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Abstract 

Higher voltage systems are becoming more common in electric vehicle (EV) technologies due 

to the convenience of quick charging. More series-connected cells in the battery pack are 

required due to the voltage rise. The two main issues raised by this transition are maximising 

power loss in the traction inverter due to higher voltage and guaranteeing that the voltage/ state 

of charge (SOC) remain balanced during rapid charging. The purpose of this thesis is to 

investigate these issues and provide recommendations for improving the effectiveness and 

efficiency of high-voltage EV battery packs. There are several cell balancing methods in the 

literature, but they don't offer flexible DC link for a traction inverter. For the purpose to provide 

a flexible DC connection voltage and ensure cell balancing for quick charging, this thesis offers 

a modular battery pack that uses a bypassed cell balancing topology. In this balancing method, 

the battery pack’s each module is linked to a pair of switches, typically MOSFETS. These 

switches enable the series or bypass connection for each module in a battery pack. The SOC 

estimation of a battery cell is the most challenging part of the battery management system. 

Thus, the voltage-based control algorithm is implemented to eliminate the need for SOC 

estimation, and the SOC measurement results indicate that lithium-ion (li-ion) cell voltage 

provides a good approximation of the SOC. The default li-ion battery cell model in MATLAB 

Simulink is optimised by using actual parameters of the cell. The parameters tuning of an 

equivalent circuit model of an induction motor is performed to develop an approximately 

realistic motor model.  

The battery charger is designed to adjust its supply voltage because the voltage of the EV battery 

pack varies by using the proposed bypass cell balancing topology. Field-oriented control (FOC) 

is implemented to control the speed of the motor and provide the voltage amplitude required 
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according to the speed of the motor. The controller adjusts the DC-link voltage according to the 

motor speed and provide adaptable DC-link voltage for the traction inverter while maintaining 

the voltage balance of the battery pack module. 

The performance of the proposed modular battery pack is tested for voltage balancing, 

controller effectiveness, residual imbalance, and providing variable DC link voltage for a 

dynamic load condition using hardware in the loop and simulation to test the different scenarios 

of initial SOC or voltage imbalance. The result analyses of charging and discharging battery 

pack shows the proposed bypass balancing method achieved approximate zero SOC/voltage 

residual imbalance between series connected modules for rapid charging of 2C rate.  The power 

loss assessments at the battery pack and traction inverter levels shows the proposed method 

reduce the overall system power loss and improved power efficiency. 

Keywords: Battery management system, modular battery pack, battery charger, cell balancing, 

battery power loss, inverter power loss 
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Chapter 1: Introduction 

The introductory chapter of this thesis provides a short background on 

increased demand for Electric vehicles (EVs) and lithium ion (li-ion) batteries, and the EV 

battery packs specification. Furthermore, it explains problem statements, research hypothesis, 

research objectives, and provides the thesis structure. 

1.1 Background 

Production of li-ion batteries is increasing quickly as EVs becomes more popular as a means of 

reducing transportation's carbon footprint [1]. Giga factories are crucial to the production of 

EVs because they can produce batteries and other necessary parts in large quantities, which 

lowers prices and boosts productivity. For example, Jaguar Land Rover (JLR) and Tata Motors 

have partnered to use these facilities to speed up the research and manufacturing of EVs. This 

partnership emphasises how crucial giga plants are to expanding operations, guaranteeing a 

consistent supply of batteries, and eventually increasing consumer access to EVs [2].  

EVs can help in reducing Greenhouse Gas (GHG)emissions, combating climate change, and 

reducing harm to the environment. These harmful emissions can be further decreased when EVs 

are charged using sustainable energy sources, such as solar or wind power [3]. The Bloomberg 

study [4] on EV sales in 2024 reported in Figure 1.1, shows that the number of EVs sold 

worldwide has been rising over time, with 74 million EVs expected to be sold by 2040. The 

growth rate of EV production will be the same or higher because of government incentives to 

businesses. By 2025, it is predicted that 21 million EVs will have been produced worldwide. 
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Figure 1. 1 Growth of EV sales (2020-2040), adapted from [4] 

Li-ion battery use is significantly rising because of the growing demand for EVs. Since Li-ion 

batteries have a low self-discharge rate, a long lifespan, and a high energy density, they are 

recommended for electric vehicles [5, 6]. According to a Bloomberg report [4], the global 

demand for li-ion batteries will reach 35 million metric tons in 2040, depicted in Figure 1.2.  

 

Figure 1. 2 Demand of lithium-ion batteries (2020-2040), adapted from [4] 
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The Li-ion battery sector has shown high potential for the EV industry. EVs require long cycle 

life, high-temperature tolerance, high capacity and energy density, high power, and energy 

battery cells. As the demand of EV and li-ion batteries are increasing, thus, the problems 

associated with li-ion batteries, like cell balancing also gets more attention in recent years that 

is further discussed in chapter 2, section 2.4. Table 1.1 displays the commercially available EVs 

using li-ion batteries [7]. 

Table 1. 1 EV battery pack parameters available in the market 

Ref Model Nominal Capacity 

(kWh) 

Voltage (V) Range 

(miles) 

[8] Tesla Model S 75 400 170-335 

[9] Nissan Leaf 40 400 105-220 

[7] Chevrolet Bolt EV 150 400 259 

[10] Audi Q8 e-Tron 114 400 225-445 

[11] Jaguar I-Pace EV400 90 400 170-340 

[7] BMW i3 154 400 153-190 

[12] Hyundai Kona Electric 67.5 400 170-360 

[13] Porsche Taycan Turbo 93.4 800 200-390 

[14] Hyundai IONIQ 5 (Long Range 

2WD) 

77.4 800 170-355 

[15] Kia EV6 (Long Range 2WD) 77.4 800 180-370 

There are primarily two types of EVs battery packs available in the market, 400-volt and 800-

volt battery packs. Small cars employ the 400-volt battery pack architecture, while sports cars 

and high-powered vehicles like trucks and lorries use the 800-volt battery pack system. The 

reason for the vehicle's varying range is because of the various weather conditions. The high-

powered EVs with fixed DC-link voltage leads to the high-power losses at traction inverter that 

as explained in chapter 5, section 5.4. 
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1.2 Problem statement 

Particularly in the automotive sector lithium batteries have evolved into the industry's preferred 

energy storage solution for powering EVs. A battery pack is created by connecting multiple Li-

ion cells in series and parallel to meet the voltage and power requirements needed for EVs.  The 

safety, effectiveness, and durability of the Li-ion battery packs are prerequisites regarding the 

overall growth of EVs. Unfortunately, there are two main problems with EVs, one is the battery 

pack cell imbalance, and the other is the traction inverter power loss.  

The cell imbalance is the main issue of battery pack, since the high voltage battery pack is 

required to give EVs substantial power and range, more cells must be connected in series. 

Although this method is effective in raising the battery pack's voltage levels, however, the 

increasing number of series-connected cells increases the control complexity and difficulty of 

minimizing cell imbalances in EV battery packs 

Traction inverter efficiency is another challenge for EVs because of the recent increase in high-

voltage infrastructure and fixed DC-link voltage. The traditional method of feeding the EV 

traction inverter with a fixed DC-link voltage leads to potentially higher power losses then 

variable DC-link voltage. Furthermore, variable DC-link voltage can produce higher 

modulation index at lower speed of motor to reduce the Total Harmonic Distortion (THD). The 

modulation index is the ratio between carrier signal and modulating signal, to produce the 

desired AC output voltage, while THD is the presence of unwanted harmonic frequencies or 

distortion in the output waveform of inverter. The higher THD causes electrical noise, a risk of 

damaging electrical components and reduce overall efficiency of the system.       
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1.3 Research Hypothesis 

If the EV battery pack is modularised by using bypass balancing method to provide variable 

DC-link voltage for the traction inverter, then the traction inverter power loss will be reduced 

as well as SOC/voltage balancing between series connected battery modules can be achieved 

with the better performance at the state-of-the-art system. 

1.4 Research Claims 

1. Utilising the bypass balancing method to modularise EV battery packs is an effective 

means to improve the traction inverter's efficiency. It provides variable DC link which 

will reduce the traction inverter's power loss. 

2. The bypass balancing method will achieve rapid SOC/voltage balancing between series-

connected battery modules with approximately zero residual imbalance. 

1.5 Research objective 

The primary objective of this research is the development of a modular battery pack with 

SOC/voltage balancing capabilities to reduce SOC/voltage imbalances between battery 

modules and reduce the traction inverter power loss. 

1. The investigation and mitigation of cell imbalance in high-voltage EV battery pack modules 

while charging or discharging through the development of a proposed bypass cell balancing 

architecture. 

1.1.  A detailed examination of present cell balancing technologies to compere the 

number of components and power loss with proposed balancing topology. Presented in 

chapter 2, section 2.4. 

1.2.  Overview and identify the factors of optimalisation of the proposed bypass 

balancing method. Presented in chapter 2, section 2.8 and 2.9. 
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1.3.  The development of a battery cell model by modifying the parameters of 

MATLAB Simulink li-ion battery model according to real cell parameters. Presented in 

chapter 3, section 3.2. 

1.4.  Development of CCCV charger for battery pack charging mode with proposed 

bypass topology that modify the charger's supply voltage based on the quantity of series-

connected modules. Presented in chapter 3, section 3.3 and 3.4. 

1.5.  Establish a control strategy to actively balance module voltages and track each 

individual module voltage in real-time. Presented in chapter 4, section 4.2.1. 

1.6.  The calculation of the power losses at the EV battery pack level and compare 

with other cell balancing methods. Presented in chapter 6. 

2. The development of modular battery pack system for EVs that can automatically modify 

the DC-link voltage supplied to the EV traction inverter based on the motor speed to reduce 

power loss and provide cell balance during discharge. 

2.1.  Development of an EV induction motor model that closely resembles real-world 

circumstances using actual parameters. Presented in chapter 3, section 3.5. 

2.2.  Development of FOC for an EV induction motor, to provide speed control under 

varying load conditions, and determines the relationship between supply voltage and 

motor speed. Presented in chapter 3, section 3.7. Which will be further used for 

providing variable DC-link voltage to the traction inverter and perform cell 

balancing during discharge.  

2.3.  Create a control algorithm that monitors individual module voltages and 

modifies the DC-link voltage, considering a dynamic load condition (variable motor 

speed profile) as well as facilitates voltage balancing during the battery pack 

discharging. Presented in chapter 4, section 4.3.1. 
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2.4.  The calculation of power loss at traction inverter level for fixed and variable 

DC-link configurations and analyse the effect of both configuration on traction 

inverter power loss. Presented in chapter 6. 

3. Implementation of the modular battery pack based on proposed bypass balancing topology 

using MATLAB Simulink and HIL. Perform testing for different cases of initial SOC 

imbalance under controlled conditions, to verify the proposed balancing method's 

performance and control algorithm. Results are presented in chapter 5 and 7. 

1.6 Research Publications 

The research paper published in peer-reviewed international journal is: 

1. “Review of cell balancing schemes for electric vehicle battery management systems,” 

(Energies, MDPI), (Published). 

1.7 Thesis structure 

This thesis is further divided into six chapters other than introduction. The other chapters that 

follow are: 

Chapter 2 presents an explanation of the battery management system and its standards, the 

causes of cell imbalance and balancing control algorithms. Additionally, this chapter provides 

review of existing cell balancing topologies, the energy transfer methods, and the latest trends 

of cell balancing topologies and important aspects for optimisation of bypass cell balancing 

technique.  

Chapter 3 explains the modelling of a battery cell and three-phase induction motor, the 

controller design for battery charging, and the FOC for motor speed control.  
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Chapter 4 introduces the proposed bypass balancing method and the operating principle of EV 

battery pack charging and discharging mode of operation, and controller design flowchart of 

voltage balancing and variable DC-link voltage. 

Chapter 5 analyses the performance of the proposed bypass method and modular battery packs 

by conducting testing based on MALTB Simulink. The simulation results validate the controller 

design and proposed bypass method considering low and high initial SOC difference for 

charging and discharging.  

Chapter 6 This chapter provides the power loss assessment at both traction inverter and battery 

pack level.  

Chapter 7 provides the experimental verification of simulation results with HIL. 

The conclusion and future recommendations of this research are presented in Chapter 8. 
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Chapter 2: Literature Review 

An overview of the battery management system is provided in this chapter, along with 

information on battery standards, cell imbalance causes, and control algorithms for cell 

balancing.  The chapter also provides a detail of current advancements in cell balancing 

methods, energy transfer strategies, and existing cell balancing topologies. This chapter more 

specifically presents an overview and highlights crucial aspects for optimization of the bypass 

cell balancing technique. 

2.1 Battery System Standards 

Table 2.1 displays the British and international standards for safety requirements for li-ion 

batteries. The “International Electrotechnical Commission” (IEC), the “Society of Automotive 

Engineers International” (SAE), and the “International Organisation for Standardisation” (ISO) 

are the international organisations that standardise EVs. ISO focuses on applications for 

vehicles and the recent ISO standards about li-ion batteries in EVs include ISO 6469 and ISO 

12405-4. The ISO 6469 offers several specifications for EV's overall safety. To support EV 

manufacturers the ISO 12405-4 provides testing methodologies to assess the fundamental 

attributes of battery systems, such as reliability, performance, and functionality. The IEC has 

issued standards for traction batteries, such as the IEC 62660 series, which are primarily for li-

ion battery safety requirements as well as performance, reliability, and abuse testing. The 

automobile industry, along with other associated industries, extensively adopts the authoritative 

standards set by SAE. SAE J2464 and SAE J2929 are battery safety standards. The standard 

SAE J2464 provides the requirements for battery abuse testing, and the focus of SAE J1766 is 
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on EV crash integrity testing. The main regional standard, which refers to ISO and IEC 

standards.  

Table 2. 1 Important EV battery safety standards, adapted from [16] 

Name Number Description 

ISO ISO 6469-1  safety requirements for rechargeable energy storage systems (RESS) of EV 

ISO 6469-2  Operating the safety of vehicles and protecting against failures 

ISO 6469-3  protecting people from electric shock 

ISO 6469-4  electrical safety after an accident 

ISO 12405-4  System and battery pack performance testing 

IEC IEC 62660-1  Performance evaluation 

IEC 62660-2  Testing for reliability and abuse 

IEC 62660-3  Safety specifications and testing procedures 

SAE SAE J1766  Recommended procedure for assessing the crash integrity of electric, fuel cell, 

and hybrid electric vehicles 

SAE J2464  Rechargeable energy storage systems for electric and hybrid vehicles: abuse 

and safety testing 

SAE J2929  Safety standard for the battery systems of electric and hybrid vehicles: lithium-

based rechargeable cells 

British BS EN 62133-2 Requirements for safety while using secondary cells that are portable, and 

batteries formed of them in portable applications 

BS EN 62619 Batteries and secondary lithium cells for industrial usage 

BS EN 62660-2 road vehicles powered by battery. safety requirements. cars powered by 

electricity and equipped with a reusable energy source. 

2.2 Battery Management System 

BMS is required to ensure the better performance and secure operation of EV battery packs. 

Initially, BMS involved simple monitoring of voltage and current to avoid excessive charging 

and discharging, which could damage the batteries [17]. The developments in BMS technology 

are more important than before for maximising battery performance, increasing their lifespan, 
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and guaranteeing general safety. Improving BMS capabilities to satisfy EVs' evolving needs 

has drawn a lot of attention lately [18]. The primary functions of the BMS include monitoring 

individual cell voltages, charging and discharging management, states estimation, fault 

diagnosis, data logging and communication, safety, thermal management, and cell balancing. 

A brief explanation of BMS functions is presented here and shown in Figure 2.1. 

 

Figure 2. 1 Battery Management System functions 

2.2.1 Cell Monitoring  

Cell monitoring is an important function of BMS that involves monitoring and evaluating each 

battery pack cell condition regularly  [19]. Each battery cell in a pack increases or decreases the 

overall performance, capacity, and health of the battery system. Cell monitoring enables the 

BMS to take corrective action when necessary and guarantees that each cell works within 

certain limits  [20]. The BMS keeps continuously measure each cell voltages and calculate the 

voltage difference between them. Variations from the typical voltage range may be a sign of 

unbalanced cells, overcharging, or undercharging. Additionally, during the charging and 

discharging processes, BMS monitors each cell current [21]. 
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2.2.2 Charging and Discharging management 

To maintain safe and effective functioning, the BMS monitors and manages the electrical 

energy that enters and exits the battery pack. By regulating the charging voltage and current, 

the BMS controls the charging procedure [22]. To avoid overcharging, which can result in 

overheating, a shorter battery life, and safety risks, it makes sure the battery is charged within 

safe bounds. The BMS carefully controls the charging process when using fast charging to 

avoid overheating or thermal stress. BMS may dynamically adjust the charging parameters to 

achieve a balance between charging speed and battery health [23]. To maintain safe operation 

and avoid over-discharging, the BMS regulates the voltage and discharge current. Over-

discharging can shorten the battery's lifespan and cause harm. Like charging current 

optimisation, the BMS modifies the discharging current according to temperature, battery state, 

and load requirement [24]. 

2.2.3 States Estimation 

The voltage and current of every battery cell must be continuously monitored by BMS to 

calculate the battery states. The two main elements of battery state estimation are the SOC and 

SOH. The percentage of the cell's total capacity that is left on charge is known as the SOC. 

SOH is an indicator of the overall health of the cell [25].The BMS uses several models and 

algorithms to calculate SOC, like, Coulomb-Counting, open circuit voltage-based, and Kalman 

filtering. Every approach has advantages and disadvantages, and BMS may combine different 

strategies to increase the accuracy of SOC estimation. Coulomb-Counting determines the SOC 

by integrating the current entering or leaving the battery over time [26]. This is simple method 

of SOC estimation, but it requires the information of initial SOC. Additionally, SOC can be 

estimated by measuring the open circuit voltage [27], but, under dynamic conditions like heavy 
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loads or fast charge/discharge only voltage measurement may not provide accurate SOC 

information [28]. Multiple information voltage, current, and temperature, are combined by 

Kalman filters to produce better SOC estimation.  

2.2.4 Fault Diagnosis 

The BMS is responsible measuring several parameters to spot any potential issues with the 

battery system. The battery pack and each cell voltages are continuously monitored by the 

BMS. The two main kinds of voltage faults are undervoltage, when the cell voltage drops below 

the cutoff voltage, and overvoltage, when the cell voltage exceeds the fully charged voltage 

limit [29]. Voltage imbalances, cell deterioration, or any other problems can occur due to these 

failures during charging or discharging process [30]. Likewise, BMS regularly monitoring 

the temperature and current of each cell [31]. 

2.2.5 Data Saving and Communication 

The BMS collects, stores, and distributes data regarding the temperature, voltage, and current 

of each cell. BMS tracking these variables over time makes it easier to determine SOC and 

SOH. Data logs include details about the type of fault and its location that can help in rapid 

troubleshooting and solution [32].  The BMS uses CAN protocol to communicate with a variety 

of external interfaces. These interfaces make it possible to communicate with the battery 

charger, main control unit, and other essential electronic parts of the EVs. Managing the 

charging process requires communication with external charging infrastructure [33]. 

2.2.6 Safety 

In EVs, the safety feature of a BMS is essential for guaranteeing the security of the battery 

pack, the vehicle itself, and the occupant. To prevent and reduce potential problems related to 
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the usage of high-voltage battery systems, the BMS integrates several safety features. The BMS 

performs preventative measures, like lowering the charging current or disconnecting the 

battery, if the voltage exceeds safe limits to avoid overvoltage scenarios that could cause 

thermal runaway [34]. In the same way, BMS protects from undervoltage caused by sudden 

discharge. To avoid undervoltage conditions that could harm the battery, the BMS may restrict 

the discharge current or initiate a low-power mode. Additional safety features of the BMS 

include isolation of the unsafe cell, emergency shutdown, and short circuit protection [35]. 

