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ABSTRACT 

  

The use of Electric Vehicles (EVs) is increasing day by day and therefore chargers 

for electric vehicles play a vital role in the evolution of the industry. The EVs have zero 

emissions which are good for the atmosphere. The extensive dependency on Fossil fuels 

has to be taken care of by switching to eco-friendly EVs. In terms of efficiency, 60 % of 

the total electrical energy available from the grid is converted to useful work of powering 

the wheel whereas, in the case of traditional IC engine vehicles, only 17% to 20% of total 

energy available from the fuel is used in powering the wheel which shows that there is 80% 

wastage of the fuel energy. Even if the production of electricity is considered for EVs then 

IC engines have 3 times more carbon monoxide emissions than the average EVs. EVs have 

lower running costs and maintenance. DC-DC converter is an important part of EV 

chargers.  

The study presents the PSFB (phase-shifted full bridge) dc-dc converter with diode 

rectification and synchronous rectification. To obtain higher levels of efficiency, PSFB 

with synchronous rectification is preferred. The converter supports zero voltage switching 

(ZVS) which aids the converter to work at high frequencies along with advantages like less 

EMI (Electromagnetic Interference), less stress, lower switching losses, and better 

efficiency. The PSFB converter with the input DC voltage at 380 V under the zero voltage 

conditions for both the cases Rectification and Synchronous Rectification at different loads 

have been studied. The topology utilizes the resonance between the leakage inductor of the 

high-frequency transformer and parasitic capacitances of full bridge MOSFETS for 

achieving ZVS. If the current or voltage is zero during the transient in the MOSFET switch, 

the soft switching is visible. Zero current switching (ZCS) and zero voltage switching are 

two soft switching techniques (ZVS). Here in the paper, ZVS has been implemented 

resulting in minimum switching losses. 

              The study also proposes a closed-loop control approach for a PSFB (phase-shifted 

full bridge) dc-dc converter operating under synchronous rectification for EV charging 

applications. A 48V Lithium Ion Battery has been used for the charging process and one 

PI controller has been implemented for CC (Constant Current) mode charging. The system 

is designed for the listed specifications, and the analysis is carried out using 

MATLAB/Simulink software. 
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CHAPTER 1 

 INTRODUCTION 

As the human population is growing dramatically in the modern era, car demand is 

increasing. Rising vehicle demand and heavy reliance on oil for transportation compel the 

extraction of more and more fossil fuels like diesel and petrol. Today, the primary 

challenges are the limited availability of fossil fuels and the pollution produced by them. 

Stocks are limited and demand is increasing, whereby due to the increased consumption, 

pollution is contributing majorly to degrading the environment and its entities. 

Consequently, to address these issues Electric vehicles (EVs) are essential to modern 

architecture and are urgently needed. The primary benefits of EV adoption mostly involve 

reducing transportation's dependency on oil and reducing carbon emissions. In case there's 

doesn't exist other transportation options, a lack of oil could cause sharp price increases in 

the oil business. 

1.1 BACKGROUND OF THE PROJECT 

Robert Davidson invented the first electric locomotive concept in 1837, and the first 

electric locomotive was used on a main line in 1895 on the 4-mile-long Baltimore Beltline 

in the United States. At the beginning of the 19th century, electric vehicles (EVs) began to 

expand, and the first experiments were conducted on electric trams and tram cars. By the 

end of the 19th century, however, EVs came into being used widely due to the mass 

production of rechargeable batteries, which had brought about a revolutionary change in 

the EV industry and had emerged as a key player. In 1881, the first-ever regular tram 

service was inaugurated in the German city of Berlin. Halske and Siemens worked together 

on this project. As time went on and we entered the 20th century, private automobiles were 

still uncommon but electric in nature. Although the EV sector was expanding, issues with 

batteries were also a concern because they required more time to recharge and cost more 

than equivalent-sized IC engines, which meant that during the entire 20th century, IC 

engines predominated. After then, the idea of a hybrid car with an internal combustion 

engine and one or more electric units was introduced. Ferdinand Porsche first unveiled a 

hybrid car that could run on power generated by either the engine or the batteries in 1900. 

Due to their minimal maintenance needs, electric trains became popular with railroads in 

the middle of the 20th century. Electric trains have been very successful because of 

overhead power lines, but electric cars haven't been as successful because they somehow 

rely on batteries. Still, EVs have some advantages over internal combustion engines 
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because they don't emit any exhaust emissions and are naturally quiet, which makes them 

ideal for industries where pollution and noise are a concern. 

Coming at a time when high-speed train development was underway, during the 

end of the 20th and the beginning of the 21st centuries. The idea of a bullet train, whose 

services between Tokyo and Osaka began in 1964, was the catalyst for everything as it took 

4 hours to travel 515.4 km of the trip. More advancements include Maglev trains, which 

travel on a specially designed track and have a top speed of 581 kph. They are in a race 

with aircraft to observe who can travel furthest more quickly. EV battery use and charging 

are the main problems, considering that several manufacturers are already making high-

quality EVs. Renault, Mitsubishi, Nissan, and Tesla are a few of them. Following 1990, 

electric bicycles became popular and electric two-wheelers also gained growth. Hybrid 

vehicles, along with solar power and AC charging, are another new area of research that 

has to be further investigated. Promoting EVs is helping to reduce dangerous greenhouse 

gases and is suited while taking into account environmental concerns for the high-

efficiency needs in the automotive industry[1],[2]. Additionally, a variety of motor control 

techniques are accessible, which improves the use of EVs in the automotive sector. The 

points presented above support the need for EV in the modern world. Electric rickshaws, 

electric bicycles, electric trains, and electric cars are a few instances of EVs in general. The 

Indian government aims 30%  electric vehicle incorporation by 2030. To achieve this goal, 

it has been suggested that all two-wheelers with engines under 150cc should be electrified 

by March 2025 and all three-wheelers sold after March 31, 2025, should be electrified. 

               

                   Fig.1.1 Sales as projected by NITI AAYOG 

Figure 1.1 shows the EV sales as projected by NITI AAYOG by 2030. This would 

result in a saving of 474 MTE of oil annually and would cut down the emission of carbon 

dioxide by 846.3Mn tons annually. 
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1.2 Charging Configuration 

Figure 1.2 shows the general charging configuration. It involves two stages of 

conversion ac to dc and then dc to dc, later on, the power is fed to the battery. In the 

study report, the prime focus is on the topology of the DC-DC converter which results 

in efficient charging [3]. 

 

Fig.1.2. EV Charging System 

1.3 Charging Power Levels  

  Charger power levels are a reflection of power, charging location and time, price, 

equipment, and grid impact. The deployment of the electric vehicle supply equipment 

(EVSE) and charging stations is a crucial first step since there are numerous concerns that 

must be resolved, including demand, scope, distribution, policies designed to fulfill those 

demands, standardization of charging stations, and regulatory procedures[4],[5]. 

