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Abstract 
Electrochemical Impedance Spectroscopy (EIS) is a well-known technique that has been 

employed on various electrochemical cells to obtain their impedance spectra. Lithium-ion(Li-

ion) cells are some of the cells to which it has been applied. The impedance spectra obtained 

from EIS can be used to estimate various batteries State of Health (SOH) and State of Charge 

(SOC) characteristics. The lengthy acquisition time associated with standard EIS makes it 

unsuitable for rapid on-line impedance measurements. Alternative methods that take a shorter 

time have therefore been proposed. This study compares the spectra obtained by the Harmonic 

Compensated Synchronous Detection (HCSD) broadband signal technique with the EIS and a 

custom Broadband Impedance Spectroscopy (BIS) technique, at different states of charge, 

which mimic a real-time load. The test cells are industry standard Nickel-Cobalt and Manganese 

Oxide (NCM) Li-ion cells. The BIS technique is like HCSD in the selection of frequencies; 

however, the amplitude of the excitation broadband signal is varied to match the impedance 

magnitude response of the cell. Also, parameter extraction is performed on both EIS and BIS 

techniques for fault detection purposes.  
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1. Introduction 
1.1 Background to the Study 

The increased popularity of electric vehicles, together with the rapid growth of mobile phones 

and portable electronics has seen the demand for energy storage devices increase. In the 

automotive industry, the increasing demand for Hybrid Electric Vehicles (HEVs), Plug-in Hybrid 

Electric Vehicles (PHEVs) and pure Electric Vehicles (EVs) has boosted the development of 

Lithium-ion batteries. Lithium-ion (Li-ion) batteries are being used as a replacement for 

existing Pb-Acid and Ni-MH batteries due to their high energy densities and high specific power 

[1]. Figure 1-1 below shows how Li-ion cells compare with other cell chemistries in terms of 

weight and energy density. In the abovementioned vehicle applications, the battery pack’s cost 

is relatively high compared to that of the vehicle, and it is therefore important that indicators 

such as SOH and Remaining Useful Life (RUL) are properly measured and analysed. 

 

Figure 1-1: Comparison of battery technologies in terms of volumetric and gravimetric energy density [2] 

 
Studies have shown that Li-ion cells state of health and performance is dependent on both the 

cell capacity as well as internal resistance. Decrease of battery capacity means an overall 

decrease in the driving distance, while an increase in internal impedance causes a reduction in 

the power capability and acceleration of the vehicle. Various common passive characteristic 

tests such as those that involve monitoring current and terminal voltages at different 
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temperature, are only able to give valuable information on state of charge and capacity as a 

percentage of the rated nominal capacity provided by the manufacturer. The information from 

these tests is however, not sufficient in the provision of a full state of health assessment of the 

battery, as various key information such as impedance rise, and power fade is absent from the 

results [3]. Other tests such as cold cranking, and hybrid pulse power characterisation can 

determine capacity and power capability. However, they take a long time and are not suitable 

in online applications, as their validation criteria cannot be met in these applications.  Table 1.1 

shows the common characterisation tests used in the determination of capacity and power 

capability for energy storage devices in automotive applications and their duration. 

 
Table 1.1: Tests on Li-ion Cells for EV applications 

Test Parameters for Determination Duration 

Static Capacity Test Capacity One hour minimum (depending on 
discharge rate)  

Pulse Power Characterisation 
Tests 

Power Capability, Capacity Sixty seconds per pulse for each 
Depth of Discharge level (DOD) 
/SOC with an hour rest interval 
between pulses[4] 

DC Test DC resistance Eleven seconds[5] 

AC Impedance Single Frequency 
Test 

AC impedance One to five seconds  

Self-Discharge Test Temporary Capacity loss Seven days [5] 

Cold Cranking Power capability at low 
temperature 

Four to eight hours 

  

AC impedance testing has been proven and tested to be a useful measure of battery SOH and 

RUL. Data obtained from impedance measurements has been shown to correspond with 

resistance and power capability results from the hybrid pulse power characterisation tests. A 

full EIS however, requires expensive laboratory equipment in the form of frequency response 

analysers, and takes anywhere from ten minutes to an hour, depending on the number of 

frequency points chosen and the value of the lowest frequencies selected [6]. Studies have 

shown however that EIS can however be performed in an online system if the number of 

frequency points is reduced; however, the time taken is still reasonably longer, compared to 

techniques that are going to be explored in this thesis. Another technique that is currently being 

employed, to determine the frequency response in a short frequency range is HCSD. HCSD 

involves using an equal amplitude signal and a harmonic frequency spread. The harmonic 

spread in frequency is chosen so as to prevent crosstalk error and the resulting time wave form 

components are synchronously detected. 
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1.2 Objectives of this Study 

• To perform a comprehensive literature review on Li-ion batteries, modelling and AC 

impedance measurement techniques such as EIS, in relation to Li-ion cell chemistry. 

• To perform a full EIS on the cell at different states of charge and DC Bias currents, and 

compare the results with those obtained in the literature. 

• To perform broadband impedance measurement techniques as well as optimizing an 

existing broadband impedance technique and comparing the results obtained with 

those from EIS. 

• To extract the parameters from the EIS technique and compare them with those from 

one of the broadband based techniques, using a parameter extraction technique. 

• To demonstrate that broadband based impedance measurement techniques, together 

with the parameter extraction methods, are applicable in online diagnostics of Li-ion 

batteries. 

 

1.3 Scope and Limitations 

This study is limited to the analysis and condition monitoring techniques that involve multisine 

or single sinusoidal excitation. Methods such as cold cranking, HPPT testing, and pulse power 

characterization are not covered.   

 

1.4 Plan of Development 

The rest of the thesis is subdivided into these chapters. 

Chapter 2 presents a literature review of the different cells and batteries. The Li-ion cell 

chemistry is introduced, together with the modelling techniques and fault mechanisms 

associated with it. In this chapter, the Electrochemical Impedance Spectroscopy, and the 

broadband techniques of multisine excitation are also reviewed. 

Chapter 3 discusses the experimental setup. It shows the overall hardware configuration, as 

well as the individual connections between the different hardware components. 

Chapter 4 discusses the state of the charge measurement process. It shows how the initial, as 

well as current, cell state of charge was measured. It also shows the state of charge 

measurement block diagram and the theory behind how it was obtained. After discussing the 
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state of charge measurement process, it details the implementation of EIS. It covers cell 

conditioning, frequency selection, the sampling rate and excitation amplitudes, as well as the 

charge profile in between measurements. This chapter is concluded by the implementation of 

BIS, multisine excitation optimization and signal extraction. It shows how each of the different 

optimization criteria were optimised for the purposes of the experiments and how the 

multisine signals were generated 

Chapter 5 presents and discusses the results obtained from the experiments performed in 

Chapter 4. 

Chapter 6 is where the equivalent circuit model is chosen. A non-linear least squares algorithm 

is used to extract the parameters of the model and the simulated results from the model are 

compared with experimental data. 

Chapters 7 and 8 are where the conclusions from the study, as well as recommendations for 

future work are made. 
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2. Literature Review 
2.1 Cells and Batteries 

A battery is a device that converts the chemical energy contained in its active materials directly 

into electrical energy, by means of a redox reaction[7]. For rechargeable systems, the battery is 

recharged by the reversal of this process. An exception to this is in the case of Li-ion batteries; 

whereby the electrochemical conversion is because of the movement of ions, and not electrons, 

as would be in a typical redox reaction. 

The terms “cell” and “battery” are often used interchangeably; however, for clarity, a cell is the 

basic electrochemical unit that provides electrical energy by direct conversion of chemical 

energy. A battery consists of one or more of these cells connected in a parallel or a series or 

both. The choice as to which configuration is used depends on the required output voltage and 

capacity. 

A cell consists of three major components. The anode, which is the negative electrode that gives 

up electrons to the external circuit and is then oxidised. This electrode is also called the 

reducing electrode or fuel electrode. The second component is the cathode or positive 

electrode. This is the oxidizing electrode that accepts electrons from the external circuit and is 

reduced during the electrochemical reaction. The third component is the electrolyte. This is the 

ionic conductor which provides the medium for the transfer of charge, as ions inside the cell, 

between the anode and cathode. This electrolyte can either be liquid or solid.  

 

2.1.1 Classification of cells or batteries 

There are four broad categories of cells and batteries[7], these are: 

• Primary cells 

• Secondary cells 

• Reserve cells 

• Fuel cells 

 

i. Primary Cells 

Primary cells are cells which when discharged cannot be returned to their original condition by 

passing a current through in the opposite direction. However, there are a specific category of 
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primary cells that form an exception to this, but this is beyond the scope of this thesis. Most 

primary cells utilise electrolytes that are contained within absorbent materials or a separator 

and are thus termed dry cells [8]. Examples of primary cells are zinc-carbon/Leclanche dry cells 

(most common low-cost primary battery), Zinc/air, Zinc/Alkaline-manganese dioxide (more 

premium), Mercuric oxide, Silver oxide and Lithium-metal anode cells, with different cathode 

substrates. The applications for primary cells such as the zinc-carbon and 

zinc/alkaline/manganese-dioxide include, flashlights, radios, toys and portable electronics. The 

silver/zinc and zinc air cells are used predominantly for hearing aids, cameras, space 

applications and missiles, because of their higher energy density and higher capacity. 

 

ii. Secondary Cells 

Secondary (or rechargeable cells) are those which when after discharge can be returned to their 

original condition by passing a current through in the opposite direction to that of the discharge 

current[7]. Secondary cells are further subdivided into two sub-categories depending on their 

intended applications. These are: 

• Cells that are utilized as energy storage devices delivering energy on demand. These 

cells are normally connected to primary power sources to fully be charged on demand. 

Examples of these applications are in aircraft systems, emergency no-fail and standby 

power sources. 

• Cells that are used as primary cells but are recharged after use such as in EVs and 

consumer electronics.  

Examples of secondary cells are lead acid, nickel-cadmium, iron electrode, nickel-zinc, nickel-

metal hydride and Li-ion cells. The Starting Lighting Ignition (SLI) lead acid battery is by far the 

most popular lead acid battery, primarily for its use in the automotive industry. The other types 

of lead acid batteries such as VRLAs are used in UPS applications. Nickel cadmium batteries are 

the most common alkaline batteries and are used mainly in industrial applications such as 

mining vehicles, railways and trucks. [7]. Nickel Metal Hydride and Li-ion Cells dominate the 

EV and consumer electronic market. NiMH batteries have been used for EVs such as General 

Motors EV1, the Honda EV plus, Ford Ranger EV and the Vectrix scooter as well as HEVs such 

as the Toyota Prius, Honda Civic and Ford Escape.  Li-ion batteries have been used on EVs and 

PHEVs such as the Chevy Volt, Mitsubishi i-MiEV, BMW i3, Tesla Model S and the Nissan Leaf. 

They have also been used in space applications such as the Mars Curiosity[9]. The primary focus 

of this thesis will be on Li-ion cells which fall into the secondary cell category. 
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iii. Reserve cells 

Reserve cells are a special kind of cell in which the key component of the cell is separated from 

the remaining components until just prior to activation. The component which is most often 

isolated is the electrolyte. Applications where reserve cells are used are often military type[8]. 

There are four categories of reserve cells and these are:  

• Gas activated cells 

• Heat activated cells 

• Electrolyte activated cells 

• Water activated cells 

 

iv. Fuel cells 

The last category of cells are the fuel cells. They are like the batteries with the exception being 

that the active materials are not an integral part of the device, as in the case of an ordinary 

battery. All active materials are fed into the cell from an external source. Fuel cells are 

increasingly being used in utility power applications, load levelling and site generators [7]. 

 

2.2 Li-ion Cells 

2.2.1 Li-ion cell structure 

 

Figure 2-1: Li-ion cell structure[1] 
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The Li-ion cell has four main components as shown in Figure 2-1 : 

• The negative electrode (anode) 

• The positive electrode (cathode) 

• The separator 

• The electrolyte 

The negative electrode is usually made of graphite and is connected to the negative terminal of 

the cell. The positive electrode is made up of different Lithium metal oxides. The separator is 

an electrical insulator that does not allow electrons to flow between the positive and negative 

electrodes, but because it is porous, it allows ions to pass through it by means of an electrolyte. 

The electrolyte is a concentrated solution that contains charged species. These species can 

move in response to an electrochemical potential gradient. Some Li-ions have a solid electrolyte 

which serves as both an ionic conducting medium and an electronically insulating separator 

[1]. 

 

2.2.2 Li-ion cell development 

Lithium metal’s use in battery technology is based on the fact that Li is the most electropositive 

metal as well as the lightest (equivalent weight M= 6.94g mol-1) metal. It therefore facilitates 

the design of storage systems with high energy density.  The advantage of using Lithium metal 

was demonstrated in the 1970s where primary cells were assembled using Lithium metal 

electrodes. At the same time, numerous organic compounds were shown to react with alkali 

metals in a reversible way. The discovery of such materials, which were later identified as 

intercalation compounds, was crucial in the development of high energy rechargeable Li 

systems. Initially there were numerous safety issues involved with using Lithium metal as a 

negative electrode. Lithium being highly reactive, made cells unsafe, and this prompted 

research into alternative solutions. In the 1980s, research showed that replacing the Lithium 

negative electrode with another intercalation material was possible. Using the layered material 

and instead inserting Li-ions, gave birth to the modern Li-ion cells of today, and made the cell 

much safer [2].  

 

2.2.3 Li-ion electrode structures 

Li-ion cells deviate from the traditional redox reaction mechanisms that commonly occur for 

other secondary cell chemistries. Li-ion cell chemistry uses an intercalation mechanism. This is 
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why Li-ion cells are also referred to as intercalation cells.  This mechanism involves the 

insertion of Li-ions into the crystalline lattice of the host electrode, without changing its crystal 

structure. The electrodes have two key properties [10]: 

• They have open crystal structures, which allow for the insertion or extraction of Li-ions. 

The two main structures for the electrode materials are spinel and layered structures. 

• They can accept compensating electrons at the same time. 

The anode (negative electrode) is usually made of graphite carbon, which is a layered structure 

that can allow for Li-ions to be inserted and removed. This carbon is usually lithiated, which 

simply means that Li-ions have been inserted into its layers. The cathode (positive electrode) 

is made of a Lithium Metal Oxide such as Lithium Cobalt Dioxide or Lithium Manganese Dioxide, 

as will be discussed in section 2.2.5. The cathode structure can also be layered just like the 

anode, or have a spinel structure. See Figure 2-4 and Figure 2-5 for an illustration of the 

different cathode structures. 

 

2.2.4 Charge and discharge process of Li-ion cells 

During discharge, Li-ions move from the anode through the electrolyte and are inserted into 

the crystal structure of the cathode. This process is shown in Figure 2-2 below. Often this 

process is referred to as the insertion of Li-ions into the intercalation layers of the electrodes. 

At the same time, the compensating electrons travel in the external circuit and are accepted by 

the host to balance the reaction. This process is reversible and during charging, the Li-ions 

instead move from the cathode to the anode. 
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Figure 2-2: Image representing the charging and discharging mechanism in a typical Li-ion cell [11] 

 
During charging, the constant voltage/constant current method is used to charge Li-ion 

batteries. The maximum voltage to which the cells should be charged is 4.2V * the number of 

cells connected in series. The charge current should be less than 1C and even lower i.e. around 

0.1C if the voltage is 2.9V or less. See Figure 2-3 for the typical charging profile applied to Li-ion 

cells [11]. 

 



11 

 

 

Figure 2-3: Charging profile of the Li-ion cell [11] 

 
During discharge, the current should be maintained at 1.0C or less; however, there are some 

cell chemistries that allow for higher discharge currents for short periods of time, normally 

called burst charges [11].  

 

2.2.5 Li-ion battery types 

There are various types of Li-ion batteries, however the six most common types of Li-ion 

batteries are: 

• Lithium Cobalt Oxide (LiCoO2) 

• Lithium Manganese Oxide (LiMn2O4) 

• Lithium Nickel Manganese Cobalt Oxide (LiNiMnCoO2 or NMC) 

• Lithium Iron Phosphate (LiFePO4) 

• Lithium Nickel Cobalt Aluminium Oxide (LiNiCoAlO2) 

• Lithium Titanate (Li4Ti5O12) 

 

i. Lithium Cobalt Oxide 

Lithium cobalt oxide is the battery choice for cell phones, laptops and digital cameras because 

of its high specific energy of about 200Wh/kg. The battery is made up of a cobalt oxide cathode 
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and a graphite carbon anode. The cathode has a layered structure and during discharge, Li-ions 

move from the anode to the cathode. The major drawback of this type of cell is its short and 

limited life span. Lithium cobalt oxide cannot be charged and discharged at a current higher 

than its C rating. This means that a cell rated 2400mAh in capacity cannot be charged at more 

than 2400mA without causing overheating and stress [12]. Figure 2-4 shows the structure of 

the Lithium cobalt oxide cathode. 

 

 

Figure 2-4: Structure of LiCoO2 cell cathode [12] 

 

ii. Lithium Manganese Oxide 

There are two types of Lithium manganese oxide cells, the first being the spinel LMn2O4 and the 

other being the layered Li2MnO3. The former is the more dominant of the two since the latter 

has a poor capacity and poor cycling stability [13]. The cell is made of Lithium Manganese oxide 

as the cathode material and has a low internal resistance, which promotes fast charging and 

discharging, making it appropriate for use in EV applications. These cells however have thirty-

three per cent less capacity than the LiCoO2 cells described above. Lithium Manganese Oxide 

batteries are often coupled with Lithium Nickel Manganese Cobalt Oxide to improve their 

specific capacities and prolong their life spans, giving rise to the LMO(NMC) cells being used for 

electric vehicles such as the Nissan Leaf and BMW i3 [12]. Figure 2-5 shows the structure of a 

Li-Manganese cell cathode. 
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Figure 2-5: Structure of Li-Manganese cell cathode [12] 

 

iii. Lithium Nickel Manganese Cobalt Oxide 

Commonly named NMC, these are the batteries of choice in e-bikes, power tools, electric power 

trains and EVs. The ratios for the cathode combination are equally split between Nickel, 

Manganese and Cobalt at thirty-three per cent.  There are several different combinations of 

these materials which give rise to cells such as the NCM, CMN, CNM, MNC and MCN. In these 

combinations, manufacturers often deviate from the thirty-three per cent ratio and keep their 

own ratios confidential. The best feature of these cells is that they have a high specific energy 

(capacity) and are the preferred candidate for EV use [12]. The cell that will be studied in this 

thesis falls under this group and the manufacturer combination for this cell is the NCM. Please 

refer to the datasheet in Figure 9-8 in the appendix for more information on this cell. 

