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Abstract

Lithium-Ion Batteries (LIBs), which have already proven to be a reliable power source in consumer electronics devices, are
being considered a viable option for powering Electric Vehicles (EVs). Fast charging of EVs is one of the key challenges that
is preventing a wide range of adoption of EVs. In this study, a lithium-ion cell with Lithium Titanium Oxide (LTO)-lithium
Nickel Manganese Cobalt oxide (NMC) chemistry of 30 Ah has been used to study the fast charging capabilities at different
temperatures and C-rates. Various parameters such as temperature rise, nominal and exponential capacity, and internal
resistance have been studied for different C-rates (C/3, 1C, and 2C) and at different temperatures (25 °C, 40 °C, and -10 °C).
The AV values along with the charge and discharge characteristics have been analyzed, and the experimental results are

compared with the simulation results.
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1. Introduction

The global concerns of environmental change and the
fuel crisis have been the major factors in the adoption
of other means of energy production, energy storage,
and electrified transportation. In recent years, a huge
penetration of different types of Electric Vehicles (EVs)
has been observed'. An electric vehicle is easy to operate,
provides zero emissions, and greatly impacts the fuel cost
as compared to conventional vehicles. Electric vehicles
are gaining popularity because they run by considering
only electricity as the main fuel. These EV's are classified
primarily as Hybrid Electric Vehicles (HEVs), Plug-In
Electric Vehicles (PHEVs), and pure Battery Electric
Vehicles (BEVs)2. A vehicle is a combination of different
subsystems which interact with each other to make the
electric vehicle work efficiently and effectively’. An
electric vehicle consists of unique constituents like an
electric motor, a power converter, a Battery Management
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System (BMS), and a battery pack®. The development of
secondary battery systems has played a major role in the
development of EVs. There are different choices of Li-ion
batteries available which have different energy densities,
power density characteristics, voltage ranges, safety and
cost. The EV integrated with a battery pack consists of
lithium-ion cells and a battery management system to
control the battery pack while in use, like when driving,
breaking, charging, communicating, and safety.

The battery pack is the building block for the electric
vehicle, which acts as the main energy storage source
for EV propulsion and other components. The battery
pack in an EV is monitored and controlled by a Battery
Management System (BMS). The main role of the BMS
is to ensure the safety of the vehicle and is responsible
for energy management. Among the various battery
chemistries available, the selection of a safe, high energy
and power density battery with fast charging is important
for any particular application. The Lithium-Ion Battery
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(LIB), which has high energy density, low self-discharge
rate, high voltage, long lifespan, high reliability, and fast
recharging characteristics, is the main contender for
EVs®. These LIBs, which are exposed to severe operating
conditions, have been investigated in a previous
publication in detail for different applications’. The LIB
is comprised of five different components, i.e., cathode,
anode, electrolyte, separator, and current collectors. The
working of these elements begins with choosing the
cathode and anode materials. There are different types of
Li-ion batteries depending on their cathode and anode
chemistry.

Lithium Iron Phosphate (LFP) has a lower cost, high
safety, good thermal stability, a longer lifetime, and a low
self-discharging rate. However, it has lower specific energy
as compared to Lithium Manganese Oxide (LMO), which
is another cathode material with low cost, but it offers
less capacity and increased capacity losses on storage and
cycle life, hence it is less preferable to be used in Evs®’.
Lithium Cobalt Oxide (LCO) is being used traditionally
in portable electronic devices due to its low cost, less
availability in nature, and its toxic nature®. Lithium Nickel
Cobalt Aluminum oxide (NCA) offers somewhat similar
characteristics to NMC and is more suitable for use in
EVs for long-range and high power, but the cost and
safety need more attention for such cathode chemistry.

The focus of the study is to understand the behaviour
of fast-charging chemistry based on Lithium Titanium
Oxide (LTO), which can be used as an anode. It offers
advantages in terms of high power and an extraordinary
life cycle and is much safer as compared to other chemicals.
LTO has a spinal structure and is known as a “zero-strain”
material as there is no volume change during the charging
and discharging of the battery. Li Ti,O , has an eminently
long cycle life and calendar life, a high power capability,
and incomparable safety features™'!. Hence, in this study,
an LTO-based commercial cell has been selected, which is
combined with an NMC-based cathode to maximize the
cell voltage.

