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Electrochemical Impedance Spectroscopy (EIS) and Hybrid Pulse Power Characterization 

(HPPC) are used to compare equivalent circuit model (ECM) parameterization for lithium-

ion batteries. Capacity testing, Open circuit voltage profiling, HPPC and EIS measurement 

were tested experimentally to characterize two different cell lithium iron phosphate (LFP) 

and nickel manganese cobalt oxide (NMC). Ohmic resistance and polarization resistance 

were extracted from both time and frequency domain.  

Both EIS and HPPC provide similar qualitive trends, but some numerical differences occur 

due to their different excitation domains. ECM developed for HPPC parameters able to 

achieve very small errors when producing the measured pulse data which indicates the strong 

model capability. 

Overall, the study demonstrates the advantages of EIS and HPPC for battery characterization 

and ECM parameterization. The results help the development of more precise and reliable 

models for battery management system applications and advance knowledge of SOC-

dependent dynamic behavior in lithium-ion cells. 



 

 

 

 

ACKNOWLEDGEMENTS 

My sincere thanks go to Professor Pertti Kauranen for his insightful feedback and supportive 

guidance. I would also like to thank Toni Viinanen for his help with the measurement and 

other advice.  

I express my sincere and heartfelt thanks to my wife for her constant support during 

challenging times. 

  



 

 

SYMBOLS AND ABBREVIATIONS  

 

Roman characters 

C Capacitance  [F] 

I Current  [A] 

K timestep 

Q CPE magnitude 

R Resistor  [-] 

U  voltage  [V] 

W Warburg element 

𝛼  CPE exponent. 

 

 

 

Greek characters 

ω Frequency 

τ Time constant [s, h] 

σ Warburg coefficient 

β diffusion exponent 

 

 

 

 

 

 



 

 

 

Subscripts 

cpe constant phase element  

eis electrochemical impedance spectroscopy 

int internal 

meas measurement  

n nth 

ocv open circuit voltage 

RC resistance capacitance 

0 initial 

 

 

Abbreviations 

Ah Ampere hour 

CC Constant current 

CPE  Constant Phase Element 

CV Constant Voltage 

ECM Equivalent Circuit Model 

EIS Electrochemical Impedance Spectroscopy 

GNL Generalized Nonlinear model 

GEIS Galvanostatic EIS 

HFR High frequency resistance 

HPPC Hybrid Pulse Power Characterization 

LCO Lithium cobalt oxide 



 

 

LFP Lithium iron phosphate 

Li-ion Lithium ion 

LMO Lithium manganese oxide 

LTO Lithium titanium oxide 

NCA Nickel Cobalt Aluminium 

NMC Nickel-Manganese-Cobalt 

OCV Open Circuit Voltage 

PNGV Partnership for a New Generation of Vehicles 

PEIS Potentiostatic EIS 

RMSE Root mean square error 

RUL Remaining useful life 

SOC State of Charge 
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 Introduction 

Nowadays, the world battery industry is fully dominated by Lithium-ion technology. All 

other previous technology such as lead-acid batteries, nickel-cadmium batteries and etc are 

increasingly being replaced by lithium-ion technology. There are several reasons behind this. 

The main benefits of lithium-ion batteries over other battery technologies are high energy 

density, better performance or efficiency and long cycle life. Additionally, this technology 

is updating, and the performance is getting better day by day. The electrical performance of 

a lithium-ion cell can be described with equivalent circuits. There are some methods such as 

Electrochemical Impedance Spectroscopy (EIS) and Hybrid Pulse Power Characterization 

(HPPC) are used for fitting the parameter of the equivalent circuits. In this thesis, both EIS 

and HPPC test will perform on same battery and then the results are compared with each 

other.  

 

 Lithium-ion Batteries 

Lithium is one of the lightweight metals and 25th most abundant elements in this earth 

(Balaram, et al., September 2024). Besides, Lithium is a highly reactive material, that is the 

reason it is found to be salt in nature. Most of the lithium is found in oceans and in geothermal 

brines (International Lithium Association, 2023).  As a battery technology Lithium was 1st 

researched during the oil crisis of 1970 by the Stanley Whittingham. Stanley tried to make 

rechargeable batteries using lithium and titanium. Later, in 1980, John B. Goodenough 

developed lithium-cobalt battery. The main breakthrough came when Akira Yoshino used 

non-aqueous electrolyte and carbon-based anodes. This technology provides high power 

lithium-ion battery which is later commercialized by Sony. (International Lithium 

Association, 2023) 
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 Operating Principle 

The working principle of lithium-ion batteries is quite similar to other secondary batteries. 

Lithium battery converts the chemical energy into electric energy. This energy is then 

transferred to the external circuit using discharging process. At the charging state, Li-ion 

gets back to its original state using the external power supply. Like all other battery 

technologies, lithium-ion battery has also made up with two electrodes: anode and cathode, 

an electrolyte through which only li-ions can pass, a separator between two electrode which 

prevents the flow of electron inside the battery and current collectors that allows the electron 

to travel to the external circuit (Finkelstein, et al., 2024) 

 

Figure 2-1: Structure of lithium-ion battery (NEWARE, 2024) 

 

Usually, the anode consists of graphite, cathode is made up with lithium metal oxide, and 

the electrolyte is made up with organic salt. From Figure 2-1, while discharging, lithium-ion 

travel from anode to cathode through the electrolyte. Since the separator and electrolyte acts 

as an insulator thus the electron must travel from anode to cathode through the load circuit. 

In cathode, lithium-ion and electron combined and stored as a crystal. During charging 

process electron are forced to travel form cathode to anode by an external source and thus 

lithium-ion pulled back to anode. Here current collector is used to distribute current 

uniformly across the electrode surfaces. Usually, aluminium foil is used as a cathode side 

current collector and copper foil is used for anode side current collector (Finkelstein, et al., 

2024) (NEWARE, 2024). 
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  Different Chemistry 

Lithium-ion battery performance is largely depending on the material used in anode and 

cathode. Mainly the variation comes only for the cathode materials and their properties. 

Typically, lithium containing metal oxide is used for cathode material. Figure- 2-2 Shows 

the overall classification for li-ion battery according to cathode and anode.  

 

 

Figure 2- 2: Classification of li-ion battery according to anode and cathode. 
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• Lithium-ion cobalt oxide (LCO): Lithium cobalt oxide (LiCoO2) is one of the most 

used cathode materials in li-ion battery technology so far. In LCO based battery 

technology, graphite is commonly used as anode material and lithium salt (LiPF6, 

LiClO4) has been used for electrolyte. In this process cobalt is getting oxidized form 

Co3+ to Co4+. During discharging, the whole process is reversed means Li ion is 

backed to the cathode material and cobalt is reduced and get back to its previous state 

(Lin, 2023). 

• Lithium-ion Manganese Oxide (LMO): Previously this Li-ion battery technology 

was much commercially popular and grab almost 80% of the battery market at those 

days. As from the name the cathode consists of manganese oxide (MnO2), anode is 

made up with graphite and as usual lithium salt has been used for electrolyte. While 

charging the li -ion are extracted and manganese is oxidized to form Mn3+ to Mn4+. 

During lithiation, due to the intercalation formation the Mn4+ is reduced to Mn3+ and 

electron travel through the load or external circuit which will eventually power the 

device (Bhattacharjee, et al., 2023). 

• Lithium Nickel Manganese Cobalt Oxide (NMC): This type of battery can hold 

high energy density. Here, three transition metal: nickel, manganese and cobalt are 

used as cathode material. The purpose of using nickel is for high specific energy, 

manganese is for thermal stability and cobalt is for reducing cathode corrosion or 

improve conductivity (ufinebattery, 2024). Like all other li-ion battery graphite is 

used as anode material and lithium salt has been used as an electrolyte. During 

charging process lithium-ion travels through the electrolyte and all the transition 

metal get oxidized. At the time of discharging, lithium-ions migrate back to the 

cathode (Evro, et al., 2024). NMC batteries have different composition based on the 

ratio of cathode materials. For instances, NMC 111 means all the cathode materials 

are in equal ratio. NMC 811 means, nickel occupy 80%, manganese 10% and cobalt 

10%.  

• Lithium Nickel Cobalt Aluminium Oxide (NCA): NCA batteries are almost 

similar with NMC battery except the manganese is replaced by the aluminium here. 

Aluminium is lighter than manganese. So, replacing manganese makes NCA battery 

highest energy density among all other li-ion batteries. The charging and discharging 
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chemistry are quite close enough with other li-ion batteries. Here, aluminium is 

remaining inactive during electrochemical process (Tran, et al., 2021). 

