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ABSTRACT 

Electric vehicles are considered as one of the most suitable solutions to minimize both 

fossil fuel consumption and emission of greenhouse gases. However, the charging 

mechanism, battery design, and charging-discharge time are important factors that need 

to be taken into consideration, when designing electric vehicles. They also determine the 

success and acceptance of the vehicles in the car market. According to the current research 

trend, a level-two onboard battery charging system is favored as compared to other 

charging architectures, even if it has a slow charging time when compared with the off-

board charging system. To achieve improved performance levels, the battery charging 

system needs to have a charger integrated with the battery management system. In this 

regard, an interleaved boost and LLC resonant converter-based isolated onboard battery 

charger which is integrated with the lithium-ion battery charging management system is 

implemented in this research for Ethiopia can do four-wheel electric vehicle. The charging 

system is modeled mathematically. Also, for implementation purposes, the corresponding 

models are done using MATLAB software tools. Different power factor correction stage 

converters and isolated DC-DC converter topologies are implemented and the 

performance of each is evaluated. Accordingly, the interleaved boost converter is used for 

power factor correction and minimizing total harmonic distortion of the charging system 

due to its incredible performance capability. In the back-end, a multi-resonant full-bridge 

LLC converter is adopted for galvanic isolation and dc voltage regulation, due to their 

excellent performance compared to other converter topologies. This research also includes 

a battery management system that is only related to charging an electric vehicle to 

demonstrate how battery management system manages the charging system. The battery 

management system monitors cells, controls the charging system to charge in the Constant 

Current-Constant Voltage charging algorithm, estimates the state of charge, and protects 

the charging system from damage. A 7.6kW charger is designed to charge the battery pack 

with an output voltage range of 320V to 420V. As a result, the designed electric vehicle 

charger achieved a unity power factor, total harmonic distortion of 3.17, and the LLC 

converter maintain ZVS and ZCS for the overall charging stage. This implementation 

makes the overall battery charging system to have excellent performance.  

Keywords: ECADO-4EV, interleaved boost converter, LLC resonant converter, CC-CV 

charging, BMS
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CHAPTER 1 

INTRODUCTION 

1.1 Background  

In Ethiopia, over 90 percent of exports and imports are transported by road transport [1]. 

Because of the emerging industrialization and intensification of trade-related activities, the 

total vehicle fleet in the country has been growing at an annual rate of >10%, increasing 

from 95,925 vehicles in 1996/1997 [2] to 831,265 motor vehicles in 2017/2018 [3]. Unless 

preventive and adaptive measures are taken, the alarmingly growing number of internal 

combustion engine vehicles will be a hair-raising concern in addressing climate change. 

The alternative solution to continue the transportation is to replace the engine-based vehicle 

with the electric-based vehicle. EV is essential and simple to use for a country like Ethiopia 

which is expecting very big MW power generation from the Grand Ethiopian renaissance 

dam. 

The development of Electric Vehicle (EV) has rapidly proliferated in recent years 

worldwide. And rechargeable batteries used as energy storage devices are playing an 

increasingly significant role in EV application. In this case, lithium-ion cells, due to their 

higher energy density, high energy efficiency, lightweight, and good cycle life, may 

provide a good solution for powering the EV [4]. Usually, an EV powered by lithium-ion 

battery storage can only travel at full power over a limited range. The limited usable range 

makes it necessary to develop some kind of battery charger installed on the electric vehicle 

itself [5]. And the charger should be designed properly for the best system performance.  

Currently available battery chargers, which extracted power from an ac-line source, 

adopted mainly conventional boost ac/dc converter and different isolated DC-DC 

converters to rectify and control the power flow from the grid to charge the battery system 

[4]. Such a charging circuit drew a high charging current ripple and low efficiency. 

Nowadays topologies with high switching frequencies are used to reduce the charging 

current ripple and extend the battery life [6] [7]. In this research work interleaved boost 
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converter is used to minimize input current ripple and to maintain power factor to unity. 

And also, LLC multi resonant converter is used to regulate the dc voltage obtained from 

the front-end converter and to charge the battery pack of the electric vehicle. Those 

converter topologies have better performance when compared with others by making the 

charging system to operate at unity power factor, by minimizing the total harmonic 

distortion below 4%, and by making the converter to operate at ZVS and ZCS during its 

charging cycle. 

On the other hand, the high availability characteristics of the charger in EV application 

require the powering control system to be robust, and operate without instability, under a 

variety of electrical and environmental conditions. However, the nonlinearity of lithium-

ion batteries presents some difficulties for designing the controller of this system [8]. To 

overcome the negative factor, an electrical model is set up and its parameters are evaluated 

through the method of pulse current discharge. Based on the accurate model, a proper 

control strategy is presented and analyzed in detail. 

Furthermore, the charging strategy should be considered in the EV application. Because 

the life cycles of lithium-ion batteries are easily affected by undercharging and 

overcharging. Many battery charging strategies have been proposed, such as constant 

current (CC), constant voltage (CV), and constant current-constant voltage (CC-CV) 

strategies [9]. CC-CV charging strategy is widely used these days among these strategies 

aforementioned. And the strategy can effectively avoid overcharging. This thesis presents 

a lithium-ion-powered battery charging system that comprises of battery charger and 

battery management system. 

ASTU-CTVE (Center of Transport and Vehicle Engineering) is planning to design an 

Electric car called Ethiopia Can Do – Four-wheel Electric Vehicle. Most of the data 

specifications of the traction battery and charging profile will be used from this proposal. 

The work here is intended to be a standardized charging system that will charge ECADO-

4EV’s battery pack. In addition to this, the proposed charging system will possibly 

motivate other researchers and local industries to opt for and use local designs and 

specifications for their products. This will encourage innovation and indigenous inventions 

to flourish.  
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1.2 Statement of the Problem 

IPCC report shows that the contribution of transport to the total greenhouse gas emissions 

in 2004 was about 23% [10]. Under the international energy agency baseline scenario, 

emissions related to global transport could grow to 35% in 2030. The UNFCCC indicated 

that road transport accounts for 74% of total transport-related CO2 emissions. Ethiopia’s 

contribution to global greenhouse gas emissions has been practically negligible [11]. 

Overall, Ethiopia’s total emissions represent 0.3% of global emissions [12]. However, the 

projected environmental impact of conventional economic development in Ethiopia risks 

following the pattern observed around the globe. If current practices prevail, greenhouse 

gas emissions in Ethiopia will more than double from 150 megatons CO2 to 400 megatons 

CO2 in 2030 [13]. According to the report of the Ethiopian petroleum supply enterprise, 

932,057 Metric Tons of refined petroleum products have been imported from July to 

September 2019. The payment settlement shows that above Birr 20.53 Billion have been 

paid for the petroleum product supplied in the period mentioned [L1]. 

Nowadays, with the global concern for greenhouse gases and environmental pollution, 

electrical vehicles are being developed in quick paces for both private and commercial 

purposes. However, such technology still poses some difficulties, especially in the energy 

storage system [3], This being the main reason why chargers are once again an essential 

part in the use of batteries. Currently, a large number of chargers can be found in the 

market, but many of them do not include features of great importance for the user of electric 

vehicles. Four of these characteristics can be efficiency, PF, THD of input current, and 

implemented charging strategies. Each of these features is dependent on the design of the 

charger and its integration with the battery using the battery management system. The 

efficiency of the converter requires excellent use of energy drawn from the grid. Sometimes 

that has a strong impact on consumers and the environment. The power factor and total 

harmonics features are related to the efficiency, but in addition to this, they are required to 

meet the specified standards in IEEE [14]. Charging strategy is another characteristic of a 

charger that can only be achieved by integrating the charger with the battery management 

system. The designed charging system can improve the indicated problems by specifically 

analyzing each part or charging system and by managing the charging algorithm using the 

battery management system. 
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1.3. Objectives of the Study 

1.3.1. General Objective  

The main objective of this thesis is to design and simulate a battery charging system for 

ECADO-4EV which is composed of Electric vehicle charger and battery management 

systems. 

1.3.2. Specific Objectives  

• To design the electric vehicle charging system with an appropriate PFC circuit, 

DC-DC converters, and storage system. 

• To design the battery management system which manages the charging process 

of the electric vehicle. 

• To simulate the designed EV charger and battery management system in 

MATLAB and  

• To evaluate the performance of the charging system in the wide range voltage 

of the lithium-ion battery pack. 

1.4. Significance of the Study  

The global trend is shifting the energy source usage from non-renewable sources that will 

not available after a few decades to a renewable energy source that can exist forever. 

Similarly, ECADO- 4EV members are trying to develop EV for the Ethiopian market. 

Since the above-mentioned objectives are certainly fulfilled, this research study can 

support the trend started by ECADO-4EV (ASTU Center of Excellency) members by 

providing a charging system which can make the electric vehicle to charge from the grid. 

Similarly, As EV technology is a recent development in Ethiopia, this thesis work will be 

an eye-opening for the researcher who wants to invest their time and money.  

1.5. The Motivation of the Study 

Due to the futurity of EV technology, it is very interesting to research this area. The one 

who is professional EV drive is adeptly beneficial because a huge market is coming. The 

battery and power electronic converter technology are updating from time to time which 

gives hope for the easy to use EV. Power electronic converter and battery technology are 

getting popularity rapidly. They have been increasingly used in automotive, aerospace, 



 

5 

 

consumer, industrial automation equipment, and instrumentation due to their flexibility 

higher efficiency, longer operational life.   

1.6. Scope and Limitation of the Study 

This research study includes the design and simulation of the EV battery charging system 

by using MATLAB software. The performance of different converter topology for the EV 

battery charging system is compared and analyzed. DSP hardware implementation is not 

included. Specification of converters and battery specified by ECADO-4EV is used. But 

some missing data is obtained by using analysis of existing data and calculation. The study 

doesn’t include the detail about the EV motor and other parts of the EV. The comparison 

of power electronic converters and battery for EV battery charging systems is taken from 

literature because it is very difficult to get those converters and batteries around. If they 

would have available the comparison was done in the laboratory. Due to the global 

pandemic of the coronavirus, the price of the converter is increased dramatically and 

availability is another problem. Because of the problem stated above the hardware 

implementation of the research work could be excluded.   

1.7. Thesis Outline  

This thesis is organized into five chapters. 

Chapter 1: Presents the background of the study, statement of the problem, objective of the 

study, significance of the study, motivation, scope and limitation, area of 

applications, and definition of terms. 

Chapter 2: Gives insight on the background and structural overview of the electric vehicle 

battery charging system also includes the literature review of the proposed 

system. 

Chapter 3: Covers the analysis of data, electric vehicle battery charging system modeling, 

and the proposed system development. 

Chapter 4: Presents the results of the research wok and briefly discuss the output of the 

simulation. 

Chapter 5: Discusses the conclusions and recommendations.  
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CHAPTER 2 

THEORETICAL BACKGROUND AND LITERATURE 

REVIEW 

2.1. Chapter Overview  

In this chapter the background and varieties of electric vehicle battery charging solutions 

are discussed in detail. Advantage of interleaved boost and LLC resonant converter based 

on-board electric vehicle battery charging system is compared with another electric vehicle 

battery charger. Its recent world-wide application in research and industry, the existing 

control mechanism, and other related applications are reviewed and discussed.  

2.2. Electric Vehicles 

The world energy consumption due to the transport sector is expected to show dramatic 

growth of around 44% from 2008 to 2035 [15]. This consumption is responsible for the 

largest share (63%) of the total increase in petroleum and other fossil fuel usage from 2010 

to 2040.  

The combustion of fossil fuels, a non-renewable and finite resource, has caused increasing 

air pollution, ozone damage, acid rain, and global warming. Therefore, new technologies 

for alternative vehicles are of great interest to researchers, industry, governments, and the 

general public nowadays [16]. 

Electric vehicles (EVs) use electric motors for propulsion and are directly powered 

from an energy store rather than indirectly via internal combustion engines (ICEs). 

Compared with the traditional fossil fuel-powered vehicles, EVs are more eco-friendly 

with the attractive properties of lower greenhouse emissions, lower fuel usage and 

reduced air pollution. There is thus a growing interest in EVs globally. 
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2.3. Review of Battery for EVs 

The performance of the EV highly depends on the performance of the battery and BMS. 

To meet the requirements of dynamic performance, safety, economy, and environmental 

friendliness of the EVs, the battery system should meet the following requirements: 

• High specific energy: Improving the specific energy of the battery can greatly 

improve the driving mileage of the EVs, and also reduce the mass and volume of 

vehicles.  

• High specific power: The specific power of the battery can effectively improve the 

vehicle dynamic performance of EVs so that it has excellent acceleration 

performance [17]. 

• High safety: The safety of the battery can reduce the probability of dangerous 

accidents such as fire and explosion of the vehicles which are caused by liquid 

leakage, short-circuit, collision, and so on [18]. 

• Long service life: Most of the cost of EVs comes from the battery system, so 

extending the battery life can greatly reduce the use and maintenance cost, thus 

reducing the cost of the vehicle [19].  

• Low self-discharge rates: A low self-discharge rate can decrease the capacity 

degradation rate of the battery and extend its service lifetime [20]. 

• Low cost: Reducing the cost of the battery can effectively reduce the cost of the 

vehicles and improve the product competitiveness of the EVs. 

• Environmental friendliness: The battery will help to establish battery recycling 

standards and prevent secondary pollution to the environment. 

Currently, three main battery technologies are extensively used for EVs: the lead-acid 

battery, the nickel-metal hydride (NiMH) battery, and the Lithium-ion (Li-ion) battery 

technologies, whose key features are shown in Table 2.1 [21]. 

The lead-acid battery is used to power early EVs such as GM EV1 [22]. It has the 

advantages of good discharge power capacity enabling the fast response to the load 

changes. Meanwhile, the cost is affordable due to the mature development of the 

technology. However, the low energy density, heavyweight, and short life span due to the 

deep discharging deterioration make it not suitable for the latest EVs.  
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Table 2. 1 The comparison of popular characteristics and behavior of different batteries for EVs [21]. 

Type Life cycle 
Nominal 

voltage (v) 

Energy 

density 

(w.h.kg-1) 

Power 

density 

(w.kg-1) 

Charging 

efficiency 

(%) 

Self-discharge 

rate 

(% moth-1) 

Charging 

Temperature 

(0C) 

Discharging 

Temperature 

(0C) 

Li-ion 600-3000 3.2-3.7 100-270 250-680 80-90 2-3 0 to 45 -20 to 60 

Lead 

acid 
200-300 2.0 30-50 180 50-95 4-6 -20 to 50 -20 to 50 

NiCD 1000 1.2 50-80 150 70-90 20 0 to 45 -20 to 65 

NiMH 300-600 1.2 60-120 250-1000 65 30 0 to 45 -20 to 65 

The NiMH batteries are employed in Toyota Prius [23] and Honda Insight [24]. Compared to the lead-acid, a NiMH battery has 

higher power density, due to simpler charger/discharge reactions [25]. NiMH has the high self-discharge rate which means the 

battery will lose charge when not used. Also, it has a higher cost and low charge acceptance capability in high-temperature 

conditions which reduces the charging efficiency.  

Lithium-ion (Li-ion) battery has become one of the preferred energy storage units for the recent generation of EVs such as Nissan 

leaf [26]. Although the Li-ion battery has the issues need to be improved such as cell life, cell balance, cooling operation, cost, 

and safety, compared to other rechargeable batteries, Li-ion has the attractive features of higher energy density, a higher power 

rating (high cell voltage and output power), lower weight and great discharging power for faster acceleration. 
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2.3.1. Comparison of Li-Ion Based Battery Chemistries for Electric Vehicle 

There are no perfect candidates for the electric powertrain, and Li-ion remains a great 

option. Li-ion battery also consists of several chemistries. Figure 2.1 graphically compares 

distinctive sorts of Li-ion batteries utilized in EVs considering several characteristics, with 

the larger colored area being more desirable. The major factors considered are specific 

energy, specific power, safety, performance, life span, and cost. 

 

Figure 2. 1Comparisons of different types of Li-ion batteries used in EVs from the 

following perspectives: specific energy (capacity), specific power, safety, performance, 

life span, and cost (the outer hexagon is most desirable) [27]. 

Lithium Iron Phosphate (LiFePO4), Lithium Nickel Manganese Cobalt Oxide (NMC), and 

Lithium Manganese Oxide stand out as being superior among these six candidates. Due to 

its high specific power, longer life span, better safety concern, and tolerable cost: Lithium 

Iron Phosphate (LiFePO4) is used in this research work.  

2.4. Battery Charging Technology 

2.4.1. Charging Strategy 

There are different charging methods including constant current (CC) [28], constant 

voltage (CV), constant power, taper current, etc. [29]. The constant voltage charger is the 

simplest method that charges the battery by providing the required current to obtain the 

constant battery voltage. It needs an extra circuit to protect the battery. Constant current 
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charger supplies a fixed current (usually the maximum current to get fast charging) into the 

battery and the battery voltage increases linearly. A constant power charger is usually 

preferred for giant and costly batteries in a slow charging approach. It is worth noting that 

the main limitation when charging in a domestic environment, is the maximum current 

which should be less than the single-phase outlet fuse current. 

For the Li-ion battery, the constant current constant voltage (CC-CV) charging scheme is 

usually employed [30]. In this CC-CV charging profile, the charging process includes two 

stages: the CC mode and CV mode. The first stage is the CC mode, during which the current 

should be regulated at a fixed value (usually the maximum current which the battery 

tolerates without causing damage) while the battery voltage increases rapidly to its rated 

maximum level. After that, further continuing the constant current charging will cause 

overcharging and excessive heating which might damage the battery.  

To avoid this, when the battery voltage reaches the threshold voltage (nearly fully-charged 

voltage), the charging process is switched to the CV mode, during which the battery voltage 

is maintained at a constant value while the battery is slowly charged. Meanwhile, the 

battery charging current decreases to avoid over-charging of the battery until the current 

reaches a specific low value at which the charging process is terminated [31].  

2.4.2. Charging Power Levels 

EV OBCs are categorized as level-1, level-2, and level-3 chargers based on their power 

levels according to SAE J1772 standard [32].  

1) Level-1: Level-1 EV chargers have the lowest charging power level and take the longest 

time to achieve full battery charge. The peak power of AC level-1 chargers is 3.8 kW [33].  

2) Level-2: Level-2 EV chargers have increasing popularity within the EV community on 

a global scale. The peak power of level-2 chargers is 22 kW [32], [33]. Almost every 

popular EV worldwide utilizes level-2 OBCs in the 6.6 kW-7.8 kW range. This power level 

is most suitable for current battery capacities because full battery charging can be nearly 

completed in 4 hours to 8 hours.  

3) Level-3 AC: Level-3 EV chargers are the highest charging power options for onboard 

charging. Level-3 AC-chargers offer three-phase AC for power levels between 22 kW and 
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43.5 kW [32], [33]. Level-3 AC-chargers can be on-board the vehicle. But it will be 

integrated with motor and other converters of an electric vehicle. 