NMC-based chemistry has demonstrated a maximum
specific energy of 174 Wh/kg, which is one of the
largest values compared to other chemistries”®. LTO has
engrossing attributes as it has a high discharge plateau of
1.55 V vs Li*" ! Thus, to achieve higher capacity from
LTO-based anode materials, it is required to couple with
the cathode with a higher potential Vs Li/Li* Various
studies have already been carried out on LTO-based
anode materials with different cathode chemistries'>".
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In this work, a commercial cell of LTO-NMC
chemistry has been selected in order to understand
the various performance parameters such as discharge
capacity, charging capacity, fast charging characteristics,
and temperature rise of the cell when electrochemical
performance has been carried out at various temperatures
and different C-rates'. The effects of temperature and
C-rate of Li-ion batteries on DCIR have been analyzed'**.
The study of DCIR is very important to understand the
state of health of the battery at different C-rates and
temperatures for EV’s. The internal resistance also gives
information about power performance, regenerative
braking capabilities, dynamic charge and discharge
efficiencies, or physical degradation of the battery. The
internal resistance varies with different C-rates and
temperatures**.

The experimental data for high-power battery
discharge profiles at various temperatures and C-rates
were compared to the simulated results. The modelling
part of the battery simulation in MATLAB/Simulink
has been carried out, analyzed and compared with the
experimental data*

2. Experimental Set-up
Table 1. Specifications of li-ion cell (LTO-NMC)

Top Diameter(m) 66.2
Middle Diameter(m) 66.6
Bottom Diameter(m) 66.4

Length (m) 161.2
Weight (kg) 1.183
Ah Rating 30 Ah
Nominal voltage 23V

Table 1 shows the specifications of the high-power
commercial LTO-NMC cell used in experiments carried
out. Figure 1 shows the experimental setup of a high-
power Li-ion cell. The experimental setup is incorporated
with the cylindrical LTO-NMC cell, which is connected
with cables to measure the voltage, current, power, and
energy with respect to time. A thermocouple will be
connected to one terminal of the cell which measures the
corresponding temperature of the cell during the charge
and discharge process.

The other side of the cables is connected to the battery
life cycle tester (Bitrode), which performs the charge and
discharge cycling of batteries, in which various parameter
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functions are incorporated, and is connected to a server
which gives its output corresponding to the given input.
The battery life cycle tester, ie., Bitrode, is operated
through VisualCN software. In the VisualCN software,
the programming has been done by giving corresponding
commands and considering rest, charge, and discharge
conditions. The LCN bitrode is connected to the host
computer. The data can be collected based on the sample
time given.

cell Bitrode

Host Computer

=l
I

Figure 1. The experimental setup of a high-power Li-ion
cell (30 ah, 2.3 v).

Figure 2 shows the block diagram used to validate
the experimental results of the high-power Li-ion
cell in MATLAB/Simulink. For the verification of
the experimental tests with the simulation results,
an ideal battery has been chosen and the respective
parameters such as max. voltage, rated capacity, discharge
characteristics, temperature effects, etc. have been fed
to the ideal battery. The results show that the conducted
experimental tests and the simulation results have been
analysed and matched appropriately.

The results were validated at different temperatures,
and all the results were almost matched, which shows that
results can also be validated at different SOC.

Figure 2. Discharge profile characteristics for high-power
lithium-ion cell using matlab Simulink.
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3. Charge/Discharge Performance

Charge/discharge profiles are important to understand the
battery conditions and battery performance to confirm the
rated parameters such as Ah-rating at different C-rates.
The discharge profile of the battery gives the storage of
energy in terms of a specified end voltage, a specified
current, and a specified time. The capacity test majorly
includes charging and discharging a battery at different
C-rates. The charging of Li-ion batteries is done using
constant Current-Constant Voltage (CC-CV). Here the
CC method has been carried out, which is more accurate
for regenerative braking and fast charging of the EV. The
CC method is performed at different temperatures and
C rates. The test is started by giving a rest condition,
followed by charging the battery by applying constant
current until the voltage reaches the upper cut-off
voltage. According to battery specifications, the lower
and upper cut-off voltages are 1.5 and 2.8 V, respectively.
The test is implemented for different C-rates (C/3, 1C,
2C) and at different temperatures (25 °C, 40 °C, and -10
°C). Various parameters at different conditions have been
analysed, such as variation in capacity at different C-rates
and temperatures, cut-off conditions, nominal voltage,
temperature rise, and internal resistance of the cell at
various test conditions.

