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The energy density of canode materials for lithium-ion batteries has a major impact on the driving range of electric vehicles. In
order to study the charge-discharge characteristics and application feasibility of Li-NiMnCo lithium-ion batteries for vehicles, a
series of charge and discharge experiments were carried out with different rates of Li-NiMnCo lithium-ion batteries (the ratio of
nickel, cobalt, and manganese was 5:2:3) in constant-current-constant-voltage mode. Firstly, a set of charge-discharge
experiments were performed on different types of single-cell lithium-ion batteries. The results show that, under temperature
conditions, the charge and discharge voltage-capacity curves of the four different types of Li-NiMnCo lithium batteries
mentioned in the paper are not much different, and the charge-discharge characteristic curves are similar, indicating that
different types of batteries with the same material composition have similar charge and discharge characteristics.
Subsequently, a series of charge and discharge tests with different rates were conducted on such ternary lithium batteries.
The characteristic curves with different charge-discharge rates indicate that this new type of ternary lithium battery has
high current charge and discharge capability and is suitable for use in new energy electric vehicles. In addition, by
analyzing the voltage-SOC curve under different magnification conditions, it is known that there is an approximate linear
relationship between the battery voltage value and the SOC within a certain SOC range. The SOC value can be evaluated
by the battery voltage, which should be controlled within a reasonable range to avoid overcharge or overdischarge of
battery, thereby, causing permanent damage to the battery.

1. Introduction cycle-life is short. Nowadays, lead-acid batteries are rarely
used as energy storage in EVs [3]. Compared with lead-
acid batteries, nickel-metal hydride batteries have the
advantages of pollution-free, large specific energy, large
specific power, and long cycle life, but they have low single
voltage, relatively high self-discharge rate, high price, and
narrow operating temperature range. Nowadays, some
EVs still use nickel-metal hydride batteries as energy stor-
age components. Ultra capacitors have the advantages of

Electric vehicles (EVs) are widely regarded as the most
promising vehicles and have been developed rapidly in
recent years. As a common energy storage link for new
energy vehicles, power batteries are the bottleneck restrict-
ing the development of new energy vehicles. Their perfor-
mance has an important impact on the driving range,
charge, and safety of electric vehicles. The crucial perfor-

mance of a power battery includes power density, energy
density, cycle-life, cost, and safety [1, 2]. Lead-acid batte-
ries have been widely used in many fields for the advan-
tages of low price, rich resources, stable performance,
safety and reliability, recyclable, reusable, etc. However,
its specific energy and specific power are low, and its

long cycle-life, high specific power, fast charge speed, high
operating temperature range, and high safety, but with lit-
tle energy density. Ultra capacitors are widely used in EVs
at present [4]. Lithium-ion batteries have excellent com-
prehensive performance of energy, power density, and
cycle-life. Therefore, it is usually the best choice to use
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the lithium-ion battery as storage cell based on compre-
hensive consideration of its energy and power density
and cycle-life for battery electric vehicles (BEVs), hybrid
electric vehicles (HEVs), and plug-in hybrid electric vehi-
cles (PHEVs). On the other hand, lithium-ion batteries
require particular care in EV applications, such as overcur-
rent, overvoltage, or overcharge/discharge, which can cause
significant safety issue to the batteries, noticeably accelerate
the aging process, and even cause fire or explosion [5-7].
As one of new energy vehicle’s core technology, lithium-ion
batteries may be widely used in the near future.