4) Level-3 DC: Level-3 DC-chargers provide direct power to the EV’s battery for power 

levels up to 350 kW, or higher [34]. Due to their high-power level and hence bulky size, 

level-3 DC-chargers is located off-board the EV. DC level-3 is the fastest charging option, 

which for Extreme Fast Charging (XFC) is proposed to achieve 200 additional miles of 

driving range in 10 minutes or less [34]. However, the design of a ubiquitous high-power 

off-board charging infrastructure will take significant time as well as a substantial monetary 

investment. The discussion presented on EV charger classifications is summarized in Table 

2.2. 

Table 2. 2 The comparison of the three charging power levels [32] 

SAE J1772 Level Classification Power rating (kW) Charging time 

AC Level 1 Slow charging <3.7 10-12 hrs. 

AC Level 2 Primary charging 3.7-22<22 4-8 hrs. 

AC Level 3 AC fast charging 22-43.5 <1 hr. 

DC level 3 Extremely fast charging <200 <15 minutes 

2.4.3. On-board and Off-board Chargers 

Typically, the battery chargers for EVs are usually categorized into on-board chargers and 

off-board chargers, as shown in Table 2.3. Off-board chargers, also known as standalone 

fast-charging stations, act like filling stations for liquid fuel vehicles to provide rapid 

charge at high power [17]. Off-board charger stations are usually installed in public areas 

such as shopping centers, car parks, and motorway services which can greatly extend the 

range of pure-battery EVs [35]. There are reduced constraints of size, weight, or space to 

develop such an off-board station; however, these stations need significant investment and 

long-term construction. 

In contrast, on-board chargers are mounted in the vehicles, provide simple charging at 

domestic user dwellings overnight when the EVs are plugged into a household utility outlet. 

As the charger can be built into the EV, it will not require significant extra cost compared 

to an off-board charger station. 
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Table 2. 3 The comparison of on-board and off-board chargers 

Classification 
Size 

limit 

Weight 

limit 

Space 

limit 

Construction 

requirement 

Level 

type 

Typical 

charging time 

Off-board Less Less Less Yes 50 kW 

Fast charging 

less than 1 

hour 

On-board Yes Yes Yes Less 2-22 kW 
Slow charging 

4-12 hours 

Despite the constraints such as size, weight, space limit the input power level, and slow 

charging, onboard charging is still a promising solution due to its compact structure, 

simplicity of usage, and low cost. Two technologies are available for the On-board charger, 

including the conductive method and inductive approach depending on the direct electrical 

contact between the grid and the vehicle [36]. 

 As most EVs are being designed with a plug-in battery connector, a conductive battery 

system is a more common solution. According to the SAE J1772 standard [32], on-board 

charger usually adopts Level 1 and Level 2 which are supposed to be installed in the 

vehicle, and Level 3 is usually employed in the off-board charger. 

2.5. Circuit Configurations of Onboard Charger 

The first stage ac/dc PFC converter typically contains an EMI filter, rectifier, PFC 

converter, as well as a DC link capacitor as shown in Figure 2.2 (a). The PFC converter is 

controlled by a high-frequency signal to regulate the ac line current to follow the ac line 

voltage and frequency. Ideally, the AC-DC PFC stage could be equivalent to a resistive 

load, as shown in Figure 2.1(b), to eliminate the total harmonic distortion, and to maximize 

the power transfer. 
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(b) 

Figure 2. 2 (a) common block diagram of AC-DC PFC stage, (b) equivalent circuit. 

The typical second stage isolated DC-DC converter consists of a switching network, high-

frequency transformer, rectifier, and a low pass filter as shown in Figure 2.3. For 

frequency-modulated resonant converters, an additional resonant tank between the 

switching network and high frequency is required.  

 

 

 

Figure 2. 3 Typical configurations of isolated dc/dc topology. 

Four different switching networks are shown in Figure 2.4 With the same dc-link voltage 

and switch ratings, the RMS output voltage of full-bridge is twice of that of half-bridge 

configuration. Therefore, the full-bridge topology with the same switch ratings can be 

designed and utilized with two times higher output power capability. To achieve shorter 

charging time, a higher power level is always desirable for onboard battery chargers. 

Consequently, only full-bridge configurations are considered for this thesis. 

 

 

 

 

Figure 2. 4 Common switching networks, (a) half-bridge, (b) half-bridge with a split 

capacitor, (c) two-switch forward, (d) full-bridge [37] 
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. 

 

 

Figure 2. 5 Common rectifier networks, (a) center tapped rectifier, (b) current doubler 

rectifier, (c) half wave rectifier, (d) full bridge rectifier [36]. 

Four different rectifier networks are shown in Figure 2.5 Half wave rectifier only utilizes 

half of the input voltage cycle and does not provide a high-power density. The current 

doubler rectifier and center-tapped rectifier are more suitable for low voltage and high 

current applications, respectively. The voltage rating of rectifier diodes must be higher than 

twice the output voltage. However, onboard battery charging is associated with high battery 

pack voltage and relatively low charging current, where full bridge rectifier is more 

suitable. Consequently, only full-bridge rectifier configurations are considered in this 

thesis. 

2.5.1. Challenges in Onboard Charger Design 

To design a compact and highly efficient onboard charging interface, the following 

considerations must be taken into account: 

• High switching frequency is desired to reduce the volume and weight; 

• Both step-down and step-up operations should be realized to satisfy the wide 

output voltage range requirements; 

• Zero-voltage-switching (ZVS) feature is desired to reduce the switching losses 

as well as high-frequency electro-magnetic interference (EMI); 

• A high-frequency transformer must be integrated to achieve galvanic isolation 

without negotiating the size and weight; 

• Conversion efficiency must be optimized across the full battery voltage ranges as 

well as different load conditions. 

In high switching frequency applications, MOSFET is preferred due to its fast switching 

speed and no tail current. In hard switching topologies, higher switching frequencies would 
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lead to high stress and high EMI noise. Thus, soft switching techniques, which include zero 

voltage switching (ZVS) and zero current switching (ZCS), are desired. For MOSFETs, 

ZVS is more suitable because operation with ZVS eliminates both body diodes reverse 

recovery and semiconductor output capacitances from inducing switching loss in 

MOSFETs [38]. However, the ZVS technique could lead to high circulating current and 

increased conduction losses. Moreover, in some specific topologies, such as phase shift 

full-bridge converter, even though ZVS operation is achievable in full loads. However, 

MOSFETs in the lagging leg might lose ZVS features in light load conditions.  

Another encounter comes from the wide voltage variation of the high voltage battery pack 

in the EV. Corresponding to the depleted SOC and full SOC, the voltage of the battery 

pack varies from the cut off voltage to the charge voltage (e.g. 320V to 420V). This means 

the dc/dc conversion stage must be able to be adapted to this wide voltage range. The pulse-

width-modulation (PWM) topologies have the advantages of easy regulation of the output 

voltage in a wide range. However, they also have the disadvantages of incomplete ZVS 

range. Frequency modulated resonant topologies have a full ZVS range. However, the 

efficiency of resonant topologies can be only optimized in some specific output voltage 

[39].  

The typical circuit configuration of the onboard EV battery charger has two stages. The 

first stage is the front-end PFC circuit which maintains the power factor and reduces the 

input current ripple to minimize the total harmonic distortion. On the other hand, the back-

end DC-DC converter which regulates the DC voltage to charge a high voltage propulsion 

battery of the EV. The following sections describe the comparison of converters in each 

stage. 

2.6. Review of Front-end AC/DC PFC Topologies 

The front-end ac/dc converter is a critical component of an EV charger. Proper selection 

of the topology is essential to meet the regulatory requirements for input current harmonics, 

output voltage regulation, and implementation of power factor correction. 

Boost topology and its derivatives are broadly used for AC-DC power factor correction 

(PFC) purposes [40]. In comparison with operation in continuous conduction mode (CCM), 

a boost converter operating in discontinuous conduction mode (DCM) would have smaller 

switching losses. However, for high power levels, operation in DCM means large current 
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stress to circuit components. Therefore, only CCM is considered for high power EV battery 

charging applications. There are various topologies in the PFC circuits when a device is 

connected to the AC power source. The following points show the insight view of each 

topology and its limitations. 

2.6.1. Conventional Boost PFC Converter 

Figure 2.6 shows the schematic of a single-phase boost PFC converter. A diode bridge is 

utilized to rectify the AC voltage from the grid to DC; a boost converter is followed to 

correct the power factor. In most applications, the conventional boost PFC is commonly 

used as it is simple to design. This topology has a few limitations in charging the battery 

packs for EVs is summarized as follows.  

1. This topology has an efficient operation for low to medium power range, up to 1 

kW. In high power levels, the high peak current of the inductor in DCM is 

associated with a bulky magnetic component. The circuit control and sensing the 

complexity level also increase.  

2. The input diode bridge (D1-D4) degrades the performance of the converter when 

the power level increases since the reverse recovery time of the input diodes cause 

more heat dissipation over an area, which is problematic. 

3. The only parasitic capacitance that contributes to CM noise is the drain-to-ground 

capacitance of MOSFET. 

4. The volume of the inductor design also becomes problematic at high power levels. 

5. The voltage stress on conventional boost devices is high.  

6. The high-frequency operation makes the reverse recovery losses from the boost 

diode a big concern. The reverse recovery current of the diode (DF) during the turn-

on of the MOSFET creates a sudden shoot-through in the output capacitor and 

causes more EMI in the circuit due to negative spikes in the diode current [41]. 

 

 

 

 

 

 

Figure 2. 6 Single-phase boost PFC converter [41]. 

vgrid  

D2  

D1  

D4  

D3  

L1  

S1  

D5  

Cdc  RL  

iin 



 

    18 

2.6.2. Bridgeless Boost PFC Converter 

Figure 2.7 shows the schematic of the bridgeless PFC boost converter. In comparison with 

conventional boost PFC converter, bridgeless topology gets rid of the diode bridge while 

keeping the boost feature. Consequently, the loss associated with the diode rectifier bridge 

is reduced, which makes it suitable to be applied to a higher power level. However,  

1. Bridgeless configuration brings problems of high EMI [42] Besides,  

2. The floating input line makes it impossible to sense the input voltage without a low-

frequency transformer or an optical coupler. To sense the input current, a complex 

circuit is necessary to sense the current in the MOSFET and diode separately [43]. 

3.  In a high-power level, the high peak current of the inductor is also associated with 

bulky magnetic components. 

 

 

 

 

 

Figure 2. 7 Bridgeless PFC boost converter [43]. 

2.6.3. Interleaved Boost PFC Converter 

 

 

 

 

 

Figure 2. 8 Interleaved PFC boost converter. 

Figure 2.8 shows the schematic of the interleaved PFC boost converter. In single-phase 
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phase difference. The input current equals the summation of both inductor current. Since 

the inductor ripple currents are the output of phase, they can cancel with each other. Thus, 

the high-frequency input current ripple could be significantly reduced, so that the size of 

the input EMI filter could be reduced [44]. Moreover, the power of the converter is evenly 

shared between those two boost legs, thus the current stress on the circuit components is 

reduced by half. 

The performance comparison of those three different PFC topologies is summarized in 

Table 2.4. As shown in Table 2.4, interleaved boost PFC topology has the best overall 

performance in high power applications. 

Table 2. 4 Comparison of AC-DC PFC topologies for EV battery charging [45] 

Topology Conventional boost Bridgeless boost Interleaved boost 

Power level Low Medium High 

EMI/Noise Fair Poor Best 

Capacitor ripple High High Low 

Input current ripple High High Low 

Magnetic size Large Medium Small 

Efficiency Poor Good Good 

Cost Low Medium Medium 

2.7. Review of Second Stage Isolated DC-DC Topologies 

Selecting the right second stage DC-DC converter is an additional vital subject in designing 

an electric vehicle charger. These converter topologies control the DC voltage following 

the battery voltage of the electric vehicle battery pack. The review of the second-stage 

isolated DC-DC converter is discussed as follows. 

2.7.1. Full-bridge Isolated PWM Buck Converter 

The schematic and the simulated waveforms of full-bridge isolated buck converter in EV 

battery charging application is shown in Figures 2.9 and Figure 2.10, respectively.  

In this converter topology, it is easy to regulate the output voltage by controlling the duty 

cycle, d. The boost behavior required by the battery charger could be achieved by suitably 

designing the turns ratio of the transformer, n. In the light load condition, the converter 
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could switch to a discontinuous conduction mode (DCM). In DCM mode, the MOSFETs 

are turned on at ZVS. 

 

 

 

 

 

Figure 2. 9 Full bridge isolated PWM buck converter  [46]. 

It should be noted that in CCM mode the MOSFETs of full-bridge isolated buck converter 

are turned on and off with hard switching. This causes significantly high switching losses 

and EMI problems, which greatly constrain the switching frequency. Moreover, in the time 

interval (DTs, Ts], current in the magnetic inductor circulates in the primary side of the 

magnetic core. This causes high conduction losses [46]. 

 

 

 

 

 

 

Figure 2. 10 Waveforms of the full-bridge isolated buck converter. 
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Full bridge phase-shift converter is one of the most common topologies in the power range 

of a few kilowatts for isolated DC-DC conversion applications [47]. The schematic and 

simulated waveforms of the full-bridge phase-shift converter is shown in Figure 2.11 and 
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Figure 2.12, respectively. In the full-bridge phase-shift converter, the primary side 

MOSFETs are turned on with ZVS; and the body diodes are turned off with ZCS. The 

output voltage is regulated by the duty cycle and is easy to control. Besides, control of full-

bridge phase-shift topology is easy to implement in comparison with its PFM resonant 

counterpart [48].  

 

 

 

 

 

Figure 2. 11 Full bridge phase-shift PWM converter. 

 

 

 

 

 

 

Figure 2. 12 Waveforms of the full-bridge phase-shift converter. 
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are on or both lower switches are on, the circulating power is high and would cause higher 
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overshoots and oscillations due to the high voltage of the battery pack. 
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2.7.3. Full-bridge Series Resonant Converter 

Full bridge series resonant converter (FB-SRC) is another candidate for isolated dc/dc 

conversion [49]. The schematic of the full-bridge series resonant converter is shown in 

Figure 2.13. With the switching frequency higher than the resonant frequency of Lr and Cr, 

the primary side power MOSFETs are turned on with ZVS, and freewheeling diodes are 

turned off with ZCS. This ZVS feature is irreverent to different load conditions. One of the 

most attractive features of FB-SRC is that its circulating losses are very low. Moreover, 

FB-SRC has good short circuit protection performances; short circuit current could be 

easily regulated by boosting the switching frequency [50].  

However, the critical defect of FB-SRC lies in its unacceptable poor voltage regulation 

performance in light load conditions. Slight perturbation from input voltage causes a large 

scale of frequency shift. This makes it hard to regulate the voltage and increases the 

switching losses and conduction losses. Moreover, secondary-side diodes are turned off 

with very high di/dt, which corresponds to big reverse recovery losses. 

 

 

 

 

 

Figure 2. 13 Full bridge SRC PFM converter [49].  
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FB-SRC but still acceptable [52]. 

 

 

 

 

Figure 2. 14 Full bridge LLC PFM converter [51]. 

The performances of FB-Buck, FB-FS, FB-SRC, and FB-LLC topologies are summarized 

in Table 2.6. 

Table 2. 5 Comparison of isolated DC-DC converters in EV charging applications 

Performance 

Full-bridge 

isolated 

buck 

Full-bridge 

phase 

shifted 

Full-bridge 

series 

resonant 

Full-bridge 

LLC 
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2.8. Lithium-ion Battery Management System  

Lithium-Ion is a low maintenance battery, an advantage that most other chemistries cannot 

claim. This Lithium-Ion battery is the best alternative source of energy storage for Electric 

Vehicle (EV). Even though this Lithium-Ion battery pack has a lot of advantages and get 

more popular lately, but there are problems due to the price of the Lithium-ion battery pack 

are too expensive nowadays. Thus, the Lithium-ion battery could ignite if overcharged. 

This is a serious problem, especially in EV applications, because an explosion could cause 

a deadly accident. Moreover, over-discharge causes reduced cell capacity due to 

irreversible chemical reactions. Therefore, a BMS needs to monitor and control the battery 

charging system based on the safety circuitry incorporated within the battery packs. 

Whenever any abnormal conditions, such as over-voltage or overheating, are detected, the 

BMS should notify the user and execute the preset correction procedure.  

In addition to these functions, the BMS also monitors the system temperature to provide a 

better power consumption scheme and communicates with individual components and 

operators. In other words, a comprehensive BMS should include the following functions; 

data acquisition, safety protection, ability to determine and predict the state of the battery, 

ability to control battery charging and discharging, cell balancing, thermal management, 

delivery of battery status, and authentication to a user interface, communication with all 

battery components. Figure 2.15 shows the schematic diagram of a typical BMS. 

 

 

 

 

 

 

 

Figure 2. 15 Schematic diagrams of a typical BMS 
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2.8.1. Basic Functions of the Battery Management System 

The main functions of the BMS include state monitoring, safety protection, charging 

control, state of charge estimation, battery cell equalization, thermal management, etc. 

2.8.1.1. Battery Cell Monitoring 

The battery is a complex and nonlinear time-varying system with multiple states that 

change in real-time. Accurate monitoring of the battery state is the key to the battery cell 

and its system management, which is also the basis for management and control of the EVs 

electric vehicle charging system. It indicates the necessity of the charge control, the 

protections from the overcharged conditions, the control of the temperature by providing 

information on current, voltage, temperature, etc. in real-time conditions. And that plays a 

vital role in facilitating the early failure detections in electric vehicle batteries [53].  

The abnormal change in the battery current and voltage values may cause system failure or 

system burnout. Thus, the monitoring of the current and voltage levels of battery cells is 

essential for protecting the cells from the over-current/voltage and under-current/voltage 

operations [54]. Also, the records of the current and voltage values present the status of the 

energy storage system so that the BMS can decide for further action. 

2.8.1.2. Charging Control 

Developing a genuine battery charging method is another essential function of the BMS. 

The method is based on accurate battery estimations for the state of charge (SOC) and 

temperature. The proper battery charging approach facilitates efficient battery charging 

from the initial to the final SOC battery state, as well as protect the battery from 

overheating, prolonging its life span, and improving capacity utilization. 

The effective charging and discharging controls remove the memory effect and boost the 

discharging period of the battery. It is recommended to charge the Li-ion battery by the 

CC-CV (constant current- constant voltage) charging algorithm [55]. In this case CC-CV 

charging is used for this thesis. 

2.8.1.3. State of Charge Estimation  

Estimating a battery’s state of charge provides a fuel gauge to the load device that indicates 

the amount of charge (coulombs) which currently can be discharged from the battery 

divided by the total charge of the battery in its fully charged state. For the load device, it is 
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useful to know the state of charge (SOC) to provide the user with feedback (estimated 

remaining run time in a backup power system, or driving range in an electric vehicle), but 

it is also critical for the battery management system and the battery system itself as several 

other battery parameters depend upon the SOC. 

