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Abstract- Lithium-ion (Li-lon) cells have their own charging method, which is known as Constant Current-Constant Voltage charging
method. In this method, all Li-lon cells are charged by the constant current; after the cells reached the pre-defined charge cell voltage,
the constant voltage period begins and lasts until the cells' current drawing is under the current level specified in the datasheet. Nowadays,
a battery management system (BMS) controls this charging method for Li-lon cells. In addition to this, BMS ensures that all Li-lon cells
in the battery pack work in a safe operating area. However, in an energy storage system (ESS), the DC bus bar system is used because
there may be different current sources such as solar, wind, etc. As a result of this, there will be a continuous current flow over this DC
bus system. Therefore, it will be possible to charge the Li-lon cells with a value below the charge termination current or with zero charge
termination current. In this paper, the effect of applying different charge termination currents to the Li-lon cells on state of health (SOH)
is investigated. We present results about how effect the changes both in charge voltages and charge termination current the life of the
cell. As a result of this research, it is aimed to prepare a document that can be used by researchers who want to find information on this
subject by presenting the data on the SoH with visuals and graphics.
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1. Introduction

Energy is defined as the ability of an object or system to do work. According to the law of conservation of energy,
energy can neither be destroyed nor created from nothing. Energy can change species so there are many different types of
energy. The form of energy that has not undergone any change or transformation is known as primary energy. Primary energy
sources are oil, coal, natural gas, nuclear, hydraulic, biomass, tidal wave, sun, and wind. The energy obtained as a result of
the conversion of primary energy is known as secondary energy. Electricity, gasoline, diesel oil, diesel, coke, secondary coal,
petroleum coke, air gas, and liquefied petroleum gas (LPG) are known as secondary energy sources [1,2].

Energy sources are generally classified according to their use and recyclability. There are two types of classification
according to the use of the energy source. These are renewable and non-renewable. On the other hand, in the case of
recyclability, there are also two types of classification. As explained above, these are primary energy sources and secondary
energy sources.

Globally, there are various application areas for the usage of the energy storage system since it provides flexibility to
the grid network [3]. Today, it is known that almost every individual has at least one of the portable electronic devices
(computers, mobile phones, cameras, cameras, MP3 players, CD players, DVD players, radios, televisions) for fast and
efficient communication [4]. In addition to this, due to the advanced technology, the need for the wireless system increases
day by day. Electronic products' vital need to maintain their functions for a long time is to have an energy source with high
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energy density. Moreover, it should also provide some essential features such as being safe, long-lasting, easy to maintain,
rechargeable in a short time, and does not harm the environment. Rechargeable/secondary (lithium-ion (Li-lon)) batteries
are widely used today in portable electronic and electrical equipment due to their superior features [5].

The energy storage system can be used to store energy when the price of the energy is low. Thanks to this way, the
stored energy can be used when the electricity prices are high. In addition to this, the solar system's energy can be stored in
the ESS, and it can be sold to the grid network. As a result of this, it can be possible to gain economic gain by the users [6].
There are three main reasons for storing electrical energy [7]:

- Power Quality: Storing the energy during short periods in order to increase the quality of the energy

- Bridging Power: Storing the energy to ensure the continuity of energy in the case of the possible interrupt that may
occur in the electricity network.

- Energy Management: It is the storage of energy when it is cheap and uses the stored energy in times of need.

Secondary (rechargeable) batteries are used in fixed storage systems because of their advantages, such as fast response
times, high energy capacities, and high storage efficiency [8,9]. The batteries inside the energy storage system (ESS) may
differ according to the chemistries used in the anode and cathode. There is various chemistry technology used in the ESS.
These different chemistries are: Lithium-lon (Li-lon), Sodium Sulfur (NaS), Zinc Bromine (ZnBr), Vanadium Redox, Metal
Air, Nickel Cadmium (NiCd), Polysulfide Bromide (PSB), Lead Acid. These technologies should be researched concerning
their prices, performance, and stability. Among these different chemistries, lead-acid batteries are the oldest battery type and
most mature technology used in power system applications.