• Lithium Iron Phosphate (LFP): In this battery technology lithium iron phosphate 

(LiFePO4) has been used as cathode material. During charging process lithium-ions 

emerges from cathode to anode and form Li+ and FePO4. During discharging process, 

the reverse action occurs, meaning lithium-ion embeds with FePO4 and reform 

LiFePO4 (Yin-quan, et al., 2011).  It provides good electrochemical performance 

with lower resistance. LFP is safer because oxygen makes bond with both iron and 

phosphorous. So, if the battery is overcharged or heated, the oxygen is not released, 

and it remain safe. 

The above types of li-ion battery technologies are based on the cathode material. The anode 

materials are categorised as below and further discussed. 

• Graphite: Graphite is used as the most common anode material because of its 

established industrial application along with beneficial electrochemical 

characteristics. Graphite's multilayered carbon structure enables lithium ions to 

intercalate between graphene sheets with a small structural damage. This helps to use 

it widely because this kind of property provides a feasible reversible storage 

mechanism. (Chen, et al., 2025). During initial charge-discharge cycle, a solid 

electrolyte interphase (SEI) is formed in the anode due to the reaction between the 

electrolyte and negative polarized graphite surface. This SEI layer is responsible for 

long term battery performance because it protects graphite from continuous 

decomposition as well as allowing reversible lithium-ion transport. In this way, it 

helps to increase the battery cycle life. However, during its formation at the initial 

stage, it used up some of the available Li-ion resources which resulted in an 

irreversible capacity loss. (An, et al., 2016). Additionally, graphite shows good 

electrical conductivity and retains its structural strength across various cycles of 

charge and discharge, which is crucial for the operational stability. 

• Lithium Titanium Oxide (LTO): Li4Ti5O12 has been used as anode material. One 

of LTO's main benefits is its remarkable cycling stability. Additionally, it can greatly 

avoid mechanical degradation due to the little volume change during operation. 

Furthermore, it has high charging and discharging capacities which makes it more 
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suitable for high power application. However, one of the main drawbacks of LTO is 

low specific energy compared to graphite anode. (Nitta, et al., 2015). Also, titanium 

is more expensive than graphite which makes it less reliable.  

Overall, LTO is preferable where safety, increased cycle life, and high-power 

capability are more important.  

 

 Shapes and formats 

The main reason for various types of lithium-ion battery cell occurs mainly due to the cell 

casing design and the arrangement of anode, cathode and separator (Baazouzi, et al., 2023). 

At present lithium battery cell can be found in three different shapes in the market.  

▪ Cylindrical. 

▪ Prismatic 

▪ Pouch 

▪ Coin 

• Cylindrical:  

Cylindrical lithium-ion battery is the mature and popular lithium battery technology so 

far. Its main shape is cylindrical consist of casing, cap, anode, cathode, separator and 

electrolyte. From Figure -2-3, the outer shell made of metal which also served as negative 

terminal. The electrodes and separator are manufactured as long, thin sheets and later 

rolled up (Baazouzi, et al., 2023). That is the reason it also named as wrapped cell. The 

copper foil is used for 

 

Figure 2- 3: Cylindrical type lithium-ion battery (UFine, 2024) 
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anode and aluminium foil are used for cathode. At the top, there is a cap, which is used as 

positive terminal. Some main features of cylindrical cell are listed below: 

• Robust as the case made with metal. 

• Easy integration of safety vent. 

Application: Cylindrical types of batteries are widely used in EV because of their consistence 

performance. They are also used in cameras and some power tools. 

• Prismatic: 

Prismatic cells are found in square or rectangle shapes. It has flat and stackable design. 

Prismatic cells are usually consisting of multiple layers of alternating stacks of cathode, 

separator and anode. Also form the Figure-2-4, the outer cell or casing are made of steel or 

aluminium alloy which provides more mechanical support and contribute heat conduction 

during thermal management. 

 

Figure 2- 4: Physical structure of prismatic type lithium-ion battery (Grepow, 2024) 

There are couple of main features for prismatic cell which makes it unique and advantageous 

than other types of cells.  

▪ Better cooling surface. 

▪ Enhanced space efficiency. 

Application: The main application of prismatic cell is in consumer electronics such as laptop, 

mobile, tablet etc. It is also used in electric vehicle and in the energy storage system. 
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• Pouch cell: 

Other lithium-ion battery has rigid outer case, but pouch cell doesn’t have any instead it uses 

thin laminated foil casing. That is the reason pouch cell has various size and shapes. 

According to the Figure 2-5, the pouch cell is made up with the same components as others. 

The separator is normally placed between the two electrodes to ensure smooth movements 

of ion with preventing the contact between the electrodes (Yoo, et al., 2019). 

 

Figure 2- 5: Structure of pouch type lithium-ion cell (Yoo, et al., 2019) 

 

The main features of pouch cell type lithium-ion batteries are listed below: 

▪ Reduced mass of cell case. 

▪ Lower heat capacity meaning better cooling option. 

▪ High specific energy density. 

Application: Mainly pouch types are used where weight and high energy density does matter. 

For example: drone and UAV (Unmanned Aerial Vehicle). Some car manufacturing 

company also used pouch type battery cell. It is also used in smart phones, laptop and some 

other electronics. 

• Coin cell: 

Coin-shaped cells are another popular form factor, particularly in small-scale and research 

applications. Coin cells are made with strong metal casing and a low profile with less than 

few millimeters thickness. According to Figure 2-6, cathode is placed near to the positive 
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case and anode placed closer to the negative case. To maintain the pressure on the electrode, 

a spacer and a spring are included on top of separator (Purwamargapratala, et al., 2020). Due 

to its small size and reliable voltage output, it is enormously used in small devices such as 

watches, calculators and key fobs. 

 

Figure 2-6: Structure of coin type cell (Purwamargapratala, et al., 2020) 

The main feature of coin-shaped cells: 

▪ Extensively used in batter research and developments. 

▪ Low material consumption 

▪ Low cost 

Limitations:  

The capacity and energy are very low compared to other types of Li-ion battery. This is 

because it has small electrode area. 

 

 Performance comparison  

So far, this paper has been discussed six types of lithium-ion battery technology and three 

shapes of lithium-ion cells. The performance and efficiency of each type of these batteries 

are varied from each other. Despite of being many advantages there are a few drawbacks of 

each of these technologies. The main features and drawbacks are explained below: 
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• LCO:  

This type of battery contains high specific energy density which mean it can store lots of 

energy in less weight. Additionally, the smart and mature technology also attracts many 

professionals to use this LCO types of battery.  

The main drawbacks of LCO are short cycle life, low thermal stability and limited power 

capabilities (Jeswal, et al., 2024). Not only this, but it also uses cobalt which makes it more 

expensive than other types of battery technology. Also, according to (Jeswal, et al., 2024) 

LCO type batteries are not suitable for charging and discharging at a higher than its C rate. 

If it operates higher than the C rate, it will produce excess amount of heat and increase 

polarization. It will be a problem for this battery as it has poor thermal stability. 

• LMO:  

This battery technology mainly resolves the issues previously occurred at LCO type 

batteries. It means, the thermal stability of LMO is high enough. The charging and 

discharging current are high which makes it faster charging capacity. Additionally, it uses 

manganese which is abundant thus cheaper than cobalt. So, the price of this type of battery 

is lower than LCO and manganese is less toxic than cobalt. So, it is environment friendly 

(UFine, 2024). 

One of the main limitations of LMO are poor energy density and short cycle life.  

• NMC:  

NMC battery is getting popular for its high energy density. Also, it comes with the solution 

that faces previous battery type such as poor cycle life. Its long cycle life indicates that it can 

withstand for more charging-discharging cycle before dead. The high-power capability 

makes it suitable for the application where fast charging is priority.  NMC provide a balance 

between specific energy and stability. NMC battery is also available with various 

composition which allow manufacturer to customize the battery performance according to 

the application. 

Though NMC has overcome previous issues, but it still has some limitations. The main 

drawback of NMC is using cobalt. Cobalt mining is not eco-friendly and makes it more 

expensive. Not only this, the upgraded technology of other types of battery such as LFP has 

more longer cycle life and provide better safety than NMC. 
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• LFP:  

The unique benefits of LFP batteries outweigh some of the drawbacks of lithium-ion 

batteries discussed previously. LFP has a very long-life cycle, and this is one of the main 

features. Typically, a commercial LFP battery has almost 5000 cycles of cycle life (Xu, et 

al., 2024). Thus, it indicates, after almost 5000 full charge and discharge cycle its usable 

capacity drops below what specified. This feature makes it ideal for application where 

durability and longevity are the highest priority. Also, LFP shows low resistance properties 

which improve its thermal stability and safety. It also withstands at high temperature which 

makes it suitable choice where overheating is the issue. Thus, LFP can maintain high charge 

or discharge current without overheating or getting degraded. Additionally, LFP does not 

contain any cobalt or nickel which makes it cheaper and eco-friendly. 

Though there are a lot of advantages of LFP, still it has some limitations. One of the main 

limitations is poor energy density compared to other battery technologies.  