A lithjum-ion single cell usually consists of a positive elec-
trode, a negative electrode, and an electrolyte. The choice of
electrode material determines the type and basic performance
of the battery. At present, the new cathode materials discov-
ered and synthesized include LiMN,O,, LiFePO,, and Li-
NiMnCo. Graphite can be used as a negative electrode mate-
rial. By comparing the performance of several commonly used
lithium-ion cathode materials, Li-NiMnCo materials have bet-
ter comprehensive performance in terms of energy density,
power density, and lifetime. In the past decade, the research
on lithium-ion battery materials has attracted more and more
researchers’ attention. Lithium-ion battery can be categorized
into a Liquified Lithium-Ion Battery (or LIB for short) and a
Polymer Lithium-Ion Battery (or simply PLIB) according to
the electrolyte. The polymer lithium-ion battery (PLB) can
made into an ultrathin battery of wanton form and wanton
size. Therefore, it has a broad application prospect. The
charge-discharge characteristics and battery management of
power lithium battery are the bottleneck of power technology
development. The anode material is the core and key mate-
rial of power lithium battery. The energy density of the
anode material is closely related to the range of electric
vehicles, and its cost accounts for about 1/3 of the cost of
the lithium battery. Therefore, the development of anode
materials with high energy density, long life, high safety,
and low cost is crucial for the large-scale commercial use
of lithium batteries and electric vehicles [8].

With the increasing research in the field of SOC (State of
Charge) and SOH (State of Health) [9-17], nowadays
improving the accuracy of the charge and discharge model
of power batteries, especially lithium-ion batteries, is a crux
research target. The available battery capacity can influence
and even determine how long a battery can be fully charged
and consequently, how far a vehicle can travel. The charge
approaches can protect batteries form overheating, improve
the capacity utilization, and prolong the service life, which
is of great significance. There are four traditional charge
approaches in EVs, including constant-current (CC) charge,
constant-voltage (CV) charge, constant-current-constant-
voltage (CC-CV) charge, and multistage constant-current
(MCC) charge [18]. The CC charge is a rough but simple
approach which is widely used for lithium-ion batteries
[19]. In [20], the CC charge approach is first introduced to
charge NiCd or NiMH batteries. Because the behaviours of
batteries are highly dependent on the current rate in CC
charge, therefore, it is a challenge to search a suitable
charging current rate for CC charge. The charge speed is
improved, but the battery aging process will be aggravated
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TaBLE 1: Basic parameters of ternary battery.

Item Specification
Nominal voltage 3.7V
Charge cutoff voltage 44V
Discharge cutoft voltage 275V
Cell weight 195g+15¢g

Thickness: 5.0 + 0.30 mm (full charge)
Width: 100.0 + 2.0 mm (no folding)
Height: 200.0 + 2.0 mm

Cell dimension

with large current rate in CC charge. While the high
capacity utilization is achieved, too low current rate will
slow down the battery charging speed with small current
rate in CC charge. The proper battery charge approaches
can be effectively designed according to enough accurate
estimation of SOC, SOH, and temperature.

Lithium-ion power battery is a kind of high-performance
energy storage cell. It is difficult to establish the mathematical
model of the battery from the perspective of mechanism due
to the complexity and strong nonlinearity of the battery. In
order to provide data support and theoretical support for bat-
tery management, the test method is generally used to study
the performance of the battery and a large number of exper-
imental data are used to summarize the external characteris-
tics of the battery in practical application. Promising
applications such as EVs and smart grids have already
encouraged many researchers to improve the performance
of lithium-ion batteries. One area of research is to study
anode battery materials. Previous studies have pointed out
that there are a variety of materials can be used in anode
materials for lithium-ion batteries. In this paper, we will
focus on Li-NiCoMn lithium-ion batteries. We conducted a
preliminary study on charge and discharge test data of
Li-NiCoMn lithium-ion batteries, in order to analyze and
study the charge and discharge characteristics of Li-
NiCoMn batteries. A series of experiments were performed
under different conditions. The contribution of this paper
is threefold as follows.

(1) A series experiments were designed to determine
capacity of Li-NiCoMn lithium-ion battery under
different conditions in CC charge

(2) Charge and discharge characteristic curves of
lithium-ion battery are obtained under different con-
ditions in CC charge

(3) The experiments’ results can provide support for
searching the proper charge current rate of battery
in order to further improve charge performance

This paper is organized as follows. Section 2 details a set
of experiments to determine the battery capacity of the Li-
NiCoMn lithium-ion battery used in this paper. Section 3
describes a series of charge and discharge tests for a single
Li-NiCoMn lithium-ion battery. Finally, Section 4 concludes
this paper with a summary of contributions and with a dis-
cussion on possible extensions.
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FIGURE 1: The schematic of the battery test bench.

