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ABSTRACT 

From single cells in handheld electronics to enormous packs in battery electric vehicles 

(BEV), batteries govern modern life. Lithium ion batteries (LIB) present the best available 

commercially available products for these applications; they have the highest energy densities 

and can output currents many times their capacity. But safely charging LIBs requires a slow and 

detailed process which is typically unacceptable for use in BEV and other rugged handheld 

devices; therefore, decreasing the required charging time would be greatly beneficial. Fast 

charging methods do present dangers and concerns. Unmonitored fast charging of LIBs allows 

for the potential of lithium plating where the lithium ions within the cell are converted to metallic 

lithium at the battery anode. Lithium plating can remove these ions from the charging and 

discharging process causing reductions in battery capacity. The metallic lithium structures 

formed also present the dangers of short circuit and thermal runaway. In this thesis, a charging 

protocol is developed using equivalent circuit models and experimentation with the goal of the 

elimination of lithium plating. First, equivalent models of a test cell were determined and 

validated. Then, this test cell was used to find the fast charging protocol both experimentally and 

through the use the equivalent circuit elements. Custom power electronics and software were 

then developed to implement the proposed charging protocol on commercial LIBs for 350 cycles. 

The results of this experiment show that the charging protocol did not create noticeable lithium 

plating while decreasing the charging time required by a typical constant current ï constant 

voltage (CC/CV) from 50 minutes to 29 minutes. The proposed charging protocol decreased the 

charging time without stressing the LIB beyond its set limitation.  
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INTRODUCTION 

Lithium ion batteries are widely used in portable electronics, communication devices, 

power tools, electric vehicles. Lithium ion battery (LIB) cells are the overwhelming choice for 

use in modern devices; they offer the highest volumetric and gravimetric energy density of any 

practical energy choice [1]. As LIBs can take several forms, including cylindrical, pouch, and 

coin, they are excellent for inclusion where size and mass must be minimized. The capacities of 

these devices enable portable electronics to complete previously impossible tasks and achieve 

long discharge lives.   

Charging LIBs is extremely important; the quality of the charging will contribute to several 

key aspects of battery health. Currently, the standard charging protocol for LIBs requires nearly 

2.5 hours. This is considered unacceptable for applications requiring quick charging turn-around 

times such as electric vehicles (EV) or rugged portable devices such as communications 

equipment. To allow for shorter charging times for LIBs, fast charging can be used, often 

charging beyond the manufacturerôs recommendations. Fast charging will result in shorter 

charging times but will also cause the LIB more stress and induce more degradation. One of the 

main degradation factors in LIBs is lithium plating. Lithium plating will occur when the lithium 

ions, present within the LIB, are converted to metallic lithium. The metallic lithium will form 

into dendrites which are long, thin crystalline structures. The formation of metallic lithium 

dendrites can remove cyclable lithium from the LIB and pose the threat of internal short circuit. 

These short circuits can lead to thermal runaway and dangerous fires. Therefore, in designing a 

fast charging protocol, the mitigation of lithium plating should be a driving factor.  
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 In this thesis, a fast charging protocol is proposed, simulated, and experimentally evaluated. 

This charging protocol focuses on the elimination of lithium plating during the charging process. 

First, the terminology surrounding batteries, charging, and discharging will be introduced; this 

discussion gives useful context. Then, to properly understand battery chemistry and the charge-

discharge process, LIB structure and the various chemistries will be examined and discussed; this 

includes a discussion of the charging and discharging processes. Battery pack monitoring 

methods will then be discussed; the monitored attributes will relay important information about 

battery pack state of health (SOH) and state of charge (SOC). Existing fast charging protocols 

will be examined; these methods give insight into the tradeoffs that designers make. The 

charging protocol and its motivations will then be introduced. The proposed charging protocol is 

first verified through simulation focusing on the equivalent model of a LIB  cell. To realize the 

charging protocol, a synchronous buck converter was designed, simulated, and fabricated to act 

as the charging circuit. To properly control the charger, software was designed and implemented; 

the software is responsible for implementing the charging protocol and maintaining safety 

through the process. Finally, the results of the experimental evaluation will be examined. This 

includes a review of the generated data and a destructive inspection of the experimental battery 

cell.  
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BACKGROUND AND MOTIVATION 

Battery and Charging Terminology  

 To aid in the discussion of batteries and the charge-discharge process, several terms will 

be introduced in this section. The terms to be introduced are open circuit voltage, nominal and 

cutoff voltage, power capacity and energy density, state of charge, depth of discharge, capacity 

rate, safe operating area, and cycle life. 

 Open circuit voltage (OCV) refers to the voltage potential across a battery cell or pack 

when no external load is connected. As battery cells are not ideal power sources, they feature 

some source impedance; therefore, when the battery cell is loaded, the cell voltage will drop. A 

battery cell may take tens of minutes to reach its steady state OCV after having been discharged 

[2], [3]. Time, temperature, and discharge current have great effects on the cell voltage and 

relaxation times required to reach steady state OCV [2], [3]. When considering the OCV of a 

battery cell these factors must be accurately accounted for.  

 The nominal voltage represents the voltage that the battery will function at during most of 

its discharge. The nominal voltage can easily be seen during a discharge, when the voltage of the 

cell is visualized as a function of time. The relationship can be seen in Figure 1, where the 

nominal voltage of the cell under test is 3.7 V.  
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Figure 1: Sony VTC4 discharge cell voltage as a function of time (1Ý constant resistance 

discharge). 

 

 Power capacity illustrates the power stored within a battery cell whereas energy density 

calculates the power capacity per mass or volume of a battery cell. Power capacity is calculated 

as in (1): 

ὖ  ὠ ὅ  (1) 

where Vnom is the nominal voltage and Crated is the rated capacity. Energy density can then be 

found by dividing the power capacity by either the mass to find specific energy density, 

measured in Watt-hour per kilogram, or by the volume to determine volumetric energy density, 

measured in Watt-hour per liter.  

 State of charge (SOC) and depth of discharge (DOD) provide similar information about 

capacity within a battery cell. SOC represents ñhow fullò a battery cell is whereas DOD 

illustrates how much of the cellôs capacity has been discharged. A battery charged to its full 
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capacity has 100% SOC and 0% DOD while a battery that is fully discharged will have 0% SOC 

and 100% DOD. SOC is often determined through an integrative method as seen in (2).   

Ὓὕὅὸ  Ὓὕὅ  
ρ

ὅ
Ὅ ὸὨὸ
 

 (2) 

SOCinit is the known initial SOC, Cnom is the nominal capacity, and Ibattery is the current into or 

out of the battery cell. A loss current can also be subtracted from the battery current, as not all 

current into the cell will be converted to chemical energy and some current is lost within the 

resistive elements of the cell during discharge.  DOD is also calculated using (2), but we will 

only make use of DOD during a discharging action, so the battery current, Ibattery, is assumed to 

be negative. SOC provides a large amount of information, often acting as an independent 

variable for several other aspects of a lithium ion cell. This enables researchers to understand 

how batteries change during charging and discharging.  

 Capacity rate, often shown as a number followed by a capital ñCò, denotes an input or 

output current that is then proportional to the capacity of the battery cell or pack in question. For 

example, if a 2000 mAh cell is to be charged with a maximum of 1C, then the maximum 

charging current should not exceed 2 A. This helps manufactures normalize and generalize their 

charging and discharging recommendations.  

 The safe operating area (SOA) of a battery cell defines the range that a battery should be 

operated in. In general, the SOA is defined by temperature, cell voltage, charging rate and 

discharging rate. If a cell reaches too great a temperature, expanding gasses can cause the cell to 

rupture, exposing flammable electrolyte to air. If cells operate at two low a temperature, material 

is removed from the normally reversible charge-discharge process, limiting the cellôs lifetime. 
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Operating the cell at a voltage greater than the cut-off voltage can cause thermal runaway and 

fires, while operating at too low a voltage can damage a cell such that it cannot be recharged. 

These damages include chemical instabilities and structural damage of the active materials. 

Finally, the charging and discharging rate maximums must be observed. High currents can lead 

to increasing temperatures and thermal runaway as the charge transport and diffusion within the 

cell becomes unbalanced. This leads to lithium dendrite formation, removing cyclable lithium 

ions from the process and creating the possibility of a short circuit. Keeping a cell within its SOA 

is very important in ensuring longevity and cell durability.   

 The cycle life of a cell is defined by the number of charges and discharges, known as 

cycles, that a battery can accomplish before the working capacity drops below 80% of the 

original or manufacture stated capacity. This is referred to as state of health (SOH), which 

denotes how much a battery has degraded over time by dividing the original capacity by the 

working capacity. SOH and cycle life are an important benchmarks in battery testing as a battery 

with less than 80% SOH is considered ñdeadò. This allows researchers and designers to evaluate 

their charging protocols or discharge loads over many cycles to help understand how they affect 

the long term health of the battery.   

 With the basic terms of LIBs described, the structure will now be surveyed. The structure 

of LIBs defines their functions and limitations. There are also many different materials that are 

chosen in constructing LIBs; the impact of choosing these materials will be examined as well as 

their advantages and disadvantages.  
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Lithium Ion Battery Structure Discussion 

 Lithium ion cells are made up of three main components: anode, cathode, and 

electrolyte [4], [5]. The cathode is the positive electrode, and the anode is the negative electrode. 

These two are separated by an electrolyte, which is typically a liquid [4]. Within the electrolyte, 

there is a separator. The separator is intended to isolate the two electrodes and prevent a short 

circuit, as within the LIB structure, the anode and cathode are typically only separated by a few 

millimeters. The electrolyte and separator are permeable to lithium ions, allowing them to move 

between the anode and cathode during charge and discharge [1], [5]. When a cell is in a fully 

discharged state, the lithium ions are held within the cathode as illustrated in Figure 2(a).  

 

Figure 2: Lithium ion cell structures while (a) fully discharged, (b) charging, (c) fully charged, 

and (d) discharging 
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When charging, the ions move from the cathode to the anode by way of the electrolyte, 

this is shown in Figure 2(b). As the cell reaches a fully charged state, the lithium ions have 

intercalated into the anode structure, shown in Figure 2(c) as a graphitic structure. Finally, during 

discharging, the lithium ions move back to the cathode as shown in Figure 2(d).  

These individual components will now be examined in more detail. This includes a 

survey of anode materials, a discussion of cathode materials and properties, and a description of 

the electrolyte. The solid state electrolyte will also be inspected as this is an emerging 

technology. The charge and discharge process for lithium ion cells will be described throughout.   

Anode 

 In a lithium ion cell, the anode is responsible for storing lithium ions during and after 

charging [6], [7]. A typical anode is made up of a carbon structure, usually graphitic carbon 

pasted on copper foil [5]ï[8]. The copper foil acts as a current collector [5]. The layered structure 

of graphitic carbon allows for lithium ions to intercalate into the anode and be stored. This 

intercalation forms a lithium carbon intercalation compound [7], which is a reversible process 

described by (3). 

ὼὒὭ ὼὩ ὅ ὒὭὅ (3) 

During the first charge of a lithium cell with a carbon-based anode, a solid electrolyte 

interface (SEI) layer is formed on the anode [6]. The SEI isolates the anode and electrolyte and 

contributes to cell impedance parameters [6]. The SEI layer is permeable to the lithium ions but 

can offer increasing impedance during charge and discharge if the cell is overcharged or exposed 

to extreme low temperature. It represents the main aging mechanism of the anode [6]. If a cell is 

overcharged or charged at low temperatures, lithium ions can be reduced to metallic lithium and 
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deposited at the anode interface [9], as the ions cannot instantly be inserted into the carbon 

structure [10]. This can create metallic lithium dendrites on the anode surface, destroying the SEI 

layer, removing cyclable lithium ions from the cell, and possibly causing a short circuit between 

the anode and cathode [9], [11], [12]. These phenomena are all to be avoided as they will 

decrease the lifespan of the cell and cause serious safety issues. 

During discharge, lithium ions move from the anode, through the SEI layer and 

electrolyte, back to the cathode [6]. During this process, the impedance of the SEI layer, as well 

as charge transfer resistance and resistances related to charge diffusion, will contribute to heating 

of the cell and inefficiencies. The lithium ions then intercalate into the cathode structure [9]. The 

intercalation into the cathode structure depends on the materials used to form the cathode.  

Cathode 

 Within a lithium ion cell, the cathode serves as a lithium ion donator. Lithium ions can 

intercalate and de-intercalate from the anode structure, allowing for reversable processes. [4]ï

[6]. This allows LIBs to be rechargeable. The electrode material chosen determines the nominal 

voltage potential of the cell [6]. Cathode materials vary in terms of conductivity, temperature 

stability, cost, specific and volumetric capacity, and many other qualities. Similar to the anode, 

the cathode materials are pasted on aluminum foil, which is utilized as a current collector [5]. 

Similar to SEI on the anode, a cathode electrolyte interphase (CEI) layer is also formed. The 

discussed technologies will be Lithium Cobalt Oxide (LCO), Lithium Iron Phosphate (LFP), 

Lithium Manganese Oxide (LMO), Lithium Nickel Manganese Cobalt Oxide (NMC), and 

Lithium Nickel Cobalt Aluminum Oxide (NCA). These materials are separated into three distinct 

classes illustrating their structure. The first is layered, which supports fast two-dimensional 
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lithium ion diffusion and high lithium conductivity [13]. Second are spinal structures; these 

structures enable three dimensional lithium ion diffusion, and lithium ion conduction with the 

lowest energy barrier and high stability [13]. The final class is polyanion oxides. This oxide class 

presents a higher operating voltage, nearly 5V, which is greater than simple oxides [13]. The 

previously listed cathode materials will now be examined and discussed.  

Lithium Cobalt Oxide. Lithium Cobalt Oxide (LiCoO2), or LCO, is a cathode material 

that initially enabled mass production of lithium ion cells [5]. It is included in the class of layered 

oxide cathodes [13]. It also offers structural stability and high conductivity [6], [13], this enables 

fast charging and discharging with good cyclability results [13]. This cathode is paired with a 

graphite anode [13], [14] and the practical specific capacity is limited to 140 mAh/g [6], [13]. 

LCO shows a practical volumetric capacity of 550 mAh/cm3 [15]. While LCO allowed the initial 

breakout of lithium ion cells, it struggles to keep up with cyclability of new technologies, with a 

cycle life ranging from 500-1000 cycles [14]. LCO also exhibits a low thermal stability and poor 

load capabilities [14].  