Typical methods for SOC estimation include ampere-hour (AH) counting (e.g., Coulomb 

counting), inverse nonlinear mapping from the open-circuit voltage (OCV) to the SOC, the 

Kalman filter (KF) [56] and its extensions [57], [e.g., the extended KF (EKF) and unscented 

KF (UKF)], artificial neural network (NN)-based methods [58], and fuzzy logic-based 

methods [59]. Because the KF cannot be used directly for state prediction of a nonlinear 

system, the EKF- [57], and UKF-based methods [60] are the most widely used. However, 

the EKF must compute the Jacobian matrix and is generally not suitable for highly 

nonlinear systems with non-Gaussian noise. Similar to the EKF, the UKF is another 

extension of the KF and is also a recursive minimum mean square error (MMSE) estimator. 

The UKF outperforms the KF and EKF in terms of accuracy and robustness for nonlinear 

estimation. The UKF does not need to calculate the Jacobian matrix and does not require 

noise to be Gaussian, which makes it more appealing for SOC estimation because battery 

systems are highly nonlinear and the noise properties are typically not known. So in this 

thesis, the unscented Kalman filter is used to determine the state of charge of the lithium-

ion battery cell. 

2.8.1.4. Battery Cell Voltage Equalization  

Cycling a battery pack eventually causes individual cells to become out of balance. 

Different columbic efficiency across the cells is one typical cause of this problem which 

manifests itself as the difference in soc level among cells. This situation is undesirable 

because it limits the total amount of energy that enters or exits the battery pack. Since the 

weakest cell limits, the amount of charge that can be drawn from the entire system and the 

strongest cell limits the extent to which the system can be charged.  

Typically balancing is done in either of two ways. Using a dissipative method is commonly 

referred to as passive balancing in which the excess charge from the cells at the top bleeds 

through the resistors connected in parallel with each cell. Another balancing method is a 

non-dissipative method commonly called active balancing in which the excess charge from 

some cells is redistributed among other cells that require it [61]. 
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The active cell balancing technique equalizes variations among cells in series by moving 

electrical energy from higher SOC cells to lower SOC cells with little loss. When the charge 

of one cell is higher than the average charges of the balancing module, the cell will have 

no option but to be deprived of the extra charges which are moved to the cell with fewer 

charges. This method is very efficient because the excess energy is transferred to the cell 

with low energy instead of being precipitated away, but it increases balancing circuit 

complexity [62]. But controlling the system is very complex and costly.  

The passive cell balancing method is relatively simple compared to the active cell 

balancing method., The conventional cell balancing approaches are passive where the 

excess charge of cells with high SOC is dissipated as heat across a resistor [63], resulting 

in reduced energy efficiency. However, this method is good for low-cost system 

applications in which no active control is utilized to equalize.  In this method, the resistor 

is placed in parallel with each cell and the resistor size determines the balance rate. There 

are two types of passive cell balancing topologies. They include the fixed shunting resistor 

and switched the shunting resistor [64]. The intent is simply to discharge the cells at higher 

SOCs (or higher remaining charge) to match the rest of the cells. Passive balancing is still 

the dominant method in use today. For this thesis work passive balancing with switched 

resister is used to balance cells. 

2.9. Related Electric Vehicle OBC Topologies  

Due to the identified trends in EVs regarding increased battery capacity and hence 

increased OBC power rating, OBC converter topologies strictly level-2 OBC will be 

identified and analyzed in this section, coming from both industries as well as research 

environments. 

2.9.1. Industry Established Charging Solutions 

Currently, at least three suppliers offer high-power OBC solutions that can be designated 

as the industry state of the art. The following information was found using available 

primary online resources, and thus this list may be incomplete, as many companies and EV 

manufacturers do not release their OBC information because of competitive privacy 

reasons. 

1. Brusa [L2]: Brusa offers the NLG664 and NLG667 on-board chargers, which are both 

liquid-cooled and compatible with up to 7 kW single-phase and 22 kW three-phase. 
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They achieve three-phase efficiency of over 94% and single-phase efficiency of over 

90%, with 1.83 kW/kg specific power, and 1.82 kW/L power density. The chargers 

utilize conventional Si switching devices. Those chargers have an extremely high 

cost. The charger cost £4,017.60.  

2. G-Power [L3]: The G-Power OBC can operate as either a 10 kW three-phase charger, 

or a 6.6 kW single-phase charger. The OBC achieves 94% efficiency, and a 0.52 

kW/L power density. Furthermore, the charger is air-cooled, which is likely the main 

contributor to its large volume. 

3. Continental [L4]: The Continental OBC is a single- and three-phase compatible 

charger supporting power levels up to 22 kW. A detailed datasheet including Figures 

for peak converter efficiency, power density, and weight is not available at this time.  

Discussion: Each of these industry-level chargers is capable of operating over a wide input 

voltage range and variable grid frequency. The benefit of the wide input voltage and grid 

frequency ranges is that the charge is compatible with the global EV market and EVSE 

units. Furthermore, each charger is capable of a wide output voltage range variation to 

charge the EV’s propulsion battery throughout the full state-of-charge profile. The above 

section gives industry level chargers. Technical design and the circuit configuration are not 

available due to security and patent issues. Finally, in terms of efficiency, power density, 

and specific power, none of the presented commercially available OBCs meet the U.S. 

Drive Partnership’s 2020 targets [65], illustrating the need for increased research and 

development.   

2.9.2. OBCs in Research Environment 

Several non-integrate high-power OBC topologies and their associated control algorithms 

have been researched in the literature. OBC is a unique component inside the EV that 

interfaces the charging input and provides conditioned output power to the high voltage 

propulsion battery. The typical structure of a nonintegrated OBC includes an 

electromagnetic interference (EMI) filter, an AC-DC PFC, a DC link, and an isolated DC-

DC converter.  

One of the primary difficulties in high-power OBCs is balancing efficiency, cost, size, 

reliability, and weight. Efficiency and cost considerations are particularly important at 

higher power levels because the current-related conduction losses may be high, and thus 

paralleled switching devices may be required. The presented strategies each approaches 
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this issue in different ways. While most of these topologies are two-stage, several single-

stage topologies are also identified. Single-stage topologies may be advantageous to meet 

stringent power density requirements posed by auto manufacturer's targets. In addition to 

that saving weight, reducing cost, and enhancing reliability with the removal of the 

electrolytic DC link capacitor [66]. But single-stage battery chargers have high stress on 

components and have high EMI. This section provides a review of high power non-

integrated OBCs available in the literature, to the best knowledge of the authors at the time 

of authorship. 

The authors in [67] proposed circuit topology of a charger that is designed for a single-

phase module of the three-phase charger. While this converter is rated for 10.5 kW, it 

utilizes three parallel single-phase charging modules each rated for an equal distribution of 

full power, at 3.5 kW. Each single-phase charger is composed of a diode bridge and a boost 

converter operating at 90 kHz switching frequency, connected to a DC link. The DC-DC 

stage for each single-phase unit is an isolated half-bridge LLC resonant converter, with a 

diode bridge at the secondary side. The half-bridge LLC converter is operated using 

frequency modulation with a switching frequency range between 90 kHz-275 kHz. There 

is a single input filter with a high EMI filtering requirement from each of the three single-

phase converters. While the burden on the input and output filters is high, there are no 

duplicate filtering elements in the circuit as compared to having filters for each phase. 

It is reported that the converter achieves an efficiency of 95.6% and a power density of 

1.75 kW/L. An advantage of this design is modular power processing, zero-voltage 

switching (ZVS) capabilities in the half-bridge LLC switches, and reduced system 

complexity with the PFC input and LLC secondary side diode bridges. In addition to that, 

the charger uses SiC diode to construct a rectifier bridge due to its very low reverse 

recovery current.  Disadvantages include unidirectional power flow, since boost converter 

is used as a PFC stage converter it needs to have a high EMI filter design. This makes the 

charger have a large volume. And also, the converter has a bulky capacitor to filter voltage 

ripple in the dc-link stage. The converter uses a half-bridge LLC converter this makes the 

charger have component stress.  

The authors in [68] proposed circuit topology of a charger that is designed for a single-

phase module of a three-phase converter. This charger is designed for 22 kW and is 

composed of three single-phase 7.2 kW units. Each single-phase unit is comprised of a full-
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bridge switch network, which is operated as a full-wave rectifier. This leads to a rectified 

AC voltage across the AC link capacitor bank. Since the AC link capacitor is not an energy 

storage capacitor, the topology is designated a single-stage solution. Following the AC link 

in each single-phase unit is an isolated full-bridge dual-active-bridge (DAB) DC-DC 

converter.  

With the front-end full-bridge only offering rectification, the DAB converter is therefore 

responsible for shaping the input current to achieve PFC action. In this case, a secondary 

side dual-phase-shift (SDPS) control strategy is developed, which can shape the input 

current accurately as well as offer ZVS on every switch. When the battery voltage is low, 

a primary-side dual phase-shift (PDPS) control strategy is utilized to ensure ZVS operation 

and reduce DC-DC converter MOSFET current stress. The converter has a complex control 

method since a dual active bridge is used for both power factor correction and dc voltage 

regulation. The converter also uses a large number of active switches which leads to higher 

losses.  

In comparison to [69], where a direct matrix converter is used to directly convert single-

phase AC to DC, the converter topology is similar to [68]. The downside of the structure 

in [69] is the necessity of bidirectional switches to accommodate the positive and negative 

half cycles of the input voltage. This doubles the switch and driving circuit count where 

expensive GaN devices are required in parallel for thermal and loss considerations. Since 

the front-end rectifying bridge switches at mains frequency, conventional Si MOSFETs are 

suitable because the only important switch characteristic is the on-state resistance. One area 

of concern in the proposed charging system is the high source and sink characteristics of 

the AC link, however, this AC link capacitor bank can be realized with a much smaller 

form factor than its DC link counterpart. 

Additionally, the authors constructed a SiC prototype and drew comparisons between the 

two emerging wide bandgaps (WBG) technologies in [70]. It was concluded that the GaN 

prototype exceeded its SiC counterpart in the categories of efficiency, power density, and 

projected 2020 cost. It is reported that the charger achieves a peak efficiency of over 97% 

and a power density of 3.3 kW/L. The advantages of this design include no DC link 

capacitor, very high-power density, and high converter efficiency. Disadvantages of the 

charging system include the addition of active components for single-phase 
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implementation, high cost of GaN components at the current price levels, and complex 

control implementation.  

The authors in [71] proposed circuit topology of a charger that is designed for a 10-kW 

power rating utilizing a three-phase input connection. The charging unit is comprised of a 

three-phase boost PFC connected to a DC link capacitor, followed by an isolated LLC 

resonant DC-DC converter with half-bridge structure at the primary side, and a full-bridge 

topology on the secondary side. The charging unit also has an additional input connection 

to the DC link from a boost converter that connects to a solar panel input. 

While the authors do not mention the control technique for the three-phase boost PFC, 

several related documents regarding control with a single DC link voltage sensor, duty 

cycle compensation, and a soft-switching strategy can be found in [72] [73]. On the other 

hand, the half-bridge LLC resonant converter is controlled using typical frequency 

modulation, with the switching frequency varying between 90 kHz-150 kHz. One desirable 

control capability of the front-end PFC is a variable DC link voltage control to maximize 

the efficiency of the cascaded DC-DC converter. 

It is reported that the converter achieves an efficiency of 96%. But, numbers for power 

density and weight were not provided. An advantage of this design is reduced system 

complexity for high-power compatibility, bidirectional power flow due to the active front 

end and DC-DC secondary sides, and comparatively high efficiency. However, 

disadvantages lie in the high RMS currents of the half-bridge LLC, reliability due to higher 

stress on resonant capacitors, high EMI filter requirement due to the active front-end PFC 

and loss related to diode bridge. 

The authors in [74] proposed circuit topology of a charger that is designed for a 20-kW 

power rating with a three-phase input. It is comprised of a three-phase boost PFC connected 

to a DC link capacitor, followed by two parallel-connected isolated half-bridge LLC 

resonant DC-DC converters, with two high-frequency transformers (HFT) connected in 

series-star configuration, and two parallel secondary side diode bridges. The two HFTs, 

connected in series-star configuration, are significant to ensure equal current flow between 

the primary sides of the two DC-DC converters, mitigating resonant component 

discrepancies between the two converters. By utilizing a relay on the star points, the circuit 
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could be reconfigured to operate without the second DC-DC converter unit in lower power 

modes.  

The PFC and DC-DC converters are independently controlled by respective DSPs. The 

three-phase boost PFC is controlled with discontinuous pulse width modulation (DPWM) 

in combination with a direct-quadrature (DQ) reference frame current loop and an outer 

DC bus voltage loop, both supplied with reference signals by a phase-lock loop (PLL). The 

DPWM control strategy is utilized over the traditional space vector pulse width modulation 

(SVPWM) technique to achieve a higher DC link voltage of over 600 V and reduce 

switching loss, at the cost of increased conduction loss. Additionally, variable DC link 

voltage control is utilized to achieve maximum efficiency through the isolated DC-DC 

converters.  

On the other hand, the half-bridge LLC utilizes traditional frequency modulation to fulfill 

the output voltage and current requests from the vehicle’s BMS. A 180-degree phase shift 

is incorporated between the two primary side half-bridges to simplify the current loop 

control to a single PI loop.  

Finally, the secondary side diode bridges can be reconfigured from a parallel to a series 

connection to realize an output voltage range from 400 VDC to 900 VDC. One important 

consideration that is neglected in this study is the size, weight, volume, and efficiency 

contributions from the input EMI filter. Comprehensive design approaches and 

optimization for both common-mode (CM) and differential-mode (DM) filters in the three-

phase boost PFC have been systematically evaluated in [75], [76]. The EMI filter is 

particularly significant in the three-phase boost PFC as there is an inherent requirement for 

attenuation of high-frequency CM components [75]. Additionally, DM filter optimization 

can lead to a compact and lightweight contribution of the filter to the overall system, which 

is addressed in [75] and [76].  

It is reported that the converter achieves an efficiency of 96%; however, power density and 

weight numbers were not provided. Advantages of the converter include flexible output 

voltage range capabilities, accurate current sharing with star connection between the two 

transformers, and high-power processing at reasonably high efficiency (although the 

efficiency measurements are not given the authors mention a peak larger than 96%). 

Disadvantages include potentially high RMS currents at 20 kW through the half-bridge 
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LLC primary side, reliability concerns in the DC link and resonant capacitors, and 

unidirectional power flow due to the use of secondary side diode bridges. Bidirectionality 

could be achieved using secondary side full-bridge MOSFETs at the cost of increased 

system complexity. 

In conclusion, most of the above discussed onboard electric vehicle chargers uses 

conventional boost converter for front end PFC circuit and half-bridge LLC converter to 

regulate the dc-link voltage to battery voltage. However, the boost converter has high input 

current ripple that needs a larger magnetic size filter that makes the charger to be big. Using 

half-bridge LLC converter makes the converter to highly stressed and to have large RMS 

current. In addition to it, the above-discussed chargers don’t give any clue about the 

charging algorithm that charger charges the battery, how it is managed, and how it 

integrates with the battery using the battery management system.   

This thesis uses interleaved boost converter and full-bridge LLC resonant converters to 

design an onboard battery charger. Also, a battery management system is developed to 

manage the charging algorithm. This will improve the problems discussed above.   
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CHAPTER 3 

METHODOLOGY 

3.1. Introduction 

This chapter includes data analysis, mathematical modeling, design, and comparison of 

parts of isolated interleaved boost- LLC resonant dc-dc converter based onboard lithium-

ion battery charger and battery management system that closely related to charging the 

battery pack is set up in MATLAB. Analysis of identified topologies is performed. Then 

modeling of the overall charging system is performed. Finally, the system is simulated by 

using MATLAB software.  

3.2. Methods 

The following method is used to study the specific objectives of the proposed system. First, 

closely related works are reviewed. Then the necessary data used throughout this study is 

collected. The specification of the charging system and battery is taken from the ECADO-

4EV center of Excellency. Additional information is obtained from other related electric 

vehicles on the internet.  The collected data are analyzed for understanding and developing 

system modeling.  

 

 

 

 

 

 

 

Figure 3. 1 Block diagram of the research methodology 

Literatures 

are reviewed 

Collection 

of data 

Collected 

data is 

analyzed 

Modelling of 

converters topologies 

and battery system 

Designing control 

algorithm for 

converters and battery 

management system 

The proposed 

system is 

developed in 

MATLAB 

Finally, the obtained 

result is analyzed and 

compared with the 

expected result 



 

    35 

The modeling of isolated interleaved boost and LLC resonant based onboard lithium-ion 

battery charger is developed. Then the system is simulated by using MATLAB/Simulink 

/Simscape/code. The result of the simulation is compared with expected output. In general, 

the method followed throughout the research study can be summarized as the following 

flow chart of Figure 3.1. 

3.3. Block Diagram of the Proposed System 

High power density, high conversion efficiency, high power factor, and low THD are the 

desired features expected from onboard electric vehicle (EV) battery chargers [77]. Figure 

3.2 shows the general power electronics architecture of a typical onboard EV battery 

charger. The system consists of a front-end ac/dc converter used for rectification at unity 

power factor, and a second stage dc/dc converter responsible for battery voltage regulation 

and providing galvanic isolation. 

The boost converter is the common front-end PFC interface due to its simple structure, 

good THD reduction performance, and unity power factor operation capability [78]. 

However, the volume of the converter tends to increase with the increase of charging 

power. Moreover, high root mean square (RMS) current in the dc-link capacitors would 

generate high power loss and significantly reduce the capacitor’s lifetime, leading to 

capacitor failures.  

 

 

 

 

 

 

Figure 3. 2 General system architecture of a battery charger 
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a large volume inductor core and wire size. In comparison with single-phase boost PFC 

converter, the interleaved boost topology has the benefits of reduced overall volume and 

improved power density [79]. 

In the DC/DC isolation stage, resonant converters are preferable at high voltage and high 

power EV battery charging applications. In particular, multi-resonance based LLC 

topology has several advantages over other resonant topologies, such as good voltage 

regulation performance at light load condition, the ability to operate with zero voltage 

switching (ZVS) over wide load ranges, no diode reverse recovery losses through soft 

commutation, the low voltage stress on the output diodes, and having only a capacitor as 

the output filter compared to the conventional LC filters [80].  

 

 

 

 

 

Figure 3. 3 Schematic of proposed level 2 onboard charger.  
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3.4. General Boost Converter  

As shown in Figure 3.4, a general boost converter consists of an inductor L, a switch S, a 

diode D, and a filter capacitor C. The switch is turned on and off periodically with the 

period equals to T. The waveforms of the boost converter are plotted in Figure 3.5. 

 

 

 

 

Figure 3. 4 Schematic of the general boost converter. 

In (0, dT], the switch is on while the diode is off; the voltage across the inductor is the input 

voltage (Vin). In (dT, T], the switch is off while the diode is on; the voltage across the 

inductor is the input voltage subtracts output voltage (Vin -Vo). According to the volt-second 

balance of inductor, the average voltage applied to the inductor during one switching period 

is zero as shown in Equation (3.1). 

