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Abstract
In a lithium-ion battery, the crossing of its charging–discharging curves represents an
unambiguous current capacity. The reproduction of a complete charging–discharging cycle
defines the maximum possible charge for a current battery state. When obtaining of the
curves experimentally, one should consider the duration of polarization or depolarization. It
is reported that the battery capacity depends considerably on the value of the battery’s
internal resistance as this value defines the location of the actual charging–discharging curves
relative to the nominal curves, i.e., the point of their crossing shifts. The present study aimed
to develop a diagnostic algorithm for the batteries of electric vehicles for a complete charge–
discharge cycle, considering the processes of polarization and depolarization. The
mathematical expressions for determining the internal resistance and the complete charge of
the battery were obtained. The novelty of the present study is in the fact that by applying
extrapolation to a simple electrical model of a lithium-ion battery, the degree of degradation
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and the current charge could be predicted without the requirement of lengthy experimental
procedures.
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Lithium-ion battery; capacity; degradation; charging-discharging

1. Introduction
Lithium-ion batteries are among the main driving forces of advancements in the field of
technology. The two major application areas of lithium-ion batteries are electric vehicles and energy
storage systems. Since the application of lithium-ion batteries as power sources is only increasing
with time, improving the technology for diagnosing lithium-ion batteries becomes important.
The application of lithium-ion batteries demands the fulfillment of certain conditions of the
charging–discharging cycle. In a lithium-ion battery, in addition to the reversible processes of the
formation of lithium-ion flux, certain irreversible electrochemical and chemical reactions occur as
well. As a consequence, the discharge capacity in each cycle is less than the discharge capacity in
the previous stage of charging, which represents the degradation of a lithium-ion battery [1].
Accordingly, an increasing number of cycles (a cycling process) results in the degradation of
electrodes and an increased degradation rate [2]. The degree of degradation may, therefore, be
assessed according to the charging–discharging characteristics, as battery voltage depends on the
number of cycles or amperes spent per hour during a charging/discharging process [3].
The nature of the different irreversible processes results in differences in the degradation levels
[4]. Previous studies have reported various reasons for electrode degradation: the loss of the active
substance (solution, cracking, and layering) [5], an increase in the internal resistance of the battery
(formation of passive films) [6], different structural changes in the active material, which alter the
energy range of the lithium insertion [7], etc. Accordingly, the following are stated as the possible
mechanisms underlying the degradation process [2]:
‐ the loss of the active substance in the electrodes does not change the form of the charging–
discharging curves;
‐ increasing the internal resistance of a battery (electrodes) causes a shift in the charging–
discharging curve in parallel to its coordinate axis [8];
‐ changes in the structure of the electrodes result in considerable changes in both form and
characteristics of the charging–discharging curves.
2. Materials and Methods
In order to assess the technical state of batteries, their ability to accumulate and release energy,
their lifetime, and certain other parameters, are assessed. One of these parameters is SOC (state of
charge), which represents the battery charge. However, studies have used different methods for
the determination of this parameter. For instance, one study [9] defined SOC as the ratio of the
maximum possible battery charge to the nominal battery charge value and used the method
recommended by the manufacturer to determine the SOC value. In this context, the present study
addressed the complexity of obtaining an accurate SOC value due to a series of factors that cause
Page 2/12

Recent Progress in Materials 2022; 4(4), doi:10.21926/rpm.2204023

significant variability in the values of both the maximum possible battery charge and nominal
battery charge. Moreover, this complexity renders it almost impossible to use SOC to control the
existing value of the battery charge. In a study [4], SOC was defined as the parameter for
characterizing the degree or the state of charge of a battery and was calculated using the equation
provided below.
𝑆𝑂𝐶(𝑡) =

𝑄(𝑡)
100%,
𝑄𝑚𝑎𝑥

(1)

In the above equation, 𝑄(𝑡) is the existing battery charge and 𝑄𝑚𝑎𝑥 is the maximum possible
battery charge considering the technical state of the battery.
If 𝑡 is the present charging time, then:
𝑡𝑐