2.2.7 Thermal Management 

Thermal management is monitoring and controlling the temperature of individual cells and 

battery packs to ensure optimal performance and security. Thermal imaging sensors can be 

included for more advanced BMS to give a greater understanding of the battery pack's 

temperature distribution [36]. This maintains consistent thermal conditions which helps in the 

diagnosis of temperature faults. To disperse excess heat, the BMS activates cooling systems 

when temperatures climb beyond acceptable limits[37]. Depending on the needs and design of 

the vehicle, common cooling techniques include air cooling and liquid cooling. To improve 

performance and ensure safe operating conditions, the BMS controls the charging and 

discharging current of the battery pack based on temperature readings [38]. 

2.2.8 Cell Balancing 

BMS needs to regulate each battery pack cell's SOC and voltage to guarantee that each cell 

functions within specified limits and to reduce imbalances that can affect performance, safety, 

and battery life overall [39]. Every single series-connected cell in the battery pack is 

continuously monitored for voltage by the BMS [40, 41]. Different cell capacities, self-

discharge rates, temperature differences, manufacturing variances, uneven internal resistance, 
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irregular charging and discharging current, and other factors can all lead to SOC or voltage 

imbalances among series-connected cells. The BMS continuously analyses and modifies the 

voltages distribution across series-connected cells, particularly under dynamic circumstances 

like fast charging and fluctuating load demands. Additionally, to guarantee that each cell in a 

battery pack operates within its voltage range limit and to avoid overcharging and over 

discharging an effective cell balancing is necessary. 

2.3 Fundamentals of Cell Balancing 

2.3.1 Cell Imbalances  

The temperature characteristics, capacity, impedance, self-discharge rate, and SOC of each cell 

is always different [42]. Even if the cells come from the same production lot, manufacturer, and 

model, this is still true [43]. Although manufacturers attempt to match the capacity of the cells 

as closely as possible, however, small variations in each cell's capacity, impedance, and self-

discharge rate can eventually become the source of the variation in voltage or SOC between 

cells. An imbalance between cells can be caused by anything that could lead to a divergence in 

the SOC or voltage between cells. All the cells can begin with the same amount of initial 

𝑆𝑂𝐶(𝑡 − 1), have the same capacity (𝑄𝑟), and current (𝐼𝑏𝑎𝑡). However, during charging or 

discharging, cell SOC diverges due to different internal impedance or efficiency (𝜂𝑏𝑎𝑡) of 

individual cells. The straightforward method of calculating the 𝑆𝑂𝐶(𝑡) given in equation (2.1) 

is called coulomb counting. 

𝑆𝑂𝐶(𝑡) = 𝑆𝑂𝐶(𝑡 − 1) +
1

𝑄𝑟
 ∫ (𝐼𝑏𝑎𝑡)𝑑𝑡

𝑡

𝑡−1

  
(2.1)  
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To consider the effect of individual cell efficiency (𝜂𝑏𝑎𝑡), equation (2.1) can be rewrite as 

equation (2.2). 

𝑆𝑂𝐶(𝑡) = 𝑆𝑂𝐶(𝑡 − 1) +
1

𝑄𝑟
 ∫ (𝜂𝑏𝑎𝑡)(𝐼𝑏𝑎𝑡)𝑑𝑡

𝑡

𝑡−1

  
(2.2)  

Another factor that might lead to imbalance is when cells have different total current 

𝐼𝑡𝑜𝑡(𝑡) from one another. It must be considered, so the total current is,  

𝐼𝑡𝑜𝑡(𝑡) = 𝐼𝑏𝑎𝑡(𝑡)  +  𝐼𝑠𝑒𝑙𝑓−𝑑𝑖𝑠(𝑡)  + 𝐼𝑙𝑒𝑎𝑘𝑎𝑔𝑒(𝑡) (2.3)  

Where, 𝐼𝑏𝑎𝑡(𝑡), 𝐼𝑙𝑒𝑎𝑘𝑎𝑔𝑒(𝑡), and 𝐼𝑠𝑒𝑙𝑓−𝑑𝑖𝑠(𝑡)  are individual cell current, leakage current, and 

self-discharge current, respectively. So, the total current difference can lead to an imbalance 

during discharge process. 

Numerous other factors can also contribute to cell imbalance, the long-term charge/discharge 

cycle will cause a decline in battery capacity and life [44]. The internal factors include chemical 

fluctuations, weak cell capacity, internal impedance, and non-uniform temperature stress [45]. 

Selecting the right cell and creating a well-designed pack helps reduce some of these causes. 

Nevertheless, despite all the initial design work, non-uniform internal impedance is the main 

cause of cell imbalance in Li-ion cells [46]. The external factors include vibration, rapid 

charging, and discharging. The vibration raises cell internal resistance, reduces capacity, and 

slightly deteriorates consistency [47]. Fast charging may result in overheating and overvoltage 

of the cells when a high amount of charging current is given to the battery. Similarly for 

discharging a sudden change in load produces a high discharge current from the battery. The 

cell imbalance may be induced due to both the rapid charging and discharging processes [48].  
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2.3.2 Battery utilisation without balancing method 

Without cell balancing, battery use can have several serious negative effects. The possibility of 

unequal charging and discharging amongst the separate cells within the pack is a major worry 

[49]. In the absence of cell balancing circuit, certain cells might be used to their full capacity 

while other cells might not be used to their full capacity. [21]. 

Generally, the battery charger cuts off the power when a battery is fully charged. The battery 

charger detects if the battery pack has reached to its threshold and whether each cell voltage 

remains under an overvoltage protection limit. The weak cells connected in series are those 

with a lesser capacity or a larger internal resistance and show a higher voltage than the other 

series cells with the same capacity during charging, while weaker capacity cells have lower 

voltages than the other series cells during discharge. This means that when one cell voltage falls 

below the cell cutoff voltage limit, the BMS will stop discharging, preventing over-discharge 

that could harm the cell (generally, around 2.5 V for Li-ion cell [50]), and the BMS will stop 

charging the whole battery pack when one of the cells in series reach to its full charge state 

(generally around 4.2 V for li-ion cell [50]). The battery will not be used to its maximum 

potential because of the BMS stopping the charging or discharging process without taking the 

other cells into account. When any weak cell gets close to the under-voltage or over-voltage 

protection limit, the EV will stop using the battery as the simulation results presented in chapter 

5, section 5.2. 

2.3.3 Cell balancing control strategies 

The balancing control strategy directly affects the cell balancing topology's performance. The 

most common cell balancing control strategies are based on SOC and voltage of individual 

cells. 
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2.3.3.1 Voltage-based control 

The voltage of each cell in the battery pack is measured using voltage sensors. Determine the 

voltage difference and examine it for any imbalances in the cell voltage. Use resistors to release 

extra energy from the higher voltage cells or turn on an active balancing circuit to move energy 

from the higher voltage cell to the weaker cell [51-53]. Continue monitoring cell voltage and 

balancing process until the voltage differences among cells are within an acceptable range. 

2.3.3.2 SOC-based control 

The SOC based control required an accurate SOC estimation which is the challenging part for 

of this method. The SOC of individual cells is estimated using voltage and current data that 

continuously monitored through sensors. The voltage of each individual cell can be used to 

determine SOC using a straightforward open circuit voltage-based estimation technique, which 

measures the voltage and compare it with the SOC and voltage relation curve [54]. To estimate 

SOC of individual cells in real-time, more complex methods like neural networks, coulomb 

counting, or Kalman filters can be used [55]. The SOC based control can be used in activate 

cell balancing process and reduce cell imbalance in a battery pack with active balancing 

topologies. 

2.4 Cell balancing methods 

The procedure for achieving the same SOC or voltage across all series-connected battery cells, 

during charging, discharging, or ideal mode is known as cell balancing. Battery packs with cell 

balancing circuits ensure each cell is charged and discharged equally, which is essential for 

maximising battery pack performance and lifespan [56]. The literature [6, 7, 16, 18, 20, 40, 57-

63] has presented a wide range of cell balancing approaches each of them having its unique 
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advantages and limitations. Active and passive cell balancing topologies are the two primary 

types of cells balancing topologies as presented in Figure 2.2. 

The active cell balancing methods actively move energy across cells by use of switches, 

capacitors, and inductors and the passive cell balancing techniques use resistors or dissipative 

components to equalise cell voltages or SOC. The Hybrid cell balancing techniques offer a 

balance between cost and efficiency by combining elements of both passive and active 

strategies. In applications like EVs, where maintaining constant cell voltages is crucial for 

overall battery system efficiency, performance, longevity, and reliability, effective cell 

balancing techniques are essential [64].  

 

Figure 2. 2 Basic cell balancing topologies distribution, adapted from [6, 7, 16, 18, 20, 40, 57-63] 
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2.4.1 Passive balancing  

Passive balancing involves connecting deceptive components, such as resistors, in parallel with 

every cell in series connected cells [3, 56, 65]. The associated resistor is triggered when one or 

more cells’ voltage is higher than the weak cell voltage connected in series, letting extra energy 

escape as heat. Switch shunting resistors and fixed shunt resistors, often known as bleeding 

resistors, are two common types of passive cell balancing techniques. Switched shunting 

resistors lower the voltage of the high-energy cell by redirecting excess energy away from it. 

Bleeding resistors maintain cells at a stable voltage level by continuously drawing a tiny amount 

of current [66]. Li-ion battery packs can be balanced easily and affordably with passive cell 

balancing, particularly in situations where energy efficiency is not the primary concern.  

2.4.1.1 Fixed shunting resistor balancing  

Bleeding resistors are connected among single cells or groups of cells in a battery pack in a 

fixed shunting resistor cell balancing system. Higher voltage cells can gradually discharge and 

eventually balance with lower voltage cells due to the dissipating function of these resistors 

[67-69] . To avoid overcharging or over-discharging of the cell connected to the bleeding 

resistor, proper resistor sizing and cell voltage monitoring are crucial[52]. The fixed shunting 

resistor balancing topology is depicted in Figure 2.3, where each cell (B1, B2,..., Bn) is 

connected to a bleeding resistor (R1, R2,.., Rn). 

 

Figure 2. 3 Fixed shunting resistor diagram, adapted from [70-72] 
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2.4.1.2 Switched shunting resistor balancing  

A slightly more effective method of passive balancing is to use switched shunting resistor cell 

balancing circuits for voltage balancing between cells. This technique uses shunting resistors 

in combination with switches [68, 73] . Every cell is connected in parallel to a shunting resistor, 

which is connected in series with a switch. When a particular cell's voltage surpasses the desired 

voltage difference with other cells in a battery pack, the associated switch becomes active. By 

generating a lower-resistance route, the high-voltage cell's extra energy can pass through the 

shunting resistor and dissipate as heat. The switch turns off when the voltage is balanced with 

the other cells connected in series [78]. This method reduces energy waste because the shunting 

resistors are only activated when balancing is required, in contrast to fixed shunting resistor 

approaches[74, 75]. Figure 2.4 displays a basic circuit diagram for switched shunting resistor 

topology. Resistors are linked in parallel with cells (B1, B2, …, Bn) and series connected 

switches (S1, S2, …, Sn) with shunting resistors (R1, R2, …, Rn). The control algorithm for 

switches in the switched shunting resistor cell balancing topology can be implemented in a way 

to monitor all the cell voltages and only turn on the specific switch connected with the higher 

voltage cell to dissipate energy through a resistor.   

 

Figure 2. 4 Switched shunting resistor diagram, adapted from [70-72] 
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2.4.2 Active balancing  

Active cell balancing is an important part of an advanced BMS that ensures the optimal 

performance and longevity of rechargeable batteries, especially in applications like EVs and 

renewable energy storage systems [55, 71]. Active balancing actively redistributes energy 

among the individual cells in a battery pack as opposed to passive balancing, which releases 

extra energy as heat. This process assists in achieving SOC, or voltage balance, for each cell, 

guarantees optimal battery capacity utilisation, and avoids excessive charging or discharging of 

any single cell within the pack. Active balancing improves the battery pack's overall capacity, 

energy efficiency, and safety by ensuring balanced voltage or SOC throughout the individual 

cells [38, 76-87].  

The four main types of active cell balancing topologies are bypass [88-92], converter-based 

[35, 82, 83, 93-103], inductor/transformer-based [80, 81, 104-111], and capacitor-based [112-

124]. Using transformers or balancing capacitors, energy is moved from a high-voltage cell to 

a low-voltage cell during the cell balancing process. Another way to balance the battery voltage 

is to use converters to move excess energy from a high-voltage cell to a low-voltage cell. The 

bypass balancing operates distinctly from the other active cell balancing techniques. To achieve 

cell balance, the controller logic of this topology, bypass the charging or discharging current, 

rather than transferring energy from a higher voltage to a lower voltage cell.  

2.4.2.1 Single inductor-based balancing 

A method of active cell balancing that uses just one inductor to balance each cell in a battery 

pack [110, 111]. In this approach, a single inductor is connected to various cells using the 

switching network, usually made up of MOSFETs. The voltage levels of individual cells are 

supervised by a control circuit using microcontrollers. The switching network links the inductor 
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to the high-voltage cell which needs to be balanced, the energy from that cell is temporarily 

stored in the inductor. The stored energy is then transferred to the lower-voltage cell by means 

of switches connecting the inductor to that cell. During the cell balancing process, energy is 

continuously transferred, bringing the voltage or SOC difference between the two cells into 

balance. A single inductor reduces the voltage, size, weight, and cost, which makes it a desirable 

option for several applications particularly EVs and portable devices [125]. However, the 

design of an adaptive control algorithm is essential for the better performance of a single 

inductor active cell balancing. Additionally, compared to a coupled inductor, balancing takes 

longer because it can only balance one cell at a time [78]. 

The single inductor (L) active cell balancing is shown in Figure 2.5. The switching network 

(S1, S2,..., Sn), with antiparallel diodes, relates to the individual cells (B1, B2,..., Bn). This 

method is especially helpful in situations where weight, and space are limited, as it required 

few components compared to coupled inductor balancing method. 

 

Figure 2. 5 Single inductor cell balancing topology, adapted from [70-72] 
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2.4.2.2 Coupled inductor balancing 

Instead of using a single inductor for each cell, the coupled inductor cell balancing approach 

uses many inductors. It uses magnetic coupling between the inductors to facilitate energy 

transfer across multiple cells at a time [78]. When one of the two cells needs to be balanced, 

the high-voltage cell, which is connected to a common inductor between them, sends energy to 

the low-voltage cell. The coupled inductor method simultaneously transfers the energy between 

multiple cells in a series of cells [126]. Rapid energy transfer is made possible by the coupled 

inductor design as compared with the single inductor method [101]. 

Figure 2.6 shows the basic coupled inductor cell balancing topology in which two cells (B1, 

B2) are connected to a coupled inductor (L1) via switches (S1, S2).  Inductor L1 is used to 

transmit energy between B1 and B2 to achieve cell balancing. Similarly, L2 is responsible for 

doing the cell balancing between B2 and B3, and so on.  

 

Figure 2. 6 Coupled inductor cell balancing topology, adapted from [70-72] 
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2.4.2.3  Single capacitor balancing 

The single capacitor cell balancing circuit uses a single capacitor that can connect with each 

cell through switches. One capacitor and a group of switches, usually MOSFETs are used in 

this cell balancing technique. Sensors consistently monitor the voltages of all cells, initiating 

the cell balancing procedure when the voltage variance among two or more cells exceeds a 

specified threshold [112-114]. In the first cycle, the corresponding switch is activated to enable 

the connection between the high-voltage cell and the capacitor, to charge the capacitor. In the 

second cycle, the capacitor's stored energy is discharged back into the undercharged or low-

voltage cell, and that brings the high-voltage cell back to equilibrium. The advantage of using 

a single capacitor cell balancing technique is the use of a single capacitor instead of numerous 

capacitors, lowers the cost and complexity of the circuit. Since it can only balance one cell at a 

time, the balancing speed could be slower than with multiple switch capacitor cell balancing 

procedures [120]. A single capacitor balancing method is illustrated in Figure 2.7, a single 

capacitor (C) is connected with a series resistor (ESR) and the two layers of the switching 

network (S1, S2,..., Sn) build a connection between a capacitor and the battery cells (B1, B2,..., 

Bn). 

 

Figure 2. 7 Single capacitor cell balancing topology, adapted from [70-72] 
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2.4.2.4 Multiple Switched capacitor balancing 

Multiple Switched capacitor cell balancing circuits can be used to equalize the voltages or SOC 

between cells. The switched capacitors can be connected to the battery cell in a different 

combination. The popular, multiple-switched capacitor cell balancing techniques are double-

tired switched capacitor [118, 124] and single-tire switched capacitor cell balancing [113, 117, 

119, 122]. In the single tier capacitor cell balancing technique multiple cells can be balanced 

during the balancing process by using a layer of capacitors. High-voltage cells transfer their 

energy to a layer of capacitors, which then transfer it to low-voltage cells during the cell 

balancing process to perform simultaneous energy transfer [122]. Figure 2.8 shows the single 

tier capacitor cell balancing method, in which series connected capacitors build a layer of 

capacitors (C1, C2,.., Cn-1). The layer of the capacitor is then connected with the battery cells 

(B1, B2,..., Bn) through a switching layer (S1, S2,..., S2n). A single capacitor (C1) relates to a 

pair of battery cells (B1, B2) through two switches (S1, S2).  

 

Figure 2. 8 Multiple switched capacitor cell balancing topology, adapted from [70-72] 

Compared to multi-tiered balancing circuits, the single tier capacitor method uses a single layer 

of switches and capacitors, which simplifies the design and lowers overall complexity and 
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expense. Cell balancing can also be accomplished with double layers or other novel 

combinations of capacitors. However, it has the disadvantage of having more capacitors, which 

raises the cost and increases the size of the balancing circuit. 

2.4.3 Bypass balancing 

According to the bypass cell balancing topology depicted in Figure 2.9, each battery pack cell 

or module is connected to two switches [90-92]. One that bypasses the cell, while the other 

establishes connections between the cells in series within a battery pack. Cell balancing is 

accomplished by using these switches to regulate the current flow [127]. This method has 

simple structure and straightforward control, as the switches are controlled according to the cell 

voltage or SOC during balancing procedure. This method can perform cell balancing process 

during charging or discharging mode of operation of the battery pack but cannot perform cell 

balancing during static mode, as it depends on the charging and discharging current. The 

working principle of this method is to bypass the higher voltage cell during charging mode, 

while lower voltage cell is bypassed during discharging mode. The bypass balancing method is 

further discussed in the section 2.8 and 2.9.  

 

Figure 2. 9 Bypass cell balancing topology, adapted from [90-92] 
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2.5 Energy transfer in active balancing  

Cell balancing circuits use a variety of energy transfer strategies to maintain the voltage or SOC 

levels of each individual cell in a battery pack. In cell balancing, the primary forms of energy 

transfer techniques are categorised into four groups. Direct energy transmission between 

individual cells within a battery pack is known as C2C energy transfer. In balancing process 

with C2C method, until the voltage or SOC are not matched, energy is transmitted from the 

overcharged to the undercharged cell. The C2P method transfers energy between individual 

cells and a battery pack. To balance the cells, the higher voltage cell energy is transferred to 

battery pack then from pack to the lower voltage cell. P2C method operates in the opposite way 

as the C2P energy transfer method, in which individual cells receive energy from the battery 

pack. The pack transfer the energy to an undercharged cell and raises its voltage to bring it into 

voltage equilibrium with the other cells. A more complex method of energy transfer in two 

steps is the C2P2C method. During balancing, the energy is initially moved from the strong cell 

to the pack, then transferred from the pack to the weaker cell that need to be balanced. 

