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ABSTRACT OF THE THESIS  

 
 

Adaptive Fast Charging Method for Lithium Ion Batteries 

 

by 
 

 

Sandeep Suresh Sebastian 

 

Master of Science, Graduate Program in Mechanical Engineering  

University of California, Riverside, June, 2019 

Dr. Cengiz Ozkan, Chairperson 

 

 

 

To bridge the gap between existing lithium ion batteries and future high energy density 

lithium ion batteries, device manufacturers have moved towards fast charging. Fast 

charging methods have been widely adopted for many applications, especially in electric 

vehicles and is therefore important to understand the long-term effects of this type of 

charging. Fast charging is commonly used for charging electric vehicles; people 

misunderstand and misuse fast charging and this has introduced safety and capacity issues 

for lithium ion batteries. It is thus of paramount importance that electric vehicle and 

portable device manufactures quantify the effect of fast charging on thermal stability, 

usable capacity and cycle life of the battery. 

Fast charging tests were performed based on existing industry charging protocol and 

battery parameters like internal resistance and temperature were analyzed. Based on the 

analysis of the industry charging protocol A novel fast charging technique was proposed 

by analyzing the internal resistance of the battery and adjusting the charging current based 

on the analysis.  
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The batteries cycled under the industry based fast charging showed faster capacity fade 

compared to the battery cycled with the internal resistance (IR) based fast charging lasting 

an average of 11 cycles longer. The internal resistance of the battery, which is an important 

parameter for understanding the battery state of health was investigated. The battery cycled 

under the industry based fast charging showed 74.2% increase in internal resistance over 

120 cycles whereas the battery cycled under the IR based fast charging showed a 29.4% 

increase in internal resistance over 120 cycles. The temperature of the battery cycled under 

the IR based fast charging was not significantly higher (± 2𝑜𝐶), hence similar thermal 

solutions could be used for battery packs cycled under the IR based charging. 

Using the internal resistance of the battery, the battery state of health can be mapped as the 

battery is cycled. This data can be used to create an adaptive charging algorithm where the 

battery fast charging algorithm was updated as the internal resistance of the battery 

evolved.  
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Battery Terminology 

 
 

Charge Rate – Charge rate or C rate is the current applied to a battery to charge and 

discharge the battery. If a battery with a 1000 mAh capacity is charged at a rate of 1C the 

charging current will be 1000 mA. 

 

State of Charge (SOC %) – State of charge or SOC is an expression of the present available 

capacity in terms of the maximum capacity of the battery. SOC can be calculated by current 

integration or measuring the open circuit voltage of the battery.  

 

Depth of Discharge (DOD %) – Depth of discharge is the percentage of capacity 

discharged from a battery compared to its maximum capacity.  

 

Terminal Voltage – Terminal voltage is the voltage at the battery terminals when a load is 

applied this voltage usually varies over the SOC of the battery. 

 

Open Circuit Voltage (OCV) – OCV is the voltage of the battery terminals when no load 

is applied. The OCV can be a good indication of the battery SOC. 

 

Battery Capacity – Battery capacity is the total capacity available when a battery is 

discharged at a certain current and usually denoted in mAh.  
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Secondary and Primary Cells – A secondary cell is a battery that can be recharged whereas 

a primary cell is a battery that cannot be recharged. 

 

Specific Energy – Specific energy is the nominal battery energy per unit mass and is 

denoted by Wh/kg. Specific energy can be used to characterize battery packs to understand 

the if the pack is efficient for its application.  

 

Cycle Life – Cycle life of a battery is the number of discharge and charge cycles a battery 

can undergo until it fails or does not meet the performance criteria. In electric vehicles and 

portable devices, the battery is considered bad once it reached 80% capacity. 

 

Nominal Voltage – Nominal voltage is the reported or reference voltage of the battery 

under normal cycling. 

 

Cut off Voltage – It is the minimum voltage that the battery is allowed to discharge to. This 

voltage indicates that the battery is fully discharged. 

 

Intercalation – Intercalation is the reversible insertion of a molecule into a material with 

layered structure. 
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Chapter 1 
 

Introduction  
 

The negative impact of greenhouse gasses and their effects on climate change has sparked 

a revolution in developing and adopting cleaner renewable technology. The wide adoption 

and demand for electric vehicles (EV) as a greener alternative has increased the demand 

for lithium ion batteries. Lithium ion batteries are very suitable for hybrid electric vehicles 

(HEV) and electric vehicles, this is due to its higher power density, cycle life and high cell 

working voltage. However, lithium ion batteries have their limitations [1]. 

The main limitations of lithium ion batteries are that they have limited energy densities and 

can take long time to charge safely. Fast charging techniques have been implemented by 

charging batteries at higher current rate. In recent years, fast charging of lithium ion 

batteries has become of great interest for portable device manufacturers and EV 

manufactures. Fast charging is the term used for charging batteries at a higher current than 

the nominal charge current [1]. The rate in which the battery charges is limited by the 

lithiation/delithiation rate of the lithium ions into the electrode, the ionic transport in the 

electrolyte and the ion diffusion in the active material [1] 

Objective  
 

The Objective of this masters thesis is to investigate existing fast charging algorithms and 

to study the degradation of the battery due to fast charging. A novel fast charging algorithm 

is also proposed and studied to show its improved performance against existing fast 
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charging methods. Methods to map battery degradation is also investigated to create an 

adaptive charging algorithm based on battery degradation. 

The work conducted in this research is confined to LiNiCoMnO2 (NMC) and LiNiCoAlO2 

(NCA).  