2. Charge Characteristic Tests of Single Cell
Li-NiCoMn Lithium-Ion Batteries

In this paper, the newly developed ternary Li-NiMnCo (the
material ratio of nickel, manganese, and cobalt is 5:2:3) is
selected as the test object. Its basic parameters are shown in
Table 1. From Table 1, we can see that its nominal capacity
is 10.0 AH, the charge cutoff voltage is 4.4V, and the dis-
charge cutoff voltage is 2.75V. The other items such as cell
weight and cell dimension are also shown in Table 1.

As shown in Figure 1, the schematic of the battery test
bench consists of three parts: thermostat, BTS (battery testing
system), and BTS Client. The operating range of the thermo-
stat is —80°-150° and the accuracy is 0.1°, which can provide
suitable and stable ambient temperature for the selected
lithium-ion battery. The lithium-ion battery which is con-
nected with the BTS through the battery clamp and is placed
in the thermostat. The BTS Client is installed on the com-
puter, which communicates with the BTS through TCP/IP.
It can set the working condition of the BTS and complete
the data collection and analysis functions of a series of exper-
iments in this paper.

The objective of this paper is to study the behaviors of Li-
NiCoMn cell. The test content includes the relationship
between battery charge voltage and capacity, the relationship
between battery charge voltage and SOC, battery charge effi-
ciency, and charge characteristics of different rates in CC
charge. The charge characteristics are summarized through
a large number of tests, which can support for searching
the proper charge-discharge current rate of battery in order
to further improve charge-discharge performance.

2.1. Charge Capacity Tests of Single Cell Tenary Li-NiMnCo
Lithium-Ion Batteries. In order to analyze the capacity of
the selected ternary lithium battery material, a set of experi-
ments were designed for different types of batteries in CC
charging-discharge mode from different manufacturers.
Table 2 shows the test results. In Table 2, the anode materials
ZH and PU50D in the second column are from China Zhen-
hua (Group) Technology Co., Ltd. and Peking University
Industrial Co., Ltd., and the third column cathode materials
AML402 and YI202 are from Dongguan Kaijin New Energy.
Technology Co., Ltd., and column 4 materials CG-CS and
TCE8633 are two different electrolytes. The capacity in
Table 1 is the corresponding charge battery capacity when

TaBLE 2: Capacity of single Li-NiMnCo lithium-ion batteries.

Battery model Anode Cathode Electrolyte Capacity (mAh)
#1 ZH  AMIL402 CG-CS 11087
#2 ZH Y1202 CG-CS 11001
#3 ZH YI202  TCE8633 11070
#4 PU5S0D  YI202  TCE8633 10709

each single cell is charged to a cutoff voltage of 4.4V with
constant rate 1 C.

From Table 2, it can be seen that the four different types
of ternary Li-NiMnCo materials have higher charge capacity
in the 1 C constant current charge mode. For different battery
models, the difference in battery capacity charged is small.

2.2. Charge Characteristic Tests of Single Cell Tenary Li-
NiMnCo Lithium-Ion Battery. In order to analyze the charge
characteristics of the ternary Li-NiMnCo batteries shown in
Table 2, a set of charge experiments for the four types of bat-
teries in CC charge mode is designed in this section. The
charge process is under normal temperature conditions and
charge the cells with constant rate 1C to 4.4V. According
to the experimental data, the relationship between voltage
and capacity of four different models is obtained, as shown
in Figure 2. Figure 3 shows the relationship between the
charge voltage and SOC of four different types of ternary lith-
ium batteries.

Comparing the four curves in Figure 2, it can be seen that
the voltage capacity curves of different battery models are
similar, which indicates that the anode materials are from
different manufacturers, but having the same composition
ratio of Ni, Mn, and Co has little difference in the charge
characteristic curve of the single ternary lithium battery.