 

iv. Lithium Iron Phosphate 

Lithium Iron phosphate cells have excellent safety features and longer lifespans compared with 

NMC and Li-Manganese Oxide ones. They also have high specific power capabilities, enabling 

them to be discharged up to twenty-five times their C rating. However, they have a much lower 

nominal voltage 3.2V which reduces their capacity to about half of that of the NMC cells. Such 

low capacities render these batteries only appropriate for lead acid battery replacement as a 

starter battery and for applications where rapid pulse currents are required. 

 

v. Lithium Nickel Cobalt Aluminium Oxide 

The Lithium Nickel Cobalt Aluminium Oxide cells have been used for special applications and 

have similar advantages to the NMC cells previously mentioned. They also have a reasonably 
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long lifespan and power. For this reason, these are the current choice of cells used for the Tesla 

EVs. The drawback for these cells is their high cost and marginally less safety when compared 

with NMC cells [14]. 

 

vi. Lithium Titanate 

Lithium Titanate cells have been in use since the 1980s. They have a Lithium Titanate cathode 

and a graphite anode. This cell chemistry has a low nominal cell voltage of about 2.4V and hence 

a very low specific energy. They however, have a longer lifespan than ordinary Li-ion batteries 

such as the NMC and LiCoO2. They can also be fast-charged and offer a high discharge rate of up 

to about ten times the rated capacity. Lithium Titanate is safer than the NMC cell types. These 

advantages make the Lithium Titanate very costly [12]. Lithium Titanate cells also do not have 

an SEI layer and this is the property that allows them to be fast-charged and have a high 

discharge rate [12]. 

In 2010, the Boston Consulting Group undertook a study to compare the different chemistries 

of Li-ion cells. The following diagram is a comparison of the above six chemistries and compares 

them in six different areas which are specific energy, specific power, safety, cost, lifespan and 

performance. 

 

 

Figure 2-6: A comparison of the different Li-ion cell chemistries [14] 
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2.2.6 Li-ion cell shapes and sizes 

Li-ion cells come in four major shapes and sizes. Namely: cylindrical, coin, prismatic and thin-

flat cells. The chosen shape of the cell depends on the application. Cylindrical cells for example 

are used in cameras, laptops, toys and wall clocks. Coin cells are used in watches, hearing aids 

and medical devices. Prismatic cells are commonly used in mobile phones, tablets and low 

power laptops, whereas the thin-flat cells also referred to as pouch cells, are commonly used in 

automobile and military applications [12]. Figure 2-7 shows the different shapes of Li-ion cells. 

 

 

Figure 2-7: Schematic drawing showing the shape and components of various Li-ion cell configurations: a. 
Cylindrical; b. coin; c. prismatic; d. thin and flat [12] 

 

2.3 Modelling of the Li-ion Battery 

To diagnose Li-ion batteries, one needs to adequately choose a model for the battery. 

Furthermore, the model must be compared against the physical system to validate it. The 

validity of the model is a measure of how well it compares with the actual physical cell. The 

choice of model for the battery is dependent on what parameters are being tested. There is also 

a trade-off between complexity of the model and the speed of the model, in predicting the 

battery performance. There are several categories of models for the Li-ion battery. These are 

explained below. 
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2.3.1 Electrochemical models 

The electrochemical model is one that breaks down the cell into different regions and uses 

mathematical equations to represent the various relations in these regions. The 

electrochemical model is often also called a mathematical model, because it involves the use of 

partial differential equations that relate the different relationships between the open circuit 

potential and the Lithium concentration with the current in the cell, the conservation of charge 

as well as the Butler-Volmer kinetics [1]. The cell model is usually a 1D spatial model and the 

cell dynamics are considered only along one axis. The advantage of the electrochemical model 

is that it can relate design parameters to macroscopic (for example battery voltage and current) 

and microscopic information (for example concentration distribution) as well as optimise 

physical design aspects [15], [16]. It is also highly accurate compared with the other models. 

The key disadvantages of the electrochemical models are: that they are complex and not as 

robust as equivalent circuit models [15] and that these electrochemical models also require 

days of simulation time, complex numerical algorithms and battery specific information, that is 

difficult to obtain because of the proprietary nature of the battery [16]. Figure 2-8 shows the 

1D electrochemical model for a Li-ion cell.  

 

Figure 2-8: 1D electrochemical model of the Li-ion cell [1] 
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i. Mathematical modelling of electrochemical system 

Mathematical models [17], [18], are a more general case of any models that rely on 

mathematical equations to determine the performance and behaviour of the Li-ion cell. 

Mathematical models are usually made up of equations that represent a specific aspect of the 

cell dynamics.  Some of these models are based on partial differential equations like the ones in 

the electrochemical model, whereas others are based on empirical formulae. For the Li-ion cell, 

the electrochemical model is represented by mathematical equations and thus it can also be 

called a mathematical model. Models like those used in [19] use mathematical equations to 

represent the material balance of the Li-ions in the solid/active part of the cell, the electrolyte 

as well as the interfaces. 

The multi-scale model of the Li-ion cells is governed by the following equations. 

The material balance for the Li-ions in the active solid material (electrodes) is given by 

 
𝜕𝑐𝑠,𝑖

𝜕𝑡
= 𝐷𝑠,𝑖

1

𝑟2

𝜕
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𝜕𝑟
) (1) 

Where 𝑐𝑠,𝑖 is the concentration of the Li-ions in the solid layer and 𝐷𝑠,𝑖 is the diffusion coefficient 

in the solid layer. This equation is given in spherical coordinates because the particles are 

modelled as being spherical in the solid material regions. 

The material balance for the binary electrolyte in the liquid phase(electrolyte) is given by:  
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Where 𝐷𝑒𝑓𝑓,𝑖 is the diffusion coefficient, 𝑎𝑖 is the electrode surface area per unit volume of the 

electrode and 𝐽𝑖  is the flux of Li-ions away from the surface of the spherical particles. 

The charge balance for the solid phase of the cell is given by the following equation 

 

 

𝜎(𝑒𝑓𝑓,𝑝)

𝜕2𝜙1

𝜕𝑥2
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(3) 
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The charge balance for the liquid phase is also based on Ohm’s law and is given by: 
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(4) 

In the above equations, the pore wall flux, 𝐽𝑖  , is determined by the Butler-Volmer equation: 

 𝐽𝑖 = 𝑘𝑖(𝑐𝑠,𝑖,𝑚𝑎𝑥 −  𝑐𝑠,𝑖,𝑠𝑢𝑟𝑓)
0.5

𝑐0.5
𝑠,𝑖,𝑠𝑢𝑟𝑓𝑐𝑖

0.5
× [exp (

0.5𝐹

𝑅𝑇
𝜂𝑖) − exp (−

0.5𝐹

𝑅𝑇
𝜂𝑖)] (5) 

Equations 1-5 can be applied to cells, to study the various effects of state variables such as 

temperature and the, state of charge on cells at an electrode level. 

 

2.3.2 Electrical models 

Electrical models, unlike the electrochemical models explained above, use a combination of 

voltage sources, resistors and capacitors for design with other electrical circuits and systems. 

In these models, the circuit elements are lumped together to represent the DC, AC, transient or 

run-time behaviour of Li-ion cells These models are simpler to analyse and are relatively faster 

in the determination of the cell characteristics. In comparison to electrochemical models 

however, they compromise on accuracy. Therefore, to develop the electrical model such as an 

equivalent circuit model, the chosen model needs to ensure that the physical cell characteristics 

that are being investigated are properly accounted for by the circuit elements. For electrical 

engineers, electrical models are intuitive and are much simpler to deal with compared with 

electrochemical models. [16]. There are three categories of equivalent circuit models used. 

These are the Thevenin-based models [20], [21], impedance based models [22], [23], and 

runtime models [24], [25].  
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i. Thevenin based models 

 

Figure 2-9: Thevenin based electrical model [16] 

 
The Thevenin based model shown in Figure 2-9 in its simplest form uses a combination of a 

series resistor, and a parallel RC combination to predict the battery state response to a changing 

load, at a particular state of charge. It does so by assuming the open circuit voltage 𝑉𝑜𝑐(𝑆𝑂𝐶) is 

constant [16]. 

 

ii. Runtime based models 

 

Figure 2-10: Runtime based model of an l-ion cell [16] 

 
Runtime based models such as the ones shown in Figure 2-10 use a complex circuit network to 

simulate battery runtime and DC voltage response for a constant discharge current in various 
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simulators such as LT-SPICE and PSPICE. They are the models chosen when runtime 

information as well as DC performance is required [16]. 

iii. Impedance based models 

 

 

Figure 2-11: Impedance based Li-ion cell model circuit diagram [16] 

 
Of the electrical models, the impedance based models are the most reliable in the determination 

of frequency response. They are usually represented by a series resistance, together with a 

combination of parallel RC branches and Warburg elements as shown in Figure 2-11. 

Impedance based models however, work at a fixed state of charge and temperature, making 

them less robust than the runtime models [16]. Despite this, the results obtained by applying 

these models to impedance spectrum data, have recently been used to predict runtime 

performance on commercial cells in automotive applications [26].  

Table 2.1 shows the capabilities of the different models in predicting runtime, DC and AC 

performance. 

 
Table 2.1: A comparison of the different electrical models 

Predicting capability Thevenin based model Impedance based 
model 

Runtime based Model 

DC NO NO Yes 

AC Limited YES NO 

Transient YES Limited Limited  

Battery runtime No Yes [26] Yes 
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2.3.3 Artificial Neural network models 

Aspects, like the SOC, have been modelled using neural networks. Underlying mathematical 

models, for example state space models, are superimposed on the neural network [27]. Neural 

networks however, are designed to overcome the flaws in electrochemical models which limit 

their ability to predict runtime performance. Instead of state variables, neural networks rely on 

weighting functions on the neurons. However, they are limited in that they can only be used for 

the original scope of data with which they were created [28]. 

 

2.4 Battery Faults 

The diagnosis of faults in Li-ion batteries has seen a growing interest among industry and 

academic research. The faults associated with batteries can be divided into the following 

categories: 

• Effects due to overcharging/over voltage (>4.2V/cell) 

• Effects due to under voltage/over discharge(<2V/cell) 

• Effects due to low temperature 

• Effects due to high temperature 

• Thermal runaway  

• Aging and cycling effects 

 

2.4.1 Effects due to overvoltage 

If the charging voltage is increased beyond the recommended 4.2V/cell, excessive current flows 

may give rise to two problems namely:  

• Lithium plating 

• Overheating 

Lithium plating occurs because of overcharging the cell. Li-ions are not able to be 

accommodated fast enough between the intercalation layers of the anode. This causes the Li-

ions to accumulate on the anode and be deposited as metallic Lithium. This reduces the free Li-

ions in the cell causing an irreversible capacity loss. Furthermore, the Lithium plating is not 

homogenous in nature. It is dendritic which means that it can ultimately result in a short circuit 

between the electrodes.   
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Excessive current also increases the temperature of the cell and can lead to overheating. This is 

discussed in the sections below [29]. 

 

2.4.2 Effects due to undervoltage 

If the charging voltage is decreased beyond 2V/cell, both electrodes can be affected adversely.  

At these low voltages, the anode current collector can dissolve into the electrolyte. This then 

increases the self-discharge of the cell. Furthermore, if the cell voltage is increased to above 2V, 

the copper ions can then be precipitated and deposited as metallic copper. The metallic copper 

isn’t necessarily deposited on the current collector and hence this gives rise to a potential for 

short circuits between the electrodes [29].  

The cathode is also affected by low voltage. The low voltage can lead to a breakdown in the 

cathode material into its constituent elements. Lithium Cobalt Oxide cathodes and Lithium 

Manganese Oxide cathodes are known to release oxygen during this breakdown, eventually 

leading to permanent capacity loss. 

 

2.4.3 Temperature effects  

Li-ion cells are affected by low temperatures as much as they are affected by high temperatures. 

Low temperatures reduce the rate of reaction, as there is a direct correlation between the rate 

of reaction and temperature. This in turn reduces the current carrying capacity of the cell. Low 

temperature operation also means it becomes more difficult for the Li-ions to be inserted in the 

intercalation layers of the cell. This then causes accumulation of Li-ions onto the anode, in 

which they can be deposited as Lithium; causing an irreversible capacity loss and increasing 

the chance of short circuits due to the dendrite nature of the Lithium deposits [29]. 

High temperature caused in the process of overcharging can lead to thermal runaway as the 

rate of the chemical reaction is directly proportional to the cell temperature. When positive 

feedback occurs, the cell is said to be undergoing thermal runaway. It is at this stage that the 

SEI layer starts to breakdown, causing the electrolyte to react with the carbon anode. This 

reaction is exothermic and hence continues to increase the temperature of the cell. As the 

temperature rises, the gases reach a stage where they can be inflamed; however, they are not 

inflamed because there is no free oxygen in the cell. Some cells are equipped with a vent to 
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release the pressure build up and prevent the cell from exploding. On further increase in 

temperature, cathode breakdown occurs.  

The effects of both overvoltage and undervoltage are summarised in Figure 2-12. 

 

 

Figure 2-12: Figure showing the different battery faults dependent on voltage and temperature [29] 

 

2.4.4 Mechanical fatigue 

Mechanical fatigue results from Li-ions continually being inserted and removed from the 

intercalation layers of the electrodes. This process causes the expansion and contraction of the 

electrode, which can lead to cracking in the electrode particles. These stresses then lead to an 

increased cell internal impedance as the cell ages and in the worst-case scenario a breakdown 

of the anode SEI layer, which can cause overheating and immediate cell failure. Another 

scenario is the small release of gas during heat cycling which then causes the cell to swell and 

ultimately rupture [29]. 

 
Cycle life implications 

Apart from the fact that operating the cell outside the recommended voltage and temperature 

windows can result in immediate failure, there are longer term effects that can also result from 

this such as the shortening of cycle life. Figure 2-13 illustrates the potential number of cycles 

vs temperature. 
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Figure 2-13: Effect of temperature on cycle life [1] 

 

2.5 State of Charge 

State of charge determination is a crucial factor in any energy storage application. In the past, 

batteries were maintained to work within prescribed voltage limits. However, currently several 

battery management systems exist in different applications. These systems require the battery 

state of charge to be accurately measured. For this thesis, the state of charge needs to be known 

for the experiments to be carried out. This section will review the different techniques used to 

determine the state of charge. This section will also discuss the advantages and disadvantages 

of the particular state of charge estimation algorithms. 

 

2.5.1 Discharge test 

The discharge test is a very reliable method of determining the state of charge of a battery. In 

this process, the cell is discharged under a controlled current after which it is recharged. This 

method is however time-consuming and renders the battery unusable during testing [30]. 
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2.5.2 Ampere hour counting with loss calculation 

The most common technique for determining SOC: If the initial state of charge is given, the final 

state of charge is the sum of the initial state of charge and the time integral of the current 

divided by the rated capacity of the cell [30]. The state of charge is therefore given by: 

 

 

𝑆𝑂𝐶 = 𝑆𝑂𝐶0 +
1

𝐶𝑁
∫ (𝐼𝑏𝑎𝑡𝑡 −  𝐼𝑙𝑜𝑠𝑠)

𝑡

𝑡0

𝑑𝑡 

 

(6) 

 
where 𝐶𝑁 is the rated capacity of the cell, 𝐼𝑏𝑎𝑡𝑡 the battery current, and 𝐼𝑙𝑜𝑠𝑠 the current 

consumed by the loss reaction [30]. There are two main complications with this method of 

estimation. The first is that the current measurement needs to be accurate, and incorrect 

current measurement could lead to significant errors in the SOC estimation. The second major 

problem is that not all the current measured goes into the charging of the cell. It is also 

interesting to note that the initial estimate for the state of charge should be accurate. 

 

2.5.3 Measurement of electrolyte physical properties 

In non-intercalation cells such as the lead acid battery, the electrolyte takes part in the cell 

reaction during charge and discharge. There is a linear relationship between the change of the 

acid density and the state of charge of the cell and therefore the change of acid density can be 

used to determine the SOC [30]. The measurement of the acid density is measured using a 

battery hygrometer [29]; however electronic sensors have now been built to determine this as 

well. This method of state of charge determination can only however be used with vented lead-

acid batteries and therefore it is not applicable to Li-ion cells [30]. 

 

2.5.4 Open circuit voltage 

The open circuit voltage for a cell can be used to determine the state of charge. In some cells, 

the relationship between the open circuit voltage and state of charge is highly linear. This 

method of state of charge determination is suitable for applications where there are long rest 

periods to allow for an accurate OCV measurement. This method is often used in combination 

with other methods to ensure an accurate state of charge measurement. The challenge with this 

method is often in applications; a minimal current is required to power monitoring devices, 
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clocks etc., and therefore the voltage measured is in fact not a true representation of the open 

circuit voltage [30]. 

2.5.5 Heuristic interpretation of measurement curves 

i. Artificial neural networks 

Artificial neural networks have been used to determine the state of charge such as in [31]. The 

artificial neural networks determine a relationship between input and output data of any kind 

and therefore they can be applied to all battery systems and in fact all applications, provided 

that the training data is available [30]. The artificial neural network can be of two types, namely 

the adaptable and the non-adaptable. In the case of the adaptable neural network, other 

methods of SOC determination are used to provide the training data at the selected states of 

operation. Errors depend strongly on the training data and the training method. In the non-

adaptable artificial neural network, the training is done before it is used.  