Comparison of cell balancing topologies [70-72, 128]. 

2.6 Comparison of cell balancing topologies 

Simple and affordable passive balancing methods include diodes and shunting resistors. The 

passive balancing topologies are less energy-efficient because of heat dissipation, but it is 

suitable for applications with low power requirements and a few numbers of cells connected in 

series. Conversely, active balancing techniques use inductors, capacitors, transformers, and 

converters, with switches to actively move energy across cells. These methods are better than 

passive balancing because it can reduce energy loss, which makes them appropriate for high-

power applications and many series-connected cells. By combining aspects of passive and 
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active techniques, hybrid cell balancing solutions compromise between complexity and 

efficiency. Resonant circuits are another tool used in cell balancing approaches to maximise the 

efficiency of energy transfer by reducing power loss. Topology selection for cell balancing is 

influenced by various aspects such as power limitations, system complexity, and financial 

restraints. Table 2.2 gives a comparison between cell balancing topologies in terms of number 

of components and energy transfer methods. 

Table 2. 2   Number of components utilized in various topologies for cell balancing 

R: number of resistors, L: number of inductors, T: number of transformers, C: number of capacitors, D: number 

of diodes, S: number of switches, n= number of cells. 

Ref Cell balancing types Number of components Energy transfer method 

  R L T C D S  

 Passive 

[65] Fixed shunting resistor n 0 0 0 0 0 cell to heat 

[65] Switched shunting 

resistor 

n 0 0 0 0 n cell to heat 

 Active  

[125] Single inductor 0 1 0 0 2n+2 2n+2 P2C, C2P, C2P2C 

[126] Coupled inductor 0 n-1 0 0 0 2n-2 C2C 

[129] Single transformer 0 0 1 0 1 2n+2 P2C, C2P, C2P2C  

[79] Multi winding 

transformer 
0 0 1 0 n n+1 C2P, P2C, C2P2C 

         

         

[130] Multiple transformers 0 0 0 0 n n C2P, P2C, C2P2C 

[118] Single switched 

capacitor 
1 0 0 1 0 n+5 C2P, P2C, C2C, C2P2C 

[118] Multiple switched 

capacitor 

n-1 0 0 n-1 0 2n C2C 

[85] Buck-boost converter 0 n 0 n 0 2n C2C 

[103] Quasi-resonant converter 0 2n-2 0 n-1 0 2n-2 C2C 

[131] Ramp converter 0 0 1 n n n C2C 

[96] Full bridge converter 0 0 0 n 0 4n C2C 

[89] Bypass 0 0 0 0 0 2n no energy transfer 
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2.7 Latest trends and optimisation of cell balancing topologies 

Table 2.3 presents a summary and optimisation of recent developments in cell balancing 

approaches. The basic circuit topology, optimised results, and important parameters has been 

mentioned in the Table 2.3. Every method described in the literature tested with varying 

conditions, cell characteristics, and switches power levels.  Convert the initial and final voltages 

to obtain the approximate values in percentage by using li-ion cell nominal voltage is (typically 

3.7V) for comparing cell balancing topologies. If the quantity of switches or relays is 

considered as a cost of the balancing topology, the techniques described in [126] and [124] are 

the ones that use a single switch per cell are cheaper than other topologies. Since all the 

available data were measured or assessed with different starting imbalances, charging current, 

and battery capacity, it was difficult to compare the balancing speed. However, an indicative 

balancing time is calculated by using the capacity and balancing current information. In this 

case, it appears that the approach described in  [124] produced the smallest indicative time, 

which is 31.4 minutes. However, by raising the balancing currents, the balancing speed can be 

improved. To observe the power loss comparison in terms of number of switches, and 

regardless of other factors the method reported in [124] and [126] give lower losses due to less 

number of switches. 

Table 2. 3 Recent advancements and optimizations of cell balancing techniques. 

Ref Type Type of 

Method 

Initi

al 

imb

alan

ce 

(%) 

Fina

l 

imb

alan

ce 

(%) 

Per 

cell 

capa

city  

(Ah) 

Bala

ncin

g 

curr

ent 

 (A) 

Indica

tive 

cell 

balanc

ing 

time 

(minut

es)   

No. 

of 

Swit

ches 

Cont

rol 

met

hod 

Comments 

[119] 

Switched 

capacitor 

Close loop 

switched 

capacitor 

equaliser 

34.8 

V  

2.9 

V  

2.6 1.72 90.7 2N SOC  the cell balancing process is explained by simulation 

findings, the experimental results simply display the 

final residual difference between cells. connect the first 

and last cell with an additional capacitor. 

[116] 
Switched 

capacitor 

Parallel 

resonant 

8.1 

V  

0.01 

V 

1.1 0.4 165 4N Volt

age  

It eliminates the inrush current and provides a three 

times faster cell balancing speed than the standard PSC 
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switched 

capacitor 

equaliser  

equalizer. However, the expense is more than that of 

traditional PSC balancers. 

[132] 

Inductor 

based 

Single 

Inductor 

bidirectional 

cell balancing 

6.3 

V 

0.5 

V 

20 0.8 1500 4N+

4 

Volt

age  

This study used many cell balancing paths to attain fast 

balancing speed. However, there are some 

disadvantages to this method, such as loop resistances 

and losses on bypassed circuits. 

[126] 

Inductor 

based  

Coupled 

inductor cell 

balancing 

24.2 

V 

0 NA 2 NA N Volt

age  

For static balance, use simulation; for charge balancing, 

use experimentation. The process takes only 6 seconds 

since it employs inductor voltage rather than battery 

cells to demonstrate cell balancing. In comparison to 

the conventional linked inductor topology, each cell 

pair requires one fewer switch. 

[111] 

Inductor 

based 

Single 

inductor cell 

balancing 

with an 

auxiliary 

battery 

30.2

SOC 

0  12.8 6.4 120 2N+

3 

SOC The choice of the control variable is the average SOC 

and using an additional battery to perform cell 

balancing process. 

[133] 

Inductor 

based 

Double-layer 

inductive 

Equalisation 

Circuit with a 

resistor in 

parallel with 

each inductor 

25 

SOC 

0 NA 7 NA N+N

/2 

SOC  The superior performance of the suggested system is 

demonstrated by comparing the outcomes with a single 

layer and with a dual-layer inductor topology. The 0.5c, 

1c, and 2c rates current for charging and 

discharging were also evaluated. However, the charging 

results are not displayed in the paper. 

[124] 

Capacitor 

and 

inductor 

based 

Advanced 

Switched 

capacitor 

equaliser 

circuit 

19.8

V 

0 2 3.82 31.4 N Volt

age  

Implemented a hybrid balancing method combining 

Switched capacitor and buck-boost converter and 

considers the impact of parasitic resistance of the 

magnetic components. 

[134] 

Converte

r based 

Push-pull 

converter-

based cell 

Balancing 

Circuit 

6.7 

V 

0 NA 1.5 NA 4, 

2N 

relay

s 

Volt

age  

It performed cell balancing through C2C method using 

an isolated Push-Pull converter. The converter switches' 

duty cycle is adjusted to 50% to minimize ripples in 

voltage and current. 

[86] 

Converte

r based 

Dual DC-DC 

converter-

based cell 

balancing 

with an 

auxiliary 

battery 

20 

SOC  

1 

SOC 

NA 4 NA 2N+

5 

SOC 

and 

Volt

age  

The auxiliary battery connected to the inductor by 

switches forms a buck converter, while the inductor and 

associated switches build a flyback converter. When 

charging, the flyback converter maintains C2P balance, 

and when discharging, the buck converter charges the 

auxiliary battery through regenerative braking. Make 

use of both voltage-based and SOC control. 
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[98] 

Resonant 

converter 

Single 

resonant 

converter 

balancing 

Circuit with 

reduced 

resonant 

frequency  

5.4 

V 

0 4.2 1 252 4(N-

1) 

Volt

age  

A single resonant converter with reduced resonant 

frequency is used to improve balancing time and reduce 

power losses as compared with independent resonant 

tank topology. The proposed topology is also tested for 

supercapacitor and lead-acid battery cell balancing 

other than lithium-ion cells gives promising results. 

N: number of cells,  NA: not available 

2.8 Overview of bypass balancing method 

There are few research studies available on bypass cell balancing in the literature. The first 

battery cell bypass topology patent (US5898291A, United States) was published in the literature 

by John C. Hall Space Systems Loral LLC in 1999 [135].  When a battery cell fails in a series 

of connected cells, human intervention is not possible to fix the issue, specifically with li-ion 

batteries. A mechanism was offered to maximise the battery energy storage capacity. Electrical 

connections are made in series between at least two cell strings, each of which has several 

battery cells in parallel. The fact that a failed cell in one series string of battery cells in an array 

of li-ion batteries in a series-parallel configuration unfavourably lowers the permitted charging 

voltage of the remaining series strings of the array and consequently lowers their capacity is a 

crucial factor to consider. By eliminating cells from every series string in the array, this 

invention prevents such an unwanted outcome. The patent explains that the bypass topology 

was used to detect faulty cells in a battery pack to bypass but does not consider adaptive control 

to perform cell balancing. 

The author of [136] added an extra cell to the battery pack to allow one cell to be bypassed 

during the charging or discharging process. Although this topology is named "lossless cell 

balancing," but it did not consider switching matrix power loss. However, the control algorithm 

is very straightforward, bypassing the cell for a set period rather than using an intelligent control 

to make decisions based on soc/voltage measurements of individual cells and perform cell 
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balancing. The paper reports on the enhancement in the capacity of the cells with rest periods 

but does not address its effect on cell balancing. 

The paper [90] presents the bypass approach for introducing a bypass cell balancing topology 

for EVs. Each battery cell relates to half-bridge switches, which enables cell balancing 

according to the SOC. However, for verification of the balancing topology, only consider a very 

modest initial SOC imbalance of 1% and cell balancing is tested in simulation for a low charge 

current of about 0.2c. The simulation results for discharging do not validate the cell balancing, 

as it does not show a clear difference in the starting and ultimate residual SOC imbalance 

between cells.  

The paper [91] explains the idea behind a Smart Battery Pack (SBP) using bypass balancing 

topology. The balancing control is based on SOC to bypass the specific cell. The paper is more 

focused on wireless communication to send and receive commands. However, the SOC is 

measured from hardware in the loop simulator and the cell balancing does not consider the 

worst conditions for initial SOC imbalance.  

The combination of bypass and passive balancing is demonstrated in [137]. The control 

software will determine which topology operates at any given time. However, according to this 

paper, the limitation of bypass cell balancing topology implementation is the manual adjustment 

of the charger supply voltage.  

The article [92] discusses a short circuit (bypass) topology, including SOC as a 

balancing control variable. Relays are employed as a switching mechanism to either connect 

the cell in series or bypass it. To provide the necessary power, EVs use a range of series and 

parallel combinations of Li-ion batteries. Because of this, this architecture needed 2N relays for 
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every N series-connected cell, making the balancing circuit large and may be unsuitable for 

EVs.  

The most recent work in [89] proposes a double-layer equalization method for battery packs, 

including DC-DC converters and bypass cell balancing topology. The outside layer uses a 

buck-boost converter, while the inner layer uses a reconfigurable (bypass) architecture. The 

buck-boost converter is connected to the cell or module to stabilise the total output voltage of 

a specific module, and the bypass topology is utilised to establish balance across cells inside 

the module for cell balancing. However, the article describes that accurate SOC estimation is 

challenging, so it uses SOC measurement from the battery Simulink model rather than 

designing an algorithm for accurate SOC estimation. Additionally, the output voltage individual 

module will be stabilised by using a separate converter, but the cell balancing circuit will be 

more bulky and costly. The use of a power converter will also add additional losses.   

2.9 Utilisation of DC-DC Converters in EV 

In the EV's powertrain system, there are three different kinds of power converters, DC-DC, DC-

AC, and AC-DC. DC-AC converters were needed to convert the DC voltage to AC for the 

induction motor drive. To charge the battery pack during regenerative braking, EVs require 

AC-DC converters to convert AC power to DC. DC-DC converters are employed to supply 

reduced power to components with lower power ratings and to supply variable DC-link voltage 

to the traction inverter [138].  Mostly induction motor drives that use voltage source inverters 

run on a fixed, high-voltage DC connection. Nevertheless, using a high DC-link voltage at low 

drive speeds will cause the inverter to have a low modulation index, which will result in 

inefficient DC bus usage [139]. 
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The utilization of a variable DC link in traction inverters for EVs offers distinct advantages 

over fixed DC link configurations. The main drawback of using a fixed DC-link for traction 

inverter is high power losses, due to high voltage supply at lower speed. A variable DC-link 

voltage capable of adapting to various speed conditions is more preferred for minimising overall 

traction losses. In the real world, the driving speed of the vehicle is always varying. The DC-

link voltage can be raised to supply the appropriate power in circumstances requiring high 

power, such as when accelerating or climbing hills. Conversely, during periods of reduced 

power demand, such as cruising or deceleration, the DC-link voltage can be lowered for 

minimising traction inverter power losses and improving overall power efficiency. The 

advantages of employing variable DC-link voltage over fixed DC-link voltage are demonstrated 

by several research publications on variable DC-link voltage optimisation for traction inverters 

[88, 139-143]. However, mostly the DC-DC converters are used in hybrid or plug-in hybrid 

EVs [144] where the primacy concern is battery charging during regenerative braking system. 

The article [145] also introduce DC-DC converter in Ev but the focus of the research is to reduce 

the THD with different modulation techniques and the results analysis shows that the variable 

DC-link can reduce the THD and increase the efficiency of traction inverter.  

In EVs, the researchers [146, 147] proposed a variable DC-link voltage by substituting the DC-

DC converter between the battery pack and the traction inverter. However, the drawback of 

using a DC-DC converter will also produce power losses and most importantly, the EV will 

require extra balancing circuit as this cannot deal with the cell imbalance of the EV battery 

pack. Nevertheless, because the DC-DC converters rely on input voltage, duty cycle, and load 

characteristics, designing DC-DC converters appropriately might be difficult. Furthermore, 

because of the switching operations, DC-DC converters show non-linear behaviour and slightly 

damped dynamics [61]. 
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2.10 Research gaps in cell balancing topologies 

After a thorough investigation of the current cell balancing topologies in literature, the 

following important points have been identified that need to be considered for optimisation. 

1. Although designing a SOC-based controller for cell balancing is simple. However, 

estimating SOC accurately is one of the most challenging parts of BMS. Coulomb-

Counting is a simple method of SOC estimation, which requires the cell's initial SOC 

information as well as the current over time. However, in practice the current contains 

noise and variations, which make it challenging for accurate SOC estimation.  

2. Another method is to utilise a voltage-based controller. Measuring voltage is simple, 

but in practice, it is also difficult because of electromagnetic noise and fluctuation in 

voltage, which must be considered. 

3. When using a bypass cell balancing topology during charging, the charger and 

BMS need to have an adaptive control system that the charger can modify the supply 

voltage according to bypass number of modules in real-time.  

4. The necessary DC voltage must be determined in proportion to the speed of the 

induction motor to carry out SOC/voltage balancing while providing sufficient power 

to the vehicle during discharging.  

5. The selection of electronic components to design cell balancing circuit, especially for 

EV applications needs to be lightweight, and small, and volume so that it is applicable 

in practice.  

6. To assess the overall efficiency of balancing circuit, it is important to analyse and 

compute the power loss related to the traction inverter and balancing circuit. 
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2.11 Research gaps optimisation 

The above-mentioned research gaps in cell balancing topologies are tackled through the 

proposed state of the art system. 

1. Instead of using SOC as a control variable, the voltage is used. The balancing results in 

chapter 5 shown a good relationship between SOC and voltage of li-ion cell. 

2.  The voltage-based control method used for charging and discharging of battery pack, 

which is further describe in chapter 4, section 4.2.1. The voltage fluctuation is reduced 

by moving average filter as shown in chapter 6, section 6.3 and 6.5. 

3. To achieve adaptive control for a DC fast charger, CCCV charger is designed in chapter 

3, section 3.4 and the results in chapter 5, section 5.3 provide the verification of 

adjustment of charger supply voltage. 

4.  The relationship between the voltage requirement and motor speed is determined by 

FOC and presented in chapter 3, section 3.6.7. 

5. The component selection of the state-of-the-art system is according to the power rating 

required for charging and discharging circuit. The selection of electronics components 

is explained in chapter 5, section 5.5 and 5.8. The power losses are calculated and 

compared in chapter 5, section 5.7 and 5.8. 

In the summary of this chapter, several cell balancing techniques has been discussed and 

focused on bypass balancing method. Review the existing literature on cell balancing topologies 

to find the research gaps and briefly explain the ways of resolving these gaps through proposed 

state of the art system. The literature also verifies the advantages of using variable DC-link over 

fixed DC-link for traction inverter. The following chapter will introduce the development of 

battery cell and motor approximate models.  
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Chapter 3: Battery and Induction Motor Modelling  

This chapter describes the three-phase induction motor and battery cell model approximation. 

These models are used to test the proposed method and controller using simulation software 

before applying on physical models or implementation in HIL. The Panasonic Li-ion cell 

(NCR18650B) parameters are used to modify the default MATLAB Simulink model of the Li-

ion cell and use actual induction motor parameters to estimate the induction motor per phase 

equivalent circuit parameters. This chapter also explains the operating principle of the battery 

charge controller and FOC. 

3.1 Battery cell modelling  

The MATLAB Simulink general battery cell model presents four different battery types, nickel-

cadmium, lead-acid, nickel-metal-hydride, and lithium-ion. It allows users to modify several 

parameters, including the nominal voltage, rated capacity, initial state of charge, and 

discharging parameters. Figure 3.1 and 3.2 displays the block diagram and MATLAB Simulink 

diagram of the li-ion battery cell, receptively. Figure 3.2(a) represent a general block diagram 

with controlled voltage source and internal resistance. The mathematical model a cell is 

presented in Figure 3.2(b). 

  

Figure 3. 1 Generic li-ion battery cell block diagram 
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(a) 

 

(b) 

Figure 3. 2 Generic li-ion battery cell MATLAB Simulink model 

Battery temperature and current signals are required for the battery cell mathematical model. 

The model measuring port allows for the measurement of voltage, current, and SOC. The cell 

voltage in the model is provided by a controlled voltage source. In this research voltage-based 

controller is used for controller design and SOC is measured directly from the battery cell 

model. Although temperature management is important but its more related to mechanical issue, 

so this research is mainly focused on electrical aspects of the BMS. 

The Simulink battery model has some limitations and assumptions [148]. 
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3.1.1 Limitations 

1. The fully discharged cell minimum voltage with no-load is zero (0 V) but the real Li-

ion cell voltage should not be less than it’s cut off limit, otherwise the cell will be 

damaged permanently. 

2. The fully discharged cell minimum capacity is zero (0 Ah), however, the real Li-ion cell 

have some residual capacity but may not be able to store or transfer energy.  

3. The initial voltage is zero, but the voltage is stabilised within 0.1 seconds.   

3.1.2 Assumptions 

1. The internal resistance is constant and independent of the current. 

2. The discharge parameters are used to determine the model and assume the 

charging characteristics are the same as and discharging. 