As shown in Figure 2, the operating voltage of the ternary
lithium battery has gone through three stages: the voltage
rises faster in the early and late stages of charge, while in
the middle of charge, the charge curve tends to be flat. Based
on this charge characteristic of the battery, we can use the
piecewise function to estimate the charge capacity of the bat-
tery by measuring the voltage value of the battery. During the
experiment, it should be noted that the battery voltage cannot
be higher than the charge cutoff voltage, which will cause per-
manent damage to the battery.
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FIGURE 3: SOC-OCV curves of the different types of batteries.

As can be seen from Figure 3, in the range of SOC values
of 15%-65%, the curve is approximately a straight line with a
small slope. While in the range of SOC values from 65% to
100%, the curve approximation is also approximately a
straight line with a slightly larger slope. For a hybrid car,

the battery is often in a nonoperating state even during vehi-
cle operation; the value of the OCV can be measured conve-
niently. Therefore, the value of the SOC can be predicted by
the value of the OCV using the piecewise function according
to this characteristic of the curve representation.
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FIGURE 4: Charge curves with different rates: (a) #1 battery; (b) #2 battery; (c) #3 battery; and (d) #4 battery.

2.3. Rate Charge Characteristic Tests of Single Cell Tenary
Li-NiMnCo Lithium-Ion Battery. The rate charge tests are
carried out using single cell tenary Li-NiMnCo lithjum-
ion batteries in this section. Figures 4(a)-4(d) show the
voltage capacity curves of four different types of lithium
batteries; Figures 5(a)-5(d) show the SOC-OCV curves
for four different types of lithium batteries.

As can be seen from Figures 4(a)-4(d), the ternary
lithium batteries used have better charge characteristics,
which can be charged at a higher rate. Comparing
Figures 4(a)-4(d), it can be found that the battery charge
curves are similar for 4 different types of batteries and
each type of battery can accept 4 C constant rate charge.
In addition, the charged battery capacity decreases with
the charge rate increases.

Similarly, from Figures 5(a)-5(d), we can get that, under
4 C constant rate charge conditions, when the SOC value is
greater than about 8%, the curves approximate straight lines.
Correspondingly, the SOC value can also been estimated by
measuring the voltage.

3. Discharge Characteristic Tests of Single Cell
Li-NiCoMn Lithium-Ion Batteries

A series of discharge experiments are designed in this section,
and the experimental objects are the same as in Section 2. The
experimental process: discharge the cells with constant rate
0.5 C to cutoff voltage 2.75 V. Correspondingly, the test con-
tent includes the relationship between the discharge voltage
and the capacity of the battery, the relationship between the
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TaBLE 3: Discharge capacity of different types of Li-NiMnCo batteries.
Model Anode Cathode Electrolyte Capacity
#1 ZH AMLA402 CG-CS 12142
#2 ZH Y1202 CG-CS 11785
#3 ZH Y1202 TCE8633 12002
#4 PU50D Y1202 TCE8633 11614

discharge voltage of the battery and the SOC, the discharge
efficiency of the battery, and the discharge characteristics
of different rates. The battery discharge performance is
obtained through these tests, and the discharge character-
istics of the battery are summarized, which lays a founda-
tion for battery state estimation and health estimation, and

provides a theoretical basis for rational and effective use of
the battery.

3.1. Discharge Capacity Tests of Single Cell Tenary Li-
NiMnCo Lithium-Ion Batteries. Table 3 shows the capacity
of the four different types of ternary materials studied in this
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paper. The capacity in the table is the corresponding dis-
charge battery capacity when each single cell is discharged
in the 1 C constant current discharge mode to a cutoff voltage
of 2.75V.

It can be seen from Table 3 that under the full power
state, four different types of ternary Li-NiMnCo batteries
can discharge a large amount of electricity when discharged
to a cutoff voltage of 2.75V in 1 C constant current discharge
mode. The battery capacity difference of the four types of bat-
teries is small.

3.2. Discharge Characteristic Tests of Single Cell Tenary Li-
NiMnCo Lithium-Ion Battery. Similar to Section 2.2, in order
to analyze the discharge characteristics of single Li-NiMnCo
batteries, a set of discharge experiments were carried out for
four types of batteries in this section. The discharge process is
under normal temperature conditions, the batteries are dis-
charged to a cutoff voltage of 2.75V at a constant current
with 1 C rate. According to the experimental data, the rela-
tionship between the voltage and the discharge capacity of
four different models is obtained, as shown in Figure 6.