 Lithium Iron Phosphate. Lithium Iron Phosphate (LiFePO4), or LFP, is a cathode material 

chosen for its stability, high cycle life, resilience against high temperatures, and ability to handle 

overcharge [6], [14], [16]. It takes the structure of a polyanion oxide [13] and is paired with a 

graphite anode [14]. While this material is more rugged when compared to LCO, it suffers from 

a higher self-discharge, and lower electrical conductivity [7], [14], [17]. The specific capacity 

ranges from 120 ï 165 mAh/g [18] and volumetric capacity is found to be 589 mAh/cm3 [15]. 

The safety and ruggedness of this material allows it to compete with seemingly superior 
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technologies and modified versions of LFP have led to success for a technology start-up [6], 

[16]. This cathode enables cells to achieve a cycle life of about 2000 [14].  

Lithium Manganese Oxide. Lithium Manganese Oxide (typically LiMn2O4), or LMO, is a 

cathode technology selected for its low internal resistance, fast charge characteristics [12], [13], 

and price [13]. It is classified as a spinal oxide [13]. LMO is paired with a graphite anode [14] 

and considered a greener alternative to LCO [1]. When compared with LCO, LMO shows better 

fast charge and load characteristics [13], [14]. LMO suffers from poor cyclability, ranging from 

300-700 cycles [14] and lesser practical specific capacity of 120-130 mAh/g in commercialized 

cells [13], [15]. LMO offers a volumetric capacity of 596 mAh/cm3 [15]. While LMO is not 

typically used in the present, it led to an important derivative, NMC [14]. 

 Lithium Nickel Manganese Cobalt Oxide. Lithium Nickel Manganese Cobalt Oxide 

(LiNiMnCoO2), or NMC, is considered a premiere cathode technology. It is included in the 

layered oxide class [13]. It is utilized for high energy processes including EV drive trains and 

power applications [14]. It is favored for its capacity, energy density, and cyclability [14]ï[16]. 

With a specific capacity of 170 mAh/g and a volumetric capacity of 600 mAh/cm3 [15], NMC 

surpasses previously discussed technologies. NMC can also attain 1000-2000 cycles [14]. While 

the cyclability can be matched by LFP, NMC sports much higher specific and volumetric 

capacities. NMC is created by blending LMO technology with cobalt and nickel [13], [14]. 

Nickel features a high specific energy but has poor stability [13], [14]. This poor stability is 

solved using manganese, as it creates a more stable structure and assists the incorporation of 

nickel into NMC [13], [14]. NMC also shows a greater thermal stability than NCA [16]. NMC 

was the overwhelming choice of EV manufacturers in 2017 [5].  



12 

 

 Lithium Nickel Cobalt Aluminum Oxide. Lithium Nickel Cobalt Aluminum Oxide 

(LiNiCoAlO2), or NCA, is similar, in terms of performance, to NMC. It boasts strong specific 

and volumetric capacities [14], [15], but a lower cycle life and worse thermal stability [14]. This 

material has a layered structure [19]. Although NCA has the greatest specific and volumetric 

capacities, of the discussed cathode materials, with 200 mAh/g and 700 mAh/cm3 [15], its poor 

cycle life of around 500 [14] may dissuade use in EVs. Tesla is the only mainstream EV 

manufacturer relying on this technology which shows only average specific range when 

compared to several commercial EVs [5].  NCA is susceptible to thermal runaway due to 

overcharging [14]; this poor thermal stability is due to structural degradation via phase 

transformations [19].  

 Cathode Materials Summary. NCA and NMC show superior volumetric and specific 

capacities but exhibit some limitations in their requirements of rare earth metals. LFP is an 

interesting technology offering ruggedness to overcharge, thermal stability, and cheaper raw 

materials. While LMO and LCO fall short of other cathode technologies, they provided 

important steps to more advanced materials. 

Electrolyte 

The electrolyte is typically made up of lithium salts in an organic solvent [1], [6], [8]. 

Typical lithium salts such as LiPF6, LibF4, LiAsF6, LiClO4, LiCF3SO3 are used as electrolytes in 

lithium cells [6]. The inclusion of the lithium cation increases the lithium mobility of the 

electrolyte [5]. These materials are flammable and toxic, requiring attentive use of lithium ion 

cells [5], [6], [8]. LiPF6 stands out as safe and ionically conductive but can react with water to 

form hydrogen fluoride  [6]. This process takes place as the LiPF6 breaks down into LiF (s) and 
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PF5 (g) due to heating. PF5 can then react with water, an unintended impurity, to form hydrogen 

fluoride as per (4) [20]. 

ὖὊ ὌὕᴼςὌὊ ὖὊὕ (4) 

This process can be mitigated by thermally monitoring charging and discharging cells.  

Alternatively, faults can be caused by mechanical failures of the SEI layer, exposing the 

electrolyte to the cathode; this can happen at temperatures of 70°C to 100°C [8]. Other issues 

caused by external factors, such as mechanical penetration or overcharge, can result in rapid 

heating of the cell and thermal runaway, where the cathode decays releasing oxygen that recasts 

with the electrolyte. This process can easily cause dangerous fires [5], [6]. To avoid these 

failures, it is important to choose electrolytes that can withstand the different environments 

present at the electrodes, are stable within the operating temperature range, and can tolerate the 

voltages of the cell [6]. It also important to consider the formation of the SEI layer between the 

electrolyte and the anode; stabilizers can be added to improve the quality of the SEI layer [6]. 

One such stabilizer used is 2, 2-Dimethlethenylboronic acid (DEBA), which was found to be 

able to handle the volume expansion of a graphite lattice during charge,  as well as improve 

columbic efficiency, rate capability and cycling stability [21].    

 Solid State Electrolytes. As an alternative to typical liquid electrolytes, solid state 

electrolytes (SSE) have been proposed. The aim of these materials is to address several 

shortcomings of liquid electrolytes. These include possible exposure to toxic chemicals, 

mitigation of thermal runaway, and the minimization of side reactions [22]. SSEs also present the 

ability to greatly increase the energy density [22]. The conductivities of some solid materials are 

comparable with traditional electrolytes and are able to provide a greater working temperature 
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range [22]. Realizing SSE technology would allow for further minimization of portable 

technology, but several challenges are currently preventing full commercialization. SSEs suffer 

from poor interface contact with the electrodes. The interface becomes solid to solid, rather than 

solid to liquid, so the SSE cannot wet the electrodes and therefore provides a greater impedance 

[22]. This can also provide worse rate capability, coulombic efficiency, and cycle stability [22]. 

Li 7La3Zr2O12  (LLZO) based electrolytes have shown promise due to high lithium-ion 

conductivity and stability in relation to lithium metal [23]. Sadly, the LLZO based electrolyte is 

unstable in moist air and can react to generate a surface layer featuring an ultralow lithium-ion 

conductivity, but this can be mitigated in several ways as presented in Reference [23]. While 

SSE present a clear path to an exciting future technology, several factors are preventing this 

technology from reaching full scale adoption.  

 Electrolyte Survey Summary. The electrolyte layer present in lithium ion batteries 

currently present several issues. They pose fire risks if exposed to air and can violently react with 

released oxygen from the electrodes during high temperature faults. Some of these issues can be 

mitigated using a SSE, but this technology has not yet reached market maturity; therefore, liquid 

electrolytes still present the best case for practical use and experimentation. To manage the liquid 

electrolyte properly, several factors must be monitored. These include voltage potential, 

temperature, and state of charge. Monitoring these quantities will also serve to keep a healthy 

separator layer. Ensuring that these variables remain in their proper regions will grant safe 

operation of lithium ion cells.   
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Separator 

Located within the electrolyte is the solid separator, which prevents the electrodes from 

touching one another and is permeable to the lithium ions [6]. Like the electrolyte, the separator 

must be mechanically and chemically stable in the operating range of the cell [6]. When a liquid 

electrolyte is chosen, typical separator materials are microporous polyolefin and polyethylene 

(PE) [5], [6]. While this layer is permeable to lithium ions, during excessive heating, it can fail 

such that it loses its permeability, resulting in the opening of a possible short circuit acting as a 

safety element [5]. While the separator is not an electrochemically active portion of the lithium 

ion cell, it can still contribute to degradation in the cell. Low ionic conductivity can contribute to 

overpotential of the cell leading to lithium dendrite formation [24]. As with all impedances 

within the cell, decreasing their magnitude can improve cell performance [24]. This can be done 

by ensuring separator homogeneity, ensuring proper temperature range, and limiting lithium 

dendrite formation [24]. The lithium dendrites can block separator pores or enter the porous 

separator network [24]. Just as all elements of the lithium ion cell, the separator will impact 

performance. Ensuring that the cell stays within its proper operating range will solve the larger 

problems associated with separator impedance and wear.    

Cell Structure Summary 

 Cell components and structure not only dictate the operation and parameters of LIBs but 

are huge focuses for researchers. Each aspect can aid LIBs in becoming smaller and more 

efficient. Anode technologies are currently centered on graphitic materials, but some emerging 

technologies are focusing on silicon based materials with carbon additives. Cathode technologies 

are one of the main focuses in LIB research, they have a large impact on the energy density, 
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cycle life, and safe operating area. Currently NMC and NCA are the focus of EV manufactures 

as they offer the highest energy densities of the surveyed materials and the relatively high cycle 

lives. The electrolyte used in LIBs aims to have high lithium ion conductivity while remaining 

safe. The electrolyte poses a large safety risk when cells are punctured or mistreated as the 

electrolyte can react violently with moisture to cause fires. SSEs is currently being studied as an 

alternative to the typical liquid electrolyte but has not yet reached market maturity. The SSE can 

offer safer operation and the elimination of the SEI layer but suffers from solid-solid contact 

with the electrodes, offering a greater impedance than the typical liquid-solid interface. 

Contained within cells utilizing liquid electrolytes, the separator provides physical isolation 

between the anode and cathode. Just as the other components of the LIB, ensuring that the 

separator is not damaged will assist in keeping the impedance of the LIB low; this is 

accomplished by keeping the LIB within its SOA. The separator can also function as a safety 

measure when the cell begins to malfunction as it can fail such that it loses its ionic permeability, 

blocking lithium ions from moving between the electrodes.  

With the structure and theoretical cycling process of a LIB described in detail, the 

practical aspects of cell monitoring can be examined. As mentioned previously, to avoid cell 

aging and degradation, LIBs must be kept within their SOA. This requires careful consideration 

of cell SOC as this gives clear indications for the current parameters governing the LIB. As there 

are many methods of determine cell SOC, it is important to understand the advantages offered by 

each method.   
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SOC Determination Methods 

To properly fast charge LIB cells, several cell parameters must be monitored or 

calculated. These parameters include, but are not limited to, cell voltage, temperature, current, 

and SOC. Cell voltage and current will allow for SOC calculations to take place while 

temperature will ensure that the cell is within the SOA. The most important of these parameters 

is SOC, which can be determined through an integration of the current into the cell as a function 

of time plus an initial condition. The integration method is the basis for nearly all SOC 

determination techniques but offers some issues. Therefore, several other SOC calculation 

techniques have been developed and tested. These methods showcase a range of complexity and 

are not mutually exclusive. Several methods will now be described and examined. These 

methods are the open circuit voltage method, machine learning algorithms, the Kalman filter, 

Coulomb counting, and enhanced Coulomb counting.    

Open Circuit Voltage / Cell Voltage 

 Cell voltage can be utilized to determine SOC as there exists a clear relationship between 

cell voltage and SOC [1]ï[3]. Using experimental data and known battery parameters, a look-up 

table (LUT) can be developed relating cell voltage and SOC.   

The relationship between cell voltage and SOC is greatly affected by many aspects 

including, discharge load [3], cell temperature, and rest time [2]. Due to the source impedance of 

LIBs, different load currents will create different cell voltages [3]. This means that a successful 

LUT must incorporate a dependence on the discharge current to compensate for the loaded cell 

voltage at high (>5C) discharge currents [3]. Temperature also plays a role in both the cell 

voltage and the apparent discharge capacity [2], [3]. The US18650VTC4, a typical rechargeable 
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lithium ion cell and the one studied in this thesis, has a discharge capacity that shows a clear 

dependence on ambient temperature affecting a potential reliance on the cell voltage [3]. Finally, 

the cell voltage can be affected by the length of rest since either charging or discharging. 

Reference [2] shows that a cell may take 30 minutes to relax to a steady voltage after a discharge 

step and up to 600 minutes to relax to a point where the OCV to SOC relationship becomes 

precise again. Due to cell voltage dependencies on many factors, it is not a reliable indicator for 

online SOC estimation.  

Machine Learning Algorithms 

 When models of complex systems are required, machine learning techniques can be 

excellent at deciphering difficult transfer functions characteristics. As the SOC of a battery cell is 

not directly measurable, machine learning algorithms are well tooled for estimation. Using large 

sets of training and model reinforcement data, the algorithms can be trained to accurately 

estimate SOC.  

Several methods are proposed in Reference [25]. These algorithms include Artificial 

Neural Networks, Support Vector Machines, Gaussian Process Regression, Linear Regression, 

Ensemble Bagging, and Ensemble Boosting. While these methods are shown to be effective, 

several drawbacks must be noted. The first is required training data. To train the algorithms, 

large datasets are required [25]; these datasets must feature the same parameters as the system to 

be estimated. Collecting data converting all zones of operation, specifically for an EV, is 

considered nearly impossible [26]. An important aspect of SOC estimation techniques is the 

ability to estimate the SOC during operation. As machine learning algorithms require large 

amounts of computation [25], they may be disqualified from online operation [27].  



19 

 

Unscented Kalman Filter for SOC Estimation 

 Utilizing battery model parameters and closed loop estimation, the unscented Kalman 

filter (UKF) can be applied to estimate battery SOC. First, battery parameters can be determined 

experimentally. These parameters include internal battery impedance at different operating 

points as well as the OCV and SOC relationship [26]. These data will provide the basis for the 

estimation. Linear averaging can then be used to calculate several correction factors. These 

correction factors are used to control for cell resistance while current is entering or leaving the 

battery cells [26]. Using the derived parameters and correction factors, the UKF can then be 

formed and offers a closed loop method to estimate SOC [26].  

 While the UKF does offers a compelling method for estimating SOC, several factors may 

limit its performance in relation to other SOC methods. First, battery parameters must be known. 

This requires offline measurements which are not always available. Second, complex computing 

is required. While Reference [26] presents an online test, a personal computer (PC) is required 

and the sampling period is one second; these speeds are not acceptable for online monitoring. 

Kalman filtering has been shown to have O(n3) time complexity [27], requiring immense 

computing power and time. Without a powerful computing unit, online use of the UKF may not 

be possible. 