3. The battery capacity remains constant regardless of the current amplitude. 

4. There is no representation of the battery self-discharge. 

3.2 Modification in the default MATLAB Li-ion cell model 

The proposed method can be applied on any type of li-ion cell, but choice is made due to 

availability of the cell in the market. the automotive battery pack data is very confidential and 

not available for everyone but the data sheet of NCR18650B li-ion cell is available, and it can 

be used to modify the MATLAB Simulink model. The Panasonic li-ion cell (NCR18650B) was 

chosen with rated capacity of 3.25 Ah to make high power battery pack, instead of default 

MATLAB Simulink Li-ion cell model (CGR18650AF) with a rated capacity of 2.05 Ah. The 

parameters extracted from the datasheet of NCR18650B [50], and adjusted to get approximate 

charge and discharged characteristics of the cell to develop a practical cell model are reported 

in Table 3.1. 
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Table 3. 1 Li-ion cell parameters (NCR18650B) 

Parameters Value Units 

Nominal voltage 3 V  

Rated capacity 3.25 Ah 

Initial state-of-charge  0-100 % 

Maximum capacity 3.25 Ah 

Cut-off Voltage  2.5 V 

Fully charged voltage 4.2 V 

Nominal discharge current 3.25 A 

Internal resistance  0.001 Ω 

Capacity at nominal voltage 3 Ah 

Exponential zone Voltage 3.95 V 

Exponential zone Capacity 0.1 Ah 

 

Both Figure 3.3 and Figure 3.4 are closely matched, which depict the expected discharge curves 

produced by altering the discharge parameters in the battery cell model and the datasheet 

discharge curves, respectively. 

 

Figure 3. 3 li-ion cell discharge characteristics at (0.2C, 0.5C, 1C, 2C) from MATLAB Simulink 
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Figure 3. 4 li-ion cell discharge characteristics from datasheet [50] 

Before creating the EV battery pack, a single li-ion cell model is put through a constant current 

constant voltage (CCCV) charging test. There is a good match between the simulation results 

and the data sheet charge characteristics, illustrated in Figure 3.5 and Figure 3.6, respectively. 

 

Figure 3. 5 CCCV charge characteristics of the li-ion cell at 0.5C-rate from MATLAB Simulink 
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Figure 3. 6 CCCV charge characteristics of the li-ion cell at 0.5C-rate, from the datasheet [50] 

3.3 CCCV charger 

CCCV charging is a general method for charging li-ion batteries utilised by EVs. By optimising 

the charging procedure, this technique provides effective and secure charging. The CC phase 

and the CV phase are the two primary stages of the CCCV charging process. The controller 

design and working principle of CCCV charger is further explained in the next section 3.4. The 

battery receives a constant current during the CC phase of charging. The CC phase objective is 

to rapidly charge the battery up to a predetermined SOC level then change to CV phase to 

protect the battery from overcharge. The battery voltage consistently rises throughout CC stage. 

When the li-ion cell reaches its fully charged voltage (typically 4.2V), the charger switches to 

the CV phase and the charging current starts to decrease, while the voltage stays constant. For 

battery safety and health, the change from the CC to the CV phase is essential. Overcharging 

or allowing a lithium battery to reach dangerously high voltages can cause overheating, capacity 

loss, and potential safety risks. The CCCV charging algorithm switches to the CV phase to 

finish the charge more gradually and prevent overcharging after allowing for a quick charge in 
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the CC phase, which is advantageous for rapidly refilling the battery. The dynamic adjustment 

of charging parameters depending on several elements like battery temperature, SOC, and cell 

condition is a significant feature found in modern EV chargers and BMS. This guarantees that 

the charging procedure and surrounding circumstances, are customised to the battery hence 

enhancing the battery's longevity and safety. 

3.4 Battery charge controller 

The proposed bypass topology's battery pack output voltage is determined by the quantity of 

bypassed and serially linked modules. Under static conditions, the battery pack's maximum 

output voltage (𝑉max _𝑜𝑢𝑡)) is equal to the total of the voltages of all the modules that are linked 

in series. On the other hand, the battery pack output voltage (𝑉𝑜𝑢𝑡) during cell balancing is equal 

to the sum of the bypass cell voltages (𝑉𝑘) subtracted from the sum of the voltages of the 

individual cells (𝑉𝑖). 

𝑉max _𝑜𝑢𝑡 = ∑(𝑉𝑖 )

𝑛

𝑖=1

 
(3.1)  

𝑉𝑜𝑢𝑡 = ∑ 𝑉𝑖

𝑛

𝑖=1

− ∑ 𝑉𝑘

𝑚

𝑘=1

 
(3.2)  

Where 𝑛 is number of modules and 𝑚 is the number of bypass modules. 

When the battery pack nearly reaches its maximum voltage, due to fluctuation in the individual 

cell voltages, the battery can produce reverse current and may discharge. To protect the charger 

from reverse current, and prevent the battery from discharging, the charge controller added 

extra voltage (∆𝑉) to calculate the charger supply voltage (𝑉𝑠). 
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𝑉𝑠 = 𝑉𝑜𝑢𝑡 + ∆𝑉 (3.3)  

Figure 3.7 displays the block diagram of the battery charge controller utilized for the proposed 

bypass topology. Two cascaded PI controls build the CCCV charging control mechanism. 

When charging a battery with the CCCV charger, the charger first supplies a constant high 

current in the CC mode until the battery reaches 80% SOC. After that, it switches to the CV 

mode, which maintains a constant voltage while progressively lowering the charging current to 

charge the remaining 20% SOC. 

 

Figure 3. 7 Battery charge controller block diagram 

The MATLAB Simulink implementation of battery CCCV charger is presented in Figure 3.8, 

which continuously monitors the voltages of each module (Vall). The mathematical operational 

block is utilised to determine the maximum voltage. The first PI controller, which serves as a 

voltage controller and supplies the reference current (𝑖𝑟𝑒𝑓) following the voltage variation of 

the battery module, receives the difference between the reference voltage and the maximum 

voltage of the module. Typically, the fully charged voltage of a module serves as the reference 

voltage. In this thesis, the fully charged voltage of a module is 25.2 V that used as the reference 

voltage. The error signal becomes zero when the maximum capacity module voltage achieves 

its full charge voltage (25.2V), and the voltage control maintains a steady voltage while 

supplying the lowered reference current to progressively lower the charging current.  The error 
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signal between the reference current (𝑖𝑟𝑒𝑓) and battery pack charging current (𝑖𝑑𝑐) is received 

by the second PI controller, which serves as a current controller, and it is used to modify the 

charger's supply voltage (𝑉𝑠). The battery can create reverse current and discharge if the voltage 

of the battery exceeds the charger's supply voltage because of variations in the voltages of the 

individual battery cells. Therefore, a small delta voltage (10V) is added to the supply voltage.  

 

Figure 3. 8 Implementation of battery charge controller in MATLAB Simulink 

3.5 EV battery pack and motor selection for testing  

The literature [149, 150] shows automotive industry used multiple type of battery cell 

configuration and motors. The proposed method is flexible and may be applied to any 

arrangement of series-connected li-ion cells. However, the choice of the Tesla Model S battery 

pack and induction motor for the purpose state of the art system testing is based on its complex 

battery architecture. Many cells connected in both series and parallel configurations, offering a 

comprehensive test environment. Furthermore, according to the literature [151-155], the Tesla 

Model S is powered by a three-phase, two-pole pair, 270 kW induction motor that has a 

maximum speed of 9500 rpm, a torque of 440 Nm, lagging power factor 0.88 and efficiency 

93%. The reason of taking these parameters from literature is to calculate unknown induction 

motor equivalent circuit parameters for MATLAB Simulink modelling. This combination 
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offers a reliable and efficient baseline for assessing the proposed system's effectiveness in real-

world circumstances. The Tesla Model S battery pack module consist of 6 submodules and one 

submodule is made up of 74 cells connected in parallel. So, one module contains 444 cells, with 

6S74P configuration. The parameters to construct one battery module are shown in Table 3.2. 

Table 3. 2 Battery module parameters (NCR18650B) 

Parameters Value Units 

Nominal voltage 18 V  

Rated capacity 240.5 Ah 

Initial state-of-charge  0-100 % 

Maximum capacity 240.5 Ah 

Cut-off Voltage  15 V 

Fully charged voltage 25.2 V 

Nominal discharge current 240.5 A 

Internal resistance  81 𝜇Ω 

Capacity at nominal voltage 222 Ah 

Exponential zone Voltage 23.28 V 

Exponential zone Capacity 7.4 Ah 

The Tesla Model S battery pack consist of 16 modules but in this study, the whole battery pack 

consist of 12 series connected modules makes a configuration of 74P6S12M and contains 5328 

cells.  This is due to the real-time microcontroller launchpad (TMS320F28379D) ADC 

converter limitation of 3 ADCs (each with 4 channels) that can read 12 signals simultaneously. 

The parameters of whole battery pack and induction motor used in this thesis are presented in 

Table 3.3 and 3.4, receptively. 

Table 3. 3 Parameters of the battery pack (74P6S12M) 

Parameters Value Units 

Nominal voltage 216 V  

Rated capacity 240.5 Ah 

Initial state-of-charge  0-100 % 

Maximum capacity 240.5 Ah 

Cut-off Voltage  180 V 
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Fully charged voltage 302.4 V 

Nominal discharge current 240.5 A 

Internal resistance  81 𝜇Ω 

Capacity at nominal voltage 222 Ah 

Exponential zone Voltage 279.36 V 

Exponential zone Capacity 88.8 Ah 

Battery pack power  72 kWh 

3.6 Per-phase Induction motor Equivalent circuit model  

The per-phase induction motor equivalent circuit model offers approximate representation of 

its electrical characteristics. Usually, the stator, rotor, and core losses are represented by various 

parts of the model. Traditionally, the model for a standard induction motor is represented by 

the stator winding resistance (𝑅𝑠), stator leakage inductance (𝐿𝑠), rotor winding resistance (𝑅𝑟), 

rotor leakage inductance (𝐿𝑟) and with the magnetizing branch, which consists of the mutual 

inductance (𝐿𝑚) and the core-loss resistance (𝑅𝑐) in parallel, and 𝑅𝐿 is the equivalent 

mechanical load resistance is a function of rotor resistance and slip (s)  as illustrated in Figure 

3.9.  

 

Figure 3. 9 Per-phase equivalent circuit model of an induction motor 
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The frequency of the motor can be calculated as: 

𝑓n =
𝑛𝑠 ∗  𝑝 

60
 (3.4)  

The slip (𝑠) is the difference between the rotor's real speed (𝑛𝑟) and the motor's synchronous 

speed (𝑛𝑠) divided by synchronous speed.  

𝑠 =
𝑛𝑠 −  𝑛𝑟 

𝑛𝑠
 (3.5)  

Table 3. 4 Parameters of induction motor and battery pack 

Parameters Value Units 

Induction motor  

Power (P) 270 kW 

Torque (𝑇𝑒𝑙) 440 Nm 

Speed (𝜔𝑟) 5800 rpm 

Synchronous speed (𝑛𝑠) 6000 rpm 

Maximum speed (𝜔𝑚𝑎𝑥) 9500 rpm 

Power factor (𝑐𝑜𝑠𝜃) 88 % 

Efficiency (𝜂) 93 % 

Pole pair number (𝑝) 2  

Inertia (𝑗) 2.9 Kg.m^2 

Frequency (𝑓𝑛)) 200 Hz 

Battery pack 

Voltage (𝑉𝑠) 302.4 V 

Capacity (𝑄𝑟) 240.5 Ah 

Power (𝑃𝑑𝑐) 72 kW 

 

To find the stator current 𝐼s of three phase induction motor: 

𝐼s =  
𝑇𝑒𝑙 ∗  𝜔𝑟

√3 𝑉𝑠 𝜂 𝑐𝑜𝑠𝜃
 

(3.6)  
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The stator starting current 𝐼st and maximum torque 𝑇𝑒𝑙𝑚𝑎𝑥  are assumed by multiplying a 

constant value by the stator current and electrical torque of the motor: 

 𝐼st =  6.5 ∗  𝐼s (3.7)  

𝑇𝑒𝑙𝑚𝑎𝑥 =  2.8 ∗  𝑇𝑒𝑙 (3.8)  

Assuming the stator and rotor resistance (𝑅𝑠 , 𝑅𝑟) and inductance (𝐿𝑠, 𝐿𝑟 ) are equal and 

considering the Table 3.4 parameters to be accurate, solving the following stator starting current 

(𝐼st) and the maximum torque (𝑇𝑒𝑙𝑚𝑎𝑥 ) equations simultaneously to calculate the approximate 

values of the equivalent circuit parameters for an induction motor as presented in Table 3.5. 

 𝐼st =  
𝑉𝑠 

(𝑅𝑠+ 𝑅𝑟 )2 + 𝜔2(𝐿𝑠+ 𝐿𝑟 )2 (3.9)  

𝑇𝑒𝑙𝑚𝑎𝑥 =  
3 𝑝

2𝜔
 

𝑉𝑠 2

(𝑅𝑠 ) + √ 𝑅𝑠
2+ (𝐿𝑠+ 𝐿𝑟 )2

 (3.10)  

Table 3. 5 Approximation of equivalent circuit parameters 

Parameters Value Units 

stator resistance (𝑅𝑠) 71.7 mΩ 

rotor resistance (𝑅𝑟) 71.7 mΩ 

stator leakage inductance (𝐿𝑠) 63.41 𝜇𝐻 

Rotor leakage inductance (𝐿𝑟) 63.41 𝜇𝐻 

Furthermore, torque, mechanical power, stator current, and efficiency vs. speed of the induction 

motor are plotted to validate the estimated induction motor parameters. Unfortunately, the 

results were not satisfactory as the values of power (13 kW), torque (22Nm), and stator current 

(70 A) were small but the efficiency was 90%. To obtain the necessary rated torque (440 Nm), 

mechanical power (270 kW), stator current (1018 A), and efficiency (93%) of the induction 

motor, tunned the equivalent circuit parameters (𝑅𝑠 , 𝑅𝑟 , 𝐿𝑠, 𝐿𝑟) to closely follow the torque, 
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power, stator current, and efficiency, vs speed characteristics. First started with changing the 

rotor resistance and observing the effects. Reduced rotor resistance results in increased torque, 

stator current, and mechanical power at a cost of slightly decreased efficiency. Reducing the 

stator resistance also increased these values, hence, to reach the nominal values, the rotor and 

stator resistances decreased at the same time. In the third stage, reduce the leakage inductance, 

which causes a small decrease in power and torque but a larger decrease in stator current. 

Finally, after careful observation and changes in equivalent circuit parameters, promising 

results of desired characteristics are obtained with the modified parameters, as Figure 3.10 

illustrates. The approximate rated mechanical power is shown in Figure 3.10(a). The torque vs. 

speed graph of the induction motor is displayed in Figure 3.8(b), which verifies the approximate 

rated torque at the nominal speed of 607.3 rad/s. Comparably, Figure 3.10(c) displays stator 

current and Figure 3.10(d) displays 92.8% efficiency at nominal speed. 

  

(a) power vs speed (b) torque vs speed 
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(c) stator current vs speed (d) efficiency vs speed 

Figure 3. 10 Induction motor speed vs (a) power (b) torque (c) stator current (d) efficiency characteristics 

Table 3.6 presents the equivalent circuit characteristics for an induction motor, which are 

utilised in simulation and HIL experimentation presented in chapter 5 and 7. 

Table 3. 6 Equivalent circuit parameters of induction motor 

Parameters Value Units 

stator resistance (𝑅𝑠) 3.4 mΩ 

rotor resistance (𝑅𝑟) 2.8 mΩ 

Stator leakage inductance (𝐿𝑠) 22.09 𝜇𝐻 

Rotor leakage inductance (𝐿𝑟) 22.09 𝜇𝐻 

Mutual inductance (𝐿𝑚) 1.6 mH 

3.7 FOC of an induction motor 

The block diagram of the FOC of an induction motor is presented in Figure 3.12 and it is used 

for better torque and speed control of induction motors. Depending on the information gained 

about the flux angle, the vector control or FOC can be either direct or indirect FOC. The slip 

angular velocity is used in indirect vector control, where the stator currents are split into flux 

and torque-producing currents and the flux angle in direct vector control is directly determined 

from the flux. AFOC, RFOC, and SFOC are further classifications for vector control. In this 

study, the FOC is predicated on indirect control and RFOC, and the complex vectors approach 
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is used to perform the reference frame transformation. In the following equations subsections 

of 3.7, the subscript abc is used for three-phases, d and q for the d-axis and q-axis, s for the 

stator, r for the rotor, m for mutual, the superscript r for the rotational reference frame, and the 

superscript s is used for the synchronous reference frame. The following mathematical 

formulation for the FOC is adapted from electric motor control book [156] and then used these 

mathematical formulation to develop the FOC modelling in MATLAB Simulink and OPAL-

RT.  

3.7.1 Complex vector reference frame representation 

There are several reference frame transformations to simplify the calculations, by altering the 

rotation speed, for instance, the generalized rotating transformation or arbitrary reference frame 

transformation. The time-varying coefficients are eliminated via the reference frame 

transformation, which converts the three-phase abc variables into dqn variables. A three-phase 

current in the complex plane can be represented by a vector 𝐼𝑎𝑏𝑐 known as a complex vector. 

The whole three-phase system can be analysed instead of one phase separately using the 

complex vector method. The complex vector for three-phase current is represented as:  

𝐼𝑎𝑏𝑐 =  
2

3
(𝑖𝑎 +  𝑖𝑏𝑒𝑗

2𝜋
3 + 𝑖𝑐𝑒𝑗

4𝜋
3 ) 

(3.11)  

The inverse transformation from complex vector to three-phase currents is given by: 

𝐼𝑎 =  𝑅𝑒[𝐼𝑎𝑏𝑐]  (3.12)  

𝐼𝑏 = 𝑅𝑒 [𝑒−𝑗
2𝜋
3  𝐼𝑎𝑏𝑐]  

(3.13)  

𝐼𝑐 =  𝑅𝑒 [𝑒−𝑗
4𝜋
3  𝐼𝑎𝑏𝑐]  

(3.14)  
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where Re represents the complex vector's real component. 

Since the orthogonal coordinates of the complex plane and the dq coordinate system are the 

same, the real and imaginary axes are equivalent to the d and q axes, respectively. The complex 

vector 𝐼𝑎𝑏𝑐 in the stationary reference frame is therefore identical to 𝐼𝑑𝑞. The dq-axis currents 

in the rotating reference frame, however, can be represented as follows since the dq-axis rotates 

with the synchronous speed (𝜔) or rotor flux speed. 

𝐼𝑑 =
2

3
[𝐼𝑎cos 𝜃 + 𝐼𝑏cos (𝜃 −

2

3
𝜋) + 𝐼𝑐cos (𝜃 −

4

3
𝜋)] 

(3.15)  

𝐼𝑞 = −
2

3
[𝐼𝑎sin 𝜃 + 𝐼𝑏sin (𝜃 −

2

3
𝜋) + 𝐼𝑐sin (𝜃 −

4

3
𝜋)] 

(3.16)  

And by using the Euler formula the dq-axis currents become: 

𝐼𝑑𝑞 = 𝐼𝑎𝑏𝑐 𝑒−𝑗𝜃 (3.17)  

There is only a phase difference (𝜃) between the complex vector and rotating frame (dq-axis) 

which is due to angular displacement, which can be calculated by equation 3.20.  

3.7.2 Decoupling of stator currents 

In induction motors, the torque and flux-producing current are supplied simultaneously from 

the stator three-phase windings. Instantaneous torque control requires determining the field flux 

and torque components from the stator currents (𝑖𝑎𝑠, 𝑖𝑏𝑠, 𝑖𝑐𝑠). An induction motor can only 

achieve instantaneous torque control under two fundamental requirements. 

• The 90-degree angle exists between both torque and flux-producing currents. 

• The independent control of both torque and flux-producing currents.  
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The reference frame transformation technique is used in the instantaneous torque control 

operation to convert the three-phase stator currents into dq-axis currents. Traditionally, the d-

axis stator current is defined as the current that generates torque, while the q-axis stator current 

is identified as the current that produces flux. To fulfil the first criteria by obtaining orthogonal 

currents, it is important to align the d-axis and flux vector's (φ) actual location in vector control. 