 

Chapter 2 
 

Literature Review  
 

 

2.1 Lithium-Ion Battery Technology 
 

Lithium ion batteries are the most commonly used energy storage mechanism for portable 

devices. The improvements in energy density in lithium ion batteries has made it a viable 

candidate to  power electric vehicles. A lithium ion battery works by converting the 

chemical energy that is contained in its active material directly into electrical energy by 

means of an electrochemical oxidation-reduction (redox) reaction [2]. A typical lithium ion 

battery consists of two current collectors, a positive and negative electrode along with a 

separator in the middle.  
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The lithium ion cell is defined by the chemistry of the positive electrode, which is generally 

LiCoO2, LiNiCoMnO2 and LiNiCoAlO2. The negative electrode is usually made from 

graphite however, new emerging materials like silicon are being investigated as a 

replacement of graphite to improve energy density. The electrolyte used in most batteries 

are aqueous in nature and this enables the battery to have very high ionic conductivity. The 

anode and cathode are physically isolated in the cell to prevent internal shorting, a separator 

is used to separate the anode and cathode electrodes mechanically [2]. The separator is 

permeable to allow the electrolyte to maintain the desired ionic conductivity. 

 

Figure 1:Schematic of a rechargeable lithium ion battery [2] 
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During charging, when a potential is applied across the electrode the lithium ion is 

deintercalated from the cathode material and diffuses into the electrolyte where it finally 

intercalates into the anode. The ions form the electrolyte fill the voids in the cathode. As 

the lithium ions intercalates into the anode the electrons flow from the aluminum current 

collector to the copper current collector through an external circuit. This can be seen in 

figure 1, the movement of electrons neutralizes the charge difference due to the movement 

of positively charged lithium ions to the anode. 

When a cell is connected to an external load the electron flow from the copper current 

collector plate through the external circuit into the aluminum current collector plate. The 

lithium ions flow from the anode to the cathode neutralizing the charge difference. The 

anions and the cations flow into the anode from the electrolyte to complete the electric 

circuit [2]. 

 

2.1.1 Negative electrodes for lithium ion batteries  
 

In most lithium ion batteries, the actively used negative electrode is graphitized carbons. 

Elemental carbon can be found in three major crystallographic structures, which are 

diamond, buckminsterfullerene and graphite [3]. Graphite structure consists of carbon 

atoms arranged in hexagonal rings that are stacked in layers seen in figure 2 [3]. 
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Figure 2: Graphite structure [3] 

During charging the lithium ion intercalates between the graphite layer planes. The graphite 

layer planes expand about 10% to accommodate the lithium ions. Graphite has shown to 

have fairly high theoretical gravimetric capacity of  372 mAh/g [4]. Graphite has also 

displayed great thermal stability, high capacity retention and shown to have flat voltage 

plateau at about 0.1 – 0.2V [4]. 

As capabilities of portable devices advances and the adoption of electric vehicles increases, 

the need for higher capacity electrodes also increases. Silicon is a promising negative 

electrode material for high capacity batteries as it has shown to have theoretical gravimetric 

capacity of 4200 mAh/g.  The main reason that the capacity of silicon anode is much higher 

arises from the fact that one silicon atom can bond with up to four lithium ions 

(stoichiometry Li4.4Si) [4].  
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2.1.2 Positive electrode for lithium ion batteries  
 

 

Commercial lithium ion batteries use various lithium based positive electrodes. The source 

of the lithium ions from the battery originates from the positive electrode and this governs 

the energy storage capability of the battery [5].  

 

LiCoO2 (LCO): Lithium cobalt oxide is one of the most predominant positive electrode 

materials, which is commonly used in portable electronic devices. LiCoO2 electrodes are 

easy to manufacture and have shown excellent cycling performance [5], [6]. LiCoO2 is also 

a very attractive cathode material due to its relatively high theoretical specific capacity of 

274 mAh/g [7]. The major limitations for LiCoO2 cathodes are the high capacity fade at 

high current rates or during deep cycling and its low thermal stability [7]. LiCoO2 can also 

be expensive due to the rising cost of mining raw cobalt. 

 

LiNiCoAlO2 (NCA): Due to the need for higher capacity batteries, new cathode materials 

were investigated. NCA cathodes have found to have high usable discharge capacity and 

long storage calendar life [7]. NCA batteries have shown to have a theoretical specific 

capacity of ~ 279 mAh/g, due to the high capacity and long storage life NCA batteries are 

commonly used in electric vehicle applications. 

 

LiNiCoMnO2 (NMC): NMC batteries are formed by adding cobalt to lithium nickel 

manganese oxide batteries. The addition of cobalt was found to be an effective way of 
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enhancing structure stability and maintaining similar or higher specific capacity  than LCO 

batteries [7]. NMC batteries have also shown to have similar operating voltages compared 

to LCO but cost lower due to the reduced cobalt content. MNC batteries have also shown 

to have high reversible capacity (234 mAh/g) and good cycle stability at high temperatures 

(50oC) [7]. 

 

 
Figure 3: Comparison of lithium ion cathode specific energy [7]   

 

2.2 Galvanostatic Intermittent Titration Technique 
 

Galvanostatic intermittent titration technique (GITT) is a technique for characterizing the 

kinetic and transport properties of the lithium ion battery electrode [8]. GITT is widely 

used as it is a convenient method to characterize a battery. A typical GITT procedure 

consists of a series of current pulses, followed by a rest period and the corresponding 
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voltage of the battery is measured. During the charging process the current pulse is positive 

and during discharging the current pulse is negative. 

Figure 4(b) shows the current pulses of a battery during a GITT and Fig 4(a) shows the 

corresponding voltage for a charging and discharging GITT.  

 

Figure 4: GITT curve for NCA battery (a) Voltage curve (b) Current pulse. 

a 

b 
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Figure 5: Magnified voltage data for a single charging pulse 

 

Figure 5 shows a magnified voltage data for a single discharge pulse. The voltage of the 

cell decreases instantaneously due to the total resistance of the battery, which is comprised 

of the ohmic and charge transfer resistances [9]. The voltage is then slowly decreases to V2 

and this is due to the transport of lithium ions within the solid phase from the anode to the 

cathode and when the discharge current is removed, the voltage increases as the 

concentration gradient of lithium ions even out in the solid phase and the resultant voltage 

V3 is reached [9]. 