Customers prefer to charge their electric vehicles (EVs) at their own convenience most of 

the time, thus it will be quite convenient for them if the charging can happen overnight at 

home in a garage where you can plug the EV into a handy outlet. The levels of charging 

are basically classified into three levels: 

    Table 1.1: Classification of Power Level at the charging station  

Charging Station Type Power Supply Charging Time 

Level 1(AC) 120/230 Vac,12 A to 16 A 

(Single Phase) 

16 to 20 hrs 

Level 2(AC) 208/240 Vac, 15 A to 80 A 

(Single/ Split Phase) 

2 to 6 hrs 
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Level 3 (DC Fast) 300 – 600 Vdc, (Maximum 

current 400 A, Three phases) 

Less than 1 hr 

Upcoming Generation 

(Ultra-Fast ) 

800 Vdc and higher, 400 A 

and higher (Polyphase) 

Less than 20 

minutes 

 

Level 1: It is a simple and slow charging system. In the US, it uses a typical grounded 

120V/ 15A single-phase outlet. In an eight-hour overnight charge, it can increase the range 

by around 40 miles. Low- and medium-range plug-in hybrids as well as all-electric battery 

electric car users who don't drive very far each day can also benefit from overnight Level 

1 charging. 

Level 2: Level 2 charging is most frequently used at public charging stations. The level 2 

equipment that is currently in use supports charging from 208V or 240V [6]. For residential 

or commercial premises, it might be necessary to construct a connection, even if some 

vehicles, like the Tesla, already have the power electronics on board and merely require an 

outlet. A common EV battery can be charged overnight using Level 2 devices [7],[8]. The 

new standard is designed to enable either ac or dc rapid charging via a single connection 

and has an SAE J1772 ac charge connector on top and a two-pin dc connector below. 

Level 3: It offers the possibility of charging in less than 1 hour. Similar to petrol stations, 

it can be implemented in city refilling points and highway rest places. It commonly uses a 

three-phase circuit with a voltage of 480 V or greater and requires controlled ac-dc 

conversion, which is provided by an off-board charger. Direct DC connections can be made 

to the vehicle. 

  An advantage for utilities looking to reduce the on-peak impact is a lower charge 

power. High-power rapid charging has the ability to quickly overload local distribution 

equipment during peak hours and can increase demand. Levels 2 and 3 charging may result 

in an increase in peak demand, harmonic distortion, distribution system thermal loads, 

distribution transformer losses, and voltage deviations. The shorter transformer life could 

have a substantial influence on the reliability, security effectiveness, and economy of 

developing smart grids. The development of Level 3 DC Fast chargers has been prompted 

by their low power rating and long charging time. The different types of levels of charging 

depend on the type of power requirement [9],[10]. A proposed option that could charge an 

electric vehicle (EV) in a very short period of time is DC ultra-fast charging 
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1.4 ONBOARD CHARGER AND OFF-BOARD CHARGER 

The placement and size of the charger, if present inside the car, influence its 

performance in a manner similar to how the location, size, and energy density of the battery 

affect the performance of the vehicle. The chargers can be divided primarily into two 

categories based on the location at which they are present:  

1.) On Board Charger 

2.) Off Board Charger  

Due to the high power flow, chargers are preferred to be placed external to the 

vehicle thereby reducing the weight and the volume of the vehicle. In the case of Onboard 

chargers, it is located inside the vehicle whereas, in the case of Off-board chargers, it is 

directly connected to the vehicle[11],[12].  

 

Fig.1.3 EV charging system showing off-board and onboard charger 

Table 1.2: Comparison between Onboard charger and Offboard Charger [12] 

Factors Onboard Charger Offboard Charger 

Location Inside the vehicle Outside the Vehicle 

Level  Limits the power to level 1 Allows level 2 and level 3 

BMS Low sophisticated BMS A high sophisticated 

BMS is required 

Space constraint Less space constraint More space constraint 

Energy Transfer rate Low  High 

 

1.5 UNIDIRECTIONAL AND BIDIRECTIONAL CHARGERS  

This classification has been done based on the direction of the power flow. The 

converter mechanism in EVs allows energy to move from the grid to the battery. The kind 

of switches used in the converter system determines the rush of energy. Switches ranging 
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from basic diodes to BJT, Thyristors, MOSFETs, IGBTs, DIACs, and TRIACs can be 

employed. BJTs, thyristors, and diodes are all unidirectional devices, allowing current to 

flow only in the positive direction. Being bidirectional devices, MOSFET and IGBTs allow 

current to flow in either way. Similar to this, electric vehicles are likewise divided into 

groups according to the system's energy flow: 

1.) Unidirectional Charger 

2.) Bidirectional Charger 

 

Unidirectional Charger: The EV battery can be charged using unidirectional chargers, 

but energy cannot be returned to the electrical grid. As previously stated, it employs 

switches that only allow current to flow in one way, forward. As a result, it is capable of 

using unidirectional switches such as thyristors, BJTs, and diodes. It is preferred to use 

these converters in a single stage so that volume, weight, power density, cost, and losses 

can be kept to a minimum. Comparatively speaking, the unidirectional system's controlling 

topology is simpler than that of the bidirectional charging. Because of its simplicity, it is 

simpler to deploy and can control feeders that are heavily loaded and connected to a number 

of electric vehicles charging simultaneously. 

Bidirectional Charger: It supports power flow in both directions that is grid to vehicle 

and vehicle to grid. At peak hours if the charge is left in the battery, then it can be used for 

the purpose of driving home appliances. Also, the customer can feed back the power into 

the grid thereby providing incentives to the customer. 

A bidirectional switch is also called a four-quadrant switch.  It allows two-way 

bidirectional flow of current when turned ON as shown in Figure 1.4 and also blocks the 

voltage of reverse polarities when turned OFF as shown in Figure 1.5 

              

Fig. 1.4 Characteristics in ON state for the bidirectional switch 
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Fig.1.5. Characteristics in OFF state for the bidirectional switch 

  A Bidirectional Switch should be highly adaptable to power flow in both directions 

for quick and easy implementation. For use in DC regulation, the resistance between the 

source and drain should be kept low for better voltage regulation. A bidirectional switch 

should have protection circuitry features to withstand the sudden inrush of reverse current 

during the polarity change or at relatively higher temperature conditions. A Bidirectional 

switch is formed by connecting two MOSFETS back to back.[13]   

Fig 1.6 EV with Bidirectional Charger 

 

Figure 1.6 shows the Electric Vehicle application in a bidirectional mode where the EV is 

getting charged from the Regular EV charger through an AC supply whereas the Battery 

of the EV can be seen providing power back to the loads. The bidirectional Mode of 

charging helps EVs get charged during off-peak hours and also supplies power to the grid 

during peak hours when there is high energy demand. 
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1.6 BATTERY IN ELECTRIC VEHICLES 

One of the crucial elements that affect how well an EV performs is its battery. It is 

made up of electrochemical cells, and the vehicle is powered via connections to the outside 

world. From there, the technology for EV batteries began to develop [14],[15]. The 

development of the Technology for battery in EVs started in the late nineteenth century 

with lead acid batteries and later came across lithium-ion battery which is found in most 

EVs today. A battery pack consists of multiple battery modules and battery cells. Electric 

vehicle battery packs can contain as few as 96 battery cells or as many as 2,976 batteries. 