4. Results and Discussion

Figure 3 (A) represents the charge/discharge profile for
a high-power lithium-ion cell at room temperature (25
°C) at different C-rates, i.e., C/3,1C and 2C. The voltage
during the charging increases from the lower cut-off
voltage(1.5 V) to the nominal voltage and then rises
smoothly to the upper cut-off voltage of the cell (2.8 V).
The charge capacities observed are 36, 35, and 33 Ah at
C/3, 1C, and 2C respectively, which have been calculated
by multiplying the time taken and constant current used
for the charging of the battery. To understand the effect
of charging performance at different temperatures, tests
have been carried out at -10 and 40 °C and the profiles are
demonstrated in Figure 3 (B and C) at different C-rates.
The charging capacity values at 40 °C are 35, 34.5, and 34
Ah at C/3, 1C, and 2C respectively. The charge/discharge
profile shown in Figure 4 (C) at -10 °C demonstrates
charging capacities of 31, 32.1, and 33 Ah at C/3, 1C, and
2C, respectively. From the charge profile, it is observed that
for the higher C-rate, the capacity reduces as compared
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to the lower C-rate due to the various electrochemical
phenomena such as increased internal resistance and
slow diffusion of ions'?.

The discharge profiles are shown in Figure 3 (A),
(B), and (C) at different temperatures, namely ambient,
-10, and 40 ‘C respectively. At room temperature, the
capacities are 34.6 Ah, 33.5 Ah, and 33 Ah at C/3, 1C,
and 2C, respectively at 40 °C, the capacities are 35 Ah,
34.2 Ah, and 34 Ah at C/3, 1C, and 2C, respectively at
-10 °C, the capacities are 27.6 Ah, 25.4 Ah, and 25 Ah
respectively. Higher C-rates and low temperatures lead to
a fading in discharge capacities due to the slowing down
of electrochemical reactions and ionic diffusion.
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Figure 3. Charge/discharge profile for high-power lithium
ion cell (2.3 v 30 ah, nmc-lto ) at rt, 40 °C & -10 °C and
different c rates (C/3, 1C and 2C).
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From the charge and discharge capacities, the
efficiency of the cell can be calculated by using the capacity
achieved, which is called the coulombic efficiency of the
cell, and it is expressed by using the formula®?
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Figure 4. Variation of Columbic efficiency w.r.t different
current i.e., C-rates and also at different temperatures.

The Columbic efficiency is less as the C-rate, i.e., the
current is higher and the internal resistance is also higher
in discharge conditions, hence discharge power will also
be reduced. The efficiency achieved at 25°C is 96.7%, 96%,
and 99.9 % at C/3, 1C, and 2C respectively. At 40 °C, the
efficiency is 99.9%, 99.1%, and 98.5% at C/3, 1C, and 2C,
respectively. The efficiency achieved at -10 °C is 89.2%,
79.4% and 77.5 % at C/3, 1C and 2C respectively. The
efficiency at 40 and 25°C is higher compared to -10°C,
and there is an appropriate reduction in efficiency with
respect to the C-rates. Figure 4 shows the Columbic
efficiency graph.

Figure 5 represents the variation of the effects of
different cell temperatures at different C-rates. The graph
is plotted by considering capacity (Ah) on the X-axis
and cell temperature (°C) on the Y-axis. From the plot,
we can observe the capacity achieved at different cell
temperatures varies with different C-rates. And also, the
temperature is a changing parameter in the li-ion battery.
Figure 5 (A, B, and C) also represent the variation in cell
temperature at different ambient temperatures (25 °C, 40
°C, and -10°C).
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rate increases, the temperature of the cell measured at one
of the metallic terminals increases, which leads to excess
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Table 2. Discharge profile areas and DCIR at different
C-rates and 25 °C temperature

Table 4. Discharge profile areas and DCIR at different
C-rates and at -10 °C temperature

Diff. C rates Capacities at different areas
EC NC | EDC | Total DCIR
(Ah) | (Ah) | (Ah) | (Ah) Q)