 

 

IR 

V1 

V3 

V2 

V0 

ΔVt 

ΔVs 



10 

 

2.2.1 Internal Resistance  
 

Battery internal resistance can be one of the most important characteristic parameters, and 

can be used to measure the performance and the lifetime of the battery [10]. In a lithium 

ion battery, the internal resistances can be divided into ohmic and polarization resistances. 

The ohmic resistances consists of  the resistances from the electrode materials, electrolyte 

resistances, separator resistances and electrical connections such as terminals, current 

collector, weld joints and contact in the electrodes [10]. 

Polarization resistances is the resistance caused by the polarization in the electrochemical 

reaction. The polarization resistance can be broken down into charge transfer polarization 

resistance and diffusion polarization resistance. The charge transfer resistance is associated 

with the chemical reactions that occurs during the intercalation and deintercalation of 

lithium ions [10]. 

The diffusion resistance occurs due to the to mass transport limitations in the electrolyte 

and electrode materials [10], [11]. 

The internal resistance of the battery is influenced by external and internal parameters of 

the battery. Extreme temperature can influence the battery internal resistance and aging has 

also shown to influence the internal resistance. Due to the dynamic behavior of a batteries 

internal resistance it can be used as an important parameter to assess the performance of a 

battery at varying conditions. 
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Figure 6: Internal resistances of a battery from a pulse discharge curve 

 

2.2.2 Diffusion Coefficient 
 

In most lithium ion chemistries, the electrochemical dynamics is dominated by the solid 

phase diffusivity. This is because during charging and discharging the intercalation of 

lithium ions into the electrodes are known to be very slow [9]. Diffusivity can be affected 

by the changes in battery temperature, State of Charge (SOC) and electrolyte concentration 

[9]. Solid phase diffusivity (Ds) can be calculated from the voltage response from a GITT. 

Figure 5 shows four voltage measurements V0 – V3, from these voltage measurements we 

can ΔVs and ΔVt (ΔVs = V0 −V3 and ΔVt  = V1 − V2) [9]. 

The following equation is the GITT diffusivity formula, 

  𝐷𝑆  =   
4

𝜋𝜏 
 (

𝑛𝑀𝑉𝑀

𝑆
)

2

(
∆𝑉𝑠

∆𝑉𝑡
)

2

 

Ohmic Resistance 

V1 

Polarization 

Resistance 

V2 

V0 
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Where nM and VM are the molar mass and volume of the active materials, respectively. S 

is the cell interfacial area and τ is the time duration of the pulse. 

 

2.3 Electrochemical Impedance Spectroscopy  
 

 

As the demand for electric vehicles increases the need for lithium ion battery will also 

increase. For current lithium ion batteries, the performance of every battery cell is defined 

by the open circuit voltage (OCV), nominal capacity CN and impedance Z [12]. In order to 

design an energy and cost-efficient battery pack it is essential to have a deep understanding 

of the cell at all operating conditions. In previous sections we discussed the GITT method 

to analyses battery internal resistance. This method, however easy to implement has shown 

to cause battery degradation and capacity fade [13]. Another method to investigate the 

dynamic behavior of the cell is to carry out an electrochemical impedance spectroscopy 

(EIS). The advantage of EIS is that it can measure wide frequency range and lets users to 

get a deeper understanding about internal processes with different time constants [12]. 

EIS works by applying a sinusoidal signal, which in our case was a 10 mV signal and the 

characteristic response was measured. An EIS data can be displayed in Nyquist plot shown 

in figure 7. 
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Figure 7: Impedance spectrum in a Nyquist plot for NCA cell.  

 

Figure 7 shows an example of a Nyquist impedance plot for an NCA lithium ion battery. 

The Nyquist impedance can be divided into 4 sections. Section 1 is the result of very high 

frequency signals and shows the inductive behavior of the battery due to metallic elements 

in the cell and wires [12]. The intersection with the real axis gives information of the ohmic 

resistance of the battery. Section 2 which is the first semi-circle is usually associated with 

solid electrolyte interface (SEI). Section 3 is the second semi-circle which represents the 

double layer capacity and charge transfer resistances at the electrode [12], [14]. Section 4 

represents the diffusion process in the active material at very low frequencies [12]. 

 

 

 

 

Section 2 

Section 1 

Section 3 

Section 4 
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2.4 Battery Degradation Modes 
 

Over the cycle life of the battery, lithium ion cells tend to degrade as they are cycled and 

exposed to changing environmental conditions [15]. Cycle life degradation can have 

significant consequences in the batteries ability to store energy, safety and to meet the 

power demands of its intended use. In this thesis we set out to create a fast charging 

algorithm that can reduce the rate of degradation, but to achieve this it is important to 

understand the various degradation modes for lithium ion batteries. 

 

 

 

Figure 8 shows an illustration outlining various degradation modes. Lithium ion battery 

degradation can be caused by a number of physical and chemical mechanisms, which can 

Figure 8:Degradation modes for lithium ion batteries [15] 
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affect the electrode, electrolyte, separator and the current collector. Many studies have 

shown that degradation modes can be classified into two main modes:  

Loss of lithium inventory (LLI): In this type of degradation mode lithium ions are 

consumed by the parasitic reactions, such as solid electrolyte interface (SEI) formation, 

lithium plating and other decomposition reaction [15]. This consumption of lithium lowers 

the overall availability of lithium ions and can in turn cause the batteries capacity to fade. 

Loss of active electrode material (LAM): Due to side reactions during cycling, the active 

material in the electrode are no longer available for intercalation of lithium ions. This could 

lead to the batteries capacity fade and power to fade [15], [16].  

 

Figure 9 shows a comprehensive list of causes and effects due to degradation of lithium 

ion batteries. More analysis on the battery degradation will be covered in the experimental 

results section of this thesis. 

Figure 9: Cause and effect of lithium ion battery degradation [15] 
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Chapter 3 
 

Experimental Procedure and Study 
 

 

The experimental procedures and methodology will be presented in this chapter. In our 

experiment we investigated the fast charging capabilities of NCA and NMC batteries. 