Primary and secondary are the two types. Vehicle batteries in this instance are often 

rechargeable backup batteries. The traction batteries are used by electric forklifts, golf 

carts, cars, lorries, vans, and other vehicles. SLI batteries, which stand for starting, ignition, 

and lighting, are one of the battery types. Lead-acid batteries of the SLI type, which are 

typically used in cars, are rechargeable. Deep cycle batteries are a different variety in which 

the battery is discharged much more thoroughly than other types. Vehicles with electricity-

charged batteries are different from those with starting, lighting, and ignition (SLI) systems 

since they are made to provide power for extended periods of time. SLI batteries, which 

stand for starting, ignition, and lighting, are one of the battery types. Lead-acid batteries of 

the SLI type, which are typically used in cars, are rechargeable. Deep cycle batteries are a 

different variety in which the battery is discharged much more thoroughly than other types. 

Vehicles with electricity-charged batteries are different from those with starting, lighting, 

and ignition (SLI) systems since they are made to provide power for extended periods of 

time. Instead of SLI batteries, Deep cycle batteries are used for various application 

purposes. For designing traction batteries, it is done with a high ampere-hour capacity 

perspective. The battery for electric vehicles is characterized by  

- The power-to-weight ratio should be high  

- The energy density should be specific  

- Smaller size  

If the batteries are lighter then it provides the advantage that the weight of the 

vehicle reduces and performance is improved. The majority of existing battery technologies 

have substantially lower specific energies than liquid fuels, which affects the maximum 

all-electric range of the vehicles. Despite this, the metal-air batteries have a high specific 

energy because the oxygen in the air surrounds the cathode they use. A few examples 

include zinc-air, lithium-ion, lead-acid, lithium-ion polymer, nickel-metal hydride, and 

nickel-cadmium which are used in electric car rechargeable batteries [16],[17]. Due to their 
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high energy density in relation to their weight, lithium-ion, and lithium-polymer batteries 

are the most popular battery types in contemporary electric vehicles. The amount of 

electrical energy stored in the batteries is expressed in Ampere-hours. 

The following are some of the advantages of Lithium-ion batteries: 

1.) One of the best features is high power density. When it comes to offering the same 

level of capacity, Li-ion batteries are lighter than other battery kinds. 

2.) Compared to lead-acid (4–6%) and nickel-metal hydride (30%) batteries, lithium-

ion cells self-discharge at a rate of 2–3 percent each month. As a result, the Li-ion 

battery has a significantly longer expected lifespan than other battery types. The 

discharge curve of the lithium-ion battery is also flat. For high-energy applications, 

it is well known that if the battery's power output reduces quickly during the 

discharging period, a dangerous problem may develop towards the end of the 

period. For around 80% of the discharge cycle, the lithium-ion battery provides 

voltages that are practically constant [18],[19]. 

3.) A lithium-ion battery pack has a large number of cells within. For instance, the 196 

cells in the Nissan Leaf battery packs are composed of 48 modules, each of which 

has four cells. With this setup, charging happens faster and more effectively. 

 

Fig.1.7 Lithium-ion Battery in Electric Vehicle 



10 

 

Figure 1.7 shows the lithium-ion battery and its packaging in EVs. An electric 

vehicle is powered by thousands of lithium-ion battery cells. It can be seen in the figure 

Lithium-ion Battery consists of Cap, Separators, Anode, Cathode, Electrolyte solution and 

Casing.  

Table 1.3: Comparison between three primary types of battery used in EV 

TYPE COST LIFE ENERGY 

DENSITY 

LEAD-

ACID 

Affordable Low Good 

Ni-MH High  High Good 

Li-ion Reasonable High Good 

  

                 
Fig.1.8 Li-ion Discharge rate characteristics 

 

Figure 1.8 shows the discharge rate curves for a Lithium-ion Battery. It states that the 

productive capacity of the cell is reduced if the cell is discharged at very high rates. 

 

     Self-discharge characteristics of the battery are the property of discharging by 

itself when it is under no use due to the chemical reactions within the cell. This rate of 

discharge depends on the chemical reactions within the battery and the temperature around 

it. Lead Acid battery discharges around 4% to 6% per month, and Lithium-ion discharges 
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around 2 % to 3% per month. The unwanted chemical reactions within the cell increase 

with the increase in temperature, thereby increasing the self-discharging of the cell. 

 

1.7 DC-DC CONVERTER  

DC-DC converter is a device that converts from one dc voltage level to another dc 

voltage level. There are different topologies available for the conversion from one dc level 

to another dc level. On the basis of isolation from the mains, there are two types of 

converters – isolated and non-isolated dc dc converter [20]. 

 

 
Fig.1.9 Different Topologies of DC-DC Converter 

 

As mentioned, an Isolated converter is one of the topologies so in the case of a full 

Bridge Converter there is a transformer (provides isolation), dc source, dc output, and filter. 

If there is a phase shift given to the diagonal switches that is there is a time gap between 

the diagonal switches turning ON then the Full bridge converter is known as Phase shifted 

Full bridge Converter.  

DC-DC converter should meet some design requirements for automotive 

applications like high efficiency, small volume, low output current ripple, reject 

electromagnetic interference, and lightweight. 
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1.8 OUTLINE OF DISSERTATION 

The Dissertation consists of the following chapters: 

  Chapter 1: It consists of the Introduction for the Thesis where the background of 

the project has been discussed. It briefs about the charging configuration, and charging 

power levels for electric vehicles. It introduces the onboard chargers, offboard chargers, 

unidirectional chargers, and bidirectional chargers. Here, it has also been discussed about 

battery requirements in EVs along with DC-DC converters and its topologies. 

  Chapter 2: This chapter consists of the Literature Survey. 

  Chapter 3: This chapter describes the high-frequency DC-DC Isolated with 

Rectification and Synchronous Rectification. It contains the MATLAB simulation results 

and discussions. 

  Chapter 4: This chapter describes the closed-loop control for the proposed 

converter for battery charging in electric vehicles. It contains the MATLAB simulation 

results and discussions 

  Chapter 5: This chapter concludes the thesis along with the Future Scope. 
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CHAPTER 2   

 LITERATURE SURVEY 

2.1 SWITCHED-MODE POWER SUPPLIES 

  Unregulated, linear regulated, and switched-mode power supplies (SMPS) are the 

three main categories of power supplies. The most basic sort of power supply is an 

uncontrolled one. Unregulated power supplies, by definition, cannot give a steady voltage 

like power supplies that are regulated can do. Depending on the output current, the output 

voltage of the unregulated power supply may vary and produces more ripple. Additionally, 

the output voltage will likewise fluctuate if the input voltage varies if the input voltage 

varies, the output voltage will likewise fluctuate. An unregulated power supply is typically 

pursued by a transistor circuit in a linear regulated power supply circuit which results in 

achieving a controlled output voltage. Also, linear power supplies have relatively low 

efficiency because the switch works in the active region. As a result, high-power 

applications do not use linear voltage regulators. A 99% efficiency can be attained by using 

an Isolated SMPS with wide-bandgap (WBG) semiconductor devices [21], [22]. 

  With the help of SMPS unregulated DC is converted to a controlled DC voltage. 

