Current (PCCC). For the negative pulse, the Negative Pulsed Cur-
rent (NPC) mode and Alternating Pulse Current (APC) mode are basic current modes.
According to the four fundamental current modes, some extended modes are pro-
posed, e.g., Pulse Modulation (PM) mode, Constant Current-Pulsed Current (CC-PC)
mode, Positive Pulsed Current-Constant Voltage (PPC-CV) mode, Negative Pulsed
Current-Constant Voltage (NPC-CV) mode, and Multi-stage Negative Pulsed Current-
Constant Voltage (MNPC-CV) mode. Moreover, Sinusoidal-Ripple Current (SRC)
mode is also presented as it is often mentioned and investigated with the pulsed
current together in literature. In the following, the definitions of those current modes
are provided in detail.

2.2.1 Positive Pulsed Current
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Fig. 2.1: (a) PPC mode, (b) PCCC mode, (c) PWM mode, (d) PAM mode, (¢) CC-PC mode, and
(f) PPC-CV mode.
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2.2. Pulsed Current Charging Mode

1) PPC mode

The PPC mode is the constant current with the relaxation time, as shown in Fig.
2.1(a) [41]. The amplitude of the positive current pulse A, is constant. The current is
zero during the relaxation time. The frequency of the current pulse f is determined

as follows: .
== 2.1
f=7 1)
where T is the pulse period. The duration of the current pulse is t,, and the relaxation

time is t,. The duty cycle of current pulse, i.e., Dy, can be determined as follows:

T=t,+t 2.2)
t
D, = TP (2.3)

2) PCCC mode

The PCCC mode is a positive pulsed current followed by a constant current, as
shown in Fig. 2.1(b) [43, 58, 59]. The amplitude of the constant current A; is lower
than that of the positive pulsed current A;. The PCCC mode can be implemented by
two current sources [60].

3) PM mode

To optimize the pulsed current mode, the PM mode was proposed and can be
operated in two modes, i.e., Pulse Width Modulation (PWM) mode and Pulse Am-
plitude Modulation (PAM) mode [46, 61, 62]. In the PWM mode, the pulsed current
amplitude A, is constant, while the duration of pulse current ¢; is variable, as shown
in Fig. 2.1(c). On the contrary, in the PAM mode, the duration of the pulsed current ¢,
is constant, while the pulsed current amplitude A; is variable, as shown in Fig. 2.1(d).
The period T for both PWM and PAM modes is constant.

4) CC-PC mode

In the CC-PC mode, the battery cell is charged by a constant current Ap until the
cell voltage reaches its maximum voltage Vi;;x; then the battery cell is charged by the
pulsed current, as shown in Fig. 2.1(e). The amplitude of the pulsed current is Ap and
the average current of the pulsed current follows the CV profile, which is the same as
the CV phase of the CC-CV mode [43, 63].

5) PPC-CV mode

The PPC-CV mode combines the PPC and CV modes, as shown in Fig. 2.1(f)
[30, 64]. The period T, duty cycle Dy, and amplitude A, of the current pulse in
the PPC phase are constant. When the cell voltage reaches the maximum charging
voltage, the charging process switches to the CV mode.
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Fig. 2.2: (a) NPC mode, (b) APC mode, (c) NPC-CV mode, and (d) MNPC-CV mode.

2.2.2 Negative Pulsed Current

1) NPC mode

A period of the NPC mode consists of a positive current pulse, a negative current
pulse, and a relaxation time, as shown in Fig. 2.2(a) [39, 65]. The period of NPC mode
is T. The duration of the positive current pulse, negative current pulse, and relaxation
are expressed as tp, t, and t,, respectively. The amplitude of the positive current
pulse A, and the negative current pulse A, are constant values.

2) APC mode

The APC mode consists of the positive current pulse and the negative current
pulse in a period, as shown in Fig. 2.2(b) [44, 46]. The amplitudes of the positive
current pulse A, and the negative current pulse A, are constant.

3) NPC-CV mode

The NPC-CV mode combines the NPC and CV modes, as shown in Fig. 2.2(c)
[40]. The battery cell is first charged by the NPC mode until the cell voltage reaches
the maximum charging voltage. Then the battery cell is charged by the CV mode. The
symbols of each variable of the NPC-CV mode are the same as in the NPC mode.

4) MNPC-CV mode

The MNPC-CV mode combines the MCC-CV and NPC-CV modes, as shown in
Fig. 2.2(d) [45]. The amplitude of the positive current pulse A,; and the negative
current pulse A, ; is gradually decreased in the MNPC phase.
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2.3. Effects of Pulsed Current on Battery Performance and Lifetime

2.2.3 Sinusoidal-Ripple Current

The schematic of the Sinusoidal-Ripple Current (SRC) mode is presented in Fig.
2.3 [54]. The period of the current ripple is T. The amplitude and the offset of the
current ripple are represented by As, and A,, respectively. The amplitude of the SRC
is the sum of Ag and A,.

Fig. 2.3: Sinusoidal-Ripple Current (SRC) mode.

2.3 Effects of Pulsed Current on Battery Performance
and Lifetime

The effects of positive pulsed current and negative pulsed current on the perfor-
mance and lifetime of lithium-ion batteries are reviewed in this section. The relevant
references and main results are summarized in tables.

2.3.1 Positive Pulsed Current

According to previous work, the frequency that returns the minimum impedance
is regarded as the optimal frequency fz,,;,- The minimum impedance can be obtained
by Electrochemical Impedance Spectroscopy (EIS) test. In [41], the PPC charging was
considered under various conditions such as the frequency, duty cycle, and ambient
temperature. According to the experimental results, the PPC charging under optimal
conditions, i.e., fz,i, (around 12 kHz), 50% duty cycle, and 23 °C ambient tempera-
ture, can increase the battery lifetime by 100 cycles when compared with the CC-CV
charging. Moreover, the charging speed can be improved by 49% when compared
with the CC-CV charging [66]. In [54], different frequencies were considered for the
PPC charging. Compared with the CC-CV charging, the PPC charging at f7,;, (i.e.,
around 1 kHz) can improve the discharging capacity by 2.1% and reduce the charg-
ing time by 16.8%, respectively. The obtained maximum rising temperature by the
PPC charging at f7,,;, is lower than that of CC-CV charging, by 1.6 °C. However, in
[30], the PPC-CV mode at fz,;, (i.e., 2 kHz) has no significant effect on the charging
speed and the capacity when compared with the CC-CV charging. Moreover, the PPC
charging results in a higher maximum rising temperature when compared with the
CC-CV charging [30]. In [67], the PPC charging has no effect on the charging speed
but leads to a higher cell temperature when compared with the CC charging. In [42],
the PPC-CV mode at 1 kHz has no significant impact on battery lifetime, while it
can improve the charging speed by 17%. However, the PPC-CV at 50 Hz and 100
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Hz results in faster degradation of the battery cell when compared with the CC-CV
charging [42]. Therefore, it is inconclusive that the PPC mode at f7,,;,, or other range
of frequencies can improve the battery performance and lifetime.

In [64], the PPC-CV charging at 0.02 Hz has higher capacity retention when com-
pared with the CC-CV charging. It needs to be noticed that the conclusion in [64] is
obtained based on a pseudo-two-dimensional model instead of the practical tests. In
[68], increasing the amplitude of the PPC charging from 0.5 C to 1 C can reduce the
charging time by 82.8%; at the same time, it results in a decrease in charging capacity
by 32.9% and an increase in cell temperature by 15.3 °C. When the duration of the
positive pulse ¢, increased from 1.2 s to 2 s, the charging time is shorted by 14.1%.
Moreover, the rising temperature is not impacted by the relaxation time t,. However, a
long relaxation time enables the battery to discharge more capacity, by up to 20% [69].

In [43], the CC-PC charging and 25-Hz PCCC charging have an identical capacity
fade rate like the CC-CV charging. The PCCC charging at 1 Hz shows a faster capacity
fade when compared with the CC-CV charging [43]. The obtained capacity of the
CC-PC and PCCC charging is 80%-95% of that by the CC-CV charging. The CC-PC
charging results in a longer charging time due to the relaxation time during the PC
phase. The PCCC does not impact the charging speed due to the same average current
as that of the CC phase of the CC-CV charging.

The effects of positive pulsed current charging on the charging speed and charg-
ing/discharging capacity for lithium-ion batteries are summarized in Table 2.1. Table
2.2 is the maximum rising temperature that resulted from various frequencies. The
effects of positive pulsed current charging on the lifetime of lithium-ion batteries are
listed in Table 2.3.

Table 2.1: The effets of the positive pulsed current on the charging speed and charg-
ing/discharging capacity of lithium-ion batteries.

Ref.  Charging current D, f Compared to  Charging Speed  (Dis)charging Capacity
[66] PPC 50% fzmin (12 kHz) cc-cv +49%
PPC o CcC Similar +1.14%
[30] 50% Fomin (2 KHzZ)
PPC-CV cc-cv Similar +0.17%
1Hz +16.2% +1.3%
[54] PPC 50% 100 Hz cc-cv +16.5% +1.3%
fzmin (around 1 kHz) +16.8% +0.6%
10 kHz +15.7% +2.0%
PCCC 50% 1Hz Similar Lower
3] PCCC 50% 25 Hz ceev Similar Lower
CC-PC Lower Lower
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2.3. Effects of Pulsed Current on Battery Performance and Lifetime

Table 2.2: The effects of the positive pulsed current on the maximum rising temperature AT;x
of lithium-ion batteries.