There were three different studies conducted: 

1. The first experiment consisted of testing NCA and NMC batteries under industry 

developed fast charging algorithms. The degradation of the battery was recorded 

and analyzed. 

2. In the second part of our study we used the information from the industry 

developed fast charging and developed a new charging algorithm based on the 

internal resistance of the battery. 

3. Since the internal resistance of the battery evolves as the battery ages, we studied 

and mapped the change in internal resistance to propose a new adaptive charging 

protocol that changes the fast charging rate based on internal resistance of the 

battery.  
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3.1 Fast Charging Experiment  
 

In our first experiment we investigated fast charging on NCA and NMC lithium ion 

batteries. The experiment was designed to investigate the change in internal resistance as 

the battery is cycled. The experiment methodology is explained in the following sections. 

 
 

3.1.1 Lithium ion Batteries 
 

For all our experiments we used commercially sourced lithium ion 18650 batteries. An 

18650-battery cell is 18 mm x 65 mm and cylindrical in shape. The batteries used for 

experiment are shown in Figure 10. The cell specifications for NCA battery is given are 

given in Table 1 and the specifications for NMC batteries are given in Table 2. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10: 18650 Lithium ion batteries 
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Table 1: Manufactures specification for NCA batteries 

 

 

 

 

Specification Value 

Positive Electrode (Cathode) Lithium Cobalt Nickel Aluminum 

Oxide (LiCoNiAlO2) 

Negative Electrode (Anode) Graphite (C) 

Electrolyte  Ethylene Carbonate – Solvent 

Diethyl Carbonate – Solvent 

Lithium Hexaflurophosphate – Salt 

Rated Capacity  3200 mAh 

Capacity Min 3250 mAh 

Typical 3350 mAh 

Nominal Voltage  3.6 V 

Weight  48.5 g 

Temperature  Charge: 0 to +45°C 

Discharge: -20 to +60°C 

 Storage: -20 to +50°C 

Energy Density  Volumetric: 676 Wh/l 

Gravimetric: 243 Wh/kg 
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Table 2: Manufacturers specification for NMC batteries 

 
 

 

 

 

Specification Value 

Positive Electrode (Cathode) Lithium Nickel Manganese Cobalt Oxide 

(LiNMnCoO2) 

Negative Electrode (Anode) Graphite (C) 

Electrolyte  Ethylene Carbonate – Solvent 

Diethyl Carbonate – Solvent 

Lithium Hexaflurophosphate – Salt 

Standard Charge   CCCV, 1.25A, 4.20 ± 0.05 V, 125mA 

cut-off 

Nominal Voltage  3.6 V 

Weight  45.0 g 

Operating Temperature  Charge: 0 to 50°C 

(recommended recharge release < 45°C) 

Discharge: -20 to 75°C 

(recommended re-discharge release < 

60°C) 
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3.1.2 Battery Testing Apparatus  
 

The battery testing equipment that we used was the BCS 815 made by BioLogic shown in 

figure 11.  

The battery tester consists of 8 channels that are connected to the BH-1i battery holder. 

The battery holders consist two gold connectors, for each pole of the battery. This 

configuration allows for 4 points of measurement.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 11: (a) BioLogic BTS 815 battery tester (b) BH-1i battery holder 
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Figure 12: BH-1i Connector 

 

 
 

3.1.3 Test Procedure  
 

To get a better understanding of the performance of the battery under fast charging different 

charging profiles were investigated. The charging profiles were distributed in different 

groups and the data from each group was analyzed and compared. 

The overall test procedure for analyzing the degradation of the battery were as follows: 

1. The battery was cycled with the corresponding fast charging algorithm discussed 

in the following section. 

2. Every 10 cycles an EIS procedure was carried out which is discussed in much 

further detail in the following section. 

3. Every 30 cycles a GITT was carried out. The procedure of the GITT is explained 

in the following section. 

This type of testing procedure let us map the batteries state of health as it is cycled and 

gave us a much deeper understanding of the degradation modes which is discussed in 

chapter 4. 
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3.1.4 Internal Resistance Calculation  
 

the internal resistance of the battery is a valuable parameter for analyzing the degradation 

of the battery. To calculate the internal resistance of the battery we carried out a GITT for 

NCA and NMC batteries. The GITT procedure carried out for our experiment was a follow: 

1. The battery was charged (CC) at a rate of C/10 for 10 min. 

2. The battery was rested for 10 min. 

3. Steps 1 and 2 were looped till the battery voltage reached 4.2V. 

4. The battery was then discharged (CC) at a rate of C/10 for 10 min. 

5. The battery was then rested for 10 min. 

6. Steps 4 and 5 were looped till the battery voltage reached 2.5 V. 

 

The charging profile for the above procedure can be seen in Figure 4. The IR drop (ohmic 

resistance) depicted in Figure 6 was calculated using data analytical techniques wit code 

written in Python. The implementation of this Python code allowed us to calculate IR 

values for multiple GITTS for better and faster comparison. The analysis of the GITT data 

is explained in detail in chapter 4 of this thesis. 

 
3.1.5 Group 1 (Industry based fast charging) 
 

The first test we conducted was to analyze the degradation from existing fast charging 

algorithms and the new algorithms were tested with NCA and NMC batteries. The charging 

times from various product manufactures were investigated and summarized in Table 3 

[17]–[19].  
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Table 3: Fast charging times for various product manufacturers  

Company Charging Time 

Apple (iPhone) 50% SOC in 30 min 

Qualcomm (Quick Charge)  50% SOC in 30 min 

Samsung (Galaxy S9) 50% SOC in 30 min 

Tesla (Supercharger) 80% SOC in 30 min 

 

 

From the data in Table 3 we created a constant current (CC), constant voltage (CV) 

charging profile. The charging profile for group 1 were as follows: 

1. The battery was charged at a rate of 2C until the battery capacity reached 1920 

mAh (60%) or if the battery voltage reached 4.2 V. 

2. The battery is then rested for 5 min. 

3. After resting the battery is charged again at a lower rate of 0.6 C until the battery 

voltage reaches 4.2 V. 