C/3 1.6 31.3 1.77 34.7 0.0142
1C 0.8 30.5 1.91 33.2 0.005
2C 0.4 30.8 1.96 33.2 0.002

EC: Exponential Capacity

NC: Nominal Capacity

EDC: End of Discharge Capacity

DCIR: Discharge Internal Resistance

Table 3. Discharge profile areas and DCIR at different
C-rates and at 40 °C temperature

Diff. C rates Capacities at different areas
EC NC EDC | Total DCIR
(Ah) | (Ah) | (Ah) | (Ah) Q)
C/3 1.35 31.2 2.01 34.7 0.0149
1C 1.12 31.15 1.96 342 0.005
2C 1.04 31.10 1.89 34 0.002
EC: Exponential Capacity
NC: Nominal Capacity
EDC: End of Discharge Capacity
DCIR: Discharge Internal Resistance

The entire discharge curve can be divided into three
distinct regions, starting the voltage drops quickly in the
initial stage, where the higher the discharge rate, the more
the drop will be. Next, the voltage drop will be less as the
cell discharges slowly; here the area of the discharge will
be greater.

Finally, the cell starts to drop sharply until it reaches
the cut-oft voltage (1.5 V). The discharging capacity
achievement will be less at lower temperatures, i.e., -10°C
and at higher C-rates. It’s because the dynamic voltage of
the battery drops faster and reaches the cut-off voltage
before the ions move out.
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Diff.C rates Capacities at different areas
EC NC EDC Total DCIR
(Ah) | (Ah) | (Ah) | (Ah) (®)
C/3 0.66 23.93 3.05 27.6 0.0057
1C 1.14 21.3 2.99 254 0.0034
2C 1.24 | 20.52 3.67 25 0.00253

EC: Exponential Capacity
NC: Nominal Capacity
EDC: End of Discharge Capacity

DCIR: Discharge Internal Resistance

The different discharging capacities achieved in each
area at different C-rates can be observed from different
graphs and have been tabulated as shown in Tables 2,
3, and 4 along with discharge internal resistance. The
variation in different discharge curves at different C-rates
can be evaluated from the parameter AV, i.e., defined as
the change in nominal voltage area at different C-rates.
The AV values achieved with respect to different discharge
curves are 0.17, 0.071, and 0.13 at 25°C, 40°C, and -10°C.
And these values are not exactly as they are often adjusted
for the better fit of the curve. From the charge/discharge
profiles, the Discharge Internal Resistance (DCIR) has
also been calculated by using the formula,

AV
DCIR = o 2)

Figure 8 represents the simulated discharge profile
of a high-power Li-ion cell at 25°C, 40 °C, and -10 °C
and at different C-rates. The simulation results show the
3 distinct discharge regions similar to the experimental
discharge curves discussed in Figure 6. Here, a controlled
current source has been used to maintain the constant
specific current with respect to the source. In addition,
simulation results tell us about the area with respect to the
different discharge capacity curves. Exponential values in
different discharge curves go on decreasing at different
temperatures.

Exponential values at 25 °C and -10 °C are exactly
matched, and at 40 °C, there is a slight variation of 0.1 %
between the simulated and experimental results.

The discharge capacity values achieved at different
temperatures were appropriately matched with a variation
of £1-2 % between the simulated and the experimental
results.
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Figure 7. Simulated discharge profiles of high-power Li-
ion cells at different C-rates and different temperatures (25
°C, 40 °C and -10 °C)

5. Conclusion

In this work, performance parameters such as internal
resistance, AV, nominal capacity and exponential
capacity have been analysed for different temperatures,
C-rates and charging/discharging profiles, and the
capacity achieved at 40°C and 25 °C is higher and goes on
reducing at lower temperatures (-10°C). The results show
that internal resistance at different temperatures does not
vary significantly with the ambient temperature and that
the internal resistance affects the voltage, current, and
power supplied to the load. The AV value shows much

Vol 18(2) | December 2022

variation at lower temperatures for different C-rates. The
capacity reduces at the lower temperature because of the
increase in the resistance of the electrolyte and the rate
of transfer of energy significantly decreases. The charging
has been carried out at a high C-rate (2C), which enables
fast charging of batteries.

The experimental and simulation results were
analyzed and they are appropriately matched with a slight
variation of +1-2 %.

Overall, the high energy density, high power density,
and longer life cycle characteristics of Li-ion batteries
make them more suitable for EV adoption.
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