 

ii. Linear Models  

In [31] linear relationships were established that show the variation of SOC, the immediate 

electrical measurements on the battery and the previous SOC value. The equations are as below:  

 

 

Δ𝑄(𝑖) = 𝛽𝑜 + 𝛽1𝑈(𝑖) + 𝛽2𝐼(𝑖) +  𝛽3𝑄(𝑖 − 1) 

 

(7) 

 

 

𝑄(𝑖) =  𝑄(𝑖 − 1) + Δ𝑄(𝑖) 

 

(8) 

where 𝑄(𝑖) is the state-of-charge, Δ𝑄(𝑖) is the SOC-difference, 𝑈 the voltage and 𝐼 the current 

measurement. The factors 𝛽𝑜 , … . , 𝛽3 are determined from reference data by least-mean-square 

calculations. The model was developed for PV applications, i.e. for low currents and slow SOC 

changes. The 𝛽-factors do not describe physical parameters. The linear model can be applied to 

various batteries, all at different stages in their life cycles. However, to achieve the best results, 

the reference data from the same battery type should be used to calculate the beta factors. 
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2.5.6 Impedance spectroscopy 

Impedance spectroscopy is a common measurement technique that has been applied to various 

battery systems to determine their state of charge and state of health [30]. The details of this 

technique will be discussed in the next chapters; however, this section introduces the 

application of this technique in state of charge determination. In [32], impedance spectroscopy 

is used with a combination of fuzzy logic. The fuzzy logic is used to establish a relationship 

between the battery model parameters derived from impedance spectroscopy measurements 

and the SOC. An accuracy of +/- five per cent was achieved with the above method. It is however 

important to note that impedance curves are strongly influenced by temperature effects and 

therefore the best utilization of this method is with batteries in a temperature regulated 

environment [30]. In [33], it was proven that for the non-standard cells like Li-ion batteries, 

impedance spectroscopy is a possible SOC determination method. To observe the effect, the 

SOC has on impedance measurements, low frequencies are however required [30].  

 

2.5.7 Internal resistance 

The internal resistance method involves dividing the voltage drop by the change in current 

during a short time interval. If a time interval of less than 10ms is used, only the Ohmic 

resistance is measured. For larger time intervals, other effects such as transfer reactions in the 

case of lead-acid cells are involved and hence the resistance becomes complex [30]. In such 

scenarios, the impedance spectroscopy method is preferred.   

 

2.5.8 Kalman filter 

The Kalman filter is an algorithm that is used to determine the inner states of a dynamic system 

[30]. For state of charge determination, the battery is the dynamic system, whereas the state of 

charge is the inner state. A typical model for which the Kalman filter can be applied to determine 

the SOC is the one shown in Figure 2-14 below. 
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Figure 2-14: HEV model for Kalman filter SOC determination 

 
The table below summarizes the overview of the different state of charge determination 

methods, highlighting the application areas, advantages and disadvantages of each method.  

Table 2.2: Summary of the different SOC determination techniques [30] 

Technique Application Advantages Disadvantages 

Discharge test All battery systems 
for capacity 
determination in the 
beginning of life 

Easy and accurate, 
independent of SOH 

Offline, time intensive, modifies 
the battery state, loss of energy 

Ah balance All battery systems, 
most applications 
(consumer, PV, EV) 

Online, easy, accurate if 
enough re-calibration 
points are available with 
good current 
measurement 

Needs a model for the losses. 
Sensitive to parasite reactions. 
Cost intensive for accurate current 
measurement. 
Needs regular recalibration 
points. 

Physical properties 
of electrolyte 
(density, 
concentration, 
colour) 

Lead, Possibly Zn/Br 
and Va 

Online 
Gives information about 
SOH 

Error if acid stratification. 
Low dynamic. 
Problem of stability of sensors in 
electrolyte. 
Sensitive to temperature and 
impurities. 

Open circuit voltage Lead, Lithium, Zn/Br 
and Va 

Online, cheap Low dynamic, error if acid 
stratification and needs long rest 
time (current = 0) for lead system. 
Problem of parasite reaction (for 
example Sb poisoning by lead) 

Linear model Lead, PV, possibility 
for other battery 
systems 

Online, easy Needs reference data for fitting 
parameters 

Artificial neural 
network 

All battery systems Online Needs training data of a similar 
battery 

Impedance 
spectroscopy 

All systems Gives information about 
SOH and quality.  
Possibility of online 
measurement 

Temperature sensitive, cost 
intensive 

DC internal 
resistance 

Lead, Ni/Cd Gives information about 
SOH. Cheap. Possibility 
of online measurement 

Good accuracy but for only low 
SOC. 
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Kalman filter All battery systems. 
PV, dynamic 
applications for 
example HEV 

Online, Dynamic Needs large computing capacity. 
Needs a suitable battery model. 
Problem of determining initial 
parameters. 

 

From section 2.3, we saw that electrical models were simpler to analyse than electrochemical 

models, and the different cell characteristics could be accounted for using a combination of 

circuit elements. Table 2.2 shows that impedance spectroscopy can give information about the 

state of health of the cell with the possibility of online measurement, in addition to state of 

charge estimation. Electrochemical Impedance Spectroscopy uses the equivalent circuit 

electrical model to represent the different cell phenomena and therefore offers the robustness 

of the electrical models discussed in section 2.3.2. Furthermore, because it is an impedance 

spectroscopy technique, it can give information about the state-of-health and state of charge 

changes as discussed in this section. The next sections will therefore explore electrochemical 

impedance spectroscopy and other impedance spectroscopy techniques with respect to Li-ion 

batteries. 

 

2.6 Electrochemical Impedance Spectroscopy 

2.6.1 Electrochemical impedance 

The electrochemical impedance of a battery describes its steady state and dynamic behaviour, 

which can be seen as its response to an excitation signal of small amplitude. This signal is 

usually a sinusoidal wave; however, signals like a step, noise or square wave can be used [34]. 

There are two types of modes that are used to determine the impedance. These are 

galvanostatic mode and potentiostatic mode.  

In galvanostatic mode, the DC current 𝐼 which is sometimes referred to as the polarization 

current charging or discharging the battery is controlled, and a sinusoidal current: 

 

 

Δ𝐼 = 𝐼max sin(2𝜋𝑓𝑡) 

 

(9) 

at frequency 𝑓, is superimposed onto 𝐼. This then yields a sinusoidal voltage response: 
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Δ𝑉 = 𝑉max sin(2𝜋𝑓𝑡 + 𝜙) 

 

(10) 

around the DC voltage V at the terminal of the battery. The amplitude 𝑉max  and the phase angle 

𝜙 depend on the frequency f [34]. 

In potentiostatic mode, the DC voltage 𝑉 at the terminals of the battery is controlled and a 

sinusoidal voltage: 

 

 

Δ𝑉 = 𝑉max sin(2𝜋𝑓𝑡) 

 

(11) 

at frequency 𝑓 is superimposed to 𝑉 which then yields a sinusoidal current response: 

 

 

Δ𝐼 = 𝐼max sin(2𝜋𝑓𝑡 − 𝜙) 

 

(12) 

around the DC current 𝐼 flowing through the battery. In that case, the amplitude 𝐼max and the 

phase angle 𝜙 depend on the frequency 𝑓.  In both cases the impedance is defined by: 

 

 

𝑍(𝑓) =
𝑉max

𝐼max
 𝑒𝑗𝜙 

 

(13) 

This equation shows that the impedance of an electrochemical cell can be expressed either as a 

complex number with both real and imaginary parts or by its magnitude and phase angle 𝜙. 

 

2.6.2 Impedance measurement 

There are several ways of measuring the impedance spectra obtained. Impedance 

measurements were earlier measured using AC bridges and lock in amplifiers. Currently 

impedance measurements are now measured with frequency response analysers. Excitation 

signals such as white noise have also been used and Fourier transform based frequency 

analysers were used to analyse the response [34]. The frequency range for a typical 

measurement is from 10 mHz to 10 kHz [35].  
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When measuring the impedance spectra of high capacity cells with a low impedance, the 

connecting leads are known to have a significant impedance, compared to the cell impedance 

[36]. By increasing the number of leads, the resistance reduces. There are measurement errors 

caused by the current-sense resistor inside the electrochemical interface (galvanostat or 

potentiostat) due to the inductive behaviour of resistances lower than 0.1 ohms at high 

frequencies [35]. 

Investigations on impedance measurement involve either charging or discharging the battery 

until the required SOC is reached, giving the cell a sufficient rest period and then measuring the 

impedance after equilibrium has been achieved. The other technique is to perform the 

impedance measurement while the cell is charging or discharging [34]. The former technique 

which involves, charging or discharging a battery to the required SOC and then waiting for a 

sufficient amount of time is a subject of debate, as authors argue that the processes at 

equilibrium are different from those involved during charge and discharge [37], and therefore 

the measurement should be carried out with a non-zero DC current. 

There are however errors that are known to appear when carrying out the impedance 

measurement at non-zero DC current because of the voltage drift. These errors depend on the 

rate at which the system changes and increases with the measurement period. They therefore 

become significant for the lowest analysed frequencies [34]. These errors can be suppressed by 

applying a high pass filter to the current and voltage signals before data processing in the 

frequency response analyser [38]. Another error suppression technique is to carry out a four-

dimensional non-stationary impedance analysis. In this technique, consecutive measurements 

of a series of impedance diagrams in each frequency range are taken [37]. 

A summary of the errors in impedance measurement and the mitigation techniques is shown 

below. 

 
Table 2.3: Impedance measurement errors and mitigation techniques 

Error Cause Mitigation 

Contact Resistance on leads Measuring impedance of high 
capacity cells with low 
impedance with few leads 

- Increasing the number of leads for 
both the current and the voltage 
measurement [34] 

Current sense resistor inductive 
behaviour 

High frequency excitation signal 
that induces inductive behaviour 
in the low current sensing 
resistor in the measurement 
device 
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Voltage Drift Carrying out impedance 
measurements at non-zero DC 
current 

- Applying a high pass filter before 
data processing in the frequency 
response analyser [38]. 
- Applying a four-dimensional non-
stationary impedance analysis [37]. 

 
 

2.6.3 Impedance diagrams 

Impedance diagrams have been plotted in the bode plane i.e. magnitude of the impedance vs. 

frequency as well as phase angle vs. frequency. They can also be plotted in the Nyquist plane, 

in which case the plot consists of imaginary part vs. the real part of the impedance. In the 

Nyquist plane, the electrochemists usually plot the negative of the imaginary part on the 

ordinate axis, for the capacitive loops to appear in the top right quadrant [34]. A typical Nyquist 

diagram of a Li-ion battery is shown in Figure 2-15 below. 

 

 

Figure 2-15: Typical Nyquist diagram of Li-ion battery [35] 

 
The impedance spectrum is composed of five distinct regions which in literature are related to 

different processes. At very high frequencies, the cells inductive behaviour dominates and 

hence the inductance 𝐿𝑆. The value of the ohmic resistance 𝑅𝑠 is found at the intersection of the 

impedance spectra with the real axis(𝐼𝑚(𝑍) = 0). The first semicircle which is the third region 

is related to the presence of the SEI layer. The larger semi-circle is associated with the charge 

transfer process and the double layer capacitance. The fifth section which is at the lowest 

frequencies corresponds to the diffusion process and the impedance is called the Warburg 

impedance. 
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2.6.4 Physical electrochemistry and equivalent circuit elements 

i. Electrolyte Resistance, 𝑹𝒔 

The electrolyte resistance of any ionic solution depends on the ionic concentration, geometry, 

temperature and type of ions [39]. In a bounded area with area A, resistivity 𝜌 and length 𝑙, 

carrying a uniform current, the resistance is defined by: 

 

 

𝑅𝑆 = 𝜌
𝑙

𝐴
 

 

(14) 

In literature [39], [40], this resistance is defined as a function of temperature, giving rise to the 

equation: 

 

 

𝑅𝑆 =
1

𝑘
=

1

𝐴𝑠
exp (

𝐸𝑎

𝑅𝑢𝑇
) 

 

(15) 

Where 𝑅𝑢 is the molar gas constant and  𝑘 represents the reaction rate given by 𝑘 =

𝐴𝑆 exp (−
𝐸𝑎

𝑅𝑢𝑇
) modelled as an Arrhenius function [41] of the activation energy 𝐸𝑎 and 

temperature 𝑇 such that higher 𝑇 or lower 𝐸𝑎 results in a higher value of 𝑘.  

 

ii. Double layer capacitance, 𝑪𝒅𝒍 

An electrical double layer exists on the interface between an electrode and its surrounding 

electrolyte. This is caused by ions trying to absorb onto the electrode surface. The charged 

electrode acts like one plate of a capacitor while the ions act as another. They are separated by 

an insulating space which is often in the order of angstroms [39]. The value of this capacitance 

depends on many variables such as electrode potential, temperature, ion concentrations etc.  

 

iii. Polarization Resistance, 𝑹𝒑 

Polarization is when the potential of an electrode is forced away from its value at open-circuit 

[39]. In these circumstances, current flows towards and from the electrode surface. The amount 

of current is controlled by the kinetics and the diffusion of the chemical reactants. The currents 
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that flow are usually termed as corrosion currents. The relationship between the corrosion 

currents and the current that flows in the cell is given by the equation below: 

 𝐼 = 𝐼𝑐𝑜𝑟𝑟 (𝑒
2.303(𝐸−𝐸𝑜𝑐)

𝛽𝛼 − 𝑒
−

2.303(𝐸−𝐸𝑜𝑐)

𝛽𝐶 )  (16) 

   
where 𝐼 , is the measured cell current in Amps, 𝐼𝑐𝑜𝑟𝑟 is the corrosion current in Amps, 𝐸𝑜𝑐 is the 

open circuit potential in volts, 𝛽𝑎 is the anodic beta coefficient in volts/decade and 𝛽𝑐 is the 

cathodic Beta coefficient in volts per decade. Even though the corrosion current describes 

currents in cells whose electrodes corrode, the same equation is applicable even to non-

corroding electrodes [39]. 

Small signal approximation to the above equation introduces the term known as the 

polarisation resistance as follows: 

 

 

𝐼𝑐𝑜𝑟𝑟 =
𝛽𝑎𝛽𝑐

2.303(𝛽𝑎 + 𝛽𝑐)
(

1

𝑅𝑝
) 

 

(17) 

iv. Charge Transfer Resistance, 𝑹𝒄𝒕 

This is a resistance formed by a single kinetically-controlled electrochemical reaction. When a 

metal substrate is in contact with an electrolyte, the metal can dissolve into the electrolyte 

releasing metal ions. During this process, charge is being transferred [39]. This charge transfer 

reaction has a certain speed. The general relation between the potential and the current is 

described by equation (5) given in section 2.3.1i. When the overpotential 𝜂 is very small, and 

the electrochemical system is in equilibrium, the charge-transfer resistance changes to: 

 

 

𝑅𝑐𝑡 =
𝑅𝑇

𝑖𝐹𝛼
sinh−1 (

𝑖

2𝑖0
) 

 

(18) 

 
Where 𝑅 is the gas constant, 𝑇 is the temperature, 𝛼 is the transfer coefficient for reduction and 

oxidation (assumed to be the same for discharge and charge), 𝐼 the current magnitude, 𝐹 is 

Faraday’s constant and 𝑖𝑜 is the equilibrium current magnitude. From this equation, the 

exchange current density can be calculated when 𝑅𝑐𝑡 is known. Since 𝑖0 represents the 
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magnitude of the exchange current where oxidation and reduction are occurring in equilibrium, 

it is possible to model it as an Arrhenius relationship as shown below [42]. 

 𝑖0 = 𝛽𝑒(−
𝐺

𝑅𝑇
)
  (19) 

Where 𝐺 is the reaction rate and 𝛽 is the current coefficient in 𝐴. 

 

v. Diffusion, 𝒁𝒘 

The impedance known as the Warburg impedance is known to account for diffusion. It is highly 

frequency-dependent such that at high frequencies, it is small because the reactants do not have 

to move very far. At low frequencies, it increases as the reactants must move further. On the 

Nyquist plot, the infinite Warburg impedance appears as a diagonal line with a slope of 45° [39], 

[43] . 

There are two equations which describe the Warburg impedance. The equation for the infinite 

Warburg impedance is:  

 

 

𝑍𝑤 =
𝜎

√𝜔
(1 − 𝑗) 

 

(20) 

where 𝜔 is the radial frequency, and 𝜎 is the Warburg coefficient. The Warburg coefficient is 

determined by the following equation: 

 

 

𝜎 =
𝑅𝑇

𝑛2𝐹2𝐴√2
(

1

𝐶𝑜√𝐷𝑜

+
1

𝐶𝑅√𝐷𝑅

) 

 

(21) 

where 𝐷𝑜 is the diffusion coefficient of the oxidant, 𝐷𝑅 is the diffusion coefficient of the 

reductant, 𝐶𝑜 is the concentration of the oxidant in the bulk solution and 𝐶𝑅 is the concentration 

of the reductant in bulk solution.   

In practice, the Warburg impedance isn’t infinite because of the finite thickness of the diffusion 

layer. 

Cells such as PEM fuel cells rely on the Warburg impedance, which is described as the open 

boundary finite-length Warburg impedance to model their behaviour. 
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𝑍𝑤 = 𝑅
coth(√𝑗𝜔𝜃)

√𝑗𝜔𝜃
 

 

(22) 

Li-ion cells impedance spectra are instead modelled using the blocked boundary finite-length 

Warburg impedance on the low frequency side. 

 

 

𝑍𝑤 = 𝑅
tanh(√𝑗𝜔𝜃)

√𝑗𝜔𝜃
 

(23) 

vi. Coating Capacitance 

A capacitor is formed when two conducting plates are separated by a non-conduction media 

known as the dielectric. The value of the capacitance depends on the size of the plates, the 

distance between the plates and the properties of the dielectric. 

 

vii. Constant Phase Element, 𝒁𝑪𝑷𝑬 

The capacitances in EIS experiments are known to differ from the theoretical ideal capacitors. 

