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Abdract

Lithiumrion cels have become the go-to energy source across dl gpplications; however, dendritic growth remains an issue to tackle. While
there have been various research conducted and possible solutions offered, there is yet to be one that efficiently rules out the problem withot,
however, introducing ancther. This paper seeks to present a fagt charging method and system to which lithiumvion betteries are charged while
maintaining their lifetime. In the proposed method, various lithium cdlls are cherged under multiple profiles. The parameters of charge profiles
thet inflict damage to the cdl’'s dectrodes are obtaned and used as thresholds. Thus, during charging, voltage, current, and temperature are
activdy controlled under these thresholds. In this way, dendrite formation suppressed charging is achieved, and battery life is maintained. The
fag-charging system designed, comprises of a 1.5KW charger, an inbuilt 600W batery pack, and an intdligent BMS with odl belanding technology.
The system was ds0 designed to respond to the aging of the batery to provide adequate threshold values. Among other tests conducted by
KCTL, the cyde test result showed a capacity drop of only 0.68% after 500 cydes, thereby proving the life maintaining capability of the

proposed method and system.

Kemords Fast Charging, Charge Prdfile, Cel Balancing, Dendrite Formetion, Lithiumrion Batteries, Lithium Plating

1. Introduction

The high energy density yet lightweight cheracterigtics of lithium+ion
odls have mede them the go-to source for energy supply in the growing
e-mohility industry. However, unlike conventiond vehides, e-mohility
vehides suffer from limited range and long charging times due to the
naure of thee cdls. Although many industries have adopted fast
charging as a solution to these problems, fast charging exposes these
odls to certain processes that damage the odl’s components, reducing
its lifetime and meking them unsdfe for usg™ 2. Amongst these processes
is lithium plating®, through which continuous charge and discharge &
high Crates, results in dendrite formetion.
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These dendrites can grow, penetrate through the separator and reach
the cathode, thereby shorting the battery causing thermd runaway and,
in the worst-case soenario, an explosion™.

Recent udies have shown that dendrite formetion occurs & different
current levels and that these levels lower as the cdlls age™. Basad on
this information, this thess presents a method and a fagt-charging
system designed to charge high capadity lithium-ion batteries, a a high
Crate while maintaining the batery life In the proposed method,
lithium+ion cdls were charged under various charge profiles, and the
conditions that bring about damege to the odl’s dectrodes are ohtained
and usad as a limit during fast charging.
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Because these limits lower with the age of the battery, the sysem
was designed to respond accordingly. Furthermore, cdl balancing
technology was dso incorporated to diminate the dengers to which
unbaanced cdls bring about in a battery pack. In this way, the batery
is charged usng a dendrite suppressed charge profile, thereby
mantaining its lifetime

2. Sygem Configuration

2.1 Hardware Components

The fagt-charging system designed indludes a L5KW digitd SMPS
a huilt-in 600W battery pack, and an Intdligent BMS to which the
proposed  charging method and odl bdandng technology are
implemented. The sysem components are shown in the diagram beow.
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Fig. 1 Block Diagram of Fast Charging System for Large
Capacity Lithium-ion Batteries

Profile Gengrator: The profile generator consigts of a data storage
device, linear predicting unit, measurement unit, and a correction unit.
It is respongble for generating the threshald profile informetion (valtage,
current, temperature), which will be used for dendrite suppressad charge
profile determination. At the initid point, the threshold profile
informetion is obtained through tests of lithium-ion cdlls under various
charge profile conditions However, as the batery ages they ae
generated based on the predicted vaues.

Data Starage Device: A data storage device is neaded for storing
informetion such as the initid/updated threshold profile informetion as
wel as data of the batery usage hisory over time. Thus a sarid flash
memory device is a part of the sysem. The user can obtain data from
the dorage device through Bluetooth.

Fag Charge Contralle: As this sygem is amed towards dendrite
formetion suppressed charging, the fast charge contraller refers to the
threshald profile information saved in the deta dorage device and bassd
on that credtes a dendrite formation inhibiting cherge profile After the
charge profile has been generated, it produces a contral sgnd to which
is used to control the charging drcuit.

Charging Circuit: The charging drauit is a L5KW PSFB (Phase Shift
Full Bridge) Digitd SVIPS with ZVS (Zero Vat Switching) capebilities
and an adive PFC (Power Fector Correction) unit induded. The
charging drcuit converts the externd AC to DC, and having received
the control sgnd from the cherge contraller, supplies the nesded
charging current or voltage based on the charging mode. The charging
drcuit provides an output of up to 60V, 24A.
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Fig. 2 Digital SMPS Charging Circuit

Intelligent BMS: The BMS (Battery Management Sysem) is made
up of an LTCA368, LTC681L, a DC/DC Converter, current and
temperature sensors, and a Bluetooth device. The LTCA368 provides
over/under voltage & wdl & reverse protection. The LTC6811
monitors and acquires voltage vaues of each cdl, as wel as current
and temperaure data from the sensors and cdl bdanding related
information, and sends it to the MCU (STM32F334R8 microcontroller)
for andysis and control. The Bluetooth module mekes it possible for
the user to gain access to such information from ther phones.