𝑄(𝑡𝑐 ) = 𝑄0 + ∫ 𝐼(𝑡)𝑑𝑡 ,

(2)

0

where, 𝑄0 denotes the battery charge at the beginning of the charging process, 𝐼(𝑡) denotes the
charging current, and 𝑡𝑐 denotes the charging time.
In the case of discharge,
𝑡𝑑𝑐

𝑄(𝑡) = 𝑄0 − ∫ 𝐼(𝑡)𝑑𝑡 ,

(3)

0

where, 𝑄0 denotes the battery charge at the beginning of the discharging process, 𝐼(𝑡) denotes the
discharging current, and 𝑡𝑑𝑐 denotes the discharging time.
The determination of the SOC value using the formulas (1) to (3) is beneficial from the
perspective of the evaluation of the existing battery charge as well as the degree of degradation of
the battery.
DOD (Deep of discharge) is the complete analog of SOC and reflects the discharge depth. The
value of this parameter is, therefore, calculated as below:
𝐷𝑂𝐷(𝑡) = 100% − 𝑆𝑂𝐶(𝑡),

(4)

The parameter SOH (State of Health) reflects battery health. However, no single-valued index is
currently used for reflecting the state of battery health. Since the main criterion for battery
performance is the capacity of the battery to provide maximum charge 𝑄𝑚𝑎𝑥 (𝑡), the comparison of
this criterion with the certified value 𝑄𝑁 , which is determined by the battery manufacturer, is used
for calculating SOH, as follows:
𝑆𝑂𝐻(𝑡) =

𝑄𝑚𝑎𝑥 (𝑡)
100%.
𝑄𝑁

(5)

Consequently, to evaluate the change in the technical state of a battery, it becomes necessary to
calculate the value of the existing battery charge and the maximum possible value of this parameter.
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Since the charge value is an integral characteristic of the charging (discharging) rate, the value of
battery charging (discharging) may be calculated in amperes per hour (𝐴ℎ).
3. Results and Discussion
Special equipment based on radioactive permeability is used for assessing the condition of
lithium-ion batteries [10]. In order to estimate the charging value of a battery, it is necessary to
develop a certain model of the electrochemical charging (discharging) process. Dynamic models of
the Thevenin equivalent circuit type [4] are the most used ones in this context. This kind of model
describes the processes occurring in a lithium-ion battery based on the elements in the
electrotechnical circuit (Figure 1) [9]. In these models, the electric resistance 𝑅0 determines the
internal resistance of the battery and is responsible for the two main processes occurring within the
battery, namely, intercalation and deintercalation.

Figure 1 Equivalent circuit for the dynamic model of a battery.
One of the mechanisms reported for lithium intercalation into graphite is the sequential filling of
the gap between the graphene layers with lithium. This process provides battery charging. The
process of deintercalation is opposite to the intercalation process and occurs during battery
discharging. Accordingly, one intercalation–deintercalation represents one cycle of battery
operation. The internal resistance 𝑅0 characterizes the degree of degradation of the battery during
this cyclic process [11]. If battery degradation occurs due to certain reasons, it reflects in an increase
in the internal resistance 𝑅0 .
The resistance 𝑅𝑝 and capacity 𝐶𝑝 characterize the transient process of polarization – a process
of the development of a flux of positive lithium ions electrode-to-electrode. This polarization
process occurs each time a battery switches on for charging or discharging.
In the Thevenin equivalent circuit model, the mechanisms underlying the intercalation and
deintercalation processes are determined by the processes of charging and discharging of capacity
𝐶𝑏 , while the mechanism of natural charge leakage is determined by the voltage of the losses in
active resistance 𝑅𝑑𝑐 .
According to the circuit depicted in Figure 1, it is possible to achieve a balance of voltages while
the battery is charging and discharging at a constant current (𝐼0 = 𝑐𝑜𝑛𝑠𝑡) [12].
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3.1 Charging
When a battery is charged with a constant current, i.e., 𝐼0 = 𝑐𝑜𝑛𝑠𝑡, after a certain time 𝑡, the
battery has charge 𝑄 = 𝐼0 𝑡. Accordingly, the balance of voltages relative to the parameter 𝑄 would
be as follows:
𝑉𝑏𝑐ℎ (𝑄) = 𝐼0 𝑅0 + 𝑉𝑝 (𝑄) + 𝐸𝑏𝑐ℎ (𝑄),

