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Preface 

 

Lithium-ion batteries (LIBs) have gained a widespread attention as powerful 

energy storage and large-scale power source systems. They are anticipated as a 

solution to alleviate energy problems such as renewable energy storage and back-up 

power systems and reliable power sources of modern electric vehicles. The battery 

management system (BMS) needs to be developed to handle those enormous battery 

systems. The based knowledge for the BMS development is the understanding of 

nonlinear dynamic response behaviors and meanings of characteristic changes of the 

interested battery.  

 In this dissertation, the characterization and modeling of a Lithium manganese 

oxide secondary battery (LMO) are focussed. The aims of this study are to understand 

the electrochemical behaviors and characteristic responses of the LMO under various 

operating conditions. On the first part of dissertation, a general introduction of the 

LIBs and their utilizations is expressed. The literature surveys of characterization and 

modeling of LIBs are briefly reviewed. For the second part, the background 

knowledge for the LMO structure and related mechanisms of the battery during 

operations are introduced. The third part proposes the characterization technique and 

its system design in order to analyze the battery characteristics and effects of 

operations to the battery characteristic behaviors that are discussed in the fourth part. 

The modeling of LMO and the identified battery parameters based on the practical 

testing information are introduced and verified in the fifth part. The last part of 

dissertation also investigates the phase-transition mechanism and deterioration of the 

aging cell during the cycling operations.   

The proposed characterization method, modeling, analysis techniques, 

electrochemical explanations and results of the study will be used to provide us 

essential knowledge for further development of the BMS design, and can also be 

applied for studying the behaviors and dynamic responses of other similar electrode 

Li-ion batteries. 
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Chapter 1  

Introduction 

 

 

1.1 General overviews  

Nowadays, renewable energy resources, such as solar and wind energies, have 

been popularized in this energy crisis decade. They are expected as a solution to 

mitigate energy shortage and global warming problems. The energy storage system 

(ESS) with battery and their management systems are the key technologies in order to 

utilize the renewable energy resources efficiently and worthily.  

Li-ion secondary batteries (LIBs) have been of interest and continuously 

developed, they are considered as large-scale power sources and progressive ESS 

devices due to their prominent characteristics such as high energy density, high 

power, fast response, low self-discharge rate and long cycle and calendar life [1].      

A comparison of characteristics for recent cathode technologies used in high power 

batteries, such as Lithium cobalt oxide (LCO), Lithium nickel cobalt aluminum oxide 

(NCA), Lithium nickel manganese cobalt oxide (NMC), Lithium manganese oxide 

(Spinel LMO), Lithium iron phosphate (LFP) and lead acid batteries (LAB), is shown 

in Table 1.1.  
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Table 1.1 Characteristics of recent cathode technologies used in the battery ESS [2-6]. 

Cathode 
technology 

Nominal 
voltage  

(V) 

Energy density 
Thermal 
stability 
(Safety) 

Life span Cost 
Gravimetric 

(Wh/kg) 
Volumetric 

(Wh/L) 

1. LCO 3.6 195 560 Poor Good High 

2. NCA 3.6 220 600 Fair Very good Fair 

3. NMC 3.6 205 580 Fair Good Fair 

4. LMO 3.8 150 420 Good Good Low 

5. LFP 3.2 90-130 333 Very good Very good Fair 

6. LAB 2.0 33-42 40-50 Fair Very poor Low 

Remark: The cathodes for LIB cells no. 1-5 used with the carbon-based anode.  

 

The LIBs have also been widely adopted in many applications such as the 

electric vehicles, electronic devices, energy backup and standby units in power and 

telecommunication systems. The utilizations of modern Li-ion secondary batteries can 

be categorized into three groups by the applications and pack sizes, which are used in 

small devices, driving system and stationary system as shown in Figure 1.1. 

These energy systems require enormous batteries, which consist of large 

amounts of cells to obtain the desired power, energy, rated current, and voltage. The 

battery management system (BMS) is necessary for the modern batteries to estimate 

the state of charge (SOC), monitor the electrical state and state of health (SOH), 

protect and control all of the batteries, and maximize the performance during the 

operations. The understanding of characteristics and behaviors of the batteries is 

important for the engineers who develop the BMS algorithms. 
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Figure 1.1 Applications of modern Li-ion secondary batteries 

   

1.2  Reviews of characterization and modeling of Lithium-ion 

batteries 

In recent years, many researchers had studied and proposed the achievements 

regarding the battery characterization for various applications such as the battery 

modeling, estimations of SOC and SOH parameters, cell capacity, and capacity loss in 

batteries. Non-linear characteristic models based on practical and usable capacity 

implementations were introduced [7] to apply in the electrical LIB modeling for 

predicting the battery runtime and electrical performance of the batteries, the model 

was validated in good agreement by comparing with the different testing conditions 

for polymer Li-ion and nickel-metal hydride batteries. An open-circuit-voltage (OCV) 

of LIBs is one of the important elements in the BMS development, which displays the 

electrode properties inside the battery and acts as an equivalent voltage source of the 

LIBs. A normalized OCV model was also proposed to a battery fuel gauge in the 

BMS application [8], summarizing that the internal voltage source characteristic, as 
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the OCV, remains the same regardless of the age or temperature of the battery as long 

as the actual battery capacity is used in the characterization process. The SOC 

estimation was also introduced with applying recovery and hysteresis factors of the 

voltage characteristic function in olivine-type cathode batteries (LiFePO4 or LFP) [9]. 

The empirical battery characteristic model extracted from the experiments is applied 

into a dual extended Kalman filter (DEKF) algorithm in order to estimate the SOC 

and battery capacity for the online applications by using a concept of normalized 

capacity computation with the same base cut-off voltage [10]. The cycling capacity 

loss of LIBs can be approximated with the characterized OCV parameter under 

different aged conditions and its residual factor that was extracted from the difference 

between the experiment and the model indicated in percentage of capacity loss for the 

aged LFP cells [11]. 

The benefits of battery characterization and modeling are not limited only to the 

state and parameter estimations, and can also be applied for investigating and 

studying the battery electrode properties and their related internal electrochemical 

behaviors. However, many previous researchers [12-14] have only studied the 

dynamic characteristics and parameters of the battery. Most of them do not pay 

attention to the concordance of the given results with physical phenomena. In order to 

understand the behaviors of the battery, the corresponding phenomena need to be 

clarified. For LIBs, the electrode properties can be identified by measuring the battery 

voltages under very low-current conditions. The electrode and phase transformation 

properties of LIBs are studied and analyzed with the advancement of OCV 

characterization by considering with the differential voltage and incremental capacity 

techniques for LFP batteries [15]. 

The abovementioned previous studies allow us to realize the limitations and 

substantial benefits obtained from the characterization and modeling. However, the 

viewpoints of these studies do not concentrate on the comprehensive factors that 

affected all accurate battery characteristic determinations. Without the investigation of 

various conditions, the estimation models can only work correctly in a linear range 

(20%–80% SOC) [16]. These are a delicate task for model-based state estimations in 

the BMS [17].  
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In this research, we focus on a lithium manganese oxide battery (LMO). The 

comparative characteristics of the cathode for high power batteries illustrated in Table 

1.1 shows that the LMO is one of the attractive cathode technologies to be considered 

for the future large-scale ESS applications because of its several notable characteristics 

such as high nominal voltage per cell, high thermal stability, long life, low cost, high 

discharge current rupturing and notable performance for fast charge and discharge 

operations [18-19].  

The studies of characterization and modeling of the LMO have become necessity 

since the BMS requires the accurate knowledge of characteristics and parameters for 

controlling the batteries. It is necessary to investigate nonlinear dynamic 

characteristics of the LMO with the empirical results obtained from the experiments 

to develop the efficient BMS algorithms. In order to obtain an accurate battery model 

and to investigate the battery characteristic intensively, a programmable-controlled 

battery characterization system needs to be developed for observing a slow response 

of electrochemical behaviors with safety and long-cycling operations.  

 

1.3 Objectives of the study  

The objectives of this study are shown as follows: 

1) To understand nonlinear dynamic responses of the lithium manganese oxide 

battery (LMO) under various operating conditions such as testing current 

amplitudes, operating temperatures and cycling deteriorations during charge 

and discharge operations. 

2) To understand the mechanisms of characteristic changes and relevant 

behaviors of the LMO through the electrical equivalent circuit components, 

especially the open-circuit-voltage (OCV) and effective series resistance 

(ESR), which are greatly influenced by the electrochemical processes inside 

the battery. 
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3) To provide an equivalent circuit model of the LMO using practical testing 

information for further predicting the battery behaviors and proper designing 

the battery management system (BMS). 

 

1.4 Scopes of research  

The scopes of research that serve the objectives are listed as follows: 

1) Summarize the operating principle and relevant mechanisms of the LMO 

during the charge and discharge operations. 

2)  Design and develop a programmable Li-ion battery characterization system. 

3)  Design and develop a programmable Li-ion battery life-cycle-test system. 

4)  Analyze the changes of LMO characteristic in open-circuit-voltage (OCV), 

effective series resistance (ESR) and capacity (QB) under various operating 

conditions such as testing current amplitudes, operating temperatures and 

cycling deteriorations. 

5)  Model and verify the LMO electrical equivalent circuit, and identify the 

electrical parameters of the battery based on the experiment of transient 

responses. 

6)  Analyze the phase-transition mechanism and cycling deterioration in the 

LMO based on the differential voltage (DV) and incremental capacity (IC) 

techniques. 

 

1.5  Dissertation outlines  

The remaining details of this dissertation are organized as follows: The 

properties, operating principle, structure and electrical modeling of Lithium 

manganese oxide batteries (LMO) are described in Chapter 2. Chapter 3 proposes the 

characterization concept and a design of characterization systems. Chapter 4 analyzes 

and discusses the LMO characteristics. Chapter 5 proposes the modeling of the LMO, 
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developed parameter identification method and its verification. The phase-transition 

mechanism and cycling deterioration in the LMO are analyzed in Chapter 6. Finally, 

conclusions and future recommended research directions are given in Chapter 7. 

 The chapter flow of dissertation, scopes of research and contributions of the 

study are summarized as shown in Figure 1.2. 

 

 

 

Figure 1.2 Flowchart of the chapter flow, scopes of research and 

contributions of the study. 
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Chapter 2 

Properties and Electrical Model of 

Lithium Manganese Oxide Batteries 

 

2.1  Structure, operating principle, and relevant mechanisms 

of the LMO 

In this section, the structure, main components, related electrochemical reaction 

and the operating principle inside lithium manganese oxide batteries (LMO) will be 

explained using a simplified schematic of the battery structure as shown in Figure 2.1.  

 

Figure 2.1 Structure of lithium manganese oxide batteries. 
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The LMO structure comprises of positive and negative electrodes, current 

collector, intercalation layers, layer of solid electrolyte interface (SEI), electrolyte and 

separator. Understanding the operating principle and LMO structure is essential for 

studying and explaining the physical behaviors that miscellaneously occur inside the 

battery during operations.     