Battery Pack: The battery packs designed and tested in this project
indude a 600W (50.4V/12A) and a 320W (37V/10A) batery pack. The
600W bettery pack was mede using the LG HG2 18650 gylindricd cdls
in a 14S4P configuration. The 320 battery pack was mede using 3.7V
10Ah lifepod pouch type batteries in a 10S1P configuration.
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Fig. 3 Digital SMPS Circuit Board & Fast Charging System Parts

2.2 Software

Method of Charge/Discharge using Charge Profile

Threshold Value Setting Stage: In this stage, the charging condition,
which causes dendrite formation or damege to lithium batteries, is
determined and saved to the data storage device as the threshald profile
informetion. The initid threshdld profile information is determined
through the spedification and testing of the lithiumrion bateries under
vaious charge profile conditions.

As the battery ages, the profile generator continudly collects and
andyzes charge voltage, current, temperaure daa to determine
temperature change (anode, cathode, and body) due to current/voltage
change, change in charge efficiency due to temperature change, and
decressed charge rate due to repdiitive charge/discharge. The new
threshold profile informetion to be updated in the data storage device
is determined basad on the linear predicted vaues of the initid threshald
profile information and the battery's current state. The threshald profile
informetion may contain a least one or dl of the following; voltage,
current, time, and temperature

Charge Profile Sdection Sage: In this stage, the charge contraller
refers to the threshold profile information in the deta Sorage andyzes
it and, based on the battery’'s date, determines a dendrite formation
suppressing charge profile. As the threshold profile informaion are
parameters of a charge profile that brought about damage or reduced
performance to the lithium cdl, it is used by the charge contrdller as
a limt/aiterion (dlowing a margin of errar) to which charging is carried
out without being excecded. After the charge profile hes been
determined, a Sgnd is generaed to be used for contralling the charging
drauit.

Charge Power Supply Stage: In this dage, the digitd 1.5kW SMPS
is respongible for providing the power required for charging the battery.

As dexribed in the charging drcuit section, it takes a 220V AC
input, and after undergaing filtering rectification and power factor
correction, an unregulated high voltage (400V) is produced & the end
of the PFC dage At this paint, the controller that contrdls the switching
of the PSFB converter receives the signd from the charge controller
and controls the converter to step down this high unregulated voltage
down to the nesded and regulated voltage Basad on the battery’s Sate
of charge, it produces the current or valtage required for charging the
battery pack. Also, a feedback circuit is dso present, which compares
the contrdl Sgnd and the output Sage and compensates for any erors.

Batay Charging Sage In the batery charging stage, the cdl
charatteridtics are continuoudy messured and monitored by the BMS
This is to enaure that dl cdls are baanced, charging mode is changed
based on the given conditions, and charging is ended a the given end
conditions or in the case of emergency. And mogt of dl, o that the
charging conditions do not exceed the dendrite formation suppressing
limit s&t by the charge contrdller. The flowchart bdow shows the
process that takes place during charging.
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Fig. 4 Flowchart of the entire Fagt Charging System
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3. Tests and Results

Multiple tests, induding fast charge, temperature, and 500-cyde tedts,
were conducted to confirm the credibility of the proposed charging
method and fast charge system.

Fagt Charge Test and Result: For the fast charging test, the 600W
144P (504V/12A) battery pack was subject to charging with conditions
as described in the table bdow. The god of this tes was to determine
the charge prdfile of the battery pack as well as confirm full charge
within 40~50 minutes

Table 1 Fag Charge Test Charging Conditions

Current | Voltage | Cut-off |Rest Time| Ambient
(A) V) Condition (min) Temp
Charge| 20 o
o | w60 > 58.1V © (25¢5)°C
Charge
42 < 3A
)

This test wes repeated eght times, and the results are as follows The
totd charging time lasted an average of 455 minutes. The condant
current mode took an average of 33.3 minutes and the congtant voltage
mode about 12.2 minutes

Fast Charge Test

Cuurent (&)
o ok
w s 85 &
i
VYohage (V)

Time (Mins)

Current Voltage

Fig. 5 Voltage-Current Curve for Fast Charging Test

Temperature Test and Result: For the temperaiure test, the 600W
14S4P (50.4V/12A) battery pack was again used and was charged under
the same conditions of the fest charge test. Temperature sensors were
placed grategicdly in 4 different parts of the battery odl aray. During
charging, the temperaure data of the four sensors as well as that of the
environment in which the battery was charged (ambient temperaiure)
were collected.