Ref.  Charging current A, D, f ATpax
1Hz 3.3°C
[54] PPC 1C 50% 100 Hz 32°C

fzmin (around 1 kHz) 2.8 °C

10 kHz 35°C
1Hz 1.0 °C
10 Hz 1.0°C

[70] PPC 05C  50%
100 Hz 0.8 °C
1kHz 0.7 °C
10 kHz 0.7 °C
100 kHz 05 °C
29% 0.59 Hz 7.7 °C
75% 0.50 Hz 8.0 °C

1C

[68] PPC 80% 0.40 Hz 84°C
83% 0.56 Hz 8.7 °C
68% 0.45 Hz 8.0 °C
60% 0.40 Hz 7.7 °C
2C  75% 0.50 Hz 17.3 °C
05C  75% 0.50 Hz 20°C

Table 2.3: The effects of the positive pulsed current on lifetime of lithium-ion batteries

Ref.  Charging current D, f Compared to  Impact on Lifetime
[41] PPC 50%  fzmin (12 kHz) CC-cv + 100 life cycles
1k Hz -0.5%
[42] PPC-CV 50% cccv
100 Hz -12%
50 Hz -7.6%
[64] PPC-CV 50% 0.02 Hz cccv +0.26%
PCCC 50% 1Hz Lower
[43] CC-Cv L
PCCC 50% 25 Hz Similar
CC-PC - - Similar
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2.3.2 Negative Pulsed Current

In NPC charging mode, the negative pulse and the relaxation time can improve
the active material utilization rate and enable the battery cell to obtain a higher dis-
charging capacity [39]. This means that the CV phase, which is used for obtaining a
higher discharging capacity, can be removed, thereby reducing the charging time [39].
Moreover, the NPC charging can extend the lifetime by 128.6% when compared with
the CC-CV charging [39]. The negative pulse can slow down the growth of the ohmic
resistance and the charge transfer resistance during the aging process [39].

The NPC-CV charging with low amplitude and low frequency of the pulses can
slow down the capacity fade of the battery cell [40, 45]. The cell temperature was
not affected by the NPC charging due to the low frequency (f < 0.1Hz) and short
duration of the negative pulse used in [40]. Various negative pulse amplitudes A,
and negative pulse time f, were considered for NPC charging in [68]. Increasing
the duration of the negative pulse can improve the battery capacity by around 3.3%
when compared to the NPC charging with a short time of the negative pulse, while
the charging time is prolonged by 36.9% due to the discharging current during the
charging process. The rising temperature is not affected significantly by changing the
duration of the negative pulse. Increasing the amplitude of the negative pulse will
prolong the charging time and increase the rising temperature of the battery cell but
has no significant effects on the charging capacity.

In [44], the charging performance is not affected by the APC charging, considering
various frequencies, amplitudes, and duty cycles. In [70], it is observed that the APC
charging at 10 kHz can reduce the capacity fade and decrease the rising temperature
of the battery cell by around 6.5% and 25% when compared with that of 10 Hz. Even
though these results indicate that the high frequency of the APC charging is better
than that of the low frequency, no conclusion on how the APC mode affects battery
cells is obtained since the APC mode is not compared to traditional CC/CC-CV mode
in [70].

Table 2.4 presents the effects of negative pulsed current on the rising temperature
of the lithium-ion batteries. The impacts of negative pulsed current on the lifetime of
batteries are summarized in Table 2.5.

Table 2.4: The effects of the negative pulsed current on the maximum temperature rising AT;;qx
of lithium-ion batteries.

Ref.  Charging current  Ap Ay tn ATax
[40] NPC-CV 1C 05C 1C 13s,265,51s  1.0°C
1C 02s 8.3 °C

- NPC 1c 1C 03s 8.5 °C
[68] 1C 05s 9.3°C
2C 02s 12.8 °C

05C 02s 8.1°C
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2.3. Effects of Pulsed Current on Battery Performance and Lifetime

Table 2.5: The effects of the negative pulsed current on the lifetime of lithium-ion batteries.

Ref.  Charging current f Compared to  Impact on Lifetime
[39] NPC X CC-Ccv +128.6%
[40] NPC-CV 0.01 He cc-cv +02%
0.005 Hz +1.1%
[45] NPC-CV 0.046 Hz, 0.023 Hz cc-cv +17.1%
MNPC-CV - +14.4%

2.3.3 Sinusoidal-Ripple Current

In [54], the SRC charging can increase the charging speed and decrease the max-
imum rising temperature by 17% and 45.8%, respectively, when compared with the
CC-CV charging. Moreover, the SRC at f,;;, can extend the battery lifetime by 16.1%
when compared with the CC-CV charging. However, in [30] and [67], the SRC charg-
ing and CC charging show similar effects on battery charging speed and discharging
capacity, while the rising temperature resulted from the SRC charging is higher than
that of CC charging. Furthermore, the SRC charging has no significant impact on the
capacity fade in the frequency range between 1 Hz and 1 kHz when compared with
the CC charging [71].

Tables 2.6 - 2.8 summurize the effects of the SRC charging on battery performance
and lifetime.

Table 2.6: The effects of the sinusoidal-ripple current on the charging speed and charg-
ing/discharging capacity of lithium-ion batteries.

Ref.  Charging current f Compared to  Charging Speed  (Dis)charging Capacity

1Hz +16.5% +1.3%

[54] SRC 100 Hz cc-cv +16.7% +1.3%
fzmin (1 kHz) +16.8% +2.7%

10 kHz +16.0% +1.3%

. o

[30] SRC Frmin (2 KHz) CcC Similar +0.57%
SRC-CV cccv Similar -0.3%

[67] SRC 228 Hz, 158 Hz CC Similar Similar
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Table 2.7: The effects of the sinusoidal-ripple current on the maximum temperature rising ATx
of lithium-ion batteries.

Ref.  Charging current f ATyax  Compared to CC/CC-CV
1Hz 3.3°C -1.2°C
[54] SRC 100 Hz 3.2°C -1.3 °C
Frmin (1kHz)  28°C 2°C
10 kHz 3.5°C -0.9 °C
[30] SRC-CV fzmin (2 kHz) 5.9 °C +0.9 °C
[67] SRC 228 Hz, 158 Hz 3.6 °C +0.1 °C

Table 2.8: The effects of the sinusoidal-ripple current on lifetime of Lithium-ion batteries.

Ref.  Charging current f Compared to  Lifetime
[54] SRC fzmin (1 kHz) CC-Ccv 16.1%
[71] SRC 1 Hz, 100 Hz, 1 kHz CC Similar

2.4 Impact Factor

The pulsed current charging can be grouped into single-phase and two-phase
charging, as shown in Figs. 2.1 and 2.2. The single-phase charging mode includes the
PPC mode, PCCC mode, PWM mode, PAM mode, NPC mode, and APC mode (see
Figs. 2.1(a)-(d) and Figs. 2.2(a)-(b)). The two-stage charging mode includes CC-PC
mode, PC-CV mode, NPC-CV mode, and MNPC-CV mode (see Figs. 2.1(e)-(f) and
Figs. 2.2(c)-(d)). When the average current is the same at the first phase, the second
phase, usually a CV mode, enables the battery to spend more time obtaining a higher
capacity. To investigate the main factor that impacts the battery performance and
lifetime, the CV phase will not be considered in this section.

For the positive pulsed current, the main parameters are the frequency f, duty
cycle Dy, relaxation time t,, and amplitude A,. For the negative pulsed current, the
main parameters include the frequency f, negative pulse time t,, relaxation time t,,
amplitude of negative pulse Aj,. It is worth mentioning that the frequency of the neg-
ative pulse current usually occurs as the number of the negative pulse in the avaliable
literature [40, 45]. For the sinusoidal-ripple current, the main parameters include the
frequency f and amplitude A,. Therefore, the main parameters can be concluded as
the frequency, duty cycle, and amplitude for various pulsed charging currents. Ac-
cording to the available literature, this section analyzes the main parameters of pulsed
current that impact the performance and lifetime of the lithium-ion batteries.
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2.4.1 Impact Factor on Performance

In [66] and [54], the PPC charging and SRC charging can improve the charging
speed of the lithium-ion batteries by removing the CV phase when compared with
the CC-CV phase. If the CV phase is not considered for both pulsed current and
constant current charging, the charging speed is not impacted by the current profile
[67]. Moreover, the PPC charging and SRC charging can slightly improve the charg-
ing/discharging capacity (i.e., around 1.3%-2.7%) when compared with the constant
current [54, 67].

In [68], the duration of both the positive pulse and negative pulse can impact the
rising temperature (see Tables 2.2 and 2.4). A longer duration of the positive/negative
pulse will result in a higher rising temperature. The increase in the negative pulse
time results in a longer charging time because the battery is discharged periodically
during the entire charging process. In contrast, the increase in the positive pulse time
is equivalent to increase the average charging current, thereby reducing the charging
time. The duration of the pulses can be equivalent to the duty cycle of the pulses
according to Eq. 2.3. Therefore, the duty cycle is one of the factors that impact the
rising temperature and the charging speed of the batteries.

Different frequencies of the pulsed current can result in different rising temper-
atures and charging/discharging capacities. However, the difference in these two
performance within a large frequency range is not significant when other parameters,
such as the amplitude A, and the duty cycle Dy, are the same (see Tables 2.1, 2.2, 2.6,
and 2.7) [54, 67, 70].

According to the discussion above, some conclusions can be obtained:

¢ The charging speed and the rising temperature are influenced by the duty cycle
and the amplitude of the pulsed current. In fact, the duty cycle and the am-
plitude determine the average charging current, which is the main factor that
impacts these two charging performances. A higher average charging current
can reduce the charging time but increase the rising temperature of lithium-ion
batteries.

¢ The charging/discharging capacity of the battery can be slightly improved by
the pulsed current, but the impacts of the related parameters were rarely inves-
tigated in the literature.

* The frequency of the pulsed current has no significant impact on the investi-
gated charging performance.

Furthermore, the existing studies have not compared various current modes and their
impacts on battery performance.