Initially, the AC power is rectified and then filtered. Then, the converter is powered by this 

uncontrolled DC voltage. This converter must give DC output of the correct level with little 

AC ripple regardless of changes in the input voltage or the load. Additionally, isolation 

between the source and the load is necessary for most systems nowadays due to noise and 

safety concerns. A transformer and an intermediary AC stage are used in SMPS to 

accomplish this. The converter's switching frequency is typically in the range of hundreds 

of kHz to avoid bulky magnetic components. The transformer also scales the voltage up or 

down to reach the best operating point. Switched-mode power supplies as the name 

suggests use a number of switches that turn on and turn off at high frequency. During the 

ON state, as shown in Figure 2.1, the switch is in the saturation region, thereby the current 

flows from drain to source and the voltage drop across the switch is minimum. During the 

off state, the switch goes in the cut-off region thereby no current flows from the drain to 

the source. The problem is that as the switch goes into turn-on mode then the voltage across 

the switch gradually goes to zero due to the parasitic capacitances, hence there exists a 

short moment of overlapping of current and voltage which is known as switching loss. This 



14 

 

switching loss occurs during the switching on and switching off. This type of switching is 

also known as hard switching as shown in Figure 2.2. If the switching frequency is high 

then switching losses is also high. Keeping the frequency high, will surely reduce the size 

of elements but also increases the switching loss so there exists a comparison between 

switching power loss and reducing the size of elements to be considered. To have the 

benefit of both that is reduced switching loss and the device size, soft switching came into 

the picture.[23] 

                                         

Fig.2.1 Working regions of MOSFET switch 

 

Figure 2.1 shows the different working regions of MOSFET. When the Gate to 

source voltage is less than the threshold point then the switch works in cut- off region. As 

the Gate source voltage increases thereby crossing the threshold point then a channel of 

conduction is formed between the drain and to source. As drain-to-source voltage increases 

then first it enters a linear region and later after a certain point further increase in the drain-

to-source voltage, the drain current does not increase linearly and it saturates at a certain 

level. 

                            

                                                              Fig.2.2 Hard switching 

Figure 2.2 shows switching where the Drain to source voltage decreases gradually 

and the Drain current increases gradually, resulting in switching loss. 
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2.2 SOFT SWITCHING POWER SUPPLIES 

Zero current switchings (ZCS) of the power FET are shown in Figure 2.3. This is 

also true for gate turn-off thyristors (GTO) and insulated-gate bipolar transistors (IGBT), 

though. When a FET turns on, the drain-to-source voltage drops to almost zero before 

current flows through its terminals because of the series inductance. As a result, the device's 

turn-on losses are very low. However, heat will be produced when energy is released from 

a drain-to-source capacitance. As seen in Figure 2.3, the voltage between the drain and 

source terminals lowers and reverses upon turn-off. The device is switched off by the 

reversed voltage, which also causes the current to flow in the other way. Since the device 

is in the off-state and when voltage is applied again then ideally there should be no turn-

off losses. In summary, the ZCS can reduce turn-on losses and eliminate turn-off losses 

[24],[25]. 

 

Fig 2.3 Soft Switching Transients 

 

 Another soft switching technique is Zero voltage switching (ZVS) where due to the 

presence of the capacitive element across the power FET device, turn-off losses are 

decreased. The external resonant circuit decreases the drain to source voltage during turn-

on thereby, reducing the turn-on losses during the turn-on transition. Furthermore, unlike 

ZCS, upon turn-on, the energy of the parallel capacitance is returned to the circuit by 

resonant action rather than unused in the device. For ZCS circuits, the capacitive turn-on 

losses are proportional to the switching frequency because they happen every cycle. For 

higher frequency operations (>100 kHz), ZVS configurations are usually preferred. In the 

following chapters, the concept of ZVS has been discussed as applied to the selected 

converter topology [26],[27]. Therefore, it can be said soft switching uses LC resonant 

circuit for the switching process. It needs more complex circuits to operate the soft-

switching technique. 



16 

 

2.3 BRIEF OVERVIEW OF PSFB, DAB, LLC CONVERTER TOPOLOGIES 

 Here, a brief overview of PSFB, DAB, and LLC converters has been discussed. All 

these converters belong to the isolated dc converter category. Phase-Shifted Full Bridge 

(PSFB) and Full Bridge LLC (FB-LLC) are the two primary topologies utilized for high-

power DC-DC conversion. These two topologies perform quite well overall and have a 

component count that is similar. PSFB and DAB belong to the same family where the 

difference exists only on the working fundamental at the secondary side [28],[29]. 

2.3.1 FB- LLC converter  

 The output voltage varies as the switching frequency changes. The gain of the 

converter is the function of the transformer turns ratio, full bridge gain, and gain of the 

resonant tank. As the frequency varies, gain also varies. 
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Fig 2.4 Full Bridge LLC converter 

Figure 2.4 shows the Full Bridge LLC converter. It consists of: 

• Four switches at the primary side for switching and four diodes at the primary 

side for rectification purposes. 

• High-frequency transformer  

• A resonant tank circuit of series inductance, and series capacitance. There is the 

transformer’s inductance which is shown parallel to the primary winding of the 

transformer. 

• On the secondary side, the output Capacitor is used as a filter. 

In Figure 2.5 it can be seen that Switches S2 and S3 are placed opposite of each 

other with some dead time to allow for a safe transition, whereas switches S1 and S4 are 
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controlled by the same control signal [40]. At the full bridge's output, this switching pattern 

produces a square wave voltage, which is  

                                       

Fig 2.5 Waveform for FB-LLC 

then approximated as a sinusoidal waveform using the first harmonic. The gain of the Full-

Bridge LLC converter varies with frequency, and the output voltage is regulated by altering 

the switching frequency. 

 

2.3.2 DAB converter 

Wide voltage gain is an added feature in DAB converter which is useful for EV 

charging applications One of the issues in DAB converter is high frequency current ripple 

which affects the battery lifetime [30] 
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Fig 2.6 Basic configuration of DAB converter 

 

Figure 2.6 shows the basic configuration of the DAB converter. It consists of active 

switches on both the primary and secondary sides. It supports inherent switching, provides 

galvanic isolation, and high voltage ratio gain. The phase shift exists between the diagonal 

switches of both bridges which allows the power flow. 

 

2.3.3 PSFB converter 

Due to its outstanding features including soft-switching capability of the major 

active switches, straightforward PWM control with a constant frequency, flexibility, 

reduced current load on the devices, and low EMI, PSFB has demonstrated its promise for 
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EV chargers. The variation in phase between diagonal switches at the primary 

side causes the power flow. 
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Fig 2.7 Phase- shifted full bridge converter 

 

Figure 2.7 shows the PSFB converter. It consists of four semiconductor switches at 

the primary side with body diodes along with four diodes at the secondary side. A separate 

inductor along with the transformer’s leakage inductance can also be used for operation of 

the PSFB converter. In the figure, the high-frequency transformer and at output side 

capacitive filter is shown. 

TABLE 2.1 Comparison of FB-LLC, DAB, PSFB converter 

Factors FB-LLC DAB PSFB 

Output 

Capacitor  

Large capacitor, 

very high ripple 

High ripple Low ripple 

Output 

Inductor  

Not used  Not used  Used 

Soft 

Switching 

ZVS, but 

difficult at 

higher 

frequency 

ZVS is possible for 

all primary and 

secondary side 

switches. 