(6)

where, 𝑉𝑏𝑐ℎ (𝑄) denotes the voltage when the capacity reaches the value 𝐶𝑏 while charging, 𝐸𝑏𝑐ℎ (𝑄)
is the EMF of the battery while charging, and 𝑉𝑝 (𝑄) denotes the voltage at capacity 𝐶𝑝 .
A battery begins its charging process with the commencement of the polarization process.
3.1.1 Polarization Process
The circuit branches with elements 𝐶𝑝 and 𝑅𝑝 are defined as follows:
𝐼0 = 𝐼𝑅 (𝑡) + 𝐼𝐶 (𝑡),

(7)

where,
𝐼𝑅 (𝑡) =

𝑉𝑝 (𝑡)
;
𝑅𝑝

𝐼𝐶 (𝑡) = 𝐶𝑝

𝑑𝑉𝑝 (𝑡)
.
𝑑𝑡

(8)

(9)

Therefore, by using the formulas (7) to (9), a differential equation of the following form is
obtained for the process of polarization:
𝐼0 𝑅𝑝 = 𝑇𝑝

𝑑𝑉𝑝 (𝑡)
+ 𝑉𝑝 (𝑡),
𝑑𝑡

(10)

where, 𝑇𝑝 = 𝐶𝑝 𝑅𝑝 is the time constant for the polarization process.
A complete solution of the above equation provides the following equation:
𝑉𝑝 (𝑡) = 𝐼0 𝑅𝑝 (1 − 𝑒 −𝑡⁄𝑇𝑝 ).

(11)

When the polarization process is over, the process of intercalation begins.
3.1.2 Intercalation Process
The intercalation process is defined by the following equation based on the capacity charging 𝐶𝑏 :
𝑑𝐸𝑏𝑐ℎ (𝑡)
𝐼0 = 𝐶𝑏
,
𝑑𝑡

(12)

where, 𝐸𝑏𝑐ℎ (𝑡) denotes the present EMF of the battery while charging.
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Since charging is performed by means of the constant current 𝐼0 , it is possible to obtain the
constant derivative EMF of the battery, which depends linearly on the charging time. The integration
of equation (12) within the limits of charge 𝑄𝑝 𝑡𝑜 𝑄 generates the following equation:
𝐼0 𝑡 = 𝑄 = 𝐶𝑏 [𝐸𝑏𝑐ℎ (𝑄) − 𝐸𝑏𝑐ℎ (𝑄𝑝 )],

(13)

where, 𝑄𝑝 represents battery charging after the polarization process is over.
3.2 Discharging
A balance of voltages relative to the parameter 𝑄 while discharging is represented by the
following equation:
𝑉𝑏𝑑𝑐 (𝑄) = 𝐸𝑏𝑑𝑐 (𝑄) − 𝐼0 𝑅0 − 𝑉𝑝 (𝑄),

(14)

where, 𝑉𝑏𝑑𝑐 (𝑄) denotes the voltage at capacity 𝐶𝑏 while discharging, 𝐸𝑏𝑑𝑐 (𝑄) is the EMF of the
battery while discharging, and 𝑉𝑝 (𝑄) denotes the voltage at capacity 𝐶𝑝 .
Discharging also begins with the process of polarization, as described by equation (11).
3.2.1 Deintercalation Process
The deintercalation process has a complete analog associated with capacity 𝐶𝑏 , i.e., discharging.
Therefore, using formula (12) within the range of discharge 𝑄𝑝 𝑡𝑜 𝑄, the following equation is
obtained:
𝑄 = 𝐶𝑏 [𝐸𝑏𝑑𝑐 (𝑄𝑝 ) − 𝐸𝑏𝑑𝑐 (𝑄)],

(15)

where, 𝐸𝑏𝑑𝑐 (𝑄) is the present EMF of the battery while discharging.
In the charging and discharging cycle, the processes of intercalation and deintercalation occur
under the conditions of the completed process of polarization or depolarization. Therefore, one
could consider that, at 𝑡 ≫ 𝑇𝑝 (𝑄 ≫ 𝑄𝑝 ), the following equation holds true:
𝑉𝑝 (𝑄)𝐼0 𝑅𝑝 .