2.4.2 Impact Factor on Lifetime

According to Tables 2.3, 2.5, and 2.8, frequency is an important factor that influ-
ences the battery lifetime, while other parameters of the pulsed current were rarely
mentioned in previous work. Fig. 2.4 summarized the lifetime impacts resulted from
various current modes and various frequencies in existing studies. Reference [39] also
reported a significant lifetime extension by NPC charging when compared with the
CC-CV charging. However, the frequency was not mentioned; thus it is not included
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Fig. 2.4: Lifetime effect of pulsed current charging at different frequencies: (a) [41], (b) [42], (c)
[64], (d) [43], (e) [40], (f) [45], (g) [70], (h) [54], and (i) [71].

in Fig. 2.4. Although different studies using different pulsed current modes, current
parameters, and different evaluation methods, etc., some trends interrelated between
the frequency and impact on battery lifetime can be observed:

e The frequency at the range between 1 Hz to 100 Hz has no effect and even
negative effect on battery lifetime [42, 43, 71],

* The frequency that is lower than 1 Hz or is higher than 100 Hz has a positive
effect on battery lifetime [40, 41, 45, 54, 64].

However, the optimal frequency range for the lifetime of the lithium-ion battery cells
still needs to be investigated because no study has previously researched both high
frequencies and low frequencies.

According to the current profile, there are five fundamental current modes, i.e.,
the PPC mode, PCCC mode, NPC mode, APC mode, and SRC mode, respectively.
Table 2.9 summarizes the existing studies on the different current modes based on the
experimental results. It can be observed that most of the previous works focused on
the frequency and its effects on the charging performance and lifetime, while other
parameters of the pulsed current, such as duty cycle and amplitude, were rarely
mentioned.
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2.5 Summary

This chapter reviewed and defined various pulsed current charging modes. Ac-
cording to the previous studies, the charging speed and the rising temperature are
mainly affected by the duty cycle and the amplitude of the pulsed current, which
can determine the average charging current. A higher average charging current can
reduce the charging time but increase the rising temperature of lithium-ion batteries.
The battery capacity can be slightly improved by the pulsed current, but the impacts
of the related parameters, i.e., duty cycle and amplitude, were rarely mentioned in
the literature. Moreover, the frequency of the pulsed current has no significant im-
pact on the charging performance. However, the frequency of the pulsed current is
one of the important factors that influence the battery lifetime. The pulsed charg-
ing current at low-frequency range (i.e., f < 1Hz) and high-frequency range (i.e.,
f > 100Hz) show a positive effect on performance in lifetime extension of lithium-ion
batteries. In contrast, the pulsed charging current at the middle-frequency range (i.e.,
1Hz < f < 100Hz) has no positive effect on battery lifetime when compared with the
traditional constant charging current. Several fundamental current modes, i.e., PPC
mode, PCCC mode, NPC mode, APC mode, and SRC mode, and the relevant litera-
ture were summarized. The previous works mainly focused on the frequency and its
effects on the performance and lifetime of batteries, while other parameters, such as
duty cycle and amplitude, were few mentioned.
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Chapter 3

Performance Analysis with
Pulsed Charging Current

This chapter focuses on the effects of pulsed charging current on the performance
of lithium-ion batteries. The experimental tests will be performed with the pulsed
charging current under various conditions, including current modes, frequencies,
duty cycles, and amplitude. The related outcomes are listed as follows:

J2. X. Huang, W. Liu, A. B. Acharya, J. Meng, R. Teodorescu, and D. I. Stroe,
"Effect of Pulsed Current on Charging Performance of Lithium-ion Batteries"
IEEE Trans. Ind. Electron., under review, 2021.

Cl. X. Huang, Y. Li, J. Meng, X. Sui, R. Teodorescu, and D. I. Stroe, "The Effect
of Pulsed Current on the Performance of Lithium-ion Batteries" in Proc. IEEE
ECCE, pp. 5633-5640, Oct. 2020.

3.1 Introduction

The effects of various pulsed current modes on the performance of lithium-ion
batteries have been studied to some extent in the available literature, which has been
summarized in Table 2.9 of Chapter 2. However, the results of the related literature are
inconclusive due to the difference in the lithium-ion battery chemistries. Moreover,
there is no uniform standard for the evaluation of the pulse current in the existing
studies. For example, the PPC charging can reduce the charging time by 16.6% when
compared with the CC-CV charging [54], while the PPC charging has no significant
impact on the charging time when compared with the CC charging [30]. Furthermore,
only one or two pulsed current modes were investigated in each previous study, and
considered frequency ranges of them are different. Therefore, it is necessary to com-
pare various pulsed current modes with the uniform evaluation method. Most of the
studies only investigated the frequency impacts, but the impact of the duty cycle and
amplitude are not considered [57, 72]. Therefore, the impacts of the pulsed current
with different parameters on battery performance should be further investigated.
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Chapter 3. Performance Analysis with Pulsed Charging Current

This chapter investigates the effects of various pulsed current modes and pulsed
current parameters on the performance of lithium-ion batteries. Section 3.2 intro-
duces the considered performances, i.e., the maximum rising temperature, obtained
capacity, and charging time/speed. The effects of six current modes on charging
performances are investigated and compared in Section 3.3. In Section 3.4, the PPC
charging with different duty cycles and amplitudes are considered to investigate the
impacts of parameters on battery charging performance. The summary is given in
Section 3.5.

3.2 Charging Performance

1) Maximum Rising Temperature

The maximum rising temperature is related to the safe operation and lifetime
of the batteries. Therefore, the maximum rising temperature during the charging
process is one of the important indicators to evaluate charging methods. The rising
temperature of the battery cell mainly results from the overpotential heat Qp [73],
which is determined by Eq. (3.1):

Qp = 2R 3.1)

where R is the resistance of the battery cell and I, is the RMS value of the current
mode. The maximum rising temperature AT,y of the cell during the charging process
can be obtained as follows:

ATmax = Tiax — Tim't (3'2)

where Tj,;; and Ty, are the initial and maximum temperatures of the battery cell,
respectively.

2) Capacity

The obtained capacity is used to evaluate the charging capability of a charging
method. The obtained battery capacity Cap can be calculated by the Coulomb count-
ing method:

1 t
Cap = 5o /O It (3.3)

where [ is the charging current. The improvement of the battery capacity ACap can
be calculated by Eq. (3.4):

ACap|%] = C‘”’C;ipi“cpcc x 100% (3.4)

where Cap is the capacity obtained by the investigated pulsed charging current and
Capcc is the capacity obtained by the CC.
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3.3. Performance Comparison of Pulsed Current Modes

3) Charging Time and Charging Speed

Charging time is one of the important indicators which is mainly determined by
the current rate of the charging current. The charging speed « is the ratio between the
obtained capacity Cap and the charging time ¢,;:

Cap

0=—" (3.5)
tha

A higher « value indicates a faster charging speed.

3.3 Performance Comparison of Pulsed Current Modes

This section investigates the effect of various current modes at a frequency range
between 1 Hz and 1 kHz on the charging performance of an NMC-based battery
cell. Moreover, the main factors that affect the charging performance are analyzed
according to the experimental results. Finally, a comprehensive comparison of the
considered current modes is performed.

3.3.1 Experimental Method

All experiments in this work were performed using a Kepco bidirectional pro-
grammable power supply, as shown in Fig. A.1 (see Appendix A.1). The tested
battery cells were placed in a climatic chamber set at 25 °C.

The investigated current modes are presented in Fig. 3.1. The PPC mode, PCCC
mode, NPC mode, APC mode, and SRC mode have been introduced in Section 2.2. In
Fig. 3.1(f), the Alternating Sinusoidal-Ripple Current (ASRC) mode is the SRC mode
with an additional dc offset, which enables that the battery is discharged periodically.
The period of the current ripple is T. The amplitude and the offset of the current ripple
are represented by A, and A,, respectively. The CC mode is using for reference to
evaluate these pulsed current modes.

For the CC mode, the RMS value of the current is the same as the current ampli-
tude:

Lims.cc = Icc (3-6)

The RMS value of each mode can be determined, as follows:

Lims.pPC = \/ DpA%; 3.7)
I =/DpA?2 + (1 - D,)A? (3.8)
rms.PCCC piiy p)4y
Lims.NPC = Lyms.APc = V DpA%l + DnA12 (3.9)
1 2 2
Lims.SRC = Irms.AsRC = EAsr + Aj (3.10)

Therefore, different current modes and the corresponding parameters will result in
the difference in Is.
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Fig. 3.1: Considered current modes: (a) PPC mode, (b) PCCC mode, (c) NPC mode, (d) APC
mode, (e) SRC mode, and (f) ASRC mode.

Table 3.1: Main parameters of the current modes for ten cases.

Case  Current mode Main parameters
1 CcC 1C
Ap(Ap) [C1 - Dyp(Dy) [%]  An(A;) [C] - Du(Dy) [%]
2 PPC 2 50 - -
3 PCCC 15 50 0.5 50
4 NPC 60 2 10
5 APC 75 2 25
6 APC 2.5 50 0.5 50
7 APC 3 50 1 50
Asr [C] 4, [C]

SRC 1 1

ASRC 1.5 1
10 ASRC 2 1

Ten cases were considered, as shown in Table 3.1. Case 1 is the CC mode. Cases
2-4 are the PPC mode, PCCC mode, and NPC mode, respectively. Cases 5-7 are the
APC mode with different amplitudes and duty cycles. Case 8 is the SRC mode. Cases
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Fig. 3.2: The waveform of current modes during the tests: (a)-(j) correspond to Case 1-10. The
frequency of Cases 2-10 is 1 Hz.
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9-10 are the ASRC mode with different amplitudes. The investigated frequencies are
1 Hz, 10 Hz, 100 Hz, and 1 kHz. Fig. 3.2 shows the exemplification of each current
mode of the ten cases, where the frequency of Cases 2-10 is 1 Hz. For each test case,
the testing procedure presented in Fig. 3.3 was used.