Instead they behave like a constant phase element as shown below. 

The impedance of a constant phase element is expressed as: 

 

 

𝑍𝐶𝑃𝐸 =
1

(𝑗𝜔)𝜓𝜃
 

 

(24) 

where 𝜃 is the capacitance and 𝜓 is an exponent equalling 1 for an ideal capacitor. 𝜓 = 0 

represents an ideal resistor.  

The 𝜓  parameter is sometimes referred to as a depression constant when the constant phase 

element is combined in parallel with a resistor, and enables the depression of the associated 

semicircle on the Nyquist plane associated with the element. The effect of varying the 𝜑 

parameter is shown in Figure 2-16  below. 
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Figure 2-16: Effect of varying the depression 𝝍 on Nyquist plot formed by a parallel combination of a 𝒁𝑪𝑷𝑬 and a 
resistor C = 1kF, R = 1 mΩ [26] 

viii. Virtual inductor, 𝑳𝒔  

The impedance of an electrochemical cell is known to show inductive behaviour especially at 

high frequencies. This is usually represented as a virtual inductor. 

The above elements all have specific representations in the Nyquist plane and the table below 

summarizes these representations. 

 

Table 2.4: Table showing the different elements and their Nyquist plot representation [43] 

Element list Impedance formula Nyquist plot representation 

Resistor 𝑍 = 𝑅 

 

Capacitance 
𝑍 =

1
𝑗𝜔𝐶

 

 

Inductance 𝑍 = 𝑗𝜔𝐿 
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Constant phase element 
𝑍 =

1
(𝑗𝜔)𝜑𝜃

 

 

Warburg element for fuel 
cells (open boundary 
finite-length Warburg 
impedance) 

𝑍𝑤 = 𝑅
coth (√𝑗𝜔𝜃)

√𝑗𝜔𝜃
 

 

 

Warburg element for Li-
ion cells (blocked 
boundary finite-length 
Warburg impedance) 

𝑍𝑤 = 𝑅
tanh(√𝑗𝜔𝜃)

√𝑗𝜔𝜃
 

 

 

2.6.5 Modelling 

i. Equivalent Circuit Modelling with RC Elements 

In this modelling scheme, the equivalent circuit consists of one element per section of the ideal 

impedance spectrum of Li-ion cells and is displayed in Figure 2-17 below. 

 

Figure 2-17: Equivalent circuit model of Li-ion cells based on RC components [26] 
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In this case the equation is given by: 

 

 

𝑍𝑅𝐶 = 𝑗𝜔𝐿 + 𝑅1 +
1

1
𝑅2

+
1

𝑗𝜔𝐶2

+ 
1

1
𝑅3

+
1

𝑗𝜔𝐶3

+
1

1
𝑅4

+
1

𝑗𝜔𝐶4

 

 

(25) 

The parameters in this equation are estimated and fitted by an optimization algorithm.  

 

ii. Equivalent circuit with Zarc and Warburg elements 

Zarc elements as shown in Table 2.4 are a parallel combination of a resistor and a constant 

phase element. They consist of a generalized capacitance 𝜃 and a depression factor. When 

combined with a resistor in parallel, the impedance of the combination becomes: 

 

 

𝑍𝑍𝑎𝑟𝑐 =
1

1
𝑅 + (𝑗𝜔)𝜓𝜃

 

 

(26) 

where 𝜓 is the depression factor valid between 0 and 1. For 𝜓 = 0, the Zarc element represents 

an Ohmic resistance whereas for 𝜓 = 1, it represents the ideal semicircle of an RC element. The 

equivalent circuit representation and its corresponding impedance spectrum is shown in 

Figure 2-18. 

 

Figure 2-18: Equivalent circuit representation of Li-ion cells based on constant phase elements and Warburg 
impedances [26] 
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2.7 Multiple Frequency Excitation 

This describes impedance measurement techniques in which multiple frequencies are injected 

into the test cell. Different signals such as chirps and binary length sequences fall into this 

category but they are seldom used because they involve the excitation of unwanted frequencies 

and contain substantial amounts of spectral leakage [6]. The more common techniques 

therefore involve careful frequency selection and magnitude optimization of the constituent 

sinusoids. Examples of these are the Compensated Synchronous Detection technique (CSD), the 

Harmonic Compensated Synchronous Detection technique (HCSD) and the broadband 

technique that is used in this thesis.  A real valued multisine signal can be represented as a 

Fourier series time domain expression of order 𝑁 [6]. 

 

 

𝑢(𝑡) =  ∑ 𝑎𝑛 cos(2𝜋𝑓𝑛𝑡 + 𝜑𝑛)

𝑁−1

𝑛=0

 
(27) 

where 𝑁 is the number of frequencies in the signal, 𝑎𝑛 is the amplitude matrix, 𝑓𝑛 are the 

frequencies to be excited and 𝜑𝑛 is the phase matrix. In the same manner as EIS, the multisine 

signal which can be a voltage or current signal, is applied to the cell, and the voltage or current 

response is then measured for each of the individual excitation frequencies. The impedance 

spectrum is then plotted. 

 

2.7.1 Compensated synchronous detection 

The CSD technique [3], [44] involves the injection of sinusoids that are separated 

logarithmically. The sum-of-sines signal therefore contains multiple frequencies spread over 

the specified range of interest. For accurate detection with minimal error, it is advantageous to 

include several periods of each discrete frequency. Multiple studies indicate that a minimum of 

three periods of the lowest frequency is generally sufficient for this technique when about 

twelve frequencies are included in the input signal [3], [44], [45]. If more frequencies are used, 

then more periods would have to be selected to minimize the crosstalk error. The impedance 

magnitude and phase is synchronously detected by using the input sum of sines current signal 

which can either be voltage or current, and the output sum of sines signal response. Because 

the length of the recording is not infinite, the output response sinusoids appear as sinc functions 

in the frequency domain. These functions can overlap and cause crosstalk error in the 

frequency domain [3]. Techniques such as the ones mentioned in [46] involve reassembling the 
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response back into the sum of sines signal in the time domain with all the components except 

the frequency of interest. The reassembled signal time record is subtracted from the original 

response signal in the time domain and then synchronously detected again to obtain an 

accurate impedance spectrum directly comparable to EIS.  

 

2.7.2 Harmonic compensated synchronous detection 

The HCSD technique can be analysed as a variant of the CSD technique discussed in 2.7.1. In this 

technique, the frequencies are selected to be a power of two harmonic of the fundamental 

frequency. This allows for the impedance measurement to be done within one period of the 

lowest frequency [3].  Because the frequencies have a harmonic spread, the crosstalk error 

observed with the CSD approach is eliminated as the sinc function magnitude converges to zero 

at the frequencies of interest for all sinusoids present in the signal.  Figure 2-19 shows a sum of 

sines signal with two frequency components of 1hz and 4hz and amplitudes of three and two 

respectively.  

 

 

Figure 2-19: Sum of sines output response signal containing two sinusoids with harmonic frequency separation 𝒇𝟏 =
𝟏𝑯𝒛, 𝒇𝟐 = 𝟒𝑯𝒛[3] 

 

The sinc function sideband magnitude is shown to converge to zero at the frequency points 1Hz 

and 4Hz which is where the expected output frequency is expected to be measured. Thus, 

eliminating the need for compensation.  
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Figure 2-20: Magnitude response for the signals depicted as sinc functions [3]. 

 

Although Figure 2-19 and Figure 2-20 show this graphically, the mathematical formulation is 

expressed in detail in [3].  

2.7.3 Other techniques of multisine excitation 

Other techniques such as OBIS [6] as well as the custom broadband impedance technique that 

is discussed in this paper involve careful frequency selection, magnitude optimization and 

phase optimization techniques that will be covered in detail in the next section. 

 

2.8 Multisine Excitation Optimization 

An area in which broadband impedance measurement techniques have been extensively 

applied is the biomedical industry. In these applications, factors such as a high signal to noise 

ratio are required to make meaningful tissue measurements. This would involve high 

magnitude excitation signals with a large crest factor [3]. However, in all these applications, 

linearity and time invariance should be observed. This then limits the excitation to within 

certain values. Similarly, the goal in an electrochemical cell is to adjust the conditions including 

the excitation such that as much information is obtained from the experiment as possible. To 

achieve this, the excitation signal must be carefully optimised. In this thesis, two broadband 

techniques are explored, the first being the standard HCSD technique and the second being a 

modified HCSD technique referred to as BIS. There are three important sections in which the 

broadband signal can be optimised. These are discussed below. 
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2.8.1 Amplitude optimization 

The first is the amplitude spectrum of the excitation signal. If it is assumed that the input and 

output noise disturbance is additive and mutually independent with zero mean, then 

optimizing the amplitude spectrum reduces the uncertainty in the impedance frequency 

response with independence of the noise level especially at high frequencies (or frequencies 

with a low SNR). Ultimately, literature suggests the optimal amplitude spectrum of the 

excitation signal is one which is higher at around the central frequency (where the impedance 

change is at its maximum) as opposed to a flat spectrum [3]. Care must be taken however to 

ensure that the higher frequencies further away from the central frequency are also excited 

sufficiently. The BIS technique proposed in this thesis makes use of amplitude optimization in 

the excitation signal. 

2.8.2 Frequency distribution optimization 

A logarithmic spread of frequencies yields the same information as would an equally spaced 

frequency distribution with a smaller number of excitation frequencies. The disadvantages of 

an equally spaced frequency spread are that a high number of exciting frequencies are required 

to determine the entire EIS frequency range without losing impedance spectrum resolution [3]. 

Equally spaced frequency distributions also yield harmonics that appear at fundamental 

frequencies. This means that potentially, each excitation signal frequency is interfered by noise 

from another excitation frequency [3]. Literature suggests that the optimal frequency 

distribution is one which places more exciting frequencies close to the characteristic frequency.  

The frequency distribution for HCSD (a power of two harmonic of the fundamental frequency) 

inherently observes the optimal criteria if the minimum frequency chosen for the excitation is 

as close to the characteristic frequency of the cell. 

 

2.8.3 Time or phase optimization 

Time optimization improves the crest factor of the multi-sine excitation signal. This then allows 

for more energy to be injected into the cell for a given range of frequencies. To minimize the 

crest factor, the 𝑙∞𝑛𝑜𝑟𝑚 in the crest factor equation function must be minimized [47]. This 

norm is however not a differentiable function making its minimization a complex procedure 
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[48].  Different phase distributions that yield a low crest factor have been applied in literature. 

These include the Saphiro-Rudin multitones, and the Newman phase multitones.  

The phases for the Newman multitones are given by the functions:  

 𝛿𝑘(𝑁𝑒𝑤𝑚𝑎𝑛) =
𝜋(𝑘 − 1)2

𝑁
 (28) 

The phases for the Saphiro-Rudin multitones are given by the functions: 

 

 𝛿𝑘(𝑆 − 𝑅) = {
0, 𝑟𝑘 = 1
𝜋, 𝑟𝑘 =  −1

  (29) 

where 𝑟𝑘 is the kth element in a rudin sequence explained in [49]. 

 

Figures 2-21 and 2.22 show the differences between an un-optimised mutlisine and an 

optimised multisine sinusoidal signal. 

 

Figure 2-21: Un-optimised multisine signal [6] 
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Figure 2-22: Optimised multisine signal [6] 

2.9 Impedance Spectra Under Varying Conditions 

2.9.1 Varying SOC at a fixed DC bias current and temperature 

Some studies for Li-ion cells show a variation in size of the lower frequency loop as the state of 

charge is increased. This can be seen in Figure 2-23. Hence one can use the size of this loop to 

predict the state of charge of the cell. 
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Figure 2-23: SOC variation at fixed DC Bias currents for Li-ion cell where SOC 1< SOC 2 <SOC 3 < SOC 4 [50] 

 
Other studies on other Li-ion cell chemistries show a variation in the higher frequency loop as 

the state of charge is increased. This is shown in Figure 2-24 

 

Figure 2-24: Impedance plot variation with state of charge [35] 

It is for this reason that one generalized solution is not in fact feasible, and therefore solutions 

will vary according to the cell chemistry and other factors such as temperature, age, DC bias etc. 

The general increase in the size of the loops indicates an increase in the impedance of the cell 

as the state of charge drops. 
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2.9.2 Varying temperature with EIS at a fixed SOC 

EIS at varying temperatures for LiFePO4 cells shows an overall increase in size of the lower 

frequency loop as the temperature increase. This indicates an increase in the cell impedance as 

the temperature drops. This is illustrated in Figure 2-25. 

 

 

Figure 2-25: Measured results for EIS on a LiFePO4 cell at different temperatures and fixed SOC [42] 

 

Other Li-ion cell impedance spectra are less predictable under varying temperature conditions 

despite showing an increase in the loop size and hence cell impedance as temperature is 

reduced. This is shown in Figure 2-26 below.  
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Figure 2-26: EIS spectra under different temperatures and 60%SOC for commercialised high power Li-ion cells 

(blue) [26] 

 

2.9.3 Impedance spectra with ageing at a fixed SOC and temperature 

As the cell ages, the impedance spectra of Li-ion cells tend to shift to the right. This shift 

corresponds mainly to the increase of the ohmic resistance Rs while the Li-ion battery cell is 

ageing. These are the most visible trends associated in spectra associated with ageing.  In some 

studies, ageing is directly related to the state of health of the cell. These results are shown in 

Figure 2-27 
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Figure 2-27: Impedance spectra of Li-ion cells after different cycles [3] 

 

2.9.4 DC variation at fixed SOC and temperature 

For LiFePO4 cell chemistry, Figure 2-28 shows the EIS results for different DC bias current 

magnitudes, indicated as a C rate, at 25°C. At this temperature, it is observed that the impedance 

spectra remain the same for the different dc bias currents. On the other hand, at 0°C, there is a 

notable change in impedance spectra as the dc bias current is changed This is indicated in 

Figure 2-29. As the DC Bias current increases, the diameter of the semi-circle reduces. This is 

significant, since it can be shown that the diameter of the semi-circle ideally equals the charge 

transfer resistance 𝑅𝑐𝑡. From observing these trends, this change in size can be associated with 

the Butler-Volmer and Arrhenius equations that give rise to the equations in (18) and (19). It 

can be noted that the lower temperature decreases the value of 𝑖0 calculated using (19) and 

causes the dependence of 𝑅𝑐𝑡 in (18) on DC bias current to be more prominent. Because the 

right side of the EIS trajectories in Figure 2-28 and Figure 2-29 (corresponding to 1 Hz) 

approaches the x-axis (i.e. zero reactive impedance) for the majority of the test results 

appearing in these two figures, the value of 𝑅𝑐𝑡  can be approximately estimated by subtracting 

𝑅𝑠 (the x-axis intercept of each EIS trajectory) from the value of real impedance measured at 1 

Hz. 
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Figure 2-28: Measured EIS spectra for LiFePO4 cells for 7 DC 
bias currents at 25° C [42] 

 

Figure 2-29: Measured EIS spectra for LiFePO4 cells for 7 
DC bias currents at 0 °C [42] 
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3. Hardware Setup 
3.1 Overall Setup 

The experimental setup for the tests is shown in Figure 3-1. All experiments were carried out 

at room temperature. The multi-sine signal injection was done using the dSPACE CLP1104 Kit, 

while the data acquisition device chosen was the NI-USB 6366 device. The electronic load used 

was the TTI-LD300 voltage controlled load. The cells used were EIG 20Ah CO20 NCM cells. EIS 

was also performed on the cells and the signal generator was used to produce the single 

frequencies used to control the TTI-LD300 load. 

 

 

Figure 3-1: Experimental set-up 

 

The block diagram in Figure 3-2 shows the connections between the components used. The 

multisine excitations as well as EIS were performed in galvanostatic mode i.e. current was the 

input signal and voltage the response signal. All measurements on the cell were carried out at 

room temperature. The NI USB 6366 device was used as the data acquisition device. The TTI-

LD300 was used as the electronic load as it is supplied with an analog input which can be used 

to control the current the load draws. MATLAB software was used to create the multisine 

signals which then used the dSPACE CLP1104 kit DAC converters to supply the TTI LD300 load 

analog control voltage.  The signal generator was used to generate the single frequency sinusoid 
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for EIS measurements. It was also connected to the analog input of the TTI LD300 load. Both 

FFT spectral analysis and synchronous detection techniques were used to obtain the voltage 

response.  The connections between the cells, the electronic load and the data acquisition device 

were kept as short and as close as possible to minimize stray inductances in the impedance 

measurement. Although HCSD makes it possible to carry out measurements during one period 

of the lowest frequency [3], [51] , at least two periods of the lowest frequency sinusoid were 

used in both the BIS as well as the HCSD technique. This was done to improve the performance 

at the low frequency end of the spectra [3]. 

 

Figure 3-2: Block diagram showing connections between components 

 

3.2 DC Power Supply 

The power supply chosen for charging the Li-ion cells was a TTI  QPX1200SP power supply. 

This power supply was found to have flexible voltage/current characteristics, high precision 

and low noise. Figure 3-3 below shows the QPX1200SP power supply used. 
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Figure 3-3: QPX1200SP DC power supply 

 

3.2.1 Power envelope 

The power characteristics of the QPX 1200SP can be summarised in the power envelope shown 

in Figure 3-4 below. The power envelope shows the maximum current that can be drawn from 

the load at a particular voltage. The QPX 1200SP is capable of an output of 60V at 20A all the 

way to a 20V/50A power combination as described by the power envelope shown. 

 

 

Figure 3-4: Power envelope for the QPX 1200SP power supply [52] 
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3.2.2 Output specifications and settings 

The voltage for the QPX1200SP ranges from 0-60V with a current range of 0-50A. The operating 

mode switches from a constant current to constant voltage mode with an automatic crossover 

and indication of crossover. This makes it suitable for Li-ion battery charging. 