The flux vector in an induction motor is the spinning magnetic field generated from the three-

phase stator currents and the flux vector position illustrated in Figure 3.11. 

 

Figure 3. 11 Rotating frame dq-axis flux vector and flux angle presentation 

Where 𝜃 is the rotating flux angle, 𝜔 is synchronous speed or rotor flux speed, and φ is the 

flux vector. Considering the flux vector (φ) rotates at synchronous speed (𝜔), then the d-axis 

must rotate synchronously to keep the alignment with the rotating flux vector. The real flux-

producing current in synchronous dq reference frame is produced by the d-axis stator current. 

Therefore, the d-axis stator current (𝑖𝑑𝑠) can be controlled to control the flux magnitude. 

The equation (3.18) represents torque (𝑇) of induction motor: 
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𝑇 =
3

2

𝑃

2

𝐿𝑚

𝐿𝑟
(φ𝑑𝑟

𝑠 𝑖𝑞𝑠
𝑠 − φ𝑞𝑟

𝑠 𝑖𝑑𝑠
𝑠 ) 

(3.18)  

Given that the flux in equation (3.18) above is thought to represent the rotor's flux linkage and 

that it is limited to the d-axis, the torque can be independently controlled by the q-axis stator 

current (𝑖𝑞𝑠) provided that the d-axis stator current (𝑖𝑑𝑠) is controlled to maintain a constant flux 

vector magnitude. 

𝑇 =
3

2

𝑃𝐿𝑚

2

𝐿𝑚

𝐿𝑟

|φ|𝑖𝑞𝑠
𝑠      𝑤ℎ𝑒𝑟𝑒 (φ𝑑𝑟

𝑠 = |φ|, φ𝑞𝑟
𝑠 = 0) 

(3.19)  

Stator currents on the d & q-axes are orthogonal to or independent of each other. Whereas the 

q-axis stator current generates torque, the d-axis stator current provides flux. Consequently, it 

is possible to individually adjust the torque and flux. 

3.7.3 Estimation of the Rotor Flux angle 

 The integral of the synchronous speed (𝜔) in the rotating frame is used to compute the rotor 

flux angle (𝜃), which fluctuates over time between the rotating and stationary reference frames. 

 𝜃 = ∫ 𝜔(𝑡)𝑑𝑡 +  𝜃(0)  (3.20)  

Where the initial angle 𝜃(0) at time (𝑡) is equal to zero, is assumed to be zero (𝜃(0) = 0). To 

find the synchronous speed (𝜔) is discussed in the following section 3.6.4. and can be calculated 

from equation 3.22. 

3.7.4 Indirect Rotor flux-oriented control 

 The indirect vector control is straightforward to utilise slip to derive the rotor flux angle 

indirectly. The slip dictates how the stator current is split into flux and torque-producing current, 

as can be seen in the steady-state per phase equivalent circuit of an induction motor presented 
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in section 3.5. Therefore, the necessary torque and flux can be obtained by controlling the slip. 

finally getting the critical slip requirement for the indirect vector control by holding the rotor 

flux linkage constant, which is: 

                           𝜔𝑠 =
1

𝑇𝑟

𝑖𝑞𝑠
𝑠

𝑖𝑑𝑠
𝑠           𝑤ℎ𝑒𝑟𝑒 (𝑇𝑟 =

𝐿𝑟

𝑅𝑟
)                    

(3.21)  

The above equation shows the angular frequency ( 𝜔𝑠) or slip relation to d & q currents. 

Then the rotor flux speed (synchronous speed,  𝜔) can be obtained by using the rotor velocity 

( 𝜔𝑟) and the slip speed ( 𝜔𝑠). 

𝜔 = (𝜔𝑠 + 𝜔𝑟)   (3.22)  

3.7.5 Flux estimation 

The voltage model, which is based on stator equations, and the current model, which is based 

on rotor equations, are the two ways to estimate the rotor flux linkage. With the current flux 

estimation model, the required rotor flux linkage may be obtained as 

𝑑φ𝑑𝑟
𝑟

𝑑𝑡
=

𝑅𝑟

𝐿𝑟
φ𝑑𝑟

𝑟 +  
𝑅𝑟

𝐿𝑟
𝐿𝑚𝑖𝑑𝑠

𝑟    
(3.23)  

𝑑φ𝑞𝑟
𝑟

𝑑𝑡
=

𝑅𝑟

𝐿𝑟
φ𝑞𝑟

𝑟 + 
𝑅𝑟

𝐿𝑟
𝐿𝑚𝑖𝑞𝑠

𝑟    
(3.24)  

The differential equations (3.23) and (3.24) can be integrated to obtain the rotor flux linkages. 

3.7.6 Filed weakening 

An effective technique for raising an induction motor's speed well above its nominal speed is 

field weakening. The torque decreases simultaneously when the speed is beyond the 

nominal value. Therefore, when high torque is required at low rotation rates and low torque is 
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required at high rotation speeds, field weakening is utilized. The reference flux can be obtained 

by the rotor mechanical speed (𝜔𝑟), rotor nominal speed (𝜔𝑟𝑛), and rotor nominal flux (φrn) 

for a flux controller in FOC.  

φref =  φrn        , if (𝜔𝑟 < 𝜔𝑟𝑛) 

φref =  
𝜔𝑟𝑛

𝜔𝑟
× φrn      , if (𝜔𝑟  ≥ 𝜔𝑟𝑛)    

(3.25)  

The nominal rotor flux can be calculated using nominal values, nominal stator current (𝐼𝑛), 

nominal motor speed (𝜔𝑛), nominal slip (𝑠𝑛), and equivalent circuit parameters.  

φrn =  
𝐿𝑚 × 𝑅𝑟 × 𝐼𝑛 

√𝑅𝑟
2 + (𝑠𝑛 × 𝜔𝑛 × 𝐿𝑟)2

         
(3.26)  

Figure 3.11 depicts the vector control system block diagram for an induction motor, which 

includes commonly utilized PI controller for flux, speed, and current control.  

3.7.7 Voltage and speed relationship 

It is crucial to determine the relationship between the voltage and speed of the induction 

motor for the proposed modular battery packs. Depending on the motor speed, the battery pack 

voltage must be regulated to provide a variable DC-link voltage. The magnitude of the reference 

voltage (𝑉m)  according to motor speed using dq reference frame voltage, as it is equal in both 

rotating and stationary reference frames. 

𝑉m =  √𝑉𝑑
2 + 𝑉𝑞

2 
(3.27)  
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This reference voltage magnitude is further used in discharging control algorithm to in chapter 

4, section 4.3.1 to identify the number of bypass modules to provide variable DC-link voltage 

and perform voltage balancing.  

 

Figure 3. 12 Block diagram of FOC of an induction motor with controllers 

This chapter optimised the default li-ion battery cell model and gives the parameters of building 

EV battery pack with the series and parallel combination of cells. The approximation of 

induction motor electrical model is achieved. The implementation of battery pack charging 

control and FOC is also discussed in this chapter.  This EV battery pack and inductor motor 

model and associated controller will be used in the next chapter to develop the proposed 

modular battery pack.   
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Chapter 4: Proposed Bypass Balancing Method and 

Control 

The bypass balancing method is proposed in this chapter, along with an adaptive control system, 

to provide modular battery packs and achieve voltage balancing. The control 

system includes adjusting the supply voltage during charging and modifying the battery pack 

voltage by the motor speed during discharging. The proposed topology and the controller 

operating principle for the battery pack's charging and discharging modes of operation are also 

covered in this chapter. 

4.1 Proposed bypass cell balancing topology structure 

The bypass balancing technique has a simple structure of two switches parallel to each battery 

cell or module. This simple structure is beneficial for implementation of this circuit in EV, due 

to low cost, weight, and volume.  Li-ion cells are arranged in parallel and series configurations 

to form battery modules, which are then coupled in series to form an entire EV battery pack. 

The parameters, number of cells and configuration of single cell, module and battery pack are 

presented in chapter 3, section 3.2. Figure 4.1 (a,b) shows the basic block diagram and 

MATLAB Simulink diagram of an EV battery pack with a modular bypass balancing 

architecture. This diagram illustrates how the EV battery pack is connected to the bypass 

topology. Every module in the battery pack is wired to two switches, which are generally 

MOSFETs. The bypass switches (S1, S3, S5,... S11) are used to break the cell series connection 

to bypass the module, while the other series switches (S2, S4, S6,... S12) are employed to work 

in series to make a series connection between modules. It is essential to have a switching delay 

between the switch ON and OFF to prevent short circuits. The proposed topology is 
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implemented for the modular level, with 12 modules (M1, M2, M3,..., M12) connected in series. 

Each module is made up of 6 series connected (sb1, sb2, sb3,..., sb6 ) submodules, and each 

submodule consists of 74 parallel (b1, b2, b3,..., b74) cells, so one module consist of 444 cells . 

 

(a) 

 

(b) 

Figure 4. 1 Simulink and block diagram of EV battery pack with bypass topology. 
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4.2 Bypass cell balancing topology during battery pack charging  

Figure 4.2 (a,b) shows the block diagram and MATLAB Simulink diagram of the suggested 

bypass balancing architecture for charging along with the microcontroller and CCCV charger. 

The battery charge controller was explained in Chapter 3, section 3.4. The charge controller 

utilises voltage (𝑉dc) and current (𝐼dc) signals to adjust the supply voltage according to the 

number of bypass modules and then sends the supply voltage signal to the DC fast charger. The 

bypass and series switches of the topology are controlled by the switching controller. The 

switching controller continuously monitors the individual module voltage and takes the 

decision accordingly to adjust the switching control signals (bypass switches and series 

switches). In Simulink the controlled voltage source is used as a DC fast charger connected to 

the battery pack through a series RL circuit that limits and smooth out the current ripples. The 

DC fast charger output voltage is controlled according to the battery charger supply voltage 

command. 

 

(a) 
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(b) 

Figure 4. 2 Simulink and block diagram of proposed topology with controller during charging 

4.2.1 Operating principle of EV battery pack charging 

A cell balancing control algorithm typically consists of multiple important steps. Initially, either 

charging or discharging, the voltage of each module is continuously monitored. Upon 

determining a module with maximum voltage, the associated bypass switches become active. 

By establishing a temporary parallel channel, this switch permits a charging current to go 

around the module that has maximum charge. Because of this, the modules with lower voltages 

keep charging while the modules with higher voltages are bypassed. 

the primary objective of the charging controller is to reroute the charging current of the 

battery modules with the highest levels of charge. The working concept of the bypass topology 

during the charging condition is depicted in the flow chart in Figure 4.3. The sensors 

continuously measure each battery pack module's voltage. Arrange these values into an array 



Chapter 4: Proposed Bypass Cell Balancing Topology and Control 

64 

 

variable so that sorting in ascending or descending order can easily be achieved. The voltage 

values are sorted in descending order for the charging control as the highest voltage cell needs 

to be bypassed. To calculate the voltage difference, find the highest and lowest voltage modules. 

Through the prompt activation of bypass switches, cell balancing is initiated if modules vary 

from a predetermined threshold value. Continue to calculate imbalance using this method and 

terminate the cell balancing when the imbalance reaches the lowest allowable value. Identify 

the specific number of bypass modules and modify the supply voltage of CCCV charger 

accordingly. Appendix A shows the microcontroller code for the battery pack charging mode 

of operation with the proposed bypass method. 

 

Figure 4. 3 Flow chart of the controller during battery charging 

4.3 Bypass cell balancing topology during battery pack discharging  

For EV battery pack discharging, the Figure 4.4(a,b,c) illustrates the block diagram and 

simulation of a proposed bypass balancing architecture coupled with a traction inverter and 



Chapter 4: Proposed Bypass Cell Balancing Topology and Control 

65 

 

motor. The inverter and EV battery pack are connected to supply the induction motor with a 

three-phase AC power source. The induction motor speed control is implemented by FOC, 

which was explained in Chapter 3, section 3.6. The pulse width modulation (PWM) generator's 

three-phase reference voltage is generated by implementing FOC. The microcontroller receives 

the computed amplitude of the three-phase reference voltages and uses it to further explore and 

modify the switching control signals to alter the battery pack voltage in accordance with the 

induction motor's speed. The number of bypasses is calculated by the voltage and speed 

relationship to bypass the number of modules accordingly. When discharging, the weak 

modules are chosen for bypass, and the high-energy modules are chosen to give the necessary 

power to the motor.  

 

(a) 
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(b) 

    

(c) 

Figure 4. 4 Simulation and block diagram of proposed topology with controller during discharging 

The Figure 4.4(c) shows the induction motor input as a torque which is calculated through 

torque-speed characteristics. The torque and speed relation of an induction motor is non-linear 

thus linear and quadratic equation is used to create the torque-speed relationship.    
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𝑇 = 𝑘1 ∗ 𝜔 +  𝑘2 ∗  𝜔2  (4.1)  

During the discharging process of the battery pack, the torque is applied to the motor and the 

speed or load profile is provided by the WLTP-3 drive cycle which is controlled through FOC. 

Thus, the power (𝑃) can directly be derived using power formula in equation 4.2, which is 

torque (𝑇) into angular speed (𝜔) of the motor. 

𝑃 = 𝑇 ∗  𝜔  (4.2)  

4.3.1 Operating principle of EV battery pack discharging 

Discharging involves a slightly more complex control operation for the 

bypass balancing topology than charging requires. It involves FOC and required information 

about the motor speed vs voltage relationship. The control algorithm intended to supply a 

variable DC-link voltage to the traction inverter and carry out the voltage balancing procedure 

during the battery pack's discharging is explained by the flow chart in Figure 4.5. The first three 

parts of the controller flow are like the charging controller. First, measure the voltage of 

individual modules, then assign the index numbers and do sorting but in ascending order of 

voltage values, as the lowest voltage of the module needs to be bypassed, and finally calculate 

the maximum, minimum, and difference of voltages. The voltage amplitude needed for the 

traction inverter is also included in the controller, based on the motor speed determined by FOC. 

The necessary voltage amplitude dictates the quantity of bypass modules. To generate the 

necessary power, the high-energy modules are connected in series, whereas the low-energy 

modules are bypassed through switches. The process of balancing the voltages of modules is 

continuous until the battery pack is fully discharged and reaches its predefined cutoff voltage 
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for the protection of the battery pack. Appendix A shows the microcontroller code for the 

battery pack discharging mode of operation with the proposed bypass method.    

  

Figure 4. 5 Flow chart of the controller during battery charging 

This chapter explain the process for implementation of the proposed method and controller 

design, which are then tested in MATLAB Simulink to analyse the results in next chapter.   



Chapter 5: Performance assessment of proposed bypass topology 

69 

 

Chapter 5: Performance assessment of proposed 

bypass topology  

 This chapter presents the proposed bypass topology's working principle using MATALB 

Simulink. The simulation result includes the verification of the battery charge controller, battery 

performance without a balancing circuit, and voltage balancing during charging and 

discharging.  

5.1 CCCV charge control validation 

The voltage controller, current controller, and CC to CV modes of operation of the battery 

charge controller are validated through testing at three different charging currents (C-rates: 

0.5C, 1C, and 2C). The operating principle and block diagram of the battery charge controller 

are explained in Chapter 3, section 3.4. Figure 5.1(a, b, c) displays the simulation results of the 

CCCV charge control at various charging currents (0.5C, 1C, and 2C), demonstrating the CC 

to CV mode of operation. The findings demonstrate that, as could be expected for a Li-ion cell, 

the CC to CV mode is toggled when the battery pack's SOC rises above 80%. Since the voltage 

and current follow the reference input signal, the findings further illustrate the performance 

of voltage and current controller. Furthermore, the results in Figure 5.1(a, b, c) verifies the 

charging current is proportional to the charging speed. The rate at which a battery is charged or 

discharged in relation to its maximum capacity is known as its C-rate. 0.5C, 1C and 2C means 

the battery will charge approx. in 120, 60 and 30 minutes, respectively. however, as in CCCV 

charging the battery is charged 80 to 85 % in CC mode and the remaining charge in CV mode. 

Thus, to reach 100% SOC the battery takes a little longer time and charge in 133, 66 and 33 

minutes for 0.5C, 1C and 2C, respectively. 
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(a) Simulation  results of CCCV charger at 0.5C-rate 

 

(b) Simulation  results of CCCV charger at 1C-rate 

 

(c) Simulation  results of CCCV charger at 2C-rate 

Figure 5. 1 CCCV charge controller at multiple C-rates 
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5.2 Residual imbalance without cell balancing  

To check the importance of overvoltage protection limit (25.8 V per module and 4.3 V per cell) 

and cell balancing topology for the EV battery pack, two cases of initial SOC imbalance are 

considered. The maximum initial SOC difference (𝑆𝑂𝐶max _𝑑𝑖𝑓𝑓) is calculated as:  

𝑆𝑂𝐶max _𝑑𝑖𝑓𝑓 = 𝑆𝑂𝐶max −  𝑆𝑂𝐶min (5.1)  

where 𝑆𝑂𝐶min and 𝑆𝑂𝐶max  are the minimum and maximum SOC of the battery pack modules. 

The maximum initial voltage difference (𝑉max _𝑑𝑖𝑓𝑓), is calculated by subtracting the lowest 

module voltage 𝑉min from the highest module voltage 𝑉max .  

𝑉max _𝑑𝑖𝑓𝑓 = 𝑉max −  𝑉min (5.2)  

The EV SOC imbalance usually falls between 5% and 10% thus two cases of initial SOC 

imbalance are considered that are presented in Table 5.1. Case 1 is selected to highlight the 

significance of cell balancing techniques in real-world situations with slight imbalances. Case 

2, on the other hand, poses a serious initial SOC imbalance that raises concerns about the 

performance of the proposed balancing method. Case 2 is appropriate for extensive testing since 

it has both modest variations between certain cells and large SOC changes between others. Case 

2 has the worst initial SOC imbalance of 80%. To assure the stability and effectiveness of the 

balancing method, the proposed structure is put to the test under the worst-case SOC imbalance 

for further charging and discharging testing. The battery pack's series-connected modules are 

denoted by the letters M1 through M12. 

Table 5. 1 Cases of different initial SOC conditions  
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Initial SOC (%) M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 

Case 1: all 

different 

10 11 12 13 14 15 16 17 18 19 20 21 

Case 2: one 

high one low 

other different 

10 45 46 47 48 49 50 51 52 53 54 90 

The SOCs of each module are displayed in Figure 5.2(a, c), and the corresponding voltages are 

displayed in Figure 5.2(b, d) for Cases 1 and 2. When the battery pack is charged without 

consideration of the protective limit and cell balancing, the results show the voltages of the 

modules surpass the maximum voltage limit (25.8V). 

 

  

(a) Case 1: SOC graph (b) Case 1: voltage graph 

  

(c) Case 2: SOC graph (d) Case 2: voltage graph 

Figure 5. 2 Battery charging without protection limit and cell balancing for case 1 and 2 
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After the overvoltage protection limit has been implemented, when any battery cell surpasses 

its maximum voltage limit (25.8 V per module and 4.3 V per cell) the battery pack must be 

stopped from charging. As shown in Figure 5.3(b) the charging process is stopped at 3000 

seconds when one of the modules exceed the voltage limit is due to over voltage protection. For 

case 1, the relevant SOC and voltages are shown in Figure 5.3(a, b). In Case 2, the highest 

voltage module charges quickest due to a maximum initial SOC imbalance of 80%. However, 

when the battery module is over the maximum voltage limit (25.8 V), charging is stopped 

to protect the battery pack. For case 2, the SOCs and voltages of separate modules are displayed 

in Figures 5.3(c) and 5.3(d). It implies that the battery pack cannot be charged in the with higher 

initial imbalance if there is no cell balancing circuit.  Furthermore, if a battery pack has a weak 

capacity cell, the BMS will stop charging and the battery cannot be charged. 