LFP batteries are now a popular option in many industries because they provide a strong 

balance of stability, longevity, and safety. Even though their drawbacks are being addressed 

by continuous improvements in battery technology. LFP batteries are anticipated to become 

more important in determining the direction of energy storage as research and development 

in the anode are still progressing. 

 

 Modelling of Li-ion Batteries 

A precise and accurate model is essential for designing li-ion battery. A model is also very 

crucial for controlling and running effectively in various types of application ranging from 

electric vehicle to portable devices. Additionally, for simulation and forecast about battery 

behaviour, which relates with performance optimization, long battery life and secure run, an 

efficient model can deliver the top performance of a battery. 
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 Modelling needs 

From grid scale energy management to electric vehicle, modelling of li-ion batteries is 

essential. A battery model helps to predict the performance of couple of things related a 

battery such as power capability, state of charge (SOC) or remaining useable capacity, state 

of health (SOH) or capacity degradation due to aging issue. Additionally, A battery model 

is also useful to predict the remaining useful life (RUL) by continuous monitoring the 

degradation of capacity. In energy storage and EV charging mechanism, efficiency, 

extension of battery cycle and many more can be controlled by models. Additionally, a real 

time model supports the prediction about how much useful charge is remaining in a battery. 

Especially in battery management systems (BMS), efficient and lightweight models have 

high demand. Not only this, but models also play a key role while designing for microgrid 

system integration, renewable resource coupling and load sharing. To ensure the safety of a 

battery or any other abnormality such as overheating or longevity a model is primary need. 

Based on the application and performance analysis battery model are classified into four 

categories. 

• Electrochemical model. 

• Equivalent circuit model 

• Adaptive model 

• Data driven model 

A brief description of each model is discussed below: 

 

 Electrochemical models: 

Electrochemical models explain battery behavior based on basic physical and chemical 

processes, such as ionic transport in the electrolyte, charge transfer reactions at electrode 

interfaces, and lithium-ion diffusion. The most popular electrochemical model is the pseudo-

two dimensional (P2D) model, sometimes called the Doyle Fuller Newman model, which 

offers excellent accuracy in forecasting under a variety of operating circumstances. 
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Nevertheless, electrochemical models are computationally costly and challenging to apply 

in real-time battery management systems since they need the solution of coupled nonlinear 

partial differential equations and the identification of several material-specific factors 

(Newman & Karen E. Thomas-Alyea, 2004). 

 Adaptive battery model 

Adaptive battery models provide model parameters to change dynamically with operational 

conditions such as temperature, aging, and state of charge. These models frequently use 

online estimating approaches, such as iterative least squares or Kalman filter methods to 

adjust parameters in real time when the battery situation changes (Plett, 2015). Although 

adaptive models increase accuracy, their implementation become more complex. 

  Data driven model 

Data driven battery models use machine learning processes to determine the relation between 

input parameters and battery outputs directly from experimental data. Neural networks, and 

gaussian process regression are popular methods that can give high accuracy. However, the 

use of AI based models in safety critical applications is limited and they often require large 

and representative datasets. (Berecibar, et al., 2016) 

 

 Equivalent circuit model 

Generally, a widely used battery model is equivalent circuit model (ECM). ECM consists of 

simple structures including a few series and parallel connection with resistance, capacitance 

and inductance. It is also capable to simulate dynamic behaviour reliably (Sun, et al., 2025). 

The ECM is a kind of performance model which build an electric circuit to mimic the 

dynamic characteristics as well as the charge-transfer, interfacial characteristics or diffusion 

phenomena of li-ion batteries.  

Based on the analysis and domain purpose the equivalent circuit model of lithium-ion battery 

can be categorised as time domain and frequency domain. Both of this has different 

purposes. Time domain is mainly used for modelling the dynamic response during pulse. 
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Frequency domain is used for electrochemical process characterization and used to extract 

the ECM parameter. Below is the model that has been used for both time domain and 

frequency domain.  

 

 

Figure 3-1: Classification of ECM model 

 

Randles model: 

In electrochemistry, a Randles circuit is a simplified equivalent electrical circuit model that 

demonstrates how an electrochemical interface such as an electrode in a solution behaves. 

Randles model mainly used for calculating the ohmic resistance, corrosion and the battery 

performance.  

 

Figure 3-2: Randles Circuit diagram 

 

Randles circles consist of a resistance (R0) connected through a series connection with a 

parallel branch of resistance (Rct) and capacitance (Cct). Here, R0 is used for ohmic resistance 

(internal resistance) of the model and to capture the dynamic and electrochemical process 

Rct and Cct is used (Autolab, 2024).  
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Randles circuit is more accurate when the cells are fresh. It is also suitable for extracting 

charge transfer resistance from Nyquist plot.  

Randles with Warburg model:  

This model is the updated version of the previously discussed Randles model. Here, a 

Warburg element is added with the charge transfer resistance in series. Figure 3-3 represents 

this model.  

 

Figure 3- 3: Randles with Warburg element 

 

The Warburg element is mainly captured the Lithium-ion diffusion. It is characterized by a 

linear relation between real and imaginary axis of impedance at lower frequency. In the 

Nyquist plot it normally shows a 450 straight line at the end (Kim & Inyoung Jang, 2025). 

The main purpose of adding a Warburg element is to capture the full-frequency behaviour 

means high frequency to low frequency. These types of models are used for aged or high-

density batteries (Autolab, 2024).  

CPE model: 

In this model the ideal capacitor of Randles circuit is replaced with Constant Phase Element 

to capture the non-ideal behaviour of the model. CPE is a phenomenological part; means it 

is not made by with physical component like resistor or capacitor. CPE has two main 

components, one is CPE coefficient and another one is phase exponent. In practical, the 

electrode contains some surface roughness and porosity. To address the non-uniform current 

in the porous electrodes ideal capacitor is replaced with CPE. Hence, the data become more 

accurate (Barsoukov & J. Ross Macdonald, n.d.). 
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Figure 3- 4: CPE model diagram 

 

CPE with Warburg model: 

This model is more appropriate as it includes Warburg element with the CPE model. This 

model is widely used to capture both diffusion and interfacial process. Also, it covers the 

full frequency range in the EIS system.    

 

Figure 3- 5: CPE with Warburg model 

 

Rint model 

Rint model is the simplest representation of equivalent circuit model of a battery. It is mainly 

used to capture the ohmic loss in a time varying domain. It only consists of a resistance, 

which relates to a voltage source in series. It is computationally efficient because it has only 

one component. This model performs well for the low dynamic conditions (Shepard, 2024). 

One of the main limitations of this model is that it can’t explain the polarization effect 

(Selvaraj & Indragandhi Vairavasundaram, 2023). 
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Figure 3- 6: Rint model circuit diagram 

 

Thevenin model 

Thevenin model is mainly developed from the Rint model. In Thevenin model, there is an 

extra RC parallel circuit added. This RC network mainly explains the polarization effects of 

the battery. So, it will capture the instantaneous voltage drop (ohmic resistance) as well as 

the dynamic polarization effects due to the parallel RC network (Selvaraj & Indragandhi 

Vairavasundaram, 2023). Depending on the number of RC networks, it is sometimes called 

the 1st order, 2nd order Thevenin model etc.  

 

Figure 3- 7: Thevenin model circuit diagram 

 

Though the 1st RC Thevenin and Randles model are similar but they both represent different 

purposes. Thevenin model is a time domain model which describes the voltage response over 

time. It consists of ohmic resistance and one or more parallel branches to capture the dynamic 

responses. On the other hand, Basic Randles represent the frequency domain and consist of 

charge transfer resistance, capacitance and ohmic resistance as well.  

 

PNGV model 

PNGV stands for Partnership for a New Generation of Vehicles. This model is similar with 

Thevenin model, the only changes is an extra capacitor is added in series with the RC parallel 
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circuits. Despite the high accuracy of this model, the main limitation is the polarization effect 

stated theoretically is not detected in practice (Selvaraj & Indragandhi Vairavasundaram, 

2023). 

 

Figure 3-8: PNGV model circuit diagram 

 

GNL model 

GNL represents the Generalized Nonlinear model. This model also known as DP model 

(Selvaraj & Indragandhi Vairavasundaram, 2023). The model consists of an extra RC 

parallel network. Adding more RC networks increase the accuracy of the model. So, this 

model can capture non-linear battery dynamics which the other model could not capture 

perfectly (Selvaraj & Indragandhi Vairavasundaram, 2023).  