Step 1:
Relax the battery cell at 25 °C for 1 hour.

!

Step 2:
Fully charge the battery cell using the considered
current modes (i.e., Cases 1-10) until the maximum
voltage of 4.2 V is reached.

¢

Step 3:
Relax the battery cell at 25 °C for 1 hour.

!

Step 4:
Fully discharge the battery cell using a constant
current of 0.5 C until the minimum voltage of 2.5 V
is reached.

End

Fig. 3.3: Test procedures for each case.

3.3.2 Experimental Results

Tables 3.2-3.4 present the obtained results of the discharging capacity, charging
time, and the maximum rising temperature, respectively, in which a darker color
means a higher corresponding value. The CC mode, i.e., Case 1, is regarded as the
reference to evaluate other cases. According to the results shown in Tables 3.2-3.4, the
cell charged by the CC mode has the lowest capacity, the shortest charging time, and
the lowest rising temperature.

In Table 3.2, for the four pulsed current modes at a frequency of 1 Hz, the dis-
charging capacity obtained by NPC mode and APC mode is higher than that of PCCC
mode and PPC mode. Moreover, the discharging capacity of the ASRC mode is higher
than that of the SRC mode. Therefore, the discharging current during the charging
process has a positive effect on the battery discharging capacity. Different conditions
of the current modes can impact the discharging capacity, e.g., Cases 5-7. The charg-
ing time obtained by those current modes is different. However, comparing Table 3.2
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Table 3.2: Discharging capacity of the tested cell under different test conditions.

Current mode Capgis [MAh]
Casel CC 1986
frequency [Hz] 1 10 100 1k

Case2 PPC 2027 2022 2019 2016
Case3 PCCC | 2006 2001 2000 1997
Case4 NPC | 2075 2072 2063 2060
Case5 APC | 2092 2090 2088 2085
Case6 APC | 2088 2087 2084 2077
Case7 APC | 2109 2106 2103 2100
Case8 SRC 2023 2020 2017 2015
Case9 ASRC | 2033 2030 2026 2023
Case 10 ASRC | 2084 2082 2078 2075

Table 3.3: Charging time of the tested cell under different test conditions.

Current mode tena [S]

Casel CC 3261

frequency [Hz] 1 10 100 1k
Case2 PPC 3273 3265 3260 3255
Case3 PCCC | 3290 3282 3280 3275
Case4 NPC | 3380 3375 3360 3356
Case5 APC 3447 3443 3440 3435
Case6 APC 3433 3430 3425 3415
Case7 APC | 3465 3460 3455 3450
Case8 SRC 3280 3275 3270 3268
Case9 ASRC | 3326 3322 3315 3310
Case 10 ASRC | 3425 3421 3415 3410

and Table 3.3, the charging time is proportional to the discharging capacity. In 3.4,
the highest rising temperature is obtained by Case 7 conditions, which has the largest
Iims. In contrast, the lowest rising temperature is obtained by Case 1, which has the
smallest I;;;s. Table 3.5 presents the I,,;s values of the ten cases, sorted from small to
large. It can be observed that the rising temperature increases with the increase in the
value of Is.

Frequency is another factor that impacts the charging performance of the battery
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Table 3.4: Maximum rising temperature of the tested cell under different test conditions.

Current mode AT max [°C]
Case 1 CcC 2.8
frequency [Hz] 1 10 100 1k

Case2 PPC 34 34 34 3.3
Case3 PCCC 3.0 2.8 2.8 2.7
Case4 NPC 4.2 4.2 4.0 3.7
Case5 APC 5.4 5.4 4.9 4.7
Case6 APC 4.4 4.4 4.4 4.2
Case7 APC 6.2 5.8 5.6 5.3
Case8 SRC 31 3.0 3.0 2.9
Case9 ASRC 3.6 35 35 34
Case 10 ASRC 4.3 4.3 4.3 4.0

cell. In Table 3.2, the current mode at a higher frequency obtains a lower discharging
capacity compared to that of a lower frequency. Cases 2-9 at 1 Hz can averagely
improve the discharging capacity by 0.5% when compared with that at 1 kHz, while
the charging time of the former one is averagely longer than the later one by 0.5%. In
3.4, the maximum difference between the 1 Hz and 1 kHz is below 1 °C for each case.
However, it can be observed that a lower frequency results in a higher cell temperature
for each current mode.

In Eq. (3.1), two variables that impact the cell temperature are I,;s of the current
mode and the resistance R of the battery cell. For each case, the value of I, is set to
be constant according to Egs. (3.6)-(3.10). Therefore, the battery resistance varies with
the frequency and results in the different rising temperatures of the battery cell. To
determine the resistance of the battery cell at different frequencies, the EIS test was
performed using the Digatron battery test system to determine the battery impedance,
where the real part of the impedance can be regarded as the resistance of the battery
to analyze the heat generation. The measured battery ac-impedance between 6.5 kHz
and 10 mHz is presented in Fig. 3.4. The real impedance Z,,;(f) of the battery cell
increases as the frequency decreases in the predefined frequency range. Therefore,
a lower frequency will result in a higher maximum rising temperature within the
considered frequency range.

The form factor F is proposed to replace the RMS value I,,;5 to analyze the effect of
vrious pulsed current modes on cell temperature without considering the real current
value [44]. The form factor F is the ratio of the RMS value and the average current
value of the current mode:

F = Loms (3.11)
Im;g

Fig. 3.5 shows the maximum rising temperature changes with the frequency f and
form factor F. The form factor shows the dominant impact on the maximum rising
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temperature of the battery cell when compared with the frequency. This is because
the magnitude of the real part of the battery impedance Z,,,;(f) is much smaller than
that of the RMS value of the charging current Iys.
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Fig. 3.4: The ac-impedance spectrum of the tested cell.
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Fig. 3.5: The maximum rising temperature of the tested cell at different form factors and fre-
quencies.

Table 3.5 summarizes experimental results obtained by ten cases. The frequency
of Cases 2-10 is 1 Hz. The charging speed of PPC mode, i.e., Case 2, is higher than that
of other cases. This is because the average current of Case 2 generated by the power
supply is higher than that of other cases by around 0.01 A. Therefore, the charging
speed is not affected by the current mode for lithium-ion battery cells.

The experimental results of the CC mode with 0.5 C are also presented in Table 3.5.
As expected, the charging speed of the 0.5-C CC mode is slower than that of the 1-C
CC mode by 50.1% due to the low average charging current. However, 0.5-C CC mode
enables the battery cell to obtain a higher capacity by 6.9% and decrease the battery
temperature by 1.6 °C compared to the 1-C CC mode. In APC mode, Case 7 enables
the battery cell to obtain a higher capacity by 6.2%, close to the improvement effect of
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0.5-CC mode but without slowing the charging speed. However, the maximum rising
temperature of 0.5-C CC mode is lower than that of Case 7 by 5 °C.

Table 3.5: Experimental results of various cases when the frequency is 1 Hz.

Group Current mode fing Frms o Capais  Almax  ACap “
[A] [A] [min] [mAh] [°C] [%]  [mAh/min]

CC group CC(0.5CQ) 051, 051, 1161 2124 12 6.9 183

CC (Case 1) I I 544 198 2.8 - 36.5

PCCC (Case3) I, /1251, 548 2006 3.0 1.0 36.6

Positive-pulse group oo (Case 8) I, VI5L, 547 2023 31 19 37.0
PPC (Case 2) I, V21, 545 2027 34 2.1 37.2

ASRC (Case 9) I, V21251, 554 2052 3.6 33 36.7

NPC (Case 4) I V28I, 563 2075 @ 42 45 36.8

Negative pulse group  ygpc (Case 10) I, V3L, 571 2084 43 49 365
APC (Case 6) I, 3251, 572 2088 44 5.1 36.5

APC (Case 5) I, 21, 575 2092 5.4 5.3 36.4

APC (Case 7) I, V51, 578 2109 6.2 6.2 36.5

3.3.3 Discussion

To evaluate the investigated current modes, the results of the charging perfor-
mance are scored by using the normalize function in MATLAB, as shown in Fig. 3.6.
The charging speed is not affected by the current modes when their average current
value are the same. Therefore, the charging speed is directly related to the aver-
age charging current instead of the current profile. The cell temperature during the
charging process and the discharging capacity are affected by the current modes. The
current modes can be divided into the positive-pulse group and the negative-pulse
group. The current modes in the negative-pulse group include discharging current.
The battery cell can obtain a higher capacity by the negative-pulse group when com-
pared with the positive-pulse group. However, the negative-pulse group results in a
higher maximum rising temperature compared with the CC mode. The rising tem-
perature of the positive-pulse group is similar to that of the CC mode. Furthermore,
the frequency does not show considerable effect on the performance of the battery
cells during the charging process.

Even though some differences in the experimental results among various current
modes can be observed, the overall charging performance of lithium-ion batteries has
not been improved considerably. Moreover, the high rising temperature obtained by
NPC and APC mode will be a challenge for EV applications, which consists of tens or
even hundreds of battery cells to form a battery pack. Therefore, the pulsed current
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Fig. 3.6: Performance comparison of the investigated current modes.

charging has no considerable advantages in improving the charging performance of
lithium-ion batteries.

3.4 Effect of PPC Parameters on Battery Performance

In the previous section, various current modes were evaluated using the CC mode
at the same average current level. This section focuses on the impact of the different
parameters of PPC mode on the charging performances of lithium-ion batteries. The
CC mode with the same amplitude as the PPC mode is used as the reference to
evaluate the influence of its parameters on the charging performance of the batteries.