4. Once the battery voltage reaches 4.2 V the battery is charged under CV for 30 

min. 

 

The above charging profile is shown in figure 13. The group 1 charging profile was able 

to charge both the batteries to 60% SOC in an average of 17 min and was able to fully 

charge the battery in an average of 70 min. 
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Figure 13: Group 1 charging profile (industry based) 

  

The results from the group 1 charging is discussed in more detail in the experimental 

results section of this thesis. 

3.1.5 Group 2 (IR based fast charging) 
 

After analyzing the GITT data, based on the internal resistance of the battery a different 

approach was taken to fast charge the battery. From figure 14, it can be seen that the internal 

resistance of the battery is much higher at lower capacities (lower SOC). Based on the 

initial IR data for NCA and NMC batteries group 2 charging was created. 

 In group 2 charging the battery was charged at a nominal rate while the internal resistance 

of the battery was high and when the internal resistance of the battery was reduced the 

battery was charged at a higher rate. The results of this type of charging is discussed in 

chapter 4. 
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Figure 14: Internal resistance vs battery capacity for an NCA battery 

 

The charging profile for group 2 are as follows: 

1. The battery was charged at a rate of 1 C till 700 mAh (IR ~ 0.059 Ohm). 

2. The battery is then rested for 5 min. 

3. The battery is charged at a rate of 2 C till the battery voltage reached 4.2 V. 

4. The battery is again rested for 5 min. 

5. The battery was then charged at a rate of 0.5 C until the battery voltage reached 

4.2V. 

6. Once the battery reached 4.2 V the battery is charged at constant voltage for 30 

min. 
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Figure 15: IR based fast charging (Group 2) profile 

 

3.1.6 Internal Resistance  
 

Since the internal resistance of the battery is an important parameter it is vital that we could 

analyze and map the internal resistance of the battery over the state of charge. The internal 

resistance of the battery could be found by carrying out a GITT, which are DC pulses. The 

GITT procedure for our experiment were as follows: 

1. The battery charged at a rate of C/10 for 10 min. 

2. The battery was then rested for 10 min. 

3. Procedure 1 and 2 was repeated until the battery voltage reached 4.2 V. 
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4. The battery was then discharged at a rate of C/10 for 10 min. 

5. The battery is then rested for 10 min. 

6. Procedure 4 and 5 was repeated until the battery voltage reached 2.5 V. 

 

This type of cycling allowed us to apply current pulses on the battery and get corresponding 

voltage reaction.  

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
Figure 16: GITT cycling and corresponding voltage pulse. 
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Figure 16 shows a zoomed in snapshot of a voltage pulse due to a corresponding current 

pulse. As discussed in chapter 2, the ohmic resistance can be used to gain information on 

the state of health of the battery. 

The ohmic resistance can be calculated by calculating the voltage difference from the 

instantaneous voltage drop. In figure 16 V0 and V1 can be recorded and the corresponding 

current can be used to calculate the IR value using ohms law. The following equation can 

be used to calculate the IR value over the state of charge of the battery. 

 

𝐼𝑅(𝑠𝑜𝑐) =  
𝑉0  −  𝑉1

𝐼𝑃𝑢𝑙𝑠𝑒
 

 

Where V0 and V1 are the voltage values and Ipulse is the pulse current which in our 

experiment is C/10.  

The data recorded from the battery tester is imported and analyzed using python to 

automate the calculation for the internal resistance of the battery. 

 

Electrochemical Impedance Spectroscopy  

To gain a deeper understanding of the battery state of health a potentiostatic 

electrochemical impedance spectroscopy (PEIS) was conducted. The frequency used for 

our experiments was between 10 mHz - 10 kHz, where we sampled 15 points per decade 

in logarithmic spacing. The perturbation signal was 10 mV and the corresponding signal 

was measured using a Nyquist impedance plot. 
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Chapter 4 
 

Experimental Results and Discussion  
 

 

The results from our experimental investigations comparing industry fast charging and IR 

based fast charging for lithium ion batteries provided vital information on charging time, 

battery capacity and efficiency for the different charging methods. The effects of fast 

charging on cycle life was also investigated to give a better understanding on battery ageing 

due to the fast charging protocol. All our experiments were conducted in similar 

environmental conditions so that they can be objectively compared.  

 

 

4.1Battery Capacity Analysis  
 

 

4.1.1 NCA Battery Results 
 

To analyze the impact due to fast charging of NCA batteries, two different charging 

protocols were investigated. In both charging protocols the capacity of battery was 

recorded. Figure 17 shows the capacity of an NCA battery cycled in two different charging 

protocol. The initial capacity measured for the battery cycled using the IR based charging 

protocol was 3184 mAh and the initial capacity measured for industry based charging 

protocol was 3135 mAh.  
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Figure 17: NCA battery capacity comparison 

 

From figure 17 it can be seen that the batteries that are charged with IR based charging 

protocol showed much lower capacity fade compared to the batteries that were charged 

with industry based charging protocol. In the first 13 cycles, the battery capacities for both 

charging protocols were similar but as the battery was cycled for a much longer time frame, 

the industry charging protocol exhibited a much larger capacity fade. The results from the 

capacity analysis can be used to show that industry fast charging algorithms can be 

implemented but only for a few cycles as consistent long-term cycling can lead to extended 

capacity fade.  

 But for applications where batteries required to be charged quickly on a more consistent 

basis the IR based fast charging can be implemented.  
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For most battery applications, a battery or a battery pack is considered to have reached its 

end of life when the overall capacity of a battery or a battery pack reaches 80%. In the case 

of the NCA batteries that were tested, the measured initial capacity was 3184 mAh. This 

means that when the battery capacity reached 2520 mAh it cannot be used in most 

applications such as electric vehicles or portable electronics.  From our experiments 

conducted on the NCA batteries, the battery reached 80% capacity in 25 cycles while using 

the industry charging protocol. But when using the IR charging protocol, the battery was 

able to retain 80% capacity for 11 more cycles before it reached 80% capacity. 