 

Figure 3- 9: GNL model diagram 

It also provides a good relationship between simple and complex ECM model. As it has 

more parallel branch, the calculation becomes complex and time consuming for this of model 

(Shepard, 2024). 
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 Methods for Equivalent Circuit Model Parameterization 

This chapter represents the methodology that has been used to extract or calculate the 

parameters of ECM for both frequency and time domain. Hybrid Pulse Power 

Characterization (HPPC) and Electrochemical Impedance Spectroscopy (EIS) are presented 

in this chapter for determining the resistive, capacitive and dynamic characteristics of the 

cells across various SOC levels. The following experimental results and comparative 

analysis are based on the parameterization techniques discussed in this chapter. some key 

parameters which are important for model parameterization such as: 

SOC: This refers the state of charge of a battery. In a simple sentence, SOC shows how much 

battery capacity is left in percentage. 

Hysteresis: It is the difference between charge and voltage curve within the same SOC. There 

are some reason such as chemistry, mechanical strees etc which mainly the factor for 

hysteresis. 

OCV: It represents the open circuit voltage meaning no external current is flowing or in other 

words the battery is neither charging nor discharging.  

 

 Electrochemical Impedance Spectroscopy  

Electrochemical Impedance Spectroscopy (EIS) is a frequency-based method that uses a 

small sinusoidal pulse excitation across a wide frequency range to demonstrate the dynamic 

response of an electrochemical system (Barsoukov & Dr. J. Ross Macdonald, 2005). This 

technique provides complex impedance from which ohmic resistance, charge transfer and 

diffusion related activities can be obtained.  

Nyquist plot 

Nyquist plot mainly represents the real vs imaginary impedance across high to low frequency 

range. According to Figure 4-1, a Nyquist plot can be divided into three regions: high 

frequency region, mid frequency region and low frequency region. The high frequency 

interception on the real axis represents ohmic resistance which is mainly created due to the  
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Figure 4-1: Nyquist plot of Li-ion cell (Rastegarpanah, et al., 2020) 

Electrodes, current collectors and separators of the cell. The charge-transfer process between 

electrode and electrolyte interface corresponds to the mid-frequency semicircle shown in the 

Nyquist plot. This semi-circle can be represented by a parallel setup of charge-transfer 

resistance and double-layer capacitance or a constant phase element (CPE). At low 

frequency, the 450 tail demonstrates the diffusion of Li-ion. A Warburg element can 

represent this tail (Rastegarpanah, et al., 2020). 

The Electrochemical Impedance Spectroscopy (EIS) can be done using two methods: 

potentiostatic EIS (PEIS) and galvanostatic EIS (GEIS).  

PEIS: In PEIS, a small voltage is applied, and the current response is recorded. This method 

is widely used and provides higher accuracy. 

GEIS: In GEIS, a small sinusoidal current is applied, and the voltage responses are recorded. 

This technique is more suitable for low impedance Lithium- ion battery. 

 

Ohmic resistance (R0) extraction 

The high-frequency interception point of the Nyquist plot on the real axis is used to 

determine the ohmic resistance also known as the high frequency resistance (HFR) (Lazanas 

& Mamas I. Prodromidis, 2023). It is very important to identify the accurate ohmic resistance 

as this resistance directly affects the frequency domain impedance magnitude.  
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Polarization networks (RC) extraction 

Parallel resistor-capacitor networks are used to represent frequency-dependent impedance 

behavior caused by electrochemical polarization within batteries. A single RC branch 

generates a semicircular arc in Nyquist plots. The diameter of that semicircle is equal to the 

polarization resistance. The frequency can be obtained at the maximum impedance's 

imaginary part of the semicircle (Lazanas & Mamas I. Prodromidis, 2023).  

 This impedance can be represented by 

𝑍𝑅𝐶(𝑗𝜔) =
𝑅𝑛

1+𝑗𝜔𝑛𝐶𝑛 
  (1) 

Here, 

Rn = polarization resistance of n-th RC branch  

Cn = polarization capacitance of n-th RC branch 

ω = angular frequency 

ZRC = complex impedance for n th RC branch 

Higher-frequency branches usually indicate faster charge-transfer, and double-layer effects 

and lower-frequency branches reflect slower relaxation.  

Diffusion Elements 

At low frequency, a straight line of almost 450 in the Nyquist plot represents the diffusion 

elements. Ideal RC elements cannot mock this behavior accurately. A Warburg element is 

introduced to model this behavior.  

𝑍𝑊(𝑗𝜔) = 𝜎 ∗
(1−𝑗)

√𝜔 
    (2) 

Here, 

σ = Warburg coefficient. 

Zw = Warburg impedance 

The inductive behavior is ignored in this paper as it is mainly due to the connection wire.  
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 Hybrid Pulse Power Characterization (HPPC) 

A time-domain technique for determining battery dynamic behavior under controlled current 

excitation is called hybrid pulse power characterization (He, et al., 2011). Equivalent circuit 

parameters are extracted by analyzing the voltage response that results from applying short-

duration and long-duration current pulses at various SOC levels. It can be seen from the 

previous chapter that all models which are in time domain have almost similar parameters 

such as ohmic resistance and one or more RC networks.  Ohmic resistance can directly 

extracted from the voltage drop during pulse. Furthermore, the other parameters are also can 

be extracted using ohmic resistance.  

Ohmic resistance (R0) extraction 

Ohmic resistance is calculated using the universal ohm’s law. When the immediate voltage 

drops during the applied pulse is divided by the amount of current pulse will give the ohmic 

resistance (He, et al., 2011). 

𝑅0 =
𝑉𝑏𝑝−𝑉𝑎𝑝

𝐼𝑝
    (3) 

Here, 

R0 = ohmic resistance 

Vbp = Voltage before pulse 

Vap = Voltage after pulse 

Ip = Pulse Current 

The immediate voltage response is used because it will not produce RC elements when the 

immediate voltage is applied. 

 

Polarization resistance (R1) extraction 

The polarization resistance is mainly representing the slower voltage change when current 

pulse is applied (Hu, et al., 2012). It can be determined by subtracting the instantaneous 

voltage drop from the quasi-steady-state voltage 
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𝑅𝑡 =
𝑉𝑏𝑝−𝑉𝑒𝑝

𝐼𝑝
    (4) 

𝑅1 = 𝑅𝑡 − 𝑅0    (5) 

Here,  

Rt = Total resistance for that pulse period 

R1 = Resistance of 1st RC network 

Vep = Voltage at the end of the pulse 

 

Time Constant 

After the polarization effect the dynamic voltage behavior can be represent by the time 

constant. This time-constant physically indicates the combined effects of double-layer 

capacitance and charge-transfer resistance. When the current pulse is removed the battery 

terminal voltage gradually returns to its open-circuit level. This relaxation voltage is 

explained by the exponential decay function (Plett, 2015) and to obtain the time-constant 

rest period of the experimental data needs to analyze carefully. 

𝑉𝑅𝐶 = 𝐼 ∗ 𝑅1 ∗ (1 − 𝑒−
𝑡

𝜏)    (6) 

𝜏 = 𝑅 ∗ 𝐶    (7) 

Here, 

τ = Time constant 

C = Capacitance 

VRC = RC network voltage 

Least square regression method can be useful to fit the relaxation voltage. The time constant 

can easily be obtained from the fitted decay constant. A 2nd RC or more networks can be 

needed if 1st RC cannot produce or capture the overall slow decay. Formula for calculating 

the parameters for 2nd RC network are similar.  

So, to model the equivalent circuit below equation is followed 
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𝑉𝑀𝑜𝑑𝑒𝑙 = 𝑂𝐶𝑉𝑆𝑂𝐶 − 𝑉𝑅0
− ∑ 𝑉𝑅𝐶

𝑛
1    (8) 

Vmodel = Modeled voltage for each SoC 

 Experiments 

In this chapter total experimental procedure is described. The experiment is done for 

determining the equivalent circuit parameters (EC) using EIS and HPPC test for two 

different types of Li-ion battery cell: NMC and LFP. All test was performed on total six 

batteries among them three was LFP and remaining was NMC. The whole experiment was 

done considering the temperature within 200 C-250 C. 

 Data sheet 

Data sheets from the manufacturer were used during the test and used for setting the test 

limits such as cut-off voltages, cut-off currents, capacity etc. Table 1 represents the desired 

parameters which is used in the experiments. Table 1 parameters were directly taken from 

the manufacturer data sheet. 

Table 1: Data sheet 

Battery 

type 

Capacity 

(mAh) 

Highest 

charging 

voltage (V) 

Lowest 

discharge 

voltage (V) 

Nominal 

current (A) 

Internal 

Resistance 

(mΩ) 

Diameter & 

Length 

(mm) 

LFP 1800 3.6  2.5  1.8  < 40 18.2 x 65.2 

NMC 3200 4.2  2.5  3.1  
Not 

specified 
18.35 x 65.1 

   

  Experimental Equipment’s and setup 

Capacity measurements, OCV (open circuit voltage), HPPC and EIS tests were performed 

with both batteries. A Neware battery testing system was used for all experiments, except 

for the EIS measurements. Figure 5-1 shows the image of NEWARE multi-channel battery 

testing system (BTS series). 
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Figure 5-1: NEWARE multi-channel battery testing system 

This system used software named BTS client to measure the charging discharging cycle, 

capacity, OCV and HPPC. Table 2 shows the specification of Neware battery testing system. 