(16)

Accordingly, when 𝑄 ≫ 𝑄𝑝 , the balance of the voltage for the process of charging (6) and that
for the process of discharging (14) are defined as follows:
𝑉𝑏𝑐ℎ (𝑄) = 𝐼0 (𝑅0 + 𝑅𝑝 ) + 𝐸𝑏𝑐ℎ (𝑄),

(17)

𝑉𝑏𝑑𝑐 (𝑄) = 𝐸𝑏𝑑𝑐 (𝑄) − 𝐼0 (𝑅0 + 𝑅𝑝 ).

(18)

According to formulas (17) and (18), the voltage measured on the battery terminals differs from
the EMF of the battery by the value of the voltage drop due to the internal resistance of the battery,
𝑅𝑏 = 𝑅0 + 𝑅𝑝 . Accordingly, when the charging–discharging curves are defined by 𝑉𝑏 = 𝑓(𝑄) and
the internal resistance is 𝑅𝑏 , the equation 𝐸𝑏 = 𝑓(𝑄) unambiguously defines the level of charging–
discharging and the degree of battery degradation.
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The internal resistance of a battery may be determined using equation (17) or (18), depending
on the curves used for depicting the charging or discharging process.
𝑅𝑏 = [𝑉𝑏𝑐ℎ (0) − 𝐸𝑏𝑐ℎ (0)]⁄𝐼0 ,

(19)

𝑅𝑏 = [𝐸𝑏𝑑𝑐 (0) − 𝑉𝑏𝑑𝑐 (0)]⁄𝐼0 ,

(20)

In the above equations, 𝐸𝑏𝑐ℎ (0) and 𝐸𝑏𝑑𝑐 (0) are the EMFs of the battery prior to it being switched
on for charging and discharging, respectively, while 𝑉𝑏𝑐ℎ (0) and 𝑉𝑏𝑑𝑐 (0) denote the voltages on the
battery terminals immediately after the battery is switched on for charging and discharging,
respectively.
The theoretical curves for the charging 𝑉𝑏𝑐ℎ (𝑄) and discharging 𝑉𝑏𝑑𝑐 (𝑄) of the battery depicted
in Figure 2 correspond to the case when the amount of energy consumed for battery charging is
equal to the amount of energy spent for battery discharging.

Figure 2 Curves for battery charging and discharging.
As visible in Figure 2, the curve for battery EMF while charging is located lower and in parallel to
the curve of voltage, while the curve for battery EMF during discharging is in parallel and higher by
the level of voltage 𝐼0 𝑅𝑏 . Since the extrapolated levels of voltages of the curves of charging 𝑉𝑚𝑖𝑛
and discharging 𝑉𝑚𝑎𝑥 are defined by means of equations (17) and (18) for 𝑄 = 0, the following
equations hold true:
𝑉𝑚𝑎𝑥 = 𝑉𝑏𝑑𝑐 (0) − 𝐼0 𝑅𝑏 ,

(21)

𝑉𝑚𝑖𝑛 = 𝑉𝑏𝑐ℎ (0) + 𝐼0 𝑅𝑏 ,

(22)

Accordingly, the following equation is obtained:
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∆𝑉 = [𝑉𝑏𝑑𝑐 (0) − 𝑉𝑏𝑐ℎ (0)] − 2𝐼0 𝑅𝑏 .