ZVS 

Output 

voltage 

range 

Medium Can achieve wide 

range of output 

voltage with no 

trade-off with 

efficiency 

High range of 

output voltage  

Control Frequency 

control 

Phase shift control Phase shift 

control 
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2.4 RECTIFIER STATE TOPOLOGY 

Different rectification topologies have been discussed in this section. Full bridge 

rectifiers, centre-tapped rectifiers, synchronous rectification, and diode rectification has 

been covered in this section. 

2.4.1 Centre-Tapped Rectifier and Full bridge rectifier 

In Figure 2.8, there are two full-wave rectifier topologies. The difference between 

the two is that one employs a centre-tapped transformer and two semiconductor devices, 

while the other a conventional transformer and four semiconductor devices. Only one of 

the secondary windings is ever conducting in a centre-tapped rectifier. As a result, the 

transformer will be larger. In addition, compared to a bridge rectifier, the reverse voltage 

applied to diodes will be two times higher [31],[32]. 

 

Fig.2.8 Centre-tapped rectifier and Bridge Rectifier 

Also, the bridge rectifier case has a larger transformer utilization factor (TUF). The 

centre-tapped rectifier has the advantage of having two rather than four semiconductor 

components. This has economic implications, but it also means that there will be a voltage 

drop over just one item connected to the output in series. Consequently, it is more effective. 

2.4.2 Synchronous Rectification and Diode Rectification 

The most popular and straightforward rectification method utilised in medium- and 

high-power applications is the diode rectifier. Robustness and ease of use are the key 

benefits of employing a diode rectifier. However, the efficiency of the system is impacted 

by the lower limit of 0.3V for voltage drop over a diode. 

MOSFETs are used in synchronous rectification in place of diodes as shown in 

Figure 2.9. Lowering the drain to source resistance helps reduce the voltage loss over 
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MOSFETs. So synchronous rectification may be more effective for some current levels. 

However, there are now two additional gate drive circuits and the control is more complex.  

                                         
Fig.2.9 Synchronous rectification 

 

Only changing the rectifier module is necessary to accomplish synchronous 

rectification. 

 

2.5 ZERO VOLTAGE TRANSITION 

In this section, zero voltage switching has been discussed. Fundamentally, ZVS was 

accomplished by charging and discharging capacitors with the help of the energy held in 

the shim inductor during this brief transient period. Consequently, two requirements must 

be fulfilled in attempt to attain ZVS. The inductor's energy must first be sufficient to either 

charge or discharge the upper and lower capacitors on the same leg. Second, the completion 

of this transient is required before the FET is given the turn-on signal. Total equivalent 

capacitance is  given by equation 2.1 

                         Ctotal =Cc+ CD + Ctr                                                                   (2.1)         

where, Ctr is transformers parasitic capacitance , Cc & Cd are parasitic capacitances 

of switches. So the total energy required is  

                                       
1

* *
2

capacitive total in inW C V V=                                                       (2.2) 

The energy stored in leakage inductance of transformer is  

                                        
21

* ( )
2

inductive primaryW Ls I=                                                      (2.3) 

The first condition is expressed as :  

                                          inductive capacitiveW W                                                       (2.4) 
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To satisfy the first condition inductance is added  at the primary side of the transformer to 

supply the energy for  achieving ZVS at different load conditions. 

In order to allow for the whole transient, the second criterion requires that the delay 

period before turning on the FET be precisely determined. One method to do it is as given 

in equation 2.5 

                             4*
delay

res

k
t

f
=                                                             (2.5) 

In equation 2.5, resonant tank frequency fres is given by equation 2.6 

                                         

1

2* * *
res

out

f
Ls C

=
                                                         (2.6) 

Based on the empirical data, the coefficient k in equation 2.6 is 1 in or increased up 

to 2.25 in. In any event, this delay time is only an estimate, and the actual transient time 

will vary depending on the load circumstances. Consequently, a number of research have 

been conducted to investigate the possibility of adaptive dead time, and certain control 

circuits offer a programmable adaptive delay function. It is possible to obtain the necessary 

amount of primary current by a number of methods. Limiting the minimum load current to 

the proper level is the simplest strategy [33]. 

However, designing the transformer's magnetizing inductance appropriately 

provides an alternative. The reflected secondary inductor current contribution, which is 

modelled in parallel, contributes to the magnetizing current as well. It is also necessary to 

consider any duty cycle changes that can affect the peak charging current. In many off-line 

high-frequency converters, the magnetizing current alone is usually not enough. Since the 

transformer's core loss is often constrained, it has many primary turns and a large 

magnetizing inductance. One option to generate the appropriate amount of primary current 

is to shunt the transformer primary using an external inductor. Another option is to use the 

output filter's magnetizing current to aid resonance on the primary side.  

With the dissipative discharge of the FET output capacitance, switching losses 

caused by the simultaneous overlap of voltage and current disappear. Due to the "soft" 

switching characteristics, which advantageously include parasitic components of the power 

stage, EMI/RFI is greatly reduced [34]. 
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2.6 SMALL SIGNAL MODEL OF PSFB    

The process of creating a mathematical description of a system can be referred to 

as modeling the system. It involves creating a mathematical input-output model that most 

closely resembles a system's physical reality. Systems using switching converters are 

nonlinear. The switching converter model is linearized since the system must be linearized 

in order to analyze such converters. Such a linearized model has the benefit of being time-

invariant for a constant duty cycle. Only the DC components of the waveforms are 

represented, thus switching and switching ripple has no concerns.[35] 

Modelling the behaviour of a dynamic converter is required in order to build the 

converter's control system. Unfortunately, the switching and pulse width modulation 

processes' nonlinear time-varying nature makes it difficult to figure out the dynamic 

behaviour of converters. 

            

Fig. 2.10 The small signal model of PSFB 

In Figure 2.10 the small signal model of PSFB has been shown which is a buck-

derived topology. Any switching DC-DC converter needs to be controlled in a closed loop, 

hence modeling the converter's small signal model (SSM) is necessary. We may obtain 

entire transfer functions for the supplied DC-DC converter via small signal 

analysis. Additionally, small signal analysis aids in locating the deviation from the steady 

state operating point, which reduces ripple and helps in attaining consistent and controlled 

output voltage. According to Figure 2.10, for the open loop control duty cycle to Output 

transfer function is given by Equation 2.7 

                       
2

( / )*

( ) 1

vd

d

o o d

load load

Ns Np Vin
G

L R
s L C s R C

R R

=

+ + + +
                                                (2.7) 
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where,                             

24*( ) * *
s

d sw s

p

N
R f L

N
=

                                                (2.8) 

 

The PSFB DC/DC converter's small-signal circuit model and the buck converter's 

small-signal circuit model are extremely similar. However, there are still distinctions 

between the two categories of small-signal circuit models. Because the PSFB converter's 

dynamic properties are significantly impacted by the duty cycle loss. 
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CHAPTER 3   

 HIGH-FREQUENCY DC-DC ISOLATED CONVERTER WITH 

RECTIFICATION AND SYNCHRONOUS RECTIFICATION 

3.1 INTRODUCTION 

. A DC-DC converter steps up or step down the voltage level depending on different 

applications. A typical electric vehicle (EV) powertrain is composed of several power 

electronics converter subsystems. Depending upon safe charging, DC-DC converter 

topologies are isolated and non-isolated dc-dc converters. When it comes to isolated 

topology then full-bridge configuration is most frequently implemented as it is suitable for 

high power transmission due to its characteristic feature of ZVS and switches working at 

high frequency. A high-frequency transformer is often used in isolated dc-dc converters. 