Main operating principle for rechargeable LMO can be divided into 2 processes. 

They are the charge and discharge processes. In the charge process, after energizing 

the rated charging voltage from the charger through the current collector via the 

battery terminal, the electron current is forced to flow through the external circuit 

from positive into negative electrodes. The current collector acts as a passage to 

collect the current into the cell. It is made from thin aluminium foil for the positive 

side and thin copper foil for the negative side. 

The positive electrode is a composition of lithium manganese oxide (LiMn2O4). 

The electrode constitutes a porous 3D-spinel crystalline structure, which only allows 

the insertion or extraction of Li-ions. An LMO crystal structure is classified in an 

A[B2]O4 spinel-type with the cubic Fd3m space group. The spinel structure consists 

of eight A[B2]O4 units as {Li}8a[Mn2]16dO4 [1,2]. This constitution gives a stable 

structure in the spinel compound resulting in high nominal voltage per cell, low 

internal resistance, high discharge current rupturing, high thermal stability for over-

charge, notable performance for fast charge/discharge operations, cheaper and higher 

safety than a conventional type such as lithium cobalt oxide battery (LCO) [3-5].  

The negative electrode is made from carbon-based Lithiated graphite (LiC6), and 

has a prominent property in high storage capacity due to its flat potential profile [6]. 

However, the negative graphite electrode has significant influences on the reduction 

of the potential for full cell operations, open circuit voltage (OCV) patterns and the 

usable capacity, especially after cycling due to the loss of active material and the 

degradation from a dissolution of the solid electrolyte interface (SEI) layer [7,8]. 

Moreover, a characteristic of the graphite electrode on the OCV pattern is more 

distinguished, especially when compared with other flat potential cathodes, such as 

LFP batteries [9]. 
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For the charge process, the reaction that Li-ion is being extracted from the 

LiMn2O4 positive electrode is called the oxidation. While the reaction that Li-ion is 

being inserted into the negative electrode is called the reduction. The extracted Li-ion 

from the positive electrode moves through the electrolyte and separator into the 

negative electrode inside the battery. On the contrary, for the discharge process after 

the switch has moved to the load, a Li-ion then moves back from the negative to 

positive electrodes through the electrolyte. At the same time, the electron current is 

also moved to the positive electrode at opposite direction of the charge process 

through an external circuit outside the battery for compensating a balance reaction of 

the battery. In addition, the negative electrode for rechargeable LIBs is defined as an 

anode when it released Li-ions during the discharge, and is defined as a cathode when 

it received Li-ions during the charge. Cathode and anode definitions of rechargeable 

LIBs depend on the direction of Li-ions flowing at that electrode. 

During the charge and discharge operations, Lithium ions (Li+) are inserted into, 

and are extracted from the crystalline structure of electrodes that is also called the 

intercalation layer or host lattice. These operating processes are called the 

intercalation and de-intercalation mechanisms, respectively. Due to the consistency of 

structure during operations, this battery type is safe for operations.  However, the 

reactions of Li-ion intercalation and de-intercalation are onerous for aging batteries. 

They can lead to a gradual decrease of the capacity during the cycling operations. 

[6,10,11].  

In addition, the electrodes are separated by a polymer separator, which has 

structured as a porous membrane. This separator is used to prevent electrical short 

circuits between the electrodes, while it only allows the reversible ionic charge 

transportation of the lithium. During the intercalation, Li-ions can only transport via 

the Lithium salt electrolyte (Lithium hexafluorophosphate, or LiPF6), which has 

dominant properties in high ionic conduction and high electronic insulation.  

The electrolyte conductivity depends on the electrolyte temperature and organic 

solvents. The increment of temperature facilitates a conductivity of the electrolyte. 

However, the electrolyte solution is unstable at a rise temperature around 60oC, and the 

electrolyte conductivity is gradually decreased at the temperature above 80oC.  The 
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electrolyte can dissolve in the organic solvents as Ethyl Methyl Carbonate (EMC) and 

the co-solvent as Ethylene Carbonate (EC). On the surface of the negative graphite 

electrode, a solid electrolyte interface (SEI) layer is formed by the EC. This layer acts 

as a protective film to prevent the solvent molecules entering the graphite electrode.  

For the effective protection, the SEI must be operated under the cell temperature 

below than 70oC [12-15].   

 

2.2  Understanding of phase-transitions in the LMO 

An understanding of phase-transition mechanisms is important in order to study 

the state of health (SOH) and deterioration occurring inside the battery. A battery 

management system (BMS) is indispensable for safety and long-cycling operations. 

The SOH of the LIBs is one of the important elements in the BMS to observe the 

trends of deterioration before occurring the fault and end of life (EOL) of the batteries 

[16,17].  

The BMS development requires an understanding of the internal electrochemical 

behaviors of the LIBs. The key process to understand the phenomena regarding the 

SOH and deteriorations inside the battery is a phase-transition mechanism study 

during the charge and discharge operations. The understanding of the phase-transition 

is also significant for studying the changes of electrical conductivity in the LMO due 

to a temperature variation during operations [18]. 

The phase-transition is referred to as a crystal structure change during the 

cycling operations, which is reversible between the cubic (Fd3m) and orthorhombic 

(Fddd) forms of crystal system. During cycling operations, the LMO can be recharged 

and discharged many times between the electrodes via intercalation and de-

intercalation mechanisms.  

The phase-transitions of LMO are associated with two features of intercalation 

and de-intercalation. One is the lithiation of -MnO2, which is a lithium insertion into 

a spinel electrode leading to Li2Mn2O4. The other one is the de-lithiation of LiMn2O4, 

which extracts the lithium from the same electrode leading to -MnO2 [19].               
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In this study, the phase-transition will be studied within the specified cell voltage 

range (The details will be shown in the next chapter). The operations under/over the 

range will be prohibited to avoid the violation of operations under/over voltage limits 

of the cell.  

The phase-transition is closely related with the battery deterioration, which is 

presented by the OCV variation. In order to understand the characteristic changes and 

phase transformation behaviors, the OCV characterization system needs to be 

developed, as shown the details in Chapter 3. 

 

2.3 Electrical equivalent circuit model of the LIB 

The electrical equivalent circuit modeling in this study is based on a transient 

response. This model considered the practical testing information to study the 

electrochemical phenomena through the electrical components.   

2.3.1 Transient response model 

A transient response model is referred to the second order Randle’s equivalent 

circuit model [20], which was originally proposed for the lead acid batteries. The 

transient response model for the LMO is shown in Figure 2.2.  

 

 

 

Figure 2.2 Transient response model of the LMO battery. 
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It comprises of four components as follows: 

 The voltage source, called open-circuit-voltage (OCV), displays the unique 

characteristic property of the electrodes for each battery type.  The OCV is 

generally indicated as a function of the state of charge (SOC). Details for the 

OCV will be explained in the next section. 

 The bulk ohmic resistances of the cell is called effective series resistance 

(ESR or R0), which reflects the major resistances of the connecting wires, 

electrodes, separator and electrolyte. 

 The first RC parallel circuit reflects the faradic charge-transfer resistance 

(FCTR or R1) and its related double-layer capacitance (C1). 

 The second RC parallel circuit reflects the resistance (R2) and capacitance 

(C2) for the diffusion process in electrolyte [21]. 

In order to study and understand the battery behaviors, the study of related 

parameters under various operating conditions is needed.  For the scope of this study, 

we intensively focus on characteristic changes in open-circuit-voltage (OCV) and 

effective series resistance (ESR), because they are greatly influenced by the 

electrochemical processes inside the battery [22]. 

 

2.3.2 Dynamic voltage behaviors of LIBs 

Dynamic voltage behaviors of the LIB cell are shown in Figure 2.3, which is 

observed for a pulse test with the developed characterization system. The details of 

the system will be explained in Section 3. 

After applying the discharge pulse current, the voltage at battery terminals is 

instantaneously dropped down as illustrated with the red line in Window A of Figure 

2.3. This immediate drop phenomenon is called the instantaneous response, which 

occurs from the voltage drop (VESR) across the equivalent bulk resistance (ESR). The 

depth of voltage drop depends on ohmic equivalent resistances of the electrolyte, 

separator and electrodes of the battery.   
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The cell voltage has continuously decreased over the time for discharging as 

illustrated with the black dash line in Figure 2.3. This smooth change of exponential 

voltage is called the transient response, which is expressed by the voltage drop across 

the equivalent RC parallel pairs of the circuit in Figure 2.2. 

 

 

 

Figure 2.3 Dynamic voltage behaviors of LIBs 

 

The black solid line of voltage in Figure 2.3 indicates the voltage response of the 

relaxation period. In this period, the voltage at the battery terminals is relaxed after 

disconnecting of pulse current to balance the internal electrochemical reaction. The 

cell has reached to its equilibrium condition at the end of relaxation. The measured 

terminal voltage is estimated as the OCV as shown with the blue cross of Figure 2.3. 

The investigation details of the OCV and its optimum relaxation time will be shown 

in Chapter 4. At the same time, the dynamic voltage response for the charge process 

can be observed as shown in Window B of Figure 2.3.  
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2.4 Chapter summary 

This chapter gathers and describes the properties, operating principle, structure 

and electrical modeling of Lithium manganese oxide batteries (LMO). The studying 

of LMO structure is for the equivalent circuit modeling of battery. Intercalation and 

de-intercalation mechanisms are important for characterizing the behaviors, and to 

analyze the characteristic results of the battery.  
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Chapter 3 

Characterization Method and System 

 

This chapter shows the characterization method and the developed 

characterization system for the LMO batteries. In recent years, many manufacturers 

proposed their own best technology for the copyrighted battery test system with 

several testing features. However, most of them have separated into the individual 

units depending on the purposes of study and investigation with the specific ranges of 

battery rating [1-4]. The modern LIBs have always been invented and pervasively 

developed for several applications with different usage environments. The test 

systems must extensively be able to handle the changes of those various battery 

technologies and testing conditions. The limitation of the existing test systems for the 

end-users is the difficulty in developments of individual hardware/software 

controlling, interactive monitoring and testing algorithms for the various LIBs. 

Therefore, our-owned characterization system needs to be developed. The aims of this 

development are: 1) to integrate all of necessary features for the battery performance 

tests into one system with the flexibilities of modification, maintenance and further 

developments to support any modern LIBs; and 2) to extract the parameters of LIB for 

modeling the battery behaviors under several operating conditions, and to identify 

characteristic changes regarding the phase transformations and cycling deterioration 

with a safety. The details of the tested cell, characterization method, design of 

developed system, comparison of features with conventional test systems and criteria 

for the aged cell preparation will be introduced in the next sections.  
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3.1  Cell for testing 

In this research, a pouch type single-cell manganese Li-ion secondary battery 

from NEC Tokin Corporation was used for studying the characteristics and extracting 

the electrical parameters. The details of cell specification are shown in Table 3.1.  