The voltage setting resolution using the rotary wheel for numeric entry is 1mV whereas the 

resolution for the current setting is 10mA. The setting accuracy for the voltage is −0.1% +

/−2𝑚𝑉, whereas the setting accuracy for the current is 0.3% +/- 20mA.  The load regulation is 

<0.01% +5mV for a ninety per cent load change whereas the line regulation is <0.01%+5mv for 

a 10%-line voltage change.  

For the cells in the experiments, a charge current of 0.2C-0.5C in the constant current phase 

was employed and since the cells were 20Ah, this corresponded to a charging current of 4A – 

10A.  The resultant error for the 10A setting according to the formula specified, would be +/-

0.05A or 50mA whereas the resultant error for the 4A constant current setting would be 0.032A 

or 32mA. 

 

3.2.3 Overvoltage and overcurrent protection 

The power supply is fitted with a reverse protection diode. The power supply comes with two 

configurable overvoltage (OVP) and overcurrent (OCP) setting values. The overvoltage 

protection is settable from 2V to 65V in values of 100mV whereas the overcurrent protection 

is configurable from 2A to 55A in 0.1A steps. During charging, the overvoltage was set to 5V to 

allow for the minimal voltage drop of approximately 0.5V at the terminal of the LD300 load and 

another 4.2V across the terminals of the battery. Beyond 5V, the power supply would 

immediately shut down the output. 

Overcurrent protection was set to 1C (20A). The current during charging was not allowed to go 

beyond 1C, however the actual current setting was set on the load side. 

 

3.2.4 Charging setup 

The setup for charging the cell is shown in the Figure 3-5 below. The QPX 1200SP power supply 

was set to a 5V over protection voltage and a 20A over current protection setting. The TTI 

LD300 load was then set to a constant current mode and then adjusted to constant voltage 
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mode when the terminal voltage of the cell reached 4.0V, until the terminal voltage reached 

4.2V at which point the charging would be stopped. 

 

DC

Series 
Resistance R

QPX1200SP 
Power 
supply

TTI LD300 load 
Constant 

Current Mode

Lithium ion 
Cell

5V (OVP),
20A (OCP) 0.2C charge 

current setting

 

Figure 3-5: Circuit diagram for charging the cells 

 

3.3 Cells 

The cells used were ePLB  20Ah Li-ion polymer cells with a Li(NiCoMn)O2 based cathode. These 

NMC cells are typically used for PHEV and EV applications. They were housed in a wooden 

container constructed with a dimension of 250𝑚𝑚 × 150𝑚𝑚 × 150𝑚𝑚 with six cell slots. This 

is shown in Figure 3-6 below. 
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Figure 3-6: Cells with housing 

 

3.3.1 Electrical characteristics 

The cells have a nominal voltage of 3.65V and a nominal capacity of 20Ah. The stated 1kHz 

impedance at room temperature is less than 3𝑚Ω. The cells have a specific energy of 174Wh/Kg 

and an energy density of 370Wh/L. The ten second Specific Power is 2300W/Kg at a fifty per 

cent depth of discharge, whereas the power density at the same depth of discharge is 4600W/L. 

 

3.3.2 Mechanical characteristics 

The cells measure 217 × 130 × 7𝑚𝑚3 and weigh approximately 428g. This volume excludes 

the two terminals on the end of each cell.  
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3.3.3 Operating conditions 

i. Charging 

The manufacturer recommends a constant current / constant voltage charge method with a 

maximum charge voltage of 4.15V.  The recommended charge current is 0.5C which comes to 

10A in this case. 

 

ii. Discharge 

The recommended voltage limit for discharge is 3V however the lower voltage limit for 

discharge is 2.5V. The cell can supply up to a 5C continuous current and up to 10C peak pulse 

discharge current with the pulse being less than ten seconds duration.  

 

iii. Operating temperature 

The cells are to be operated within a −30°𝐶 to a +55°𝐶 with a recommended charge 

temperature of 0°𝐶 to 40°C. The recommended storage temperature of the cells is −30°𝐶 to 

+55°𝐶. 

 

3.3.4 Step response and implications of step response on EIS  

The objective of these step response tests is to determine how long after charging or 

discharging the battery will need, to settle to a steady state voltage, before the next EIS 

experiment is carried out. 

The cell was subjected to a step-in voltage during discharge as shown in Figure 3-7. The cell 

could charge to its full capacity of 4.2V OCV. A constant current of 0.25C (5A) was then drawn 

from the cell for a period of one thousand seconds, and thereafter stepped down to zero. The 

resultant effect on the state of charge as well as the terminal voltage is shown in the graphs 

below. The state of charge was determined using the coulomb counting method. The settling 

time for a 0.25C step down to zero in current during discharging at a one hundred per cent SOC, 

was measured to be two hundred seconds for the cell. The purpose of the step response was to 

help determine the minimum time required between two successive EIS experiments at 

different states of charge. A two hundred second interval which corresponds to about four 
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minutes for a 0.25C DC bias current is therefore sufficient, as it ensures the cell’s open circuit 

voltage has reached steady state. 

 

Figure 3-7: Discharge step response of NCM C020 cells 
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The cell was also subjected to a step during charging as shown in Figure 3-8 below. The cell was 

allowed to charge at the recommended 0.5C charge current for about three thousand two 

hundred seconds. The charge current was then stepped down to zero. The settling time for the 

voltage of the cell was found to be approximately one thousand three hundred seconds.  

 

 

Figure 3-8: Step response after charging at a 0.5C current for the C020 cells 

 

Generally, it was found that the greater the magnitude of the step, the longer the cell would take 

to reach its steady state open circuit voltage. This settling time was also greatly affected by 

whether the cell was charging or discharging. The charge settling time is useful in determining 

the amount of time after charging the cell should be left for the open circuit voltage to reach a 

steady state, for an EIS experiment to be carried out. It shows that for a 0.5C charge, the cell 

should be left for at least one thousand three hundred seconds or approximately twenty 

minutes after charging. 

 

3.3.5 Rate capability 

The Voltage Vs Capacity at different discharge rates is shown in Figure 3-9 below. The discharge 

scheme employed is a constant current discharge to 3.0V which is the recommended minimum 

discharge voltage. The cell’s initial voltage is the recommended 4.15V, and the end of discharge 

voltage is the recommended minimum end of discharge voltage of 3V. 
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Figure 3-9: Voltage vs Capacity for different discharge currents for the CO20 cells used in the experiments [53]  

 

This graph shows that the cells can only give about ninety-four to ninety-five per cent of their 

full capacity before reaching their recommended minimum discharge voltage at higher rates of 

discharge (>=1C). This graph shows that at lower rates of discharge(<0.5C), the cell can give 

over 100% (~102%) of its rated capacity. 

This graph also shows that the magnitude of the initial drop from the open circuit voltage when 

a constant discharge current is applied, is directly proportional to the discharge current. i.e. the 

higher the discharge current, the higher the drop and vice versa. 

 

3.3.6 Pulse power capability 

The pulse power capability (HPPC) is shown in Figure 3-10 below with the discharge and 

charge graphs. This is calculated from the FreedomCAR Battery Test Manual. The cell’s pulse 

power performance varies considerably, depending on whether the cell is charging or not, as 

well as on the depth of discharge. The maximum power density during discharge is achieved at 

approximately ten per cent depth of discharge, whereas the maximum power density during 

charging is obtained at a ninety per cent depth of discharge. This is shown in the figure below. 
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Figure 3-10: Pulse power characteristic of C020 NCM cell used [53] 

 

3.3.7 Cycle life 

The cells are designed to undergo about one thousand cycles before their threshold. The 

capacity retention is heavily reliant on the depth of discharge together with the discharge and 

charge current. Figure 3-11 shows the cycle life and capacity retention after one thousand 

cycles when the constant current/constant voltage method is employed for a charge current of 

1.0C and an end of charge voltage of 4.15V, as well as when a discharge constant current of 1.0C 

to 3.0V at room temperature is used. The depth of discharge is one hundred per cent. 
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Figure 3-11: Cycle life characteristic of CO20 NCM cell used [53] 

 

3.3.8 Charging and discharge graphs 

The charge and discharge graphs for the cells are  in Figure 3-12 below. The cell was charged 

with a constant current (0.5C) and the corresponding graph was obtained.  

 

Figure 3-12: Typical charge characteristic graph at 0.5C for the cells 
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The cell was discharged at 0.25C for a period of about two thousand three hundred seconds 

which is about forty minutes. The corresponding graph as shown in Figure 3-13 was plotted. 

 

Figure 3-13: Typical discharge characteristic graph at 0.25C constant current for the cells 

 
A typical EIS experiment takes about ten minutes and therefore if the EIS experiment is to be 

carried out with a DC Bias like the one shown in the above graph, it is critical that the 

experiment is performed in the linear region of operation. 

A ten-minute time interval corresponds to about six hundred seconds. From the above graph, 

at 0.25C, it can be seen that in a six hundred second interval, the change in voltage corresponds 

to about 0.05V. Which is approximately 1.4% of the open circuit voltage and thus is small 

enough to be regarded in a linear region. For even faster methods such as BIS, which is 

introduced in this thesis, the time exposure is far less than six hundred seconds and therefore 

the effect of the voltage drift is minimized to a greater degree. 

 

3.4 Signal Injection 

The signal injection device chosen was the dSPACE CLP1104 Kit. This device has eight Digital 

to Analog outputs. The DAC analog output channel was then connected to the input remote 

control pin of the TTI LD300 load. Figure 3-14 shows the dSPACE  kit analog and digital signal 

connections. 
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Figure 3-14: Figure of the dSPACE CLP1104 kit used for signal injection 

 

3.4.1 Output electrical circuit 

Figure 3-15 shows the simplified diagram of the output electrical circuit. 

3k  

1k  

100  

Digital to analog converter +

- Digital to analog channel

 

Figure 3-15: Simplified output circuit from digital to analog converter on dSPACE kit 
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i. Circuit analysis 

This circuit was analysed in a similar manner to an ideal non-inverting op-amp configuration. 

In this analysis, since there is negative feedback, we can safely assume that the inputs are 

always going to be at the same voltage. Therefore, the output voltage immediately after the op-

amp itself is given by:  

 𝑉𝑜𝑢𝑡 = 𝑉𝐷𝐴𝐶 (1 +
3100

1000
) (30) 

Assuming the input bias current to the op-amp is negligible, then the voltage at the terminals of 

the voltage at the channel can be calculated as a simple voltage divider ratio. The overall 

equation for the voltage at the DAC channel of the dSPACE kit is therefore: 

 

 

𝑉𝐷𝐴𝐶ℎ𝑎𝑛𝑛𝑒𝑙 𝑥 =
4000

4100
× 𝑉𝑜𝑢𝑡 = 𝑉𝐷𝐴𝐶 × (1 +

3100

1000
) ×

4000

4100
= 4𝑉𝐷𝐴𝐶 

 

(31) 

3.4.2 Output voltage range and requirements 

The output voltage range for each DAC channel is -10V to 10V, which corresponds to an input 

setting of -1A to +1A respectively. The TTI LD300 load input requires a 0-4V input voltage for 

a full-scale deflection (0-80A or 0-8A depending on the range selected). This means that the 

output signal from the DAC should lie between 0-4V, hence the need for scaling. From the above 

information, we can easily determine the gain that needs to be applied to the current setting to 

obtain the correct value of current at the load.  The overall gain of the system is given by:  

 𝐺𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝐺𝐷𝐴𝐶 × 𝐺𝐿𝑂𝐴𝐷 (32) 

The load’s gain 𝐺𝐿𝑂𝐴𝐷 in volts per amp is:  

 𝐺𝐿𝑜𝑎𝑑 =  
4𝑉

8𝐴
(𝑓𝑜𝑟 8 𝐴 𝑟𝑎𝑛𝑔𝑒) = 0.5𝑉/𝐴 (33) 

The DAC software registers a value of 1A as 10V on the DAC output and therefore the gain is: 
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 𝐺𝐷𝐴𝐶 =
1𝐴

10𝑉
= 0.1𝐴/𝑉 (34) 

Therefore, the overall gain would be: 

 𝐺𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 0.5 × 0.1 = 0.05 (35) 

This overall gain was applied to all the signals from that needed to be injected to the load. 

 

3.4.3 Sinusoid generation 

The sinusoids were generated in MATLAB Simulink according to the schematic in Figure 3-16 

below. They were then fed to the input of the DAC converter which was also accessed in 

MATLAB. The figure below shows the fundamental block for sinusoidal generation. This block 

in particular is set to generate a frequency of 1Hz with an amplitude of 2A and no phase shift. 

The sinusoidal signal that is generated by the formula in the block is: 

 𝑉𝑜 = 𝑉𝑝 × sin (2𝜋𝑓𝑡) (36) 

where 𝑉𝑝 is the amplitude of the sinusoid and f is the frequency. This signal is then multiplied 

by the previous calculated gain of 0.05 to ensure the output is in the required range of the TTI 

LD300 load. 

During the BIS, these blocks were connected in parallel and the corresponding output voltage 

added. 
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Figure 3-16: Functional sinusoidal generation Simulink block diagram 

 

3.5 Data Acquisition 

The data acquisition device chosen was the National Instruments NI USB 6366 shown in Figure 

3-17. The NI USB 6366 has eight analog input channels which can be configured to a floating 

source or grounded source combination. In the experiments, all the inputs were configured to 

a grounded source i.e. the input signals were referenced to ground before input to the physical 

BNC pin. This was chosen over the floating source combination, which places the input to be in 

parallel with an effective resistance of 100𝐺Ω (input) and a 10pF capacitance as the voltages 

into the device were already referenced to ground. The figure below shows the NI USB 

connected with two BNC connectors to AI0 and AI1 with the two channels set to grounded 

source mode. 
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Figure 3-17: NI USB 6366 data acquisition device 

 

3.5.1 Resolution 

The ADC has a sixteen-bit resolution with input ranges of +/-10V, +/-5V, +/-2V and +/-1V.  This 

sixteen-bit resolution is applicable to all ranges i.e. for the +/-10V range, the resolution would 

be 
10−(−10)

216 =  0.30𝑚𝑉 whereas at the +/-5V the resolution would be 
5−(−5)

216 = 0.15𝑚𝑉.  

The cells have been tested by the manufacturer to have an impedance of less than 3𝑚Ω at 1kHz. 

This implies that the voltage rms magnitude with a 1A current peak to peak excitation at 1kHz 

would be: 

 

 

𝑉(𝑟𝑚𝑠) =
1

√2
× 3 × 10−3 = 2𝑚𝑉 

∴ 𝑉(𝑝𝑒𝑎𝑘 𝑡𝑜 𝑝𝑒𝑎𝑘) = 2𝑚𝑉 × √2 = 2.828𝑚𝑉 

 

(37) 
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Implying that at a frequency of 1kHz for a 1A excitation signal, the peak to peak range of the 

voltage signal received at the Analog input of the device would be in steps of  
2.828

0.15
 ~19 steps. 

 

3.5.2 Sampling rate 

The maximum sampling rate for the NI USB 6366 is 2MS/s (2MHz) per channel. The timing 

accuracy is 50ppm of the sample rate. The timing resolution is 10ns.  

This therefore means that if sampling at 2MS/s which is the maximum sampling frequency 

given by the ADC, you can expect between 2000,100 and 1999,900 samples for every second.  

For comparison purposes if the ADC oscillator was to be used to build a clock, if the clock 

requires a sampling frequency of 1S/second, then the error after a year (~31,536,000 seconds) 

would be equal to twenty-six minutes! 

The Nyquist theorem states that the sampling frequency should be at least twice the signal 

frequency you’re measuring, however in the experiments performed throughout this thesis, the 

minimum sampling frequency used was ten times the sampling frequency. 

 

3.5.3 Data transfer and input FIFO size 

The NI USB 6366 has a 64MS (mega sample) FIFO size, for a recording it can store 64 million 

samples before it must transfer them via the USB connection to the host PC. Because the ratio 

of sampling frequency to measured frequency is a 10:1 in the experiments, the FIFO alone 

would be able to hold (64 million/10) = 6.4 million cycles before an overflow condition would 

occur and the data would have to be transferred to the host PC.  For a typical EIS experiment 

the number of cycles recorded for each particular frequency is not more than five.  

In the BIS experiments which are done in seconds, the maximum sampling frequency is 100kHz 

for a 10kHz sinusoid. This same sampling frequency is to be sustained for a period of three 

cycles of the lowest frequency which can be as low as 10mHz. This equates to sampling at 

100kHz for three hundred seconds i.e. 30MS. This is still less than the input FIFO size of 64MS.  

Data transfer is done using the USB cable and depends on the host PC capability however it 

supports data transfer speeds of up to 32 MB/s.  
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3.5.4 Differential non-linearity  

The error in quantisation also known as the differential non-linearity for the NI USB 6366 

analog input is stated as +/- 1 LSB which means that for the ADC being used in the +/-5V input 

range as per the experiments, the magnitude of the quantised voltage is 
5−(−5)

216 = 0.15𝑚𝑉 and 

thus the error is +/- 0.15mV. 

 

3.5.5 Calibration 

The NI USB 6366 supports two kinds of calibration. Internal calibration and external 

calibration.  

 

i. Internal Calibration 

This calibration is usually performed using a software command and requires no external 

connection. This calibration is usually performed to help account for environmental conditions 

such as operating temperature that might have changed from the last external calibration. The 

temperature drift from the last internal calibration is usually smaller than the temperature drift 

from the last external calibration.  

 

ii. External Calibration 

The calibration is usually performed at the NI centre. This calibration is usually performed with 

a high precision calibrator and replaces previous external constants contained within the 

EPROM of the NI USB device. NI recommends external calibration be done on a two-year basis. 