Table 2: Neware battery testing specification 

Model Channel 
Voltage 

(V) 

Current 

(A) 
Battery size 

BTS-4000 8 5 12 Cylindrical, Coin, Prismatic 

 

In the case of EIS measurements, Gamry potentiostat was used. An image of the Gamry 

potentiostat is given in Figure 5-2 interface series 3000 was used here. It has control rage of 

± 30 V and maximum current capacity ± 3 A.  

 

Figure 5-2: Gamry potentiostate 
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 A small AC signal 0.3 A was applied around the chosen operating point while the battery 

was connected in a two-terminal configuration for EIS testing. All was done through the 

software provided by Gamry.  

Each battery cell went through an initial preparation or refreshing process (Table 3) to 

stabilize its electrochemical behavior before the primary characterization test. The reason 

for refreshing the cell is mainly for ensuring uniform distribution of state of charge (SOC) 

within the electrodes. For the refreshing, below testing protocol was followed: 

Table 3: Refresh protocol (1 cycle) 

Battery 

type 
Step  

Time 

(s) 

Voltage 

(V) 

Current 

(A) 

Cut-off 

voltage(V) 

Cut-off 

current(A) 

sampling 

rate (s) 

LFP 

Rest  60   30 

CC 

Discharge 
    1.8 2.8   

30 

Rest  3600   30 

CC 

Charge 
    1.8 3.6   

30 

Rest  60   30 

CV 

Charge 
  3.6     0.1 

30 

Rest  3600   30 

  

NMC 

Rest  60   30 

CC 

Discharge 
    3.1 3   

30 

Rest  3600   30 

CC 

Charge 
    3.1 4.2   

30 

Rest  60   30 

CV 

Charge 
  4.2     0.1 

30 

Rest  3600   30 

 

All this test was carried out at room temperature, and enough rest time was provided between 

each of the tests. 

 

 Capacity Measurement  

The Neware testing machine has total eight working channels. So, the capacity for all six 

batteries was measured simultaneously. The overall time taken to measure the capacity of 
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an LFP cell was four hours and for the case of NMC battery it took almost five hours to 

complete the test.  Table 4 represents the measurement protocol for testing the capacity of 

these batteries. While measuring the capacity, both batteries were discharged with 0.5 C and 

charged with 1C. 

Table 4: Capacity measurement testing protocol. 

Battery 

type 
Step  

Time 

(s) 

Voltage 

(V) 

Current 

(A) 

Cut-off 

voltage(V) 

Cut-off 

current(A) 

sampling 

rate (s) 

LFP 

Rest  60   30 

CC 

Charge 
    1.8 3.6   

30 

Rest  60   30 

CV 

Charge 
  3.6     0.1 

30 

Rest  3600   30 

CC 

Discharge 
    0.9 2.8   

30 

Rest  60   30 

CC 

Charge 
    1.8 3.6   

30 

Rest  60   30 

CV 

Charge 
  3.6     0.1 

30 

  

Battery 

type 
Step  Time 

Voltage 

(V) 

Current 

(A) 

Cut-off 

voltage(V) 

Cut-off 

current(A) 

sampling 

rate (s) 

NMC 

Rest  60   30 

CC 

Charge 
    3.1 4.2   

30 

Rest  60   30 

CV 

Charge 
  4.2     0.1 

30 

Rest  3600   30 

CC 

Discharge 
    1.55 3   

30 

Rest  60   30 

CC 

Charge 
    3.1 4.2   

30 

Rest  60   30 

CV 

Charge 
  4.2     0.1 

30 
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 Open Circuit Voltage (OCV) Test 

An OCV – SOC relationship is needed to identify the parameter for the equivalent circuit. 

This test involved a slow charge and discharge with a constant 0.05C current for all the 

batteries. The low amount of current flow mainly reduces ohmic and polarization voltage 

drops which can enable us to measure the terminal voltage closely match with the actual 

open-circuit voltage. Additionally, after enough resting period, voltage has been recorded to 

ensure the equilibrium conditions. Below Testing protocol for the open circuit voltage was 

followed during the laboratory test. The charge and discharge steps were performed under 

constant current (CC) conditions for all the batteries. 

Table 5: OCV testing protocol 

Battery 

type 
Step  

Time 

(s) 

Voltage 

(V) 

Current 

(A) 

Cut-off 

voltage(V) 

Cut-off 

current(A) 

sampling 

rate (s) 

LFP 

Rest  60   30 

CC Charge     1.8 3.6   30 

Rest  60   30 

CV Charge   3.6     0.1 30 

Rest  3600   30 

CC 

Discharge 
    0.09 2.8   

30 

Rest  60   30 

CC Charge     0.09 3.6   30 

  

NMC 

Rest  60   30 

CC Charge     3.1 4.2   30 

Rest  60   30 

CV Charge   4.2     0.1 30 

Rest  3600   30 

CC 

Discharge 
    0.155 3   

30 

Rest  60   30 

CC Charge     0.155 4.2   30 
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 HPPC test 

HPPC tests were performed to determine the equivalent circuit model's time-domain 

dynamic characteristics. Before starting the HPPC test, all the battery was completely 

charged to 100% SOC and allowed it to rest until the terminal voltage stabilized. Discrete 

SOC levels of 100%, 90%, 80%, 70%, 60%, 50%, 40%, 30%, 20%, and 10% were used for 

the test. A predetermined pulse sequence was used at every SOC level. For the HPPC test, 

positive sign (+) represents charge pulse and negative sign (-) represents discharge pulse. In 

this test, short pulse and long pulse, these two types of pulse were used. The duration for the 

short pulse was 1 second and the duration for the long charge was 10 seconds. The reason 

for the short pulse is to capture the ohmic resistance because for this short time no RC 

branches will develop and for long pulse is to record the dynamic behavior of the battery. 

After each long pulse, 180 second rest period was provided to allow voltage relaxation. The 

test started with a discharged pulse then followed by a charged pulse. For all the pulse 1C 

current was used. If low C rate has chosen (0.5C or 0.25 C), then it became harder to get the 

voltage and might also mix with noise which will lead an untraceable signal. If high C rate 

has chosen, then there might be a risk of lithium-ion plate on anode surface instead of 

intercalation.  

After performing the pulse sequence for a particular SOC level, then the battery was 

discharged using a C/3 discharge rate to the subsequent lower SOC. C/3 discharge rate is 

chosen to prevent overshooting the target SOC. To guarantee terminal voltage stabilization, 

the battery was left to rest for 3600 seconds (one hour) before beginning the next HPPC 

sequence. Table 6 shows the total HPPC testing protocol for a particular SOC level. 

Table 6: HPPC testing protocol 

Batter

y type 
Step  

Tim

e (s) 

Voltag

e (V) 

Curren

t (A) 

Cut-off 

voltage(V

) 

Cut-off 

current(A

) 

Capacit

y (Ah) 

samplin

g rate 

(s) 

LFP 

Rest  3600   30 

CC 

Discharg

e 

11   1.8     

  0.1 

Rest  180   30 

CC 

Charge 
11   1.8     

  0.1 

Rest  180   30 
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CC 

Discharg

e 

    0.9     

0.17 0.1 

    

NMC 

Rest  3600   30 

CC 

Discharg

e 

1   3.1     

  0.1 

Rest  180   30 

CC 

Charge 
1   3.1     

  0.1 

Rest  180   30 

CC 

Discharg

e 

    1.55     

0.302 0.1 

 

Using the above Table 6 below Figure 5-3 has been generated for both LFP and NMC 

battery. 

   

Figure 5-3. HPPC full profile of LFP (left) and NMC (right) 

  

Figure 5-4. HPPC profile of both LFP (left) and NMC (right) for 80% SOC 
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 EIS testing 

After the HPPC tests were finished each battery cell received three more refreshing cycle 

(discussed in 5.2). The refresh cycle is needed because it will reduce the impact of pulse-

induced polarization history and restore the cell to a stable condition before the impedance 

measurements take place. A Gamry potentiostat was used to conduct EIS measurements. 

The battery was charged to 100% SOC level before impedance measurement. To ensure safe 

operation, the same voltage limits that were used during the refreshing cycling were applied. 

The EIS measurements were integrated into a controlled discharge process for collecting 

impedance data. The battery was discharged with constant current (CC) at 0.5C rate and the 

sampling time was set to 1 second. The discharge current was stopped at every 12 minutes 

or in other sentence after reaching the 10% decreases of SOC.  

An AC current with an amplitude of 0.3 A applied for every GEIS measurement. DC current 

set to 0. The frequency range was set to 10000 Hz to 0.01 Hz with 10 points per decade. To 

enhance measurement accuracy, an estimated impedance value of 0.04 Ω was provided in 

the potentiostat. The sample area parameter was set to 1 cm² but maybe this value could not 

create any impacts in the measurements. 