Coulomb Counting 

 Coulomb counting is a method where the current into or out of the battery cell is 

measured and then integrated over time [27], [28]. The formula for calculating the SOC is 

illustrated in (5).  
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Where SOCinit is the known initial SOC, Cnom is the nominal capacity, and Ibattery is the current 

into or out of the battery cell. A loss current can also be subtracted from the battery current, as 

not all current into the battery cell is converted to charge capacity [27]. Coulomb Counting offers 

a computationally light and relatively easy method of calculating SOC by measuring capacity in 

and out of the battery cell [27]ï[30].  

 Several complications accompany Coulomb counting. While it is computationally light, 

error easily clouds the SOC calculation. Over long periods of operation, error will begin to 

accumulate [27]. This is due to the implementation of Hall Effect sensors or current sense 

resistors; the precision of this method is limited by the physical error shown in these components 

[31]. The sample-and-hold phenomenon is also introduced. Within the system that tracks the 

battery SOC, continuous time signals are converted to discrete time signals with a sampling 

period. The current is sampled, and the computations then take place; these computations are not 

immediate. Therefore, one sample is assumed to represent a period when the current may vary 

introducing error into the system. This problem worsens with the increase of the sampling 

period. Coulomb counting on its own is not acceptable for online operation due to the 

accumulated error.  

Enhanced Coulomb Counting 

 To supplement the integration-only method of coulomb counting, the enhanced coulomb 

counting (ECC) method is utilized. This method adds one or more calibration points to the 

coulomb counting technique [27], [30]. These calibration points stem from the OCV of the cell 
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which can provide accurate calibration points if other variables are held somewhat constant 

(temperature and current out of the cell). These calibrations usually take place when the cell is 

fully charged or fully discharged as these are often known points taken from the battery 

datasheet. 

 In this thesis, the ECC method is used. This is motivated by several choices. First, the 

computing unit chosen is a microcontroller. While more complex algorithms could be 

implemented, the ECC method is fast, accurate, and produces consistent cycle-to-cycle results 

with lowered computation needs. The microcontroller will also be tasked with computing the 

required charging current in addition to monitoring cell voltage, current, and temperature so 

lowering cycles devoted to SOC calculations will benefit the other required aspects. Secondly, as 

the cell under test is charged and discharged with the same method each cycle, ECC presents the 

best estimation method. As there is no meaningful difference in the charging and discharging 

curves, there is no need to compute correction factors or to measure the cell equivalents to 

understand how the load current will affect the cell voltage. 

Existing Fast Charging Methods 

 Many fast charging methods exist currently. These methods work to improve on the 

typical constant current / constant voltage (CC/CV) method where a cell is charged at a 

predefined current level until the cell voltage reaches a cut-off. The cell is then charged at a 

constant voltage until the charging current drops below a set value. This is a slow process as the 

constant current section of the charge is often limited to 1C and the lower limit set for the 

charging current in the constant voltage section is typically set at C/10 to C/25. A typical 1C 

CC/CV charge requires 50 minutes to reach 80% SOC and 2 to 4 hours to reach 100% SOC. This 
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is often unacceptable for several reasons. CC/CV charging is slow, often requiring hours to 

complete a 1C charge. Fast charging protocols will often work to balance short charging times 

with cell heating and lithium plating, as these are the two main degradation factors in lithium ion 

cells. The methods surveyed will be pulse charging, boost charging, varying current charging, 

and multi-stage constant current charging.  

Pulse Charging 

 Pulse charging is a fast charging technique that attempts to limit lithium concentration at 

the SEI layer [10]. During a typical CC/CV charging process, the lithium concentration will 

become saturated once the cut-off voltage of the cell is reached [10]. To avoid lithium saturation 

at the anode and to shorten charging, a pulse charging technique was developed. Pulse charging 

is realized by charging cells at moderately high constant current rates for a set period, followed 

by a relaxation period. The current pulses and rest periods serve to balance the formation rate of 

the lithium at the anode surface and the diffusion of the lithium into the graphite anode [10]. The 

lithium ions can intercalate into the graphite structure, avoiding the possible formation of lithium 

dendrites. In addition to the rest times, some pulse charging approaches incorporate discharging 

pulses, which work to actively decrease the lithium concentration at the anode surface during the 

charging process [10]. An example of the pulse charging method, with integrated discharge 

pulses, is illustrated in Figure 3.  
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Figure 3: Example of charging current created during the pulse charging protocol 

 While pulse charging may offer an approach to avoid lithium plating, optimization 

toward the charging process is neglected. Incorporating rest periods in charging slows the 

charging process where a more sophisticated algorithm could avoid reaching the saturation level 

during the charging process. Continually charging at high currents, even with an incorporated 

rest, can cause the cell to reach high temperatures as thermal equilibrium may not be reached 

during the rest period, especially if the rest periods are relatively short. The incorporation of a 

discharge pulse may not only worsen the thermal performance but is energy inefficient and 

impractical to implement in a commercial battery charger.   

Boost Charging 

 Boost charging utilizes conventions similar to the typical CC/CV charging process but 

using two constant current portions and a final constant voltage portion [32]. In this fast charging 

technique, cells are charged at 4C until the cut-off voltage is reached. This portion of the charge 

contributes approximately 90% of SOC. Then the charging current is reduced to 1C, decreasing 

the cell voltage to a level below the cut-off voltage. The cell is charged at 1C until the cut-off 

voltage is reached again. The charging is then finished with a constant voltage portion for five 
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minutes [32]. The time required for the cell to reach 100% under these charging conditions is 

measured to be approximately 20 minutes [32]. The cathode material used in this study is LFP. 

Paired with a 4C constant current discharge, Reference [32] finds that the discharge capacity 

decreases by only 14% after 4500 cycles. Boost charging, as presented in Reference [32], shows 

impressive results for fast charging. An example boost charging current is illustrated in Figure 4.  

 

 

Figure 4: Example of charging current created by the boost charging protocol 

 Boost charging dictates that a cell with a low SOC be charged with a 4C charging 

current. Reference [32] presents internal resistance data as a function of SOC. These data 

illustrate a low internal resistance from 0% to 10% SOC, in the range of 5mÝ to 15mÝ, followed 

by a constant resistance from 10% to 55%, approximately 15mÝ, and then an exponentially 

increasing resistance from 50% to 100% SOC with a final value of nearly 27mÝ. These data 

were calculated during the charging of the cell using the potential across the cell and the applied 

charging current. The cell is not characterized using electrochemical impedance spectroscopy 

(EIS). Reports [11] and [29] show that the internal resistance of various lithium-ion cells is 

greater at lower SOC, below approximately 15%. Measuring the cell resistance in this way 

results in unrealistic values as the calculated resistances values will be influenced by the OCV 
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potential and fail to capture events at the electrode interface such as lithium ion diffusion. This is 

a slow electrochemical process which constitutes a significant portion of the cell impedance. Cell 

impendence measurements should not take place while charging and should be conducted using 

EIS. Due to high cell impedance at low SOC, charging with initial currents of 4C for a relatively 

long period would cause vast temperature increases in a commercial charger. This is due to a 

potential lack of ambient temperature control as described in Reference [32]. This can be 

damaging to the cell in realistic use cases.  

Varying Current Profile 

 The varying current (VC) profile focuses on the cell impedance as a function of time and 

attempts to minimize the charging time and generated heat [12]. As shown in references [11] and 

[29], cell impedance is greatest at low SOC, and shows a fairly constant profile above 15% SOC. 

To avoid generating large amounts of heat during low SOC periods, the VC profile features a 

low but increasing initial current. Once the cell has been charged past the high-impedance, low 

SOC section, the charging current reaches a peak and then begins decaying exponentially. The 

constants that determine the shape of the initial rise and subsequent exponential decay are 

calculated through an equivalent circuit and optimization choices. The derived charging current 

is capable of charging 2.2 Ah cells to 100% SOC in one hour [12]. An example charging current 

is illustrated in Figure 5.  
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Figure 5: Example of charging current created by the boost charging protocol 

While the VC method does work to avoid charge high impedance cells with high 

currents, the time taken to do so is too great for fast charging. The cell is also held close to the 

cut-off voltage for approximately 1/3 of the charging time which encourages cell aging and 

consumption of active materials [11]. The implementation of this charge protocol would also 

require measurement of cell parameters while the cell is in use to adjust the charging method to 

suit the cell health [12].   

Multi -Stage Constant Current Charging 

 Multi -stage constant current (MCC) charging is a method that features several 

descending levels of constant current charging. To calculate the discrete charging current, circuit 

modeling, experimentation, and optimization techniques were used [33]. This method presents 

higher energy efficiency, shorter charging times, and less temperature variation when compared 

to the traditional CC/CV charging [33]. An example is shown in Figure 6.  
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Figure 6: Example of charging current created by the multi-stage constant current protocol 

 

 While the MCC method may present an interesting technique for optimizing the charging 

processing, several important factors are neglected. Cells are almost immediately pushed close to 

the cut-off voltage and then continually charged with high currents. This is known to encourage 

the evaporation of the electrolyte and unwanted side reactions within the cell [11], [34] .To 

implement this charging technique, complex algorithms are required, and lithium plating is only 

briefly considered in not having a high charging current at a low SOC [33] .   

Fast Charging Methods Summary 

 Several fast charging algorithms are surveyed in this section, they include the pulse, 

Boost, VC, and MCC charging techniques. Pulse charging works to limit the lithium ion 

concentration at the anode surface by supplementing high current charging pulses with rest 

periods allowing for intercalation into the anode structure. While this method offers strong 

electrochemical results, it is impractical to implement as it is energy inefficient. Boost charging 

considers electrochemical events, and the protocol is practical to implement, but several 

considerations were not made in testing the method. This includes ideal lab settings and the 

separation of the battery under test and the charging electronics [32]. A practical fast charging 
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method must consider how implementation will take place outside of research settings. The VC 

charging protocol is considerate of cell impedance and SOC but fails to charge cells as fast as 

other presented methods. It also forces cells close to their cut-off voltages for a large portion of 

the charging time, which is detrimental to cell health. The MCC method implements discrete, 

monotonically decreasing constant current charging currents with the goal of fast charging and 

optimization. This method can produce short charging times but does not consider high cell 

impedance at low SOC and continues to charge cells with high currents close to their cut-off 

voltages.  

 There exist several options for fast charging protocols, each with their own 

disadvantages. The ideal fast charging protocol will charge cells in the shortest possible time 

while avoiding active material loss and remaining safe. This protocol must also be tested in 

realistic use cases, where the cell under test is subject to a realistic charging case including 

ambient temperatures and proximity to charging circuitry. The charging protocol studied in this 

thesis will now be introduced. The goal of this charging method is to avoid lithium plating while 

charging LIBs as quickly and safely as possible. This charging protocol will be motivated 

electrochemically, simulated, and then implemented using custom power electronics. This 

derivation and implementation offers a protocol with strong scientific evidence and a realistic 

implementation.  

  



29 

 

PROPOSED CHARGING PROTOCOL 

To avoid cell aging during fast charging, several considerations must be made: the main 

being lithium plating. Lithium plating can be avoided by keeping a small positive voltage 

between the anode and the lithium and lithium ions (Li/Li+) within the cell. A specific charging 

profile can be created and simulated such that this difference is always positive. This simulation 

utilizes the equivalent circuit model of a lithium ion cell, whose values can be measured through 

EIS. This charging current can then be measured experimentally. The difference between the 

anode and Li/Li+ is held at a small, positive voltage and the resulting charging current is 

recorded. This is done using a custom three terminal device. Once the measured current has been 

confirmed, it can be applied to commercial cells utilizing a scale factor that is determined 

through the ratio of the capacities of the custom cell and the commercial cell. To ensure that 

massive amounts of current are not forced into the battery at low SOC, the charging current is 

limited to 3C. This results in a charging protocol featuring a constant charging current until a 

fitted function calculates a charging current with a value of less than 3C.  

 This fast charging protocol presents a simple and effective method of fast charging. As 

the charging current is a function of SOC and cell parameters, it can easily be loaded onto a 

microcontroller which controls the current into the cell during charging. There is no cycle-to-

cycle variation in this method so there is no need to update the charging protocol. Utilizing a 

simple corrected integrated algorithm for calculating SOC, minimal calculations take place to 

find the SOC and then the resulting charging current. This error in SOC is corrected by utilizing 

the cell voltage to determine when the cell has reached 0% SOC.   
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 This process is optimized toward the elimination of lithium plating, which neglects 

several other issues associated with fast charging. First, the thermal effects of this fast charging 

protocols are not controlled. Reports [11] and [29] show that cell impedance is greatest at low 

SOC, so applying an initial charging current of 3C will result in Joule heating of the cell. The 

cell can reach high temperatures during this high constant current section. But, as this portion of 

the fast charge is approximately 250 seconds long, the cell does not have the opportunity to reach 

unsafe temperatures. Secondly, while this algorithm can be used to charge cells to 100% SOC, 

80% is chosen as the stop condition for charging. As the last 20% of SOC contributes a large 

amount of the charging time with only a small increase in charge capacity; this portion is not 

considered using this algorithm. These are the tradeoffs required for fast charging; cells cannot 

be charged quickly without some damage taking place. The tradeoffs between cell damage and 

fast charging must be considered.  

Derivation of Proposed Charging Protocol 

 It is known that lithium plating can only occur when the potential of the graphite anode is 

negative with respect to the Li/Li+ present within the battery cell. This potential is not directly 

measurable, so battery cells must be modified or constructed to include a third electrode, often 

referred to as the reference electrode, enabling the potential of Li/Li+  to be measurable. 

Commercial cells, which would benefit from fast charging, can be deconstructed, allowing 

researchers to build small coin-sized cells with three terminals. Using the custom three-electrode 

device, the constructed battery cell can be charged such that the potential between the third 

terminal and the anode is held above 0V. This charging current can be recorded and then scaled, 

proportional to the ratio of the capacities of each cell, from the small coin-sized cell to the 
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commercial cell. Reference [35] follows this protocol to impressive results, testing in several 

different temperature ranges and on large LIB packs. While the results are impressive, several 

features of the described algorithm limit its potential as an online and commercial charging 

method. First, a look up table (LUT) is used to calculate the charging current meaning that the 

algorithm may not generalize to cells with different anode chemistries [35]. Secondly, while this 

method aims to prevent lithium plating through the fact that the potential of the anode versus 

Li/Li+ in the cell must be kept positive and small in magnitude, no motivation for the shape of 

the charging current or its origins are offered. The curve is recorded from a coin cell experiment 

and then scaled to larger packs. Therefore, there is no way to apply this algorithm in a 

generalized way as the dependence of the charging current on cell impedance or electrochemical 

events is not captured.   