There is a software calibration wizard in Lab View that helps to quickly calibrate each analog 

input channel (See Figure 3-18 below). The calibration wizard requires that a suitable reference 

voltage is present and connected and that the device has been warmed up. Once the calibrator 

has been set up, the reference voltage is connected to the input channel and the corresponding 

output voltage is adjusted to correct for any errors that may have resulted since the last 

calibration, such as temperature drift etc. 
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Figure 3-18: Channel calibration wizard 

 

iii. Voltage and current scaling 

When the calibration is completed, the voltage and current can be scaled according to the values 

that are required by the output. For the EIS and BIS experiments, the voltage from the source 

was in the +/- 5V range as the Li-ion cell is never charged to above 4.3V. This meant that the 

voltage scaling could be a 1:1 between the input and voltage and the recorded voltage. The 

voltage scaling equation is therefore given by the following equation:  

 𝑉𝑐𝑒𝑙𝑙 = 𝑉𝐴𝐼𝑂 (38) 

where 𝑉𝐴𝐼𝑂 is the voltage at the analog input channel measuring the voltage. 

From the previous chapter we calculated the gain from the signal injection device needed to be 

0.05 for the input signal to be in the required 0-4V range required by the TTI LD300 load. To 

get the correct current reading from the NI DAQ, the effect of this gain would have to be 
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reversed. This therefore means that the current scaling on the current channel would have to 

be 1/0.05 = 20A/V.  The current channel is scaled to give a current corresponding to the 

following equation:  

 𝐼𝑐𝑒𝑙𝑙 =
𝑉𝐴𝐼1

0.05
= 20𝑉𝐴𝐼1 (39) 

where 𝑉𝐴𝐼1 is the voltage at the analog input channel measuring the current. 

 

3.5.6 Absolute accuracy  

The analog input absolute accuracy table is as follows for the ADC. 

 

Figure 3-19: Table showing the absolute accuracy at full scale in microvolts for the analog input calculated for 10000 
samples, TLI = 1 degree Celsius and TLE = 10 degrees Celsius [54]. 

 
The absolute accuracy 𝐴𝐴 is obtained as the sum of the gain errors, offset errors and the noise 

uncertainty for that particular voltage range i.e.:  

 𝐴𝐴 = (𝑉𝑟 × 𝐺𝐸) + (𝑉𝑟 × 𝑂𝐸) + 𝑁𝑈  (40) 

where 𝑉𝑟, is the voltage range, 𝐺𝐸  is the gain error, 𝑂𝐸 is the offset error and 𝑁𝑈 is the noise 

uncertainty. 

The gain error in parts per million is calculated by the formula: 

 

 

𝐺𝐸 = 𝑅𝐺𝐸 + 𝐺𝑇𝑀𝑃𝐶𝑂 × 𝑇𝐿𝐼 + 𝑅𝑇𝑀𝑃𝐶𝑂 × 𝑇𝐿𝐸  

 

(41) 

where 𝑅𝐺𝐸  is the residual analog input gain error, 𝐺𝑇𝑀𝑃𝐶𝑂 is the gain temperature coefficient, 

𝑇𝐿𝐼 is the temperature change from last internal calibration, 𝑅𝑇𝑀𝑃𝐶𝑂 is the reference 

temperature coefficient and 𝑇𝐿𝐸  is the temperature change from the last external calibration. 
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The offset error in parts per million is calculated by the formula: 

 𝑂𝐸 = 𝑅𝑂𝐸 + 𝑂𝑇𝑀𝑃𝐶𝑂 × 𝑇𝐿𝐼 + 𝐼𝑁𝐿𝐸 (42) 

where 𝑅𝑂𝐸 is the residual offset error,  𝑂𝑇𝑀𝑃𝐶𝑂 is the offset temperature coefficient, and 𝐼𝑁𝐿𝐸 is 

the integral nonlinear error [54]. 

The noise uncertainty 𝑁𝑈 is given by the formula:  

 𝑁𝑈 =
3𝜎

√𝑁
 (43) 

where 𝑁 is the number of samples and 3 is the coverage factor [54]. 

From the above formula, the assumptions made are that the device is operating within 10°𝐶 of 

the last external calibration and therefore 𝑇𝐿𝐸  of 10°𝐶 is a valid assumption. The second 

assumption is that the readings are taken within 1°C of the last internal calibration. The final 

assumption is that the noise is normally distributed and falls within three standard deviations 

of its average value. Using this information, we can therefore calculate the absolute accuracy 

values for the +/-5V range channels used in EIS and BIS experiments. 

During EIS measurements, the longest measurement period is three five cycle intervals. With 

ten samples per cycle (10:1 sampling ratio), this comes to 10 × 5 × 3 = 150 𝑠𝑎𝑚𝑝𝑙𝑒𝑠. For the 

input voltage range of +/-5V used, we can calculate the factors:  

 

 

𝐺𝐸 = 102 + (8 × 1) + (5 × 10) = 160𝑝𝑝𝑚 
 

𝑂𝐸 = 15 + (36 × 1) + 46 = 97𝑝𝑝𝑚 
 

𝑁𝑈 =
3 × 134

√150
= 32.82𝜇𝑉 

 

𝐴𝐴(𝐸𝐼𝑆) = 5 × 160 + 5 × 97 + 32.82 = 1317.82𝜇𝑉 

 

(44) 

For BIS measurements, the readings are recorded for up to three periods of the lowest 

frequency (0.01Hz) which comes to a time interval of three hundred seconds. The sampling 

frequency is usually 100kHz and therefore the number of samples in a three hundred second 
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time interval are 30,000,000. The factors 𝐺𝐸  , 𝑂𝐸 are found to be the same as in the EIS 

measurements. The only changing factor is the noise uncertainty which in this case equates to: 

 𝑁𝑈 =
3 × 134

√30 × 106
=  0.073𝜇𝑉 (45) 

thus, the absolute accuracy associated with the BIS measurements used in this thesis is:  

 

 

𝐴𝐴(𝐵𝐼𝑆) = 5 × 160 + 5 × 97 + 0.073 = 1285.073𝜇𝑉 

 

(46) 

i. Noise uncertainty variation with sample size for experiments 

The relationship between the noise uncertainty and the number of samples chosen for the 

recording is shown in Figure 3-20 below. It clearly shows that the higher the number of 

samples, the less the magnitude of the uncertainty.  

 

 

Figure 3-20: Noise uncertainty variation with number of samples 

 

3.6 Load 

The EIS and BIS experiments were implemented using the TTI LD300 DC electronic load shown 

in Figure 3-21 with and external voltage and current control. The TTI LD300 specifications are 
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mentioned below. The TTI LD300 load was found to be capable of operating within the 0.1hz -

10kHz range that is typically required of EIS experiments.  

 

 

Figure 3-21: LD300 DC Electronic load used as the current driver for the EIS and BIS experiments 

 

3.6.1 Modes of operation 

The TTI LD300 offers five modes of operation. A constant current mode, a constant voltage 

mode, a constant resistance mode, a constant conductance mode and a constant power mode. 

There is also a remote-control mode in which the level of any of the above operating modes can 

be set externally. The input voltage range required for a full-scale level setting was 0-4V at the 

input.  

Because the experiments were to be done in galvanostatic mode, the constant current mode 

was selected and an external control voltage was used to vary the current. The internal voltage 

sensor was used as the current monitor. The internal voltage sensor gave a voltage reading 

corresponding to 50mV/Amp.  The figure below shows the connections to the analogue input 

terminal for the load. The constant current mode is implemented with the help of two parallel 
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FETs with each stage in a local current feedback loop to ensure equal power sharing.  Figure 3-

22 shows the current monitor connection and analogue control voltage connection to the load. 

 

 

Figure 3-22: Current monitor connection and analogue control voltage connection to the load 

 

3.6.2 Minimum operating voltage 

The LD300 load can draw a constant current of up to 10A for an input voltage of 500mV. With 

an input voltage of 2V the load can maintain a current of 80A. This capability demonstrated that 

the load can operate within the voltage of a standard Li-ion cell (3.7V) with currents of up to 

10A that were used in the experiments. Current measurement accuracy and resolution. 

The LD300 load meter resolution for the current measurement was specified to be 1mA on an 

8A range. This implied that for any current measurement, a 1mA adjustment would have to be 

factored in. The accuracy in setting the level for the load is specified to be +/− (0.2% +

 20𝑚𝐴). Signifying that for a constant current of 1A, the value according to the formula will 

range between 1.022A and 0.978A. 

 

3.6.3 Over discharge protection 

Because the load can draw a constant current of up to 10A for an input voltage of 0.5V, the need 

for an over discharge protection mechanism was important, to prevent the cell from over 

discharging to voltage levels below 3V. The TTI LD300 comes with an adjustable voltage drop 

out. This drop out was set to 3.0V. If the voltage at the input of the load fell to below 3.0V, the 

load current was then reduced to zero. 
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In the case that there is a significant resistance between the source and the voltage sense part 

of the load, then as the current drops, the series resistance would drop, making the voltage at 

the terminal of the load to be bigger, resulting in instability. This effect is minimized by placing 

the load as close as possible to the source (the battery). 

 

3.6.4 Slew rate adjustment 

At high frequencies, the load was required to respond to changes in the external control voltage 

frequency and adjust the current accordingly with minimal distortion on the wave form. The 

slew rate is adjustable from the terminal. The slew rate for the LD300 can be adjusted from 

8mA/ms to 2500A/ms.   

Consider the triangular wave in Figure 3-23 below. If the LD300 load is required to give a 

current with such a profile without clipping, the minimum slew rate setting can be worked out 

as below. 

 

Figure 3-23: Triangular wave for slew rate calibration. 

 
It is observed in the above graph that the current changes from +1A to -1A in 0.01 seconds. The 

maximum slope is 200A/s. Therefore, the minimum slew rate setting for the LD300 load to 

reproduce the triangular waveform without clipping is 
1−−1

0.01×10^3
=  0.2𝐴/𝑚𝑠  or 200mA/ms.   
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Figure 3-24: Sinusoidal wave for slew rate calibration 

 
For the sinusoidal wave in Figure 3-24 above, the minimum slew rate setting required on the 

LD300 was calculated as follows:  

The load would be required to adjust fast enough at points where the sinusoidal signal change 

is maximum. For the sinusoidal wave above, the steepest point is obtained when 𝑡 = 𝑛 ×
𝑇

2
 

were: 𝑇 is the period, and 𝑛 is an integer number 0, 1,2 … For simplification, we can assume 𝑛 =

0.  

We can then simplify this for any arbitrary sinusoid of amplitude A and frequency f. If the 

sinusoid is given by 𝐴 × sin (2𝜋𝑓𝑡), then it can be shown the equation for the magnitude of the 

slope of the wave form when its gradient is at its peak is given by 𝑆 = 2𝜋𝑓 × 𝐴. 

The slope for this graph at these instants is 𝑠 = 2 × 𝜋 × (0.02)= 314A/s. 

The minimum slew rate therefore would have to be 0.314A/ms to produce the above current 

profile without distortion; fifty seven percent higher than the minimum slew rate required for 

the same amplitude and frequency triangular wave.   

The maximum peak current used in the experiment is 1A, and therefore at the 2500A/ms 

setting, the maximum frequency that could be obtained for a sinusoidal signal without slew 

distortion would be 𝑓 =
𝑆

2𝜋𝐴
=

2500×103

2𝜋(1)
= 398.9𝑘ℎ𝑧, which is above the required 0.01 -10khz 

for EIS experiments.  For all experiments, the slew rate was adjusted to 2500A/ms. 
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The graph in Figure 3-25 below has been generated to show the relationship between the slew 

rate setting, the peak to peak amplitude of the excitation signal and the maximum frequency 

the load can support. 

 

 

Figure 3-25: Maximum frequency for each peak to peak current for a particular slew rate setting 

 

3.6.5 External voltage control 

In the external voltage control mode, the current level is set to be linearly proportional to the 

voltage at the remote-control input on the back panel of the load. This is how the voltage is set 

for the load. The control voltage terminal has an input impedance of 400𝑘Ω to the negative load 

terminal. 

 

3.7 Grounding and shielding 

Grounding and shielding of the cables was needed to minimise the noise and inductive effects 

of the signals. During experimentation, there were different ground signals, each separated 

from each other to minimize the effect of noise and coupling in the sampled signals to the ADC. 
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3.7.1 Types of ground signals in the experiments 

There are two main ground signals that were encountered. The signal ground(reference) and 

the power supply ground. 

 

i. Signal ground 

These were the ground reference signals that were coming from the battery from the voltage 

and current measurement signals. Each of these were kept separate from the other and none of 

them were mixed. When connected to the ADC, the grounded source signal setting was applied 

to them, to ensure the ground selected was not that of the ADC power supply which could have 

interference. The NI USB 6366 has the capability of choosing which ground reference signal 

should be used. By moving the slider, one can switch from a free source (which means the ADC 

power supply will be the ground reference) and the grounded source mode (where the signal 

reference will be the ground reference for that signal). Furthermore, the cabling of the signal 

input line was twisted pair cabling. Figure 3-26 shows the grounded source setting of the NI 

USB 6366 device analog input channels. 

 

 

Figure 3-26: Grounding and connection of input signals 

 

ii. Power supply grounds 

The power supply grounds are all connected by sharing the same ring main circuit. Care was 

noted to ensure they were kept separate from the signal grounds.  
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3.7.2 Shielding and cabling 

The connectors used at the signal inputs were BNC connectors. The cables to the connectors 

were shielded over a twisted pair. These cables were chosen to minimize inductive effects noise 

as well as coupling.  
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4. SOC Measurement and Impedance 
Spectroscopy Implementation 

4.1 State of Charge Measurement 

When determining the state of charge, a combination of the open circuit voltage to determine 

the initial state of charge, and then coulomb counting was implemented. This was addressed in 

section 2.5.2. 

 

4.1.1 Initial state of charge estimation 

The main difficulty when determining the state of charge by coulomb counting is the estimation 

of the initial state of charge. A simple method for determining the initial state of charge is 

creating a look up table for each of the open circuit voltages from end of discharge 

(approximately 3.3V) to end of charge (4.2V).  Towards the end of charge voltage and end of 

discharge voltage, the terminal voltage of the cell rises and falls rapidly, enabling the observer 

to estimate the state of charge easily. Away from these voltages, the voltage profile of the 

terminal voltage vs state of charge is relatively flat and therefore it is difficult to place a value 

on what the initial state of charge is, as the voltage does not rise or fall significantly for relatively 

large state of charge changes. 

The look up table for the initial state of charge was implemented with MATLAB Simulink. The 

terminal voltage from the cell was fed into the ADC channel of the dSPACE module. 

The function that converted the read open circuit voltage was:  

 𝐼𝑛𝑖𝑡𝑆𝑂𝐶 = 𝑓(𝑉𝑇) (47) 

where 𝑉𝑡 is the terminal voltage of the cell and 𝑓(𝑉𝑡) is the nonlinear relationship between the 

SOC and the terminal voltage implemented as a simple look up table. 

 

4.1.2 Integration time constant calculation 

From equation (6), if the assumption is made that the loss current is negligible and the current 

flowing is 0.5C = 10A, then we can assume that the constant current (𝐼𝑏𝑎𝑡𝑡 − 𝐼𝑙𝑜𝑠𝑠) ≈ 𝐼𝑏𝑎𝑡𝑡 =
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10𝐴. The capacity of the cell is 20Ah and therefore in Ampere seconds will equate to 

20 × 3600 = 72000𝐴𝑠.  Equation (6) then becomes:  

 
𝑆𝑂𝐶𝑓𝑖𝑛𝑎𝑙 = 𝑆𝑂𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 +

10

72000
∫ 𝑑(𝑡)

𝑡

0

= 𝑆𝑂𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 +
1

7200
∫ 𝑑(𝑡)

𝑡

0

 

 

(48) 

4.1.3 Laplace transformation 

To implement the integration in MATLAB, the Laplace transform was applied to the integral 

and the result of the SOC constant current discharge test were plotted. The Laplace transform 

of a time integral is: 

 ℒ {∫ 𝑔(𝑡)
𝑡

0

} =
𝐺(𝑠)

𝑠
 (49) 

Therefore, the analog signal that represents the current is multiplied by 1/s in the block 

diagram in Figure 4-1 below. 

 

4.1.4 State of charge measurement block diagram 

The block diagram showing how the state of charge measurement was implemented is shown 

in Figure 4-1 below. DS1104ADC_C5, DS1104ADC_C6 and DS1104ADC_C7 are the inputs from 

the dSPACE kit analog to digital converter ports representing channel 5, 6 and channel 7 

respectively. 

DS1104ADC_C5 was used to measure the open circuit voltage before the charging/discharging 

took place to estimate the initial state of charge. 

DS1104ADC_C6 was used to measure the current into the cell during the charging. 

 



84 

 

 

Figure 4-1: State of charge measurement block diagram 

 

4.2 EIS Implementation 

This section describes how EIS was implemented using the available hardware in the 

lab. 

 

4.2.1 Hardware connections 

The signal generator output was connected to the analog input port of the TTI LD300 via a 

standard BNC connector. The voltage out of the signal generator was calibrated to produce the 

required output current according to the TTI LD300 datasheet. 

 

4.2.2 Cell conditioning 

The cell was subjected to a constant current charging profile and thereafter a constant voltage 

profile as mentioned in previous chapters. The cell was charged with a constant current of 0.5C. 

From the step response data, shown in Figure 3-8 above, it was established the cell would take 

approximately one thousand three hundred seconds (twenty minutes) after a constant charge 

for the open circuit voltage to reach steady state. This rest period was then observed before the 

experiment was started. 
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4.2.3 Mode of operation 

The EIS was carried out in galvanostatic mode. The current was used as the excitation signal 

and the corresponding output voltage was then measured at the terminals of the cell.  

 

4.2.4 Frequency selection 

The frequencies for testing were selected based on a logarithmic scale from 0.02hz to 2kHz 

which corresponds to about 4-5 points per decade. The frequency range was chosen based on 

earlier work done in [42], [55] in performing similar EIS measurements.  