Table 3.1 Cell specification 

Description Specification 

Electrode type: 

Spinel single cell 

Manganese Oxide //  

Lithiated graphite 

LiMn2O4 // 

LiC6 

Rated capacity 3.5Ah 

Terminal voltage 

Nominal value 3.8V 

Rated charging 4.2V 

Rated discharging 3.0V 

Max. continuous current  

(C-rate) 

Charging 3.5A (1C) 

Discharging 20.0A (5.7C) 

Operating temperature 
Charging range 0 to 40o C 

Discharging range -10 to 50o C 

Cell dimension 70 mm x 124 mm x 4 mm 

Volume 0.03472 liters 

Maximum weight 100 g 

Remark:  C-rate is a unit to define the operating current values of the batteries, and used for 
expecting the operating times of charge and discharge.  
C-rate = Operating current (A) / Rated capacity of the battery (Ah). 

 

3.2  Characterization of OCV 

This section introduces a methodology for OCV characterization. The OCV in 

the circuit of Figure 2.2 is extracted as a measured voltage at battery terminals (VT) 

after relaxing from the applied short pulse currents both on the discharge and charge 

operations to settle the battery to its equilibrium state [5]. This method is called the 

OCV pulse test based on the galvanostatic intermittent titration technique [6].  

After a long resting to make sure that the cell voltage is constant and close to its 

equilibrium (The optimum resting period will be investigated in Section 4.2), the 

battery current and voltages across the effective series resistance (VESR) and transient 
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elements (VTRANS) become zero. Then, the VT in Equation (3.1) is deserved as the 

OCV: 

    TRANSESRT VVOCVV   (3.1) 

For the OCV characterization, the other parameters, such as the effective series 

resistance (ESR) and transient elements as mentioned in Figure 2.2 will be ignored 

because they have no effect on the OCV.  

Usually, the OCV is illustrated as a function of the SOC. The SOC is defined as 

the available charge at the interested point to the total charge of the fully charged cell. 

The SOC calculation based on the coulomb counting method is shown in Equation 

(3.2). The accumulated capacity of the battery is given by Equation (3.3). The test is 

performed within operating voltage ranges of the cell between 3.0V and 4.2V (0-

100% of SOC). 
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Where  

IB  =  Battery current (A), which has a positive sign for the 

 discharge and negative sign for the charge  

QB  = Accumulated capacity of the battery (Ah)  

SOC = State of charge of the battery (the SOC is between 0 and 1) 

SOC0  = Initial value of the SOC 

 t0 = Starting time of testing 

 tcut-off  = Cut-off time of testing after reaching the operating voltage 

 limits of the battery 
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3.3  Characterization of ESR 

This section introduces a methodology for ESR characterization. The ESR in the 

circuit of Figure 2.2 can be extracted using the same test system for the OCV 

characterization. After applying a pulse current into the terminal of battery for each 

SOC, the ESR can be calculated by the ratio of instantaneous response of voltage drop 

to the battery current based on the ohm’s law [7] as shown in Equation (3.4).  The 

details of instantaneous response and voltage drop at ESR were shown in Figure 2.3. 

  BESR I/VESR   (3.4) 

Where  

ESR  =  Effective series resistances () 

VESR  =  Instantaneous response of voltage drop across the effective 

 series resistance.  

 

3.4  Characterization system 

The characterization of LIB parameters usually takes a significant amount of 

time due to a slow response of electrochemical behaviors for the intercalation and de-

intercalation processes. In order to safely extract the parameters OCV, ESR, QB and 

SOC, it is necessary to develop a reliable test system.  

In this section, a computer-controlled characterization system is developed as 

shown in Figure 3.1. The test system comprises of the programmable DC supply (max 

60V/25A, 1500W), DC electronic load (max 150V, 200A), multi-channel memory 

recorder with a current probe of 30A, precise digital voltmeter (51/2 digits), computer-

based control with monitoring system and temperature/humidity chamber for 

controlling the test environment between 0oC and 40oC. General purpose interface bus 

(GPIB)-based sequential-control and protective algorithms were implemented with a 

LabVIEW environment for controlling the charge and discharge processes and testing 
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instruments.  This system is used to control the testing instruments and record the 

parameters for studying the dynamic responses of the LIB. 

 

  

Figure 3.1 A developed computer-controlled characterization system. 
 

3.4.1 Design criteria of characterization system 

The test system could manage all of sequential operations automatically without 

malfunctions for any LIB types to the parameters such as current amplitudes (in C-

rates), step-sizes of the pulse test, rest times, pulse cycles, current and voltage 

protection limits and charge/discharge cut-off voltages. 

Moreover, the system could record the instantaneous status (with 

10ms/sampling) during the operations such as battery current, voltage, tested cycle, 

SOC, testing and resting durations, date, time, status and alarm messages in case of 

violating the protection limits. It could represent them onto the display monitor and 

immediately cut-off the instruments and battery after occurring the faults.  

The control sequence of characterization system is divided into the following    

2 parts: one is the discharge system, and the other is the charge system.   
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3.4.2 Design of discharge system 

A proposed discharge system with the sequential-control flowchart and the 

discharge characterization procedure are shown in Figure 3.2.  

 

 

 
Figure 3.2 A proposed discharge system for parameter characterization. 
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Over current (OCP), over power (OPP) and under voltage (UVP) protections, as 

well as discharge cut-off voltage limit (DCV) detection were designed to test the LIB 

safely in the discharge system.  

The battery is discharged following sequential procedures. The discharge 

current is cut when reaching the pulse discharge time for each cycle with the 

conditional current cutting algorithms (CCCA). The cell rests until the voltage is 

settled and close to its equilibrium and the OCV is recorded. During the discharge 

operations, the accumulated charge, ESR and SOC are also calculated. The test is 

repeated until reaching the discharge cut-off voltage limit (DCV), and the protection 

system turns off the discharger if it detects some failures during the operation. 

 

3.4.3 Design of charge system 

A charge system based on the constant current to constant voltage (CC-CV) 

method was designed for the battery parameter characterization to prevent the over 

charge. A proposed charge system with the sequential control flowchart and the 

charge characterization procedure are shown in Figure 3.3. Conditional current cutting 

algorithms (CCCA) for our CC-CV module are divided into three modes as follows:  

 The first mode is a full-charged cutting mode, which cuts off the charger 

when the current exceeds a full-charged cutting current threshold (FCCT).  

In the CV state, the cell voltage is kept constant. Then, the cell current is 

reduced to zero. The FCCT value is set at 0.1% (0.001C-rates) to make sure 

that the battery reaches a full charge.  

 The second mode is a pulse-timer mode (PULSE_C), which is used for the 

parameter extraction. This mode considers the current cutting conditions on 

both the pulse time and the FCCT value. The process for recording the 

extracted parameters is similar to the discharge system.  

 The third mode is a standard-charge mode (STD_C). It charges by the CC-

CV method, and is then cut off at 2.5hrs. This mode is recommended by the 

manufacturer in order to charge the battery in a standard condition before 
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any discharge tests occur, and in order to compare the battery capacity under 

the different environments. During the charge processes, the accumulated 

charge, ESR and SOC are also calculated. 

 

 

 

 

 

Figure 3.3 A proposed charge system for parameter characterization. 
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3.5  Characterization of aged cell and preparation 

In order to investigate the cycling deterioration of the LIB, the aged cell needs to 

be prepared. The characterization of aged cells is performed by using the same test 

system and procedures as mentioned in Section 3.4.  

A programmable sequential-controlled life-cycle-test system for the aged cell 

preparation is designed and developed based on the concept and design criteria of 

charge and discharge systems for LIB characterization.  

The test system is setup following the standard testing condition in a 

temperature chamber at 20oC, and the cycling cell is operated within the voltage range 

between 3V and 4.2V with a full rate of charge and discharge operations using the 

same testing configuration as in Figure 3.1.  

The cell has operated for 400 cycles, 1,200 cycles and 2,400 cycles to be the 

equivalent aged cell for 1 year, 3 years and 6 years, respectively. For each desired 

cycle, the cell will be characterized and recorded the aging information. The 

investigation details of cycling deterioration will be shown in Chapter 6.  

During a cycling test, the cell is protected by our developed protection system 

algorithm as same as in the characterization system. If it detects some failures, the 

charger and discharger are then turned-off with sending an alarm message. A 

flowchart of proposed life-cycle-test system for aged cell preparation is shown in 

Figure 3.4.    
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Figure 3.4 A proposed life-cycle-test system for aged cell preparation. 
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3.6  Features of the developed LIB test system  

This section summarizes all of features of the developed battery cell test system. 

The comparison of features of the developed test system compared with conventional 

test systems [1-4] is shown in Table 3.2.  

Table 3.2 Feature comparison of the developed test system 

Issues and features of battery test system 
Conventional test system Developed 

[1] [2] [3] [4] test system 

Charge control features 

- Constant current (CC) setting/measurement 

- Constant voltage (CV) setting/measurement 

- Automatic CC-CV charging/measurement 

- Charge capacity test/measurement 

- Continuous-timer CC-CV charging mode 

- Pulse-timer CC-CV charging mode 

- Delay time setting during the charge cycle test 

- Percentage setting of full-charge cutting current 

- Standard charging mode 

- Easy setting of charging current in C-rate & Ah  

 

Discharge control features 

- Constant current (CC) setting/measurement 

- Constant voltage (CV) setting/measurement 

- Constant power (CP) setting/measurement 

- Discharge capacity test/measurement 

- Discharge cut voltage (DCV) control/setting  

- Continuous discharging + cutting with DCV/timer 

- Pulse discharging + cutting with DCV/timer 

- Delay time setting during the discharge cycle test 

- Easy setting of discharging current in C-rate & Ah 

 

Specific characterization features  

- Life cycle test 

- OCV test 

- ESR calculation 

- SOC calculation 
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Remark:  / = Yes, - = No, S = Separated into individual module with cost,  

 * = Can be done in the future with higher cost,  

 # = Can be done in the future with lower cost.  
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Table 3.2 (Cont.) Feature comparison of the developed test system 

Issues and features of battery test system 
Conventional test system Developed 

[1] [2] [3] [4] test system 

Manipulation features 

- Integrating all necessary features into one system  

- Numerical setting/menu bar for input parameters 

- Temperature control 

- Interactive controlling on display operation 

- Real-time display monitoring 

- Automatic display testing status & operation mode 

- Display testing parameters V, I, P, time/date 

- Record testing parameters V, I, P, time/date 

- Export to Excel/Data files 

- Computer based monitoring 

- Various types of battery testing 

- Multi-channel/large packs of battery testing 

 

Sequential control features 

- Sequential control setting 

- Automatic Charge => Discharge 

- Automatic Charge => different-steps of discharge 

- Automatic Discharge => Charge 

 

Protection features 

- Interactive push-button Start/Stop button 

- Emergency stop button 

- Over current protection (OCP) 