To improve upon this process, the three-electrode device can first be modeled as an 

electrical equivalent circuit using parameters found through electrochemical impedance 

spectroscopy (EIS) measurements. These parameter measurements are conducted at several 

different SOCs, as they are dependent on SOC. This simulated current gives many insights into 

the charging process and assists in confirming the charging protocol. As opposed to a look-up-

table, as presented in Reference [35], the simulated charging current provides a functional 

relationship between the SOC and the required charging current. This simulated model can also 

be simplified to resistive elements leading to a simple and easily implementable algorithm. It can 

be shown that there are only very marginal differences in the simulated current when the system 

is considered purely resistive.   
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Generating Lithium/Lithium Ion to Anode Equivalent Circuit Model 

To generate the equivalent circuit model, large amounts of experience in electrochemistry 

are required. Therefore, a post-doctoral researcher, within the Gao Lab Group, completed the 

following commercial cell deconstruction, test cell assembly, experimental data generation, 

subsequent destructive examination, and contributed technical advice and expertise. The 

experimental data includes the chosen equivalent circuit model as well as interpretation of 

electrochemical impedance spectroscopy results. The data generated and experimental results are 

the basis for the proposed fast charging protocol. Reference [36] documents portions of this work 

and is currently submitted to the Journal of Energy Storage pending review. Proof of this 

submission is included in Appendix E.   

 First, using materials from a commercial LIB, specifically the Sony US18650VTC4 

(VTC4) shown in Figure 7(a), were harvested, and used to construct the three-electrode cell. This 

includes the anode, consisting of graphite on copper foil and cathode, consisting of NMC on 

aluminum foil [36]. The commercial cell is first discharged to the discharge cut-off voltage of 

2.5V. The cell was then disassembled inside of a glovebox as shown in Figure 7(b); this allows 

for moisture and atmosphere to be controlled. The upper bounds for moisture and O2 were 0.5 

ppm and 0.1 ppm respectively. Within the glovebox, the anode and cathode were removed from 

the battery structure and immediately submerged in dimethyl carbonate (DMC) to wash them of 

electrolyte. They were then dried for 24 h inside of the glovebox. After being dried, the active 

material from the electrodes was removed using cotton swabs and N-Methyl-2-Pyrrolidone 

(NMP) and allowed to dry again for 12 h. Next, to create the coin cell sized electrodes, 12 mm 

discs were punched out inside the glove box. As opposed to fabricating the lithium reference that 
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would be placed inside of the three-electrode cell, 99.9% pure lithium rings from Sigma-Aldrich 

were used. A three-electrode split test kit from MTI was then used to house the cell. To form the 

electrolyte, 1 M lithium hexafluorophosphate (LiPF6) was dissolved in a mixture of ethylene 

carbonate (EC) and dimethyl carbonate (DMC) (v/v = 1:1) (Sigma-Aldrich, battery grade, Ó 

99.99% trace metals basis). Once completed, the test cells were rested for 24 h before any tests 

were performed [36]. The final assembled test cell is illustrated in Figure 7(c).  

 

Figure 7: (a) As-received commercial Sony 18650VTC4 lithium-ion battery. (b) Exposed after 

cell disassembly inside the glove box. (c) MTI three-electrode split cell kit and schematic of the 

cell component arrangement inside a three-electrode lithium-ion test cell [36] 

 

Electrochemical Impedance Spectroscopy 

 Before discussing the developed circuit model of the test cell, the technique used to find 

the equivalent circuit parameters should be discussed; this technique is electrochemical 

impedance spectroscopy. Electrochemical impedance spectroscopy (EIS) is a measurement 

technique used to characterize the impedance of a system at different excitation frequencies. In 

this experiment, EIS is used to measure the elements that will be used to build the eventual 

circuit model. To gather this data, small amplitude current signals are sent into the system and 
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the induced voltage is recorded. With these recorded signals, the impedance as a function of 

frequency can be calculated. This process takes place over many frequencies, typically from 

several millihertz to hundreds of kilohertz resulting in the data needed to generate both Nyquist 

and Bode plots. More often, in electrochemistry, the Nyquist plot is used to visualize the 

generated data as researchers are often familiar with the generated shapes and their 

corresponding circuit element models.  

Developing a Model of the Lithium Ion Battery Cell 

 Before any experiments were conducted on the three-electrode test cell, five initialization 

cycles took place. These cycles consisted of a CC/CV charge in the range of 2.5 V to 4.2 V, with 

a CC rate of C/5 and a cut-off of C/20 during the CV phase. The cells were also allowed a five 

minute rest period between charge and discharge. The goal of the initialization tests was to 

measure capacity, determine a known SOC, and to ensure stable operation. These initial cycles 

were performed using the LBT21084HC Arbin cycler [36].   

To then begin the EIS set-up, the Gamry Reference 3000 potentiostat/galvanostat was 

used. Two measurement modes were chosen; EIS data was recorded using two-electrode 

configuration and three-electrode configuration. The two-electrode configuration allows for EIS 

data representing the entire test cell to be captured, as the two electrodes measured are the anode 

and cathode, while the three-electrode configuration allows the EIS of the anode and cathode to 

be measured using the reference lithium electrode [36].  EIS tests were conducted with current 

amplitudes set to 5% of the cell capacity (0.05C) to attain a strong signal to noise ratio (SNR) 

and to minimize non-linearities that arise from the electrochemical events. The frequency range 
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was set to 100 kHz to 50 mHz and the EIS tests were conducted from high to low frequencies 

[36].  

As the impedances of the cell vary depending on SOC, EIS and OCV measurements must 

be performed at different SOC to accurately model the cell. The test cell was first full discharged 

to 0% SOC. The cell was then charged at CC at a C/5 rate, increasing the SOC to the 

predetermined points, and allowing for measurements. After a cell was charged to the 

predetermined SOC, a 3-hour rest took place. This 3-hour rest allows for the cell to reach steady 

state so that the OCV measurements are accurate [37].     

These EIS test data yield very important results, allowing for an equivalent circuit model 

(ECM) to be fit to the test cell. The EIS tests were conducted at 5%, 10%,  15%, 20%, 40%, 

60%, 80%, and 100% SOC. These predetermined SOC values reflect the fact that the 

characteristics of the LIB change drastically during low SOC and become steadier as the cell 

grows closer to 100% SOC. The Nyquist plot showing the impedance of the cell as measured 

from lithium reference to the graphite anode is illustrated in Figure 8(a). The shapes presented in 

the impedance spectrum allow for a specific circuit model to be fit to the test cell. This ECM is 

illustrated in Figure 8(b). Most elements used are typical circuit elements, but one unique 

element is used in this ECM. This element is the constant phase element (CPE) and is analogous 

to a capacitor but with some notable differences. While the impedance of a capacitor forces a 

phase shift of ˊ / 2, a CPE creates a phase shift of n * ˊ / 2, where is n found to be between 0.8 

and 1 [38]. The impedance of a CPE is given in (6).  

ὤ  
ρ

ὣ Ὦ‫
 (6) 
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Here, ɤ is angular frequency, Y0 and n are the parameters of the CPE. The n parameter gives 

insight into if the CPE behaves more like a resistor or capacitor. The CPE also gives flexibility in 

representing electrochemical phenomenon that are not directly translatable to electric circuit 

elements [38]. The CPE can be translated to a capacitor for simulations and easier understanding, 

this is done through (7).  

ὅ  
Ὑὗ

Ὑ
 (7) 

Where R and Q are the resistance and CPE corresponding to the R-CPE network as shown in 

Figure 8b [38]. The CPE can then be interpreted as a parallel resistor-capacitor (RC) network.  

 

 

Figure 8: (a) Impedance spectra of the graphite anode measured at different SOCs during the 

charge. (b) The equivalent circuit model (ECM) used to fit the anode impedance spectra shown 

in Fig. 8(a) [36] 
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 The physical components and processes that are modeled using circuit components will 

now be discussed. First, the series resistance component (Rs) models the series resistance of the 

battery cell; this is mainly the Ohmic resistance of the anode. Then, an RC parallel network is 

used to model the SEI layer; the included capacitor represents the diffusion process of the 

graphite anode. Another parallel branch is used to model the charge-transfer resistance (RCT) and 

capacitances (referred to as the double layer (DL) capacitance). Series with RCT, a parallel 

inductor-resistor network is used to model the inductive behavior present in the impedance 

spectrum [36]. The origin of this inductance is thought to originate mostly in the electrolyte of 

the cell, but many more cell elements may contribute to this inductive behavior [37]. Finally, two 

parallel R-CPE (R1C1 and R2C2) networks are used to model the Warburg impedance which is 

related to the lithium diffusion process [37]. Many of these branches can be combined in series 

to better approximate the LIB but it is advantageous to choose fewer to ease the required 

calculations. Using the developed circuit and EIS results, SOC-dependent circuit element 

parameters can be assigned to the ECM. During this process of the OCP of the cell was also 

measured. These results are given below in Table 1. 
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Table 1: Element values according to SOCs obtained after fitting the anode EIS spectra of a 

small three-electrode test cell using the ECM shown in Fig. 8(b) [37] 

SOC 

(%) 

OCP 

(mV) 

RS 

(Ý) 

RSEI 

(Ý) 

CSEI 

(µF) 

RCT 

(Ý) 

CDL 

(µF) 

LL 

(mH) 

RL 

(Ý) 

R1 

(Ý) 

C1 

(F) 

R2 

(Ý) 

C2 

(F) 

5 310 2.411 3.167 58.56 12.29 529 508 4.520 23.80 1.108 0.623 0.304 

10 209 2.392 3.102 55.45 10.12 869 258 5.340 0.815 0.041 10.35 1.143 

15 160 2.396 3.139 50.47 9.088 629 141 4.021 10.71 1.100 0.341 0.597 

20 130 2.395 3.014 56.71 8.336 755 135 4.702 7.448 1.053 0.688 0.163 

40 105 2.42 3.007 51.44 7.604 577 73 3.526 0.731 0.238 7.610 1.117 

60 70 2.448 2.949 56.28 7.370 660 62 3.751 0.792 0.681 7.625 1.070 

80 56 2.439 2.809 58.78 6.656 605 118 4.606 8.834 1.407 0.847 0.891 

100 37 2.513 2.706 59.79 6.552 816 119 3.181 9.075 1.028 1.587 0.109 

 

These values were then used to build a simulation of the test cell. This simulation gives insight 

into the actions of different component models and how they can be simplified.  

Small Cell Equivalent Circuit Simulations 

 As in Reference [35], the fast charging experiment was conducted to allow for 

comparison to simulation results. Using the test cell and the Gamry Reference 3000 

potentiostat/galvanostat, a charging current was created with the goal of maintaining 10 mV 
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between the third electrode and the anode. This dataset will be compared to simulation results. 

These data are also used to model the OCV as a function of SOC, providing extremely important 

information. A function can be fit to this relationship, this fit is illustrated in Figure 9 and in (8). 

This function is directly used in simulation. 

 

Figure 9: The anode open circuit potential measured at various SOCs [36] 

ὕὅὖὛὕὅ ωτσȢςωzὛὕὅȢ  (8) 

The simulated system models the ECM between the third electrode, the Li/Li+  reference, and the 

anode. This model incorporates both the ECM as illustrated in Figure 10, and a dependent 

voltage source to model the OCV as a function of SOC.  

 

Figure 10: Electrical circuit model for predicting a fast-charging current for a LIB test cell 
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The system was simulated in MATLAB and Simulink using the Specialized Power 

Systems tool set. This tool set gives access to passive and active electrical components as well as 

controllable power sources. Resistor (R), capacitor (C), and inductor (L) circuit elements are 

represented by the Series RLC Branch which allows for any series combination of RLC circuits 

to be modeled. Controllable voltage and current sources are used to model the charging current 

and OCP. Proportional control is used to maintain the required voltage across the Li/Li+ 

terminal. This Simulink model is illustrated in Figure 11. All component values were set 

according to Table 1 and the recorded data was transferred to the MATLAB workspace for better 

visualization.  

 

Figure 11: Simulink model of ECM between Li/Li+ and anode 

 These simulated charging data were then compared to the data found experimentally with 

the physical test cell. There are several key variables that must be examined including SOC, 

charging current and charging times. These comparisons are illustrated in Figure 12 and include 

charging current as a function of SOC, charging current as a function of time, and SOC as a 

function of time. The simulation data is shown as the blue scatter points where the experimental 

data is shown as the orange line, allowing for the data to be overlain without losing any 

information. It is also important to recall that in the introduction to this chapter, it is noted that 
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the proposed charging protocol will only charge cells to 80% SOC as opposed to 100% and that 

the maximum charging current will be limited to 3C.  

 

Figure 12: (a) Simulated and experimental charging current as a function of SOC, (b) simulated 

and experimental charging current as a function of time, and (c) simulated and experimental 

SOC as a function of time 

The comparison of the experimental results illustrates that the simulation can accurately model 

the LIB and provide insight to the electrochemical processes that take place during charging.  

Elimination of Inductive and Capacitive Elements 

 While the ECM simulation shows impressive results, it includes capacitive and inductive 

elements increasing the complexity of computations required to calculate the required charging 

current. It is advantageous to attempt to remove these items to decrease the computational power 

required without compromising the accuracy of the model. This conjecture is based on the time 

constants of the different capacitive and inductive elements within the model; they are much 
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shorter than the total charging time and the charging current charges very slowly with respect to 

those same time constants. To measure the contribution of the LC components within the model, 

the current through the specific elements was recorded and compared to the parallel R elements. 

As an example, the comparison of the current through CSEI and RSEI is illustrated in Figure 13.  

 

Figure 13: Comparison of CSEI and RSEI currents as a function of time during the charging 

process 

The current through CSEI is marginal compared to the current through RSEI proving that CSEI 

contributes little to the impedance during a DC charging process. This conclusion can be reached 

for all the other capacitive elements found in the system as the comparisons are extremely 

similar if not the same. Similar findings are reached for LL and RL, but the inductor becomes a 

short-circuit removing RL from the system. The remainder of the comparisons are included in 

Appendix A.  
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 With these findings, the ECM can be condensed to include only the resistive elements, 

excluding RL. This reduction decreases the computations required to find the charging current 

and greatly simplifies the systems. The impedance of the ECM is now considered purely 

resistive as illustrated in Figure 14. The values for the various resistances, as a function of SOC, 

were given previously in Table 1.  