𝑑𝑉𝑖𝑛 + (1 − 𝑑)(𝑉𝑖𝑛 − 𝑉𝑜) = 0                                                 (3.1) 

According to Equation (3.1), the relationship between the input voltage and output voltage 

could be calculated as Equation (3.2), 

𝑉𝑜 =
𝑉𝑖𝑛

(1 − 𝑑)⁄                                                              (3.2) 

According to the principle of energy conservation, the power input equals the power 

delivered to the load. 

𝑉𝑖𝑛𝐼𝑖𝑛 = 𝑉𝑜𝐼0                                                                      (3.3) 

where I and Io are the average values of input and output currents. 

From Equations (3.2) and (3.3), the relationship between input and output current is 

calculated as Equation (3.4). 
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𝐼𝑜 =
𝐼𝑖𝑛

(1 − 𝑑)⁄                                                                (3.4) 

 

 

 

 

 

 

 

 

Figure 3. 5 Simulated waveforms of the conventional boost converter. 

In (0, dT], the input current increases at the speed of Vin /L. Thus, the input current ripple 

is calculated as shown in Equation (3.5), 

∆𝐼𝑖𝑛 = 𝑖𝑚𝑎𝑥 − 𝑖𝑚𝑖𝑛 = 𝑑𝑇
𝑉𝑖𝑛

𝐿
                                              (3.5) 

For a single-phase boost converter, the input current (iin) equals the inductor current (iL). 

Thus, the ripple current ratio [K(d)], which is defined to be the ratio between iin and iL, 

always equals to 1, as indicated in Equation (3.6). 

𝐾(𝑑) =
𝑖𝑖𝑛

𝑖𝐿
= 1                                                                 (3.6) 

Since the switching period is very small (usually smaller than 20 s), the input current in 

each switching cycle could be approximated as a constant. Thus, the capacitor's current 

ripple could be looked like a square wave. The envelope of the capacitor square wave is 

calculated as Equations (3.7) and (3.8), 

𝑖1(𝑡) = 𝑖𝑖𝑛(𝑡) − 𝑖𝑜(𝑡) = 𝑖𝑖𝑛(𝑡)𝑑𝑡                                                (3.7) 
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𝑖2(𝑡) = −𝑖𝑜(𝑡) = −𝑖𝑖𝑛(𝑡)[1 − 𝑑(𝑡)]                                            (3.8) 

For a single-phase boost converter, the RMS capacitor current can be calculated as 

Equation (3.9), 

𝑖𝑐,𝑟𝑚𝑠(𝑡) = √𝑖2(𝑡)2𝑑(𝑡) + 𝑖1(𝑡)2[1 − 𝑑(𝑡)]                                    (3.9) 

Substituting Equations (3.7) and (3.8) into Equation (3.9), the normalized output capacitor 

RMS current irms,1/iin can be obtained as, 

𝑖𝑐,𝑟𝑚𝑠(𝑡)
𝑖𝑖𝑛(𝑡)⁄ = √𝑑(𝑡) − 𝑑(𝑡)2                                           (3.10) 

3.5. Interleaved Boost Converter 

An interleaved converter is simply a multi-leg converter, each leg operating 360o/n out of 

phase, where n denotes the number of phases. A two-leg interleaved boost converter, whose 

interleaving legs are operated with 180o
 phase difference, is shown in Figure 3.6. The 

control of the interleaved converters is based on shifting the phase of S1 with respect to S2 

such that the ripples cancel out each other. 

 

 

 

 

 

Figure 3. 6 Schematic of the two-phase interleaved boost converter. 

3.5.1. Interleaving Effect on Input Ripple Current 

The simulated current ripple waveforms of a two-phase interleaved boost converter are 

presented in Figure 3.7. In one switching period (0, T], S1 is on in [0, dT); S2 is on in [T/2, 

T/2+dT). The input current (iin) is the sum of the two inductor currents (iL1+ iL2). Since the 
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regions [0, T/2) and [T/2, T) are symmetrical, the frequency of the input current ripple is 

doubled. Thus, a half period [0, T/2) is sufficient to calculate the input current ripple. 

 

 

 

 

 

 

 

Figure 3. 7 Input current ripple of 2-phase interleaved boost converter. (a) d < 0.5. (b) d > 

0.5. 

If d ≤ 0.5, from 0 to dT, S1, and D2 is on, while S2 and D1 are off. The voltage across L1 is 

Vin.  

Thus, iL1 increases at the speed of Vin/L. The voltage across L2 is (Vin -Vo). Thus, iL2 changes 

at the speed of (Vin-Vo)/L. Since Iin = IL1 + IL2, Iin increases from the minimum value to the 

maximum value at the speed of (2Vin-Vo)/L. Thus, the input current ripple could be 

calculated as Equation (3.11), 

∆𝑖𝑖𝑛 = 𝑖𝑚𝑎𝑥 − 𝑖𝑚𝑖𝑛 = 𝑑𝑇
2𝑉𝑖𝑛 − 𝑉𝑜

𝐿
= 𝑑𝑇

(1 − 2𝑑)

𝐿
                             (3.11) 

If d > 0.5, from 0 to (d-0.5) T, S1 and S2 are on, while D1 and D2 are off. The voltages across 

L1 and L2 are both Vin. Thus, both iL1 and iL1 increase at the speed of Vin/L. Since Iin = IL1 + 

IL2, Iin increases from the minimum value to the maximum value at the speed of 2Vin/L. 

Thus, the input current ripple could be calculated as Equation (3.12), 

∆𝑖𝑖𝑛 = 𝑖𝑚𝑎𝑥 − 𝑖𝑚𝑖𝑛 = (𝑑 − 0.5)𝑇
2𝑉𝑖𝑛

𝐿
= (1 − 𝑑)𝑇

(2𝑑 − 1)𝑉𝑜

𝐿
                    (3.12) 
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Either when d < 0.5, or d > 0.5, for each inductor, the current ripple could be calculated as 

Equation (3.13), 

∆𝑖𝐿 = 𝑑𝑇
𝑉𝑖𝑛

𝐿
= 𝑑𝑇

(1 − 𝑑)𝑉𝑂

𝐿
                                                     (3.13) 

Thus, the ripple current ratio, K(d), could be calculated as Equation (3.14). 

𝐾𝑑 =
∆𝑖𝑖𝑛

∆𝑖𝐿
= {

1 − 2𝑑

1 − 𝑑
, 𝑑 ≤ 0.5

2𝑑 − 1

𝑑
, 𝑑 > 0.5

                                                   (3.14) 

According to Equations (3.10) and (3.14), the curves of the normalized current ripple as a 

function of the duty cycle are plotted in Figure 3.8. As seen in Figure 3.8, In comparison 

with single-phase boost topology, the two-phase interleaved boost converter has a smaller 

normalized ripple current over the full duty cycle range. The best input inductor ripple 

current cancellation occurs at a 50 percent duty cycle. 

 

Figure 3. 8 Effectiveness of input ripple cancellation for interleaved converters. 

3.5.2. Interleaving Effect on Magnetic Volume Reduction 

The input current is evenly shared between the two inductors. For the interleaved topology, 

the energy stored in the inductor is described as Equation (3.15), 
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According to Equation (3.15), the energy stored in the inductor is reduced to half in 

comparison with the single-phase boost topology. This reduction could effectively reduce 

the total energy and inductor volume for the same criteria as of the conventional boost 

converter. A volume reduction of 32% is reported in case an interleaved structure is used 

[83]. 

3.5.3. Interleaving Effect on the Output Capacitor 

The root mean square (RMS) current in the output capacitor generates power losses due to 

the existence of equivalent series resistance (ESR). The temperature rise caused by the 

power loss may seriously reduce the capacitor lifetime [84]. For a two-phase interleaved 

boost converter, the output capacitor current is the sum of the two diode currents minus the 

dc output current (iD1 + iD2 - io). The output capacitor current waveform is plotted in Figure 

3.9. 

If d ≤ 0.5 [Figure 3.9 (a)], the envelopes of the capacitor current square wave of the double 

phase interleaved structure can be calculated as Equations (3.16) and (3.17), 

𝑖1(𝑡) = 𝑖𝑖𝑛(𝑡) − 𝑖𝑜(𝑡) = 𝑑(𝑡)𝑖𝑖𝑛(𝑡)                                            (3.16) 

𝑖2(𝑡) =
1

2
𝑖𝑖𝑛(𝑡) − 𝑖𝑜(𝑡) = −[0.5 − 𝑑(𝑡)] 𝑖𝑖𝑛(𝑡)                                  (3.17) 

If d > 0.5 [Figure 3.9 (b)], the envelopes of the capacitor current square wave can be 

calculated as, 

𝑖1′(𝑡) =
1

2
𝑖𝑖𝑛(𝑡) − 𝑖𝑜(𝑡) = 𝑖𝑖𝑛(𝑡)[𝑑(𝑡) − 0.5]                                   (3.18) 

𝑖2′(𝑡) = −𝑖𝑜(𝑡) = −𝑖𝑖𝑛(𝑡)[1 − 𝑑(𝑡)]                                          (3.19) 

Hence, the RMS value of capacitor current can be calculated as Equation (3.20) 

𝑖𝑐,𝑟𝑚𝑠(𝑡) = {
√2[0.5 − 𝑑(𝑡)]𝑖𝑖𝑛(𝑡)2 + 2𝑑(𝑡)𝑖2(𝑡)2, 𝑑 ≤ 0.5

√2[1 − 𝑑(𝑡)] 𝑖1′(𝑡)2 + 2[𝑑(𝑡) − 0.5]𝑖2′(𝑡)2
                       (3.20) 
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Figure 3. 9 Output capacitor current ripple of the two-phase interleaved boost converter 

(a) d < 0.5.      (b) d > 0.5. 

Substituting Equations (3.16-3.19) into Equation (3.20), the normalized capacitor RMS 

current ic, RMS/iin can be obtained as Equation (3.21), 

𝑖𝑐,𝑟𝑚𝑠(𝑡) 𝑖𝑖𝑛(𝑡)⁄ = {
√−𝑑(𝑡)2 + 0.5𝑑(𝑡),   𝑑 ≤ 0.5

√−𝑑(𝑡)2 + 1.5𝑑(𝑡) − 0.5,   𝑑 > 0.5
                           (3.21) 

 

Figure 3. 10 Effectiveness capacitor RMS current reduction for interleaved converters. 
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According to Equations (3.14) and (3.21), the curves of normalized capacitor RMS current 

as a function of the duty cycle are plotted in Figure 3.10. In comparison with the single-

phase boost structure, the peak capacitor RMS current is reduced to half in the two-phase 

interleaved structure. For the interleaved boost topology, as the duty cycle approaches 0, 

0.5, and 1, the capacitor RMS current would approach zero. The improvement in capacitor 

RMS current reduces the power loss caused by ESR, reduces the electrical stress in the 

capacitor, and improves the system reliability. 

3.6. Full-bridge LLC Converter 

A full-bridge LLC resonant converter is shown in Figure 3.11. The series resonant network 

is formed by Lr, Cr, and Lm. Lm is arranged in parallel with the load. There are two resonance 

frequencies in this resonant network. The primary resonance frequency (fp) is determined 

by Lr and Cr, while the secondary resonance frequency (fs) is determined by Lr + Lm and Cr. 

fp and fs are calculated in Equations (3.22) and (3.23), respectively. 

𝑓𝑝 =
1

2𝜋√𝐿𝑟𝐶𝑟

                                                             (3.22) 

𝑓𝑠 =
1

2𝜋√(𝐿𝑟 + 𝐿𝑚)𝐶𝑟

                                                     (3.23) 

Based on the relationship between the switching frequency (f), two resonant frequencies 

(fp and fs), and the load condition, there are five possible modes of operation. 

 

 

 

 

 

 

Figure 3. 11 Schematic of a full bridge LLC resonant converter. 
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3.6.1. Operation Analysis With f < fs/2 

With the switching frequency smaller than fp/2, the waveforms of the resonant tank input 

voltage (vab), resonant capacitor voltage (vCr), resonant inductor current (iLr), magnetizing 

inductor current (iLm), output current (io), and transformer primary voltage (vt), are 

simulated. Figure 3.11 denotes those parameters with the signs. When switches S1 and S4 

are turned on, the initial value of iLr could be either positive or negative, depending on the 

phase angle of the resonance. When iLr(to) is positive, the simulated waveforms are shown 

in Figure 3.12. The operation of the half switching cycle can be divided into three modes, 

as shown in Figure 3.13. The discussion below is based on the condition when iLr(to) is 

positive. 

Mode I (to, t1): According to Figure 3.12, iLr(to) > 0. At t0, body diodes DS2 and DS3 are 

turned off at a finite current and a finite voltage. Mode I begin at this moment. iLm is equal 

to iL; iLr is positive and flows through S1 and S4. Switches S1 and S4 turn on at a finite current 

and a finite voltage. Both the turn-off of DS2 and DS3 and the turn-on of S1 and S4 result in 

switching losses. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 12 Simulated waveforms of LLC resonant converter in ZCS operation with 

f < fs/2 (iLr(to) > 0) 

From to to t1, the current flowing through S1 and S4 forces secondary diodes D1 and D4 to 

conduct. The voltage across the primary side of the transformer and Lm is nVo. Thus, iLm 
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increases linearly. The sum of voltages applied across Lr and Cr equals to VDC - nVo. Lr 

resonates with Cr. 

Mode II (t1, t2): At t1, iLm reaches iLr, and mode II begins. Diodes D1 and D4 are turned off 

while diodes D2 and D3 is turned on. From t1 to t2, the sum of voltages applied across Lr and 

Cr equals to VDC+nVo. Lr resonates with Cr. During this mode, iLr crosses zero twice 

somewhere in between t1 and t2. The auto switch of conductions happens between S1 & S4 

and DS1 & DS4 at those time points. 

Mode III (t2, t3): At t2, iLm reaches iLr again and mode III begins. Diodes D2 and D3 are 

turned off at zero current. From t2 to t3, secondary diodes D1-4 are all off. The sum of 

voltages applied across Lm, Lr, and Cr equals to VDC. Lm participates in the resonance with 

Lr and Cr. iLm is equal to iLr. At this mode, depending on the switching period, iLr crosses 

zero multiple times in between t2 and t3. Each time iLr cross zero, S1 & S4 and body diode 

DS1 & DS4 would swap conductions at zero voltage and zero current. At t3, switches S1 & S4 

are turned off at a finite current and a finite voltage. Mode III ends at this moment. iLm is 

equal to iL; iLr is positive and flows through S2 &S3. Body diode DS2 & DS3 is turned off at a 

finite current and a finite voltage. Both the turn-on of S2 & S3 and the turn-off of DS2 & DS3 

result in switching losses. 

 

 

 

 

 

 

Figure 3. 13 Operating modes of LLC resonant converter in ZCS operation with f < fs/2 

(iLr(to) > 0). 

For the next half-cycle, the operations are symmetrical to modes I-III. According to the 

operation modes analysis, the switches are turned off at zero voltage and zero current. 
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However, at the beginning of mode I and at the end of mode III, the turn-on of switches 

and the turn-off of body diodes are both hard switching. 

3.6.2. Operation Analysis with fs/2 < f < fs 

With the switching frequency between fs/2 and fs, the same group of waveforms is plotted 

in Figure 3.14. The operation of the half switching cycle can be divided into four modes. 

Figure 3.15 shows those four operating modes. 

Mode I (to, t1): At t0, body diodes DS2 & DS3 are turned off at a finite current and a finite 

voltage. Mode I begin at this moment. iLm is equal to iL; iLr is positive and flows through S1 

& S4. Switches S1 & S4 turns on at a finite current and a finite voltage. Both the turn-off of 

DS2 & DS3 and the turn-on of S1 & S4 result in switching losses. From to to t1, the current 

flowing through S1 & S4 forces secondary diodes D1 & D4 to conduct. The voltage across 

the primary side of the transformer and Lm is nVo. Thus, ILm increases linearly. The sum of 

voltages applied across Lr and Cr equals to VDC - nVo. Lr resonates with Cr. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 14 Simulated waveforms of LLC resonant converter with fs/2 < f < fs. 

Mode II (t1, t2): At t1, iLm reaches iLr, and mode II begins. Diodes D1 & D4 are turned off at 

zero current without reverse recovery process. From t1 to t2, the sum of voltages applied 

across Lr, Lm and Cr equals to VDC. Lm participates in the resonance with Lr and Cr. 

Mode III (t2, t3): At t2, the voltage across Lm reaches -nVo, and mode III begins. From t2 

to t3, the current flowing through S1 & S4 forces secondary diodes D2 and D3 to conduct. 
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The voltage across the primary side of the transformer and Lm is -nVo. Thus, iLm decreases 

linearly. The sum of voltages applied across Lr and Cr equals to VDC+nVo. Lr resonates 

with Cr. At this mode, in the resonance, iLr crosses zero somewhere in between t2 and t3. 

At this moment, S1 & S4 are turned off at zero current and the body diode DS1 & DS4 begins 

to conduct. 

Mode IV (t3, t4): At t3, iLm reaches iLr again and mode IV begins. Diode D1 & D4 are 

turned off at zero current without small di/dt. From t3 to t4, the sum of voltages applied 

across Lr, Lm, and Cr equals to VDC. Lm participates in the resonance with Lr and Cr. At t4, 

body diodes DS2 & DS3 are turned off at a finite current and a finite voltage. Mode IV ends 

at this moment. iLm is equal to iL; iLr is negative and flows through S2 & S3. Switch S2 & S3 

are turned on at a finite current and at a finite voltage. Both the turn-off of DS2 & DS3 and 

the turn-on of S2 & S3 result in turn-on switching losses. 

 

 

 

 

 

 

 

 

Figure 3. 15 Operating modes of LLC resonant converter with fs/2 < f < fs. 

For the next half-cycle, the operations are symmetrical to modes I-IV. According to the 

operation modes analysis, the body diodes are turned on and the switches are turned off 

with soft switching (both zero voltage and zero current). Secondary diodes are also turned 

on and off at zero current. However, the turn-off of body diodes and the turn-on of switches 

are both hard switching. 
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3.6.3. Operation Analysis with fs < f < fp (f close to fs) 

With the switching frequency between fs and fp, if f is sufficiently close to fs, the same group 

of waveforms is plotted in Fig 3.16. The operation of half switching cycle can be divided 

into three modes. Fig. 3.17 shows those three operating modes. 

Mode I (to, t1): At t0, body diodes DS2 & DS3 are turned off at a finite current and a finite 

voltage. Mode I begin at this moment. Switches S1 & S4 turn on at a finite current and at a 

finite voltage. Both the turn-off of DS2 & DS3 and the turn-on of S1 & S4 result 

 in switching losses. From to to t1, the current flowing through S1 & S4 forces secondary 

diodes D1 & D4 to conduct. The voltage across the primary side of the transformer and Lm 

is nVo. Thus, iLm increases linearly. The sum of voltages applied across Lr and Cr equals to 

VDC-nVo. Lr resonates with Cr. 

Mode II (t1, t2): At t1, iLm reaches iLr, and mode II begins. Diodes D1 & D4 are turned off at 

zero current without small di/dt. From t1 to t2, the sum of voltages applied across Lr, Lm, and 

Cr equals to VDC. Lm participates in the resonance with Lr and Cr. 