- Over power protection (OPP) 

- Under voltage protection (UVP) 

- Over voltage protection (OVP) 

- Cut-off the system after faults 

- Display and record date/time of faults 

- Flashing signal warning for faults  

- Display alarm status messages 

- Re-trip alarm function then cut-off the system 

 

Further developments 

- Expand to higher voltage/current ranges 

- Flexible to modify the sequential testing controls 

- Easy to replace/maintenance   
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Remark:  / = Yes, - = No, S = Separated into individual module with cost,  

 * = Can be done in the future with higher cost,  

 # = Can be done in the future with lower cost.  
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3.7  Chapter summary 

This chapter described the procedure of characterization based on the pulse test 

method for the LMO battery. The model equations for the battery characterization 

such as OCV, ESR, SOC, capacity are also explained.  This chapter also designed and 

developed the computer-based characterization system implemented with sequential-

controlled and protection algorithms of charge and discharge to study the battery 

characteristic properties. The life-cycle-test system is also developed to prepare the 

aged cell and information for investigating the cycling deterioration. The new mixed 

features of charge and discharge algorithms for battery performance tests, such as 

conditional current cutting with interactive on-screen display control and protection 

algorithms integrated with the specific battery characterization features for all-in-one 

test system, are proposed and compared with the conventional test systems. The 

testing procedures, characterization techniques and developed system can also be 

applied for studying the voltage properties and characteristic variations of any Li-ion 

battery types.  
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Chapter 4 

Analysis of LMO Characteristics 

 

 

 

In this chapter, the LMO characteristics, which obtained from the 

characterization system in Chapter 3, are analyzed under the difference of 

experimental conditions. Several aspects of the adjusting factors for operating 

condition, such as the step-sizes of pulse tests, resting periods of the cell, testing 

current amplitudes (C-rates) of the pulse, and continuous charge-discharge tests, 

hysteresis phenomena, terminal voltage relationships and operating temperatures on 

the OCV, ESR and capacity characteristics, will be discussed and evaluated to 

understand nonlinear characteristics and related behaviors of the LMO, to obtain 

precise information for the parameter extraction, and to further design management 

algorithms of the BMS application. 
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4.1  Effect of step-size in the pulse test on the OCV 

characteristic 

In this section, the effect of the step-size in the pulse test is experimentally 

investigated and discussed for the suitable test conditions to provide an accurate OCV 

characterization by using the developed characterization system. This study extracted 

the OCVs from the pulse tests for different step-sizes. The step-size (ΔSOC) is set at 

0.5%, 1%, 5%, and 10% under the same condition with 1C-rate 20°C and 10 min 

resting. ΔSOC means the step-size of the pulse tests between 0% and 100% of the 

SOC range. ΔSOC 1–5% means the variable step-size of the pulse tests, which gives a 

1% step for the non-linear operating regions of 0–10% and 90–100% SOC ranges, and 

a 5% step for the linear region of 10–90% SOC range.  

The tests were performed within the limits of the rated voltage between 3 V and 

4.2V. The effect of step-sizes during pulse tests to the OCV characteristic is shown in 

Figure 4.1. ΔSOC 1% and 0.5% give the same OCV characteristic for all SOC ranges. 

ΔSOC 5% also gives the same OCV result for the SOC range between 10% and 90%. 

However, it gives an inconsistent OCV for the SOC ranges below 10% and above 

90% (non-linear regions). The large step-size prominently affects to the OCV pattern 

in non-linear regions (windows A and C in Figure 4.1). Moreover, wide steps also 

cause the incomplete OCV measurement in a low SOC range (0%–10%), as 

illustrated by the blue and green dots in Window B of Figure 4.1b.  

The 1% step-size is sufficient for OCV characterization for SOC ranges below 

10% and above 90%, and the 5% step-size for the 10–90% SOC range. Figure 4.1 also 

shows the extracted OCVs for a step-size at ΔSOC 1–5%. ΔSOC 1–5% also gives a 

satisfactory OCV characteristic. Therefore, the ΔSOC 1–5% should be chosen to 

apply for all of our tests. 
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                 a) Under the charge test 

 

 

                b) Under the discharge test 

 
Figure 4.1 Effects of step-sizes during pulse tests on the OCV characteristic 

at 20 °C with 10 min resting. 
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4.2  Effect of resting period in the pulse test on the OCV 

characteristic 

In order to study the effect of resting period of the cell in the pulse test, the slope 

percentage of relaxed voltage (%Sloperv) for the cell was measured for each SOC 

step. The %Sloperv is calculated with Equation (4.1). The tests were performed for the 

different resting periods from 1 second to 3 hours to identify a suitable relaxation 

period for the OCV determination: 

  
 
 

1ii

1ii

SOCSOC

SOCSOC
rv tt

VV
100Slope%










 

(4.1) 

Where  

1iSOCV


   = Voltage at the starting of the relaxation state for each SOC 

1iSOCt


  = Time at the starting of the relaxation state for each SOC 

iSOCV
 

= Voltage at the end of the relaxation state for each SOC  

iSOCt
 

= Time at the end of the relaxation state for each SOC  

 

The slopes of the relaxed voltage versus the resting periods illustrated in Figure 

4.2 show that the variation of voltage decayed down near zero after 1 min of resting. 

The slopes for all SOCs decayed down to zero at 60 min of resting. Therefore, the 

resting period should be evaluated between 1 min and 60 min to observe the influence 

on the extracted OCV. 

Figure 4.3 shows the effect of resting periods on the extracted OCV under the 

same testing condition (at 1C-rate 20 °C with ΔSOC 1–5%). The low resting period 

gives a bloated OCV between 60% and 80% of SOCs, and cannot reflect the curly 

trends of OCV characteristic both on the charge and discharge operations. From the 

experiments, a recommended resting period for accurate OCV for this cell type is at 
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60 min to ensure that the cell has reached its equilibrium. However, it can be reduced 

to 30 min or 10 min for a fast OCV approximation. 

 

 

Figure 4.2 Slopes of the relaxed voltage versus the resting periods. 

 

         

Figure 4.3 Effects of resting periods on the OCV characteristic. 
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4.3  Effect of SOC linearization range on the OCV 

approximation 

This section characterizes the OCV as a function of the SOC in linear range.  

The tests are performed at constant pulse current 1C-rate at 20oC, and rested 60 min for 

each pulse by using the developed characterization system as described in Chapter 3. 

Usually, the OCV has a non-linear relationship with the SOC.  In this study, we 

ignore the OCV hysteresis effect by averaging the extracted OCVs for the charge and 

discharge. The purpose of this modeling is to simplify the OCV linearized model for a 

simple approximation, and to find the appropriate linear range for the BMS 

implementation.   

The linearization ranges of SOC are divided into 20-80%, 20-90%, 15-95%, and 

10-95% for evaluating the applicability and appropriate range for OCV linearized 

model, and considering the appropriate linear fitting range.   

The residual sum of squares (RSS) between the measured OCV and linearized 

model for each range are evaluated as shown in Figure 4.4.  

 

 

 

 

Figure 4.4 OCV characteristic under different linearization ranges of the SOC. 
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The appropriate SOC range for linearization is 15-95%. Because it gives the 

RSS only 0.00178V2, and the range is wide enough for observing the OCV response 

when compared with the widest range as 10-95%, which has the highest RSS of 

0.01416V2. The linearized OCV model (OCVL) of the 15-95% SOC range is shown in 

Equation (4.2). 

 

 690.3SOC)105036.4()SOC(OCV 3
L           (4.2) 

 

4.4  Effect of current amplitude in the pulse test on the OCV 

characteristic 

In order to investigate the effects of current amplitude (C-rate) on the OCV, the 

pulse charge and discharge tests were performed under the same testing condition (At 

20°C with ΔSOC 1–5% and 60 min resting). The OCVs were extracted for different 

C-rates between C/4 and 1C. The effects of pulse current amplitudes on the OCV for 

the charge and discharge cannot be observed as shown in Figure 4.5. 

The extracted OCVs with adequate relaxing period show that the voltage 

responses for the different C-rates correspond to both charge and discharge tests.       

It can be concluded that the pulse current amplitudes have no effect on the OCV 

characteristic under the constant temperature and same resting period. 
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                 a) Under the charge test 

 

                    b) Under the discharge test 

Figure 4.5 Effects of pulse current amplitudes on the OCV characteristic 
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4.5 Effect of hysteresis on the OCV characteristic 

The hysteresis phenomenon in the LMO can be observed by applying the pulse 

charge and discharge tests in OCV characterization process, for the same testing 

condition (tested at 20°C with 60 min resting) as described in Section 4.2.  

Figure 4.6 shows the OCV for charge (chg) and discharge (dis) with the 

different C-rates. A small hysteresis occurs in the range of 5–40% SOC for the charge 

and discharge, and it is magnified in Figure 4.7. It shows that the C-rates of the pulse 

tests also have no effect on the hysteresis character.  

 

 

 

Figure 4.6 Hysteresis occurrence on the OCV characteristics.  

 

The hysteresis, which results from mechanical stress, thermo-dynamical 

entropic effects and microscopic distortions within the active electrode material in Li-

intercalation, is unique for each cell material [1]. The characterized OCVs illustrate 

that this cell type has a narrow hysteresis property between the charge and discharge. 

The difference in OCV (ΔOCV) for the charge and discharge to the averaged 

values is shown in Figure 4.8. The maximum and minimum voltage gaps of the 
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averaged OCV, which occurred at 25% SOC, are only ±14.368mV, or ±0.379% of the 

average value. 

 

       
 

Figure 4.7 Zoom of the hysteresis occurrence. 

 

 

    Figure 4.8 ΔOCV for the averaged charge and discharge values. 
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4.6 Effect of current amplitude on the ESR characteristic 

The cell was prepared with the fully charged of standard condition, 1C-rate 

20oC, following the CC-CV method as the initial condition for studying the effects of 

current amplitudes on the ESR characteristic. The pulse tests are performed, for the 

different C-rates between C/10 and 1C at 20oC with 60 min resting, by using the 

characterization system as described in Chapter 3. The ESR is calculated for the 

instantaneous response of voltage drop (VESR) with Equation (3.4). The effects of 

current amplitudes (C-rates) on the ESR characteristic are shown in Figure 4.9.  

 

    

Figure 4.9 Effects of pulse current amplitudes on the ESR characteristic. 

 

For the different C-rates, the resistance has no obvious difference in the SOC 

and C-rates, and almost constant in the range of 15-95% SOC. It can be concluded 

that the pulse current amplitudes have also no effect on the ESR characteristic under 

the constant temperature and same resting period.  
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4.7  Effect of temperature on the ESR characteristic 

In order to study the effect of operating temperature on the ESR characteristic, 

the pulse charge and discharge tests are performed with the same standard testing 

condition at constant pulse current 1C-rate and 60 min resting. The operating 

temperatures are varied between 0oC and 40oC in the controlled temperature chamber. 