  

(a) Case 1: SOC graph (b) Case 1: voltage graph 

  

(c) Case 2: SOC graph (d) Case 2: voltage graph 

Figure 5. 3 Battery charging only without cell balancing for cases 1 and 2 
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The numerical data of residual imbalance without using cell balancing topology is given in 

Table 5.2 and collected from simulation results illustrated in Figure 5.3(a, b, c, d). The results 

show the importance of cell balancing circuit as the residual imbalance at the of charge and 

discharge will be the same at the start and end.  

Table 5. 2 SOC and Voltage residual imbalance without balancing 

1C-rate Initial SOC 

imbalance (%) 

Residual SOC 

imbalance (%) 

Initial Voltage 

imbalance (V) 

Residual Voltage 

imbalance (V) 

Case-1 11 11 1.01 1.01 

Case-2 80 80 4.1 4.1 

5.3 Residual imbalance of charging with multiple C-rates  

The proposed bypass method is tested for SOC/voltage balancing between series connected 

battery pack module with three different charging current rates (0.5C, 1C and 2C) to evaluate 

the balancing controller, CCCV controller and bypass method performance. The parameters of 

individual modules used for this testing is presented in chapter 3, section 3.2.  The total battery 

pack capacity is 240.5 Ah, so the charging current is 120.25A, 240.5A and 481A for 0.5C, 1C 

and 2C, respectively. The maximum initial SOC imbalance of 80% is considered for series 

connected modules and each module initial SOCs are reported in Table 5.3. 

Table 5. 3 Initial SOC conditions for charging 

Initial SOC (%) M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 

Case: one high 

one low other 

different 

10 45 46 47 48 49 50 51 52 53 54 90 

Consider that the SOC is measured to demonstrate the voltage of the Li-ion cell provides a 

decent proxy for SOC, and the control algorithm for balancing is based on the voltages of 

individual modules. However, the voltages of high SOC are balanced faster (10 seconds) than 

SOC balancing, because of voltage based controller, and Li-ion cell voltage and SOC 
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relationship. The Li-ion cells produce nearly same voltage with minimum difference for 

different SOC.  

Figure 5.4 displays the results of the simulation, which uses Table 5.3 parameters of initial SOC 

imbalance and charges the battery pack at a rate of 0.5C (120.25 A) which is half of the battery 

pack capacity (240.5 Ah). Figure 5.4(a) displays the SOC measurement for each module to 

compare with voltages of each module in Figure 5.4(b) verifies the approximation of SOC. At 

the end of charging, the residual SOC imbalance is 0.1%, compared to an initial difference of 

80%. Figure 5.4(b) shows the trace of the voltages for each module and the controller is based 

on these voltage measurements. The bypass topology and voltage-based control is verified as 

the initial voltages results shows few high-voltage modules are bypassed while other modules 

are charging. The final voltage values ensure zero voltage residual imbalance.  

The charging current profile shown in Figure 5.4(c) illustrates CCCV charger when one of the 

module voltages approaches its maximum voltage (25.2V), the charging current gradually 

decreasing at 5000 seconds. All the currents of individual modules are shown in Figure 5.4(d), 

explains when the module is bypassed its current goes to zero while the other modules receive 

the charging current and when all the modules’ voltages are balanced with minimum residual 

imbalance (0.1V) after 5200 seconds, the balancing process is terminated, and every module 

receives the same charging current until the charging process is completed. The zoomed in 

graph in Figure 5.4(d) shows the current profile of individual module when bypassing and 

reconnecting.  

Figure 5.4(e) displays the voltage of the battery pack, when the initial imbalance is higher 

during the battery charging process, five modules are bypassed to participate in the voltage 

balancing process. As the imbalance between the modules decreases, fewer bypass modules are 

used. It is challenging for the controller to determine which modules need to be bypassed 
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because of voltage fluctuations when the voltage imbalance is small between two modules. As 

the number of bypass modules varies, Figure 5.4(e) displays change in the voltage of the battery 

pack. The battery charge controller output is shown in Figure 5.4(f), which allows the charger 

supply voltage to be modified in response to change in the battery pack voltage. At the 

beginning of charging process, higher number of modules (five) are bypassed to offer quick 

balancing rather than bypassing only one module. To prevent the charger high voltage variation, 

the number of bypass modules and the balancing process activation can be adjusted. When the 

battery pack is 75% charged, the balancing procedure can be initiated. The charging process is 

stopped when all the module voltages reach its fully charged voltage (25.2 V) or one of the 

module voltages reaches its maximum voltage limit (25.8 V). 

  

(a) SOC graph (b) voltage graph 
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(c) charging current (0.5C-rate) (d) individual modules currents 

 

 

(e) battery pack voltage (f) supply voltage 

Figure 5. 4 Battery charging at 0.5C-rate with bypass cell balancing 

Similarly, for 1C-rate (240.5 A) charging, which is equivalent to the battery pack capacity of 

240.5 Ah, Figure 5.5(a, b) shows the simulation results of SOCs and voltages. The initial 

windows in Figure 5.5(a, b) show the initial SOC and voltage imbalance while the final 

windows show the residual imbalance at the end of charging. Figure 5.5(c) illustrates the 

charging current results that explain the 1C-rate (240.5 A) charging. The individual module 

currents are presented in Figure 5.5(d), while Figure 5.5(e, f) displays the supply and battery 

pack voltages. However, the results show the SOC/voltage balancing speed is increased due to 

higher charging and the battery pack is fully charge in 4500 seconds, as compared with the 

above 0.5C results.   
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(a) soc graph (b) voltage graph 

  

(c) charging current (1C-rate) (d) individual modules currents 

 
 

(e) battery pack voltage (f) supply voltage 

Figure 5. 5 Battery charging at 1C-rate with bypass cell balancing 
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In a similar way Figure 5.6(a, b) illustrates the SOC and voltage simulation results for 2C-rate 

(481 A) charging, which is double the battery pack capacity (240.5 Ah). The initial SOC or 

voltage imbalance, and the SOC or voltage residual imbalance are expressed in the initial and 

final windows of Figure 5.6(a, b) respectively. The 2C-rate charging current profile is shown 

in Figure 5.6(c), the individual modules currents are presented in Figure 5.6(d), and Figure 

5.6(e, f) displays the supply and battery pack voltages. Similarly, by increasing the balancing 

current up to 2C rate the battery pack is fully charged in 2000 seconds, which is 4 times faster 

than 0.5C.   

  

(a) soc graph (b) voltage graph 

  

(c) charging current (2C-rate) (d) individual modules currents 
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(e) battery pack voltage (f) supply voltage 

Figure 5. 6 Battery charging at 2C-rate with bypass cell balancing 

The proposed bypass method voltage/SOC balancing capability is verified by achieving 

approximately zero percent voltage/SOC residual imbalance for different C-rates (0.5C, 1C, 

2C) at the end of charging.  

5.4 Residual imbalance assessment of high voltage battery pack   

To verify whether the proposed bypass balancing method is feasible for higher battery pack 

voltages and more series-connected cells. The 806.4V and 204.5Ah battery pack is created by 

connecting the 32 modules in series, with each module having a fully charged voltage of 25.2V.  

The initial SOC imbalance of the 30 modules increased by 0.5%, with the maximum initial 

SOC imbalance between the two modules being 80%. The simulation results for charging at 2C 

rate are illustrated in Figure 5.7. The SOCs and voltages of 32 modules are displayed in Figure 

5.7(a, b), respectively. The initial SOC imbalance is 80% while the initial voltage imbalance is 

2V between these modules. Figure 5.7(c) display the CCCV charging current profile where 2C 

rate (481A) current is provided in CC mode, while the current gradually diseases in the CV 

mode and the individual module current are presented in Figure 5.7(d) where the bypassed 

modules current goes to zero during balancing process.  The battery pack voltage and the 
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charger supply voltage are presented in Figure 5.7(e, f), respectively. Here, the same controller 

strategy is used to bypass number of modules that is used for low voltage battery pack with a 

smaller number of modules which is tested in above section 5.3. high number of modules are 

bypassed when the voltage difference between modules is high while no module is bypass when 

the voltage imbalance is nearly zero. The proposed balancing topology achieved approximately 

zero residual imbalance verifies the feasibility of this method for a greater quantity of modules 

linked in series.   

  

(a) soc graph (b) voltage graph 

  

(c) charging current (2C-rate) (d) individual modules currents 
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(e) battery pack voltage (f) supply voltage 

Figure 5. 7 High voltage battery charging at 2C rate 

5.5 Speed control validation 

Step response testing is a useful technique to assess controller stability and dynamic 

performance. The system response to a sudden change in the reference input is indicated by the 

step response. The step response of the motor speed profile and modular battery pack voltage 

is displayed in Figure 5.8(b). The modular battery pack connected to the traction inverter 

provides variable DC-link voltage according to the motor speed, as in Figure 5.8(a). To offer a 

higher voltage, the battery pack links more modules in series as the speed increases. The fully 

charge battery pack voltage is 302.4 V, however, the set response is tested with initial SOC of 

all modules equal to 30% which gives the maximum voltage of battery pack is 265V. Figure 

5.8(b) shows when the motor speed increases, the battery pack voltage provides maximum 

voltage by connecting all the modules in series.  However, the battery pack voltage starts to 

decrease after 4 seconds because of battery pack discharge.  
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(a) Motor speed (b) Variable DC voltage 

Figure 5. 8 Step response of motor speed profile and modular battery pack 

5.6  Vehicle speed profile for variable discharge  

A widely accepted standard for automobile testing is the Worldwide Harmonised Light 

Vehicle Test Procedure (WLTP). The purpose of the WLTP Class 3 (WLTP-3) drive cycle is 

to simulate real-world driving situations than the Class 1 and Class 2 testing cycles more 

closely. The WLTP-3 drive cycle was selected for the proposed cell balancing topology for 

battery discharge testing because of its capacity to replicate a wide range of realistic and diverse 

driving conditions. Standardised testing across the automobile industry is also made possible 

by this technique. The WLTP-3 drive cycle, depicted in Figure 5.9, has a more dynamic 

velocity/speed profile. It covers a 14.44 miles distance in 30 minutes with faster accelerations 

followed by quick braking. The WLTP-3 consists of four unique sub-parts, low (urban) at up 

to 35.1 mph, medium (suburban) at up to 47.6 mph, and high (rural) at up to 60.5 mph, extra-

high (highway) at up to 81.5 mph. The WLTP-3 speed profile is depicted in Figures 5.9 (a) with 

speeds displayed in mph [157] and Figures 5.9 (b) represent simulation block of drive cycle to 

provide the reference speed for the EV motor.  
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(a) 

 

(b) 

Figure 5. 9 WLTP-3 speed profile data and simulation block , adapted from [157] 

Usually need to define a speed in radians per second (rad/s) in FOC which is why the WLTP-3 

drive cycle speed profile is converted from miles per hour (mph) to rad/s by using the following 

formula. The radius of the wheel (m)is taken as 0.29 m.  

Angular speed in rad/s= 
𝐿𝑖𝑛𝑒𝑎𝑟 𝑠𝑝𝑒𝑒𝑑 (𝑚𝑝ℎ) × 1609.34

𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑤ℎ𝑒𝑒𝑙 (𝑚)
 (5.3)  

Furthermore, the gear ratio needs to be multiplied with the vehicle speed to determine the 

induction motor speed required for the rotation of the shaft. Equation 5.2 can be used to 

determine the gear ratio in radians if the induction motor's maximum rotational speed is known. 

The maximum angular velocity of the induction motor is 994.83 rad/s (9500 rpm), the 
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maximum speed of the vehicle is considered as 200 mph (89.408 m/s), and radius of wheel (m) 

is taken as 0.2413 meters (diameter of the wheel is 19 inch). The calculation gives the gear ratio 

2.69 radian which is used in this thesis. 

Gear Ratio ( radian)= 
𝑚𝑎𝑥 𝑚𝑜𝑡𝑜𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑟𝑎𝑑/𝑠)

𝑚𝑎𝑥 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑣𝑒ℎ𝑖𝑣𝑙𝑒 (
𝑚

𝑠
)  

 ×   𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑤ℎ𝑒𝑒𝑙 (𝑚) (5.4)  

5.7 Residual imbalance during variable discharging cycle 

To check for residual imbalance between modular battery packs for discharging, the 30% 

maximum initial SOC imbalance is considered to reduce the testing period and to prove the 

concept of cell balancing. The individual module's initial SOC are presented in Table 5.5.  

Table 5. 4 Cases with different initial SOC conditions for discharging 

INITIAL SOC 

(%) 
M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 

 CASE: ONE 

HIGH ONE 

LOW OTHER 

DIFFERENT 

10 20 21 22 23 24 25 26 27 28 29 40 

To determine the SOC and voltage residual imbalance at the end of the discharge cycle, as well 

as to assess the effectiveness of the bypass balancing method, the battery pack is discharged 

with variable discharging rate using the WLTP-3 driving cycle. The variable speed of the motor 

provides real-world driving conditions with a flexible discharge rate. The controller is based on 

voltage values while SOCs are measured from the battery model in MATLAB Simulink. 

Figure 5.10(a) shows the simulation results of individual modules SOCs. The measurement of 

SOC shows the voltage of Li-ion cells provides a good approximation of SOCs of the individual 

module. Figure 5.10(c) gives the SOC difference between series-connected modules that 

reduced from an initial 30% to 1% when the discharging cycle was completed. Each module's 

voltages are displayed in Figure 5.10(b), the constant voltages at the beginning of the discharge 
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profile confirm that the controller is based on voltage measurements. The voltage drop of 

individual module in Figure 5.10(b) is due to the sudden extreme acceleration and deceleration 

of the WLTP-3 speed profile. Figure 5.10(d) displays the voltage difference between the 

modules during the discharge operation. The battery module parameters are presented in 

chapter 3, section 3.2 shows fully charge voltage of individual modules is 25.2V. and the results 

shows 1% SOC, and the voltage residual imbalance is approximately 0% at the end of 

discharge. 

  

(a) soc graph (b) voltage graph 

  

(c) soc difference (d) voltage difference 

Figure 5. 10 Battery discharging at variable load conditions 

The simulation results in Figure 5.11(a) of the speed profile show that the motor speed follows 

the reference speed profile that shows the effectiveness of FOC for variable speed conditions. 

Figure 5.11(b) displays the battery pack voltage to confirm that the traction inverter's variable 
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DC-link supply voltage is aligned with the variable speed profile. When the speed increases the 

greater number of battery modules are connected in series to provide the required power.  

 
 

(a) Speed profile  (b) Variable DC link voltage 

Figure 5. 11 The speed profile and variable DC link simulation results 

The results of modular battery packs achieved the SOC/voltage balancing by using bypass 

method as well as it provides variable DC-link voltage for the traction inverter according to the 

vehicle speed profile. 

5.8 Cell balancing speed comparison  

In literature it was difficult to compare the results of different balancing topologies, as each 

balancing topologies were tested for different characteristics of battery, charging, and 

discharging as well as the initial SOC/voltage was also different of each method. All these 

differences make it difficult to compare the balancing speed. However, an indicative balancing 

speed is calculated and compared. Thus, the proposed bypass method indicative balancing 

speed is 120, 60 and 30 minutes for 0.5C, 1C and 2C rates charging, respectively. The results 

in above section 5.7 also showed the same balancing time. The indicative balancing speed 

calculation and results for different charging C-rates, verifies the cell balancing time is directly 

proportional to the balancing current or C-rate. The bypass method utilizes higher balancing 
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current thus it produces faster balancing time as compared with the recent topologies mentioned 

in chapter 2, Table 2.3. The high balancing current also produce high power loss which is 

discussed in the next section. 

In conclusion, this chapter provides detailed results and analysis of proposed modular battery 

pack during charging and discharging mode of operation. The results verify the effectiveness 

of controller and achieved minimum residual SOC/voltage imbalance. To verify the 

performance of proposed topology and controller design multiple tests are performed with 

different initial SOC/voltage conditions with different charging current for charging and 

discharging mode. The next chapter provide the power loss calculation for proposed topology 

to compare the traction inverter efficiency and show the advantage of using variable DC-link 

voltage. 
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Chapter 6: Power loss calculation and analysis 

The power loss calculation and comparison has been presented in this chapter to shows the 

advantage of using variable DC-link voltage over fixed DC-link voltage for traction inverter. 

This chapter provides the procedure of power loss calculation for MOSFETS and IGBT. Both 

the conduction loss and switching loss of the individual device has been calculated. The results 

analysis of power loss between various cell balancing topologies is compared. The traction 

inverter power loss efficiency has also been calculated at the end of this chapter. 

6.1 Power loss assessment at the battery pack level  

The Infineon MOSFET (IAUA250N04S6N006) is considered for the battery power loss 

calculation due to its smaller value of internal resistance (0.64 mΩ) and highest current flow 

capability (250 Amps). The following formulas for calculating power loss are obtained from 

[158]. This power loss calculation method is applicable for all types of MOSFETS. However, 

if select any other device the results will be influenced by the internal resistance because the 

power loss is directly proportional to the internal resistance. 

6.1.1 MOSFET Conduction Losses 

When current flows through a conducting element, usually a semiconductor device like a 

transistor or diode, conduction losses occur. Conduction losses are mostly caused by the 

intrinsic resistance (𝑅ds ) of the conducting material. A MOSFET's instantaneous conduction 

loss (𝑃c𝑀) can be computed using equation 6.1. 

𝑃𝑐𝑀 = 𝑅𝑑𝑠 × 𝐼𝑑
2  (6.1)  

Where 𝑅ds is on-state resistance and 𝐼𝑑 is the on-state current.  
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Similarly, the diode instantaneous conduction losses 𝑃𝑐𝐷 can be calculated by:  

𝑃𝑐𝐷 = 𝑉𝑓 × 𝐼𝐹  (6.2)  

Where 𝑉𝑓 is the on-state zero-current forward voltage drop of a diode (0.8 V from the datasheet) 

and 𝐼F  forward current flowing through the diode that can be found from typical forward diode 

characteristics graph from the datasheet.  

6.1.2 MOSFET Switching Losses 

The switching losses of the MOSFET (𝑃𝑠𝑤𝑀) and the diode (𝑃𝑠𝑤𝐷) are determined by 

multiplying the ON and OFF sate switching energy by the switching frequency. 

𝑃𝑠𝑤𝑀 = (𝐸𝑜𝑛𝑀 + 𝐸𝑜𝑓𝑓𝑀 )  𝑓𝑠𝑤  (6.3)  

Where 𝐸𝑜𝑛𝑀  is the energy loss during charging and turn ON state of the MOSFET, 𝐸𝑜𝑓𝑓𝑀  is 

the energy loss during discharging and turn OFF state the MOSFET and 𝑓𝑠𝑤 is the switching 

frequency. 

The turn-on energy dissipation (𝐸𝑜𝑛𝑀 ) can be calculated using the formula: 

𝐸𝑜𝑛𝑀 =
1

2
𝑉𝑖𝑛

2  𝐶𝑖𝑠𝑠 
(6.4)  

𝐶𝑖𝑠𝑠 is the MOSFET input capacitance and  𝑉𝑖𝑛 is the input voltage applied to the gate terminal 

for MOSFET. 

The turn-off energy dissipation (𝐸𝑜𝑓𝑓𝑀 ) can be calculated using the formula: 

𝐸𝑜𝑓𝑓𝑀 =
1

2
(𝑉𝑖𝑛 −  𝑉𝑜𝑢𝑡)2  𝐶𝑜𝑠𝑠 

(6.5)  
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𝐶𝑜𝑠𝑠 is the MOSFET output capacitance and  𝑉𝑜𝑢𝑡 is the output voltage at the MOSFET drain 

terminal. 