 

Figure 14: Purely resistive equivalent circuit model of Li/Li+ to anode 

This simplified ECM was then compared to both the previous simulation, featuring the LC 

components, and the experimental data; this comparison is illustrated in Figure 15.  
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Figure 15: (a) Complete ECM, simplified ECM, and experimental charging current as a function 

of SOC, (b) complete ECM, simplified ECM, and experimental charging current as a function of 

time, and (c) complete ECM, simplified ECM, and experimental SOC as a function of time 

This simplification of the system impedance during relatively constant charging currents clearly 

shows only marginal deviations from the more complex circuit model. It also illustrates a fast 

charging time requiring only 22.6 minutes to reach 80% SOC. The condensed model will now be 

solely used to determine the charging current for the protocol. The model based equation is given 

in (9).  

Ὅ  
ὕὅὖὛὕὅ ρπάὠ

ВὙὛὕὅ
 (9) 

 

Combining (8) and (9), (10) can be formed.  

Ὅ  
ωτσȢςωzὛὕὅȢ ρπάὠ

ВὙὛὕὅ
 (10) 
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While this equations allows for current to be calculated, the sum of the resistances is still a 

function of SOC. As the goal of this fast charging protocol is to eliminate lithium plating and 

remain easily implementable, it is advantageous to simplify the denominator of (10). To do so, 

the resistance values of the test cell were scaled, using the ratio of capacities, to the commercial 

18650 LIB. As previously noted, the sum of these resistances at their respective SOCs will 

determine the charging current. The resistance sums are listed in Table 2 and graphed as a 

function of SOC in Figure 16.   

Table 2:  Summed cell resistances as a function of SOCs calculated for the anode of commercial 

18650 LIB 

SOC (%) 5 10 15 20 40 60 80 100 

Sum of 

Resistances 

(mÝ) 

42.321 26.778 25.674 21.881 21.372 20.470 22.299 22.433 

 

 

Figure 16: Sum of cell resistances as a function of SOC 
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As the goal was to remove the dependence on SOC from the denominator in (10), a singular 

resistance value is chosen. Here, the value representing 40% SOC is chosen to represent the SOC 

spectrum and will be utilized to realize the charging current for the commercial LIB. The choice 

of cell resistance seen at 40% is an accurate representation of the cell resistances seen from 20% 

to 80% SOC. Also, as the portion of the charging curve at low SOC is limited to 3C, this will 

have little effect.  This results in (10) becoming (11).  

Ὅ ȟ  
ωτσȢςωzὛὕὅȢ ρπ άὠ

ςρȢσχς άЏ
 (11) 

With this equation finalized for the commercial LIB, hardware and software design and testing 

could begin. The required charging current, based on SOC, is known, so hardware and software 

were developed to realize this charging protocol.  

 First, the power electronics for the charging systems were developed. The topology 

chosen was a synchronous Buck converter utilizing average current control. The calculations 

required for the elements will be described, this involves ensuring the proper output of the 

charging system as well as proper component ratings. Then, control theory used for the 

synchronous Buck converter will be explained and described. Using both the calculated 

component values and derived control system, the power electronics are then simulated to ensure 

proper operation. Finally, the implementation of the charger will be discussed, this involves a 

survey of the different integrated circuits (IC) and printed circuit board (PCB) design choices 

made. The software development is then described; this description includes a survey of the 

general process flowchart governing the charging and discharging process and complications 

navigated during implementation of the charging system.   
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DEVELOPMENT AND TESTING OF CUSTOM BATTERY CYCLING HARDWARE 

 The goals of developing a fast charging system are to independently cycle the battery 

under test and emulate realistic charging cases.  

The created charging system will be able to implement the proposed charging protocol, 

discharge the cell under test, record the required data, and ensure safety throughout the process. 

This charger would have robust current control enabling the equation governing the charging 

current equation to be directly implemented. The charger also will have the ability to discharge 

the cell, utilizing constant resistance discharge, and continually record data to ensure cell health. 

The temperature of the cell will be monitored to ensure that temperatures allowing for thermal 

runaway are not reached. Temperature limits can be set such that the charger will be shut down if 

they are reached.   

The realistic charging case typically requires that the battery be somehow mechanically 

connected and physically close to the charging electronics. This enables heat transfer between 

the charging electronics and battery under charge, an interaction not described or accounted for 

in any of the surveyed fast charging methods [10], [12], [32], [33]. Heating of the battery cell can 

encourage consumption of active materials and the possibility of thermal runaway, allowing the 

charger itself to contribute to the aging of the battery under test. This relationship should be 

studied as part of the research surrounding a fast charging protocol.  

 The battery utilized in this thesis will now be introduced. This cell was chosen as it  

features NMC cathode technology, the common choice of EV manufactures, and offers 

robustness to high charging currents. Then, the calculations required for the circuit elements used 

within the charging power electronics will be discussed. These elements are then simulated in 
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MATLAB and Simulink to verify proper operation. Integrated circuit (IC) elements were then 

chosen; those choices will be explained and examined. All required elements were then placed 

on a PCB and the required connections were created; the design choices related to the PCB will 

be examined. While a single charger design was utilized to conduct experiments, another was 

developed to illustrate improvements that could be made. Both chargers will be discussed and 

compared.   

Introduction of VTC4 

 The cell utilized in this thesis is the US18650VTC4 (VTC4), a cylindrical 18650 cell 

featuring NMC cathode technology and graphitic anode technology [3]. The label 18650 

indicates that the nominal diameter is 18.00 mm, and the nominal height is 65.00 mm. This LIB 

features a nominal voltage of 3.7 V and nominal capacity of 2100 mAh resulting in a power 

capacity of 7.77 Wh [3]. With a volume of 16.54 cm3 and nominal mass of 45 g [3], the VTC4 

attains a volumetric energy density of 469.7 Wh/L and a gravimetric energy density of 172.84 

Wh/kg. The standard constant current charging rate for this cell is set at 2A, just under 1C, and a 

standard charge is listed at 2.5 h in length [3].  

Synchronous Buck Converter Introduction and Examination 

 The Buck converter is a power electronics circuit utilized as a DC-DC converter and will 

be used to implement the proposed charging protocol. There are two main topologies, the first, 

the asynchronous Buck converter shown in Figure 17, utilizes a transistor (Q) and diode (D) to 

create an alternating voltage across an inductor (L) stemming from an input DC voltage. Due to 

the relationship between the voltage across an inductor and its resulting current, a sawtooth 
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current is generated by the inductor. As the goal of a Buck converter is to output a DC voltage, 

the sawtooth current created by the inductor is then smoothed by an output capacitor (C). This 

enables the DC portion of the created induced in the inductor to be send to the load, while the 

AC portion is filtered through the output capacitor. This output voltage is a stepped down version 

of the input voltage.    

 

Figure 17: Asynchronous Buck converter topology 

The synchronous Buck converter accomplishes the same goal as the asynchronous converter but 

utilizes two transistors to create the alternating voltage across the inductor as opposed to a 

transistor and diode. This similar topology is illustrated in Figure 18. The choice to utilize two 

transistors results in more efficient operation as transistors feature only an on-resistances and 

switching loss where diodes require a forward voltage of about 2 V.   

 

Figure 18: Synchronous Buck converter topology 
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While the Buck converter is more often utilized with voltage control, it can also be designed 

such that the output current is controlled. Ideally, as power is conserved during the DC-DC 

conversion process, the Buck converter can then act as a current step-up device. This topology 

and control choice is advantageous as the charging protocol requires that current be output as a 

function of SOC.  

 To construct the required electronics, the current and voltage levels utilized in the 

charging electronics were defined. This allowed for the component current and voltage capacities 

to be calculated such that they can withstand the power levels present. First, several important 

equations governing the required values will be derived through circuit analysis. Then, 

definitions and resulting component calculations will be outlined; this includes the voltage and 

current ratings for all components and component specific parameters such as capacitance and 

inductance.    

Specifications and Calculated Elements  

 The specifications given for this power electronics circuit are given in Table 3.  

Table 3: Converter specifications for Silicon based charging system 

Specification Value 

Ὅ ȟ  10 A 

ῳὍ 20% of Ὅ ȟ  

ὠ  12 V 

ὠ  2.5 V ï 4.2 V 

Ὢ 100 kHz 
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The goal of this design was to charge the VTC4 from 0% SOC to 80% SOC; therefore, the 

output voltages and currents of this system were determined by the parameters of the VTC4. The 

VTC4 operates over the ranges of 2.5 V to 4.2 V, specifying the output voltage range for the 

converter. It was also required that the charger be able to charge the VTC4 at currents of up to 5 

C. Through experimentation, the practical capacity of the VTC4 was determined to be 

approximately 1.9 Ah. The maximum output current (Iout,max) was then chosen to be 10 A. The 

input voltage (V in) was fixed at 12V, and the switching frequency (fs) was set at 100 kHz. These 

are reasonable values for the required output voltage and power level. Finally, the inductor ripple 

current (ȹIL) was chosen to 20% of the maximum output current. Again, this is a reasonable 

choice for a converter of this power level. The inductor ripple current rating will determine the 

inductance of the inductor and therefore the physical size. Choosing 20% of the output current as 

the ripple is often a good choice in having a small output ripple current while keeping the size of 

the inductor small. 

With the specifications known, component values were then calculated. First, the Buck 

converter will  be inspected, this will consist of a multiphase circuit analysis. Then, the required 

equations will be derived through circuit analysis; these equations will be used to find the 

required component values.  

 The Buck converter operates in two phases, these are dictated by the two transistors and 

their complementary switching. These switches apply an alternating positive and negative 

voltage across the inductor. Knowing that voltage and current in an inductor are related by (12), 

this alternating voltage induces a sawtooth current in the inductor.  

ὠ ὒ
ὨὭ

Ὠὸ
 (12) 
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Here, L is the inductance in Henries. This complimentary switching can be divided into two 

main states, with a focus on the on- and off-times of the upper transistor. The on-time of the 

upper transistor is defined as the duty ratio (D) times the switching period (Ts).  The focus in this 

analysis will be on continuous conduction mode (CCM), meaning it is assumed that the inductor 

current is always greater than zero and there is some positive voltage at the output. When the 

upper switch is on, or closed, current flows from the source, through the inductor and to the 

output capacitor and load as illustrated in Figure 19.  

 

Figure 19: Analysis of TON  for upper transistor in synchronous Buck converter 

This forces the voltage across the inductor to be the difference between the input and output; as 

the input voltage is greater than the output voltage, the induced inductor current will have a 

positive slope. This is reflected in the current through the upper transistor. The positive slope 

portion of the current is then delivered to the output capacitor and load, where the AC portion of 

the current is filtered through the capacitor and the DC portion is delivered through the load. The 

circuit element specific curves are illustrated in the first column of Figure 21. This allows for 

energy to be stored in the inductor in preparation for the next state.  

After the time requested for the on state has elapsed, the upper transistor will be turned 

off, and the lower transistor will be turned on; this time is referred to as the off-time. As the 
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current through an inductance cannot change instantly, the current will continue to flow to the 

load. Figure 20 illustrates the flow of current through the system during this stage.  

 

Figure 20: Analysis of TOFF for upper transistor in synchronous Buck converter 

The voltage across the inductor is now the negative of the output voltage, as one terminal 

has been shorted to the reference point in the circuit by the lower transistor. This negative 

voltage across the inductor will generate a current with a negative slope, as per (12). Again, this 

downslope of the sawtooth current will be delivered to the output capacitor and load. The AC 

potion will be filtered through the capacitor while the DC portion is delivered to the load.    
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Figure 21: Analysis of current and voltages for specific circuit elements in the synchronous Buck 

converter 
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The circuit will continue to switch between these two states, allowing for a constant output 

current. Inspecting the inductor current, using its different stages and slopes, the output voltage 

can be found as (13).  

ὠ Ὀὠ  (13) 

While output voltage control will not be needed to implement the proposed charging protocol, 

the calculation of the duty ratio will assist in finding several component values. To determine the 

parameters required for the circuit elements, circuit analysis can be performed. The required 

parameters for the inductor, transistors, and output capacitor can be found.   

 The sawtooth shape of the inductor current is segmented into two regions, stemming from 

the on- and off-states discussed above. These two sections can give insights into the required 

inductance and current ratings. Inspecting the positive and negative portions of the inductor 

current slope, we can determine the required inductance.  

ὒ  
ὠ ρ ὈὈ

ῳὍ Ὢί
 

(14) 

 

The maximum current rating for the inductor can then be found.  

Ὅ  Ὅ ȟ  
ῳὍ

ς
 

(15) 

 

The average current required of the inductor is given as Iout,max. The voltage rating of the inductor 

is not of concern in this low voltage system.  

 Next, the parameters for the two transistors can be determined, these include root-mean-

square (RMS) current, peak current, and peak voltage. As the transistors will both conduct parts 

of the inductor current, the maximum required current for both is known and listed in (15). Then, 
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to determine the RMS current for both the transistors, the current waves presented in Figure 21 

can be utilized. The required RMS current capacity for the upper switch can be found as (16). 

Ὅ ȟ  Ὀ
Ὅ  Ὅ Ὅ  Ὅ

σ
 

(16) 

 

Similarly, the RMS current requirement can be found for the lower transistor. 

Ὅ ȟ  ρ Ὀ
Ὅ  Ὅ Ὅ  Ὅ

σ
 (17) 

Imax and Imin have previously been defined by the inductor and given specifications. The peak 

current required by the switches is governed by Imax as given in determining the inductance. The 

voltage capacities required for both transistors can be determined by circuit analysis, giving a 

required peak voltage that is equal to the input voltage.  

 Finally, the required ratings for the output capacitor can be found. As the capacitor will 

filter the AC portion of the inductor current at the output, it must be able to withstand the RMS 

value of that current as well as the output voltage. The RMS current can be determined by 

knowing ȹIL.  

Ὥȟ  
ῳὍ

ςЍσ
 

(18) 

 

As all system specifications are known, all required circuit element parameters can now 

be calculated. As the output voltage of the system is determined by the VTC4, it will be chosen 

as 3.7 V, representing the voltage that the converter will output most often. This results in a duty 

ratio of 31%. Using (14)-(18), all required parameters can be found and are listed in Table 4.  
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Table 4: Calculated component values for synchronous Buck converter 

Component Calculated Requirements 

Inductor (Inductance, Current Capacity) 12.8 µH, 10 ὃ  

Upper MOSFET (Current Capacity, Voltage 

Capacity) 

υȢτψ ὃ , 12 V 

Lower MOSFET (Current Capacity, Voltage 

Capacity) 

8.38 ὃ , 12 V 

Output Capacitor (Ripple Current Capacity, 

Voltage Capacity) 

577 mA, 4.2 V 

   

With the known parameters, circuit elements were selected to construct the required charging 

system.  