The ESR can also be obtained by Equation (3.4). The effects of temperatures on the 

ESR characteristic are illustrated in Figure 4.10.  

 

 

Figure 4.10 The effects of temperatures on the ESR characteristic. 

 

Figure 4.10 shows a significant difference in ESR to temperatures. The 

resistance is constant along the SOC range of 15-95% irrespective of temperatures. 

However, for the SOC range below than 15%, the resistances significantly differ with 

the temperature. The ESR obviously increases with the decreasing temperature.   

The effect of temperature on the ESR is explained as the ionic transition 

between electrodes via the electrolyte. The variation of internal resistances is ascribed 

by the change of ionic and electrical conductivities in the electrolyte. The effective 

phase-transition of the LMO reveals that the electrical conductivity has increased at 
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room temperature and above temperature operations, and it will be decreased for a 

low temperature [2].  The high viscosity of electrolyte in the intercalation and de-

intercalation for a low temperature makes Li-ions difficult to transport between the 

electrodes. This electrolyte resistance rise reflects on the increment of ESR. The 

relationship between the ESR (also FCTR) and ionic conductivity of the electrolyte 

under low temperature is also reported in [3].   

 

 

 
Figure 4.11 The relationship between ESR and operating temperature  

at different SOC ranges. 
 

 

Figure 4.11 shows the relationship between ESR and operating temperature. The 

variation of resistance to temperature is low for the operating temperature higher than 

10oC irrespective of the SOC. The ESR gradually increases with the decrement of 

temperature. The ESR for 0% SOC is obviously higher than the other SOCs, which 

can be explained in term of the end of discharge state, as well as in term of the start of 

charge state. These states are the most viscous for Li-ion movement during the 

intercalation resulting in high resistance. At the lowest temperature condition (0oC), 

the ESR for 0% SOC shows the increase by 1.66 times.  The ESR model in a function 

of the operating temperature (T0) at constant 1C-rate is approximated as Equation 
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(4.3) with the residual sum of squares (RSS), between the averaged ESRs and the 

model, of only 1.0709×10-5 2. 

 
  0

2 T1046976.22
0 e1075336.2)T(ESR

           (4.3) 

 

4.8 Effect of current amplitude in continuous charge and 

discharge tests on the OCV Approximation 

In this study, the continuous charge and discharge tests were performed with 

different current amplitudes (C-rates) between C/40 and 1C at 20 °C within the 

operating voltage ranges of the cell to study the influence of C-rates on the terminal 

voltage characteristics (VTs), and then to investigate the relationship between the VTs 

and OCV approximation.  

The effects of C-rates on the terminal voltage characteristic are shown in Figure 

4.12. The C-rates lower than C/20 do not obviously show the characteristic difference. 

However, the lower C-rates clearly illustrate the appearance of curly trends on both 

charge and discharge voltage profiles, especially between 60% and 80% SOCs as 

shown in Figure 4.12a and 4.12b, respectively.   

Figure 4.13 shows the relationship between the average OCV and 

charge/discharge terminal voltages under different C-rates. Figure 4.13a shows that 

the VTs for low C-rates close to the average OCV. The polarization voltage gaps 

between the charge and discharge VTs can be reduced for the low C-rate. The 

polarization of the VTs is directly influenced by the C-rate. The cell operating at the 

larger current presents more polarization effects. 

As aforementioned in Section 4.4 and 4.6, the OCVs and ESRs for each 

charging and discharging do not change with the C-rates. Therefore, the voltage drops 

across the ESR depend on the applying currents, resulting in the change of the 

terminal voltage. It can be recommended that the OCV characteristic can be 

approximated by measuring a terminal voltage at the low testing current. 
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a) Under continuous charging 

 

b) Under continuous discharging 

Figure 4.12 Effects of current amplitudes on the terminal voltage characteristic. 
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a) Polarization differences of terminal voltages under different rates of continuous 

testing current on the average OCV. 

  

b) Mean of the squared residuals of errors (MSE) and testing time reduction for OCV 

approximation under different rates of continuous testing current. 

Figure 4.13 Terminal voltage relationships to the OCV approximation. 
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Figure 4.13b shows the mean of the squared residuals of errors (MSEC-rate) 

between the OCV and terminal voltage for each C-rate of Figure 4.13a, and shows a 

testing time reduction for the OCV approximation under different rates of continuous 

testing current. The MSEC-rate is calculated separately for the charge and discharge by 

using Equation (4.4): 

 

  
2SOC

SOC
iSOCrateC

n

1i

i
SOCOCVVT

n

1
MSE 





 

 (4.4) 

Where  

iSOCVT  = Measured terminal voltage at SOCi for a continuous test 

OCV(SOC)i  =  Open-circuit-voltage obtained by OCV averaging at the 

 different C-rates as a function of SOCi for a sampling number 

 n separately for charge and discharge 

 
A recommended continuous testing current rate for the OCV approximation is 

C/20 because it can save time for charge and discharge tests, compared with the OCV 

pulse test method at 1C-rate, from 82.86 h to 40.71 h (or 50.87%) with low MSEs of 

only 0.1284×10−3V2 and 0.0771×10−3 V2 for the charge and discharge, respectively. 

Moreover, it is also faster than the C/40 rate by 51.39% with the difference of MSEs 

of only 0.0197×10−3V2 and 0.0263×10−3 V2 for the charge and discharge, respectively. 

 

4.9 Effects of current amplitudes and temperatures on the 

capacity characteristic 

In this section, the capacity characteristics of the LMO are analyzed and 

evaluated. The test parameters as C-rates and operating temperatures are used for 

evaluating the operational and environmental conditions. They are from C/2 to 5C-

rates and from 0oC to 40oC, respectively. The characterization system as described in 

Chapter 3 is used for the tests. The tests are performed by discharging a fully charged 

cell, which is limited by the voltage rating of the cell from 4.20V to 3.00V.   
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The battery capacities are calculated based on the cumulative currents of battery 

using Equation (3.3). The capacity deterioration of the battery is evaluated, to study 

the characteristic changes under various operating temperatures and current 

amplitudes (C-rates), as shown in Equation (4.5).  

    100Q/QQQ RATEDRATEDBD     (4.5) 

Where  

QD  =  Capacity deterioration by operation (%)  

QB  = Accumulated battery capacity (Ah)  

QRATED  = Rated capacity of the battery (Ah) 

 

The effects of C-rates on the accumulated capacity of the cell under various 

temperatures are illustrated in Figure 4.14.  

 

 

(a) At C/2-rate 

Figure 4.14 Effects of incremental C-rates on the accumulated capacity of the cell 

under various temperatures. 

A
cc

u
m

u
la

te
d

 c
ap

ac
it

y 
(A

h
)



 

 

Chapter 4. Analysis of LMO Characteristics 
 

 

53 

 

 

(b) At 1C-rate 

 

(c) At 3C-rate 

Figure 4.14 (Cont.) Effects of incremental C-rates on the accumulated capacity  

of the cell under various temperatures. 
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(d) At 5C-rate. 

Figure 4.14 (Cont.) Effects of incremental C-rates on the accumulated capacity  

of the cell under various temperatures. 

 

From Figure 4.14, all cell capacities have a linear relationship for each C-rate of 

the discharge continuous constant current. The operating temperature does not 

obviously affect on the cell capacity for low C-rate as shown in Figure 4.14a.  

However, the reduction of capacity is obvious for the large C-rate and low 

temperature as shown in Figure 4.14b-4.14d, respectively.  

The effects of temperatures on the accumulated capacity of the cell under 

various C-rates are shown in Figure 4.15, and the effects of C-rates on the capacity 

deterioration of the cell under various temperatures are shown in Figure 4.16. The 

investigation of capacity deterioration for the cycling cells is far from the scope in this 

section.  However, the details of cycling investigation will be explained in Chapter 6.  

The capacity is not affected by the operating temperatures under low discharge 

rates as shown in Figure 4.15.  However, the cell capacity drops with the low 

temperature for high discharging rates.  These characteristics can be explained by the 

electrochemical reaction inside the battery. The electrolyte resistance is high for low 
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temperature due to the low ionic conductivity in the electrolyte, and low 

transportation rate of Li-ions between electrodes in the electrolyte [4]. 

 

 

 
Figure 4.15 Effects of temperatures on the accumulated capacity of the cell 

under various C-rates. 
 

 

Next, we consider the effects of high C-rates on the effective capacity for 

operations with a constant temperature. The exceeding Li-ion may temporarily 

accumulate on the surface of electrode when the Li-ion transportation rate increases 

and exceeds the rate that Li-ion can be fully intercalated into the intercalation layers 

[5]. The abilities of releasing and insertion of Li-ions between the electrodes are 

reduced for the operation under low temperature and high C-rate conditions, and 

results in a significant deterioration of the battery capacities. The experimental results 

in Figure 4.16 indicate all of these phenomena as abovementioned. The maximum 

capacity deterioration of this LMO occurring at the highest C-rate and lowest 

temperature (5C-rate, 0oC) that is 68.87%.  These results led us understand the effects 

of the operational and environmental conditions on the cell capacity deterioration.  
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Figure 4.16 Effects of C-rates on the capacity deterioration of the cell  

under various temperatures. 

 

4.10 Chapter summary 

In this chapter, the adjusting factors that affect the battery characteristics were 

studied.  The accurate OCV for the LMO can be obtained with a small step-size pulse 

of 1% for the non-linear regions below 10% and above 90% SOCs. The step-size can 

be increased up to 5% in the range of 10%–90% SOC for faster extraction with a 

small error. The short resting period of the pulse test directly affects the error of the 

OCV estimation. A recommended resting period for accurate OCV on this battery 

type is 60 min. The accurate OCV can be directly measured at terminals of the battery 

after energizing constant pulse currents and taking a rest at 60 min for each pulse to 

recover the battery close to its equilibrium. Between the charge and discharge, a 

hysteresis of this studied cell has the maximum voltage gap of only 28.738 mV at 

25% SOC. The measuring of terminal voltage (VT) of the cell under the low C-rate of 

C/20 can illustrate the approximate OCV characteristic with acceptable MSE value by 

using only half the time for testing. It also found that the OCV and ESR are 

insensitive with the current rates (C-rate) of the pulse tests under a constant 
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temperature. The ESR increases when the operating temperature decreases, especially 

at low SOC. The ESR for 0% SOC increases by 1.66 times than the other SOC ranges 

under low temperature condition as 0oC. It is also found that the low temperature 

largely deteriorates the cell capacity. The cell capability, which is an ability of the cell 

to store the lithiums, is dropped under the low temperature condition. In this 

condition, the viscosity of electrolyte has increased that caused a reduction of the 

ionic conductivity, and reflected in the increment of ESR. The battery considerably 

deteriorates whenever operating at low temperature and large current conditions. 
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Chapter 5 

Parameter Identification and Modeling 
of the LMO 

 

This chapter shows the method and procedure for parameter identification of the 

LMO model based on the experiment of transient responses. The preparation for 

battery model parameter identification is introduced. The LMO modeling with testing 

data and the verification method are also proposed. 