 

 

 

 

 

 

 

 

 

Figure 3. 16 Simulated waveforms of LLC resonant converter with fs< f < fp (f close to fs) 

Mode III (t2, t3): At t2, the voltage across Lm reaches -nVo, and mode III begins. From t2 to 

t3, the current flowing through S1 & S4 forces secondary diode D2 & D3 to conduct. The 
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voltage across the primary side of the transformer and Lm is -nVo. Thus, ILm decreases 

linearly. The sum of voltages applied across Lr and Cr equals to VDC+nVo. Lr resonates with 

Cr. At this mode, in the resonance, iLr crosses zero somewhere in between t2 and t3. At this 

moment, S1 & S4 are turned off at zero current and the body diode DS1 & DS4 begin to 

conduct. At t3, body diodes DS1 & DS4 are turned off at a finite current and a finite voltage. 

Mode III ends at this moment. iLr is negative and flows through S2 & S3. Switches S2 & S3 

turn on at a finite current and a finite voltage. Both the turn-off of DS1 & DS4 and the turn-

on of S2 & S3 result in turn-on switching losses. 

 

 

 

 

 

 

Figure 3. 17 Operating modes of LLC resonant converter with fs< f < fp (f close to fs). 

For the next half-cycle, the operations are symmetrical to modes I-III. According to the 

operation modes analysis, the turn-off of switches is soft switching. Secondary diodes are 

turned off at zero current. However, the turn-off of body diodes and the turn-on of switches 

are both hard switching. 
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From to to t1, the current flowing through S1 & S4 forces secondary diode D1 & D4 to conduct. 

The voltage across the primary side of the transformer and Lm is nVo. Thus, iLm increases 

linearly. The sum of voltages applied across Lr and Cr equals to VDC. Lr resonates with Cr. 

At this mode, in the resonance, iLr crosses zero somewhere in between t0 and t1. At this 

moment, the body diodes DS1 & DS4 are turned off and the switches S1 & S4 begin to conduct 

at zero voltage. 

 

 

 

 

 

 

 

 

 

Figure 3. 18 Simulated waveforms of LLC resonant converter fs< f < fp (f close to fp). 

 

 

 

 

 

Figure 3. 19 Operating modes of LLC resonant converter fs< f < fp (f close to fp). 
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Mode II (t1, t2): At t1, iLm reaches iLr, and mode II begins. Diodes D1 and D4 are turned off 

at zero current with small di/dt. From t1 to t2, the sum of voltages applied across Lr, Lm, and 

Cr equals to VDC. Lm participates in the resonance with Lr and Cr. 

At t2, switches S1 & S4 are turned off at a finite current and a finite voltage. Mode II ends 

at this moment. iLr is positive and flows through body diode DS2 & DS3. The turn-off of S1 

& S4 results in switching losses.  

For the next half-cycle, the operations are symmetrical to modes I-II.  According to the 

operation modes analysis, the turn-on of switches and the turn-off of body diodes are both 

soft switching. Secondary diodes are turned off at zero current. However, the turn-off of 

switches is hard switching. 

3.6.5. Operation Analysis with f > fp 

With the switching frequency larger than fp, the group of waveforms is plotted in Figure 

3.20. The operation of the half switching cycle can be divided into two modes. Figure 3.21 

shows those two operating modes. 

 

 

 

 

 

 

 

Figure 3. 20 Simulated waveforms of LLC resonant converter with f > fp. 

Mode I (to, t1): At t0, switches S2 and S3 are turned off at a finite current and a finite voltage. 

Mode I begin at this moment. Body diodes DS1 and DS4 turn on. The turn-off of S2 and S3 

results in switching losses. 
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From to to t1, the current flowing through S1 & S4 forces secondary diode D2 & D3 to conduct. 

The voltage across the primary side of the transformer and Lm is -nVo. Thus, iLm decreases 

linearly. The sum of voltages applied across Lr and Cr equals to VDC+nVo. Lr resonates with 

Cr. Secondary diodes S2 & S3 are turned off with large di/dt. Turn off of S2 & S3 results in 

reverse recovery losses. 

 

 

 

 

Figure 3. 21 Operating modes of LLC resonant converter with f > fp.  

Mode II (t1, t2): At t1, iLm reaches iLr, and mode II begins. From t1 to t2, the current flowing 

through S1 & S4 forces secondary diodes D1 & D4 to conduct. The voltage across the primary 

side of the transformer and Lm is nVo. Thus, ILm increases linearly. The sum of voltages 

applied across Lr and Cr equals to VDC-nVo. Lr resonates with Cr. Lm does not participate in 

the resonance with Lr and Cr. At t2, switches S1 & S4 are turned off at a finite current and a 

finite voltage.  Mode II ends at this moment. iLr is positive and flows through body diode 

DS2 & DS3. The turn-off of S1 & S4 results in switching losses. 

For the next half-cycle, the operations are symmetrical to modes I-II. According to the 

operation modes analysis, the turn-on of switches and the turn-off of body diodes are both 

soft switching (ZVS). Secondary diodes are also turned off at large di/dt. The turn-off of 

switches and the turn-off of secondary diodes are both hard switching and result in 

switching losses. 
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voltage. In those cases, the freewheeling diodes must have good reverse-recovery 

characteristics to avoid large reverse spikes flowing through the switches, and to minimize 

the diode turn-off losses. It is possible to use thyristors as switches in low-switching 

frequency applications. 
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For the regions of (d) fs < f < fp with f close to fp, and (e) f > fp, the freewheeling diodes 

(body diodes) are turned off at a zero current and at zero voltage. Thus, the freewheeling 

diodes do not need to have very fast reverse-recovery characteristics. In those cases, it is 

possible to use MOSFETs as switches in high-switching frequency applications. 

In conclusion, if MOSFETs are used as the primary switches, the LLC converter should 

operate in the regions (d) fs < f < fp with f close to fp, and (e) f > fp. 

3.6.6. Summary of Switching Conditions 

Based on previous analyses, the switching conditions of the LLC converter are summarized 

in Table 3.1. 

Table 3. 1 Switching conditions of LLC converter 

Frequency 

range 

Additional 

condition  

Hard switching Soft switching (ZCS AND ZVS) 

Turn on Turn off Turn on Turn off  

f<fs/2 iLr(to)>0 S1-S4 DS1-DS4  S1-S4, DS1-DS4 

fs/2<f<fs n/a S1-S4 DS1-DS4  S1-S4, DS1-DS4 

fs<f<fp f near fs S1-S4 DS1-DS4  S1-S4, D1-D4 

f near fp None S1-S4 S1-S4 DS1-DS4, D1-D4 

f>fp n/a None S1-S4, D1-D4 S1-S4 DS1-DS4 

3.7. Battery Management System 

The battery management system (BMS) is responsible for the safe operation, performance 

monitoring, and battery life assessment under diverse charge-discharge and environmental 

conditions. When designing a BMS, it is needed to develop feedback and supervisory 

control that: 

• Monitors cell voltage and temperature; 

• Estimates state-of-charge; 

• Limits power input and output for thermal and overcharge protection; 

• Controls the charging profile; 

• Balances the state-of-charge of individual cells; 

• Isolates the battery pack from the load when necessary. 
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Simulink modeling and simulation capabilities enable BMS development, including cell-

equivalent circuit formulation and parameterization, electronic circuit design, control logic, 

automatic code generation, verification, and validation. With Simulink, the system can be 

designed and simulate the battery management systems by: 

• Modeling battery packs using electrical networks whose topology mirrors that of 

the actual system and scales with the number of cells. 

• Parameterizing equivalent circuit elements using test data for an accurate 

representation of cell chemistry. 

• Designing the power electronics circuit that connects the pack with the controls. 

• Developing closed-loop control algorithms for supervisory and fault detection logic 

• Designing state observers for state-of-charge estimation. 

3.7.1. Battery Cell Modeling  

A lithium-ion battery is the widely used battery type in modern electric vehicles because 

of their high specific energy, good cycle life, and very low self-discharge. However, all 

these advantages come with the need for careful battery management. To ensure safe 

operation and acceptable durability. For example, voltage and temperature should remain 

with a suitable limit to avoid early degradation as should power delivery an acceptable. 

This section describes how to create a mathematical model for a battery cell to be used in 

battery system design and control of a lithium-ion battery cell in a charging system.  

First, it is necessary to describe how the equivalent circuit represents the dynamic behavior 

of the battery cell. This is important since the BMS as any controller needs to tune to the 

dynamics of the plant it is connected to. The good model of the battery cell describes how 

it behaves as a function of environmental conditions and state of charge.  

Secondly, parameterizing the equivalent circuit based on measurement data using 

parameter estimation has to be done using technique-based optimization to fit all 

experimental data. Finally, improve and refine an estimation adding fidelity to a model 

with the use of more elaborate equivalent topologies, complement the study with curve 

fitting and accelerate calculations using parallel computing.  

Developing a battery system using model-based design requires a model of the battery cell 

that accurately represents its real-life behaviors and dependency on environmental and 
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operating conditions. Although it will be desirable to capture all the details electrochemical 

phenomena present in the battery cell. Control oriented applications depend on a more 

efficient approach that can be scaled up to the battery pack level and eventually capable of 

realistic simulation. A widely accepted compromise between fidelity and simulation time 

is the equivalent circuit.  

The equivalent circuit is an electrochemical analogy aiming and representing the behaviors 

of an electrochemical cell using a relatively simple electrical circuit containing a voltage 

source and several resister and capacitor that collectively reflect the open circuit potential, 

the internal resistance, and the relaxation time of the real cell.  When modeling a battery 

cell using an equivalent circuit it is important to choose circuit topology and 

parameterization, in a way that it can respond as similarly as possible as a physical battery 

cell. 

The Partnership for a New Generation of Vehicles (PNGV) model is a typical nonlinear 

equivalent circuit model, which can describe the characteristics of the battery more 

accurately considering the influence of the battery state and working conditions on the 

model parameters [85]. The parameters of the PNGV equivalent circuit model are functions 

of SOC and temperature. The PNGV model is suitable for modeling power Li-ion batteries 

because the PNGV model can reflect its transient response process at a very high rate of 

charging and discharging. 

 

 

 

 

Figure 3. 22 Structure of PNGV model [85] 

The structure of the PNGV is shown in Figure 3.22. In the model, E is an ideal voltage 

source, which expresses the open-circuit voltage of the battery, capacitor Cb describes the 

variation of open-circuit voltage caused by the accumulation of current. These two 

parameters together express the variation of open-circuit voltage. Ro represents the ohmic 
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resistance of the battery, RP and CP represent the polarization resistance and the 

polarization capacitance of the battery respectively. RP and CP in parallel simulate the 

polarization characteristic during charging and discharging. IL denotes the current in the 

loop, UL represents the external voltage of the battery. The relationship between UL and IL 

is established according to the equivalent circuit model, which is shown as Equation (3.24). 

𝑈𝐿 = 𝑈𝑜𝑐𝑣 − 𝐼𝐿𝑅𝑜 − 𝑈𝑃                                                    (3.24) 

The specimens used in this work are Li-ion batteries with a nominal capacity of 31 Ah and 

a voltage of 3.6V. According to the Freedom CAR Battery Laboratory Manual [86], the 

Hybrid Pulse Power Characterization (HPPC) test is carried out to measure the dynamic 

behavior of the battery. Figure 3.23 shows the current activation and voltage response 

profiles of a portion of the HPPC test.  

 

Figure 3. 23 Schematic of current and voltage profiles in the HPPC test [87] 

From the voltage response of the HPPC test, features can be extracted and model 

parameters can be calculated based on the following analysis. 

(1) At discharging time t1, voltage drops vertically. Such an instantaneous voltage drop is 

caused by the battery's ohmic resistance. Ro can be calculated by using Equation (3.25). 

𝑅𝑜 =
∆𝑈

𝐼
                                                                  (3.25) 

Where ∆U = U1-U2 and I is discharging current 
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(2) Voltage U1 is greater than voltage U2, which is the recovered stable voltage after 

discharging. This is because discharging current integration on the polarization 

capacitor makes a voltage difference. So Cb can be calculated by Equation (3.26) and 

Equation (3.27). 

∆𝑄𝑈𝑜𝑐𝑣 =
1

2
𝐶𝑏[(𝑈𝑜𝑐𝑣 + ∆𝑈𝑜𝑐𝑣)2 − 𝑈𝑜𝑐𝑣

2 ]                            (3.26) 

𝐶𝑏 =
∆𝑄

∆𝑈𝑜𝑐𝑣
                                                         (3.27) 

According to the law of energy conservation, Equation 3.26 is simplified as Equation 3.27, 

∆Q is the discharging capacity and is recorded by the test instrument. ∆UOCV is the open-

circuit voltage difference, which is U1-U5. 

(3) After discharging, the terminal voltage of the battery rises slowly. In this process, the 

polarization capacitor discharges through polarization resistance, which is the zero-

input response of the RC parallel circuit. The time constant τ can be calculated. 

𝑈𝑝 = 𝑈𝑜𝑒−𝑡/𝜏                                                      (3.28) 

Where Uo is the initial polarization voltage and τ is the time constant of the RC parallel 

unit.  

(4) During discharging, the terminal voltage of the battery drops slowly. In this process, 

the polarization capacitor is charged by the polarization current, which is the zero-state 

response of the RC parallel circuit. Parameter RP can then be calculated using Equation 

(3.29). 

𝑈 =  𝑈′ −
1

𝐶𝑏
∫ 𝐼𝑑𝑡 − 𝐼𝑅𝑃 − (1 − 𝑒−

𝑡
𝜏)                                (3.29) 

Where U' is the voltage after the vertical drop, namely U2 in Figure 3.23. Substituting the 

obtained time constant τ into Equation (3.29). In the same way, then parameter Rp can be 

identified by fitting Equation (3.29) to the slow-changing portion of the discharging voltage 

profile. The parameters of the polarization capacitance CP were obtained by dividing the 

time constant τ by RP. The whole process of parameter identification is shown in Figure 

3.24.  
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One possible way to determine the characteristics parameter of an equivalent circuit is by 

performing parameter estimation in MATLAB software. Parameter estimation is an 

optimization-based procedure by which simulation results are compared against 

experimental measurement and the parameters of the model are determined in such a way 

the simulation matches the experiment.  

It all begins by proposing an equivalent circuit architecture based on previous knowledge 

of the system which is believed to represent the behavior of the real system. The initial 

parameterization of the equivalent circuit is done using tentative values based on 

experience. The simulation is set to reproduce the condition of the discharge experiment 

typically done in a controlled temperature environment.  

 

 

                                                                                

 

 

 

 

Figure 3. 24 Process of parameter identification. 

Let’s look at experimental data first keeping the constant temperature of 200C. A 31Ah 

lithium-ion battery cell is discharging from the full charged stage down to zero SOC as 

shown in Figure 3.25.  

Since the experiment is not done in the laboratory due to the unavailability of lithium-ion 

battery this experimental data is taken from the literature [88]. 

While current flowing out of the battery the measured voltage drops and then recovers after 

the pulse. The shape of voltage drops and recovery are characteristics of this particular 

battery chemistry.  The goal of these procedures is to be able to reproduce it using the 

equivalent circuit with the right parameters. 

𝐶𝑏 =
∆𝑄

∆𝑈𝑜𝑐𝑣
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Figure 3. 25 experimental discharge characteristics of Li-ion battery cell [88] 

More specifically the series resistance needs to account for the instantaneous portion of the 

recovery, the combined RC pair needs to explain the initial portion of the recovery and the 

voltage source must deliver the correct OCV as the function of SOC. 

Additionally, one can observe the response is different at different state of charge level 

because of the state of charge can’t be controlled directly. However, it is the state that 

changes as current drops out of the cell.  

Figure 3.26 shows the Simulink model designed for such purpose. The series of discharge 

current pulse is drawn from the equivalent circuit inside the lithium-ion battery block. At 

the same time, the voltage across terminals is measured using the voltage sensor that is 

located on the right of the lithium-ion battery cell to be compared by the optimizer against 

voltage measured experimentally.  
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Figure 3. 26 Parameter optimization circuit for lithium-ion battery model 

As it can be seen from Figure 3.27, the one-time constant is not enough to capture the 

dynamics of this particular cell. There is a mismatch between simulation and experimental 

data measurement. Therefore, by increasing the number of RC pairs the estimated data 

must fit the experiment result.  

 

Figure 3.27 Parameter estimation using 1-RC pair 
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Simulink will work with MATLAB optimization functions trying to minimize the 

difference between simulation and experimental data by adjusting the parameters of the 

equivalent circuit. This is done using a library called Simulink design optimization. This 

tool acts as a bridge between Simulink and MATLAB optimization function. Finally, by 

using MATLAB optimization function and by making the RC pair three exact the same 

waveform with the experimental data is achieved as shown below in Figure 3.28. 

 

Figure 3.28 Parameter estimation using 3-RC pair 

3.7.1. State of Charge Estimation of the Battery Pack. 

Another function of BMS is to simulate the repeated charge-discharge profile of the battery 

by using non-linear Kalman filter based SOC estimation method. Precise estimation of 

SOC is critically important in BMS for a variety of reasons. Among them the mitigation of 

range anxiety. If anyone charging the electric car, they have to know how much the battery 

is charged before unplugging it.  

Unlike a conventional vehicle fuel tank whose level can be directly measured the SOC, the 

battery cannot be measured by using an indirect method. For example, OCV estimation, 

coulomb counting, or the combination of both. These methods have drawbacks and 

sometimes they are not applied effectively. For example, for cells with a very flat discharge 

profile. The more advanced approach to estimating the state of charge preferable. 
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Typically, a Kalman filter which takes the input and the output signal from the battery and 

computes the internal state using the model of the battery cell and recursive algorithm. 

The unscented Kalman filter algorithm has been widely used in the optimization of 

nonlinear systems estimation. UKF algorithm can follow the accurate state of the system 

even the initial value has an apparent bias. 

𝑥𝑘+1 = 𝑓(𝑥𝑘, 𝑢𝑘) + 𝑤𝑘                                                    (3.30) 

𝑦𝑘 = 𝑔(𝑥𝑘, 𝑢𝑘) + 𝑣𝑘                                                      (3.31) 

Equation (3.30) and Equation (3.31) are the system's state equation and observation 

equation respectively, where xk is the system's state variable, yk is the system's output 

variable, uk denotes the system's input variable. f(xk,uk) and g(xk,uk) are both nonlinear 

functions. Function f(xk,uk) can be derived from the equivalent circuit model and function 

g(xk,uk) is the fitting equation of the OCV curve . Both wk and vk are system noises, which 

are independent of each other. The unscented Kalman filter algorithm can be summarized 

as shown in Table 3.2. 