10

As shown in Fg. 6, during CC mode the temperaure gradudly
increased pesking a about 40.2°C and then fdl off during the CV
mode. Given the large battery capadity and high charging current used,
we can condude thet charging was conducted within a safe region Since
the risk of thermd runaway darts a about 60°C and becomes very
criticd a 100°C.

Temperature Curve

Fig. 6 Temperature Curve showing Max Temperature

Cdl Balancing Tes and Result: The 320W 10SIP (37V/10A) batery
pack was used for this test. The BMS was designed to enaure that dl
odls in the bettery are bdanced or & leagt within the given 10mV
range. Thus during charging, the odl baandng function is activated
only when there is a cdl deviation higher than 10mV.

Cell Balancing Mode On

Fig. 7 Diagram showing the balancing of an Imbalanced Cells

As shown in Fg. 7, Cdl 8 (4.084V) is out of the 10mV range with
the other cdls by 11mV; thus, the cdl balanding function is activated.
Over 12 minutes, the imbaanced cdl voltages were disspated until
they ae bdanced or within the 10mV cdl deviation range Cdl
baancing prevents the wesker cdls from overchargeldegp discharge,
thereby preventing exposure to odl degradation processes.
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500 Cycle Test and Result: To test the batery life mantaining the
capehility of the designed system under high charge/discharge rates, the
test battery pack was subject to a 500 cyde charge/discharge cyde ted.
The god of this test was to measure the amount of drop in capacity
of the battery pack after being subject to 500 charge/discharge cydes.
The 500-cyde test was conducted by KCTL on the 320W bettery pack
(10S1P, DC36V/10A) using the MACCOR series 4000 Batery and Cdl
Tes equipment. The dendrite suppressing charging method was
implemented, and the test was carried out as described below.

The test battery was charged a a 1.5C rate under a temperature of
25°. A 30-minute rest time was s&t between cydes and the capacity of
the battery before each cyde was messured and recorded. This test took
atotd of three months After 350 cydes, there was a 271-hour rest
period, and the capadity a that time was 9400mAh. To determine the
life maintenance capability of the bettery pack, the initid capacity and
capadity after 500 cydes were messured and, as shown in Table 2, was
measured to be 99.32%.

Fig. 8 Battery Capacity over 500 charge/discharge Cycles

Table 2 500 charge/discharge Cycles Test Results

Initid Capeacity |9,460mAh
Capacity after 500 Cycles|9,396mAh
Efficiency after 500 Cycles|99.32%

Powea Factor Measurement Test and Result: With the indudon of a
PFC unit in the charger, a power factor measuremant test was dso
conducted. This test was dso carried out & KCTL usng a power meter
(WT210 Yokogawa) and a digitd multimeter (15B+ Huke). A Power
Factor of 0.9877 was achieved. This means that most of the power is
usad to do work, and thus, losses generated due to inductive loads will
have little impact on the sygem.

0|2 HHE{2| D&SHAILE 74

Power Efficiency Measrement Test and Result: KCTL dso
conducted the power effidency tes. Two power meters (WT210
Yokogawad), a digitd multimeter (15B+ Huke), and a damp-on AC/DC
HITESTER (3285 HIOKI) wes used.

Table 3 Powe Efficiency Measurement Test Values

Internal Input DC Voltage|388.29V
Internal Input DC Current|2.95A

Output DC Voltage|53.60V
Output DC Current|20.04A

The vaues, as shown in the table above, were obtained, and the
Power Efficiency of the fast charging system was cdculated to be
95.20%. This is impartant for the longevity and reichility of the charger
and, thus, the battery as wll.

Table 4 Tests & Reaults conducted by KCTL Summary

Test|Result
PFC Efficiency Test|0.9877
Power Efficiency Test|95.20%
Fast Charge Test|45.5 min
500-cycle Test|99.3294/500 cycles
Cell Balancing Test|< 10mV
Temperature|< 45°C

4, Concluson

In this paper, a fag-charging system for high capadity lithiumyion
odls was designed, and the proposad chargeldischarge method using
charge profile and odl baancing technology wes inplemented. The am
was to huild an effident and rdiable system to which fast charging
can be carried out while protecting the bettery pack from the dangers
that conventiond fast-charging methods used to bring about. The
developed fast charging system after being subject to various tess a
KCTL (Korea Compliance Tedting Laboratories) obtained sdtisfactory
results, as summarized in Table 4. Mogt importantly, a capadity loss
of only 0.68% was achieved dter 500 chargeldischarge cydes a a 1.5C
charge rae Thus, we can condude that through dbtaining odl dectrode
damaging factors and using them as a limit for dendrite formation
suppressed fast charging, a fast-charging yet battery life maintaining
solution was redized.
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