 

5.1  Preparation of parameter identification 

The procedure for the parameter identification is started from a cell preparation 

by full charging then following with the pulse discharging at a standard condition. For 

the full charging, the cell is prepared by applying a charging at 1C-rate in CC-CV 

mode (3.5A and 4.2V) with the ambient temperature controlling at 20oC using the 

charge system proposed in Chapter 3. The precise pulse discharge tests are then 

performed at a standard testing condition by applying the periodic constant current, 

1C-rate (3.5A), using the developed programmable discharge system as mentioned in 

Chapter 3 to identify the model parameters, The conditions for the pulse tests are set 

at 1–5% step-size (ΔSOC) and 60 min of resting period as summarized in Chapter 4.  
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The steps of pulse test are precisely divided into 3 steps as follows: 

 The first step is 10 shots of 0.6 min with 1C-rate pulse discharge, for a 

high range of the SOC from 100% to 90%, and the respective pulse 

deserves as 1% SOC reduction. 

 The second step is 16 shots of 3 min with 1C-rate pulse discharge, for a 

medium range of the SOC from 90% to 10%, and the respective pulse 

deserves as 5% SOC reduction.  

 The last step is 10 shots of 0.6 min with 1C-rate pulse discharge, for a low 

range of the SOC below 10%, and the respective pulse deserves as 1% 

SOC reduction. 

The battery voltage response of the pulse discharge tests for parameter 

identification, obtained from the characterization system as mentioned in Chapter 3, 

are shown in Figure 5.1.  

 

 

 

Figure 5.1 Battery voltage responses of the pulse discharge tests  

for parameter identification. 
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The pulse tests are started from the rated full charged voltage (4.2V), and 

continued until the voltage at terminals undergoes the rated discharge cut-off voltage 

(DCV) at 3V. During the test, the ambient temperature of the cell is controlled at 20oC 

for the standard condition.  At the end of each pulse, the cell has rested for 60 min for 

relaxing the cell voltage to its equilibrium condition.   

 

5.2  OCV modeling 

A model of the OCV characteristic in LIBs is essential for the BMS in order to 

estimate the state variables during operations, and for investigating of battery 

electrode properties. Many OCV models of the batteries have been proposed [1,2]. 

They are related to the internal chemical variation of the batteries to fit with the tested 

results, depending on the purpose of the study and their applications.  

The factors that affected the OCV are studied in the previous section, and the 

step-size of the pulse test and resting period are adjusted to obtain the accurate OCV. 

At the same time, we also found that the rates of the testing current (C-rates) have no 

effect on the OCV. The precise OCV from the experiments under these conditions is 

obtained as the averaged OCV to the respective C-rates separately in the charge and 

discharge. A simplified OCV model for the LMO is developed as a function of SOC, 

and then it is validated with the experimental OCV data.  

The empirical high-order polynomial is used to implement the model for a real-

time calculation in the BMS application, as shown in Equation (5.1): 

 

 



n

0j

j
jSOCk)SOC(OCV

 

 (5.1) 

The coefficients (kj) in Equation (5.1) are determined with MATLAB for the 

experimental SOC and OCV data from the previous section by using a non-linear 

least square estimation technique.  
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The objective function is given as in Equation (5.2): 

  

    
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k
OCVSOC,kfminOCVSOC,kfmin

 

 (5.2) 

Where  

k   =  SOC coefficient to be optimized 

j   =  Degree of polynomial  

OCVE  =  Extracted OCV  

f   =  Function for the objective equation  

n   =  Highest-order of polynomial  

m   =  Number of SOC and OCV data 

 

From Equation (5.1), the highest-order (n) for smooth fitting of the OCV 

analytic function for this LMO is 17th for both charging and discharging. For this 

order, the MSEs are less than the maximum criteria (≤ 1 × 10−5 V2) that is precise 

enough for fitting the OCV model. The optimum SOC coefficients of the OCV model 

for charge and discharge are shown in Table 5.1.  

 

Table 5.1 Optimum SOC coefficients of the OCV model for charge and discharge. 

SOC 
coefficient 

Charge Discharge 
SOC 

coefficient 
Charge Discharge 

k0 3.0037 3.0016 k9 1.0595 × 10−9 8.4261 × 10−10 

k1 2.3163 × 10−1 2.0082 × 10−1 k10 −2.2638 × 10−11 −1.8003 × 10−11 

k2 −6.5271 × 10−2 −5.0440 × 10−2 k11 3.6337 × 10−13 2.8847 × 10−13 

k3 1.4950 × 10−2 1.1287 × 10−2 k12 −4.3564 × 10−15 −3.4474 × 10−15 

k4 −2.3529 × 10−3 −1.7962 × 10−3 k13 3.8402 × 10−17 3.0257 × 10−17 

k5 2.5025 × 10−4 1.9382 × 10−4 k14 −2.4147 × 10−19 −1.8926 × 10−19 

k6 −1.8436 × 10−5 −1.4444 × 10−5 k15 1.0246 × 10−21 7.9827 × 10−22 

k7 9.6864 × 10−7 7.6498 × 10−7 k16 −2.6280 × 10−24 −2.0344 × 10−24 

k8 −3.7174 × 10−8 −2.9500 × 10−8 k17 3.0772 × 10−27 2.3659 × 10−27 
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The extracted OCV models are shown by the solid line in Figure 5.2. It shows 

that the proposed OCV model can illustrate the voltage characteristics correctly along 

the SOC range on both charge and discharge operations separately by the hysteresis 

phenomena.  

 

a) Fitting result for charging 

 

b) Fitting result for discharging 

Figure 5.2 OCV fitting results for the LMO at 20°C. 
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A comparison of the MSEs and errors of estimation at different polynomial 

orders for OCV model is shown in Figure 5.3.  

 

a) Results for charge 

 

b) Results for discharge 

Figure 5.3 Comparison results of MSEs and errors of estimation  

at different polynomial orders. 
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The errors of OCV model are evaluated in Figure 5.4 by means of squared 

residuals of the errors (MSEs).  

 

a) Error of estimation for charge 

 

 

b) Error of estimation for discharge 

 

Figure 5.4 The error evaluation for OCV model validation of the LMO at 20°C 
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The MSEs for charging and discharging are only 0.7414 × 10−5 V2 and 0.3848 × 

10−5 V2, respectively. The minimum, maximum, and average values of the estimation 

error for charge are −4.7265 × 10−3 V, 6.9326 × 10−3 V, and 7.8056 × 10−8 V (or 

−0.1437%, 0.1961%, and 0.00008%), respectively, while the minimum, maximum, 

and average values of the estimation error for discharge are −3.0394 × 10−3 V, 6.3308 

× 10−3 V, and 1.1389 × 10−7 V (or −0.0931%, 0.1802%, and 0.00004%), respectively. 

 

5.3 Parameter identification method 

The battery parameters for the transient response model shown in Figure 2.2 are 

identified by Equations (5.3) to (5.6). Equation (5.3) gives the voltage drop 

summation inside the battery. Equation (5.4) is used to calculate the equivalent bulk 

resistance after immediate applying the discharge pulse from instantaneous response. 

Equations (5.5) and (5.6) are the solution for the differential equations of RC parallel 

circuits.  

    
iii 21iESRiT VVVOCVV 
 

 (5.3) 

  iBiESRi I/VESR    (5.4) 

      )e(RIV i1i01
ii

/)tt(
i1B1

   (5.5) 

    )e(RIV i2i02
ii

/)tt(
i2B2

   (5.6)  

Where  

 i  =  Experiment number for each SOC reduction  

iTV  =  Terminal voltage (V)  

iBI   = Battery current (A)  
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iESR   =  Effective series resistances () 

i1R
 

=  Faradic charge-transfer resistance () 

i2R   =  Ionic diffusion resistance () 

iOCV  =  Open circuit voltage as a function of the SOC (V) 

i01t  and 
i02t  =  Initial time (sec) of i1V and i2V  from the experiment 

iESRV   = Voltage drop (V) across the iESR  at definite time i01t  

i1V and i2V   = Voltage drop (V) across the 
i1R  and i2R at definite time i01t  

 to i02t  and i02t to idt  (sec), respectively 

i1   = Short-term time constant (sec), which reflects the transient 

 response of faradic charge-transfer resistance and its related 

 double-layer capacitance [3] (
i1 = i1i1 CR ) 

i2  = Long-term time constant (sec), which reflects the transient 

 response of diffusion phenomenon ( i2 = i2i2 CR ) 

The proposed parameter identification method is based on the method from [3], 

which only tested and identified the parameters at 50% of SOC. However, the tested 

ranges of the SOC in this research are divided into 3 regions as abovementioned.   

The parameters of ESR, R1, R2, C1 and C2 are identified from the tested responses.   

Calculation steps for parameter identification based on the experiment of 

transient responses are illustrated in the flowchart of Figure 5.5 for each SOC range. 

The parameters were identified for each pulse step until the OCV undergoes the 

discharge cut voltage level of 3V (DCV). The average values of the identified 

parameters ESR, R1, R2, C1, and C2 are 20.489 m , 4.334 m , 13.622 m , 9.527 F and 

1,432.422 F respectively. All parameters will be validated in the next section. 
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Figure 5.5 Flowchart of the proposed parameter identification method. 

 

Start

1.  Calculate ESR at immediate discharge from (5.4)

V1i_   is a voltage drop of R1i at from the experiment

4.  Calculate  i1i1i1 R/C 
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BiESRii I/VESR 

5.  Calculate V2 from (5.3)
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6.  Calculate R2 at immediate time          from (5.6)

iBi2i2 I/VR 
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8.  Calculate  
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Get the discharging data  (OCV, VT, IB, and i  =  0)
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5.4  Battery parameter verification 

The parameters from the transient response model with the proposed 

identification method of Figure 5.5 should be verified for studying the battery 

behaviors. In this case, we refer to the applied transient response equivalent circuit 

model to verify the identified parameters. 

 

5.4.1 Equivalent circuit modeling 

Figure 5.6 shows the applied transient response equivalent circuit model.           

It comprises of the state of charge voltage model based on the equivalent battery 

capacity (Left part of the circuit) and voltage-current characteristics model (Right part 

of the circuit) based on [4] considering with our practical testing information. The 

model is used to verify the identified parameters from the previous section. This 

model is implemented in a Spice simulation.  

 
 

 

 
Figure 5.6 Applied transient response equivalent circuit model  

for parameter verification. 
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For the left part of circuit (state of charge voltage model) in Figure 5.6, a current 

controlled current source (CCCS1) represents the battery current varying with the load 

to reflect a state of charge voltage (VSOC) of the battery.   