Table 3. 2 Summary of the unscented Kalman filter approach for SOC estimation [89] 

Non-linear state-space model  

𝒙𝒌+𝟏 = 𝒇(𝒙𝒌, 𝒖𝒌) + 𝒘𝒌 

𝒚𝒌 = 𝒈(𝒙𝒌, 𝒖𝒌) + 𝒗𝒌 

Initialization 

Measure ambient temperature, prepare UOCV (SOC, T) and Rp, Cp 

Initial guess: S0 

Covariance matrix: P0 

Process and measurement noise covariance:∑ 𝒘𝒐 , ∑ 𝒗 

Computation 

For k = 1, 2, . . . compute 

Generate sigma points at time k-1, (k ∈ [l, … ∞]) 

𝒙𝒌−𝟏 = [
𝑺𝒌−𝟏

𝑹𝒌−𝟏
] = [𝒙̅𝒌−𝟏, 𝒙̅𝒌−𝟏 + √(𝒏 + 𝝀)𝑷𝒌−𝟏, 𝒙̅𝒌−𝟏 − √(𝒏 + 𝝀)𝑷𝒌−𝟏 

Predict the prior state mean and covariance  

Calculate sigma points through state function: 



 

    64 

𝒙𝒌|𝒌−𝟏
𝒊 = [

𝑺𝒌|𝒌−𝟏
𝒊

𝑹𝒌|𝒌−𝟏
𝒊 ] = [

𝑺𝒌−𝟏
𝒊 −

𝑰𝑲−𝟏 ∗ ∆𝒕

𝑪𝒏

𝑹𝒌−𝟏
𝒊

] , 𝒊 = 𝟏, … , 𝟐𝒏 

Calculate the prior mean and covariance: 

𝒙̂𝒌
− = ∑ 𝒘𝒎

𝒊
𝟐𝒏

𝒊=𝟎
𝒙𝒌|𝒌−𝟏

𝒊 , 𝑷𝒌
− = ∑ 𝒘𝒄

𝒊
𝟐𝒏

𝒊=𝟎
[𝒙𝒌|𝒌−𝟏

𝒊 − 𝒙̂𝒌
−][𝒙𝒌|𝒌−𝟏

𝒊 − 𝒙̂𝒌
−]𝑻 + ∑ 𝒘 

Update using the measurement function 

Calculate the sigma points: 𝒚𝒌|𝒌−𝟏 = 𝑼𝑶𝑪𝑽(𝒔𝒐𝒄𝒌|𝒌−𝟏, 𝑻) − 𝑰𝒌 ∗ 𝑹(𝑻)𝒌 + 𝑪(𝑻) 

Calculate the propagated mean: 𝒚̂𝒌
− = ∑ 𝒘𝒎

𝒊𝟐𝒏
𝒊=𝟎 𝒚𝒌|𝒌−𝟏

𝒊  

Calculate the covariance of the measurement: 𝑷𝒚𝒌
−,𝒚𝒌

− = ∑ 𝒘𝒄
𝒋𝟐𝒏

𝒊=𝟎 [𝒚𝒌|𝒌−𝟏
𝒊 − 𝒚̂𝒌

−]𝑻 + ∑ 𝒗 

Calculate the cross-covariance and the state and measurement: 

𝑷𝒙𝒌
−,𝒚𝒌

− = ∑ 𝒘𝒄
𝒊

𝟐𝒏

𝒊=𝟎
[𝒙𝒌|𝒌−𝟏

𝒊 − 𝒙̂𝒌
−][𝒚𝒌|𝒌−𝟏

𝒊 − 𝒚̂𝒌
−]𝑻 

Compute filter gain and update and achieve the posterior SOC estimation 

Compute the filter gain: 𝒌𝒌 = 𝑷𝒙𝒌
−,𝒚𝒌

−𝑷𝒚𝒌
−,𝒚𝒌

−
−𝟏  

Update the posterior state mean: 𝑺𝒌
+ = 𝑺𝒌

− + 𝒌𝒌(𝒚𝒌 − 𝒚̂𝒌
−) 

Update the posterior covariance: 𝑷𝒌 = 𝑷𝒌
−𝟏 + 𝒌𝒌𝑷𝒙𝒌

−,𝒚𝒌
−𝒌𝒌

𝑻 

An unscented Kalman filter is a type of non-linear estimator from the control system 

toolbox of MATLAB. A non-linear observer is needed because of the non-linear 

relationship between OCV and SOC.  

As shown in Figure 3.29 the UKF requires a minimum of two functions as an argument. 

State transition and measurement function. The former describes the relationship between 

state and inputs. The latter yells the system output as a function of state and input. These 

functions can be in MATLAB or Simulink function block. This research uses the latter.  

As shown in Figure 3.30, the state transition function calculates the evolution of the states 

based on the current input. The calculation requires the previous computation of the 

equivalent circuit parameters using the temperature and current signals that go through a 

nonlinear lookup table that characterizes the battery cell that has been estimated above in 

the battery modeling section. 
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Figure 3. 29 MATLAB model for unscented Kalman filter based battery soc estimation 

function xdot = fx(x,R1,R2,R3,t1,t2,t3,Cq,I) 
xdot = zeros(size(x)); 
U1 = x(2); 
U2 = x(3); 
U3 = x(4); 
xdot(1) = -I/(3600*Cq); 
xdot(2) = -1/t1*U1 + I/(t1/R1); 
xdot(3) = -1/t2*U2 + I/(t2/R2); 
xdot(4) = -1/t3*U3 + I/(t3/R3); 

 

Figure 3. 30 state transition function 
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Inside the block which is marked, there is a MATLAB function shown above with state 

update equations for the four states. Namely SOC and the three voltages across the RC 

components. The measurement function calculates the terminal voltage as the deference 

between OCV and the sum of the individual voltage drops across the resistors of the 

equivalent circuit elements.  

3.7.2. Battery Cell Balancing  

During the design of the balancing system, it has to be determined when to balance during 

charge, during discharge, or both. And over what soc range to do the balancing. In this 

thesis, balancing is done during charging over the entire SOC range. 

 

Figure 3. 31 Overall battery management system 

 

Figure 3. 32 The circuit that controls CC-CV charging 
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The charge controlling circuit shown in Figure 3.31 is the part of BMS which makes the 

charging pattern follow the CC-CV charging algorithm. On the initial charging stage, the 

battery cell charge in constant current and once the voltage measured across terminals reach 

the nominal full charge OCV value the BMS changes to constant voltage with this voltage 

value as a set point. Charging continues until the current reaches the predetermined lower 

threshold.  The change from constant current to constant voltage is done with the switch 

shown in Figure 3.32. 

Figure 3.33 represents a small battery pack with three series 1 parallel configuration. On 

the right, it can be seen the balancing circuit which includes resistors and transistors that 

selectively switch the bypass branch on and off according to the relative SOC of the battery 

cells. When it is appropriate the resistors divert part of the charging current by slowing 

down the rate of charge of the cell in which they are connected to allowing the cell below 

to catch up. 

 

Figure 3. 33 Passive switched shunt battery cell balancing circuit  
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The control signals that command the MOSFET gates arrive from the logic block on the 

right. The orange block to the left of the cells represents convective heat transfer between 

cells. These blocks are connected to the thermal port of each cell and lead to the thermal 

part of the equivalent circuit. The heat generation is assumed to be only the result of the 

Joule effect. The thermal connection is asymmetrical since the cell at the bottom is 

thermally insulated on one side. While the cell at the top connected to the atmosphere via 

a convective heat transfer block. 

Figure 3.34 shows the logic that controls the balancing process. State flow is an add-on 

library on top of Simulink specifically designed to model state logic algorithm. Each block 

shown in Figure 3.34 represents a state during which some variables are assigned to a 

certain value. In this case, those are the output signal feeding the MOSFET gate. Based on 

OCV values corresponding to each cell, a MATLAB function sorts them based on their 

relative SOC, and state flow decide which MOSFET to activate and slow down the 

charging of that cell.  

 

Figure 3. 34 Developed balancing logic algorithm 
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3.8. Battery Specifications 

All high voltage battery packs are made up of battery cells arranged in strings and modules. 

A battery cell can be regarded as the smallest division of the voltage. Individual battery 

cells may be grouped in parallel and/or series as modules. Further, battery modules can be 

connected in parallel and/or series to create a battery pack. The total battery pack voltage 

is determined by the number of cells in series. To increase the current capability of the 

battery capacity, more strings have to be connected in parallel. 

Table 3.3 and Table 3.4 shows the specifications of an ECADO-4EV traction motor and 

battery pack that is taken from the proposal. 

Table 3. 3 Tractive motor and vehicle specification taken from ECADO-4EV proposal 

Parameters Values 

Maximum power (KW) 100 

Gross weight (kg) 1500 

Rated power (KW/rpm) 60/3600 

Maximum torque (NM/rpm) 320/1978 

Rated torque (NM/rpm) 159.23/3600 

Maximum speed (Km/hr.) 130 

Rated speed (km/hr.) 100 

Range (km/charge) 40 

Seating capacity (person) 4 

Table 3. 4 Battery specifications used [ECADO-4EV] 

Parameters  Value[unit] 

Cell type  Lithium iron phosphate 

Total battery energy usage 32KWh 

Rated DC voltage supply  360V 

Capacity  90Ah 

Dimension (W*D*H)  52*225*231cm 

Energy density  154Wh/kg 

Operating temperature  -10 to 50℃ 

Battery charging voltage range  320 to 420V 
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Battery pack calculations are performed as follows. From given specifications of ECADO-

4EV. The maximum speed of the car is VEV =130km/hr. Energy usage can be calculated 

as: 

 𝐸 = 𝑃 ∗ 𝑇                                                                (3.32) 

where T is the time taken to cover the given range at maximum speed. 

𝑇 =
𝐷

𝑉
                                                                  (3.33) 

where D is the driving range per one-time charge and V is the maximum speed that the car 

can be driven.  

 

𝑇 =
40𝑘𝑚

130𝑘𝑚/ℎ𝑟.
= 0.32ℎ𝑟                                               (3.34) 

From Equation, the total energy usage can be calculated as  

𝐸 = 100𝑘𝑊 ∗ 0.32ℎ𝑟 = 32𝑘𝑊ℎ                                   (3.35) 

The lithium-ion battery cell selected for this work has the nominal voltage and nominal 

capacity of 3.7V and 1500mAh (1.5Ah.) respectively as shown in Appendix E. The 

nominal battery voltage of ECADO-4EV given as 360V.  

Therefore, the nominal capacity of the battery pack can be calculated as  

𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝐴ℎ) =
𝐸𝑛𝑒𝑟𝑔𝑦 𝑢𝑠𝑎𝑔𝑒

𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑏𝑎𝑡𝑡𝑒𝑟𝑣𝑜𝑙𝑡𝑎𝑔𝑒 
 

=
32𝑘𝑊ℎ

360𝑉
= 88.9 = 89𝐴ℎ                                          (3.36) 

The battery pack is composed of battery cells which are connected in series and parallel to 

meet the specified voltage and Ah capacity. Total number of cells calculated as:  

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑐𝑒𝑙𝑙 =  𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 ∗ 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑠𝑒𝑟𝑖𝑒𝑠              (3.37) 

Battery cells connected in series are mainly designed to achieve the nominal voltage of the 

battery pack. The number of series cells can be calculated as  
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𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑠𝑒𝑟𝑖𝑒𝑠 =
𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑝𝑎𝑐𝑘

𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑐𝑒𝑙𝑙 
 

=
360

3.7
= 97.3 = 98𝑐𝑒𝑙𝑙𝑠                                                 (3.38) 

On the other hand, battery cells are connected in parallel to increase the Ah capacity of the 

battery pack. 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =
𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑝𝑎𝑐𝑘

𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑐𝑒𝑙𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
         (3.39) 

=
89

1.5
= 59.3  = 60 𝑐𝑒𝑙𝑙𝑠 

From Equation (3.38) and (3.39), the total number of cells required to construct the propose 

Electric vehicle will be  

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑠𝑒𝑟𝑖𝑒𝑠 ∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙   = 98 ∗ 60

= 5880 𝑐𝑒𝑙𝑙𝑠    

Another parameter that must be considered in calculating the battery pack parameters is 

charging time. Charging time is the time that takes to fully charge a battery pack which can 

be calculated as  

𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 =
𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑝𝑎𝑐𝑘(𝐴ℎ)

𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑐𝑢𝑟𝑟𝑒𝑛𝑡(𝐴)
          (3.41 ) 

=
89

18.1
= 4.92ℎ𝑟. 

From the above calculation, the ECADO-4EV battery pack is charged fully in 4 hrs and 55 

minutes by using the proposed charger.  

3.8.1. Designing a 7.6 kW EV Charger 

In this section, the design considerations for an interleaved boost and LLC resonant 

converter based EV charger based on the design considerations discussed above. The 

design considerations are provided for a level-2 charger rated at 7.6 kW. It is aimed to 

charge a Li-ion battery with 360 V nominal voltage from depleted (320V) to fully charged 

(420) conditions. The charging process is divided into constant current (CC) and constant 

voltage charging (CV) stages. 
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3.8.2. Charging Profile of The Li-ion Battery 

Figure 3.35 provides the charging characteristics of a single Li-ion battery cell. The 

nominal voltage of the battery is 3.6 V. Based on the charging data of a single battery cell, 

the charging profile of a Li-ion battery pack could be obtained, as plotted in Figure 3.36. 

According to Figure 3.36, there are four key points in the charging process. 

1) Begin point: Begin point corresponds to the lowest stage of charge. At this point, 

the battery pack has the minimum voltage (320 V). The charging current equals 

to 18.1 A. The equivalent load resistance which corresponds to the battery 

charging power of 5.8 kW is calculated as 17.7 Ω 

2)  Nominal point: The voltage is equal to the nominal voltage (360 V) while the 

charging current still equals to 18.1 A. The corresponding load resistance at 6.5 

kW is 19.9 Ω  

 

 

 

 

 

 

Figure 3. 35 Charging characteristics of a Li-Ion battery cell. 

3) Turning point: Turning point is the intersection between CC charging and CV 

charging modes. The voltage is 420 V, and maximum power (7.6 kW) is achieved 

at this point. The charging current is still 18.1 A. The equivalent load resistance 

is 23.2 Ω  

4) Endpoint: Endpoint marks the end of the constant voltage charging and also the 

end of the whole charging process. The load resistance corresponds to 420 Ω  The 
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corresponding quality factors at different operating points could be calculated 

from Equation (3.42). 

𝑄 =
√𝐿𝑟

𝐶𝑟
⁄

8𝑛2

𝜋2⁄ ∗ 𝑅𝐿

                                                               (3.42) 

 

 

 

 

 

 

Figure 3. 36 Charging profile of the Li-Ion battery pack. 

3.8.3. Interleaved Boost PFC Converter Design 

In PFC boost converter, the instantaneous duty cycle 𝑑 varies with the input voltage as, 

𝑑(𝜃) = 1 −
325.27|𝑠𝑖𝑛 𝜃|

𝑉𝐷𝐶
                                           (3.43) 

where 325.27 V is the peak input voltage, and  is the phase angle between the input 

voltage and current. The inductor current ripple can be expressed as, 

∆𝐼𝐿 =
|𝑉𝑖𝑛|

𝐿
𝑑(𝜃)𝑇𝑠 =

325.27𝑇𝑠

𝐿
(|sin 𝜃| −

325.27

𝑉𝐷𝐶

(sin 𝜃)2)                        (3.44) 

Assume x = |sin θ|, then 0 ≤ x ≤ 1. The derivative of L is calculated as Equation (3.45) 

𝑑∆𝐼𝐿

𝑑𝑥
=

325.27 𝑇𝑠

𝐿
(1 −

650.54

𝑉𝐷𝐶
𝑥)                                                 (3.45) 
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According to Equation (3.45), if VDC ≤ 650.54 V, the peak ripple happens when x = 

VDC/650.54. Substituting x into Equation (3.43), d is calculated as 0.5. If VDC > 650.54 V, 

the peak ripple happens when x = 1 and  = . Based on the previous analysis, the duty 

cycle close to 50% provides the best inductor current ripple cancellation, as well as RMS 

capacitor current cancellation. 

Conventionally, the dc-link voltage of grid-connected front-end AC-DC converter, VDC, 

has the typical value to be 390 V. However, in this work, VDC is designed to be 600 V. This 

is because VDC = 600 V has overall duty cycles closer to 0.5 and better ripple cancellation 

effect, which could be observed in Figure 3.37.  

The circuit is designed to operate at 100 kHz switching frequency taking the tradeoff 

between the sizes of the inductors and dc-link filter capacitor and switching losses into 

account. The inductor ripple current at the peak of line ( = ) is designed to be 30% of 

the inductor current. 

∆𝐼𝐿 𝑚𝑎𝑥 = √2𝐼𝐿 𝑟𝑚𝑠 ∗ 0.3 = √2
𝑝𝑚𝑎𝑥

2𝑉𝑖𝑛,𝑟𝑚𝑠
∗ 0.3                                  (3.46) 

 

 

Figure 3. 37 Duty cycles corresponding to different DC link voltages 

According to Equations (3.46) and Equation (3.44), inductances could be calculated as: 
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𝐿1 = 𝐿2 =
𝑇𝑠𝑉𝑖𝑛,𝑟𝑚𝑠

∆𝐼𝐿 𝑚𝑎𝑥
𝑑 (𝜃 =

𝜋

2
)                                              (3.47) 

The ripple voltage at the dc-link capacitor is set to be 5% of the dc-link voltage, which is 

30 V. Based on this ripple voltage, the dc-link capacitance could be calculated, 

𝐶𝐷𝐶 =
2𝑃𝑚𝑎𝑥

2𝜋𝑉𝐷𝐶𝑉𝑟𝑖𝑝𝑝𝑙𝑒2𝑓𝑙𝑖𝑛𝑒
                                                     (3.48) 

In this design, the inductances and capacitance are calculated as 212.7μH and 1.3mF, 

respectively. 

3.8.4. Full-Bridge LLC Converter Design 

fp and fs are the two resonance frequencies of the LLC resonant tank. When the switching 

frequency, f, is higher than fp, the resonant tank becomes inductive. When the f is lower 

than fs, the resonant tank becomes capacitive. In between fs and fp, inductive or capacitive 

operation region is determined by the load. On the other hand, as the switching frequency 

is varied closer to fp, the impedance of the resonant tank becomes smaller. This can reduce 

the circulating energy in the resonant tank, which results in reduction in the conduction 

losses of the LLC converter. Therefore, the LLC converter is desired to operate in the 

inductive region and close to fp for minimizing switching and conduction losses and 

maximizing efficiency. 

For design considerations, fp is preset by the optimum operating frequency of the 

MOSFETs, considering the tradeoff between high-frequency operation and switching 

power loss. Thus, the product of Lr and Cr can be determined as the initial design step. Short 

circuit performance (Q = ∞) and peak voltage gain at maximum output power (Q = Qturn) 

are two important considerations in designing Lr and Cr. When the short circuit happens, 

the power management module shifts the switching frequency to a higher value (2 ~ 3fp) 

to increase the impedance of the resonant tank, hence, the short circuit current could be 

effectively reduced and limited to a predetermined value. If Lr is large, the resonant tank 

impedance becomes large as well, while the short circuit current becomes smaller. 

However, for a constant fp, a larger Lr would result in a smaller Cr, which increases the 

voltage stress of the resonant capacitor as well as the quality factor. The increase of quality 

factor reduces the peak voltage gain. This might cause potential failure to fulfill the voltage 



 

    76 

gain specification at heavy load condition. The values of Lr and Cr are determined based on 

this tradeoff. 