11 more cycles might not seem as a substantial increase but if this type of charging were 

to be used for an electric vehicle with a 300 mile range, 11 more cycles could mean that 

the battery could be used to deliver around 3,300 more miles before the battery pack would 

be need to be replaced. 

 

Figure 18: SEM image for NCA cathode 
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Fast charging puts much higher stresses on the NCA cathode, which leads to more structure 

crackdown, SEI deformation, parasitic reactions and lithium dendrite formations. Cycling 

the battery at high charging rates can induce high mechanical stresses on the electrode due 

to the rapid intercalation and deintercalation of lithium ions into the battery. This rapid 

intercalation and deintercalation can cause the electrode to expand and contract resulting 

in cracking. Figure 18 shows a scanning electron microscope (SEM) image of an NCA 

battery where micro cracks on the anode surface was observed. This type of mechanical 

stress is adding to the extended capacity fade of NCA batteries [20].  

 

4.1.2 NMC Battery Results  
 

 

In our study we also investigated the effects of fast charging on NMC battery chemistry. 

The higher charging rate didn’t seem to affect the NMC batteries as drastically as the NCA 

batteries. Figure 19 shows the capacity fade of an NMC battery using the IR based fast 

charging and the industry based fast charging. The NMC battery chemistry seems to 

perform well under high current rates which in our case was 2C (5A). The capacity fade of 

the industry based fast charge was much faster in the NCA battery compared to the NMC 

battery this could be due to the chemical structure of the cathode material. The lithium ion 

transportation in a lithium-ion battery is controlled by both kinetics and thermodynamics. 

At slow charging rate, the batteries are mainly diffusion controlled, which means that the 

lithium ions have enough time to diffuse into and out of the holding structures; On the other 

hand, under fast charging, the batteries are mainly kinetic control, which means that the 

diffusion cannot follow up with the required charging speed, so the fast charging challenges 
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the stability and intercalation/deintercalation speed of the crystal structure. Since NCA has 

a 2D hexagonal planar structure while NMC has a 3D spinel structure [21].  

 

  

NMC cathodes are showing more stable performance as they aren’t as drastically affected 

by the mechanical stress due to fast charging compared to NCA cathode. After 210 cycles 

the capacity of the battery cycled using the industry based charging protocol was 2227 

mAh and the battery cycled using the IR based charging protocol had a capacity of 2294 

mAh. Over the cycle life of the batteries, the battery cycled under industry based fast 

charging had a capacity fade of 11.7% compared to the 9.4% capacity loss for the IR based 

charging. 

 

Figure 19:NMC capacity comparison 
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During our capacity data analysis, we observed a significant increase in capacity after 

conducting a GITT procedure. This is due to the slow discharge of the battery during the 

GITT procedure. Since the battery is discharged at a rate of C/10, the mass transport of 

lithium ions to the cathode can be completely achieved. The battery is charged from a lower 

state of charge compared to our 0.5C discharge during normal cycling.  

Battery capacity can be a useful indication of the state of health of the battery but to get a 

deeper understanding on the battery behavior due to fast charging additional battery 

parameters were investigated and discussed in the following sections. 

 

 

Figure 20: Increased capacity after GITT cycles 
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4.2 Battery Internal Resistance Analysis  
 

As discussed in chapter 2, battery internal resistance can give useful information on the 

kinetics and transport properties of the lithium ion battery electrode. This information can 

be used to understand how the battery behaves during cycling. 

Figure 21 shows the internal resistance of an NCA battery over one charging GITT cycle. 

The internal resistance of the battery is much higher at the beginning of a charge cycle. 

During charging when a current is applied to the battery the lithium ions are deintercalated 

from the cathode material this deintercalation cause reactions that result in higher the 

internal resistance in the battery. Once the lithium ions are deintercalated from the cathode 

it is free to move around in the electrolyte material. Since the liquid electrolyte has a much 

higher ionic conductivity and a lower initial concentration gradient of lithium ions, the 

transport mechanism through the electrolyte is diffusion based and the internal resistance 

starts to decrease. The lithium ions are then intercalated into the anode material, this 

process is stable as the concentration gradient of lithium ions in the anode material is low. 

As the concentration gradient of lithium ions in the anode material increases the energy 

required the intercalate the ions also increase. This is evident in Figure 21 where the 

internal resistance starts to increase after reaching 2200 mAh. 

The IR curve in figure 21 and 22 were calculated from new batteries that haven’t been 

cycled.  
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Figure 21: Internal Resistance of an NCA Battery for One Cycle 

 

 

 

Figure 22: Internal Resistance of NMC Battery for One Cycle 
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Figure 23 shows the internal resistance of an NCA battery over the state of charge of the 

battery at every 30 cycles. The IR curve in figure 23 can be compared with figure 21, in 

the first 30 cycles the IR curve is similar with the IR curve in figure 21 as it follows the 

deintercalation, diffusion and intercalation model described earlier. The IR curve is much 

flatter after 30 cycles which is an indication of battery degradation. In the 90th cycle the 

battery internal resistance is between 0.1 to 0.11 ohm increasing almost 45% from 0.07 

ohm in the 30th cycle. The battery has increased by an average of 74.2% to 0.125 ohms in 

the 120th cycle. There are various reasons for the cause of this drastic increase in battery 

internal resistance. 

Figure 23: Internal resistance of an NCA battery every 30 cycles for group 1 

charging protocol (industry based fast charging) 
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The main reason for the drastic increase in internal resistance is due to rapid electrolyte 

decomposition. In chapter 3 we outlined our procedure of measuring the internal resistance 

of the battery. Since we are measuring the ohmic resistance which comprises of the of the 

electrolyte resistance and electrode resistances over cycle life we can get a better 

understanding of the behavior of the battery. 

Around the 60th cycle we discovered a fracture on the battery casing, shown in figure 24. 