(23)

The difference ∆𝑉 is defined as the amount of present charge that the accumulator battery is
capable of storing and releasing without any losses.
Using the formulas (21), (22), (17), and (18), one obtains the extrapolated curves for charging
and discharging, which are as follows:
𝑄 = 𝐶𝑏 [𝑉𝑏𝑐ℎ (𝑄) − 𝑉𝑚𝑖𝑛 ],

(24)

𝑄 = 𝐶𝑏 [𝑉𝑚𝑎𝑥 − 𝑉𝑏𝑑𝑐 (𝑄)].

(25)

Since point 𝑄𝑐 is determined as the point of crossing of the charging–discharging curves, then
using the formulas (24) and (25) at 𝑉𝑏𝑐ℎ (𝑄𝑐 ) = 𝑉𝑏𝑑𝑐 (𝑄𝑐 ) generates the following equation:
2𝑄𝑐 = 𝐶𝑏 [𝑉𝑏𝑐ℎ (𝑄𝑐 ) − 𝑉𝑚𝑖𝑛 ] + 𝐶𝑏 [𝑉𝑚𝑎𝑥 − 𝑉𝑏𝑑𝑐 (𝑄𝑐 )] == 𝐶𝑏 [𝑉𝑚𝑎𝑥 − 𝑉𝑚𝑖𝑛 ] +
𝐶𝑏 [𝑉𝑏𝑐ℎ (𝑄𝑐 ) − 𝑉𝑏𝑑𝑐 (𝑄𝑐 )] = 𝐶𝑏 ∆𝑉.

(26)

Accordingly, the value of capacity without considering losses is calculated as follows:
𝐶𝑏 =

2𝑄𝑐
, [𝐴ℎ⁄𝑉 ].
∆𝑉

(27)

If ∆𝑉 reaches its maximum value, i.e., the battery is charged completely with the following
discharge, then charge 𝑄𝑐 accounts for half of the complete battery charge without considering
losses.
However, the battery charge may continue to compensate for losses in the battery during the
discharge, at the internal resistance 𝑅𝑏 , to the charge level 𝑄𝑏′ (Figure 2).
The crossing of the charging–discharging curves for the EMF, which corresponds to charge 𝑄𝑏′ , is
then obtained from equations (13) and (15). The extrapolation of the curves 𝐸𝑏𝑐ℎ (𝑄) and 𝐸𝑏𝑑𝑐 (𝑄)
onto the ordinate 𝑉(𝑄) then generates the following equations:
𝐸𝑏𝑐ℎ (𝑄𝑝 ) = 𝑉𝑏𝑐ℎ (0),

(28)

𝐸𝑏𝑑𝑐 (𝑄𝑝 ) = 𝑉𝑏𝑑𝑐 (0).

(29)

Therefore, the following equations are obtained from formulas (13) and (15):
𝑄𝑐′ = 𝐶𝑏′ [𝐸𝑏𝑐ℎ (𝑄𝑐′ ) − 𝑉𝑏𝑐ℎ (0)],

(30)

𝑄𝑐′ = 𝐶𝑏′ [𝑉𝑏𝑑𝑐 (0) − 𝐸𝑏𝑑𝑐 (𝑄𝑐′ )].

(31)

Similar to the previous calculation, from formulas (30) and (31), considering 𝐸𝑏𝑐ℎ (𝑄𝑐′ ) = 𝐸𝑏𝑑𝑐 (𝑄𝑐′ ),
the following equations are obtained:
2𝑄𝑐′ = 𝐶𝑏′ [𝐸𝑏𝑐ℎ (𝑄𝑐′ ) − 𝑉𝑏𝑐ℎ (0)] + 𝐶𝑏′ [𝑉𝑏𝑑𝑐 (0) − 𝐸𝑏𝑑𝑐 (𝑄𝑐′ )] =
= 𝐶𝑏′ [𝑉𝑏𝑑𝑐 (0) − 𝑉𝑏𝑐ℎ (0)] + 𝐶𝑏′ [𝐸𝑏𝑐ℎ (𝑄𝑐′ ) − 𝐸𝑏𝑑𝑐 (𝑄𝑐′ )] = 𝐶𝑏′ [∆𝑉 + 2𝐼0 𝑅𝑏 ].