Similarly, the diode switching loss 𝑃𝑠𝑤𝐷 is given by: 

𝑃𝑠𝑤𝐷 = (𝐸𝑜𝑛𝐷 + 𝐸𝑜𝑓𝑓𝐷 )  𝑓𝑠𝑤  ≈    𝐸𝑜𝑛𝐷  𝑓𝑠𝑤 (6.6)  

𝐸𝑜𝑛𝐷 and  𝐸𝑜𝑓𝑓𝐷  is the diode energy loss during the MOSFET ON state and OFF state, 

respectively. 

The energy dissipated during turn-on-state (𝐸𝑜𝑛𝐷 ) is revere-recovery energy can be calculated 

as: 

𝐸𝑜𝑛𝐷 =
1

4
𝑄𝑟𝐷 𝑉𝑟𝐷 

(6.7)  

Where 𝑄𝑟𝐷  is reverse recovery charge, and 𝑉𝑟𝐷 is reverse recovery voltage across diode. 

6.1.3 MOSFET and Diode Total power loss 

The total power losses of a MOSFET (𝑃𝑇𝑀) and Diode (𝑃𝑇𝐷) is a sum of conduction losses 

(𝑃𝑐𝑀 , 𝑃𝑐𝐷) and switching losses (𝑃𝑠𝑤𝑀 , 𝑃𝑠𝑤𝐷). 

𝑃𝑇𝑀 = 𝑃𝑐𝑀 + 𝑃𝑠𝑤𝑀 (6.8)  

𝑃𝑇𝐷 = 𝑃𝑐𝐷 + 𝑃𝑠𝑤𝐷 (6.9)  

 

6.1.4 Proposed bypass topology total power loss 

Since the frequency of the proposed bypass architecture is low (1-5 Hz), the MOSFET and 

diode switching losses are negligible. Since the MOSFET internal resistance is so low (0.64 
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mΩ), the diode voltage is less than the conduction voltage of 0.8V, indicating that the diode 

conduction loss can also be ignored. Therefore, the total power loss (𝑃𝐵𝑙𝑜𝑠𝑠 ) at the battery pack 

level is only due to the MOSFET conduction loss.  

𝑃𝐵𝑙𝑜𝑠𝑠 = 𝑃𝑐𝑀 (6.10)  

Figure 6.1 displays the total power loss of a single MOSFET as a function of charging or 

discharging current flowing through the MOSFET that produces condition loss. The maximum 

power loss of a single MOSFET for a 2C-rate battery current is 0.15 kW. 

 

Figure 6. 1 Single MOSFET total power loss 

The generic formula for calculating total power loss (𝑃𝑇𝐵𝑙𝑜𝑠𝑠) at the battery pack level for the 

proposed bypass balancing method can be expressed as: 

𝑃𝑇𝐵𝑙𝑜𝑠𝑠 = 𝑁 ×  𝑃𝐵𝑙𝑜𝑠𝑠  (6.11)  

where N is the battery pack's total number of series-connected cells or modules.  

The proposed bypass topology uses two MOSFETs per module but only one of them will be 

conducting at any time while the other will be off, so only 12 MOSFETs contribute to the total 
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power loss at the battery pack level. Figure 5.13 displays the overall power loss at the battery 

pack level and is calculated considering variable charging or discharging current. The vertical 

axis of the graph Figure 6.2 shows the power loss dissipation in kW (kilo Watt) and the 

horizontal axes show the multiple C-rate (0.1C to 2C-rate) of the battery pack, since the 

240.5Ah total capacity battery pack is utilised in this thesis. The maximum power loss of 12 

MOSFETS for a 2C-rate battery current is 1.78 kW. 

 

Figure 6. 2 Total power loss at the battery pack level 

6.1.5 Other balancing topologies power loss 

Only consider the number of MOSFETs to compare the power loss with other cell balancing 

topologies and neglect the power loss of other components used in these topologies. The 

number of switches used by different topologies was presented in Chapter 2, section 2.6, Table 

2.2. Assuming the battery pack is configured in the same 12S1P configuration, Table 6.1 shows 

the number of switches (MOSFETs) required for other balancing topologies. 
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 Table 6. 1 Number of switches for other balancing topologies for 12S1P 

Cell balancing Topologies No. of Switches No. of switches for 12S1P 

Single inductor (SI) 2n+2 26 

Coupled inductor (CI) 2n-2 22 

Single transformer (ST) 2n+2 26 

Multiple transformers (MT) n 12 

Multi winding transformer (MWT) n+1 13 

Single switched capacitor (SWT) n+5 17 

Multiple switched capacitor (MSC) 2n 24 

Buck-boost converter (BBC) 2n 24 

Quasi-resonant converter (QRC) 2n-2 22 

Ramp converter (RC) n 12 

Full bridge converter (FBC) 4n 48 

Other cell balancing topologies consider a range of cell balancing current and switching 

frequencies. Thus, the total power loss was calculated considering different ranges of balancing 

current (1A to 50A) and switching frequencies (1kHz to 50kHz). The results show switching 

frequencies less while balancing current have more contribution in the power loss.   

Furthermore, these topologies require different the number of switches minimum 12 to 

maximum 48 for the proposed 12S1P configuration. Thus, the total power loss is calculated for 

minimum and maximum number of switches. The total power loss for proposed bypass 

topology is calculated only due to MOSFET conduction loss, however, the total power loss for 

other topologies is considered as the MOSFET's total conduction loss plus switching loss, 

illustrated in Figure 6.3. The power loss for 12 MOSFETs is shown in Figure 6.3(a) with the 

maximum power loss of 19W, and Figure 6.3(b) illustrates power loss for 48 MOSFETs with 

maximum 78W power loss.  
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(a) 12 MOSFET (b) 48 MOSFETs 

Figure 6. 3 Total power loss of other cell balancing topologies at battery pack level 

6.2 Power loss assessment at the electrical drive level 

The formulas for calculating the traction inverter total power loss are obtained from the ABB 

application note for two-level inverters. The formulas used for conduction and switching power 

loss calculation for IGBT module are adapted from [159]. The Infineon IGBT module 

(FF1400R12IP4) is considered for the power loss calculation of a two-level inverter. This 

method of calculating power loss can be applied to any IGBT module. However, the internal 

resistance of the module will affect the power loss proportionally.  

6.2.1 IGBT Conduction Loss 

The IGBT conducts during just a half-period, hence the conduction losses are determined by  

𝑃𝑐𝑖𝑔𝑏𝑡 =
1

2
(𝑉𝐶𝐸0 ⋅

𝐼

𝜋
+ 𝑟𝐶𝐸 ⋅

𝐼2

4
) + 𝑚 ⋅ cos 𝜙 ⋅ (𝑉𝐶𝐸0 ⋅

𝐼

8
+

1

3𝜋
⋅ 𝑟𝐶𝐸 ⋅ 𝐼2) 

(6.12)  
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Where 𝑉𝐶𝐸0 is collector-emitter on-state voltage and 𝑟𝐶𝐸 collector-emitter resistance can be 

calculated from the graphical data of IGBT output characteristics (on-state voltage as a function 

of collector current) from the datasheet.  

𝑟𝐶𝐸 =  
𝑉𝐶𝐸02 −  𝑉𝐶𝐸01

𝐼𝐶2 −  𝐼𝐶1
 

(6.13)  

𝑉𝐶𝐸0 =  𝑉𝐶𝐸02 − (𝐼𝐶2 × 𝑟𝐶𝐸)  (6.14)  

Where  𝐼𝐶2 , 𝐼𝐶1 are collector currents and  𝑉𝐶𝐸02 , 𝑉𝐶𝐸01 collector-emitter on-state voltages. 

The modulation index 𝑚 can be calculated as: 

𝑉𝑜𝑢𝑡𝑝𝑘 =  0.5 × 𝑉𝐷𝐶𝑚𝑖𝑛 (6.15)  

𝑚 =  
𝑉𝑜𝑢𝑡𝑝𝑘

0.5 × 𝑉𝐷𝐶𝑚𝑎𝑥
 

(6.16)  

Where 𝑉𝐷𝐶𝑚𝑖𝑛 is minimum and 𝑉𝐷𝐶𝑚𝑎𝑥 is maximum voltage of the battery pack. 

6.2.2 IGBT Switching loss 

The IGBT total switching losses is the sum of ON and OFF state energy dissipation.  

 𝐸𝑠𝑤 = 𝐸𝑜𝑛 + 𝐸𝑜𝑓𝑓 (6.17)  

A polynomial approximation function of IGBT switching losses can be used to represent the 

measured ON and OFF state energy. It is also necessary to consider how the switching energy 

depends on the DC voltage because the proposed modular battery packs provide the variable 

DC-link voltage. As a result, the switching losses with switching frequency and phase-current: 
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𝑃𝑠𝑤𝑖𝑔𝑏𝑡 = 𝑓𝑠𝑤 ⋅ (
𝑎

2
+

𝑏 ⋅ 𝐼

𝜋
+

𝑐 ⋅ 𝐼2

4
) ⋅

𝑉𝐷𝐶

𝑉nom 

  
(6.18)  

Where a, b and c are the sum of coefficients of on-state and off-state energy in the switching 

process and can be calculated from datasheet graphical data of IGBT of switching energies as 

a function of collector current and  𝑉𝐷𝐶 is the battery pack voltage and 𝑉nom  is the nominal 

voltage. 

6.2.3 Diode conduction loss 

The diode conduction losses can be found in a similar manner to the IGBT conduction losses. 

The freewheeling diode conducts when the IGBT is turned off, hence, the diode conduction 

loss can be calculated as: 

𝑃𝑐𝑑𝑖𝑜𝑑𝑒 =
1

2
(𝑉𝐹0 ⋅

𝐼

𝜋
+ 𝑟𝑇 ⋅

𝐼2

4
) − 𝑚 ⋅ cos 𝜙 ⋅ (𝑉𝐹0 ⋅

𝐼

8
+

1

3𝜋
⋅ 𝑟𝑇 ⋅ 𝐼2) 

(6.19)  

 

Where 𝑉𝐹0 is the on-state diode voltage and 𝑟𝑇 is resistance can be calculated from the diode 

on-state voltage as a function of forward current from the datasheet. The load (motor) power 

factor (cos 𝜙) is considered as 0.88 and the modulation index (𝑚) can be computed using 

equation (5.22). 

𝑚 =  
𝑉𝑜𝑢𝑡𝑝𝑘

0.5 × 𝑉𝐷𝐶𝑚𝑎𝑥 
 

(6.20)  

 Where the peak output voltage is 𝑉𝑜𝑢𝑡𝑝𝑘 and 𝑉𝐷𝐶𝑚𝑎𝑥 is the maximum voltage of the battery 

pack. 
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𝑟𝑇 =  
𝑉D02 −  𝑉D01

𝐼𝐹2 −  𝐼𝐹1
 

(6.21)  

𝑉𝐶𝐸0 =  𝑉𝐷02 − (𝐼𝐹2 × 𝑟𝑇)  (6.22)  

Where  𝐼𝐹2 , 𝐼𝐹1 are diode forward currents and  𝑉𝐷02 , 𝑉𝐷01 diode on-state voltages. 

6.2.4 Diode Recovery Loss 

The recovery losses can be expressed as a polynomial approximation function of diode 

switching losses with DC voltage (𝑉𝐷𝐶), phase-current, and switching frequency. When it 

comes to the diode power loss, only the recovery energy is important, and the turn-on energy 

can be ignored. 

𝑃𝑟𝑒𝑐 =  𝑓𝑠𝑤 ⋅ (
𝑎

2
+

𝑏 ⋅ 𝐼

𝜋
+

𝑐 ⋅ 𝐼2

4
) ⋅

𝑉𝐷𝐶

𝑉nom 

 
(6.23)  

where  𝑎 𝑏 𝑎𝑛𝑑 𝑐  are the coefficients of turn-off energy of the diode during the recovery 

process and can be calculated from datasheet graphical data of diode energy as a function of 

forward current and battery pack voltage is  𝑉𝐷𝐶 and 𝑉nom  is nominal voltage.  

The IGBT total power loss (𝑃𝐼𝐺𝐵𝑇) is: 

𝑃𝐼𝐺𝐵𝑇 = 𝑃𝑐𝑖𝑔𝑏𝑡 +  𝑃𝑠𝑤𝑖𝑔𝑏𝑡  (6.24)  

Similarly, the diode total power loss (𝑃𝐷𝑖𝑜𝑑𝑒) is: 

𝑃𝐷𝑖𝑜𝑑𝑒 = 𝑃𝑐𝑑𝑖𝑜𝑑𝑒 + 𝑃𝑟𝑒𝑐  (6.25)  

The total power loss of a single IGBT and Diode is: 
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𝑃𝑇𝑜𝑡𝑎𝑙𝑙𝑜𝑠𝑠 = 𝑃𝐷𝑖𝑜𝑑𝑒 +  𝑃𝐼𝐺𝐵𝑇  (6.26)  

6.2.5 Proposed modular battery pack total power loss 

The three-phase two-level inverter consists of six IGBTs and freewheeling Diodes, therefore 

the total power loss is multiplied by a factor of 6 to get the total power loss of the traction 

inverter.  

𝑃𝑙𝑜𝑠𝑠𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 = 6 × 𝑃𝑇𝑜𝑡𝑎𝑙𝑙𝑜𝑠𝑠   (6.27)  

Figure 6.4 displays the total power loss at the electrical drive level with a constant switching 

frequency of 5 kHz and a variable discharge current. According to the analysis of results, 

the power loss is less when using a variable DC-link voltage rather than when using a fixed 

DC-link voltage, where the fully charged battery pack voltage is 302.4V. The results presented 

in Figure 6.4 demonstrate that the traction inverter's maximum power loss at a 2C-rate 

discharging current is 5.8 kW with a fixed DC link voltage of 302.4V, but for the higher EV 

battery pack voltages the power loss will increase almost linearly as presented in Figure 6.5. 

The power loss results in Figure 6.5 displays, the maximum power loss is 9.19 kW and 32.53 

kW with 400V and 800V fixed DC voltage at 2C-rate discharging current, respectively.  
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Figure 6. 4 Total Power Loss at Traction Inverter at variable DC-link voltage 

 

 

Figure 6. 5 Traction inverter total power loss at fixed DC-link voltage 

To assess the inverter's performance under various operating conditions, the total power loss 

of a two-level inverter with variable switching frequency (typically from 5.5 to 6.5 kHz) and 

fixed DC link voltage of 302.4V is calculated as shown in Figure 6.6. The higher switching 
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frequencies typically produce lower output voltage distortion, but leads to an increase in 

switching losses, hence overall inverter power losses. The graphs in Figure 6.6 show the 

maximum power loss of the inverter at 2C rate with variable current is 5.98 kW and 6.35 kW 

for switching frequencies of 5.5 kHz and 6.5 kHz, respectively.  

 

Figure 6. 6 Traction inverter power loss at variable switching frequency 

It is clear from the traction inverter's power loss analysis that the variable DC link will result in 

reduced losses when compared to the fixed DC-link. Since the speed of an EV varies and the 

speed limit is typically low in cities, the high DC-link voltage is not always necessary. The 

employment of bypass topology can minimize power loss and provide cell balancing. 

The summary of power loss calculation presented in Figure 6.7 the proposed bypass topology 

drawback is to produce higher power loss compared with any other cell balancing topologies at 

battery pack level. However, it reduces the overall power loss by reducing the power loss at the 

traction inverter level.  Considering the maximum power loss of proposed bypass topology for 
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481 A balancing current and 12 MOSFETs is 1.78 kW, and maximum power loss of other 

topologies with 50 A balancing current and 12 MOSFETs is 19W. So, the proposed bypass 

topology produces 1.75 kW higher power loss then other balancing topologies at battery pack 

level or during charging mode. However, the power loss at fixed DC-link with maximum 

discharge current of 481 A is 5.8 kW but using variable DC-link voltage is 2.6 kW for bypassing 

5 modules. Therefore, the proposed modular battery pack can reduce 3.2 kW power at traction 

inverter by providing variable DC-link. Overall, by combining the power loss at battery pack 

level and traction inverter level, the proposed method achieved to reduce 1.45 kW power loss. 

Thus, power loss is reduced by 25% by using bypass topology. 

 

Figure 6. 7 Power loss comparison between fixed and variable DC-link voltage 
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6.3 Power efficiency of traction inverter 

The power efficiency of a traction inverter (𝜂𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟) is commonly represented as the ratio of 

input power (𝑃𝑖𝑛) to output power (𝑃𝑜𝑢𝑡), when considering power losses. The power efficiency 

formula is provided by 

𝜂𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
 ×100 (6.28)  

When the traction inverter power loss (𝑃𝑇𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟) and battery pack power is known, then the 

output power of inverter (𝑃𝑜𝑢𝑡) can be calculated as 

𝑃𝑜𝑢𝑡 = 𝑃𝑖𝑛 −  𝑃𝑙𝑜𝑠𝑠𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟   (6.29)  

Where battery pack energy or power is 72.8 kWh calculated and mentioned in chapter 3, section 

3.2, Table 3.3. The battery pack discharging rate is variable due to variable speed of the vehicle 

using the WLTP-3 speed profile as shown in section 5.5, Figure 5.13 and 5.14, but considering 

the average discharge current of the battery pack is approximately 216A which is 0.9C-rate 

(1.11 hours) for power efficiency calculation. Then, the battery pack can ideally provide 65.6 

kW (kWh/h) input power (𝑃𝑖𝑛) for 1.11 hours. The inverter total power loss is calculated in 

above section 5.8.5 that shows power loss of fixed Dc-link is 2.25 kW and variable DC-link is 

1 kW when bypassing 5 modules at 0.9C-rate discharge. The discharging battery pack results 

in section 5.6, Figure 5.14(b) justifies that a maximum of seven modules are needed to provide 

the necessary DC-link voltage for the WLTP-3 drive cycle.  Thus, by using equation 5.31, 𝑃𝑜𝑢𝑡 

is 63.3 kW and 64.6 kW for fixed and variable DC-link, respectively. Furthermore, the traction 

inverter efficiency can be calculated by equation 6.28, which shows 96.5% for fixed DC-link 

and 98.5% for variable DC-link. Hence, the traction inverter power efficiency is improved by 

2% using modular battery packs in EVs.  
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In summary this chapter calculated the power loss and compare between proposed and other 

cell balancing topologies. It also verifies the improvement in traction inverter efficiency by 

providing variable DC-link.  
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Chapter 7: Experimental verification with Hardware 

in the loop  

This chapter explains how the proposed balancing topology and modular battery pack is 

implemented in the HIL environment to validate the simulation results through 

experimentation. A battery pack module`s voltage balance during charging and discharging, 

and variable DC-link for traction inverter is the focus of the experimental results.  

7.1 Implementation of proposed method in HIL  

The HIL is categorised into two parts, real-time simulator (computer) and hardware. A real-

time simulator which is a software-based system includes a model of the battery cell, EV battery 

pack with bypass topology, DC charger, battery charge controller, three-phase induction motor 

model, FOC, three-phase inverter, and PWM generator for the inverter. The hardware part 

contains the real TI microcontroller, interface board (operational amplifier), and OPAL-RT 

(real-time system hardware machine). The block diagrams in Figures 7.1 and 7.2, depict the 

HIL arrangement for charging and discharging EV battery packs, respectively.  

The real-time simulator part for the charging and discharging both are explained in detail in 

Chapter 4. In the hardware part during charging the OPAL-RT continuously monitors the 

individual module voltages and sends it to the microcontroller through an Analog output board. 

The microcontroller performs tasks according to the embedded code adjusts the switching 

control signals for the proposed bypass topology and sends it to the OPAL-RT through an 

interface board. The OPAL-RT receive the switching control signals through a Digital input 

board. The hardware design for discharging is the same as for charging but the only difference 
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is that OPAL-RT receives one extra voltage amplitude signal, and the microcontroller 

embedded code is changed.  