Batteries such as Lithium-lon (Li-lon), Sodium Sulfur, Nickel Cadmium (NiCd) are mainly used for the system that
needs more power density [10]. Among these battery technologies, it is estimated that Li-lon will have great potential for
development and stability in the near future. In addition to their small size and weight, Li-ion batteries offer nearly 100%
storage capacity and also high energy density. With these great features, it emerges as an ideal solution for portable / mobile
energy storage systems. Even though metal-air batteries seem to be an ideal system due to their high energy density and low
cost, this kind of battery's recharging process is more complicated [11].

2. Lithium-lon Batteries

Since Sony's commercial production in 1991, the use of Li-lon batteries has quickly become widespread in different
areas. In addition to the general use of Li-lon batteries in electronic devices such as laptops, MP3 players, and mobile phones,
using this technology in electric vehicles and alternative energy sources is expected to increase rapidly shortly. In this aspect,
tens of millions of Li-lon battery units have been produced each year [12, 20]. Li-lon batteries have a much better energy
storage efficiency that closes to 100% and also has the highest energy density among other battery technologies. Li-lon
batteries have a light structure, a relatively high voltage level of about 4 V per cell, and a higher energy level of 100-150 Wh
/ kg to other cell chemistries. However, this technology's disadvantages are the high initial investment cost for band
procurement and the complex charging management system due to sensitive operating limits [12, 20]. The cost of Li-lon
batteries varies between 360-1000 Euro / kWh [15]. Also, the electrolyte structures in Li-lon batteries are thermodynamically
irregular.

Conditions like overcharging can lead to relatively permanent harm to the structure of Li-lon batteries [20]. Moreover,
the low cycle life, the varying performance depending on the operating temperature, and the chemicals used in its internal
structure are relatively difficult to find are the main obstacles to the more frequent use of Li-lon batteries today. To improve
the sensitive chemical structure of Li-lon batteries and also to provide more frequent use in structures where durability is at
the forefront, such as electric vehicle applications, research studies are continuing intensely today. These studies have focused
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on developing alternative materials for use in the electrode structure of Li-lon batteries and cost reduction [12, 20]. Lithium-
silicon (LiSi), lithium-tin (Li-Sn), etc. materials are frequently investigated for use in the construction of lithium-based
batteries. Besides, the replacement of graphite and lithium cobalt oxide materials in the structure of Li-lon batteries with
higher capacity and lower-cost alternatives is an issue that is frequently emphasized [20]. With the research and development
studies carried out, it is predicted that Li-lon battery systems will be one of the pioneer battery types in the future.

Li-lon battery technology is known as secondary batteries. They are electrochemical cells that can be recharged and used
after discharge. In Table 1, the advantages and disadvantages of Li-lon batteries compared with other secondary batteries
(silver-zinc, nickel-zinc, nickel-hydrogen) are listed [21].

Table 1: Advantages and Disadvantages of Rechargeable Li-lon Batteries [21].

Advantages Disadvantages
Long life Vulnerability to high operating temperature
Wide operating temperature range Protection Circuit need
Long shelf life Capacity loss due to overcharge and thermal
harm
Quick Charging Capability High Cost
Quick Discharging Capability
High Energy Efficiency
No battery memory effect

In rechargeable Li-lon batteries, cells consist of three main components primarily responsible for supplying and storing
energy as in other battery systems. These can be contented as anode, cathode, and electrolyte [22]. The anode material serves
as the negative electrode and the cathode as the positive electrode. Positive electrodes are generally composed of metal
oxides (LiIMOX) with a tunnel or layered structures. They have layered structures in negative electrode materials. Thanks to
these structures, Li-lons can exchange between positive and negative electrodes during charging and discharging of the
cell/battery [22, 23]. This is defined as the displacement reaction. In this reaction, the active materials are anode and cathode
and serve as hosts for lithium, while lithium is displaced from one electrode to another as a guest [23, 24].