 With the discrete circuit elements required for the Buck converter selected, the required 

control was developed. As the proposed charging protocol requires that current be output as a 

function of SOC, average current control was chosen as the control mode. The control choices 

made will now be described.  

Control Theory for Synchronous Buck Converter 

 To control the Buck converter in average current mode, closed loop control is 

implemented using the inductor current. The inductor current will be sensed and compared to a 

given reference; this error can vary widely, especially during startup of the converter. To handle 

this large error a compensator is employed, enabling the system to respond in a reasonable way. 

This compensated error is then compared to a sawtooth signal to generate gating signals for the 
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transistors. When the compensated error is greater than the sawtooth signal, the upper transistor 

is gated on, and lower transistor is gated off. When the sawtooth signal is greater than the 

compensated error, the upper transistor will be turned off and the lower transistor will be turned 

on. A diagram illustrating this control topology is illustrated in Figure 22.  

 

Figure 22: Average current control scheme for synchronous Buck converter 

 The compensator chosen for this system is the Type II compensator as illustrated in 

Figure 23. The Type II compensator gives one zeros and two poles, with one pole at DC.   

 

Figure 23: General Type II error amplifier 
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The transfer function of the Type II compensator is given in (19).  

Ὄί
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 (19) 

As Cfp is known to be much smaller than Cfz, (19) can be rewritten as (20).  
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With this simplified transfer function known, the pole and zero locations can be viewed using 

(21) and (22).  
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As per Reference [39], fz1 was placed at 10 kHz, 1/10th switching frequency. The purpose of this 

zero is to increase the phase margin of the system. Then, fp2 was placed at the switching 

frequency of 100 kHz; the purpose of this pole is to attenuate noise at frequencies greater than 

the switching frequency [39]. Rf and Ri were chosen to be 1 kÝ, these choices allowed for Cfp 

and Cfz to be calculated. All values are illustrated in Table 5.  

Table 5: Calculated error amplifier component values for closed-loop average current control 

Component Value 

Rf 1 kÝ 

Ri 1 kÝ 

Cfp 159 pF 

Cfz 1.59 nF 
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The current sensing, comparator circuitry, and gating signal generation will be handled by 

specifically chosen ICs, so no calculations required for those elements.  

 With the elements required for the power electronics and feedback control circuitry 

calculated, the system can now be simulated. To do so, MATLAB and Simulink were utilized, 

which offers access to the circuit elements and the control modeling blocks required. The 

required outputs will be verified, as given in Table 3, using the calculated circuit element values.  

Simulation of Power Electronics and Feedback Control 

 The goal of simulating the charging power electronics was to ensure stability during the 

charging process and to validate the calculated component values. The charging system was built 

using Simulinkôs Specialized Power Systems toolset and libraries, while the analog control 

circuitry was modeled using control blocks from several different Simulink base libraries. The 

focus of this simulation was the stability and operation of the system at 10 A (5C) output 

currents and a current reference modeling a descending current reference from 6 A to 2 A (3C to 

1C). The 3C limit was selected as the maximum current that would be used to charge the 

commercial LIB.    

 The simulation was built using the calculated values from the previous sections. The 

system is illustrated below in Figure 24. 
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Figure 24: Simulink simulation of charging system control and power electronics 

Realistic series resistances were included for the inductor and capacitor. Current sense and gain 

blocks were used to model a current sensing resistor and differential amplifier, which will act as 

the output sensing when the circuit is realized. Several control blocks were utilized to model the 

analog feedback networks and required comparators. A MATLAB function was used to model 

the microcontroller that would provide a variable reference. The system output at 10 A (5C) will 

now be inspected to verify proper operation. A 10 A reference was provided to the system. The 

inductor, output, and reference currents are illustrated below in Figure 25.  
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Figure 25: Inductor, output, and reference current as a function of time for simulated charging 

system 

 The inductor and output current respond to the current reference quickly and accurately, 

reaching steady state in approximately 5 milliseconds as illustrated in Figure 26. This verifies the 

stable operation of the charging system at 10 A.  

 Inspecting the inductor current at steady state shows that the ripple specification of 20% 

of the output current is met; this is specified in Table 3.  

 

Figure 26: Inspection of inductor current as a function of time to ensure that ripple specification 

is met 
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Inspecting the maximum and minimum of the inductor current ripple at steady state shows that 

the system meets the required specifications. The maximum is found to be 10.94 A, which is less 

than the 11 A maximum allowed. The minimum is found to be 9.06 A, greater than the 9 A 

minimum allowed. These measurements validate the calculated inductance value. The control 

calculations are implicitly confirmed as the system is stable at the required output current. There 

is no need to quantify the results of testing the control calculations as the system can be stable at 

many combinations of the control parameters.  

 Next, the system was verified at the current levels that would be required for battery 

charging. This was done using scaled version of the charging currents generated by the earlier 

small cell simulations. The inductor current as a function of SOC is visualized in Figure 27. 

 

 

Figure 27: Output and reference current representing the proposed charging protocol as a 

function of time 
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This simulation validates the stability of the charging system at the current levels that are 

required by the proposed charging protocol. The charger can accept the function required by the 

charging protocol.  

 As the component values and stability of the charger have been verified, the charging 

system was then realized. This included choosing the required ICs required for the 

implementation of the charging power electronics and control as well as the calculation of SOC 

and data logging. These ICs were then placed on a PCB for organization and reliability. The PCB 

design choices will be explained. While one charger was utilized as the main system for 

experiments, an improved system was designed and tested. These two different versions will be 

compared.  

Realizing Power Electronics for Battery Charging: Silicon Based Version 

 As all component values were determined during design and confirmed during 

simulation, the charging electronics could now be chosen. Transistors, capacitors, and the 

inductor were chosen based on the specification and calculated values. The list of these 

components is given in Appendix C.  

 Integrated circuits were then selected that would construct the system. This included the 

pulse width modulation (PWM) controller, transistor gate driver, differential current sense 

amplifier, microcontroller unit (MCU) for implementing the charging current equation, and Hall 

effect sensor for data logging. These choices will now be briefly described.  

 PWM controllers include the compensation network required for closed loop feedback to 

be implemented, the switching frequency determination circuit, and other system protections. 

The PWM controller chosen for this system was the UC3823 from Unitrode / Texas Instruments. 
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This controller offers switching up to 1 MHz, a 50 ns propagation delay, and a wide bandwidth 

error amplifier [40].  

The UC3823 outputs a single gating signal, able to drive a single low-side transistor. To 

drive both transistors required for the synchronous Buck converter, a gate driver that accepts a 

single input and creates dual outputs was chosen. This gate driver is the IR2184 from Infineon 

Technologies. This driver can complimentarily drive the two transistors required for the 

synchronous Buck converter using a bootstrap circuit [41]. This driver also features a shutdown 

pin which will be utilized when battery cells are discharging. 

To sense the induced voltage across the sensing resistor and relay it to the UC3823, a 

differential amplifier is utilized. This amplifier is the TLC081IP from Texas Instruments which 

offers a slew rate of 19 V/µs and a bandwidth of 10 MHz [42]. Using resistors, the gain of the 

TLC081IP was set to 15 times, and a sensing resistor of 20 mÝ was selected.  

To generate the reference current based on the proposed charging current, log data, and 

manage the charging system, the MSP403FR2355 MCU was selected. This MCU features 16-bit 

architecture and a system clock capable of 24 MHz operation. This MCU also incorporates 

multiple I2C modules, digital to analog converters (DAC), analog to digital converters (ADC), 

timer modules, and 32 KB of FRAM [43]. These modules allow for the MCU to read from other 

sensors in the system using both digital and analog means and output the charging current 

reference via the DAC. 

 To measure the charging current as output by the system, a Hall effect sensor was 

utilized. The Hall effect sensor selected was the ACS717KMATR-10B-T from Allegro 

Microsystems. This Hall effect sensor allowed for bidirectional current sensing, which is 
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required for the cycling system, with a sensitivity of 132 mV/A. The output of the Hall effect 

sensor is tied to the MCU allowing for the voltage output to read directly by the on-chip ADC. 

 Several other ICs were chosen to assist in system operation, including the LM92 digital 

temperature sensor to read case battery temperature [44], the TLV2217-33KCSE3 3.3 V 

regulator to create the voltage supply for the 3.3 V rail [45], and the MIC5014YN high side gate 

driver to allow for the battery to discharge [46]. Many passive elements were selected to aid 

these ICs in their operation. All ICs were given bypass and decoupling capacitors to assist in 

noise rejection and power supply dips.  

 As mentioned previously, a discharging circuit was also designed. This circuit allows for 

the battery to be fully cycled without removal from the charging system, enabling autonomous 

cycling by the system. This system was comprised of a constant load resistance and high-side 

transistor. 

 These elements were then placed on a PCB using the EagleCAD PCB design software 

from Autodesk. Symbols and footprints were created from the component datasheets, and the 

system was assembled first as a schematic and then laid out and routed on a PCB. The finalized 

board is illustrated below in Figure 28.  
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Figure 28: Finalized PCB layout in EagleCAD for Silicon based charging system 

The unpopulated PCBs were ordered form OSHPARK, a US based board house known for their 

high quality products, and components were ordered from Digikey. Once both had been 

received, the system was assembled as illustrated in Figure 29 with several key parts identified.  

 

Figure 29: Assembled silicon based charging system 
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Several current measurement loops were included in the design. These enabled the inductor and 

output current to be measured. 

 With the charger assembled, temporary software was written to test the output range of 

the charging system. First, the current control was calibrated at constant output to ensure that the 

current requested by the microcontroller was properly output. Next, to ensure stability with an 

LIB as the load, a LIB was charged with constant current, this experimental set up is illustrated 

in Figure 30 and the results are shown in Figure 31. 

 

Figure 30: Confirmation of stability for GaN based charging system: constant current output and 

lithium ion battery as load 
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Figure 31: Oscilloscope screenshot illustrating from top to bottom: upper transistor gating signal, 

lower transistor gating signal, inductor current, output voltage for Silicon based charging system 

Then, the charging algorithm was incorporated into the test software, but the output was selected 

to be a resistive load to mitigate any initial failures. Data were formatted, written to an SD card 

using the SPI interface, and finally imported into MATLAB for visualization. This output current 

is illustrated in Figure 32.  

 

Figure 32: Silicon based charging system output current as a function of time for a resistive load 
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These data reveal several key facts. First, the charging system is working as intended; it can 

sense the output current, calculate representative SOC, and output a variable current via the 

given equation. Second, the charging time seen for this test is extremely similar to the one seen 

in the simulation of the small cell. Recall that this protocol will charge from 0% SOC to 80% 

SOC. The charging times are nearly identical, as illustrated in Figure 12, requiring around 1500 

seconds. The accuracy of the charging is verified in the coming sections, but the current focus is 

on practical operation.  

 The stability of the charging system over several cycles was investigated. This system is 

responsible for both charging and discharging commercial LIBs and must be able to complete 

many consecutive cycles. Again, test software was constructed that allowed charges and 

discharges to take place. This test software was eventually incorporated into the software used to 

conduct experiments, but this was a simpler set of instructions and logging techniques. The load 

would was an LIB. First, the cell was discharged to 2.7 V; this voltage was set as the indication 

of 0% SOC. Once this voltage was reached, the cell was then charged to 80% SOC using the 

proposed charging algorithm. Recall, the method of SOC calculation chosen for this system is 

enhanced Coulomb counting. Here, Coulomb counting is used to calculate SOC from 0% to 

80%, and the voltage of the cell is used to determine when the cell has reached 0% SOC. This 

process was repeated to create a test system that could autonomously cycle the commercial LIB. 

The charging current and the absolute value of the discharging current as illustrated in Figure 33.  
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Figure 33: Charging and absolute value of discharging current as a function of time for silicon 

based charging system 

This verified the charging systems ability to also act as a cycling system and a data logging 

system, having the ability to continuously charge and discharge the commercial LIBs while 

accurately logging the data.  

 With the capabilities of the system verified, the charging current was analyzed to ensure 

accuracy. This was done by logging the digital number calculated by the charging protocol and 

comparing to the output charging current. The reference current is set to zero during the 

discharging phase. The reference current, output current, and percent error are visualized in 

Figure 34. Note that several adjustments were made to the test software, so the constant current 

portion of the charging protocol is longer when compared to previous. This reflects the charging 

process more accurately, so slight deviations are seen from Figure 12.  
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Figure 34: (top) Reference current compared to actual output current as a function of time and 

(bottom) percent error as a function of time for Silicon based charging system 

The absolute maximum percent error seen is 5.49%, while the mean is 0.219%. The high 

maximum is indicative of noise in the system, but an impressive mean error illustrates that the 

system can accurately output the requested current. The current measurement also implicitly 

confirms the ability of the system to accurately measure discharging current. The charging time 

seen here is 28 minutes and 56 seconds; this is slightly longer than was seen in simulation. The 

difference in time has to do with non-idealities in the current sensing and logging.   

 The charging system can utilize the proposed charging protocol to generate a charging 

current, accurately output the calculated current, log the required data, and autonomously cycle a 

commercial LIB. This system is now able to begin long term cycling tests to evaluate the long 

term impacts of the proposed charging protocol.  
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 While the long term cycling experiments were conducted with the previously described 

charging system, using the lessons learned, a new charging system was developed. The goal of 

developing a new charging system was to improve on the previous design in several ways. First, 

the switching frequency aim was increased to 1 MHz, with the goal of decreasing the inductor 

ripple current. This would allow the charging system to attain lower output current currents; 

therefore, allowing the system to charge to a higher SOC. Second, there was to be a focus on 

gallium nitride (GaN) technology. The GaN technology would be utilized in the transistors and 

provides several benefits over traditional silicon (Si) technology. Another aim for this improved 

charger was to create a more commercially applicable project meaning that more surface mount 

technology would be utilized as opposed to through hole devices. The design choices and outputs 

of this second charging system will now be examined. This new version was not used in LIB 

long temp LIB cycling experiments.  

Realizing Power Electronics for Battery Charging: Gallium Nitride Based Version 

 GaN based transistors (GaN FET) offer several advantages over tradition Si based 

transistors (MOSFET). First, GaN FETs can be delivered in much smaller packages when 

compared to the traditional Si MOSFET while having comparable power ratings. The GaN FET 

chosen for the new charging system is the EPC2015C, offering a maximum drain-source voltage 

of 40 V and a maximum drain current of 53 A [47]. The Si MOSFET used in the first charging 

system, the IRFB7446PbF, features a maximum drain current of 120 A and maximum drain 

source voltage of 40 V [48]. The utilized Si MOSFET does have a greater power capacity than 

the GaN FET, but these are only individual products. Efficient Power Conversion (EPC) offers 

GaN FETs with up a maximum drain source voltage of 100 V and maximum drain current of 101 
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A in comparable packages sizes to the EPC2015C [49], rivaling the IRFB7446PbF. Regardless, 

in this application both the Si MOSFET and GaN FET exceed the required power requirements. 