When batteries are charged at a high current rate the temperature in the cell increases due 

to the kinetics inside the battery. This temperature increase can cause the electrolyte to 

vaporize and can result in a pressure build up within the cell. Due to the constant fast 

charging at higher internal resistances the pressure buildup was drastic enough to fracture 

the casing of the battery. This fracture compounded the effect of electrolyte decomposition 

as the electrolyte could vaporize and a leak out through the battery. The fracture could also 

be due the constant expansion or contraction of the electrode materials during charging and 

discharging.  
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Figure 24: Mechanical fracture on NCA battery casing 

 

As the battery was cycled over time, the decomposition of the electrolyte became so large 

that not only did the capacity of the battery decrease by 46.8% (From 3135 mAh to 1700 

mAh) the internal resistance of the battery increased by 74.2%. Due to this the capacity life 

of the battery is much shorter than the battery cycled with IR based fast charging protocol. 
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Figure 25:Internal resistance of an NCA battery every 30 cycles for group 2 

charging protocol (IR based fast charging) 

 

Figure 25 shows the internal resistance of the NCA battery cycled under the IR based fast 

charging protocol. The internal resistance is increasing every 30 cycles but at a much lower 

rate compared to the batteries cycled with the industry based fast charging protocol. The 

IR curve of the battery is more similar to the IR curve in figure 21 demonstrating that the 

electrolyte decomposition is lower as the intercalation and deintercalation is more diffusion 

based. The increase in internal resistance in both the fast charging protocols can be also 

caused due to the decomposition of the electrode material and plating of metals on the 

electrode.  
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When a battery is cycled there is a natural buildup of precipitates that form on the 

electrolyte and electrode interphase usually on the anode material [22]. When the battery 

is charged at high current rates, the buildup of precipitates can be accelerated and can clog 

the pores in the electrode [22]. This can add to the increase in the internal resistance of the 

battery and in turn reduce the usable capacity of the battery. The build up these precipitates 

can be seen in figure 26 where nickel plaiting has been occurring on NCA batteries.  

Figure 27 shows the internal resistance of an NMC battery, cycled under the industry based 

fast charging protocol. For NCA batteries the increase in internal resistance is much lower 

compared to the NCA battery chemistry. Comparing the IR curve in figure 22 to the IR 

curves in figure 27, the shape of the curve remains constant even though the overall internal 

resistance is increasing.  

Figure 26: Metal plating on NCA battery 
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Figure 27: Internal resistance of an NMC battery every 30 cycles 

for group 1 charging protocol (industry based fast charging) 

Figure 28: Internal resistance of an NMC battery every 30 cycles for 

group 2 charging protocol (IR based fast charging) 
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For NMC batteries due to the stronger cathode material the internal resistance of the 

battery is not affected. There is a small increase in internal resistance for the industry 

cycled fast charging battery compared with the IR based fast charging protocol.  

 

4.3 Battery Temperature Analysis  
 

Battery temperature can have a significant impact on the ageing, performance and safety 

of the battery. High temperatures have known to cause thermal runaway where the battery 

can ignite and catch fire [23]. Hence, it is vital that product manufactures implement 

efficient cooling systems and battery monitoring systems to avoid battery degradation.  

 

 

 

 

Figure 29: Temperature (oC) profile for NCA group 2 charging (IR based 

charging) 
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Figure 29 and 30 show the temperature profile of an NCA battery. In the industry based 

fast charging profile (Figure 29) the temperature increases at a higher rate as the battery is 

directly charged at a rate of 2C whereas in the IR based charging the battery is initally 

charged at 1C which results in a much lower temperature. This could be the reason why 

the internal resitance of the battery for the IR based charging has a much sharper fall at 

lower SOC compared the the internal resistance of the industry based charging protocol. 

 

 

Figure 30: Temperature (oC) profile for NMC group 1 charging (industry 

based charging) 
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Figure 31 shows the peak temperature for NCA batteries for every cycle. The overall 

temperature difference between industry based fast charging and IR based fast charging is 

not very significant. This makes IR based fast charging method very easy to adopt as the 

thermal management requirement will be the same regardless of the type of fast charging 

protocol used for the application. In figure 31 it can be  observed that the peak temperature 

reduces by 5oC after cycling for 150 hours. This decrease in temperature is caused by the 

overall decrease in capacity, as capacity reduces the overall time that the battery is charged 

at high current rates also reduces. This decrease in temperature was not observed in the 

NMC batteries as the capacity fade for NMC batteries was much lower.  

 

Figure 31: Peak temperatures for NCA batteries 
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Figure 32 shows the peak temperature for NMC batteries for every cycle. The temperature 

of the IR based fast charging is higher by an average of 4oC compared to the industry based 

fast charging. However, based on the specification given by the manufacture the maximum 

ideal charging temperature should not exceed 45oC (Table 2). Even though the IR based 

charging protocol has a higher ideal peak temperature of 40oC, it is still well under the 

maximum ideal charging temperature by 5oC. Our results show that the IR based charging 

can be seamlessly integrated with existing battery management systems and thermal battery 

pack solutions. This seamless integration will reduce the cost required to redesign thermal 

solution while delivering superior performance and capacity compared to the industry 

charging protocol.  

 

Figure 32: Peak temperatures for NMC batteries 
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4.3 Electrochemical Impedance Spectroscopy (EIS) 

Analysis  
 

 

As mentioned in chapter 2, EIS can be a very useful battery characterization technique. An 

EIS measurement was conducted every 10 cycles to analyze the battery degradation over 

cycle life. Figure 33 shows a Nyquist impedance plot of an NCA battery cycled under the 

industry charging protocol.  

The intersection between the real and imaginary axis is the ohmic resistance of the battery. 