A self-discharge resistance (Rsd) represents the battery leakage. Usually, the rate 

of self-discharging is calculated over the month. The self discharge rate can be 

determined using long term experiments by comparing the RC-natural response 

voltage before and after taking a long resting when the cell is disconnected. For this 

battery, it is less than 3% per month. Then, in this simulation the self-discharge 

resistance will be ignored by setting to the infinity.   

The next component is the equivalent capacitance (Ceqv). It is defined as an 

initial equivalent capacity of the LIB that is used for maintaining the battery voltage 

from the rated voltage to the end of discharged cut-off voltage of the battery at a 

standard condition (1C-rate at 20oC). The equivalent capacitance and rated energy of 

the LIB can be expressed as shown in Equations (5.7) and (5.8), respectively. 

  
 offcut

2
rated

2
Ceqv VV/W2C 

 
 (5.7) 

 tIVW ratedratedC    (5.8) 

Where   

Ceqv  = Equivalent capacitance of the battery (F)  

WC  = Rated energy of equivalent capacitance (J) 

ratedV  = Rated nominal voltage of the battery (V)  

offcutV   = Discharge cut-off voltage of the battery (V)  

 ratedI   = Rated operating current of the battery (A)  

  t  = Time duration for the battery operation (sec) 
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A voltage controlled voltage source (VCVS1) in the right part of circuit 

(voltage-current characteristics model) in Figure 5.6 represents the open circuit 

voltage of the LIB in a function of the SOC.  

The elements ESR, R1, C1, R2 and C2 are the identified parameters, which are 

also set in the Spice simulation program.  These parameters will be validated in the 

next section by observing a voltage response at the terminal of LIB. 

 

5.4.2 Parameter verification 

In order to verify the identified parameters, we set up a new experiment using 

the same test system in Chapter 3 for comparing the experiment with simulation 

results. The pulse currents are injected into the terminal of testing cell, with the 

different amplitudes and periods of pulse currents between -1C and 3C, for charging 

and discharging, respectively. Then, the voltage response behaviors at the terminal of 

testing cell are recorded. The equivalent circuit model of Figure 5.6 is used in the 

simulation with the parameters from the proposed identification method. The 

identified parameters are set in a Spice simulation environment. The simulated pulses 

with the same current amplitudes and periods as same as in the experiment are also 

set, and injected into the battery terminal of the circuit in the simulation. 

A comparison between the experiment and simulation results for the model 

verification is shown in Figure 5.7. Figure 5.7a shows the time response of the 

simulation and experiment of testing current. Figure 5.7b illustrates voltage response 

behaviors for the simulation and experimental results. Figure 5.7b shows that the 

simulation of terminal voltage response has an acceptable conformity with the 

experimental result. The errors of voltage response between the experiment and 

simulation are shown in Figure 5.7c.   
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 (a)  Testing current. 

 

(b)  Voltage response. 

 

(c)  Errors of voltage response behaviors between the experiment and simulation. 

Figure 5.7 Comparison between the experiment and simulation results  

for parameter verification. 
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The errors and standard deviations (SD) of simulation model are summarized in 

Table 5.2. These results lead us to understand the terminal voltage behaviors of the 

battery with the chemical reaction variation. 

 

Table 5.2 Errors and SD between the experiment and simulation. 

Errors of 

simulated voltage 

Max. Min. Average 

1.483 % -2.173 % -0.332 % 
 

S.D. of the voltage responses 26.26 mV 

S.D. of the errors 0.664% 

 

 

5.5  Chapter summary 

This chapter proposed the parameter identification method based on the 

experiment of transient responses and modelled the LMO. The proposed identification 

method including the calculation procedure can be applied for identifying the 

parameters for any Lithium-Ion battery types that have similar transient response 

behaviors. The model and parameters identified from the proposed method were 

validated in a simulated transient response model using a Spice simulation. The 

simulation showed an acceptable result by comparing with the experiments under the 

same condition, the standard deviation of the errors is only 0.664 %. 
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Chapter 6 

Analysis of Phase-transition Mechanism 
and Cycling Deterioration in the LMO 

 

 

The study of battery behaviors has become a necessity in order to design the 

efficient BMS for large-scale energy storage applications. A SOH monitoring in the 

batteries is one of the important algorithms in the BMS, which is used for observing 

the deterioration of battery packs safely before the damage occurring.  

Numerous researchers have reported interesting studies about the SOH and 

capacity deterioration of LIBs [1-4]. However, they focused on the utilization in 

model applications, which is based on the impedance changes and capacity and power 

fades of the cells to estimate the battery lifetime and healthiness without considering 

the electrochemical processes inside the battery. In order to develop the BMS 

efficiently, it is necessary to understand the electrochemical changes, which are 

related to the intercalation process and phase-transition mechanisms in cycling 

operations.  

The aim of this study is to understand the relevant deterioration mechanisms in 

the LMO battery, meaning of OCV characteristic changes and their electrode 

properties regarding the phase-transition mechanisms. Differential voltage (DV) and 

incremental capacity (IC) techniques are applied for analyzing the phase-transition 

behaviors. 
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Based on the changes of DV and IC characteristics for the OCV, the phase-

transitions are discussed and evaluated to understand electrochemical changes and 

deterioration mechanisms in the batteries during cycling operations.  

 

6.1  Methodology for phase-transition analysis 

In order to study the phenomena that occur during phase-transitions in the LMO, 

the differential voltage analysis (DVA) and incremental capacity analysis (ICA) were 

used. DVA and ICA are non-destructive methodologies, which use only a numerical 

process and have no need of a physical separation for each half-electrode of the 

testing cell. They can also be applied for investigating the cycling deterioration of 

LIBs during the operations [5,6].   

 The OCV was determined using the characterization system as explained in 

Chapter 3. The test system for the OCV used the same test condition at a step-size 

(SOC) of 1-5% with a low constant current amplitude of 0.05C-rates (or 0.175A) at 

20oC to clearly reflect the electrode property following a recommendation for the 

accurate OCV characterization [7]. 

 After extracting the OCVE and QB data and forming a polynomial OCV(QB) 

model in Equation (6.1), the coefficients () were determined by a nonlinear least 

square technique in MATLAB following the objective function in Equation (6.2). 

Then, the DVA and ICA are obtained by Equations (6.3) and (6.4), respectively.  

  
 




n

0k

k
BkB Q)Q(OCV    (6.1) 
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  dOCV

)OCV(dQ

DVA

1
ICA B   (6.4) 

Where 

QB  = Accumulated capacity (Ah) 

OCVE  = Extracted OCV (V) 

m  = Number of QB and OCVE data 

n  = Best-fit order of the model 

  = OCV fitting coefficient, = [1,2,...,n]  

f(,QB)  = OCV model function for the objective equation 

 

6.2  OCV and phase-transition relationships 

The OCV characteristic of LIB depends on the difference in electrochemical 

potential of their specific material properties for electrodes and the effective 

concentration of Lithium during operations. The OCVs, which is extracted from the 

characterization system in Chapter 3, are shown with the black line in Figure 6.1.  

The start and end of the charge operation in Figure 6.1a (Regions 2 and 6) give 

the minimum and maximum concentrations of Li-ions, respectively, and a steep rise 

of voltage implies the increase of Lithium concentration at the electrode surfaces and 

interface of the electrolyte [8]. While the decrease of Lithium concentration is found 

at the end and start of discharging for Regions 2 and 6 in Figure 6.1b, respectively. 

Two-step potentials (Regions 3 and 5 on the voltage profiles), where are nearly a 

constant voltage, reflect a small changing of Lithium concentration that intercalated 

between electrode surfaces during the phase transition. These behaviors can be 
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explicitly interpreted by observing the voltage changes to their related capacities 

(dV/dQ) with the DVA. 

 

 

(a) Extracted from charge process 
 

 

(b) Extracted from discharge process 

 

Figure 6.1 OCV characteristics of the LMO. 
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(a) DV for charging process 
 

 

(b) DV for discharging process 

 

Figure 6.2 Differential voltage (DV) characteristics of the LMO. 
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Figure 6.2 shows the DV characteristics of the LMO, which clearly illustrated 

the phase-transitions with the peaks of dV/dQ (Region 4) between the two flat-

plateaus. The dV/dQ quantitatively has slight differences between the charge and 

discharge as shown in Figure 6.2a and 6.2b, respectively. All regions for the phase-

transition explanation are also identified by these changes of the DV between the 

plateaus.  

The two-step potentials on the voltage profile are evaluated by the incremental 

capacity (dQ/dV vs. V) from the ICA. Figure 6.3 shows the incremental capacity 

characteristics of the LMO. The trends of dQ/dV characteristics to the OCV have also 

slight differences between the charge and discharge as shown in Figure 6.3a and 6.3b, 

respectively. 

The LMO electrode has a two-phase transition property [9]. For the first phase 

transition, Li-ions are inserted into the octahedral site in a spinel structure at 

approximately 3V [10] as shown by Region 1 in Figure 6.1a, 6.2a and 6.3a. This 

transition results from a changing of the crystal structure from the LiMn2O4 cubic 

spinel structure (Fd3m space group) to the Li2Mn2O4 orthorhombic spinel structure 

(Fddd space group, or a rock-salt composition structure) on the electrode surface [11].  

During the insertion of Li-ions, the manganese ions are changed from Mn4+ to 

Mn3+ in relation to the gradual increasing of the accumulated charge on the electrode 

[9]. As a result, the dV/dQ for the charging process is continuously decreased at an 

intermediate state (Region 2 of Figure 6.2a) corresponding to the gradual increases of 

dQ/dV on the IC curve (Region 2 of Figure 6.3a) as the first phase transition (3V). 

However, the phenomenon at this state for the discharging is occurring conversely 

(Region 2 of Figure 6.2b and Figure 6.3b).  

Such a phenomenon that keeps the trend of characteristics looks similar to both 

charge and discharge. This behavior is consistent with a slow reduction of 

accumulated charge of the discharging near the first transition.        
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(a) IC for charging process 

 

 

(b) IC for discharging process 

 

Figure 6.3 Incremental capacity characteristics of the LMO. 
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Next, we consider the second phase transition. From Region 4 in Figure 6.1, the 

obvious potential peaks around the 4V-region can be observed. These peaks between 

two-step potentials occurred around 3.88-3.91V and 4.06-4.12V for charging 

(Regions 3 and 5 in Figure 6.1a), and occurred around 3.87-3.90V and 4.05-4.11V for 

discharging (Regions 3 and 5 in Figure 6.1b). These two-step potentials are identified 

by the low dV/dQ (mostly exhibiting a constant voltage during changing of capacity) 

as shown by Regions 3 and 5 of Figure 6.2a and 6.2b, respectively. Besides, the peak 

of dQ/dV as shown in Figure 6.3 can also represent the two-step potentials. The steep 

increase of the dQ/dV implies that the concentration of Lithium at this state is hardly 

changed with the injected charge. These IC peaks clearly illustrate the starting point 

of the step potential. In Figure 6.3a, the dQ/dV peaks for charging shown in Regions 3 

and 5 are 14.76 Ah/V and 24.35 Ah/V, respectively, while the dQ/dV peaks for 

discharging shown in Regions 3 and 5 (Figure 6.3b) are 11.67 Ah/V and 17.85 Ah/V, 

respectively.  