3.4.1 Experimental Method

t

>
>

Fig. 3.7: Schematic of the Positive Pulsed Current (PPC) mode.
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The experiments in this section were performed using the Digatron battery test
system, as shown in Fig. A.2 (see Appendix A.2). The considered pulsed current
mode is the PPC mode, as shown in Fig. 3.7.

The investigated parameters of the PPC are the duty cycle (i.e., 30%, 50%, 70%,
and 90%) and the amplitude (i.e., 0.5 C, 1 C, 2C, 3C). Moreover, different ambient
temperatures are also considered, i.e., 15 °C, 25 °C, 35 °C, 45 °C. The frequency of the
pulsed current is 0.05 Hz in this work. The CC mode with the same amplitude as
the PPC mode, i.e., Icc = A, is regarded as the reference to evaluate the charging
performance of the batteries. The test procedures used in this work are described as
follows:

1. Temper the battery cell at 25 °C for 1 hour.

2. Fully discharge the battery cell using a 0.5 C current until the minimum voltage
of 2.5 V is reached.

3. Relax the battery cell at 25 °C for 1 hour.

4. Fully charge the battery cell using a 0.5-C PPC mode with 30% duty cycle until
the maximum voltage of 4.2 V is reached.

5. Relax the battery cell at 25 °C for 1 hour.

6. Fully discharge the battery cell using a 0.5-C PPC mode with 30% duty cycle
until the minimum voltage of 2.5 V is reached.

7. Repete steps 3-6 for the different amplitudes: 1 C,2 C, and 3 C.
8. Repete steps 3-7 for the different duty cycles: 50%, 70%, and 90%.
9. Repete steps 3-7 using the CC mode.
10. Repete steps 1-9 for the different ambient temperatures: 15 °C, 45 °C, and 35 °C.

3.4.2 Experimental Results

1) Capacity

The changes in the obtained battery capacity ACap is determined by Eq. (3.4). As
several tests conditions were considered in this work, the ACap can be further defined
as follows:

ACaprcp = (% ~1) x 100% (312)

where T and C are the ambient temperature and current rate of the amplitude, re-
spectively; Capr.c p is the obtained capacity using the PPC with different duty cycles;
Capr.c.o0 is the capacity using a CC mode. The considered amplitude and the tem-
perature conditions are the same for the PPC and CC modes.

The capacity changes caused by the pulsed current under different test conditions
are presented in Fig. 3.8. When ACap is above the reference line, the obtained capacity
using the PPC is higher than that of the CC mode. Some conclusions regarding the
effects of the PPC on battery capacity are drawn according to the results:

* The duty cycle can considerably impact the battery capacity. For instancece,
The PPC mode with a duty cycle of 30% can increase the capacity by 3.3% -
30.6% compared to the CC mode at the same current amplitude level.
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3.4. Effect of PPC Parameters on Battery Performance

* With the increase in duty cycles, the effects of the PPC mode on the capacity
decreases. When the duty cycle is higher than 70%, the obtained capacity is
lower than that of CC mode at 15 °C and 35 °C, independent of the current
amplitude.

* With the ambient temperature increase, the capacity obtained by the PPC mode
at the same duty cycle and amplitude conditions increases.

* When the ambient temperature is higher than 25 °C, the higher current ampli-
tude further positively impacts the battery capacity when compared with the

CC mode.
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Fig. 3.8: The effects of the PPC with different amplitudes and duty cycles on the battery capacity:
(a)-(d) correspond to 15 °C, 25 °C, 35 °C, and 45 °C, respectively.
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2) Charging time

The ratio of the charging time t,,;, between the PPC mode and the CC mode is
uded to analyze the effects of the PPC on the charging time, as follows:

trco
tratio = ¢ (3.13)
T.C.100

where C and T are the current rate of the amplitude and the ambient temperature;
tr.c.p is the charging time using the PPC with different duty cycles; tr 199 is the
charging time using a CC. The PPC and CC modes are compared under the same cur-
rent amplitude and ambient temperature conditions. According to the results shown
in Fig. 3.9, the charging time of the PPC is mainly impacted by the duty cycle. The
lower duty cycle means the short duration of the pulse current during each period,
thereby leading to a longer charging time.
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Fig. 3.9: The effect of the PPC with different amplitudes and duty cycles on the charging time of
the battery: (a)-(d) correspond to 15 °C, 25 °C, 35 °C, and 45 °C, respectively.
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3) Maximum rising temperature

The maximum rising temperature has been defined in Eq. 3.2. Considering vari-
ous test conditions, it can be further expressed as follows:

ATmax.T.C.D = Tmax.T.C.D - Tinit.T.C.D (3~14-)

where Tiyit1.c.0r Tmax.T.c.D, and ATy, .c.p are the initial temperature, maximum
temperature, and the maximum rising temperatrue, respectively, under the corre-
sponding test conditions. The results of the maximum rising temperature are pre-
sented in Fig. 3.10. The 100% duty cycle is represented the CC charging. As expected
in Eq. (3.1), a higher current amplitude leads to a higher cell temperature. A lower
duty cycle leads to a lower maximum rising temperature. Moreover, the changes in
cell temperature at a low ambient temperature are larger than that at a higher ambient
temperature.
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Fig. 3.10: The effect of the PPC with different amplitudes and duty cycles on the maximum
rising temperature ATy, of the battery: (a)-(d) correspond to 15 °C, 25 °C, 35 °C, and 45 °C,
respectively.

43



Chapter 3. Performance Analysis with Pulsed Charging Current

4) Pulsed charging capacity modeling
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Fig. 3.11: Measured and fitted capacity of the battery cells with the PPC: (a)-(d) correspond to
15 °C, 25 °C, 35 °C, and 45 °C, respectively.

To parameterize the pulse charging capacity, a capacity model is developed using
a function, which can fit the obtained capacity considering the duty cycles of the PPC
(see the lines in Fig. 3.11). The measured capacities are the marked points in Fig.
3.11. The pulsed charging capacity can be expressed as a function of the duty cycle,
temperature, and current amplitude as follows:

Cﬂp(D, Cr T) = AlXZ(C/ T) ' l:ll):|
(3.15)

= (e ae)-[7)

where A14>(C, T) represents the current rate of the amplitude and ambient temper-
ature fitting coefficient. The accuracy of the fitting was quantified by the R? coef-
ficient. To find a function that can describe the measured capacity, the dependence
of A1x2(C, T) coefficient on the current rate of the amplitude should be explored as
shown in Fig. 3.12. The relationship between A14,(C,T) and the current rate can be
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Fig. 3.12: (a) The relationship between the coefficient A;(C, T) and the current amplitude; (b)
the relationship between the coefficient A,(C, T) and the current amplitude.
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Fig. 3.13: Measured and the fitted capacity based on the proposed capacity model: (a)-(d) corre-

spond to 15 °C, 25 °C, 35 °C, and 45 °C, respectively.

described in (3.16):
[A1(C,T) Ay(C,T)] = [C 1] Baxo(T)
_ [Bu(T)  Bn(T) (3.16)
=(c 10 [gain) ha(r)

where By,»(T) is the temperature-dependent fitting coefficient of A14,(C,T). The
coefficient By»(T) at different temperatures is provided, as follows:

B2xa(T = 15°C) = {282355691
Baxa(T =25°C) = {:885;8;
Bl =35°0) = | e,
R

—0.2297
2.368

—0.1648
2.368 ]
(3.17)
—0.3154
2.368 }

—0.2375
2.368

Then, the charging capacity considering various conditions, i.e., duty cycles, the cur-
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rent rate of the amplitude, and ambient temperature, can be obtained:

Cap(D,C,T) = [C 1] - Byyxa(T) - {lﬂ (3.18)
Fig. 3.13 presents the battery capacity. The marked points are the measured value of
the capacity. The colored surface is the capacity obtained by the proposed model.
The relationship between the temperature-dependent coefficient and the capacity
should be further explored. However, the temperature-dependent coefficient could
not achieve with high accuracy. This might result from the fact that the cell used
in this work has a cycle life of 800 cycles, according to the datasheet. The battery
cell was performed approximately 20 cycles at each ambient temperature condition.
Even though it could be roughly assumed that the battery capacity is not significantly
degraded, at least 80 cycles were performed on the tested battery cell; this could affect
the cell’s capacity.

5) Pulsed charging time modeling
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Fig. 3.14: Measured and fitted charging time based on the proposed model: (a)-(d) correspond
to 15 °C, 25 °C, 35 °C, and 45 °C, respectively.

The charging time can be parameterized as the way of the capacity modeling. Fig.
3.14 shows the charging time under various conditions (see marked points in Fig.
3.14). A function has been explored to fit the charging time obtained by different test
conditions, as the colored surface shown in Fig. 3.14. The charging time of the PPC
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can be expressed, as follows:
1
D-C
tH(D,C,T) =60 - Nix3(T) - !—3 -D (3.19)

2

where Np,3(T) is the temperature-dependent coefficient. The coefficient Ny43(T) at
different ambient temperatures is given, as follows:

Nix3(T =15°C) = [0.6705 0.9678 1.0642]

Nix3(T =25°C) = [0.7207 1.075 1.2067]
(3.20)
Nix3(T =35°C) = [0.5912 0.7039 0.7472]

Npw3(T = 45°C) = [0.653 09317 1.0192]

3.4.3 Discussion

This work mainly investigated the impacts of the parameters of the PPC mode on
battery performance. According to the experimental results, the duty cycle and the
current amplitude can significantly influence the battery performance. The battery
charged by the PPC mode with a lower duty cycle can obtain a higher capacity and
lower maximum rising temperature, while the charging time proportionally increases.
This is because the duty cycle directly determines the average charging current. The
current amplitude shows a similar impact on the charging performance as the duty
cycles because the average charging current is also related to the current amplitude.
However, the PPC mode with various duty cycles and amplitudes has no considerable
improvement on the charging performances compared to the CC mode at the same
average charging current level.