Lithium metal is used in rechargeable batteries such as mobile phone batteries, camera batteries, and aviation vehicles
as an alloy. In its simplest form, a battery consists of two electrodes, one positive and one negative. It contains an ironically
conductive, electrically insulating electrolyte that separates these two electrodes from each other. The advantages of lithium-
based energy storage systems over other storage methods can be listed as follows;

* Very long storage life,

* They can provide longer constant voltage,

* Providing opportunities at low and high temperatures,

* Having high energy density and high nominal voltage,

* High level of elasticity,

» Has high charging efficiency,

* Long cycle life [25, 26]

3. Lithium-lon Battery SoC and SoH Determination
3.1 Determining Battery Models and State of Charge (SoC)

Thanks to the advanced battery technology, the interest in batteries increases day by day. Until the invention of Li-lon
technology, nickel-cadmium, and lead-acid batteries were the primary power source for portable electronic devices for years
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[27]. However, with Li-lon technology, Li-lon batteries are preferred in the portable devices industry since Li-lon has some
advantages, such as having a stable operating voltage, high energy density, high cycle life, and low weight [28].

Since the use of new technology Li-lon batteries is not very economical, they are not preferred as widely as lead-acid
batteries. Even though the battery is a simple chemical energy source, there is no direct access to the amount of chemical
energy stored in the battery. As a result of this, it is very complicated and difficult to directly measure the state of charge
(SoC) of the battery [29]. Different studies are stating and proving that the battery management system (BMS) increases
power consumption efficiency and battery life [30, 31]. For real-time battery protection, BMS is used to regulate battery
charge and discharge processes and also monitor battery status [32, 33].

The precision SoC estimation is vital in battery usage, but it is also tricky. Estimating a battery's remaining capacity
protects the battery, prevents over-discharge, and increases battery life [34]. It also allows the creation of an intelligent
control strategy for energy saving in applications [35]. However, SoC's accurate estimation is very complex and challenging
to implement since battery models are limited and parametric differences exist between the available battery models [36]. In
practice, there are different methods of estimating SoC [37].

3.2 Determining Battery State of Health (SoH)

State of Health (SoH) is the term that is used to describe the battery's ability to energize the load. In other words, it
provides a clear idea of whether the battery needs to be replaced or how much the battery can be used without changing the
battery. The capacity of the battery decreases gradually as the battery is used (ages). For this reason, although the charge
status shows 100%, the actual capacity stored in the battery may not be the same as the time when it was new. For a battery
to be charged/discharged safely and be used healthily without decreasing its life, the battery must be operated in a specific
SoC range. This operating range may vary depending on the use of the battery and the charge/discharge frequency.

In practice, this operating range differs from 20% to 90%. The reason for doing this is to prevent the
overcharge/discharge of the battery since overcharging or discharging the battery may change the internal resistance of the
cells. As a result of this, the usable capacity of the battery may decrease. In order to prevent this kind of problems, batteries
must be worked in a safe operating area.

SoH measurement can be done by comparing the battery pack's current capacity with a new battery pack’s capacity.
There are different methods to measure the SoH of the battery cells, like impedance tracking, self-discharge rate, etc. [38].
There are four definitions of SoH based on the characteristics of the battery [39];

1- SoH formula related to the remaining power in the battery can be given as:

The formula used to determine the SOH battery in terms of the remaining power of the battery.

CCA —CCApi
SoH = ——ecmp™="Cmin 1 00% 1)
CCApew—CCApin

(CCAGcmp= The real-time power of the battery, CCAnew= Estimated starting power released by the battery when SOC is
100%, CCAmin= the minimum required power)

2- The SoH expression given in comparison to the initial power is given as:

The formula is used to determine SOH from the initial power.

SoH = 2292 3100% (2)

new

(Qaged= remaining capacity of the battery when aged, Qnew= the capacity of a new battery)
3- The formula used to determine SOH from the impedance of the battery is given as:
The formula is used to determine SOH from impedance measurement data.

SoH = - x100% 3)
0

(Ri= The final impedance of the battery, which changes with the charge and discharge cycles, Ro= Initial impedance of
the battery)

4- The SoH expression given in comparison to the capacity power of the battery is given as:

The formula used to determine SOH in terms of battery capacity power.

SoH = §x100% 4
0

EEE 112-4



(Ci= ith capacity value of the battery degenerated by cycles, Co= the initial capacity of the battery)

4. Results

The methods for determining the health status of batteries are shown in the equations given above. In this paper,
Equation-4, a measurement method with battery capacity power, was used to determine the cell's health status. According to
this equation, the initial capacities of the batteries are calculated. Then, the final capacities of the batteries that were
charged/discharged for a long time using specific charging methods were measured and compared. In this way, the state of
health (SoH) of the battery has been determined.