The use of high-frequency transformers makes the isolated converter different from the 

non-isolated converter which adds benefits to the isolated topology. Due to their compact 

size, high-frequency transformers can ignore undesirable characteristics including 

inductance leakage and eddy current losses [36]. To avoid bulky components. Since 

transformers need an AC supply, an inverter is required to convert dc into ac which is 

facilitated by the proposed full-bridge dc-dc converter. 

Switching losses, poor efficiency, and voltage spikes are caused by oscillations at 

conventional FB-type converters between the parasitic capacitors of the power components 

and the leakage inductance of the transformer. To achieve Smooth Switching, the phase-

shift control approach is used. A synchronous rectification at the secondary side enhances 

the efficiency further for the PSFB converter. The two MOSFET switches make the circuit 

more complex to control in the case of synchronous rectification [37],[38]. PSFB converter 

consists of three stages of power flow. The first stage is input dc then the second stage is 

dc to ac which is fed to the high-frequency transformer and later the third stage is ac to 

output dc which is fed to the load. For medium and high-power applications, PSFB 

converters are one of the most used dc/dc converters. Due to the soft switching capability 

of the major active switches, PWM control with a constant frequency, wide range, reduced 

current stress on the devices, and low electromagnetic interference, PSFB has come up for 

EV chargers. The phase shift between the diagonal switches affects the PSFB's output 

power. When the phase shift is zero, the duty cycle is 1, which causes the converter to 

operate in hard-switched mode [39]. When the phase-shift angle is equal to 180 degrees, 
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there is no power transmission and the duty cycle is zero. Soft switching is the alternative 

to hard switching. If the current or voltage is zero during the transient in the MOSFET 

switch, the soft switching is visible [40]. Zero current switchings (ZCS) and zero voltage 

switching are two soft switching techniques (ZVS) [41]. Here in this chapter, ZVS has been 

implemented resulting in minimum switching losses. Electric vehicle loads ranging from 

600 W to 3.3 kW can be handled by PSFB with ZVS architecture [42]. 

 

3.2 PSFB WITH RECTIFICATION AND SYNCHRONOUS RECTIFICATION 

The phase-shifted PWM complete bridge converter is a two-stage device. To enable 

ZVS transition and make sure that the primary winding is shorted or connected to the input, 

the control signal to switches S3 and S4 is phase-shifted with regard to the gating signal to 

switches S1 and S2. It has also to be ensured that at no point in time, dc supply is shorted. 

The diode on the secondary side aids in rectification. Both center-tapped and full-bridge 

rectifiers, which use diodes, can be used for rectification. Synchronous rectification is a 

technique for rectification, in which MOSFETs are employed in place of diodes. By 

reducing the drain to source resistance while the MOSFET is ON, the voltage drop across 

the device can be reduced. Therefore, synchronous rectification may be more effective at 

some current levels. However, there are now two additional gate drive circuits and the 

control is more intricate. For simple control, full-wave diode rectification is utilized. 
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Fig.3.1 Phase Shifted Full Bridge Converter 

 

Figure 3.1 depicts the structure of the ZVS phase-shift full bridge PWM converter, 

which differs from ordinary full bridge converters by having four switching elements and 

switching control signals. 
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Fig.3.2 PSFB with Synchronous Rectification 

Here, the secondary side diodes have been replaced with Mosfet switches. The optimum 

value of Rdson for Mosfet will help in minimizing the switching losses. The two Mosfets are 

controlled by a pulse generator and help in completing the path for circuit operation at the 

secondary side. Fig. 3.2 shows PSFB with Synchronous Rectification where two MOSFET and 

two inductors are present at the secondary side. The controlling of the switch at the Secondary 

side plays a key role. 

3.3 DESIGN AND ANALYSIS 

This section covers the design and analysis of the proposed converter. It describes the 

conditions for attaining ZVS  and later, the design specifications has been mentioned. 

3.3.1 Analysis of ZVS 

By utilizing the energy stored in the transformer's leakage inductance to discharge the 

switches' output capacitance before turning them on, the Zero Voltage Turn ON is made 

possible. The energy stored in the leaking inductance must be greater than the energy stored 

in the output capacitances in order to accomplish ZVS. 

2 12 2

2

1 4

2 3
lk MOS in tr inE L I C V C V+=   

 

   (1) 

where, MOSC is the output capacitance of the switch 

trC is the transformer winding capacitance  

Consequently, in order to attain the ZVS, two key requirements must be fulfilled. 

Energy in the inductor must be enough to charge and discharge the capacitor. Second, the 

transient should over before the switch gets ON. 

For simplification, the above equation can be written as: 

2 21 1

2 2
lk eq inL I C V  (2) 

where Ceq is the equivalent capacitance 
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I is the primary current 

On solving further input primary current can be written 

as: 

2
*eq in

lk

C V
I

L
=    (3) 

 

3.3.2 Design Specifications 

TABLE 3.1 Lists the specifications for a PSFB converter 

Parameters Unit Values 

Input voltage V 380 

Output voltage V 72 

Switching frequency kHz 200 

Output current ripple % 20 

Output voltage ripple % 40 

Power Rating kW 1.1 

 

Choosing the duty ratio as 50% and using the above design specifications, turns 

ratio N is calculated as:  

N= ( 2 )in rdson

o d

V V D

V V

−

+
                          (4) 

In equation (4) above Vrdson is a voltage drop over the MOSFET and Vd is a voltage 

drop across the rectifier diode. 

Since the output inductor ripple current is limited to 20%, so ∆IL can be calculated as: 

* 0.2
out

L
s

P
I

V
=    (5) 

     

The magnetizing inductance of the primary transformer is calculated as: 

.

(1 ).

. 0.5

in
mag

L out

V D N
L

I P

−
=


 (6) 

 

The output filter inductor is given by: 

*

*
s

V D
L

I f
=  (7) 

                                                

The output filter capacitor is given by: 
*

*

ripple
out

ripple s

I D
C

V f
=  (8) 
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3.4 MATLAB SIMULATION RESULTS AND DISCUSSIONS  

The results for the PSFB DC-DC Converter have been obtained at a switching 

frequency of 200 kHz with input Voltage 380 V, Output Voltage 72 V, and later the results 

have been obtained for PSFB with synchronous rectification. 