In comparing the size of the IRFB7446PbF and the EPC2015C transistors, it is clear the 

advantages offered by the die GaN devices.  

 

Figure 35: Size comparison of EPC2015C and IRFB7446PbF transistors 

As GaN FETs can be offered in the illustrated die package, having similar power capacities to 

much larger Si MOSFETs, they have a key advantage. The EPC2015C also offers an on 

resistance of 4 mÝ [47] which comparable to the IRFB7446PbF which offers a typical on 

resistance of 2.6 mÝ [48]. When evaluated as a tool for efficient DC-DC conversion, GaN 

technology is also shown to outperform Si technology. For example, when evaluated as a 

transistor for a 48 V to 12 V, 120 W Buck converter operating at 1 MHz, GaN FETs were shown 

to have half the power loss of Si MOSFETs and an area-on resistance product of 4 times less 

[50].  

In developing the new, GaN based charger, the same design process required for the Si 

based charger was followed. The output voltage and current remained the same, but the 

switching frequency was greatly increased. This motivated the reuse and replacement of certain 

ICs.  
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Table 6: Converter specifications for GaN charging system 

Specification Value 

Ὅ ȟ  10 A 

ῳὍ 20% of Ὅ ȟ  

ὠ  12 V 

ὠ  2.5 V ï 4.2 V 

Ὢ 1 MHz 

 

The UC3823 PWM controller was used as this device offers a practical switching 

frequency of up to 1 MHz [40]. To determine this frequency, timing resistors and capacitors 

were used. As these values are imprecise, a switching frequency of 978 kHz was attained. As the 

limit of the UC3823 is being reached, thermal considerations will be made to enable the 

controller to operate at this frequency. 

GaN FETs require a gating volage this is less than a typical Si MOSFET [47]ï[49], so a 

new gate driving IC must be selected. The gate driver selected was the MAX8552ETB+ from 

Analog Devices Incorporated / Maxim Integrated. This device offers a switching frequency of up 

to 2 MHz, and a supply voltage of 5V which is recommended for the EPC2015C [47], [51]. It 

also enables a single input PWM signal to drive two output gating signals, which is required for 

the synchronous Buck converter [51].   

To enable current sensing and closed loop control for average current mode control, a 

new current sense amplifier was also selected. The previously selected amplifier did not have a 

sufficiently fast slew rate for 1 MHz operation. The TLV3541IDR operational amplifier from 

Texas Instruments was selected. This amplifier offer a slew rate of 150 V/µs, a vast improvement 
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on the 19 V/µs offered by the TLC081IP [42], [52]. The differential gain and sensing resistor 

values remained the same.  

The increase in frequency and increase in complexity did not affect the choice of 

microprocessor which remained the MSP403FR2355, but several considerations were made. 

With the increase in frequency, faster rise times were present in the system. This creates more 

noise, specifically on the reference line. Therefore, the MCU was given its own 3.3 V regulator 

and a decoupling capacitor was placed as close to the MCU as possible.  

While the increase in frequency would have had no effect on the choice of the Hall effect 

sensor, as the measured value is the DC output current, global stock of the original choice was 

depleted. This required the choice of a new Hall effect sensor. The TMCS1108A2 from Texas 

Instruments was selected. This sensor offers a sensitivity of 100 mV/A and outputs an analog 

voltage proportional to the sensed current [53].  

All other devices remained the same. To create a 5 V supply for the transistor gate driver, 

the LT1085CT-5#PBF-ND from Texas Instruments was used [54]. 

With all components selected, the new GaN charging system was constructed in the 

EagleCAD PCB design software. First, the new components were created; this included their 

symbols and footprints. Then, the schematic was created using the existing components. Finally, 

the footprints were laid out on a PCB and the required traces were routed. The finalized board is 

illustrated in Figure 36. Note there is an air-wire present near the bottom of the figure. This was 

an intentional choice in creating independent 3.3 V rails for the MCU and Hall effect sensor. 
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Figure 36: Finalized PCB layout in EagleCAD for GaN based charging system 

The PCB was ordered from OSHPARK and the additional required parts were ordered from 

Digikey.  Once the PCB and parts were received, the GaN charging system was assembled. The 

assembled system is illustrated in Figure 37.  

 

Figure 37: Assembled GaN based charging system 
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Heat sinks were placed on the PWM controller to enable continual operation at 978 kHz. The 

heat sinks are clearly present in the bottom half of the previous figure.  

 Just as with the previous Si based charging system, the test software was used to confirm 

the operation of this charger. The same testing procedure was followed for the GaN based 

charging system. First, a resistive load was used to verify the proper operation of the power 

electronics. Then, a LIB was charged with a constant current. Figure 38 illustrates this test set up 

and Figure 39 resulting oscilloscope measurements. 

 

Figure 38: Confirmation of stability for GaN based charging system: constant current output and 

lithium ion battery as load 
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Figure 39: Oscilloscope screenshot illustrating from top to bottom: upper transistor gating signal, 

lower transistor gating signal, inductor current, output voltage for the GaN based charging 

system 

 

Once the power electronics were verified, the charging and discharging process was tested. The 

accuracy of the charging current is illustrated in Figure 40. 

 

Figure 40: (top) Reference current compared to actual output current as a function of time and 

(bottom) percent error as a function of time for GaN based charging system 
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The mean percent error displayed by the GaN based charging system is greater than the Si based 

charger and it shows a greater percent error at lower output currents. The maximum absolute 

error is 7.93%. There are many probable sources for the error seen at lower output currents. First, 

at lower currents, the voltage sensed across the sensing resistor by the current sense amplifier is 

smaller; therefore, the signal to noise ratio is lower which enables the noise to have a greater 

impact on the system. A similar issue affects the reference voltage provided by the 

microcontroller and the analog signals being output to the MCU from the Hall effect sensors. As 

the reference becomes smaller in magnitude, it can be more easily affected by noise in the 

system.    

 While the Si charging system was used to conduct cycling experiments and the GaN 

based system was not, a comparison between the two can provide several insights into system 

design with more traditional technologies and emerging ones. The two boards will now be 

directly compared in terms of size, cost, and efficiency. 

Comparison of Inductor Ripple Current and Efficiencies 

The purpose of designing the GaN based charging system was to allow for a smaller 

output current. The smaller output current allows for the charging protocol to charge cells to 

higher SOCs before the inductor current becomes negative. Utilizing (14), the inductor ripple 

current is proportional to the switching frequency. Therefore, by increasing the frequency by ten 

times, from 100 kHz to 1 MHz, the inductor ripple current is expected to decrease by ten times.  

 First, the ripple current for the Si charging system will be inspected. To do so, the 

realistic values were measured from the charging system to reflect component values more 

accurately. The charging current was set to 3C and an approximate 1 Ý load was selected. The 
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output voltage, switching frequency, and input voltage were recorded. Using an inductance-

capacitance-resistance (LCR) meter, the practical inductance of the inductor was measured. All  

these data were recorded in Table 7.  

Table 7: Measured quantities for Silicon based charging system 

Quantity to be 

Measured 

Measured Value 

Inductance 15.4 µH 

Output Voltage 6.311 V 

Switching Frequency 102.1 kHz 

Input Voltage 12.04 V 

Using the values required in Table 7 and slightly rearranging (14), the inductor ripple current can 

be calculated and then compared to the actual value. The actual inductor current, pictured with 

the output voltage, is illustrated below in Figure 41. 

 

Figure 41: Oscilloscope screenshot illustrating from top to bottom: output voltage and inductor 

ripple current for the Silicon based charging system 
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 Using (14) and the data in Table 7, the theoretical inductor current is found to be 1.90 A. 

The ripple current was measured to be 1.738 A. This results in a percent error of 8.53%. The 

error stems from assuming ideal circuit elements when forming (14). Realistic circuit elements 

will feature series resistances and other losses. This forces (14) to be an estimation rather than a 

precise prediction.   

 Similarly, the GaN based charging system was inspected. The same load and supply 

conditions were used. The resulting data was recorded in Table 8.  

Table 8: Measured quantities for GaN based charging system 

Quantity to be 

Measured 

Measured Value 

Inductance 14.0 µH 

Output Voltage 6.297 V 

Switching Frequency 978 kHz 

Input Voltage 12.04 V 

The expected inductor current was then calculated to be 218.6 mA. The measured inductor 

current ripple was found to 308 mA as illustrated in Figure 42. Note that the x and y-axes 

remained the same between Figure 41 and 42 to illustrate the difference in switching frequency 

and inductor current ripple.  
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Figure 42: Oscilloscope screenshot illustrating from top to bottom: output voltage and inductor 

ripple current for the GaN based charging system 

 The percent error in the inductor ripple current was 40.9%. This higher error is due to the 

assumed ideal circuit elements which have an oversized effect on a much smaller ripple current.  

 To enable a future charging system to achieve charges requiring a higher SOC, the 

switching frequency was increased to lower the inductor current ripple. While a 9.57 times 

increase in frequency led to a 5.6 times decrease in inductor ripple current, the goal of lowering 

the inductor ripple current was achieved. The increase in frequency could allow for the charging 

system to output charging currents as low as 154 mA before the inductor current becomes 

negative.  

Next, the power and energy efficiencies of the Si and GaN based systems were compared. 

The power efficiencies, for both charging systems, as a function of time are compared in Figure 

43.  



84 

 

 

Figure 43: Comparison of charging system power efficiency as a function of time 

 Interestingly, efficiency does not have a strong dependence on the output power of the 

system. Note that the charging times are slightly different; this is seen constantly between cycles 

on the same charger as well and is due to sensing and noise error. The GaN system is not as 

efficient as the Si system due to higher switching loss resulting from the greater switching 

frequency. This is also reflected in the energy efficiency of the charging systems. The GaN 

system shows an energy efficiency of 83.1% during a fast charge, while the Si system shows an 

efficiency of 91.4%. This inefficiency is clear in a comparison of the temperature data recorded 

by the systems as the lost energy is converted to heat.  The temperatures during the same 

charging illustrated in Figure 43 are shown in Figure 44.  



85 

 

 

Figure 44: Comparison of charging system temperature as a function of times 

 Both charging systems illustrated a similar temperature rise and fall, but the GaN 

charging system will reach an upper temperature of nearly 42°C while the Si charging system 

will only reach 38.5°C.  

To allow the charging system to attain lower output currents, the switching frequency 

was increased. This also resulted in several consequences. First, the higher frequency GaN based 

charging system was less efficient than the Si based charging system. The decrease in efficiency 

most likely stems from increasing switching losses at higher frequencies. Second, the 

inefficiency seen in the GaN based charging system led to higher temperatures during the 

charging process. While this increase in temperature was small, it will still affect the LIB health 

over many charges. The GaN based charging system offers an alternative to the Si based system. 

It can attain lower output currents at the cost of efficiency. The Si based charging system was 

used to conduct the following experiments.  
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DEVELOPMENT OF CUSTOM BATTERY CYCLING SOFTWARE 

 With the Si based charging hardware accuracy and stability verified, software to 

implement the required charging protocol was created. Implementing the charging protocol 

included the application of the derived charging equation, sensing the required system 

parameters, ensuring safety through the cycling process, and autonomously switching between 

charging and discharging states.  

 The digital and sensing system consists of the MSP430FR2355 microcontroller, the 

ACS717KMATR-10B-T Hall effect sensor, the LM92 temperature sensor, and the required 

programming inputs and test points. This system is illustrated in Figure 45.  

 

Figure 45: High level diagram of digital and sensing systems 
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The MCU utilized the inter-integrated circuit (I2C) communication protocol to communicate 

with the temperature sensor, while using an ADC to read the information that was output by the 

Hall effect sensor. The MCU is programmed using Texas Instrumentsô Spy-Bi-Wire JTAG 

protocol.  

The MCU is responsible for several control signals that interact with the analog circuitry 

in the charging system. Utilizing general purpose input/output (GPIO), it can shut down the gate 

driver responsible for driving the transistors. This ability is extremely useful during the discharge 

phase of the charging protocol. The MCU also uses an ADC to sense the output voltage via a 

resistor divider. To output the charging current reference to the PWM controller, a DAC is 

utilized. The DAC converts the given digital number to an output voltage proportional to the 

supply voltage provided to the MCU.  

The general structure of the digital and sensing system has been described. Now, the 

software governing the MCU will be examined. This software will assist the system in meeting 

the goals as described in the introduction to this section.  

Software Flowchart Discussion 

 The software used to conduct the cycling experiments is illustrated below in Figure 46.  
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Figure 46: Charging system software flowchart 
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 A high level description of this flowchart will now be presented; then the blocks within 

the flowchart will be examined in more detail. First, initialization takes place, meaning that 

proper power is provided, and the system reverts to a known state. Then, all sensing devices and 

on-chip modules are initialized to their start-up values. To ensure that the initial SOC of the 

battery under test is known, the system will discharge the cell to 2.7 V. Recall that this voltage 

has been chosen as the point that determines 0% SOC. Once this voltage is reached, the system 

begins the charging protocol. SOC is known, so the required charging current can be calculated. 

This current is then set by providing the reference to the PWM controller. The MCU will then 

sense the output current and, using on-chip timers, calculate the SOC added in that time frame. 

This process will then repeat until the MCU calculates that the cell has reached 80% SOC, at 

which point the cell will immediately begin discharging. There is no rest between the charging 

and discharging phases. The presented blocks will now be discussed in more detail.  

Initialization 

 The initialization process handles the set up for all sensors and GPIO. First, the GPIO are 

configured; this allows them to later initialize the peripheral sensors. These involve the simple 

input and outputs used to send digital signals such as the GPIO used to shut down the transistor 

gate driver and enable the discharging circuit. Then, GPIO using their secondary and tertiary 

functions are initialized. There include I2C data lines, ADCs, and DAC. Next, variables were set 

to initial values, and several on-chip modules were initialized. The on-chip modules used include 

a timer module and several interrupt modules to handle the required measurement devices.   
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Discharging Mode 

 After all initializations have taken place, the cell under test will be discharged to set a 

known SOC. Recall that the simple corrected Coulomb counting SOC determination method 

requires a known initial condition. During the discharge, several operations are continually 

running. The battery voltage is measured and used to determine the end of discharge point. The 

discharging current is being measured but during the discharging process there is no need to 

calculate SOC, as the 0% SOC indication is found from the battery voltage. Battery temperature 

is also measured and monitored. Monitoring the battery temperature is extremely important as if 

the battery begins to enter thermal runaway, the increase in temperature can be detected and the 

battery and the discharging circuit can be disabled. These data are stored and when the storage 

variable reaches the predetermined size, the data are logged onto an SD card and the storage 

variable is cleared. Once the cell under test reaches 2.7 V, the system will set the SOC to 0% and 

enter charging mode.  