  

Figure 5-5: EIS test (Nyquist plot) for both LFP (left) and NMC (right) 

The outcome of this impedance spectrum is represented by a Nyquist plot from Figure 5-5 

able to show the low-frequency diffusion-related activity, mid-frequency charge-transfer 

dynamics and high-frequency ohmic resistance as well as the inductive part. There is some 

discontinuity at the middle frequency approximately at 3.3 kHz for both cells. This might be 

an instrumental error. 
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 Curve fitting 

In this chapter, the methods applied to determine and fit the parameters of the equivalent 

circuit models (ECMs) are described. As discussed earlier, two tests have been performed 

for parameter extraction: one is HPPC and another is EIS. While obtaining ECM parameters 

is the main objective of both approaches, there are significant variations in the fitting 

algorithms and optimization criteria. 

 Curve fitting and parameter identification for time domain 

Among the equivalent circuits that have been discussed in chapter 3 are used to model the 

time domain response for both cells and try to capture the parameters. At first Thevenin 

circuit model with 1RC network is applied. This model could not capture the rest voltage 

after pulse perfectly. It still shows a slow decay which single RC network cannot produce. 

Then adding another RC network improved the while situation. It almost perfectly matches 

the voltage after pulse. So, Thevenin circuit with two RC networks is finally chosen as the 

ECM for time domain.  

 

Figure 6-1: Equivalent Circuit for modelling the time domain response 

Ohmic resistance R0 is estimated using the equation (1). After the ohmic drop remaining 

voltage response was due to the polarization effects. This polarization voltage was fitted by 

two exponential terms as there are two RC branch.  

 𝑉𝑅1𝐶1
= 𝐼 ∗ 𝑅1(1 − 𝑒

−
𝑡

𝜏1)   (9) 

 𝑉𝑅2𝐶2
= 𝐼 ∗ 𝑅2(1 − 𝑒

−
𝑡

𝜏2)   (10) 
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Time constant (τ) was obtained using nonlinear least square optimization. This fitting 

process is repeated for each SOC to get all value. Later equation (8) is used to compute the 

modelled voltage for time domain.  

 

 

Figure 6-2: Measured and modelled data of HPPC discharge pulse for both LFP (top) and 

NMC (bottom) 

Figure 6-2 represents the fitting results after extracted ohmic resistance and applying other 

equations that mentioned above. The software named MATLAB version 2025b has been 

used and for fitting bounded nonlinear least-square optimization has been used. For both 

cells, sampling rate after pulse is 30s. This could be the reason for not getting smooth curve 

during relaxation. However, the model captures the pulse and the relaxation voltage very 

well. 
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  Curve fitting and parameter identification for frequency domain 

The result data for the EIS was collected from the Gamry software and from that data a 

Nyquist plot was generated for each SOC level. In the Nyquist plot at high frequency range 

some inductive part is generated and for this paper this inductive part is totally ignored. Only 

the resistive and capacitive part (positive Y axis) is considered.  

   𝑍𝐶𝑃𝐸 =  
1

𝑄(𝑗𝜔)𝛼    (11) 

Here,  

ZCPE = Impedance of CPE 

Q = CPE magnitude 

𝛼 = CPE exponent. 

For an ideal capacitor the value of 𝛼 = 1.  To get the nonlinear behaviour 𝛼 should be less 

than 1. As a CPE does not reflect the ideal capacitor so time constant cannot be identified by 

just multiplying with resistance. So, that for each resistance and CPE branch, an effective 

time constant is calculated using the below formula (Hirschorn, et al., 2010) 

𝜏𝐸𝐼𝑆 = (𝑅. 𝑄)
1

𝛼     (12) 

 

To get the impedance of Warburg, equation (2) is used. From the high frequency interception 

initial parameter for ohmic resistance was estimated and from the diameter of the semi-circle 

at mid frequency, R1 is estimated. The degree of arc depression seen in the mid-frequency 

area was used to initialize the CPE parameters α and the slope of the low-frequency 

impedance was used to estimate the Warburg coefficient. 

Considering the measure frequency, a nonlinear least square method is applied to reduce the 

difference between measured and model value.  

For EIS, the NMC battery is modelled with equivalent circuit (Figure 3-5) that includes 

ohmic resistance R0, a parallel combination of polarization resistance 𝑅1and constant phase 

element (CPE), and a semi-infinite Warburg diffusion element. Here, CPE is used to mimic 

the non-ideal capacitive behaviour and combination with R1 will produce depressed semi-
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circle. To represents the Li-ion diffusion at low frequency, Warburg element is used. This 

model provides good fit for NMC battery. 

 

 

Figure 6-3: Equivalent circuit model for frequency domain LFP 

In terms of LFP, the equivalent circuit (Figure 6-3) consists of ohmic resistance 𝑅0, two 

parallel resistance–constant phase element branches and a Warburg diffusion element. Fast 

interfacial processes and slower charge-transfer and phase-boundary dynamics typical of 

LFP chemistry are represented by the two polarization branches (Barsoukov & Dr. J. Ross 

Macdonald, 2005).  

Below is the demonstration of the fitted ECM and measured data for LFP cell. 

 

 

Figure 6-4: Measured and modelled data of EIS for LFP 

According to Figure 6-4, a rightward shift is observed, and the fitting did not capture the 

semi-circle properly. The main cause might be the inductive part that pulls the entire curve 

to the high frequency region to match the inductive load thus the semi-circle could not create 
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and looks like a straight line. Another reason might be the use of constant phase elements to 

mimic non-ideal interfacial behavior. (Barsoukov & Dr. J. Ross Macdonald, 2005).  

 Root Mean Square Error  

The root mean square error (RMSE) methods are used to determine the quality and the error 

of the equivalent circuit models. According to (Plett, 2015) for HPPC, RMSE is computed 

using the terminal voltage error over time: 

RMSEHPPC = √
1

𝑁
∑ (𝑉model(𝑡𝑘) − 𝑉meas(𝑡𝑘))2𝑁

𝑘=1
   (13) 

here, 

𝑉meas(𝑡𝑘) = Measured terminal voltage 

𝑉model(𝑡𝑘) = ECM model voltage   

𝑡𝑘 = time samples during the HPPC test 

N = Number of data 

For EIS, RMSE is computed using the magnitude of the complex impedance error: 

RMSEEIS = √
1

𝑁
∑ ∣ 𝑍model(𝜔𝑘) − 𝑍meas(𝜔𝑘) ∣2𝑁

𝑘=1
   (14) 

 

where: 

• 𝑍meas(𝜔𝑘) = Measured complex impedance 

• 𝑍model(𝜔𝑘) = Modeled complex impedance 

• 𝜔𝑘 = Angular frequency 

 

 



49 

 

 

 Results 

 Capacity test result 

From the capacity test, the voltage-capacity characteristics of the LFP and NMC cells can 

be derived. The findings clearly show the different electrochemical behavior linked to the 

two battery chemistries.  

LFP cell capacity charactersistcs  

The LFP cell indicates a noticeable voltage plateau over the whole discharge process. Figure 

7-1 clearly indicates that an initial voltage drops at the start of discharge and then the terminal 

voltage is comparatively constant around 3.25 V–3.20 V over a wide capacity range. This 

flat voltage profile is expected for LFP cell, and it occurs due to the cathode material's two-

phase reaction process (Li & Haoshen Zhou , 2014).  

 

Figure 7-1: Voltage Vs Capacity LFP & NMC cell 

At the end of the discharge voltage, it is beginning to drop sharply which indicates that it is 

approaching to cut-off voltage. The measured discharged capacity is 1.7 Ah and the nominal 

discharge capacity from the manufacturer was 1.8 Ah. So, the battery is in good health.  

NMC cell capacity charactersistcs  

Figure 7-1 shows that, a steadily declining voltage profile for NMC cell throughout the 

discharge process. The terminal voltage drop is nearly linear. The measured discharge 

capacity for NMC cell is 3.01 Ah which is closer to the nominal capacity 3.2 Ah. 
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The NMC cell has a bigger useable voltage window and a greater voltage–SOC dependency 

than the LFP cell. This makes voltage-based SOC estimation easier.  

  OCV test result 

The open circuit voltage for the two types of battery is measred and the result can be shown 

through the OCV vs SOC curve. Additionally, from the OCV test hysteresis behaviour can 

be analysed. Before the OCV result description, some key parameters need to be discussed. 

SOC: This refers the state of charge of a battery. In a simple sentence, SOC shows how much 

battery capacity is left in percentage. 

Hysteresis: It is the difference between charge and voltage curve within the same SOC. There 

are some reason such as chemistry, mechanical stree etc which mainly the factor for 

hysteresis.    