 

 

Fig. 3.3 Primary and secondary side voltage waveform 

In Figure 3.3, the primary and secondary side voltage waveform has been shown. At 

the gate of the MOSFET, a pulse generator has been applied. With the help of a pulse 

generator square-shaped pulse of frequency, 200 kHz has been given to all four switches. A 

shift in the pulse between Diagonal switches has been maintained. With S1, and S4 ON the 

transformer is energized from the DC source and similar happens when S4 and S3 are ON, 

hence resulting in a Quasi square wave. The phase shift is given such that at any point in 

time two switches are operational. When S1 and S3 are ON for a short duration then, the 

primary of the transformer shows zero voltage across it which can be observed in figure 3.1 

The phase shift between diagonal switches that is the starting time of conduction for 

diagonal switches varies by short duration. Thereby, the DC input to the transformer’s 

primary winding varies accordingly. 
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Fig. 3.4 Output Voltage and current waveform 

 

In Figure 3.4, the output voltage and current waveform have been shown. The 

output of the transformer’s secondary is fed to the full bridge rectifier which helps in 

attaining DC values. These DC quantities are passed through an LC filter at the output 

which improves the quality of the DC quantities and also gives gain for the circuit. Hence, 

on the output side, we are able to achieve the given specification values which fulfill the 

sole purpose of the given DC-DC converter. The output voltage achieved is 72 V and the 

output is 15 A. 

In Figure 3.5, pulse generator waveforms have been shown. It can be observed from 

the figure that a pulse of constant amplitude, has been fed to the Gate of the MOSFET 

which controls the switch. A phase shift can also be observed between the diagonal 

switches that are S1 - S4, and S3 - S2. S1 and S4 conduct at a time than S3 and S2 conduct at 

a time. For a short duration, there is a common point of contact for S1 and S3 resulting in 

almost no voltage across the Transformer and the same happens for switches S2 and S4 also. 
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Fig. 3.5 Switching pulse waveforms 
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Fig.3.6 ZVS across Switch S1 

In Fig. 3.6, Zero Voltage Switching has been shown across Switch S1. It can be 

observed that voltage across the switch is zero that is the inductive energy of the leakage 

inductor that has discharged the snubber capacitance of the switch then the switch starts 

conducting hence resulting in zero switching loss. It can also be observed across the other 

three switches also. The leakage inductor is a key element that controls the ZVS transitions. 

TABLE 3.1 Lists the efficiency for different values of load current for diode 

rectification 

Load 

(%) 

Efficiency (%) 

Full load 92 

80 90 

50  87 

30 80.56 
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PFSB with Synchronous Rectification: 

Here, on the secondary side, two MOSFET switches have been used for the purpose of 

Rectification and two inductors have been connected at the load side for the splitting of the 

current into two parts. The control of the two MOSFETs at secondary is complex but it is 

efficient for the system. Fig 3.7 shows the Primary and Secondary Voltage waveform 

across the transformer’s primary winding. 

                

Fig. 3.7 Primary and Secondary voltage waveform across the transformer 

                ,  

                  

Fig 3.8 Output Voltage and Current waveform at the Load side 
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Fig.3.8 depicts the Output voltage and output current waveform at the Load side 

operated for Synchronous Rectification. The secondary side is connected to the 

Synchronous rectifiers thereby reducing switching power loss and improving heat 

dissipation. At a different value of load conditions, the magnitude of voltage and current 

will be different.  

 

                       

Fig 3.9. Switching pulse waveforms applied to switches S1, S2, S3, S4 

In Figure 3.9 Switching pulse fed to switches at the primary side is depicted. The 

phase shift has been maintained across Diagonal switches. 

     

Fig. 3.10 Switching Pulse at Q1 and Q2 
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In Fig. 3.10 The switching pulse at Q1 is the same that as fed to S2 and the switching 

pulse at Q2 is the same as that fed to S1. Switches Q1, and Q2 are at the secondary side 

thereby helping in completing the path at the load side 
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Fig.3.11 ZVS across switch S1 

In Figure 3.11, it shows the switches attaining ZVS as it can be observed that at 

zero voltage across Switches, the turn-on process occurs. At the secondary side current 

splits into two different paths and hence, conductivity losses reduce. If the drain-to-source 

resistance is reduced then the Voltage drop across the switch is low. 

 

TABLE 3.2 Lists the efficiency for different values of load current for synchronous 

rectification 

Load  Efficiency (%) 

Full load 95 

80 % of the full load 93.20 

50 % of the full load 90 

30% of the full load 86 

 

At a different load value, the converter has been analyzed thereby, efficiency has 

been calculated for different values of load current 

 

Fig 3.12. Load Current vs Efficiency for PSFB 
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Fig 3.12 shows the variation of Efficiency as the load current is varied. The load 

current has been calculated at different values of R-load 

 

TABLE 3.3 Lists the comparison for diode rectification and synchronous rectification 

PSFB with diode 

rectification 

PSFB with synchronous 

rectification 

Diode’s forward voltage drop is 

more  

MOSFET Rds (resistance across drain 

to source) ON will be less. 

The switching speed is 

normal 

Better switching 

speed 

Conduction losses is more. 

 

MOSFETS can be paralleled to have 

fewer conduction losses 

 

 

3.4 CONCLUSION 

A 200 kHz switching frequency ZVS PSFB dc-dc converter and PSFB with 

Synchronous Rectifier have been Modeled in the Simulink environment. PSFB is preferred 

in EV battery charging applications and it supports ZVS over a wide load range. It is more 

efficient to run PSFB with Synchronous Rectification for higher efficiency. PSFB with 

synchronous rectification is preferred over conventional PSFB. It is to be noted that 

MOSFET output capacitance should be kept low in order to extend the ZVS range. The 

model was analyzed under various loading conditions. Synchronous Rectification was able 

to deliver 95% efficiency at full load which was found to be better than conventional PSFB. 
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CHAPTER 4   

 CLOSED-LOOP CONTROL OF DC-DC ISOLATED CONVERTER 

FOR EV BATTERY CHARGING 

4.1 INTRODUCTION 

There are different topologies available in DC-DC converters as per the requirement 

of voltage levels and efficiencies. Based on safety and galvanic isolation DC converters 

are classified as Isolated converters and non-Isolated converters. Isolated converters use 

high-frequency transformers and provide galvanic isolation. Converters like LLC, and 

DAB come under this category. Some examples of non-isolated converters are Buck-Boost 

converters, flyback converters, and CUK converters [43]. The basic stages of charging are 

from ac (from the grid) to dc and then dc to dc conversion. Onboard EV chargers directly 

take ac from the supply and the later stages of conversion ac to dc and then dc to the 

required dc for the battery is present inside the vehicle charging system whereas, in 

Offboard chargers, DC is directly fed to the vehicle battery system, where DC-DC 

conversion occurs where DC-DC converters play a vital role in charging. The working of 

the converter also influences the lifetime of the battery [44]. Both ac and dc charging is 

possible; ac charging often specifies level 1 and level 2 onboard chargers whereas dc 

charging is specified by level 3 off-board chargers. Level 1 is simple charging available at 

residential, buildings where 230V ac is available. It supports 12 A to 15 A of current 

(Single Phase). Level 1 charging is slow charging. Level-2 ac chargers can produce up to 

20kW of power and are typically utilized in commercial locations like malls and 

workplaces. Modern Level-2 charging stations accept 208Vac or 240Vac as input voltage. 

Level 3 chargers are fast offboarding DC-DC chargers. Figure 4.1 shows the stages of the 

charging system. It depicts the power level conversion stage [45],[46] 

Input 
DC

DC-AC AC-DC Battery

 

Fig.4.1 Stages of conversion 

PSFB with synchronous rectification is a good selection for EV chargers as it has the 

soft-switching capability, low stress on switches, low and EMI, simple PWM control. It has 

high efficiency and a wide range of ZVS than the conventional PSFB with diode rectification. 