 

4.2.5 Sampling rate and cycle count 

The sampling rate was chosen with the Nyquist sampling criterion in mind. i.e. the minimum 

sampling frequency was to be twice the measured frequency. The final sampling frequency 

depended upon the frequency to be tested. The higher the frequency to be tested, the higher 

the sampling frequency, as well as the number of cycles required from which to obtain the 

magnitude response. The factor of sample frequency to the measured frequency was kept at 

ten. 
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Table 4.1: Table of frequencies, cycles and sample rates used for EIS measurement 

Frequency point Frequency (Hz) Cycle count Sample Frequency (Hz) Time (s) 

𝑓0 0.020 3 2 150.0000 

𝑓1 0.048 5 4.8 104.1667 

𝑓2 0.158 5 15.8 31.6456 

𝑓3   0.514 5 51.4 9.7276 

𝑓4 0.690 5 69 7.2464 

𝑓5 0.93 10 93 10.7722 

𝑓6 1.25 10 125 8.0000 

𝑓7 1.68 10 168 5.9689 

𝑓8 5.46 10 546 1.8326 

𝑓9 9.85 10 985 1.0155 

𝑓10 17.77 10 1777 0.5627 

𝑓11 32.07 20 3207 0.6236 

𝑓12 57.89 20 5789 0.3455 

𝑓13 104 20 10400 0.1914 

𝑓14 189 40 18900 0.2122 

𝑓15 340 40 34000 0.1176 

𝑓16 614 40 61400 0.0651 

𝑓17 1108 40 110800 0.0361 

𝑓18 2000 40 200000 0.0200 
   

Total Measurement Time(s) 332.5495119 
   

2-minute recovery period(s) 2160 
   

Total Time Taken 2492.549512  
(forty minutes) 

 

4.2.6 Excitation amplitude 

The amplitude of the excitation was adjusted at each measurement frequency so as not to 

impact the linearity of the EIS measurement, as well as to maximise signal to noise ratio as 

mentioned in [55]; i.e. the excitation amplitude was selected so as not to produce a voltage 

response of greater than 5mV at each individual frequency. 

 

4.2.7 Charge profile between measurements 

The charging profile between EIS experiments was a standard constant current - constant 

voltage profile like [56].  The current was kept to 4A during the constant current portion of the 

profile and left to drop to a minimum of 1 A in the constant voltage portion of the profile. The 

cell was then given a rest period of an hour after charging, before the EIS measurement could 
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be performed. Figure 4-2 below shows the current and terminal voltage of the cell during the 

charging period. 

 

 

Figure 4-2: Charging profile of the cell indicating the change in the battery terminal voltage 

 

4.2.8 FFT analysis 

The Fast Fourier Transform was used to analyse the measured response signal. National 

Instruments recommends an application-based approach in the selection of window functions 

for FFT based analysis. See Figure 9-1 in the appendix for the NI recommendations. For EIS, 

since there is only one sinusoidal component being detected in the output, National 

Instruments recommends a flat top window[57]. The FFT Analysis was performed in NI’s 

LabVIEW program. The block diagram is shown in  Figure 9-3.  The measured impedance and 

phase were then saved to a file and plotted, using MATLAB software. 

 

4.2.9 EIS procedure 

The flow diagram below describes the sequence in which the EIS experiments were performed. 

The cell was subjected to a constant charge and thereafter a constant voltage charge profile as 

shown in Figure 4-2. Afterwards, the cell was then left with no current being drawn for a period 

of  about twenty minutes (as calculated in section 3.3.4) for its open circuit voltage to reach 

steady state. After this procedure, the cell’s initial state of charge/open circuit voltage was 
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measured. The signals were injected one frequency at a time as shown in Table 4.1 above. The 

minimum number of cycles for which the signals were measured was three cycles, at the lowest 

frequency. At higher frequencies, more cycles had to be taken. This is because the longer the 

recording, the better the frequency resolution in the frequency domain of the FFT. The 

frequency resolution in the FFT is given by:   

 𝐹𝐹𝑇𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =  
𝑓𝑠

𝑁
 (50) 

where 𝑁 is the number of samples and  𝑓𝑠 is the sampling frequency. As can be seen from 

equation (50), the bigger the number of cycles, the more the sampling points and better the 

frequency resolution. It should also be noted that at lower frequencies i.e. below 1hz, the 

number of recording cycles was kept to a minimum for the state of charge of the cell to be 

maintained. 

For each individual frequency test, the experiment was repeated three times as shown by the 

repetition counter. The data was then analysed using FFT analysis. 
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Start

Set n = 0

Set frequency on signal 

generator to fn

Turn on TTI LD300 load and record output 

voltage signal at battery terminals for 

cycle_count/fn seconds 

Set repitition_counter = 1

repitition_counter = 

repitition_counter + 1

Wait for 2-4 

minutes

Is n=19(or total 

frequency count)?
n = n + 1

YES

END

NO

Is repitition_counter = 3?

Turn off TTI LD300 

load

YES

NO

 

Figure 4-3. Flow chart showing the EIS procedure that was implemented on the test cells 

 

4.3 BIS Implementation 

This section explains how the multisine excitation was performed. It describes how the 

multisine signals were optimised and generated before injecting them into the cells. It also 

describes the signal extraction techniques used to extract the phase and magnitude 

components of the current excitation signals from the voltage response. 

 

4.3.1 Magnitude optimization 

To optimise the magnitude spectrum of the multisine to be injected, a full EIS was performed 

on the test cell. This was done to obtain the magnitude spectra of the impedance of the cell.  This 

is shown in Figure 4-4.  
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Figure 4-4: Magnitude spectra of the cell impedance 

 
From the magnitude response, it was found that as the frequency increased, the magnitude of 

the cell’s impedance reduced. From this observation, the magnitude spectrum for the multisine 

signal to be injected was chosen to be the inverse of the magnitude spectrum of the cell. This 

was done to ensure that the higher frequency regions of the cells with a low impedance are 

sufficiently excited to improve the output signal to noise ratio as suggested in [3] and [6]. This 

is shown in Figure 4-5. Secondly, the inverse magnitude spectrum ensures that in the low 

frequency regions, i.e. the high impedance sections, the magnitude of the output voltage 

response is less than 10mV, ensuring the cell is operating within its linear region[58].    
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Figure 4-5: Magnitude spectrum of multisine signal 

 
The time representation of the optimised magnitude spectrum of the multisine signal was then 

reconstructed and is shown in Figure 4-8. The peak value of the multisine signal for the same 

number of frequencies is much less than for the un-optimised signal in Figure 4-6.  

 

4.3.2 Frequency optimization 

The frequencies were selected to be a multiple of a power of two to the base frequency 𝑓0. This 

is because the selection of frequencies in this manner removes the need for compensation and 

allows for measurement of the excitation signal within one period of the fundamental frequency 

[3]. 

 𝑓𝑛 = 𝑓0 × 2𝑛  𝑛 = 0: 𝑁 − 1 (51) 

4.3.3 Phase optimization 

As mentioned in 2.8.3, time optimization improves the crest factor of the multi-sine excitation 

signal. This then allows for more energy to be injected into the cell for a given range of 

frequencies. For the purposes of this study however, phase optimization was not applied to the 

signal. This was because results with the phase optimization did not yield a significant 

difference in the magnitude spectra from the ones with no phase optimization. This can be seen 
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with the Newman phase optimised signal in Figure 4-7 compared with the magnitude 

optimised, non-phase optimised signal in Figure 4-8. The phases for the Newman optimised 

signal were chosen according to equation (28). 

 

Figure 4-6: Non-optimised signal 

 

 

Figure 4-7: Newman phase optimised signal with inverse magnitude spectrum 
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Figure 4-8: Magnitude optimised signal with no phase optimization 

 

 

Figure 4-9: dSPACE snapshot of generated multisine together with the output voltage response 
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4.3.4 Hardware connections 

The CLP1104 dSPACE DAC port was connected to the analog input of the TTI LD300 load. The 

DAC voltage was adjusted according to the TTI LD300 datasheet to generate the required 

current. 

 

4.3.5 BIS/HCSD procedure 

The BIS and HCSD procedure required the cell to be conditioned as discussed in section 4.2.2. 

After cell conditioning, the frequencies were selected to be a power of two harmonic as 

described in 4.3.2. After magnitude optimization, the frequencies were summed up and then 

injected into the cell with the help of the dSPACE module. The recordings lasted for two to three 

periods of the lowest frequency. The spectrum was analysed accordingly. Both FFT and 

synchronous detection techniques were used to analyse the output signal. The procedure is 

shown in the flow chart in Figure 4-10 below.  

Start

Set repitition_counter = 0

Generate multisine 

signal in DSPACE

Turn on LD300 and record for t = 

3*period_of_minimum frequency

Turn off LD300 load

Is repitition_counter = 3?

YES

End

NO
repitition_counter = 

repitition_counter + 1

 

Figure 4-10: Flow diagram of the BIS/HCSD procedure 
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4.3.6 Multisine generation 

The multisine generation was subdivided into three subsystems and implemented in MATLAB 

with the aid of Simulink as shown in Figure 4-11. The Simulink blocks for each of the 

subsystems can be found in the APPENDIX. 

Sine wave 

generator 

subsystem

Frequency_1

Amplitude_1

Sine wave 

generator 

subsystem

Frequency_2

Amplitude_2

Sine wave 

generator 

subsystem

Frequency_N

Amplitude_N

DC BIAS

To ADC Channel 1 of 

DSPACE CL1104

Subsystem 1

Subsystem 2

Subsystem 3

 

Figure 4-11: Block diagram showing how the multisine signals were generated 
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4.3.7 Duration of the broadband impedance measurement techniques in 

comparison with EIS 

The broadband techniques took approximately one hundred seconds to complete. This time 

corresponds to two cycles of the lowest frequency component. This time taken for the 

broadband techniques to complete is determined by the period of the lowest frequency 

component and the number of cycles of the lowest frequency component. The time taken for 

EIS was approximately 10 minutes without accounting for the two-minute recovery time 

between two successive frequency point impedance measurements. The total time therefore 

for EIS came to approximately forty minutes as shown in Table 4.1. Because of the short 

duration of the broadband impedance measurement techniques, they can be applied to cells in 

online environments as they would be completed in a very short time span, eliminating the 

necessity of disconnecting the cell from its system or the environment under which it is 

operating. Furthermore, because broadband impedance measurements can be performed 

within one period of the lowest frequency [3], the need for a recovery time between 

measurements is eliminated. 

 

4.3.8 Signal analysis 

i. EIS/BIS 

The results from EIS and BIS were analysed according to the process shown in Figure 4-12 

below. The LabVIEW VI that implements this shown in Figure 9-3 in the APPENDIX.  

DATA 

ACQUISITION OF 

I AND v DATA

REMOVAL OF dc 

OFFSET FROM I 

AND v DATA

180 DEGREE 

PHASE SHIFT 

OF CURRENT 

SIGNAL

Windowing 

Function
FFT Analysis Peak Detector

Impedance 

Calculation
Plot spectrum

 

Figure 4-12: Signal analysis for EIS as well as BIS from LabVIEW 

 

ii. Synchronous detection 

Synchronous detection was also performed as shown in Figure 4-13 and the LabVIEW VI that 

implements this process is shown in Figure 9-2 of the Appendix. 
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Lithium Ion Cell

+ 90° 

Low Pass 

Filter

Low Pass 

Filter

Oscillator cos ω0t (input Current 

Sinusoid)
Output Voltage Sinusoid

In-phase 

component
2cos ω0t

Buffer (amplifier)

2cos ω0t

-2sin ω0t

out-phase 

component

I

Q

 

Figure 4-13: Synchronous detection schematic diagram 

 
The synchronous detection technique was used to extract both phase and magnitude 

information from the signals. From the above block diagram, we can see that the input current 

sinusoid is injected into the Li-ion cell. Its response is then multiplied by the sinusoidal 

component it was generated with and another that has been phase shifted by 90° to obtain the 

in-phase and quadrature components of the signal. The signals are then passed through a low 

pass filter. 

The input sinusoid can be represented as: 

 

 

𝐼 = 𝐼𝑎 cos(𝜔𝑡) 

 

(52) 

After passing it through the cell, the voltage response is a scaled and phase shifted version of 

the current at the input, provided the cell is operating within its linear region. To ensure the 

cell is operating within its linear region, the excitation current is kept small enough such that 

the output voltage response amplitude at each frequency point does not exceed 10mV [58]. The 

voltage response at the output in the linear region of operation of the cell is therefore given by 

the equation: 

 

 

𝑉 = 𝑘𝐼𝑎 cos(𝜔𝑡 + 𝜃) = 𝑉𝑎 cos(𝜔𝑡 +  𝜃) 

 

(53) 
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From the block diagram, it is observed that the output voltage signal is multiplied by the two 

sinusoidal components.   

To extract the in-phase component of the signal, the voltage signal is multiplied by a sinusoid 

of the same frequency and phase as was used in the current injection. A scaling factor of two is 

used. 

From the block diagram, the in-phase component is given by: 

 

 

𝑉𝑜(𝑖𝑛 𝑝ℎ𝑎𝑠𝑒) = 𝑉𝑎 cos(𝜔𝑡 + 𝜃) × 2 cos(𝜔𝑡) 

 

(54) 

From the trigonometric identity  cos 𝐴 × cos 𝐵 =
1

2
(cos(𝐴 + 𝐵) + cos(𝐴 − 𝐵)), we can express 

equation (54) as a sum of its two frequency components: 

 𝑉𝑜(𝑖𝑛 𝑝ℎ𝑎𝑠𝑒) =  2𝑉𝑎 ×
1

2
(cos(2𝜔𝑡 + 𝜃) + cos(𝜃)) (55) 

which are then passed through a low pass filter to eliminate the higher frequency component, 

leaving only the DC term: 

 𝑉𝑜(𝑖𝑛 𝑝ℎ𝑎𝑠𝑒) =  𝑉𝑎 cos 𝜃 (56) 

And similarly, to extract the quadrature component of the signal, the voltage signal is multiplied 

by a sinusoid of the same frequency but phase shifted by ninety degrees. A scaling factor of two 

was used.  

We can observe that in the block diagram, the quadrature component is given by: 

 𝑉𝑜(𝑜𝑢𝑡 𝑜𝑓 𝑝ℎ𝑎𝑠𝑒) =  𝑉𝑎 cos(𝜔𝑡 + 𝜃) × −2 sin(𝜔𝑡) (57) 

From the trigonometric identity, cos 𝐴 × sin 𝐵 =
1

2
(sin(𝐴 + 𝐵) − sin(𝐴 − 𝐵)) , we can express 

the quadrature component as an algebraic sum of its frequency components: 
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 𝑉𝑜(𝑜𝑢𝑡 𝑜𝑓 𝑝ℎ𝑎𝑠𝑒) =  𝑉𝑎 sin(2𝜔𝑡 + 𝜃) + 𝑉𝑎 sin 𝜃 (58) 

This signal is also then passed through a low pass filter to eliminate the higher frequency 

component leaving only the DC term: 

 

 

𝑉𝑜(𝑜𝑢𝑡 𝑜𝑓 𝑝ℎ𝑎𝑠𝑒) = 𝑉𝑎sin 𝜃 

 

(59) 

Trigonometrical equations were then applied to obtain both 𝑉𝑎 and 𝜃, which correspond to the 

magnitude of the voltage amplitude and the phase shift for that particular frequency. 

 

 

𝑉𝑎 = √((𝑉𝑎 sin(𝜃))2 + (𝑉𝑎 cos(𝜃))2, 

𝜃 =  tan−1
𝑉𝑎 sin 𝜃

𝑉𝑎 cos 𝜃
 

 

(60) 
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5. Experimental Results and Discussion 
5.1 EIS with SOC Variation 

Figure 5-1 shows the Nyquist plot for a variation of the SOC at a DC bias of 0.4A for the EIS 

technique. The graphs showed a general reduction in the size of the charge transfer resistance 

loop as the state of charge was increased. 

 

 

Figure 5-1: Variation of impedance spectra at different SOCs 

 

5.2 Comparison of EIS with the Broadband Techniques at Different SOC 

Figure 5-2 and Figure 5-3 showed that the impedance plots for the three impedance techniques 

compared well at a particular state of charge and DC current bias. The slight variances caused 

in impedance spectra between the broadband techniques and EIS results can be accounted for 

due to the longer time it takes to obtain the frequency impedance spectra for EIS. Both the BIS 

technique as well as the HCSD were carried out in under sixty for one cycle of the lowest 

frequency. The EIS took about ten minutes without accounting for the recovery period between 

successive frequency point impedance measurements, and forty minutes to complete when the 

recovery time is considered. 
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Figure 5-2: Variation of results from EIS, HCSD and BIS experiments at 3.66 OCV 

 

Figure 5-3: Variation of EIS, HCSD and BIS impedance plots at 4.12 OCV 
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resistance loop reduced slightly with an increase in in DC bias current.  This indicated that the 

charge transfer resistance dropped with an increase in DC Bias. This relation is shown in 

equation (18). This change in the size of the charge transfer resistance loop was not as 

prominent as the one caused by the change in SOC. The reason for this effect is that higher 

temperatures increase the value of 𝑖0 calculated using (19) and reduce the effect of DC bias on  

𝑅𝑐𝑡 in (18). At 25°C the temperature is high enough such that the effect of the DC bias on the 

charge transfer resistance is less than the effect of the change in SOC on the charge transfer 

resistance. If the temperature is reduced, the value of 𝑖0 reduces, which in turn increases the 

size of the charge transfer resistance. The increase of the size of the charge transfer resistance 

at lower temperatures due to the reduction of DC bias current becomes more evident. This 

phenomenon is explored in [26]. These results are like the ones obtained for LiFePO4 cell 

chemistry at 25°C using EIS.  

 

Figure 5-4: Variation of impedance spectra with dc bias at 3.66 OCV using EIS 

 
Both HCSD and BIS capture the variation of impedance spectra with DC Bias current at 25°C 

adequately as shown in Figure 5-4 and Figure 5-5 respectively. 
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Figure 5-5: Variation of impedance spectra with DC BIAS current at 3.66OCV using HCSD 

 
Both methods showed a slight reduction in the charge transfer resistance loop as the DC current 

is increased. This signals a reduction in the charge transfer resistance.  