OCV charactersitics of LFP cell 

The OCV characteristic of LFP cell was measured using charge and discharge with a very 

low C rate and used the measured capacity which is 1.7 Ah. When the SOC is low, OCV 

rises rapidly. After that throughout a wide SOC range, there is a prolonged voltage plateau 

which indicates that it is almost constant for the SOC level 10%- 90%. 

 

Figure 7-2: OCV characteristics curve for LFP 

At the low-level SOC, the open circuit voltage increases sharply from around 2.8 V to the 

plateau region which indicates the lithium-ion insertion into the cathode is complete. In a 

similar way the sudden rise at high SOC level indicates the end of phase transition process.  
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Throughout the entire SOC range, there is a noticeable voltage hysteresis between the charge 

and discharge OCV curves. There are several factors behind this hysteresis in an LFP cell. 

It might happen when the intercalation and deintercalation does not follow the same reaction 

path. Besides this, SEI effects can cause hysteresis. As LFP has flat OCV profile, for small 

hysteresis can result an uncertainty while determining the SOC estimation. 

OCV charactersitics of NMC cell 

Figure 7-3 Represents the OCV characteristics of NMC cell. From the Figure, the voltage is 

increasing over the entire SOC level which will create a slopped voltage profile for NMC 

cell. 

 

Figure 7-3: OCV Vs SOC for NMC Cell 

Same as LFP cell, measured capacity 3.01 Ah is used while doing the OCV test. A noticeable 

hysteresis can be seen over the whole SOC range. At lower SOC levels, there is a minor rise 

in the voltage differential between charge and discharge, but otherwise it is very uniform. 

This sloped voltage profile helps to identify the voltage-based SOC estimation and indicates 

that OCV in NMC cell plays a major role during dynamic operation.  

 

  HPPC test results 

HPPC test was carried out at various SOC levels to determine the equivalent circuit model 

parameters as well as the dynamic voltage response of cell. Ohmic resistance, polarization 

resistance, time constants and multi-RC network elements were directly determined from 

laboratory experiments based on the measured current and voltage data.  
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   (a) 

  

          (b)    (c) 

  

        (d)    (e) 
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         (f)    (g) 

Figure 7-4: Equivalent circuit parameters (HPPC) vs SOC:(a) R0, (b) R1, (c) C1, (d) R2, (e) 

C2, (f) τ1, (g) τ2  

The equations (3), (4) and (5) that were discussed in chapter 4 are used here to measure all 

the data.  

According to Figure 7-4 (a), the ohmic resistance R0 is consistent over the entire SOC range 

for both NMC and LFP cell which indicates that R0 is independent of lithium concentration. 

From (b), the polarization resistance is higher for LFP than NMC which indicates that LFP 

has more SOC dependent polarization resistance because it has two phase reactions and 

lower electronic conductivity than NMC. (Li & Haoshen Zhou , 2014). 

Figure 7-4 (c) represents that NMC cells have higher polarization capacitance than LFP 

because NMC has better electronic conductivity than LFP and it has enhanced interfacial 

charge storage capacity. But both of this cell has increased polarization capacitance at mid 

frequency. 

From Figure 7-4 (d), LFP has slow polarization resistance while NMC exhibits stable 

polarization behavior. Diffusion limitation could create this issue (Plett, 2015).  

The fast time constant from (f) and (g) shows that for fast time constant, it remains SOC 

independent for both cells while the slow time constant show stronger dependency of SOC 

because of diffusion dominating here.  
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 EIS test result 

The main purpose of this test was to identify the frequency domain ECM parameters at 

various SOC levels. Ohmic resistance is extracted according to the theory that was discussed 

in chapter 4. Time constant is calculated using the equation (12).  

 

(a) 

  

               (b)    (c) 
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              (d)    (e) 

  

              (f)    (g) 

  

         (h)    (i) 

Figure 7-5: Equivalent circuit parameters for frequency domain vs SOC: R0 (a), R1(b), 

R2(c), 𝛼1 (d), 𝛼2 (e), Q1 (f), Q2 (g), σ (h), β (i) 
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From Figure 7-5 (a), the ohmic resistance is almost consistent across the SOC range for both 

LFP and NMC and the pattern is similar with time domain also. But in Figure (b), the 

polarization resistance that derived from frequency domain is significantly higher for LFP 

than NMC. The differences in intercalation mechanism and change transfer kinetics are the 

reason for this increased value of LFP (Li & Haoshen Zhou , 2014).  

According to Figure 7-5 (d) and (e), The CPE exponents 𝛼₁ and 𝛼₂ remain close to one (1) 

across the SOC range which indicates the almost ideal capacitive behaviour for both charge 

transfer and diffusion related processes. LFP has higher 𝛼₁ values than NMC, reflecting a 

more uniform interfacial kinetics due to its stable crystal structure. In contrast, the lower 𝛼₁ 

values in NMC indicate increased diversity associated with layered cathode materials. 

From Figure 7-5 (h) and (i), the Warburg coefficient σ and diffusion exponent β confirms 

that lithium-ion diffusion in LFP cells is strongly influenced by phase-transition effects, 

exhibiting higher diffusion resistance at low SOC and non-ideal transport behaviour across 

most of the operating range. 

 

 HPPC RMSE Analysis 

The Normalized RMSE values across most SOC levels for both chemistries, suggesting 

strong voltage accuracy in prediction under dynamic current excitation. Figure 8-1 presents 

normalized root mean square error (RMSE) relative to cell voltage only during discharge 

pulse. 

 

Figure 8-1: Normalized RMSE of LFP and NMC battery for HPPC 
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The Normalized RMSE for the LFP cell stays below 1 % over the entire SOC range which 

ultimately indicates higher accuracy for the time domain. At 100% SOC, the normalized 

error for LFP cell is highest, nearly 0.75%. As discussed earlier, LFP has flat voltage plateau 

over SOC and non-linearity pattern near full charge. So, small errors can result huge 

deviation in the voltage. 

On the other hand, NMC cell show increased error pattern for low SOC (10-30) %. High 

polarization resistance could be the reason for this pattern. Also, diffusion limitations in this 

SOC level might increase the error (Hu, et al., 2012).  

The error is much lower throughout the mid SOC range (40%-80%) for both types of battery. 

Overall, the findings show that the HPPC based ECM offers accurate voltage prediction for 

both chemistries over most of the SOC range 

 EIS RMSE Analysis 

For frequency domain, EIS fitting is compared with the high frequency resistance to analyses 

the fitting accuracy. All the errors are calculated according to the equation that has been 

discussed in chapter 6 RMSE section. According to Figure 8-2 the normalized error for LFP 

when compared with the high HFR is almost 30% for all SOC levels which indicates the 

model fitted poorly. 

 

Figure 8-2: Normalized RMSE compared to HFR of LFP and NMC battery for EIS 
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Couple of issues that might cause poor fitting including modelling limitation, small value of 

HFR, CPE dominance which creates depressed semi-circle thus not produced by the simple 

equivalent circuit model (Barsoukov & Dr. J. Ross Macdonald, 2005). 

 In contrast, NMC cell error is lower than 15%, which reflects better impedance response 

and well fitted equivalent circuit model.  

Both of this fitted models can be improved by adding additional elements such as series 

inductance to account for lead and connection effects at very high frequencies. Additionally, 

narrowing the fitting bandwidth to avoid the inductive area might reduce the numerical 

distortion of fitting results. More advanced fitting methods can also be applied to reduce the 

error. 
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 Discussion of result 

 Parameter comparison between time domain and frequency domain: 

As the test is performed on same battery than it is expected that the parameter from both 

HPPC and EIS test should be similar or closer to each other.  

Figure 7-5 and Figure 7-4 represent the whole parameter for both battery cells for HPPC and 

EIS. The ohmic resistance R0 for NMC cell from time domain varies from 39 mΩ to 43 mΩ 

and from the frequency domain it is roughly between 33 mΩ to 34 mΩ. S0, its result almost 

6-9 mΩ deviation. Few factors can cause this issue. 

• In the frequency domain R0 is mostly interpreted from the high-frequency real-axis 

intercept, which, if inductive errors are properly managed, more clearly identify with 

ohmic contributions. However, in time domain R0 is usually determined from the 

instantaneous voltage drop at a current step. Due to the finite measurement and 

sampling time, this instantaneous drop may contain very fast polarization 

contributions and that’s the reason R0 frequently turns into an effective resistance 

after a brief period rather than a pure resistance. 

• The time constant from EIS and HPPC are expected to be the same but the mapping 

from frequency domain to single time constant is only approximate and dependent 

on assumptions.  

• Also, the model structures are different, so optimization distributes the impedance or 

voltage among other parameters. 

Similar situation is observed for LFP cells. Especially for frequency domain more 

complicated models are applied to fit equivalent circuits.  