The de-intercalation process is referred for the second phase transition. In this 

state, a spinel structure is starting to change back from the orthorhombic to cubic 

structures. Li-ions are extracted from the tetrahedral sites of the spinel structure at 

approximately 4V with the two-step potentials separated by 0.10-0.15V [12].  

In addition, a two-step process observed on the voltage profile is due to the 

ordering of Li-ion diffusion [13]. In this ordering, a Li-ion is on the one-half of the 

face sharing for the tetrahedral 8a sites along the diffusion path, where Li-ions are 

moving rapidly to the vacant octahedral 16c site along the 3D structure of the 8a-16c-

8a-16c pathway. This ordering, followed by a steep potential peak, causes a second 

phase transition [10]. This transition behavior between the two-plateaus of 

electrochemical equilibrium condition can be clearly seen from the peak areas of 

dV/dQ, which are 0.1983 V/Ah (at 67% SOC) for charging and 0.2127 V/Ah (at 69% 

SOC) for discharging as illustrated by Region 4 in Figure 6.2a and Figure 6.2b, 

respectively. A steep slope of dV/dQ at the end of charging indicates the abrupt 

voltage increase for the surplus charge at the end of the intercalation process as 

illustrated by Region 6 of Figure 6.2a. On the contrary, a steep slope of dV/dQ at the 

start of discharge indicates the abrupt voltage decrease for the surplus charge at the 
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starting of the de-intercalation process as illustrated by Region 6 of Figure 6.2b. In 

conclusion, a phase-transition behavior in the LMO can be explicitly interpreted with 

the related experimental OCV associated with dV/dQ and dQ/dV on the DV and IC 

curves, respectively. 

 

6.3  Cycling deterioration in the LMO 

In order to study the cycling deterioration and influence of characteristic 

changes in the LMO on the phase transition, a cell was tested at standard testing 

temperature 20oC with the full rate of charge (1C) and the full rate of discharge (5C).  

The OCV and incremental capacity characteristics of the LMO were extracted for 400 

cycles, 1,200 cycles and 2,400 cycles as shown in Figure 6.4 and Figure 6.5, 

respectively.  

 

 

Figure 6.4 OCV characteristics of the LMO at different cycles. 
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The OCV patterns in Figure 6.4 slightly change with the cycles. A shrinking of 

tails on the OCV curves reveals that the increasing cycles drop the capacity of the 

cell. A build-up of the OCV around the knee point can be clearly observed by 

transforming it into the IC characteristic (Figure 6.5) after the first phase transition 

around 3.70V and 3.74V for discharge and charge, respectively. This steep voltage 

change stems from the large variation of a concentration of lithium. These phenomena 

are noticeable after the cycling number of the cell increases. 

 

 

Figure 6.5 IC characteristics of the LMO at different cycles. 

 

The extracted IC characteristics of Figure 6.5 can also be used to display a slight 

change of the OCVs, especially in the linear-region range around the middle part of 

Figure 6.4. They obviously show that the increasing number of cycles reduces the 

peak amplitudes and shifting of peak positions around the 4V-region. The 

deterioration of capacity and IC with cycling operations is shown in Figure 6.6. 
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(a) Capacity variations 

 

       

(b) IC variations 

 

Figure 6.6 Deterioration trends of LMO under the cycling operations. 
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Figure 6.6a shows the capacity fade and the ratio of capacity per SOC (also 

called the capacity ration) on the increasing of cycles. The results show that capacity 

fades of the cell for 400 cycles, 1,200 cycles and 2,400 cycles increase by 11.55%, 

12.56% and 16.02% for charge and 11.72%, 13.31% and 17.18% for discharge, 

respectively. The cycling capacity fade is mainly due to the loss of cycleable lithium 

with growing of the solid electrolyte interface (SEI) layer on the surface of the 

carbon-based negative electrode [14], and is partly due to the loss of active electrode 

materials [15].  

Figure 6.6b shows the reduction of IC peak amplitudes and shifting of peak 

positions between the peaks A and B of Figure 6.5 for the cycling operations. The 

reduction of IC peaks reflects the cycling capacity fade for the process of intercalation 

and de-intercalation, while the shortening of the distance between the peaks around 

4V-region reflects the shrinkage of the two-step potentials during the phase 

transformation.  

The cell deterioration can be explained in term of the phase transformation 

during lithium intercalation/de-intercalation. In the intercalation process, Li-ion 

occupies a tetrahedral coordination and Mn-ion occupies an octahedral coordination 

in the form of MnO6. During the intercalation and de-intercalation, the 

transformations between cubic and orthorhombic crystal systems are occurring. Cubic 

lattices are stretched to orthorhombic lattices along orthogonal pairs for the 

intercalation, and the process is reversed for Lithium de-intercalation [16, 17].  

The distortion by the changing of structure causes crystal asymmetry and causes 

stress. This results in electromechanical grinding on those spinel particles that affect 

the reversibility of the phase-transition and gradual capacity deterioration during the 

cycling operations [11]. These tendencies of cycling deterioration can be observed by 

the peak changes of dQ/dV around the 4V-region, the average rate of the reduction of 

peak amplitudes and the narrowing of the voltage gap between the two peaks is 

approximately 5.406 x10-3 % per cycle and 3.919 x10-3 % per cycle, respectively. 
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6.4  Chapter summary 

In this chapter, phase-transition mechanisms of manganese-type Li-ion batteries 

were studied. The open-circuit-voltage (OCV) characteristics were extracted using a 

proposed characterization system, and analyzed with the differential voltage (DV) and 

incremental capacity (IC) techniques. The DV peak indicates the second phase-

transition around the 4V-region, while the IC peak indicates the starting point of the 

OCV step plateau, which is the electrochemical equilibrium condition during the 

phase transformation. The capacity fade and variation of the IC peaks can be used as a 

deterioration index of the cell. From the study, we found that the cycling operation 

reduces the IC peak amplitudes and narrows the voltage gap between the peaks by 

5.406 x10-3 % per cycle and 3.919 x10-3 % per cycle, respectively. These studies let us 

understand the phase transformation behaviors and related characteristic interpretation 

of the cell. 
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Chapter 7 

Conclusion  

 

 

This dissertation dealt with a lithium manganese oxide secondary battery 

(LMO). The focus of this dissertation was on the characterization and modeling of the 

LMO. The first part overviewed the structure and related mechanism that are the 

important knowledge to understand the LMO equivalent circuit modeling, and to 

analyze the characteristic of the battery. The LMO comprised of positive LiMn2O4 

spinel-type and negative graphite electrodes. This spinel compound has dominant 

properties in high nominal voltage per cell, high discharge current rupturing, high 

thermal stability for over-charge, and notable performance for fast charge and 

discharge operations due to its stable crystal structure.  

The important contributions in this dissertation are the designs of programmable 

Li-ion battery characterization and life-cycle testing systems. They are developed in a 

LabVIEW environment, and can be applied for any Li-ion cell types. The developed 

charge and discharge systems implemented with our sequential-controlled and 

protection algorithms can correctly manipulate all of scheduling of the tests for 

battery parameter characterization and cycling investigations of the LMO with safety. 

The dominant features of the developed systems are: 1) the automatic testing system 

with a real-time monitoring, which can display all status of operations; and 2) the 

conditional charge/discharge cutting algorithms, which can detect and cut-off testing 

instruments in case of the fault occurrences, and can show the alarm messages, such 
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as over current, over power and over/under voltage events, during operations. These 

proposed algorithms can be considered for the further BMS development.   

In the analysis part of LMO characteristic results, several adjusting factors were 

tested. The factors that affected the inaccurate open-circuit-voltage (OCV) during the 

characterizations are: 1) the large step-size of the pulse tests over than 5% for all of 

the SOC range; and 2) the resting period of the cell less than 60 min for each pulse 

test. This studied cell illustrated a small hysteresis character between the charge and 

discharge operations with the maximum voltage gap of only 0.758% of its average 

value. It is found that the current amplitudes (C-rates) of the pulse tests have no effect 

on the OCV and effective series resistance (ESR) under the constant temperature.   

For the temperature effect study, the capacity deterioration and ESR in the LMO have 

greatly affected by low temperature. The ESR had increased with the low 

temperature, and the capacity deterioration had obviously increased especially under 

low temperature and large current conditions. These results let us understand the 

characteristics of the LMO battery including the capacity deterioration under the 

various conditions of temperatures and operating currents. The empirical results of 

study can also be used as a fundamental testing guideline for engineers who design 

the energy storage system (ESS) with LIBs and its management system and/or the 

battery protection system in order to consider the optimal operating conditions for 

other similar batteries.   

This dissertation also introduced the electrical equivalent circuit modeling for 

the LMO. The model parameters were extracted using the proposed identification 

method based on the experiment of transient responses. They were validated in a 

Spice simulation with the practical testing information. The terminal voltage response 

showed an acceptable conformity between the experiment and simulation to the 

different periods and amplitudes of pulse currents. A simulated dynamic voltage of 

the model can be used for studying and predicting voltage response behaviors of the 

battery to the variation of applied terminal current before the worst-case occurrence 

such as over current or under/over voltage phenomena. 

In the last part, the cycling deterioration related with the phase-transition 

mechanism was analyzed by using the differential voltage (DV) and incremental 
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capacity (IC) techniques. This LMO indicated the phase-transformation around the 

4V-region by observing at the DV peak obtained from the accurate extracted OCV.  

Two main processes that affected the battery ability and capacity deterioration 

are the intercalation and de-intercalation under long cycling operations of charge and 

discharge. The deterioration of aged cells can be observed by the variations of IC 

peak and capacity. The phase-transition study helped us to understand the basic 

mechanism of cycling capacity fade and the deterioration occurring in the LIB, and 

provide us essential knowledge for further investigations about the cell deteriorations 

and state of health monitoring under the cycling operations for the BMS development.   

It should be noted that this LMO type might not be the most prominent battery 

on the market due to the rapid development of battery technology. However, the 

results of our experiment of 2,400 cycles can guarantee that this battery type is 

sufficiently safe for long cycling operations of charge and discharge.  

The proposed characterization method, modeling, analysis techniques, 

electrochemical explanations and results of the study can be used to provide us 

essential knowledge for further development of the BMS design, and can also be 

applied for studying the behaviors and dynamic responses of other similar electrode 

Li-ion batteries, or the batteries with manganese-based composition.   

In addition, studies of life extension, efficient battery-management system 

design, behavior prediction and accurate state estimation based on the proposed 

knowledge of characterization and modeling are still necessary to be investigated for 

modern lithium batteries. These issues are the challenging topics for future studies. 
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