Batteries are considered fully charged if the current level flowing into the battery is under the charge termination
current, specified in the battery's datasheet. However, in any project, there is a DC bus connected to the input of the battery.
Thus, there is always a charge current floating into the battery since there is also a charge voltage between the battery
terminals.

In this paper, cells with different charging voltages and charge termination currents are tested. Thus, different results
were obtained at different charge termination currents and evaluated comparatively. In order to determine the SoH of
the battery, equation -4, which is well explained above, is used. Moreover, the initial and final capacities of the cells were
compared. For the measurements' consistency, two separate cells were examined by charging/discharging in different
profiles.

The results of the tests are given in Table-2 below. Tests were carried out using 8 NMC cells. Four different
charge/discharge processes were applied to the cells. In order to compare the data, the standard charging method and charging
processes with zero charge termination current at different voltage levels were applied to the cells (4,2 V 50 mA /4,2 V 0
mA/ 4,1V 0 mA/ 4,0 V 0 mA). In order to obtain correct results, the same process was applied to both cells. A 500 cycle
life is given in the cell's datasheet. A total of 144 cycle tests were conducted. This corresponds to approximately 30% of the
life span of the cell.

Table-2 Data obtained as a result of the tests performed

Charge Tcép;';g:_ The Ini_tial Last_ Loss _ Usabl_e

Battery | Test | Voltage tion Capacity | Capacity | of Capacity | SoH | Capacity | Cycle
Name No (DC) Current (mAh) (mAh) (%) (%) (%) No
NMC-1 |PS1 |4,2V 50 mA 2711 2654 2,10 97,90 |99,7 144
NMC-2 |PS2 |4,2V 50 mA 2744 2696 1,75 98,25 99,96 144
NMC-3 |P1S1 |4,2V 0 mA 2690 2581 4,05 95,95 100,52 |144
NMC-4 |P1S2 |4,2V 0 mA 2752 2625 4,61 95,39 |100,7 144
NMC-5 |P2S1 |4,1V 0 mA 2695 2626 2,56 97,44 191,28 144
NMC-6 |P2S2 |4,1V 0 mA 2735 2673 2,27 97,73 191,92 144
NMC-7 |P3S1 |4,0V 0 mA 2700 2649 1,89 98,11 | 76,81 144
NMC-8 | P3S2 | 4,0V 0 mA 2741 2699 1,53 98,47 | 77,23 144
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When the data obtained are examined, it has been determined that the SoH value remains higher in cells with 4.0 V
charge voltage and 0 mA charge termination current compared to other cells. However, in this method, the usable capacity
of the cells is around %76. It is clearly seen that the SoH value is meager in the cells where the standard charging voltage of
4.2V and 0 mA charge termination current is applied. This method is not considered a correct method to charge the battery
however, cells that are charged with a 4.1V charging voltage and OmA charge termination current have 91% percent usable
capacity. When compared this method with the standard charging method, it can be seen that the SoH difference is around
%0.5 percent. It can be considered that this charging method will be suitable for the energy storage system.

5. Conclusion

This paper has presented the results about the effect of applying different charge termination currents to the Li-lon cells
on state of health (SOH) of cells. Especially in energy storage systems, which are expected to become widespread and
become a necessity in our country in the coming years, batteries will be charged and exposed to a continuous current during
the time they are used with solar energy. If the cells are charged with the wrong charging method, this will shorten their life
considerably. As a result of the tests performed to find the correct charging method, it was seen that the health of the cells
was negatively affected when standard charging voltage and zero charge termination current were used. The charging process
to be done in this way will shorten the life of the cells. However, when the charge voltage is reduced slightly (4.1V) and
charged with zero charge termination current, it has been observed that the health status of the cells is very close to the
standard charge voltage and the standard charge termination current. In addition, this usable capacity loss is around 9%. This
is an acceptable value. It is evaluated that the charging method made in this way will be correct. If you reduce the charging
voltage too much, the available capacity will be greatly reduced. This means that you use more cells to achieve the desired
capacity. This process will increase the cost enormously. In addition to this, the correct charging method for the SoH may
decrease the installation costs, optimize the system's life.
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