(32)
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i.e.,
𝐶𝑏′ =

2𝑄𝑐′
, [𝐴ℎ⁄𝑉 ].
∆𝑉 + 2𝐼0 𝑅𝑏

(33)

Therefore, a battery with the capacity 𝐶𝑏′ should be charged up to the level of charge 𝑄𝑐′ , which
corresponds to the voltage 𝑉𝑏𝑐ℎ (𝑄𝑐′ ), to release the charge 𝑄𝑐 during discharging.
Since triangles [𝑉𝑚𝑎𝑥 , 𝑉𝑏 (𝑄𝑐 ), 𝑉𝑚𝑎𝑥 ] and [𝑉𝑏𝑑𝑐 (0), 𝑉𝑏 (𝑄𝑐 ), 𝑉𝑏𝑐ℎ (0)] are identical. It could be
stated that:
𝐶𝑏 =

𝐶𝑏′

2𝑄𝑐
2𝑄𝑐′
=
=
, [𝐴ℎ⁄𝑉 ].
∆𝑉
∆𝑉 + 2𝐼0 𝑅𝑏

(34)

However, the capacity indices 𝐶𝑏 and 𝐶𝑏′ are not valid for a real-life battery that has an internal
resistance 𝑅𝑏 and the associated losses. As depicted in Figure 2, after the battery discharge by a
value of 𝑄𝑐 , a portion of charge 𝑄𝑐′′ − 𝑄𝑐 remains in the battery. This charge arises as a
compensation for the losses that occurred due to internal resistance, while charging.
This is why capacity 𝐶𝑏′′ should be the capacity of a real-life battery, which is determined using
the following formulas:
𝑄𝑐′′ = 𝐶𝑏′′ [𝐸𝑏𝑐ℎ (𝑄𝑐′′ ) − 𝑉𝑏𝑐ℎ (0)],

(35)

𝑄𝑐′′ = 𝐶𝑏′′ [𝑉𝑚𝑎𝑥 − 𝑉𝑏𝑑𝑐 (𝑄𝑐′′ )].

(36)

Since for 𝐸𝑏𝑐ℎ (𝑄𝑐′′ ) = 𝑉𝑏𝑑𝑐 (𝑄𝑐′′ ), the following equation holds:
2𝑄𝑐′′ = 𝐶𝑏′′ [𝐸𝑏𝑐ℎ (𝑄𝑐′′ ) − 𝑉𝑏𝑑𝑐 (𝑄𝑐′′ )] + [𝑉𝑚𝑎𝑥 − 𝑉𝑏𝑐ℎ (0)] = 𝐶𝑏′′ [𝑉𝑚𝑎𝑥 − 𝑉𝑏𝑐ℎ (0)],
Accordingly, using the formulas (19) and (20), one obtains:
𝐶𝑏′′ =
where, 𝑄𝑐′′ =

𝑄𝑐′ +𝑄𝑐
2

2𝑄𝑐′′
2𝑄𝑐′′
=
,
[𝑉𝑏𝑑𝑐 (0) − 𝑉𝑏𝑐ℎ (0)] − 𝐼0 𝑅𝑏 ∆𝑉 + 𝐼0 𝑅𝑏

(37)

.

Next, using the formulas (27), (33), and (34), the following equation is obtained:
𝑄𝑐′′ = 𝑄𝑐 (1 +

𝐼0 𝑅𝑏
).
∆𝑉

(38)