Charging Mode  

 In charging mode, the proposed charging protocol is implemented. Using the set SOC 

from the discharging process, the charging current is calculated. As this protocol requires that the 

initial charging current to be 3C, a soft start function allows the charging current to rise to 

maximum over 200 ms. The current through the cell is then measured and utilized to calculate 

the next SOC value. During this process, cell voltage and temperature are continually monitored 

to ensure safety in the process. Just as during the discharging process, the data are stored in a 

storage variable that is then written to the SD card when the predefined size is reached. The 

system will continually set the current reference using the proposed charging equation, measure 
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the output current, and calculate SOC until the SOC has reached 80%. At this point the software 

will reenter discharging mode and the process will repeat.  

Confirmation of Cycling Software and Parallel Operation 

 After the cycling software had been fully developed and incrementally tested, a multi-

cycle test was conducted to verify the proper operation of the charging system. To accompany 

the charging systems, a power supply PCB was created. This PCB housed two AC to DC 

converters; these converters were used separately for the signal and power voltage busses. It was 

desired to test several chargers at once, so this power supply PCB was created with the power 

capacity to supply six cycling systems. This system is illustrated below in Figure 47, with three  

cycling systems connected. 

 

Figure 47: Multi-cycle multi-system software testing configuration 
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The power supply is illustrated on the left side of Figure 47 and is connected to each charging 

system. Each cycling system is accompanied by an MSP-EXP430FR2355, a development kit 

used to flash and provide debug information about the MSP430FR2355 MCU in charge of each 

system.  

  The charging systems were then tested in parallel as illustrated in Figure 47. They were 

tested continuously for 7 hours which constituted 6 complete cycles for each cell, with some 

variation in final SOC of each individual cell due to slightly differing initial SOCs. It was found 

that all cycling systems were functioning according to expectations, so the data produced by the 

charging systems was extremely similar. Battery current, voltage, and temperature as a function 

of time, taken from cycling system 2, is illustrated in Figure 48.  

 

Figure 48: Battery current, voltage, and temperature as a function of time for system 2 
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The previous figure clearly illustrates that three charging systems can operate in parallel, 

properly implementing the proposed charging protocol, logging the required data, and remaining 

safe.  

 These data leads to two other interesting conclusions. First, the charging system reaches 

thermal equilibrium within two cycles. The temperatures seen during subsequent charges and 

discharges are almost identical, proving that the cycling system is thermally stable for the 

duration required by the cycling experiments. Second, the cell voltages seen during the charging 

portion of the cycle are nearly identical. This fact validates the repeatability of the SOC 

determination method as variation would be seen in the cycle to cycle cell voltage if a drift in 

SOC was present.  

Experimental Setup: Long Term Cycling 

 With hardware and software created and confirmed for the charging system, long test 

cycling could begin. To determine the validity of the proposed charging protocol, commercial 

LIBs were cycled 350 times. The previously described software and hardware were configured in 

the arrangement illustrated in Figure 47. Fresh VTC4 cells were assigned to each cycling system. 

The multi-charging cycling system was placed inside of a large steel enclosure to contain any 

fires or unexpected failures during cycling and BC type extinguisher was kept near the enclosure. 

This enclosure included a removable lid as illustrated in Figure 49.  
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Figure 49: (a) Cycling environment with closed lid and (b) cycling environment with open lid 

 To mitigate safety concerns, the cycling systems were only operated with a researcher 

present in the laboratory. This means that cycling tests were started in the morning, allowed to 

run for the duration of business hours, and then shut down when the researcher left the lab for the 

day. This incremental cycling of the cells led to noticeable notches in the data and will be 

explained as data is presented.    

 To offer a comparison to the cell undergoing the fast charging protocol, another VTC4 

from the same manufacturer was cycled for 350 cycles using the traditional 1C CC/CV charging 

method, this technique was able to attain 80% in about 50 minutes. This cycling test was 

performed using the LBT21084HC Arbin cycler. 
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ANALYSIS OF RESULTS 

 First, data pertaining to the fast charging system will be presented. This includes analysis 

of the charge and discharge capacity as a function of time, cell voltage sampled from every 50th 

cycle, temperatures achieved by the chargers during cycling and the average charging time. Next, 

the EIS measurements of the fast charged cell will be compared to that of the CC/CV charged 

cell. Finally, the fast charged and CC/CV charged cell will be destructively investigated and the 

graphite anodes will be inspected for signs of lithium plating.  

 During the process of the test, an error was encountered with charging system one. These 

errors stemmed from microprocessor and other digital IC failure. To mitigate this, the software 

governing system one was changed several time during the cycling process. Therefore, while the 

charging system was able to implement the charging protocol safely and accurately, the data 

received from system one will not be used in analysis.  

 Systems 2 and 3 were able to maintain operation through the cycling process and both 

presented similar outcomes in terms of charge and discharge capacity and maximum 

temperatures reached. Data from system 2 will be presented in analysis and data from system 3 

will be included Appendix B.   
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Cycling Results 

The charge and discharge capacities recorded from system 2 are illustrated below in 

Figure 50. 

 

Figure 50: Charge and discharge capacity as a function of cycle number 

From Figure 50, charge capacity remains very constant through the entirety of the cycling 

process. Recall, that the capacity of the VTC4 was determined to be 1.9 Ah; therefore, charging 

this cell to 80% SOC will result in a charge capacity of 1.52 Ah . This further confirms the 

repeatability and accuracy of the charging system in implementing the fast charging protocol. As 

stated previously, cycling tests were only conducted with a researcher present in the lab during 
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business hours. The stopping and restarting of the cycling process created the groupings evident 

in the discharge capacity. Notably, when the cell neared the 160 cycle mark, a jump in discharge 

capacity is noticed. The ratio of the charge capacity to the discharge capacity is called the 

Coulombic efficiency, and at this point the Coulombic efficiency becomes greater than 1. This 

means that the cell was discharging more capacity than was being input. As this is not possible, a 

system error occurred at this point as the discharge capacity jumps up by several milliamp hours 

and remains constant for the remained of the experiment. The cause of this error is believed to 

have originated in the MCU and the software. This jump in discharge capacity as well as the 

daily groups are illustrated by more closely investigating the previous figure.  

 

Figure 51: Charge and discharge capacity as a function of cycle number for cycles 120 to 220 
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These data illustrate that the fast charging protocol did not reduce the capacity in a noticeable 

way during this experiment.  

 Next, the cell voltage sampled from every 50th cycle will be inspected. The purpose of 

inspecting the cell voltage at different cycle numbers is to give insight into cell health. If the 

effective cell capacity becomes lower, due to damages by the charging protocol, this will be clear 

in a rising cell voltage at fixed points in the charging protocol. This cell voltage data is illustrated 

below in Figure 52.  

 

Figure 52: Voltage profiles as a function of time to reach 80 % SOC while charging the 

commercial LIB using the proposed fast charging protocol 

Note that the proposed charging protocol is a function of SOC but evaluating the cell voltage as a 

function of time is still valid, as the charging protocol should be repeatable. The cell voltage is  

similar between all cycles illustrated in the previous figure but there is some variation in the 
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required charging time. This is due to the sampling error of the Hall effect sensor and the 

imperfections in the timing systems of the MCU. Also, there is no trend in the final voltage of 

the cell during the charging process. This signifies that there is no appreciable capacity decline 

suffered by the cell under test as an upward trend in cell voltage would be clear as the cycle 

number increased. It is not clear from the cell voltage data that the fast charging protocol has had 

a significant effect on cell health.   

 Next, the temperature data captured during charge and discharge will be inspected. While 

the temperature sensor physically touches the cell, the power losses of the charging power 

electronics also affect the temperature readings as they are physically close and mechanical 

connected. The average and max temperatures recorded during charge and discharge are 

compared to the ambient temperature in Figure 53.  

 

Figure 53: Variation in ambient and cell temperature while cycling the commercial 18650 LIB 

using the proposed fast charging protocol 
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Overlaying the ambient temperature illustrates the rise above ambient and helps explain the 

trends seen in the charging data. The average and maximums seen during the charging process, 

using the key present on the figure, are higher than those seen during discharge. This is because 

during the charging process there are high currents and losses in the operational power 

electronics contributing to the heat in the system. The rise above ambient is constant, with a 

maximum of approximately 14 °C, illustrating that the proposed charging protocol is not 

stressing the cell beyond its operating limits. The daily groupings are also seen in this data, with 

the system requiring several cycles to reach thermal equilibrium, as is clear in the average 

temperature during the charge and discharge.  

 Finally, the charging time can be inspected. The required charging time as function of 

cycle is illustrated in Figure 50. 

 

Figure 54: Required charging time as a function of cycle 
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The groups created by the daily cycling are evident in this figure. The variations in charging 

times illustrate that the charging protocol could be dependent on ambient temperature, rest time, 

and overall system error. The mean of all charging times was found to be 1793.1 seconds, or 29 

minutes and 52 seconds. This shows improvement on the CC/CV charging protocol which 

requires 50 minutes to reach 80% SOC [3].  

 Inspecting the discharge capacity as a function of cycle number, the cell voltage during 

charge of every 50th cycle, maximum and average temperatures attained by the system during 

charge and discharge, and the required charging time it was found that the cell under test was not 

being stressed beyond its limits. These data confirm the proposed charging protocol as a safe and 

fast means of charging the VTC4 commercial LIB. 

 While the inspected data provide excellent insight to the health of the cell through the 

cycling experiment, there is no way to understand if appreciable lithium plating took place 

during the charging process. To evaluate the amount of lithium plating that took place during the 

cycling experiment, the cell was measured using EIS and destructively examined.  

EIS and Destructive Examination Results 

 First, EIS experiments were conducting on the fast-charged cell, the 1C CC/CV charged 

cell, and a fresh VTC4 LIB. To allow for proper impedance comparisons, the tests were 

conducted at a cell voltage of 3.6 V [36]. The cells were also destructively examined by 

removing the graphite anode. The Nyquist plot of the spectra and unrolled anodes are illustrated 

in Figure 55. The impedance of each cell shows inductive behavior which can be attributed to the 

leads used to conduct the measurements. Within the medium to low frequency area a semi-circle 

is seen; this is related to the charge transfer process. Then a linear region, with respect to the Z` 
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axis, is observed; this is related to the solid state diffusion process [36]. The impedance spectra 

clearly show that the cycled cells have aged, as evident in their increase in resistance, but this 

aging is similar, signifying that the fast-charged cell is not being stressed beyond reasonable 

limits when compared to the CC/CV protocol [36].  

 Then, the cells were deconstructed inside of a glovebox to inspect the anode surface. As 

illustrated in the insert in Figure 55, photographs show no obvious signs of lithium plating on 

either the CC/CV charged or fast charged cell [36]. This indicates that the fast charging protocol 

can safely and quickly charge commercial LIBs without lithium plating on the graphite anode.   
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Figure 55: Electrochemical impedance spectra (EIS) of new and aged commercial LIBs. The 

insets show the optical photographs of the graphite anodes disassembled from the new and aged 

commercial LIBs [36] 

 With confirmation that the proposed fast charging protocol did not cause noticeable 

lithium plating over the course of 350 cycles, the validity of the circuit model and predicted fast 

charging current was proven.    
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FUTURE WORK AND CONCLUSION 

The work conducted in this thesis was focused on a single LIB. The conclusions drawn 

from these results may generalize to multi-cell modules and multi-model packs but there are 

several unknown factor in increasing the scale in the fast charging system. First, in multi-cell 

packs, safety becomes a much larger issue. Cells are often confined close to one another, 

allowing for less heat dissipation. How the proposed fast charging protocol will perform 

charging cells in this configuration is unknown. Second, is the use of the equivalent circuit 

model in finding the model of a larger battery module or pack. Using basic circuit analysis rules, 

the equivalent circuit models can be placed in series and parallel, just as commercial cells are 

used to construct large battery packs, but it is unknown if this will properly model the pack.  

Charging of lithium ion battery cells and packs is an extremely important focus for the 

future of electrical vehicles and personal electronics. Fast charging will eventually enable the 

recharging process required for electrical vehicles to rival those of traditional automobiles. But 

several considerations must be made in developing new fast charging methods. First, the 

charging process must balance the fast charging time with the degradation of the battery pack or 

cell and second the process must remain safe. In the research enabling this thesis, and work 

complete solely for this thesis, a proposed charging protocol was developed with the goal of 

eliminating lithium plating during fast charging, one of the main aging factors in LIBs. This 

charging protocol was first tested using small cells and then scaled for use with commercial 

LIBs. A custom battery cycling system was constructed, incorporating a synchronous Buck 

converter to be used as the charging circuit, and separate autonomous discharging circuit. Using 

the developed fast charging protocol and system, the VTC4 commercial LIB was cycled 350 
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times. The data generated during this experiment verified that the fast charging protocol was safe 

and faster than the traditional 1C CC/CV charge.  
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CURRENT OF CAPACITIVE AND INDUCTIVE ELEMENTS IN EQUIVALENT MODEL 
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Figure A1: Electrical circuit model for predicting a fast-charging current for a LIB test cell 

 

Figure A2: Comparison of C1 and R1 currents as a function of time during the charging process 
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Figure A3: Comparison of C2 and R2 currents as a function of time during the charging process 

 

Figure A4: Comparison of CDL and RCT currents as a function of time during the charging 

process 
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Figure A5: Comparison of LL and RL currents as a function of time during the charging process 
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CYCLING SYSTEM 3 DATA 
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Figure B1: Charge and discharge capacity as a function of cycle number for system 3 
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Figure B2: Voltage profiles as a function of time to reach 80 % SOC while charging the 

commercial LIB using the proposed fast charging protocol for system 3 

 
Figure B3: Variation in ambient and cell temperature while cycling the commercial 18650 LIB 

using the proposed fast charging protocol for system 3 
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SCHEMATICS AND BILL OF MATERIALS FOR SILICON MOSFET CYCYLING SYSTEM 
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Figure C1: Schematic page 1 for silicon based cycling system 
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Figure C2: Schematic page 2 for silicon based cycling system 
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Figure C3: Board schematic for silicon based cycling system 

  