Based on those two design tradeoffs, the DC-DC stage parameters can be designed. 

1) Selection of the turn’s ratio of transformer 

The transformer turns ratio is determined by the ratio between dc link voltage and the 

nominal voltage of the battery pack, 

𝑛 =
𝑉𝐷𝐶

𝑉𝑛𝑜𝑚 + 2𝑉𝑑
                                                           (3.49) 

Where Vd is the voltage drop across the diode. 

2) Selection of Lr and C 

The primary resonance frequency was determined as fp = 200 kHz. According to Equation 

(3.50) the product of Lr and Cr can be found as, 

√𝐿𝑟𝐶𝑟 = 1
(2𝜋𝑓𝑝)⁄                                                       (3.50) 

As aforementioned, there is a tradeoff between the peak voltage gain at heavy load and the 

short circuit current. In this case, the peak voltage gain at the turning point is the heaviest 

load condition in CV charging mode. The voltage gain must be larger than 420/360 = 1.17. 

The short circuit current should be smaller than the maximum current of the charger (18.1 

A). Based on this tradeoff, the optimal quality factor at the turning point Qturn is tuned to 

be 0.94, which satisfies the peak gain voltage and short circuit current requirements. Thus, 

the ratio between Lr and Cr can be determined by Equation (3.51) 

√𝐿𝑟𝐶𝑟 = 𝑄𝑡𝑢𝑟𝑛 ∗
8𝑛2

𝜋2
∗ 23.3Ω                                             (3.51) 

From Equations (3.50) and (3.51), Lr and Cr could be calculated as 33.17µH, and 18.7nF, 

respectively. 

3) Selection of the magnetizing inductance Lm 
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The design of Lm is based on the tradeoff between conduction and switching losses. 

Decreasing Lm would increase the resonant tank current at the instant of a turnoff as well 

as the switching losses. While the increase in Lm would reduce the impedance of Lm and 

increase the circulating energy in Lm. Different values of Lm are investigated through 

evaluating circulating energies in the resonant tank and turning off currents. The optimal 

magnetizing value is determined as 92.17 μH. 

 

 

 

 

 

 

a) 

 

 

 

 

 

 

b) 

Figure 3. 38 Dc characteristics of the designed 7.6kW LLC converter: a) voltage 

characteristic b) current characteristic 

Voltage and current curves using the determined Lm and Lr parameters, which correspond 

to the begin point, nominal point, turning point, and end-point are plotted in Figure 3.38.  
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According to Figure 3.38 (a), in CV charging mode, the output voltage is constrained at 

420 V which is the fully charged battery pack voltage. From the turning point to the end-

point, the switching frequency increases from 168.85 kHz to 176.5kHz. In CC charging 

mode, the charging current is constrained at 19.1 A. From the begin point to the turning 

point, the switching frequency decrease from 192 kHz to 168.85 kHz. 

Table 3. 5 Summary of parameters used in the design of an interleaved boost and full-

bridge LLC resonant converter-based Li-ion battery onboard charger. 

Quantity or Device Symbol Parameter 

Input voltage Vin 230V,50Hz 

Dc link voltage Vdc 600V 

Interleaving inductor  L1, L2 212.7µH 

Dc link capacitor Cdc 1.3mF 

Switching frequency for PFC stage fpfc 100kHz 

Battery voltage range Vb 320V to 420V 

Rated maximum power Pmax 7.6kW 

Primary resonant frequency fp 200kHz 

secondary resonant frequency fs 100kHz 

Transformer turn ratio N 2 

Magnetizing inductor Lm 92.17µH 

Resonant inductor Lr 33.17µH 

Resonant capacitor Cr 18.7nF 

Output filter capacitor Cf 50µF 
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CHAPTER 4 

RESULT AND ANALYSIS 

4.1. Chapter Review  

This chapter includes the result and analysis of the proposed interleaved boost and LLC 

multi resonant converter based onboard electric vehicle battery charger. The simulation 

result of the proposed system is analyzed and compared with the expected result. The 

simulation result provided in this chapter has the same value as those which are used in the 

study. But for the battery management system, only three cells connected in series are used 

to demonstrate how the battery management system need to be model for the battery pack 

of the electric vehicle. 

In this research work, MATLAB/Simulink/Simscape is used to model the overall charger 

and battery management system. on the charger, the simulation result of the interleaved 

boost converter mainly shows how the converter maintains harmonics and power factor 

while charging high voltage battery of the electric vehicle. Also, the simulation result of 

the back-end LLC converter is analyzed on different battery voltage since battery voltage 

varies with the state of charge. Results related to the battery management system will 

demonstrate how developed algorithms control end estimate parameters in the charging 

process of a lithium-ion battery pack.  Finally, other related simulation results are addressed 

in this chapter. 

4.2. The Proposed Electric Vehicle Charger Results  

In this work, an interleaved boost converter and LLC resonant converter based electric 

vehicle battery charger is proposed. The results are discussed in detail in the following 

sections. 

4.2.1. Front-end Interleaved Boost Converter Results. 

The waveforms and results obtained in the first stage interleaved boost converter are 

presented in Figure 4.1 to Figure 4.3. According to Figure 4.1, the output voltage of the 
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interleaved converter is maintained at 600V to make the duty cycle near to 0.5 and to have 

better inductor current cancelation. On the other hand, the input current is in phase with the 

input voltage. This makes the charger have a 0.9998(unity) power factor as shown in Figure 

4.2.  

 

Figure 4. 1 Interleaved converter input voltage, current and output voltages 

 

Figure 4. 2 Power factor of the charging system. 

 

Figure 4. 3 Total harmonic distortions of the charger. 
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Total harmonic distortion is another factor that needs to be considered in modeling a 

charging system. total harmonic distortion is how much the noise affects the fundamental 

input current. according to IEEE std 519-2014, the recommended values for acceptable 

harmonic distortion is 5%. For the modeled electric vehicle charger 3.17% harmonics is 

achieved as shown in Figure 4.3. 

4.2.2. Back-end LLC-Resonant DC-DC Converters Results 

MATLAB simulation of an onboard lithium-ion battery charger which has an output 

voltage range of 320-420 V and maximum output power of 7.6KW is performed. The rated 

output voltage Vdc-link of the interleaved boost converter is given to the LLC resonant 

converter and the waveforms related to the back-end converter will be discussed as follow.  

Pulse frequency modulation is used to control the output voltage variation of the converter 

by varying the switching frequency. It can be seen from the Figures below, when the 

switching frequency of the converter varies the output voltage, resonant current and voltage 

will vary with it.    

As shown in the Figures below the waveforms at starting, nominal and turning point of 

charging are analyzed as follow. 

 

Figure 4. 4 output voltage and output current @192KHz  

The resulting waveform shown in Figure 4.4 indicates that at beginning of the charge the 

switching frequency must near the secondary resonant frequency. At 192 kHz the converter 

gives us 320V with a current of 18.1A.  



 

    82 

 

Figure 4. 5 Resonant circuit voltage and current at 192kHz 

As can be seen from Figure 4.5 the waveform of the resonant inductor current, resonant 

capacitor voltage, and MOSFET bridge inverted voltage. even if the converters operating 

in light load condition it is operating in the inductive region since resonant inductor current 

iLr leads the resonant capacitor voltage Vcr. ILr can always lag behind Vab. In this situation, 

when one switch is turned on, the resonant current flows through the antiparallel body 

diode, the drain-source voltage is clamped to zero, and ZVS can be realized which reduces 

the switching losses. 

 

Figure 4. 6 output voltage and output current @ 182.5 kHz 

Figure 4.6 indicates the output voltage and current of the LLC converter @182.5 kHz and 

as it can be seen in Figure the converter is giving the nominal voltage of a battery pack 
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with its charging current of 18.1A. the nominal voltage of the battery pack is maintained 

with a constant charging current.  

The waveform shown in Figure 4.7 demonstrates that the resonant inductor current, 

resonant capacitor voltage, and bridge inverted voltage. From the Figure it can be seen the 

waveform is a little bit distorted due to the load is lighter than the cutoff voltage and all 

parameters are fixed for all load conditions. But still, the converter operates in the inductive 

region due to the resonant inductor current iLr leads resonant capacitor voltage Vcr. As 

discussed above here is also the inductor current iLr lags the inverter bridge voltage. It will 

assure ZVS since when the switching current flow through antiparallel diodes. This will 

reduce the switching loss. 

 

Figure 4. 7 Resonant circuit voltages and current @182.5kHz  

Figure 4.8 shows the output voltage and current of the charger in which the battery charged 

at 90 percent of its capacity or threshold voltage. At this point the switching frequency 

reaches 168.85kHz and the battery will have 420V and 18.1A.  

At this point of the charging time the battery management system changes the charging 

algorithm into a constant voltage charging. At the turning point, the power of the charger 

reaches its maximum. 
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Figure 4. 8 LLC dc-dc converter output voltage and current at turning point (Vbat = 420V, 

Ibat = 18.1A at 168.85KHz). 

 

Figure 4. 9 Resonant circuit voltages and current @168.85kHz  

Figure 4.9 shows the waveforms of the resonant inductor current, resonant capacitor 

voltage, and full-bridge inverted voltage. As dis, both the resonant inductor current and 

resonant capacitor voltage are close to pure sinusoidal wave, which validate the converter 

operate close to the primary resonant frequency. The waveforms also show that the 

converter operating in the inductive region where resonant inductor current ILr leads 

resonant capacitor voltage Vcr.   
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Figure 4.10 shows the charging voltage and current at the constant voltage region. As can 

be seen from the figure the voltage stays constant but the current goes to a minimum to 

protect the battery from overcharging. This is the charging period which charge the electric 

vehicle battery pack after the threshold value is achieved.  

 

Figure 4. 10 Output voltage and current at the endpoint of the charging 

 

(a) 

ZVS 

ZCS 
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(b) 

 

(c) 

Figure 4. 11 Soft switching of LLC converter at (a) 168.85KHz and 420V (b) 182.5KHz 

and 360V (c) 192KHz and 320V 

As shown in Figure 4.11 the drain to source voltage of the bridge MOSFET is raised after 

the gate to source voltage is arrived at zero for all charging cycles. So, for the overall 

charging cycle, ZVS is achieved during the turn-on of MOSFET. And also, from the same 

Figure, it can be seen that the secondary side diode bridge is turned off in ZCS.  

However, when the voltage level of the battery decreased the switching frequency goes to 

the primary resonant frequency, which makes the diode bridge operate far from the 

capacitive region. In this case the in light load (beginning voltage) the diode bridge loses 

ZCS a little bit. But it still acceptable because it is very small and occurs for a small period 

of time.  

ZVS 

ZCS 

ZVS 

ZCS 
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And also, the switching frequency of the proposed full bridge LLC resonant converter 

varies from 168.85 kHz to 192 kHz. This range is close to the primary resonant frequency 

fo (200 kHz), which makes the impedance of the resonant tank small. Thus, the circulating 

energy in the resonant tank is small, which minimizes the conduction losses. 

4.3. Results Related to the Battery Management System 

This section briefly describes the results of the battery management system which are 

closely related to charging a battery pack. As mentioned earlier in chapter three due to time 

constraint only three battery cells connected in series are used to demonstrate how battery 

management system control and estimate the parameters of the charging system.  

 

Figure 4. 12 Battery cell voltage and current 

As shown above the Figure 4.12 shows the voltage and current of a li-ion battery cell during 

charging and discharging. The waveform shows that each cell is charging in the same 

manner as the pack. It starts with a constant current and after it arrives at a threshold voltage 

of 4.17V, the battery management its charge starts to charge the cell in constant voltage 

with a minimum current of 0.05A. 

Temperature is another factor that has to be considered in the charging battery pack. The 

lithium-ion battery pack needs to operate at 0 to 45Co during charging and -20Co to 60Co 
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during discharging. As shown in Figure 4.13 all three cells are operating under determined 

conditions stated above.    

 

Figure 4. 13 Temperature of the battery cell during charging and discharging 

Figure 4.13 clearly shows the temperature evolution of the cells. The temperature builds 

up is uneven because the current flowing through each resistor is not the same at each 

moment. the temperature is increasing because of the direct charging and discharging 

process. Meaning if there is a time gap between charging and discharging the temperature 

will be less. 

Since three cells connected in series the pack will have the voltage which is the sum of all 

three cells and the charging current will be the same all over the pack.  As shown in Figure 

4.14 the pack voltage 12.3V which is the sum of all cell voltage. But the pack current is the 

same as the cell current.  

The constant current constant voltage algorithm is seen in Figure 4.14. The charging 

process is started with constant current and the voltage gradually increases up to the battery 

fully charged. The full charge occurs when the battery reaches the voltage threshold and 

the current drops. A battery is also considered fully charged if the current levels off and 

cannot go down further.    

As it can be seen from the Figure 4.14 all the characteristics of the single cell is seen in the 

battery pack. 
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Figure 4. 14 battery pack voltage in battery management circuit  

One of the key components of the battery management system is an accurate state of charge 

(SOC) estimation because SOC reflects battery performance. Determining the state of 

charge is the first step for balancing the cell capacity in the pack. 

 

Figure 4. 15 State of charge of each battery cell in the pack 

And also Figure 4.12 and Figure 4.15 shows all cells are balanced. When we see both 

Figures there is the voltage and state of charge mismatch in the first charging cycle but the 

balancing logic circuit makes all cells charge equally. As can be seen in the second cycle 

of both Figures all cells are balanced.  
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS  

5.1. Conclusions  

In this thesis, a level-2 onboard EV battery charging system is proposed. Interleaved boost 

topology is used in the first stage for PFC and THD reduction as well as reducing the 

volume of the magnetic components. In the second stage, a full - bridge LLC resonant 

converter is employed to achieve high conversion efficiency over the full voltage range of 

the battery pack. The suitability and advantages of the proposed converter are discussed 

and design guidelines are provided through theoretical analyses for both converter 

topologies. As a case study, design considerations for a 7.6 kW level-2 charger, which 

converts 230 V, 50 Hz AC to the battery voltage range of 320 V to 420 V are provided, 

considering the characteristics of the converter. Moreover, the charging profile of a 360 V 

battery pack is detailed to provide a guideline for the charger design.  

A battery management system for three cells connected in series is also developed to show 

the controlling mechanisms of the charging system. Battery cell monitoring, cell voltage 

balancing, state of charge estimation, and other related systems are simulated in MATLAB.   

Finally, the simulation results are presented for validation. The first stage interleaved boost 

converter demonstrates unity power factor operation at the rated power and achieves THD 

less than 4%. In the second stage LLC converter, the switching losses and conduction losses 

are optimized through operating in the converter close to the resonance frequency of the 

resonant tank.  

As shown above, the proposed onboard battery charging system can overcome the 

problems stated above by operating in a unity factor and making the total harmonic 

distortion minimum. This will stabilize the integration of the charging system with the grid. 

In this regards the charging system is acceptable in international standards such as IEEE 

std 519-2014. The back-end converter is also operating in ZVS during turn-on of the 

MOSFET bridge and the secondary side diode bridge operates in ZCS at the turnoff. This 

will reduce the losses related to switching. 
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The battery management system is also designed to safely charge the electric vehicle 

battery pack. The designed BMS shows an excellent performance in controlling the 

charging system. This makes the proposed system to be competitive in the research 

environment and can be applied for ECADO-4EV.   

5.2. Recommendations  

The hardware implementation of the onboard charging system using the DSP kit is 

recommended. But it needs high caution while using this device. Besides, it is 

recommended that the center of transportation and vehicle engineering (ASTU) members 

need to work strongly on the DSP-based onboard battery charging system to realize the 

electric vehicle charging system. In Adama Science and Technology University students 

are not getting DSP workshops. Therefore, it is recommended to have it and teach students 

as DSP is modern and smart technology. It is also recommended to apply the active 

balancing of the battery cell because it is most efficient. But its controlling algorithm will 

be more complex and costly.  
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Appendixes 

Appendix A: Appendixes Related to Modeling of the Battery 

Management System. 