3.5 Summary

To investigate the effect of the pulsed current on the performance of lithium-ion
batteries, various test conditions, i.e., current modes, frequency, duty cycle, current
amplitude, and ambient temperature, were considered in this chapter. The investi-
gated charging performance is battery capacity, charging time, maximum rising tem-
perature. The pulsed current (i.ie., APC mode) can improve the obtained capacity
by up to 6.2% when compared with the CC mode. Moreover, higher capacity of
the battery cell can be obtained by the negative-pulse group (i.e., NPC mode, APC
mode, and ASRC mode) than the positive-pulse group (i.e., PPC mode, PCCC mode,
and SRC mode). However, the current mode in the negative-pulse group results in
a higher maximum rising temperature due to the higher RMS value I,;;s when com-
pared with the CC mode and current modes in the positive-pulse group. The charging
time/charging speed is directly determined by the average charging current instead
of the current mode. The effects of the frequency on overall charging performances
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are not considerable. The duty cycle and amplitude of the pulsed charging current
can affect the charging performance by changing the average charging current. A
high duty cycle and amplitude can reduce the charging time but results in a lower
capacity and a higher rising temperature. Even though there is some difference in
the results, the pulsed current with various profiles, frequencies, duty cycles, and am-
plitudes has no significant improvement in the charging performance compared with
the CC mode.
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Chapter 4

Lifetime Analysis with
Pulsed Charging Current

This chapter investigates the effects of pulsed charging current on battery life-
time, considering a wide frequency range between 0.05 Hz and 2 kHz. The related
outcomes are listed as follows:

J3. X. Huang, W. Liu, J. Meng, Y. Li, S. Jin, R. Teodorescu, and D. I. Stroe, "Life-
time Extension of Lithium-ion Batteries with Low-Frequency Pulsed Current
Charging" IEEE |. Emerg. Sel. Topics Power Electron., under review, 2021.

C2. X. Huang, S. Jin, J. Meng, R. Teodorescu, and D. I. Stroe, "The Effect of Pulsed
Current on the Lifetime of Lithium-ion Batteries" in Proc. IEEE ECCE, accepted,
2021.

4.1 Introduction

The lifetime of Lithium-ion batteries is affected by the capacity and power fade
during cycling. The degradation of lithium-ion batteries is mainly related to the loss
of lithium inventory (LLI) and loss of active material (LAM) [17, 74]. The formation
and growth of solid electrolyte interface (SEI) film are two of the important factors
of the side reactions, which result in the LLI [75]. The decrease in power capability
results from the increase in IR. Incremental capacity analysis (ICA) is one of methods
for diagnosing the degradation of lithium-ion batteries [76]. The ICA curve shows
the way of the capacity increment (dQ/dV) changing with battery voltage (V) [76,
77]. To obtain the ICA curve, it only needs to perform a charging/discharging cycle
with a constant current on the batteries. Thus, the curve-based analysis is a practical
method due to the advantages of non-destructivity and simple implementation [77].
In [78], the degradation of batteries has two stages by analyzing the evolution of ICA
curves. During the first stage, the capacity fade of the battery is mainly caused by
LLIL The LLI results from the parasitic reactions, which can form the SEI layer on the
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electrode surfaces. The degradation caused by LLI continues during the second stage,
following the same way as the first stage. At the same time, the degradation mode
of LAM occurs, which results in the accelerated capacity fade of the battery cell [78].
Generally, the battery cell reaches its end of life (EOL) when it has a 20% capacity loss.
Moreover, after this, the rate of the capacity fade will increase. However, the second
stage of battery degradation occurs before the battery reaches its EOL. This means the
degradation of the battery cell starts the second stage before occurring the accelerated
capacity fade. Therefore, the degradation modes of the lithium-ion batteries can be
analyzed by the degradation stage.

This chapter investigates the effects of PPC charging on the lifetime of lithium-ion
batteries from three aspects, i.e., capacity fade, IR evolution, and the ICA curve. The
experimental procedures are introduced in Section 4.2. Section 4.3 presents the exper-
imental results. The degradation analysis is presented in Section 4.4. The summary is
given in Section 4.5.

4.2 Experimental Method

The entire experiment test includes two parts, i.e., cycle aging test and reference
performance test, as shown in Fig. 4.1. In the cycle aging test, there are six test
cases with different charging conditions, i.e., CC, 0.05-Hz PPC, 0.2-Hz PPC, 1-Hz
PPC, 100-Hz PPC, and 2-kHz PPC. The aging tests of the PPC charging at three low
frequencies, i.e., 0.05 Hz, 0.2 Hz, and 1 Hz, were implemented on the Digatron battery
test system, as shown in Fig. A.2 (see Appendix A.2). The aging tests of the PPC
charging at two high frequencies, i.e., 100 Hz and 2 kHz, were performed using the
Kepco bidirectional programmable power supply, as shown in Fig. A.1 (see Appendix
A.1). All reference performance tests were performed using the Digatron battery test
system.

The duty cycle and the amplitude of the PPC charging are 50% and 2 C, respec-
tively. To maintain the average current, the amplitude of the CC charging is 1 C. For
each cycle of the aging test, the battery was charged by the CC or PPC until the volt-
age reaches the maximum voltage Vj;ax. Then, the battery was discharged by a 2-C
constant current. To accelerate the degradation, all the aging tests were performed at
35 °C. Furthermore, 1000 cycles will be performed on the cells during all the aging
tests. The temperature of the reference performance test is 25 °C for all tested batter-
ies. The reference performance tests were performed before the aging test procedure
started and performed after every 100 cycles. The reference performance tests are
used to obtain the capacity fade, IR evolution, and ICA curves.

The capacity tests are performed for each tested battery cell to determine the
capacity fade during the aging process. The battery cells are fully charged with a 1-C
CC-CV pattern; after a 1-h relaxation, the cells are fully discharged with a 1-C current.
The obtained discharging capacity is considered the capacity of the tested battery cell.
Then, the capacity fade of each cell Qf,4, with respect to the corresponding initial
capacity can be obtained:

Capn
APinit.

Qfade%] = (1 - ) x 100% @4.1)
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Fig. 4.1: Experimental procedures of the aging tests.

where N is the completed cycle number; Capy is the measured capacity after com-
pleting N cycles; Capj,;. is the measured capacity before the cycle aging test.

The IR of the batteries was measured through the DC pulse technique [28, 79].
The test procedures for the IR measurement are the following:

1. Fully charge the battery cell using a 1-C CC-CV pattern until the maximum
voltage of 4.2 V is reached.

Relax the battery cell 15 minutes at 25 °C.

Discharge the battery cell using a 1-C current to 90% SOC.

Relax the battery cell for 15 minutes at 25 °C.

Charge the battery cell using a 1-C current pulse for 18 seconds.
Relax the battery cell for 15 minutes at 25 °C.

Discharge the battery cell using a 1-C current pulse for 18 seconds.
Repete steps 2-7 for other SOCs: 70% 50%, 30%, and 10%.

Fully discharge the battery cell using a 1-C current until the minimum voltage
of 2.5V is reached.

0 *® N e W N

Ohm’s law is used to determine the IR of each battery:

_ AVyg

IR
I1g

42
where AVig is the voltage changes caused by the DC pulse I;g. The average of charg-
ing and discharging IRs was considered as the batteries’ IR at the corresponding SOC.

The ICA method generally requires charging the battery with a very low current;
for example, in [80], the authors use a 0.04 C rate. However, this will cost a very
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long time for the measurement, which is not practical for real applications. The main
behavior of the ICA curve can be observed when the charging/discharging current
of the ICA curve is lower than 0.5 C [77]. Therefore, a 0.2-C CC is used to obtain the
ICA curve. The sampling frequency is 1 Hz for all reference performance tests.

4.3 Experimental Results

4.3.1 Capacity Fade

Fig. 4.2 shows the capacity fade of the tested battery cells. After 500 cycles, the
cell that was cycled by the CC charging reached its EOL, i.e., a 20% capacity fade. In
contrast, the cells cycled by the PPC charging at the frequency range between 0.05 Hz
and 100 Hz reached their EOL after 900 cycles, 900 cycles, 600 cycles, and 800 cycles,
respectively. After 1000 cycles, the capacity fade of the cell caused by the CC charging
is 62.16%, which is the largest one of all cases. It is followed by the battery cell using
the 1-Hz PPC charging, presenting 42% capacity loss. The lowest capacity fade after
1000 cycles is 18.49%, which is from the cell that was cycled by 2-kHz PPC charging.
This means the cell has not reached the EOL yet. Therefore, the PPC charging can
slow down the degradation of lithium-ion battery cells in the considered frequency
range. Moreover, the frequency can influence the effects of the PPC charging on the
lifetime of the battery cells.
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Fig. 4.2: Capacity fade of the tested battery cells during the aging tests.
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4.3.2 Internal Resistance

Fig. 4.3 shows the evolution of the measured IR of the battery cell that was cycled
by 0.05-Hz PPC. As expected, higher IR is obtained at low SOCs (i.e., 10%) than high
SOCs (i.e., 30%-90%) The IR is quasi-independent on SOC between the range of 30%
and 90%, independent of the cycle number. Thus, the IR at 50% SOC is considered to
represent the IR of this SOC range.
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Fig. 4.3: Dependence of the IR on the SOC at different aging states, for the cell aged by 0.05 Hz
PPC; the IR is the average value of the charging and discharging IRs, which were obtained at
25 °C with the 1-C 18-s charging and discharging current.

Figs. 4.4(a) and (b) show the percentage increases in IR at 10% SOC and 50% SOC.
It can be observed that the IR evolution at 10% SOC is slower than that of 50% SOC for
all cells. However, both of them show an increasing trend. The CC charging results in
a much faster IR increase during the aging test than the PPC charging. For the PPC
charging, the increase in the IR shows a parabolic profile with increasing frequency
for both SOC conditions.
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Fig. 4.4: Internal resistance (IR) evolution during the aging process: (a) SOC=10% and (b)
SOC=50%.