 

Figure 7. 1 HIL setup for EV battery charging 

 

Figure 7. 2 HIL setup for EV battery discharging 

Figure 7.3 shows photos of the laboratory setting used for the experiment. The proposed system 

has been developed on a lab Computer that is connected via an Ethernet connection to the 

OPAL-RT front. The TI microcontroller is connected to the OPAL-RT's backside Analog 

output. After that, an interface board is linked to the microcontroller's digital output to raise the 
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voltage, and it is connected to the OPAL-RT's digital input on the back side for controlling the 

switching signals inside OPAL-RT software, one of which is visible through an oscilloscope. 

 

Figure 7. 3 Experimental setup in laboratory 

7.2 OPAL-RT and microcontroller interface board 

The microcontroller's maximum output voltage is 3.3V, but OPAL-RT's digital input voltage 

ranges from 4 V to 50 V. As a result, the microcontroller and OPAL-RT cannot be directly 

connected. Instead, an interface board is needed to increase the voltage of the microcontroller's 

digital output signal above 4 V. An interface board is designed using a simple circuit consisting 

of a non-inverting Op-Amp configured with a gain of two, such that the input and output 

voltages are in phase, but the amplitude becomes twice as large as the input value. In this thesis, 

four Op-Amp ICs (LM324N) are used to design the interface board as it consists of 4 Op-Amps. 

In Figure 7.4, the fundamental non-inverting Op-Amp circuit is displayed.  
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Figure 7. 4 Basic circuit diagram of non-inverting Op-Amps 

where the input voltage is 𝑉𝑖𝑛 applied to the positive terminal, the output voltage is 𝑉𝑜𝑢𝑡, 𝑅1is 

the feedback resistor connected between inverting terminal and output, 𝑅2is the resistor 

between inverting terminal and ground, and 10 V supply voltage is provided. The supply 

voltage should be above the necessary output voltage (above 4 V) but below the Op-Amp's 

maximum limit (28 V). The voltage gain of Op-Amp is 2 by using the same value of resistor, 

𝑅1 and 𝑅2. The voltage gain (G) of a non-inverting amplifier can be calculated as: 

𝐺 = 1 +  
𝑅2

𝑅1
  

(7.1)  

The microcontroller provides 12 digital output signals to the OPAL-RT, which is further split 

into 12 complementary digital signals using the NOT gate inside the OPAL-RT software to 

control 24 MOSFETs.  

7.3 Modelling state-of-the-art system in OPAL-RT 

The OPAL-RT system is based on MATLAB Simulink to build a model. However, it also 

includes it’s on library in MATLAB Simulink to provide necessary blocks for the configuration 

of its input/output card and to make the model compatible with its system for real-time 

application. It also provides the blocks to record data in real-time. Overview of the OPAL-RT 
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software is shown in the Figure 7.5 called the RT-LAB. To start working with RT-LAB, first a 

new project is created (BMS_2022) and added multiple models inside the same project for 

different type of testing scenarios (charging or discharging of the battery pack). The edit option 

is used to open the model in MATLAB Simulink.  

 

Figure 7. 5 OPAL-RT software screenshot 

The MATLAB Simulink file is open to start building the model, however before adding the 

model in RT-LAB, the OPAL-RT input/out cards and necessary configuration is done by using 

the OPAL-RT library blocks. The whole model is created into two blocks SM_Master and 

SC_Console as presented in Figure 7.6. The SM_Master block is used for modelling (controller 

and proposed system) and configuration of the OPAL-RT hardware. However, the SC_Console 

block is used for monitoring of the signals as well as control in real time changes. The model 

initialisation block is used for the variables initialisation as can be seen by the name of the 

block.    
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Figure 7. 6 OPAL-RT configuration and bypass topology implementation during charging 

The SM_Master is further represented in Figure 7.7(a,b), which includes all the basic 

configuration of the I/O cards and system configuration blocks (OpCtrl, Opcomm, Dout type 

config, overruns). The OpwriteFile block is used for the data recoding in real time from OPAL-

RT. However, the only difference in both figures (a, b) is the addition of charging and 

discharging modelling and control. The charging and discharging circuit and control are 

explained in chapter 4, section 4.2 and 4.3. Thus, any MATLAB Simulink model can be added 

in SM_Master block for real time testing after configuration. The configuration blocks are 

presented in Appendix B.  
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(a) 

 

(b) 

Figure 7. 7 Modelling and controller design (SM_Master) 
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The SC_Console block is shown in Figure 7.8, which monitors the user define signal and the 

status of real time singles. The timing value shows the total computation time required for the 

OPAL_RT microprocess to execute the model in real time. If the model is too complex and the 

sampling time is not enough to execute the model in real time, then it will show the overruns. 

The overrun helps to decide the optimal sampling time required for the model to run in real 

time, if the overruns increase with time during testing it means the signal results overlaps with 

each other. Thus, the sampling time needs to be chosen according to the model complexity to 

run in real time and do not produce overruns. The sampling time used for the testing proposed 

state-of-the-art system is 60 microseconds. 

 

Figure 7. 8 Graphical interface for real time monitoring (SC_Console) 

7.4 Experimental verification of residual imbalance during charging 

The experimental testing is performed for charging battery packs with multiple C-rates (0.5C, 

1C, and 2C) using the same parameters of initial SOC and voltage imbalance as used for 
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simulation in Chapter 5, section 5.2, Table 5.6. The voltage that can be sensed straight from the 

battery cell serves as the basis for the control algorithm of the proposed balancing topology. 

However, Figure 7.9(a) also displays the SOC for each module, demonstrating that li-ion 

voltage is a reliable approximation of SOC. The experimental voltage results of individual 

modules at 0.5C rate charging are displayed in Figure 7.9(b). Similarly, Figures 7.9(c, d) and 

7.9(e, f) show the SOC and voltage outcomes for charging at 1C and 2C rates, respectively.  

The only difference arises from fluctuations in voltage measurements, as the process of 

experimental voltage measurement introduces noise into the voltage signals. However, the 

variation in voltages is reduced to a maximum of 250 mV by moving average filter, to have less 

effect on the controller performance and achieve SOC/voltage balancing.  

  

(a) soc graph (b) voltage graph 
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© soc graph (d) voltage graph 

  

(e) soc graph (f) voltage graph 

Figure 7. 9 Battery charging at multiple C-rate (0.5C, 1C, and 2C) with proposed balancing topology 

The experimental and simulation results are closely matched other than voltage fluctuations. 

The experimental and simulation data of residual SOC and voltage imbalance for the various 

C-rate (0.5C, 1C, and 2C) charging modes are reported in Table 7.1. This table shows both 

results give approx. zero residual imbalance at the end of charging process for multiple C-rates. 

Table 7. 1 Experimental and Simulation data of residual imbalance at the end of charging 

C-

rate 

Initial SOC 

imbalance of 

Experiment 

and 

Simulation 

(%) 

Residual SOC 

imbalance of 

Experiment 

(%) 

Residual 

SOC 

imbalance of 

Simulation 

(%) 

Initial Voltage 

imbalance of 

Experiment 

and Simulation 

(V) 

Residual 

Voltage 

imbalance 

of 

Experiment 

(V) 

Residual 

Voltage 

imbalance 

of 

Simulation 

(V) 

0.5C 80 1 0 2.5 0.02 0 

1C 80 0 0 2.3 0 0 

2C 80 0 0 1.8 0 0 

7.5 Experimental verification of speed control  

The effectiveness of FOC in regulating motor speed is illustrated by the motor speed step 

response testing results with modular battery packs in Figure 7.10(a). Furthermore, Figure 

7.10(b) illustrates the battery pack voltage connected with the traction inverter, which provides 
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variable DC-link voltage according to the speed of motor. The step response is tested with the 

same parameters of individual modules as tested in simulation chapter 5 section 5.5, to check 

the resemblance between simulation and experimental results. The maximum voltage of the 

battery pack is 265V due to initial 30% SOC of each module. Figure 7.10(b) shows the battery 

pack voltage increase with the increase in motor speed and when the battery voltage reaches to 

its maximum voltage it begins to decrease due to battery pack discharging.  

  

(a) Motor speed (b) Variable DC voltage 

Figure 7. 10 Step response of motor speed with modular battery pack 

7.6 Experimental verification of Residual imbalance at dynamic discharging 

The EV battery pack was discharged under dynamic load conditions, to evaluate the 

effectiveness of bypass balancing method and confirm the controller design's performance 

through experimentation. To replicate real-world driving circumstances, the WLTP-3 drive 

cycle was used. As described in Chapter 5, Table 5.5, the initial imbalance circumstances for 

the battery pack modules were the same as those utilized in the simulation. 

The SOC of the battery pack modules is depicted in Figure 7.11(a), and Figure 7.11(b) shows 

the corresponding voltages. During the discharging process, the SOC and voltage variations 

across modules are displayed in Figure 7.11(c, d). at the end of discharging, the initial voltage 
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difference of 2.3V is decreased to 0.5V with a variation of 250mV and the initial 30% SOC 

difference is reduced to 1%. When the discharging process is stopped, there is a significant 

decrease in the imbalance between the battery pack modules which gives a good match with 

the simulation’s predictions. However, the fluctuations in the voltages are due to the 

electromagnetic noise addition in voltage measurements during experimental work. These 

results emphasize the modular battery pack’s ability to minimize imbalances as well as the 

controller’s successful implementation at dynamic load conditions. 

  

(a) soc graph (b) voltage graph 

  

(c) soc difference (d) voltage difference 

Figure 7. 11 Voltage balancing with modular battery pack discharging with variable speed 
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The dynamic speed profile and the actual motor speed during the experimental testing are 

shown in Figure 7.12(a). The motor speed continuously follows the reference speed, 

demonstrating the effective performance of the FOC technique. Figure 7.12(b) displays the 

battery pack voltage, demonstrating how the traction inverter receives a changing DC-link 

voltage based on speed changes. The controller bypassed a different number of modules, which 

explains the reason why the variable DC link in the experimental results is not the same as the 

simulation. The reason the battery pack voltage is more variable than in the simulation is 

that the controller is based on voltage measurement, whereas the voltage varies due to noise 

addition in the experimental setup.   

 
 

(a) Speed profile  (b) Variable DC link  

Figure 7. 12 Experimental results of motor speed profile and Variable DC link voltage 

 

This chapter explains the building of experimental environment for testing proposed method. 

The same parameters for battery pack and inductor motor are used during HIL testing, as used 

for simulation, to verify the consistency between the experimental and simulated results. The 

conclusion of thesis and future recommendations are presented in the next chapter.  
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Chapter 8: Conclusion and Future Recommendation 

8.1 Conclusion 

The background showed the increasing demand of Li-ion batteries in EVs to provide necessary 

power, as EV battery pack consist of parallel and series combination of Li-ion cells. However, 

the traction inverter power loss and cell imbalance are the main issues with EV battery packs. 

The cell balancing is an important function of BMS to solve the cell imbalance problem. There 

are several factors of Li-ion like SOC, capacity, temperature, self-discharge rate and impedance 

which cause the imbalance between cells. These imbalances decrease the EV battery pack 

capacity utilisation as the battery stop charging or discharging due to one or more weak capacity 

cells presence. The cell balancing is necessary to achieve better capacity utilization of EV 

battery pack. The basic cell balancing techniques has been reviewed to explain the circuit 

complexity, number of components, energy transfer methods and control complexity of each 

method. The proposed bypass method has been investigated in depth to identify the important 

factors for its optimisation. The overview of bypass balancing method shows that the SOC were 

used as a control variable. However, the SOC estimation is challenging as well as it increases 

the controller complexity, and accurate SOC estimation is not possible due to variations in 

battery characteristics (voltage, temperature, current). The voltage-based control is also difficult 

due to variation in voltage measurement, but it eliminates the need of SOC estimation. 

Furthermore, identify the requirement of an adaptive charge controller to adjust the supply 

voltage according to the number of bypass cells or modules.  

The literature also verified the benefits of using variable DC-link for inverter to achieve lower 

power losses and reduced THD to increase efficiency. The DC-DC converters used to provide 

variable DC-link voltage for many applications like energy storage system and PV system but 
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in hybrid EVs these converters focused on battery charging during regenerative braking system. 

In EVs, DC-DC converter can provide variable DC-link voltage, but it will also introduce power 

loss and cannot deal with the imbalance between battery pack cells or modules. The proposed 

modular battery packs with bypass balancing method gives benefits of providing flexible DC-

link voltage to the EV traction inverter and voltage balancing between series-connected 

modules in the EV battery pack.  

The MATLAB Simulink was used to develop the proposed method and design control 

algorithms. The results in chapter 3 section 3.2 demonstrate the cell model charge and discharge 

characteristics follows the datasheet graphs. The EV battery module is developed by modifying 

the parameters of the cell model, then these modules are connected in series to create the EV 

battery pack with the proposed bypass method. The per phase equivalent circuit model 

parameter were also calculated and optimised to develop induction motor model. The CCCV 

battery charge controller was implemented using two cascaded PI controllers for voltage and 

current control. The outer loop controls voltage while the inner loop controls current, and the 

output gives the supply voltage command for charger to adjust its voltage.  The CCCV provides 

the CC at the beginning of charging while shift to CV mode after battery pack is charged up to 

80% SOC which helps to perform fast charging. This controller also adjusts the charger supply 

voltage according to the number of bypass modules and the battery pack charging results in 

chapter 5 section 5.3 confirms it. FOC is another controller that was designed to control the 

induction motor speed and provide the voltage vs speed relationship, which was further used in 

battery pack discharging to provide variable DC-link voltage to the traction inverter.  

The proposed method simulation and HIL results of battery pack charging and discharging 

mode presented in chapter 5 and 7, respectively. The results for the step response of the motor 
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speed explain the validation of FOC for motor speed control. The results of individual module 

voltages and SOCs also showed the Li-ion cells gives a good approximation of SOC.  

The proposed topology was tested for the different conditions of initial SOC or voltage 

imbalance and the results shows approximately zero percent residual imbalance. According to 

simulation results, at the end of the battery pack's charge cycle, the proposed bypass method 

effectively balances the module voltages or SOCs with the approximately zero residual 

imbalance. At the end of discharge, 1% SOC and 0V voltage imbalance showed but the 

discharge voltage also showed fluctuation of 0.5V, which is due to rapid acceleration and 

deacceleration in the speed profile.  To check the feasibility and performance of the controller, 

multiple C-rates (0.5C, 1C, 2C) charging current used for charging, and WLTP-3 dynamic 

speed profile used for discharging. 

The experimental results of charging and discharging showed approximately zero SOC/voltage 

residual imbalance with some voltage variations due to noise. The fluctuations in voltage are 

due to noise in the experimental setup.  

The proposed method produces higher power loss during charging mode compared with other 

balancing methods, but lower losses during discharging mode compared with fixed DC-link, 

which reduce overall system power loss.  

This thesis verified the research claims that the proposed bypass method provides variable DC-

link voltage for the traction inverter which reduce the power loss and increase the inverter 

efficiency. The comparison of bypass topology with other methods in terms of indicative cell 

balancing speed shows rapid balancing because of higher balancing current. The proposed 

method achieved approximate zero SOC/voltage residual imbalance for both charge and 

discharge process    
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8.2 Future Recommendation 

Numerous prospects for further research are presented by this thesis of modular battery packs 

with embedded cell balancing for EV battery packs.  

1. This thesis does not consider the impact of the proposed topology on the cell 

temperature. The implementation of the modular battery pack in a real EV with 

consideration of an improved controller design for battery pack thermal management. 

2. Design an advanced digital filter for voltage measurement to minimize voltage 

fluctuation which will improve the overall system performance.  

3. Create a real-time regenerative braking charge controller to charge the cells or modules 

with lower capacity. This will decrease cell imbalance and may increase balancing 

speed. 
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Appendix A:  Microcontroller code for charging and 

discharging  

Microcontroller code for modular battery packs and cell balancing during charging and 

discharging mode of operation is developed by using MATLAB Simulink “Embedded Coder 

Support Package for Texas Instruments C2000 Processors”. The code was developed in 

Simulink, which generates the C-code and is embedded directly into the microcontroller using 

a USB serial communication cable. 

Charging:  

Initialization  

ts=0.05; %  for moving average 20 points (1/0.05) 

tavg=1;  %  for moving average 

adcgain=3/4095; % binary to BCD (binary code decimal) conversion, 12-bit ADC maximum 

input value (0-4095) 

Simulink code 

 

Figure A. 1 Cell balancing code during charging operation 
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MATLAB S-function code 

function [SWseries,bn] = fcn(diff, idx) 

if(diff>=0.500) 

    bn=5; 

elseif(diff<0.500 && diff>=0.400) 

    bn=4; 

elseif(diff<0.400 && diff>=0.300) 

    bn=3; 

elseif(diff<0.300 && diff>=0.200) 

    bn=2;     

elseif(diff<0.200 && diff>=0.100) 

    bn=1; 

else 

    bn=0;     

end 

SWseries=ones(1,12); 

for i=1:bn 

   SWseries(1,idx(i))=0; 

end 

end 

Discharging:  

Initialization  

ts=0.05; %  for moving average 20 points (1/0.05) 

tavg=1;  %  for moving average 

adcgain=3/4095; % binary to BCD (binary code decimal) conversion, 12-bit ADC maximum 

input value (0-4095) 

Simulink code 
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Figure A. 2 Cell balancing code during discharging operation 

MATLAB S-function code 

function SW = fcn(bypass_No, idx) 

SW=ones(1,12); 

 if (bypass_No >= 0) 

     for i=1:bypass_No 

         SW(1,idx(i))=0; 

     end 

 end 

end 
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Appendix B: Multiple cases of initial SOC and 

voltage imbalance results 

Results of low voltage battery pack during charging mode  

The proposed topology is tested for multiple C-rates with multiple initial SOC difference to 

prove the performance of controller and proposed method.  

Case 1: 50% maximum initial SOC Difference  

  

(a) soc graph (b) voltage graph 

Case 2: 30% maximum initial SOC Difference 

  

(c) soc graph (d) voltage graph 

Figure B. 1 Results of charging for multiple cases initial SOC difference at 0.5C-rate 
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Case 1: 50% maximum initial SOC Difference  

  

(a) soc graph (b) voltage graph 

Case 2: 30% maximum initial SOC Difference 

  

(c) soc graph (d) voltage graph 

Figure B. 2 Results of charging for multiple cases initial SOC difference at 1C-rate 
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Case 1: 50% maximum initial SOC Difference  

  

(a) soc graph (b) voltage graph 

Case 2: 30% maximum initial SOC Difference 

  

(c) soc graph (d) voltage graph 

Figure B. 3 Results of charging for multiple cases initial SOC difference at 2C-rate 

 

Results of high voltage battery pack during charging mode  

The propped bypass method with a greater number of modules connected in series is tested for 

0.5C and 1C rate of charging. 
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(a) soc graph (b) voltage graph 

  

(c) charging current (1C-rate) (d) individual modules currents 

  

(e) battery pack voltage (f) supply voltage 

Figure B. 4 High voltage battery charging at 1C rate 
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(a) soc graph (b) voltage graph 

  

(c) charging current (2C-rate) (d) individual modules currents 

  

(e) battery pack voltage (f) supply voltage 

Figure B. 5 High voltage battery charging at 0.5C-rate 
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Results of high voltage battery pack during discharging mode  

The proposed topology is tested for higher voltage battery pack, variable speed, and multiple 

initial SOC difference (10% and 20%) to prove the performance of controller and proposed 

method during discharging mode.  

Case 1: 20% maximum initial SOC Difference  

  

(a) soc graph (b) voltage graph 

Case 2: 11% maximum initial SOC Difference 

  

(c) soc graph (d) voltage graph 

Figure B. 6 Simulation results of discharging for multiple cases with higher voltage 
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