 Use of the result 

The extracted equivalent circuit model (ECM) parameters and RMSE findings from HPPC 

and EIS can be implemented directly for accurate battery modeling, parameter comparison, 

and modeling approach validation (Miniguano, et al., 2020). 
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The EIS-based parameters allow for the separation of ohmic, charge-transfer, and diffusion-

related processes within the cell and provide insight into frequency-dependent 

electrochemical behavior. For electric car operation and power-electronics-driven systems, 

the HPPC-based parameters are very helpful. The consistency, robustness, and physical 

validity of the detected ECM parameters can be tested by comparing parameters from HPPC 

and EIS for the same battery and level of charge. 

 

 Pros and Cons of EIS and HPPC 

EIS 

Frequency domain parameter are less dominant by excitation amplitude, so it allows clear 

separation of ohmic resistance and diffusion behavior. The main limitation for EIS is it 

requires specific software and instruments for tests. 

HPPC 

HPPC can capture the voltage response by applying large current which makes it suitable 

for ECM identification. Additionally, the test procedure is simple, and the extracted 

parameter can directly be applicable in real battery management system. However, the result 

fully depends on the pulse magnitude and for modelling only resistance and capacitance 

cannot get the full electrochemical process which makes it limited for physical 

interpretability 

 

 

 

 

 



61 

 

 

 Future Work 

Future research may expand this study by including a wider range of battery chemistry, 

temperatures and operating circumstances. In this thesis paper, all the parameters were 

extracted at discrete SOC level. So, developing continues SOC maps could enhance model 

efficiency and applicability for the real application such as in a battery management system. 

Additionally, the temperature was ignored during all the experiments in this paper though 

impedance is a temperature dependent parameter. So, including temperature in the modelling 

will enhance the applicability of the model. Finally, two RC networks seem adequate for this 

modelling but using multi-RC network might create a smooth dynamic voltage 

representation. 

Overall, Future research should concentrate on creating unified modeling frameworks that 

clearly connect parameters produced from HPPC and EIS to improve consistency between 

time-domain and frequency-domain parameter identification. 

 

 Conclusion 

Two popular methods for lithium-ion battery equivalent circuit model parameterization such 

as Hybrid Pulse Power Characterization and Electrochemical Impedance Spectroscopy were 

examined and compared in this thesis paper. Detailed experimental procedures were 

executed to produce OCV curves, capacity behavior, EIS spectra and HPPC pulse responses 

throughout a range of state-of-charge (SOC) levels using both LFP and NMC cells. From 

these measurements, the parameters such as ohmic resistance, polarization resistance were 

extracted and only ohmic resistances were analyzed. 

The findings indicate that EIS and HPPC offer different perspectives on battery dynamics. 

While HPPC successfully detects large-signal time-domain voltage transients and relaxation 

phenomena, on the other hand EIS captures small-signal frequency-domain processes and 

shows diffusion, charge-transfer and non-ideal capacitive behavior. Though both methods 

provide qualitive characteristics some quantitative discrepancies have been noticed. 
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Developing ECM using HPPC parameters showed high accuracy while producing voltage 

responses especially when multi-RC network was applied. 

Overall, the thesis presents a validated modeling framework that can be used in the 

development of advanced battery management systems. 
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Appendix 1 

Table 1: HPPC parameter for NMC 

SOC Steps R0(mΩ) R1(mΩ) C1 (F) τ1(s) R2(mΩ) C2(F) τ 2(s) 

100% 
Discharge 41.4 26.6 568 15.1 6.55 9.74E+03 63.8 

Charge 42.4 27.5 527 14.5 6.29 1.19E+04 74.6 

90% 
Discharge 38.9 19.8 766 15.2 8.18 9.88E+03 80.8 

Charge 38.8 15.4 1050 16.2 6.11 8.74E+03 53.4 

80% 
Discharge 39.1 22.9 750 17.2 13.6 6.11E+03 83.1 

Charge 39.0 18.1 892 16.2 9.32 6.66E+03 62.1 

70% 
Discharge 39.0 22.7 795 18.0 15.0 5.54E+03 83.0 

Charge 39.2 17.8 869 15.5 9.95 6.75E+03 67.2 

60% 
Discharge 39.3 23.1 780 18.0 19.1 3.88E+03 74.0 

Charge 39.4 17.8 921 16.4 9.28 7.77E+03 72.1 

50% 
Discharge 39.3 18.1 910 16.5 8.51 9.32E+03 79.3 

Charge 39.2 15.9 929 14.8 4.57 1.31E+04 59.8 

40% 
Discharge 39.0 17.1 963 16.4 7.76 9.05E+03 70.2 

Charge 39.1 15.3 1043 16.0 6.80 9.56E+03 65.0 

30% 
Discharge 39.6 16.8 1041 17.5 6.89 1.25E+04 86.2 

Charge 39.2 16.1 982 15.8 6.94 8.84E+03 61.3 

20% 
Discharge 40.1 18.7 910 17.0 7.42 9.81E+03 72.8 

Charge 39.6 17.0 920 15.6 7.06 8.45E+03 59.7 

10% 
Discharge 43.7 24.4 648 15.8 12.0 6.34E+03 76.0 

Charge 43.7 19.9 787 15.7 8.56 6.55E+03 56.1 

 

Table 2: HPPC parameter for LFP 

SOC State R0(mΩ) R1(mΩ) C1 (F) τ 1(s) R2(mΩ) τ 2(s) C2 (F) 

100% 
Discharge 26.6 90.0 189 17.0 36.3 57.9 1.59E+03 

Charge 25.7 169 79 13.4 89.3 60.0 6.72E+02 

90% 
Discharge 25.8 51.7 287 14.8 16.9 68.1 4.04E+03 

Charge 24.2 33.1 367 12.2 47.5 34.9 7.34E+02 

80% 
Discharge 25.6 30.2 490 14.8 63.6 41.9 6.59E+02 

Charge 26.2 33.4 387 12.9 51.9 34.9 6.73E+02 

70% 
Discharge 26.0 32.7 453 14.8 64.8 39.9 6.16E+02 

Charge 26.3 34.7 369 12.8 57.6 39.9 6.93E+02 

60% 
Discharge 26.3 32.1 445 14.3 68.1 45.5 6.67E+02 

Charge 25.5 34.1 382 13.0 47.9 34.2 7.14E+02 

50% 
Discharge 26.0 33.1 429 14.2 66.9 41.7 6.24E+02 

Charge 26.6 32.3 431 13.9 56.1 37.5 6.69E+02 



 

 

40% 
Discharge 25.6 35.5 403 14.3 74.0 42.6 5.76E+02 

Charge 25.7 32.9 434 14.3 78.7 41.7 5.30E+02 

30% 
Discharge 26.2 38.6 371 14.3 83.0 45.5 5.48E+02 

Charge 24.8 34.5 434 15.0 57.3 36.9 6.44E+02 

20% 
Discharge 26.3 43.5 327 14.2 87.0 42.7 4.91E+02 

Charge 24.7 35.4 455 16.1 68.8 44.4 6.45E+02 

10% 
Discharge 25.2 52.8 265 14.0 103 43.9 4.26E+02 

Charge 25.7 35.7 481 17.2 70.9 44.4 6.26E+02 

 

Table 3: EIS parameter for LFP 

SOC R0(mΩ) R1(mΩ) Q1 𝛼1 R2(mΩ) Q2 𝛼2 σ β 

100 17.2 1.10 34.5 0.950 7.90 4.69 0.540 0.012 0.777 

90 17.4 2.52 1.83 0.950 1.63 0.26 0.950 0.010 0.420 

80 17.4 2.44 1.92 0.950 1.56 0.27 0.950 0.011 0.422 

70 17.4 2.60 1.95 0.940 1.60 0.26 0.950 0.011 0.434 

60 17.4 2.63 1.82 0.950 1.59 0.27 0.950 0.012 0.418 

50 17.4 2.55 1.91 0.947 1.61 0.28 0.950 0.012 0.410 

40 17.4 2.60 1.77 0.950 1.55 0.27 0.950 0.013 0.418 

30 17.3 2.54 1.80 0.950 1.54 0.27 0.950 0.014 0.432 

20 17.2 2.39 1.89 0.950 1.48 0.28 0.950 0.014 0.451 

10 17.2 2.42 1.91 0.950 1.44 0.28 0.950 0.015 0.485 

 

Table 4: EIS parameter for NMC 

SOC R0(mΩ) R1(mΩ) 𝛼 Q1 

100 33.8 8.17 0.850 1.22 

90 32.8 4.27 0.880 1.05 

80 32.7 3.78 0.886 1.02 

70 32.9 3.51 0.880 1.07 

60 33.0 3.54 0.883 1.03 

50 33.1 3.66 0.880 1.01 

40 33.2 3.84 0.880 0.953 

30 33.3 4.14 0.877 0.945 

20 33.5 4.83 0.876 0.962 

10 34.3 7.15 0.839 1.36 
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