4.3.3 Incremental Capacity Analysis

Fig. 4.5 shows the ICA curves at different aging states of the tested battery cells.
In Fig. 4.5(a)-(e), the three curves in each figure presented are obtained when the
battery cells were fresh, reached their EOL, and completed 1000 cycles. Fig. 4.5(f)
shows the ICA curve of the PPC charging at 2 kHz. After 1000 cycles, the cell that
was cycled by 2-kHz PPC has not reached its EOL; thus, there were only two ICA
curves for this case. When battery cells were fresh, three ICA peaks, i.e., peak (D,
peak @), and peak @), can be observed. The density of those peaks decreased with
increasing cycle numbers. When the tested cells reached their EOL, the ICA values
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Fig. 4.5: Incremental Capacity Analysis (ICA) curves at BOL, EOL, and after 1000 cycles for the
tested cells that were cycled with different charging currents: (a) CC, (b)-(g) PPC at 0.05 Hz, 0.2
Hz, 1 Hz, 100 Hz, and 2 kHz, respectively.

of peak (D are around 5 Ah/V. Except for the cases of 0.05-Hz and 2-kHz PPC, the
ICA values of peak (D are significantly lower than 5 Ah/V after 1000 cycles. The
ICA value of the CC-charging case at peak (D is around 2.3 Ah/V after 1000 cycles,
which is lower than half of the ICA value of the 2-kHz PPC charging. The decrease
in peak density is consistent with the degradation of the battery cells. Moreover, the
position of peaks (D) and peak @ move to a higher voltage compared to their initial
positions with increasing cycle numbers. Furthermore, the peak @ of all cases can
not be observed after the entire cycling tests.
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4.4 Degradation Analysis

In this section, a two-stage degradation model is developed to investigate the
effect of the PPC and its frequency on the degradation of batteries. Based on the
degradation model, the lifetime extension obtained by the PPC charging with different
frequencies is obtained. The effects of the PPC charging on degradation modes are

analyzed by combining the experimental results (i.e., capacity fade, IR evolution, and
the ICA) and the degradation model.

4.4.1 Degradation Modeling

In Fig. 4.6, the marked points are the values of the measured capacity fade for
each battery cell. Accelerated capacity fade can be observed at a specific cycle number,
e.g., the 400th cycle of the CC charging and the 500th cycle of 1-Hz PPC charging.
This means that before these cycle numbers, the corresponding battery cell has been
entered aging stage 2, which is earlier than the occasion of the accelerated capacity
fade. Therefore, the battery cell that was cycled by the CC charging entered stage
2 before the 400th cycle, i.e., around the 300th cycle. After 300 cycles, the capacity
fade of the cell using the CC charging is 10%. Therefore, the capacity fade of 10%

is regarded as the boundary of the change in the degradation mode, as shown in
Fig. 4.6.
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Fig. 4.6: Capacity fade of the tested cells that were cycled by the CC and PPC.
To investigate the effects of the PPC charging on the degradation of lithium-ion

batteries at different aging stages, a two-stage degradation model is developed using
a piecewise power function. The function was considered to fit the capacity fade as

58



4.4. Degradation Analysis

follows:

{qudexsl(N)[o/o] = a - N8, when  Qfage < 10% “3)

Qfades2(N)[%] = a2 - (N = Ng1)'2+10, when Qfage > 10%

where Qg1 and Qyage 52 are the capacity fade of the battery cell at stage 1 and stage
2, respectively; a1 and ay are the fitting coefficient of stage 1 and stage 2; Ny is the
cycle number when the degradation of the cell reached to a 10% capacity fade. The
value 10 at the second function is the initial value of stage 2, i.e., the 10% capacity
fade.

The coefficients a; and ap describe the rate of the capacity fade for the tested
battery cells. For the PPC charging, the relationship between the coefficient, i.e., a1 (f)
and a,(f), and the frequency were found and are given by:

a1(f) = —3.554-1073 - (log1of)? + 7.035 - 1072 - log1o f + 0.07533 (4.4

ay(f) = —1.36-1072 - (log1f)? 4 1.628 - 1073 - log1o f + 0.01577 (4.5)

Fig. 4.7 shows the dependence of the coefficient at stage 1 a1 (f) and stage 2 ax(f)
on the frequency of the PPC charging. It can be observed that the coefficients of both
stage 1 and stage 2 at 1 Hz are higher than that of other frequencies. This means
1-Hz PPC charging shows the fastest capacity fade between all cases. Moreover, the
frequencies at the two ends, i.e.,, 0.05 Hz and 2 kHz, show lower fitting coefficients
when compared with the frequencies in the middle range. Thus, both the lower
frequency and the higher frequency can further slow down the degradation of the
batteries when compared to the middle frequency, such as 1 Hz.
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Fig. 4.7: Relationship between the frequency coefficient and frequency: (a) at stage 1 a1(f) and
(b) at stage 2 ay(f).

The values of the fitting coefficients are provided in Table 4.1. The coefficients
a1 and ap of the CC charging are higher than that of PPC charging. Therefore, the
PPC charging can extend the battery lifetime by slow down the degradation process
of both stages.

59



Chapter 4. Lifetime Analysis with Pulsed Charging Current

Table 4.1: Fitting coefficient of the capacity fade for the tested battery cells.

PPC
005Hz 02Hz 1Hz 100 Hz 2000 Hz

Coefficient CcC

ay 0.10201  0.05909  0.06763  0.07951 0.07161  0.06136

az 0.01998  0.01203  0.01251 0.01661  0.01357  0.00629

Therefore, the degradation model of the PPC charging can be further expressed
as the function that is related to the cycle number N and the frequency f, as follows:

{qude.sl(fr N)[%] = az(f) - NO8, when  Qfage < 10% 46)

Qfade.sz(ff N)[%] = az(f) - (N — Ns1)'2+10,  when Qfade > 10%

4.4.2 Lifetime extension

Based on the degradation model, the tested cell that was aged by the CC charging
reached its EOL after 486 cycles; and the cells that were cycled by the PPC charging
at the frequency range between 0.05 Hz and 2 kHz reached their EOL after 881 cycles,
779 cycles, 615 cycles, 725 cycles, 1048 cycles. Therefore, the PPC charging at the
frequency range between 0.05 Hz and 2 kHz can extend the battery lifetime by 72.8%,
52.8%, 20.6%, 42.2%, and 105.5%, respectively. The lifetime extension of the PPC
charging at different frequencies with respect to the standard lifetime achieved with
the CC charging is presented in Fig. 4.8 (see the marked blue points).

The relationship between the percentage of lifetime extension LTE(f) and the
frequency f of the PPC charging can be expressed as a fuction and is give as follows:

LTE(f)[%] = 13.36 - (log1of)? — 19.85 - log1of + 26.22 47)

The fitting result of the lifetime extension is shown in Fig. 4.8. Compared with CC
charging, PPC charging can at least improve the battery lifetime by 18.9%. Taking
6 Hz, the frequency with the lowest lifetime extension, as the reference point, both
increasing or decreasing the frequency of the PPC charging can further extend the
battery lifetime.

4.4.3 Degradation Modes

In Fig. 4.5, the density of ICA peak ) is directly related to the capacity fade of the
battery cells. Before the capacity fade reaches 10%, LLI is the main degradation mode
that resulted in the capacity fade of the batteries. The LLI results from the parasitic
reactions, which can form the SEI layer on the electrode surfaces. Therefore, the PPC
can maintain the battery capacity by inhibiting SEI layer growth in stage 1. Moreover,
this inhibitory effect can be further strengthened when the frequency of PPC charg-
ing is 0.05 Hz or 2 kHz. In Fig. 4.7, the fitting coefficients a4; and a, can be used to
compare the rate of the capacity fade resulted from the different charging currents.
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Fig. 4.8: Lifetime extension of the PPC charging at different frequencies when compared with
the CC charging.

According to the value of a;, both the pulsed charging current and frequency can in-
fluence the battery degradation process during stage 1, where 0.05-Hz PPC shows the
lowest rate of the capacity fade. During stage 2, the degradation modes of LLI and
LAM occurred together to accelerate the capacity loss of the tested battery cells. The
capacity fade caused by LLI follows the same increased way as stage 1, i.e., the exten-
sion of each fitting curve shown in Fig. 4.6. The area between the extension line of the
corresponding fitting curve at stage 1 and the x-axis is the capacity fade resulted from
LLIL The area between the extension line and the corresponding fitting curve of stage
2 is the capacity degradation by LAM. The size of the area illustrates that the pulsed
charging current not only has inhibiting effects on LLI but also can suppress the LAM.
According to the value of coefficient a,, the pulsed charging currents with different
frequencies can inhibit the degradation of the second stage to varying degrees, where
the 2-kHz PPC shows the best inhibiting effect. However, the degradation of stage 1
and stage 2 with the frequency shows a similar trend when compare the profile of the
coefficients a1 and ay, as shown in Fig. 4.7.

The shift in the peak position of the ICA curve is another change with the aging
process of the battery cells. The shift of the peak position is mainly caused by the
increase in the IR of battery cells [71, 77, 78, 81]. The peak shift results in a decrease
in the effective charging process, which means the battery is under discharging (UC)
when the cell voltage reached the maximum voltage. The UC can be solved by setting
a higher charging cut-off voltage [81]. However, the maximum charging voltage is
a constant value in real applications. Moreover, how to reset a reasonable cut-off
voltage is another issue that is needed to be explored. In Fig. 4.5, the broadening of
the peaks can be observed, especially for the peak at low voltage position, i.e., peak
(D. This mainly resulted from the SEI destabilization and disorder of graphite surface
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during the aging process of the battery cells [74, 82]. Furthermore, the evolution of
the IR prevents the phase transitions from occurring at the previous voltage position,
thereby resulting in the disappearance of peak @) [76].