Figure 7 shows the OCV-SOC curves for four different types
of lithium batteries discharged to cutoft voltage of 2.75V.
By comparing the curves in Figure 6, the voltage drops
rapidly in the initial stage of battery discharge, and then the
discharge curve gradually becomes flat, and in the later stage
of discharge, the voltage curve decreases linearly. Different
types of batteries have certain differences in the later stage
of discharge. Based on this discharge characteristic of the bat-
tery, we can use the piecewise function to estimate the dis-
charge capacity of the battery by measuring the voltage
value of the battery. From the characteristic curve of the later
stage of discharge, it should be noted that the battery voltage
cannot be lower than the discharge cutoff voltage; otherwise,
overdischarge will occur, causing permanent damage to the
battery. Figure 6 shows the discharge voltage as a function
of SOC. As can be seen from Figure 7, in the range of the
SOC of about 15% to 95%, the curve is approximately a
straight line, and the slope is small, which has stable dis-
charge performance. While the slope of the initial stage of
discharge and the later stage of discharge is large. The
SOC-OCV discharge curves of different types of batteries
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FIGURE 8: Discharge curves with different rates: (a) #1 battery; (b) #2 battery; (c) #3 battery; and (d) #4 battery.

are similar. We can use the piecewise function to predict the
value of SOC by the value of OCV according to the character-
istics of the curve representation.

3.3. Rate Discharge Characteristic Tests of Single Cell
Tenary Li-NiMnCo Lithium-Ion Battery. In this section,
the selected lithium battery are subjected to rate charge tests.
Figures 8(a)-8(d) show the voltage capacity relationship of
the four different types of batteries. Figures 9(a)-9(d) show
the SOC-OCV relationship curves for the four different types
of batteries.

It can be seen from Figures 9(a)-9(d) that the ternary Li-
NiMnCo lithium-ion batteries studied have better discharge
characteristics which can be discharged at a large rate. From
the comparison of Figures 8(a)-8(d), it can be found that the
discharge rate curves of the four different types of batteries
are similar, and each type of battery can accept the 4 C dis-
charge rate. In addition, it can be seen that the larger the dis-
charge rate is, the smaller the discharged battery capacity is
when discharged to a cutoff voltage of 2.75V.

It can be seen from Figures 9(a)-9(d) that, under 4 C dis-
charge rate conditions, correspondingly, we can also estimate
the corresponding SOC value by measuring the voltage.

4. Conclusions

In this paper, the characteristics of different Li-NiMnCo
lithium batteries are analyzed through a series of charge
and discharge experiments. The results from experiments
indicate that (1) at room temperature, the charge voltage
of the Li-NiMnCo lithium batteries we studied in this
paper increase rapidly in the early and late stages of the
charge process, while the charge curves are smooth in
the middle of the charge process. Based on these charac-
teristics, the battery capacity can be accurately predicted
by the terminal circuit voltage. Noticeably, the battery
voltage must not exceed a preset threshold to avoid per-
manent damages to the battery. (2) Similarly, the dis-
charge voltage curves of a Li-NiMnCo lithium battery
has similar properties during discharge process at room
temperature. The battery capacity also can be predict pre-
cisely by the terminal voltage according these characteris-
tics. It concludes that the driving range of a lithium
battery electric vehicle after a single charge should be con-
trolled within a reasonable range charge to prevent perma-
nent damage to the battery caused by excessive voltage
decay in the later stage of discharge. (3) The Li-NiMnCo
lithium battery studied in this paper has good rate charge
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and discharge performance, as well as high current charge
and discharge performance, which is suitable for electric
vehicles. The results studied in this paper will provide a
reference for searching proper charge-discharge current
rate which can improve charge-discharge performance. In
future work, we will focus on modeling and SOC estima-
tion of Li-NiCoMn lithium-ion battery.
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