A.1. MATLAB Code for The Battery Modeling 

%% Load data for Sanyo UR18650W battery  
clear 
load('sanyo.mat'); 
%% 
SOC_LUT = (0:.1:1)'; 
Capacity = 1.5; 
%% Resistance and OCV calculation 
% Prepare normalized x axes for each current 
% x1p5 = sanyo_1p5A_25C(:,1)/sanyo_1p5A_25C(end,1); 
% x10  = sanyo_10A_25C(:,1)/ sanyo_10A_25C(end,1); 
% x15  = sanyo_15A_25C(:,1)/ sanyo_15A_25C(end,1); 
% x20  = sanyo_20A_25C(:,1)/ sanyo_20A_25C(end,1); 
x1p5 = sanyo_1p5A_25C(:,1)/sanyo_1p5A_25C(end,1); 
x10  = sanyo_10A_25C(:,1)/ sanyo_1p5A_25C(end,1); 
x15  = sanyo_15A_25C(:,1)/ sanyo_1p5A_25C(end,1); 
x20  = sanyo_20A_25C(:,1)/ sanyo_1p5A_25C(end,1); 
%% Plot discharge curves at each current 
Figure(1) 
plot(   x1p5, sanyo_1p5A_25C(:,2),... 
        x10,  sanyo_10A_25C(:,2),... 
        x15,  sanyo_15A_25C(:,2),... 
        x20,  sanyo_20A_25C(:,2)) 
legend({'1.5A' '10A' '15A' '20A'}) 
xlabel('1-SOC') 
xlim([0 1]) 
ylabel('V') 
title('Sanyo UR18650W 25ºC') 
%% Fitting discharge curves at different currents 
fit1p5 = fit(x1p5,sanyo_1p5A_25C(:,2),'smoothingspline'); 
fit10  = fit(x10, sanyo_10A_25C(:,2), 'smoothingspline'); 
fit15  = fit(x15, sanyo_15A_25C(:,2), 'smoothingspline'); 
fit20  = fit(x20, sanyo_20A_25C(:,2), 'smoothingspline'); 
Figure(2) 
hold on 
plot(fit1p5,'-k'); plot(fit10,'-r'); plot(fit15,'-b'); plot(fit20,'-g'); 
legend({'1.5A' '10A' '15A' '20A'}) 
xlabel('1-SOC') 
ylabel('V') 
title('Sanyo UR18650W 25ºC Spline Fit') 
%% Construct V vs. discharge current for different SOC levels 
% Em_MAT is a matrix with rows: SOC, cols: current 
for i=1:length(SOC_LUT) 
    Em_MAT(i,:) = [fit1p5(SOC_LUT(i)) fit10(SOC_LUT(i)) fit15(SOC_LUT(i)) 
fit20(SOC_LUT(i))]; 
end 
% Fit and visualize Em vs. I for each SOC level 
colorV = {'-k','-r','-b','-g','-c','-k','-r','-b','-g','-c','-k'}; 
colorF = 
{'black','black','black','black','black','red','red','red','red','red','blue'}; 
Figure(3) 
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hold on 
for i=1:length(SOC_LUT) 
    plot([1.5 10 15 
20],Em_MAT(i,:),colorV{i},'Marker','o','MarkerFaceColor',colorF{i}) 
end 
xlabel('i Amps') 
ylabel('V Volts') 
legend(num2str(SOC_LUT),'Location','eastoutside') 
title('Sanyo UR18650W 25ºC - legend: 1-SOC') 
%% Fit a line to the V vs. i curve to extrapolate to i=0 
fitSOC00 = fit([1.5 10 15 20]',Em_MAT(1,:)','poly1'); 
fitSOC01 = fit([1.5 10 15 20]',Em_MAT(2,:)','poly1'); 
fitSOC02 = fit([1.5 10 15 20]',Em_MAT(3,:)','poly1'); 
fitSOC03 = fit([1.5 10 15 20]',Em_MAT(4,:)','poly1'); 
fitSOC04 = fit([1.5 10 15 20]',Em_MAT(5,:)','poly1'); 
fitSOC05 = fit([1.5 10 15 20]',Em_MAT(6,:)','poly1'); 
fitSOC06 = fit([1.5 10 15 20]',Em_MAT(7,:)','poly1'); 
fitSOC07 = fit([1.5 10 15 20]',Em_MAT(8,:)','poly1'); 
fitSOC08 = fit([1.5 10 15 20]',Em_MAT(9,:)','poly1'); 
fitSOC09 = fit([1.5 10 15 20]',Em_MAT(10,:)','poly1'); 
fitSOC10 = fit([1.5 10 15 20]',Em_MAT(11,:)','poly1'); 
R0_25 = abs(mean([fitSOC02.p1 fitSOC04.p1 fitSOC06.p1 fitSOC08.p1 ])); 
%% Extrapolate the values of Voltage to i=0 to estimate the OCV at different SOC 
levels 
Em = [fitSOC00(0) fitSOC01(0) fitSOC02(0) fitSOC03(0)... 
      fitSOC04(0) fitSOC05(0) fitSOC06(0) fitSOC07(0)... 
      fitSOC08(0) fitSOC09(0) fitSOC10(0) ]'; 
Figure(1) 
hold on 
plot(SOC_LUT,Em,'o','MarkerFaceColor','k') 
Em_fit = fit(SOC_LUT,Em,'smoothingspline'); 
Em = Em_fit((0:.01:1)'); 
% Em (OCV) at 25ºC as a result of extrapolation of discharge curves to 0A 
% Em = flipud(Em); 
%% Calculate time, current and voltage vectors for simulation 
t1p5 =(0:Capacity * 3600 / 1.5)'; 
t10 = (0:Capacity * 3600 / 10)'; 
t15 = (0:Capacity * 3600 / 15)'; 
t20 = (0:Capacity * 3600 / 20)'; 
i1p5 = 1.5 * ones(length(t1p5),1); 
i10 = 10 *   ones(length(t10),1); 
i15 = 15 *   ones(length(t15),1); 
i20 = 20 *   ones(length(t20),1); 
fitV1p5 = fit1p5((0:1/(length(t1p5)-1):1)'); 
fitV10  = fit10((0:1/ (length(t10)-1 ):1)'); 
fitV15  = fit15((0:1/ (length(t15)-1 ):1)'); 
fitV20  = fit20((0:1/ (length(t20)-1 ):1)'); 
%% Plot discharge at different T's @ i = 10A 
xm10C = sanyo_10A_m10C(:,1)/ sanyo_10A_25C(end,1); 
x0C   = sanyo_10A_0C(:,1)  / sanyo_10A_25C(end,1); 
x60C  = sanyo_10A_60C(:,1) / sanyo_10A_25C(end,1); 
Figure(4) 
plot(   xm10C, sanyo_10A_m10C(:,2),... 
        x0C  , sanyo_10A_0C(:,2),... 
        x10  , sanyo_10A_25C(:,2),... 
        x60C , sanyo_10A_60C(:,2)) 
legend({'-10ºC' '0ºC' '25ºC' '60ºC'}) 
xlabel('1-SOC') 
ylabel('V') 
xlim([0 1]) 
%% Time, current, and voltage vectors for simulation 
% Capacity should be corrected by temperature 
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% Construct fit objects for Voltage vs. SOC 
fitm10C = fit(xm10C, sanyo_10A_m10C(:,2), 'smoothingspline'); 
fit0C   = fit(x0C  , sanyo_10A_0C  (:,2), 'smoothingspline'); 
fit60C  = fit(x60C , sanyo_10A_60C (:,2), 'smoothingspline'); 
% If i=constant, we can translate Ah to sec as: 
tm10C = (0:sanyo_10A_m10C(end,1) * 3600 / 10)'; 
t0C   = (0:sanyo_10A_0C(end,1)   * 3600 / 10)'; 
t60C  = (0:sanyo_10A_60C(end,1)  * 3600 / 10)'; 
% Evaluate V at each time stamp 
fitVm10C = fitm10C((0:1/ (length(tm10C)-1 ):xm10C(end))');%1)');% 
fitV0C   = fit0C  ((0:1/ (length(t0C)  -1 ):x0C(end))');%1)');% 
fitV60C  = fit60C ((0:1/ (length(t60C) -1 ):x60C(end))');%1)');% 
% Calculate duration of each discharge 
tm10C = tm10C(1:length(fitVm10C)); 
t0C = t0C(1:length(fitV0C)); 
t60C = t60C(1:length(fitV60C)); 
% Current is a constant in all cases 
im10C = 10 * ones(length(tm10C),1); 
i0C   = 10 * ones(length(t0C),1); 
i60C  = 10 * ones(length(t60C),1); 
%% Load LUT calculated using parameter estimation at different temperatures 
% load('sanyo_LUT.mat') 
% Instead of importing from PE SL procedure, we estimate the resistance at 
% different temperatures by doing R = DeltaV/DeltaI 
% We first create V = f(SoC) curves 
Vm10C = fitm10C(0:.01:1); 
V0C   = fit0C  (0:.01:1); 
V60C  = fit60C (0:.01:1); 
V25C = fit10 (0:.01:1); 
% Then we calculate resistance using I = 10A 
Rm10C = (Em - Vm10C)./10; 
R0C = (Em - V0C)./10; 
R25C = (Em - V25C)./10; 
R60C = (Em - V60C)./10; 
% Since later we will fit R0 as a function of SOC, we need to flip it 
% upside down because up until now it was a function of x = 1-SOC 
R0_LUT = flipud([Rm10C R0C R25C R60C]); 
T_LUT = 273 + [-10 0 25 60]; 
%% Plot R0 vs. T 
Figure(5) 
hold on 
SOCbkpts = [20 40 60 80]; 
color = {'k' 'b' 'r' 'g'}; 
for k=1:4 
    scatter(1000./T_LUT , log(R0_LUT(SOCbkpts(k),:)),'MarkerFaceColor',color{k}) 
end 
%% 
disp('Temperature dependence of R_0') 
for k=1:4 
    R0_vs_T_fit = fit(1000./T_LUT' , log(R0_LUT(SOCbkpts(k),:))','poly1'); 
    plot(R0_vs_T_fit) 
    Ea(k) = 8.314 * R0_vs_T_fit.p1; 
end 
xlabel('1000/T (1000/K)') 
ylabel('ln(R_0) (\Omega)') 
title('Arrhenius plot of R_0 vs. 1000/T') 
disp(' ') 
disp('Activation energy for Li ion conduction') 
disp(['Ea = ' num2str(Ea) ' kJ/mol']) 
% legend({['Ea = ' num2str(Ea) ' kJ/mol']}) 
legend({'SOC = 20%','SOC = 40%','SOC = 60%','SOC = 80%'}) 
disp('Compare with Ji et al, JES 160(4) A636-A649 pA640') 
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disp('Ea for electrolyte transport in Li ion battery = 20 kJ/mol') 
%% Fit a surface of R = f(T,SOC) 
R0_LUT_bkpts = [Rm10C(SOCbkpts) R0C(SOCbkpts) R25C(SOCbkpts) R60C(SOCbkpts)]; 
[R0_vs_T_SOC_fit, gof] = 
fit([repmat(SOCbkpts'/100,4,1),reshape(repmat(1000./T_LUT,4,1),16,1)]... 
    ,reshape(log(R0_LUT_bkpts),16,1),'poly21'); 
Figure(6) 
plot(R0_vs_T_SOC_fit,[repmat(SOCbkpts'/100,4,1),reshape(repmat(1000./T_LUT,4,1),16
,1)]... 
    ,reshape(log(R0_LUT_bkpts),16,1)) 
xlabel('SOC') 
ylabel('1000/T (K)') 
zlabel('ln(R)') 

A.2. MATLAB Code for Charging Control of the Cell 

%% 
numCells = 3; 
% load('Kokam_LUT_3RC')% 
results.T5C  = load('batteryParameterEstimation_results_3RC_5degC.mat'); 
results.T20C = load('batteryParameterEstimation_results_3RC_20degC.mat'); 
results.T40C = load('batteryParameterEstimation_results_3RC_40degC.mat'); 
SOC_LUT = results.T5C.SOC_LUT; 
%% Thermal Properties 
% Cell dimensions and sizes 
cell_thickness = 0.0084; %m 
cell_width = 0.215; %m 
cell_height = 0.220; %m 
% Cell surface area 
cell_area = 2 * (... 
    cell_thickness * cell_width +... 
    cell_thickness * cell_height +... 
    cell_width * cell_height); %m^2 
% Cell volume 
cell_volume = cell_thickness * cell_width * cell_height; %m^3 
%% 
for idx = 1:numCells 
%% Lookup Table Breakpoints 
Battery(idx).SOC_LUT = SOC_LUT; 
Battery(idx).Temperature_LUT = [5 20 40] + 273.15; 
%% Em Branch Properties (OCV, Capacity) 
% Battery capacity 
Battery(idx).Capacity_LUT = [31 31 31]; %Ampere*hours 
%% Em Branch Properties (OCV, Capacity) 
% Em open-circuit voltage vs SOC rows and T columns 
Battery(idx).Em_LUT = [ results.T5C.Em ... 
                        results.T20C.Em ... 
                        results.T40C.Em]; %Volts 
%% Terminal Resistance Properties 
% R0 resistance vs SOC rows and T columns 
Battery(idx).R0_LUT = [ results.T5C.R0 ... 
                        results.T20C.R0 ... 
                        results.T40C.R0]; %Ohms 
%% RC Branch 1 Property 
% R1 Resistance vs SOC rows and T columns 
Battery(idx).R1_LUT = [ results.T5C.R1 ... 
                        results.T20C.R1 ... 
                        results.T40C.R1]; %Ohms 
% R2 Resistance vs SOC rows and T columns 
Battery(idx).R2_LUT = [ results.T5C.R2 ... 
                        results.T20C.R2 ... 
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                        results.T40C.R2]; %Ohms 
% R3 Resistance vs SOC rows and T columns 
Battery(idx).R3_LUT = [ results.T5C.R3 ... 
                        results.T20C.R3 ... 
                        results.T40C.R3]; %Ohms 
% C1 Capacitance vs SOC rows and T columns 
Battery(idx).t1_LUT = [ results.T5C.tau1 ... 
                        results.T20C.tau1 ... 
                        results.T40C.tau1]; %Farads 
% C2 Capacitance vs SOC rows and T columns 
Battery(idx).t2_LUT = [ results.T5C.tau2 ... 
                        results.T20C.tau2 ... 
                        results.T40C.tau2]; %Farads 
% C3 Capacitance vs SOC rows and T columns 
Battery(idx).t3_LUT = [ results.T5C.tau3 ... 
                        results.T20C.tau3 ... 
                        results.T40C.tau3]; %Farads 
%%  
% Cell mass 
Battery(idx).cell_mass = 0.84; %kg 
% Volumetric heat capacity 
% assumes uniform heat capacity throughout the cell 
% ref: J. Electrochemical Society 158 (8) A955-A969 (2011) pA962 
Battery(idx).cell_rho_Cp = 2.04E6; %J/m3/K 
% Specific Heat 
Battery(idx).cell_Cp_heat = Battery(idx).cell_rho_Cp * cell_volume / 
Battery(idx).cell_mass; %J/kg/K 
%% Initial Conditions 
% Charge deficit 
% Battery(idx).Qe_init = 15.6845; %Ampere*hours 
% Ambient Temperature 
Battery(idx).T_init = 20 + 273.15; %K 
end 
%% Initial charge deficit 
Battery(1).SOC0 = 0.2; 
Battery(2).SOC0 = 0.22; %Ampere*hours 
Battery(3).SOC0 = 0.24; %Ampere*hours 
% Convective heat transfer coefficient 
% For natural convection this number should be in the range of 5 to 25 
h_conv = 5; %W/m^2/K Cell-to-cell 
h_conv_end = 10; %W/m^2/K End cells to ambient 
%% Passive balancing parameters 
% load('tempParam') 
I_cc = 15; 
R = .2; 
R_bleed = 20; 
T_volt = 600; 
V_th = 11.5; 
deltaV = 0.01; 
V_top = 12.5; 

A.3. MATLAB Code for the State of Charge Estimation 

%% 
numCells = 1; 
% load('Kokam_LUT_3RC')% 
results.T5C  = load('batteryParameterEstimation_results_3RC_5degC.mat'); 
results.T20C = load('batteryParameterEstimation_results_3RC_20degC.mat'); 
results.T40C = load('batteryParameterEstimation_results_3RC_40degC.mat'); 
SOC_LUT = results.T5C.SOC_LUT; 
%% Thermal Properties 
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% Cell dimensions and sizes 
cell_thickness = 0.0084; %m 
cell_width = 0.215; %m 
cell_height = 0.220; %m 
% Cell surface area 
cell_area = 2 * (... 
    cell_thickness * cell_width +... 
    cell_thickness * cell_height +... 
    cell_width * cell_height); %m^2 
% Cell volume 
cell_volume = cell_thickness * cell_width * cell_height; %m^3 
%% 
for idx = 1:numCells 
%% Lookup Table Breakpoints 
Battery(idx).SOC_LUT = SOC_LUT; 
Battery(idx).Temperature_LUT = [5 20 40] + 273.15; 
%% Em Branch Properties (OCV, Capacity) 
% Battery capacity 
Battery(idx).Capacity_LUT = [31 31 31]; %Ampere*hours 
%% Em Branch Properties (OCV, Capacity) 
% Em open-circuit voltage vs SOC rows and T columns 
Battery(idx).Em_LUT = [ results.T5C.Em ... 
                        results.T20C.Em ... 
                        results.T40C.Em]; %Volts 
%% Terminal Resistance Properties 
% R0 resistance vs SOC rows and T columns 
Battery(idx).R0_LUT = [ results.T5C.R0 ... 
                        results.T20C.R0 ... 
                        results.T40C.R0]; %Ohms 
%% RC Branch 1 Property 
% R1 Resistance vs SOC rows and T columns 
Battery(idx).R1_LUT = [ results.T5C.R1 ... 
                        results.T20C.R1 ... 
                        results.T40C.R1]; %Ohms 
% R2 Resistance vs SOC rows and T columns 
Battery(idx).R2_LUT = [ results.T5C.R2 ... 
                        results.T20C.R2 ... 
                        results.T40C.R2]; %Ohms 
% R3 Resistance vs SOC rows and T columns 
Battery(idx).R3_LUT = [ results.T5C.R3 ... 
                        results.T20C.R3 ... 
                        results.T40C.R3]; %Ohms 
% C1 Capacitance vs SOC rows and T columns 
Battery(idx).t1_LUT = [ results.T5C.tau1 ... 
                        results.T20C.tau1 ... 
                        results.T40C.tau1]; %Farads 
% C2 Capacitance vs SOC rows and T columns 
Battery(idx).t2_LUT = [ results.T5C.tau2 ... 
                        results.T20C.tau2 ... 
                        results.T40C.tau2]; %Farads 
% C3 Capacitance vs SOC rows and T columns 
Battery(idx).t3_LUT = [ results.T5C.tau3 ... 
                        results.T20C.tau3 ... 
                        results.T40C.tau3]; %Farads 
%%  
% Cell mass 
Battery(idx).cell_mass = 0.84; %kg 
% Volumetric heat capacity 
% assumes uniform heat capacity throughout the cell 
% ref: J. Electrochemical Society 158 (8) A955-A969 (2011) pA962 
Battery(idx).cell_rho_Cp = 2.04E6; %J/m3/K 
% Specific Heat 
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Battery(idx).cell_Cp_heat = Battery(idx).cell_rho_Cp * cell_volume / 
Battery(idx).cell_mass; %J/kg/K 
%% Initial Conditions 
% Ambient Temperature 
Battery(idx).T_init = 20 + 273.15; %K 
% Initial charge deficit 
Battery(idx).Qe_init = 0.5 * mean(Battery(idx).Capacity_LUT); %Ampere*hours 
Battery(idx).SOC0 = (Battery(idx).Capacity_LUT(2) - Battery(idx).Qe_init)/... 
                                  Battery(idx).Capacity_LUT(2); 
end 
%% 
% Convective heat transfer coefficient 
% For natural convection this number should be in the range of 5 to 25 
h_conv = 5; %W/m^2/K Cell-to-cell 
h_conv_end = 10; %W/m^2/K End cells to ambient 
%% 
load('BatteryParameters.mat') 
 

Appendix B. Related to Onboard Charging MATLAB/Simulink Model  

 

Figure B.1 overall charging system 

B.1. Front end power factor correction circuit  
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Figure B.2 interleaved boost PFC converter  

 

Figure B.3 control circuit of an interleaved boost converter 

 

Figure B.4. Back end LLC resonant dc-dc converter 
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Appendix C: Related to the Battery Management System 

 

Figure C.1 Battery modeling and parameter estimation circuit. 

 

Figure C.2 Overall battery charging-discharging circuit 
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Figure C.3 Simulink model for cell balancing circuit 
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Figure C.4 Unscented Kalman filter based battery state of charge estimation circuit 

 

Figure C.5 State transition block for unscented Kalman filter algorithm 

  

Figure A State measurement block for unscented Kalman filter algorithm 
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Appendix D. Appendixes Related to ECADO-4EV 

D.1. Data’s from Center of transportation and Vehicle engineering ‘ASTU 

I. Tractive motor and vehicle specification taken from ECADO-4EV proposal 

Parameters Values 

Maximum power (KW) 100 

Gross weight (kg) 1500 

Rated power (KW/rpm) 60/3600 

Maximum torque (NM/rpm) 320/1978 

Rated torque (NM/rpm) 159.23/3600 

Maximum speed (Km/hr.) 130 

Rated speed (km/hr.) 100 

Range (km/charge) 40 

Seating capacity (person) 4 

II. Battery specifications for [ECADO-4EV] 

Parameters  Value[unit] 

Cell type  Lithium iron phosphate 

Total battery energy usage 32KWh 

Rated DC voltage supply  360V 

Capacity  90Ah 

Dimension (W*D*H)  52*225*231cm 

Energy density  154Wh/kg 

Operating temperature  -10 to 50℃ 

Battery charging voltage range  320 to 420V 
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Appendix E: Appendixes Related to Data Collection 

E.1. battery used in modeling the battery management system 

 

 

 

  