4.5 Summary

This section investigated the effects of the PPC charging on the lifetime of lithium-
ion battery cells which considers the frequency range between 0.05 Hz and 2 kHz. The
effect of PPC charging on the battery lifetime is evaluated through the capacity fade,
IR evolution, and ICA curve. The results indicate that the PPC charging can slow
down the degradation of lithium-ion battery cells, and different frequencies will lead
to the lifetime extension with different degrees. The IR degradation and ICA curve
evolution show consistent with the capacity degradation. By developing a two-stage
degradation model, the inhibiting effects of the PPC charging at different degradation
stages were determined and analyzed. According to the value of the related model
coefficient, the PPC charging can slow down the capacity fade by inhibiting the degra-
dation process, i.e., LLI and LAM. The PPC charging at 2 kHz has the strongest sup-
pression effect on the battery degradation. Based on the experimental results and the
degradation model, the PPC charging at the frequency from 0.05 Hz to 2 kHz can
extend the battery lifetime by 72.8%, 52.8%, 20.6%, 42.2%, and 105.5%, respectively,
when compared with the CC charging. By modeling the lifetime extension compared
to the CC charging, the PPC charging at 6 Hz can improve the battery lifetime by
18.9%, which is the lowest value of the lifetime extension. Taking 6 Hz as the ref-
erence point, both increasing or decreasing the frequency of the PPC charging can
further extend the lifetime of lithium-ion batteries. Finally, the PPC charging at 2
kHz has the best performance in lifetime extension within the considered frequency
range.
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Chapter 5

Conclusions and Future Work

This chapter summarized the research work and contributions of the Ph.D. project
- The Effects of Pulsed Charging Current on Performance and Lifetime for Lithium-Ion Bat-
teries. The main outcomes and contributions are highlighted. The future research
perspectives are provided in the end.

5.1 Conclusions

The main objective of this project was to prove the pulsed charging current can
improve the performance and extend the lifetime of lithium-ion batteries. The project
focused on the effects of the pulsed current charging under various test conditions on
the performance and lifetime of lithium-ion batteries. Three technical objectives were
considered in this thesis, and their results are summarized as follows.

The first technical objective was to review the pulsed current charging techniques.
Chapter 2 reviewed and defined various pulsed current modes. The effects of the
positive current mode and negative pulsed current mode on the performance and
lifetime of lithium-ion batteries were summarized, respectively. Then, the main factors
that impact the charging speed, charging/discharging capacity, rising temperature,
and lifetime, are analyzed and discussed according to the previous work. According
to the current profile, five fundamental pulsed current modes were summarized, i.e.,
PPC mode, PCCC mode, NPC mode, APC mode, and SRC mode. The previous works
mostly focused on the frequency and its effects on the performance and lifetime, while
other parameters of the pulsed current, such as duty cycle and amplitude, were rarely
mentioned.

The second technical objective was to investigate the effects of the pulsed charging
current on the performance of lithium-ion batteries. In Chapter 3, various conditions
of the pulsed charging current were considered, including the pulsed current mode,
frequency, duty cycle, and amplitude. Different ambient temperatures were also con-
sidered in this work. The experimental results indicate that the pulsed current has no
significant improvement in the overall charging performance when compared with
the CC charging at the same average current level. Therefore, it can not be proved

63



Chapter 5. Conclusions and Future Work

that the pulsed charging current can improve the performance of lithium-ion batteries.

In Chapter 4, the last technical objective, i.e., the effects of pulsed charging cur-
rent on the lifetime of lithium-ion batteries, was studied through experiments. By
developing a two-stage degradation model, the pulsed current has inhibiting effects
on the main degradation modes, i.e., LLI and LAM, thereby slowing down the capac-
ity fade of batteries. Based on the experimental results and the degradation model,
the PPC charging at frequencies from 0.05 Hz to 2 kHz can extend the lifetime by
72.8%, 52.8%, 20.6%, 42.2%, and 105.5%, respectively, when compared with the CC
charging. By developing the lifetime extension model, the PPC charging can improve
the battery lifetime by at least 18.9%. Finally, the PPC charging at 2 kHz has the best
performance in lifetime extension within the considered frequency range.

Based on the above summary of this work, the main conclusions can be drawn:

¢ The pulsed current has no obvious advantages in improving the overall charg-
ing performances compared to the CC charging.

* The pulsed current can significantly extend the battery lifetime by more than
100% compared to the CC charging.

Therefore, the pulsed charging current is a promising charging strategy for future EVs
due to its outstanding advantage in the lifetime extension of lithium-ion batteries.

5.2 Main Contributions

The main contributions achieved by this Ph.D. project can be summarized as fol-
lows:

e An overview of the pulsed charging current for lithium-ion batteries

This thesis reviewed various pulsed current charging strategies. The funda-
mental pulsed current modes, i.e., PPC mode, PCCC mode, NPC mode, APC
mode, and SRC mode, were summarized and defined in detail. Moreover, the
effects of those current modes on the battery perfromance and lifetime were
reviewed. Finally, the main factor that impacts the performance and lifetime
was discussed by analyzing relevant literature.

» The overall charging performance of lithium-ion batteries is not sig-
nificantly affected by the pulsed current mode and its frequency
To investigate the effects of the pulsed current on battery performance, various
tests conditions were considered, i.e., current mode, frequency, duty cycle, am-
plitude, and ambient temperature of the current pulse. Even though some dif-
ferences resulting from various current modes and frequencies can be observed,
the pulsed current has no obvious advantages in improving the investigated
charging performances. The duty cycle and amplitude determine the average
charging current, which is directly related to the charging performance. Over-
all, the performance of the lithium-ion batteries is not affected by the pulsed
current mode, frequency, and other related parameters when compared with
the CC mode with the same average current.
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e The lifetime of the lithium-ion batteries can be significantly extended
by more than 100% using the pulsed current considering the suitable
frequency

This thesis is the first work that experimentally investigated the effects of the
pulsed current considering both the high frequencies and low frequencies on
the battery lifetime. The investigated frequency range is between 0.05 Hz and
2 kHz. The results show that the PPC charging at different frequencies can
improve battery lifetime to varying degrees. Moreover, the PPC charging at 2
kHz can extend the battery lifetime up to 105.5% when compared with the CC
charging. Therefore, frequency is one of the critical factors that can influence
the battery lifetime.

5.3 Future Research Perspectives

Although this Ph.D. has investigated some issues on the effects of the pulsed cur-
rent charging on performance and lifetime of lithium-ion batteries, more challenges
remain to be addressed in the future:

* The effects of other parameters of the pulsed current on the lifetime
of lithium-ion batteries.
This project studied the effects of PPC charging with different frequencies on
the lifetime of lithium-ion batteries. However, the duty cycle and amplitude are
the other two important parameters that can impact the PPC charging process
and influence the battery lifetime. Thus, different duty cycles and amplitudes
of the pulsed current should be considered in future investigations. Moreover,
the ambient temperature can affect battery lifetime and should be considered
in the next investigation.

e The effects of the pulsed charging current on the lifetime of LFP-
based batteries.

All experimental tests were performed using NMC-based battery cells. How-
ever, LFP-based batteries are expected to be widely applied in EV applications,
especially in China. Thus, it is necessary to study the effects of the pulsed
charging current on LFP-based batteries’ lifetime.

¢ The impacts of the pulsed charging current on the performance and
lifetime of lithium-ion battery packs.
This work focused on the effects of the pulsed charging current on the single
battery cell. However, lithium-ion batteries generally appear in the form of bat-
tery packs instead of battery cells in applications. Moreover, the pulsed current
charging results in a higher cell temperature compared to the traditional CC
charging. A slightly rising temperature for the battery cell will be a big chal-
lenge for battery packs, which are assembled by hundreds or even thousands
of battery cells. Therefore, it is necessary to evaluate the impacts of the pulsed
current charging on lithium-ion battery packs.
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Appendix A

Experimental Setup

A1 Kepco Power Supply and NI Kit

Fig. A.1(a) presents the experimental setup, which includes a host computer, a
National Instruments (NI) Data Acquisition (DAQ) module, and a Kepco bidirectional
programmable power supply. The type number and the manufacturer of the related
equipment are provided in Table A.1. In Fig. A.1(b), the battery test platform is
developed by LabView to transfer the reference of the required current profiles to
the power supply and log the measurement data of the battery voltage, current, and
temperature. A VT 4002EMC climatic chamber is used to ensure a stable and reliable
ambient temperature.

Bidirectional
Programmable
Power Supply

vy [T T 7
S DAQ I o lloscope §
] Module § e

= T N

L —

Host Computer |

18650 Lithium-ion
Cell (inside)

@) (b)

Fig. A.1: Experimental setup based on a Kepco bidirectional programmable power supply (a)
experimental setup and (b) user interface of the battery test platform.
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Appendix A. Experimental Setup

Table A.1: Devices of the Experimental Setup.

Device Number Manufacturer

Bidirectional programmable power supply =~ BOP 100-10 MG  Kepco

Data acquisition module cDAQ-9172 National Instruments
Analog output module NI 9263 National Instruments
Analog input module NI 9215 National Instruments
Thermocouple input module NI 9211 National Instruments
Climatic chamber VT 4002EMC Vétsch Industrietechnik

A.2 Digatron Battery Test System

The Digatron battery test system is applied to perform the experiment and require
and log the measured data. A Memmert temperature chamber is used to maintain a
stable and reliable ambient temperature during the tests, as shown in Fig. A.2.

Fig. A.2: Experimental setup based on the Digatron battery test system.
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