From figure 33 it can be seen that the internal resistance of the battery is increasing. The 

first Nyquist plot is at cycle number 10 and the internal resistance of the battery was found 

to be 35 milliohm. The last Nyquist plot shows the battery behavior after 120 cycles where 

the internal resistance of the battery was 61 milliohm. From our results it is evident that 

the battery internal resistance increased by 74.2% within 110 cycles under the industry fast 

charging protocol. This type of increase is why we have observed accelerated capacity fade 

while charging the battery under the industry fast charging protocol. 
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Cycle 10 

Cycle 120 

Cycle 10 

Figure 33: Nyquist plots for NCA battery cycled under group 1 charging 

(Industry based charging) 

Figure 34: Nyquist plots for NCA battery cycled under group 2 (IR 

based charging) 

Cycle 120 
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Figure 34 is a Nyquist plot for the battery cycled under IR based fast charging. The first 

Nyquist plot on cycle 10 had an internal resistance of 34 milliohm. But after 120 cycles the 

internal resistance of the battery was found to be 44 milliohms. This is a 29.4 % increase 

in internal resistance compared to the 74% increase in the industry based fast charging. 

From our observation have seen a similar correlation between capacity fade and internal 

resistance. Batteries with higher internal resistances have shown accelerated capacity fade. 

Hence, implementing an internal resistance based fast charging can slow down capacity 

fade improve the battery useful life.  

 

 

 

 

 

 

Cycle 10 

Cycle 120 

Figure 35: Nyquist plots for NMC battery cycled under group 1 (Industry 

based charging) 
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Figure 35 and 36 shows the Nyquist plots for the NMC batteries. Comparing the Nyquist 

plots for the NMC batteries to the Nyquist plots of NCA batteries it is evident that the NMC 

batteries are not affected as drastically by fast charging as NCA batteries. The first Nyquist 

plot at cycle number 10 had an internal resistance of 13.7 milliohm and the internal 

resistance at cycle number 120 was found to be 14.3 milliohm. This is a 4.37 % increase 

which is significantly lower compared to the 74.2 % increase in NCA batteries. 

In figure 36 the first Nyquist plot at cycle number 10 had an internal resistance of 13.5 

milliohm and the internal resistance at cycle number 120 was found to be 14.2 milliohms. 

This is a 5.18% increase in internal resistance.  

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 
 

Cycle 10 

 

Cycle 120 

 

Figure 36: Nyquist plots for NMC cycled under group 2 (IR based 

charging) 
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4.5 Adaptive Charging  
 

In the previous sections we discussed the impact of internal resistance on battery 

performance. Based on this a new approach to fast charging is suggested. In current times 

most product manufacturers maintain the same battery charging protocol throughout the 

life time of the product. However, the battery used in the product does not maintain the 

similar state of health throughout the product life. 

In our study we observed that the internal resistance of the battery changes as the battery 

is cycled. This could mean that it could be beneficial to change the charging protocol over 

the cycle life of the battery to suit the batteries current internal resistance profile. 

 

Figure 37: Flow diagram for implementation of the adaptive charging 

algorithm 
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Figure 37 shows a flow diagram explaining the adaptive charging algorithm application. 

The adaptive charging algorithm can be implemented in three simple steps which are as 

follows: 

 

1. Internal resistance measurement 

It is useful to calculate the internal resistance of the battery to understand the 

behavior of the battery over cycle life. The most common characterization 

technique, that is also very easy to implement is the GITT. The battery can be 

cycled based on the product manufactures application and a GITT can be conducted 

every 30 cycles the analyze the internal resistance of the battery. Chapter 2 and 3 

covers the method in which this analysis can be conducted. 

 

 

2. Internal resistance analysis  

After calculating the internal resistance every 30 cycles (cycles may vary for 

different applications) the data can be plotted and analyzed. Based on our research 

the internal resistance of the battery changes over cycle life and these changes can 

be analyzed to create a charging algorithm in step 3. 
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3. Creating fast charging algorithm  

Based on the internal resistance calculated in step 1 and analysis carried out in step 

2, a fast charging algorithm can be created. The battery can be charged at a low rate 

where the internal resistance is high and charge at lower rates when the internal 

resistance is low.  

 

This type of adaptive charging algorithm can be implemented based on cycle number, 

where the charging algorithm changes as the battery degrades.  
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Chapter 5 
 

 

5.1 Conclusion  
 

 

The main objective of this research was to study the effects of fast charging on lithium ion 

batteries. Our comprehensive experimental study comprised of two charging protocols and 

two 18650 cell chemistries from different manufacturers. This experimental study has 

shown the impact of existing fast charging and led us to develop a novel approach to fast 

charge batteries. This novel approach, which uses the battery internal resistance to create a 

fast charging profile was compared to the industry fast charging protocol. 

 

5.1.1 Impact of fast charging  
 

From our results it is evident that high charging current can influence cycle life and can 

also be a safety hazard. Fast charging resulted in high battery temperatures and significant 

increase in internal resistance. In the industry fast charging protocol, the battery 

deteriorated faster compared to IR charging protocol. The study also reveled that charging 

a completely discharged battery at high current rates can add to the deterioration of the 

battery. 

 

5.1.2 Cycle life  
 

The study revealed that the ageing behavior of different lithium ion batteries can vary based 

on battery chemistry. Our results show that the NCA batteries cycled under the industry 



55 

 

fast charging protocol reached the end of cycle life in 25 cycles while the IR based charged 

batteries lasted 11 cycles more. The cycle life for NMC were significantly longer, this was 

due to NMC batteries having lower starting internal resistnce compared to NCA batteries 

and a different cathode chemical structure. However, this study showed that using the IR 

based fast charging protocol you can improve the cycle life of both NMC and NCA lithium 

ion batteries. 

 

5.1.3 Internal resistance 
 

For the two fast charging profiles that were studied, there was a strong correlation between 

internal resistance and capacity fade. Cycling the batteries under the industry charging 

protocol lead to a 74.2% increase in internal resistance over 120 cycles. However, cycling 

the battery using the IR charging protocol lead to a 29.4% increase over 120 cycles.  

NMC batteries were more stable at higher current rates as the internal resistance increased 

only by 4.37% and 5.18% for the industry charging and IR based charging protocol 

respectively. It was also observed that NMC batteries had an overall lower internal 

resistance at the start compared to NCA. This makes NMC batteries a prime candidate for 

applications that require fast charging.  
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