 

 

Figure 5-6: Variation of impedance spectra with DC Bias at 3.66OCV using BIS 
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5.4 A Comparison of the HCSD and BIS Techniques  

The impedance spectra for BIS and HCSD was compared for different states of charge.  It was 

found that as the state of charge increased, the size of the charge transfer resistance loop 

decreased, however the HCSD technique was not capable of distinguishing between the 

impedance spectra at the higher states of charge in comparison to the BIS technique.  As shown 

in Figure 5-2 and Figure 5-3, the higher the state of charge, the lower the cell impedance and 

vice versa. Therefore, optimizing the amplitude spectrum in the BIS technique by means of the 

inverse magnitude spectrum ensures that the higher frequency regions with low impedance 

are sufficiently excited to improve the output signal to noise ratio. This reduces the uncertainty 

in the impedance frequency response at low impedance states characterised by high state of 

charge and high frequency. This is shown in Figure 5-7 and Figure 5-8 below. Furthermore, 

because of this profile, the excitation in the low frequency region where the magnitude of the 

voltage response is at its greatest is under 10mV, which is low enough for the cell to be 

operating within a linear region[58]. 

 

 

Figure 5-7: Impedance plot for Li-ion cell from HCSD experiment at different OCVs 
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Figure 5-8: Impedance plot from BIS experiment at different OCVs 

 

5.5 Concluding Remarks from Results 

• There was a general reduction in the size of the charge transfer resistance loop as the 

state of charge was increased. Since the charge-transfer resistance loop edges closer to 
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resistance at higher states of charge, as opposed to lower states of charge. Because of 

this relationship between the charge transfer resistance and SOC, it can be used to 
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measurement to be completed in a very short time span, eliminating the necessity of 

disconnecting the cell from its system or the environment under which it is operating. 

• The broadband impedance techniques could replicate the information from EIS in the 
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the lower frequency cycles in the broadband techniques means that the frequency 

resolution in the lower frequency regions of the FFT is low for the broadband signals.  

• EIS with a DC Bias is limited to frequencies greater than 1Hz as any measurements 

performed at lower frequencies result in a significant change in the state of charge of the 

cell for the required number of cycles. 
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6. Equivalent Circuit Modelling and 
Parameter Extraction 

 

A full EIS was performed on the cell to obtain the initial impedance spectra. The EIS was carried 

out at 3.75V DC and 0.4A DC Bias and at room temperature. This was done to obtain the general 

shape of the EIS curve from which the model was to be derived. A typical impedance plot is 

shown in Figure 6-1. 

By observing the EIS graph obtained, a corresponding model for the cell was derived using the 

techniques discussed in section 2.6.5.  

 

 

Figure 6-1: Typical impedance plot from EIS experiment 

 

6.1 Choice of Equivalent Circuit Model 

By observing the impedance spectrum from various measurements at different open circuit 

voltages and DC bias currents, the equivalent circuit model below was chosen. The parallel 
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𝑍𝑎𝑟𝑐 element, is shown on the impedance spectra as a loop. The equivalent circuit consisted of 

an inductor in series with a resistor and two parallel combinations of 𝑍𝑎𝑟𝑐 elements, shown in 

Figure 6-2. The 𝑍𝑎𝑟𝑐 elements represent the charge transfer resistance loop and the loop 

associated with the diffusion processes. 
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Figure 6-2: Equivalent circuit model chosen for the analysis 

 
The impedance of the above circuit can be computed as: 

 
𝑍𝑇 = 𝑗𝜔𝐿𝑆 + 𝑅𝑆 +

1

1
𝑅1

+ 𝐶𝑃𝐸1. (𝑗𝜔)𝜓1

+  
1

1
𝑅2

+ 𝐶𝑃𝐸2. (𝑗𝜔)𝜓2

 
(61) 

6.2 Parameter Extraction 

A similar procedure to the one carried out in [35] was used to extract the model parameters. 

The depression factors 𝜓1 and 𝜓2 as well as the inductance 𝐿𝑠 were fixed at 0.8, 0.6 and 

5 × 10−7𝐻 respectively, and a complex non linear least squares algorithm (see attached matlab 

script in the appendix) was used to extract the parameters from the model for each spectrum 

obtained. Figure 6-5 shows the effect  of varying the depression factor. The spectrum produced 

from the model was then compared with the measured data spectrum in a similar way to [48]. 

It was found that the model fitted well with the experimental results during the tests at different 

open circuit voltages  as shown in Figure 6-3 and Figure 6-4. 

 

Figure 6-3: Comparison of Experimental EIS with Simulated EIS Spectra from the chosen model 
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Figure 6-4: Comparison of Experimental EIS at different SOC with model simulated spectra 

 
The effect of varying the depression factor gave rise to the reduction in the size of the charge 

transfer resistance loop in the simulated spectrum. This is shown in Figure 6-5. These results 

are also depicted in [26]. 

 

Figure 6-5: Effect of varying the depression factor on simulated EIS spectrum with fixed R1, R2, Ls, CPE2 values 
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Figure 6-6: Sample representation of parameter variation representation 

 

6.4 Variation of Parameters at Different States of Charge for EIS 

Figure 6-7 shows the variation in the model parameters at different states of charge for EIS. The 

increase in SOC showed a reduction in the size of the ohmic resistance 𝑅𝑠 and a reduction in 𝑅1, 

the resistance associated with the charge transfer process, which corresponds with the findings 

arrived at by Li Rian et. al., [59] . The parameter 𝑅2 which is associated with the diffusion 

process is shown to increase whereas the generalized capacitance CPE1 remains constant. The 

generalized capacitance CPE2 is shown to increase with SOC. 

 

Figure 6-7: Variation of the different parameters with SOC from EIS experiment 
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6.5 EIS Parameter Extraction Comparison with BIS 

The results obtained by varying the state of charge and  model parameters for BIS were 

compared with EIS. The results proved to be similar for both techniques as shown in Figure 6-8 

below. 

 

Figure 6-8: Parameter comparison between EIS and BIS 
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7. Conclusions 
The purpose of this study was to compare the spectra obtained by EIS, and the broadband signal 

techniques, as well as to assess the viability of the broadband technique as an alternative 

approach to acquiring impedance spectra for Li-ion cells online. 

• The overall time required to conduct an EIS experiment indicates that it is unsuitable for 

rapid online condition monitoring, whereas Multisine approaches such as HCSD and BIS, 

allow for full impedance measurement within one period of the minimum excitation 

frequency, thus drastically reducing the measurement time and making it more suitable 

for online condition monitoring. 

• Galvanostatic EIS on Li-ion cells in the presence of a DC Bias current must be performed 

carefully so as not to alter the state of charge i.e. at low frequencies, the number of cycles 

that can be recorded is reduced. 

• The results show that the broadband impedance spectroscopy method is a suitable 

alternative to both EIS and HCSD in the determination of EIS spectra at room 

temperature. It adequately captures the variation of SOC as well as DC bias. BIS is 

suitable in applications where there is sufficient computational power for FFT analysis. 

HCSD avoids the use of performing FFT based computation; however, there is an 

additional step which requires synchronous detection and a low pass filter.  

• Since both BIS and HCSD involve summing up different frequency sinusoids separated 

by a factor which is a power of two, of the fundamental, they are faced with the problem 

of having a lower resolution especially at higher frequencies. It is worth also noting that 

though both methods can extract impedance spectra from one period of the lowest 

frequency, the impedance spectra were obtained for a minimum of three periods. This 

was to allow for the voltage response at lower frequencies to reach steady state prior to 

synchronous detection.   

• It was also shown that using BIS in combination with a parameter extraction technique, 

which was based on the non-linear least squares algorithm, online condition monitoring 

can be achieved with a relatively high level of detailed information in a short period of 

time. Cell characteristics such as internal resistance can be monitored throughout the 

cell ageing process, as explained in the literature review, and have a direct correlation 

to the state of health of the cell.  
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8. Recommendations 
As an extension of the work covered by this study, future work can involve using broadband 

techniques in: 

• The determination of cell faults, and cell failure common to Li-ion cells. 

• Full tests in an online environment which mimic a real-time load such as an electric 

vehicle that can predict state of charge. 

• Using the models of the Li-ion cell to predict run-time performance. 

• Condition monitoring of Li-ion cells at different stages of the ageing process. The cells 

can be made to undergo an accelerated ageing process, after which the impedance 

spectra in these conditions are studied. 

• Assessing the viability of these broadband impedance techniques in the characterization 

of non-Li-ion based secondary cells such as lead acid cells. 

• Assessing the different spectra obtained during varying temperature conditions. 
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9. Appendices 

9.1 Appendix A 

 

 

Figure 9-1: Recommended windowing functions based on different applications 

 

 

Figure 9-2: Synchronous detector VI MATLAB 
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Figure 9-3: Block Diagram for EIS as well as BIS measurements from LabVIEW 
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Figure 9-4: Multisine generator Simulink block diagram 

 

Figure 9-5: Subsystem 1-Multisine generation and DC Bias addition 
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Figure 9-6: Subsystem 2 
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Figure 9-7: Subsystem 3 

 

% This code implements a complex nonlinear least square fitting algorithm 

% that extracts the Rs, R1, R2, CPE1, CPE2 values from the double 

% R/Constant phase element circuit that models the CO20 Lithium-ion cells  

%written and compiled by ALFRED WALIGO  

clc 

clear  

%Model Fitting equations. 

%Z = 1j*w*L + R_s + 1./(1./R_1 + (1j*w*CPE1).^PSI1) + 1./(1./R_2 + (1j*w*CPE2).^PSI2) ;  

%This equation represents the impedance of the cell after taking into 

%consideration the RC sections 

  

%experimental data inserted here 

ZData25412BIS = [0.00260099923994224 + 0.000208382816624405i;0.00255026805921872 + 

0.000166026917215011i;0.00249035346214626 + 0.000146633595584139i;0.00243325826377292 + 

0.000140882928556127i;0.00238054078365489 + 0.000140216577004508i;0.00232404308144893 + 

0.000151870851611962i;0.00226584907871484 + 0.000171542211321020i;0.00218358595555900 + 

0.000216912776164229i;0.00206260480532903 + 0.000285960710841016i;0.00191509738022532 + 

0.000322127341674242i;0.00174520637804405 + 0.000318324831004991i;0.00154565639201208 + 

0.000225367073531633i;0.00137598143961521 + 0.000135802021139493i;0.00126360764900614 - 

0.000189018042747993i]; 

ZData25412EIS = [0.00247678190784825 + 0.000189228383060203i;0.00249608719875277 + 

0.000156683426764143i;0.00246178537821542 + 0.000144113675981064i;0.00241419680230987 + 

0.000135564743634841i;0.00236693234663531 + 0.000138824588785579i;0.00230243455676885 + 

0.000145065887777324i;0.00226653955030797 + 0.000171252640533635i;0.00217501258418184 + 

0.000218897826966413i;0.00206656236268972 + 0.000261168530099373i;0.00191812464268894 + 

0.000303581710762417i;0.00170177681851810 + 0.000299899416395575i;0.00153870535952837 + 

0.000256877045604850i;0.00132724686586336 + 0.000112426674129784i;0.00115586906824799 - 

0.000145573682606159i]; 

ZData25380EIS = [0.00270868650708506 + 0.000278830425770484i;0.00268978654940150 + 

0.000197122598041911i;0.00264237467340862 + 0.000187235374138245i;0.00256354764667598 + 

0.000167285573861104i;0.00249788669961053 + 0.000159909461598843i;0.00243784399625870 + 

0.000173357001316411i;0.00237974582130838 + 0.000210073382334101i;0.00225584728455930 + 

0.000253086998374977i;0.00212928766651217 + 0.000297714684285405i;0.00193855601776116 + 

0.000339152717815997i;0.00173351809791673 + 0.000342350703511998i;0.00155876528954193 + 

0.000264219174397449i;0.00143596054747584 + 9.34789072084517e-05i;0.00129142160070845 - 

0.000201194555651085i]; 

ZData25380BIS = [0.00282052318627838 + 0.000200867452425358i;0.00274919995523593 + 

0.000188675339958750i;0.00268727550452614 + 0.000170306020303324i;0.00262226744752020 + 

0.000163076295396792i;0.00256072882385478 + 0.000164389448199423i;0.00249586607440116 + 
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0.000179790571956574i;0.00240701610984535 + 0.000208157264934316i;0.00233041162474655 + 

0.000255108676888780i;0.00215697006056783 + 0.000340411910668696i;0.00202157018968237 + 

0.000354014236011333i;0.00183191050809758 + 0.000346182997993046i;0.00160908701959572 + 

0.000286154517373039i;0.00141563850791078 + 8.73902704228130e-05i;0.00131959488327931 - 

0.000176402348248257i]; 

ZData25366EIS = [0.00359811338428842 + 0.000238361225463617i;0.00352004520017392 + 

0.000226554050946079i;0.00341925127854104 + 0.000224967070650502i;0.00333899376321440 + 

0.000243913335511623i;0.00323572161669375 + 0.000278706674619543i;0.00313687408355896 + 

0.000334813883368001i;0.00298074766960645 + 0.000397265710727474i;0.00278685238397700 + 

0.000457144446900298i;0.00254883397452137 + 0.000495672507017860i;0.00228712159084172 + 

0.000495165425973178i;0.00201063773327990 + 0.000422892201907023i;0.00176692357478946 + 

0.000252121880343277i;0.00155767994951240 - 7.68429438845537e-05i;0.00138321925521028 - 

0.000526407154221445i]; 

ZData25366BIS = [0.00365830541137084 + 0.000237397382325146i;0.00357440966982988 + 

0.000217155502409280i;0.00349330367979407 + 0.000226928428911683i;0.00340028016917620 + 

0.000248291258172394i;0.00329533100936228 + 0.000285398522268711i;0.00316975055854178 + 

0.000343730768288990i;0.00300170108491878 + 0.000420418359253506i;0.00279205663786452 + 

0.000481868767129034i;0.00256081204814173 + 0.000531234504279071i;0.00227294522347772 + 

0.000541969669059944i;0.00199727114076171 + 0.000479399614393254i;0.00174730831117215 + 

0.000354968541857882i;0.00153514630249127 + 0.000108843143777554i;0.00139518609515305 - 

0.000312093796268636i]; 

%data 

  

%ZDATAB = [0.00347470566199850 + 0.000209240441778326i;0.00341762434317382 + 

0.000208510181837719i;0.00335756473928212 + 0.000217575262458150i;0.00327064644837243 + 

0.000241708345572594i;0.00315958112955909 + 0.000273376536636198i;0.00303233483057451 + 

0.000322588224424457i;0.00288480702546588 + 0.000379053470237449i;0.00270217181123306 + 

0.000434106252027992i;0.00248316315882277 + 0.000471960073142555i;0.00222688558333511 + 

0.000477084698382462i;0.00198561192548418 + 0.000423679058039978i;0.00171129269173576 + 

0.000277317609700457i;0.00151849334922170 - 4.10627011195643e-06i;0.00138181842163220 - 

0.000390735012045112i];  

ZDATAB = ZData25366BIS'; 

ZDATAB = conj(ZDATAB); 

ZDATAB = fliplr(ZDATAB); 

ZDATA = conj(ZDATAB); 

ZDataB = [0.00138345013214100 + 0.000144729858282000i,0.00146545315954994 + 

0.000290659658647532i,0.00163311448528264 + 0.000422972904522288i,0.00183358669934012 + 

0.000527658806429884i,0.00211442866337513 + 0.000625472963042902i,0.00232865830416469 + 

0.000647487067395816i,0.00267839540605509 + 0.000674419786796757i,0.00296056241032965 + 

0.000635495251393021i,0.00322607074865160 + 0.000528042161853106i,0.00338318147874699 + 

0.000426829101471896i,0.00350102789753206 + 0.000355196650747471i,0.00368508858002775 + 

0.000270457311509776i,0.00377553024367196 + 0.000253036319761273i,0.00384772302396648 + 

0.000252514417089876i,0.00400239040596750 + 0.000291616251637904i,0.00416738495548790 + 

0.000453615071148562i]; 

ZData = conj(ZDataB); 

wData = [2000,1108,614,340,189,104,57.89,32.07,17.77,9.85,5.46,1.68,0.514,0.158,0.93,0.048]; 

WDATA = [1310.72,655.36,327.68,163.84,81.92, 40.96, 20.48, 10.24, 5.12, 2.56, 1.28, 0.64, 0.32, 

0.16];  

L = 5*10^-7; n1 = 0.8 ;n2 = 0.6 ; 

fun = @(param,WDATA)1j.*WDATA.*L + param(1) + 1./(1./param(2) + ((1j.*WDATA).^n1.*param(3))) + 

1./(1/param(4)+((1j.*WDATA).^n2.*param(5))); 

param0 = [0.0015, 0.0012, 0.1 0.1, 20]; %Initial values specification  

w = log space(-1,3,500); 

w1 = fliplr(w);  

options = optimset('TolFun',1e-9, 'Display', 'iter', 'MaxFunEvals',10000, 'MaxIter', 1000); %non-

linear solver options  

LB= [0,0,0,0,0]; %lower bounds of the result set 

UB = param0;  

paramT = lsqcurvefit(fun,param0,WDATA,ZDATA,LB,[],options); 

Z = 1j.*w1.*L+ paramT(1) + 1./(1./paramT(2) + ((1j.*w1).^n1.*paramT(3))) + 

1./(1/paramT(4)+(1j.*w1).^n2.*paramT(5)); 

  

%plot of simulated data 

plot(conj(Z));  

hold on 

  

%plot of experimental data 

plot(ZDATAB,'r'); 
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9.2 Appendix B 

 

 

Figure 9-8: Datasheet for NCM C020 cells used for testing [53] 
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Figure 9-9: NI 6366 device specifications [54] 
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Figure 9-10: NI 6366 Analog Input specifications [54] 
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Figure 9-11: NI 6366 Analog input absolute accuracy [54] 
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Figure 9-12: QPX 1200L power supply specifications [52] 
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Figure 9-13: QPX 1200L power supply electrical characteristics [52] 
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Figure 9-14: LD300 DC electronic load [60] 



131 

 

 

Figure 9-15: LD300 DC electronic load features [60] 
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Figure 9-16: TTI DC electronic load technical specifications [60] 

 