Therefore, it could be concluded that 2𝑄с′′ = 𝑄𝑏 is the complete battery charge during maximum
charging–discharging.
Formula (38) represents the interconnection between the complete battery charge 𝑄𝑏 , the
internal resistance of the battery 𝑅𝑏 , the difference between the resistance of the completely
charged battery at the beginning of charging 𝑉𝑏𝑑𝑐 (0), and the voltage of a completely discharged
battery 𝑉𝑏𝑐ℎ (0).
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If the reference (certified) data on the nominal battery charge of the given type 𝑄𝑏,𝑛 are available,
then the comparison of the value 𝑄𝑏 , obtained using formula (38), enables the evaluation of the
level of the real capacity and degradation degree of the battery being diagnosed.
Accordingly, the algorithm of battery diagnostics for a complete charging–discharging cycle is as
follows:
1. At the initial moment, when the battery begins charging by means of direct current 𝐼0 from
the EMF level 𝐸𝑏𝑐ℎ (0), the voltage 𝑉𝑏𝑐ℎ (0) is measured.
2. After a certain duration, when the transient process of polarization is over, the battery is
charged by the value of charge 𝑄𝑝 . This duration should be determined in advance using the
reference battery.
3. The battery continues its charging up to the level that is admissible for that particular type of
battery.
4. The transient process of depolarization is completed within a certain duration, which is equal
to the duration of the polarization process. At this time point, the EMF level 𝐸𝑏𝑑𝑐 (0) is
measured.
5. At the initial moment of battery discharging by means of constant current (I0 = const), the
voltage Vbdc (0) is measured. The internal resistance R b is calculated using the formula (20)
and ∆V is calculated according to the formula (23).
6. The battery continues its discharging for a time 𝑡𝑐 up to the level of voltage 𝑉𝑏𝑑𝑐 (𝑄𝑐 ) =
𝑉𝑏𝑐ℎ (𝑄𝑐 ), and then, the voltage 𝑄𝑐 = 𝐼0 𝑡𝑐 is determined.
7. Charge 𝑄𝑐′′ is calculated according to formula (38).
8. Charge 2𝑄𝑐′′ is compared with the certified value 𝑄𝑏,𝑛 . The real battery capacity is then
determined.
Consider the experimental curves for the complete charging–discharging of two lithium-ion
batteries for the electric vehicle Leaf with a specified rate 𝑄𝑏,𝑛 = 60 Ah at current 𝐼0 = 10 А
(Figure 3).

Figure 3 Experimental curves for the charging–discharging of a battery for the electric
vehicle ‘Leaf’.
The data obtained using the algorithm presented above are provided in Table 1.
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Table 1 Results of the experiments conducted with the batteries of ‘Leaf’.
𝐸𝑏𝑑𝑐 (0),
V
393.12
392.73

#
bat
1
2

𝑉𝑏𝑑𝑐 (0),
V
390.72
385.92

𝑉𝑏𝑐ℎ (0),
V
356.16
362.88

𝑅𝑏 ,
Ohm
0.24
0.681

∆𝑉,
V
29.76
9.42

𝑄𝑐 ,
Ah
10.0
5.8

𝑄𝑐′′ ,
Ah
10.8
9.993

𝐶𝑏 ⁄𝐶𝑏,𝑛 .
0.36
0.33

According to Table 1, the capacities of battery 1 and battery 2 were 36% and 33%, respectively,
of the certified battery. The graphics for the charging–discharging curves confirmed the correctness
ch
(Q) and
of the performed calculation (Figure 3). In the figure, the dotted lines indicate EMF Eb,1
ch
Eb,2 (Q) of the first and second battery, respectively.
4. Conclusions
The charging-discharging cycle of a battery may be assessed without conducting lengthy
experimental procedures, using algorithms. In this context, the present study proposed a method,
in which the current value of the charge and the battery capacity are obtained by determining the
intersection of the charge–discharge curves without the requirement of conducting the entire cycle.
Extrapolation of the curves for a complete charge–discharge cycle using this proposed method
allows for obtaining the current value of the capacity and the degree of battery degradation in
accordance with the passport values. It was revealed that, for data extrapolation, it is necessary to
consider the duration of polarization of the charge and discharge process. For instance, in the case
of the Leaf battery, this duration was 15–20 min. It is established that battery capacity is significantly
affected by the internal resistance of the battery, which may be determined by comparing the
curves obtained using the proposed method with the nominal curves, as the real charge–discharge
curves are shifted relative to the nominal ones.
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