It allows working at high frequency resulting in high power density. The closed loop PI 
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control has been used to achieve CC mode charging. The PI controller controls the pulses 

which is fed at the MOSFET switches [47],[48]. 

4.2 DESIGN AND ANALYSIS OF THE BATTERY CHARGING SYSTEM  

The block diagram of the proposed charging consists of Input dc, dc-ac conversion, 

ac-dc conversion, Battery, and CC controller. Input DC is fed to the Phase shifted full 

bridge converter which is then converted to the EVs battery voltage level. AC power from 

the grid can be rectified to DC and fed at the input DC level. Other forms of renewable 

energy like solar energy can be used to feed power at input DC. In the Block diagram, 

different stages have been shown under the block Phase shifted Full bridge Converter. The 

first stage is DC to AC conversion with the help of the H bridge structure present in PSFB. 

This ac is fed to the high-frequency transformer which stores energy in the form of 

magnetic energy and builds the voltage level. In the last stage, this ac is converted to dc 

with the help of synchronous rectification where two MOSFETs are used at the secondary 

side of the high-frequency transformer. Here, Synchronous Rectification helps in attaining 

the dc voltage level at high efficiency. This dc is passed through the LC filter. 

DC- AC 
conversion

High 
Frequency 

Transformer

AC-DC 
conversion

Load (EV 
Battery)

CC 
CONTROLLER

Input DC

PHASE SHIFTED FULL BRIDGE CONVERTER 

 

Fig.4.2. Block diagram of Proposed Charging System 

With the help of an LC filter, the output dc current and voltage smoothen, thereby, 

feeding better quality charging current to the battery. Figure 4.2 shows the Block diagram 

of the proposed Charging system. The CC controller consists of a PI controller which helps 

in maintaining the constant required current to the battery and also protects the battery from 

overheating. The output voltage obtained at the secondary side of the converter should be 

greater than the battery nominal voltage for better and more efficient charging [51],[52]. 
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4.2.1 PI controller design and Operation 

The closed-loop control of the battery charging current is done using a PI(also, 

known as Proportional Integral) controller. PI controller is a feedback control loop that 

helps in setting the desired value at the output. The reference desired value is set and with 

the help of the sensor, the output charging current of the battery is sensed. The difference 

between the reference value of the current and the output charging current known as the 

error signal is fed to the PI controller. This helps in controlling the switching pulses given 

to Switches, thereby controlling the operation of switches accordingly and helping to 

achieve a uniform charging current for the battery [49],[50]. The mathematical equation of 

the PI controller is given by: 

0

( ) ( ) ( )
t

p iu t k e t k e t dT= +   

 

   

(1) 

where, u(t) is the controlling signal, e(t) is the error signal 

 kp is the proportional gain constant of P -term 

 ki is the integral gain of I-term 

The combination of proportional and integral signals is known as the controlling signal 

u(t). The setting of Kp and Ki is important for tuning the PI control and hence achieving 

the desired charging current at the battery side 

 

PI 
Controller

Phase Shift 
logic

PWM+
_

SWITCHES

Ibattery

Iref

 

Fig.4.3 Block diagram of PI control strategy 

 

Figure 4.3 shows the block diagram of the PI control strategy. The diagram states the 

control of the charging current. of the battery. The PI controller helps in improving steady-

state error characteristics for the system. 

 

4.2.2 Design of filter and design specifications 

The capacitor inductor filter at the output side is designed using the following 

equations. The voltage drop across the output inductor is given as 
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s
L in

p

NV V Vo
N

−=  

 

(2) 

Vo is the output voltage 

s
in

p

NV
N

 is the secondary side transformer voltage with turns ratio Ns/Np 

L
diV
dt

=  

 

 

(3) 

Using equations 1 and 2 , the inductance L can be written as 

s
L

ripple

DTL V
I

=  

 

(4) 

The output current through the filter capacitor is given as 

ripple

dv
I C

dt
=  

 

 

(5) 

Equation 4 can be further written as  

s
ripple

ripple

DTC I
V

=  

 

 

(6) 

 

TABLE 4.1 Lists the system parameters 

PARAMETERS UNITS VALUE 

Input voltage V 380 

Output voltage V 55 

Switching frequency kHz 200 

Output current ripple % 20 

Output voltage ripple % 40 

Power rating kW 5.5 

Battery nominal voltage V 48 

Battery Ah rating Ah 100 

Battery Initial SOC  % 40 
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Depending on the requirement, batteries can be charged at different rates. Appropriate 

safety measures must be taken in order to maximize the charging rate, ensure the battery is 

fully charged, and prevent overcharging therefore, the system is operated under CC mode 

to charge 48V,100Ah battery. 

4.3 MATLAB SIMULATION RESULTS AND DISCUSSIONS 

The MATLAB Simulink environment is used to model the proposed charging system. The 

model consists of, a PSFB DC-DC converter, a PI controller, Lithium Ion Battery. The input 

DC voltage is 380 V, the output at the converter is 55 V, Switching Frequency is 200 kHz is 

used to charge a 48 V, 100 Ah Lithium-ion Battery. 

 

Fig.4.4 Primary and secondary side voltage waveform 

In Figure 4.4, the primary and secondary side voltage waveform has been shown. The 

PI controller feedback loop controls the switches in order to maintain CC mode and the 

phase shift between the diagonal switches has been maintained which helps in attaining the 

desired voltage waveform at the primary and secondary sides. On both sides, the 

transformer has zero voltage due to the two upper switches or two lower switches. 
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Fig.4.5 Output Voltage and current waveform fed to Battery 

In Figure 4.5, the output voltage and current waveform is shown which comes after 

synchronous rectification through the secondary side of the high-frequency transformer. 

The output voltage is 55 V at the output of the converter and it is fed to the battery. The 

lithium-ion battery charges with a charging current of 100 A at initial SOC of 40 %. 
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Fig.4.6 SOC, Current, Voltage waveform from the Battery 

In Figure 4.6 the charging current remains almost constant up to 60% to 70 % of SOC 

and then the charging current starts decreasing gradually and at 99% SOC, the charging 

current becomes almost zero. 

 

Fig.4.7 Switching Pulses 
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Figure 4.7 shows the switching pulses for switches S1, S2, S3, S4. The closed loop PI 

control has controlled the switching pulses in order to maintain the desired output. 

 

Fig.4.8 Switching Pulse at Q1, Q2 

Figure 4.8 shows the switching pulse waveform at the secondary side switches Q1 

and Q2.  

4.4 CONCLUSION 

In the proposed model, the charging of a 48V lithium-ion Battery through PSFB dc-

dc converter closed-loop control has been studied in a SIMULINK environment. One PI 

controller has been used to maintain CC mode charging. The PI controller has a significant 

role in avoiding overshoots and undershoots for the charging current and has a faster 

response. SOC, current, and voltage waveforms of the battery have been presented for the 

charging state.  PSFB dc-dc converter with synchronous rectification can be used for EV 

battery charging as it has high efficiency and enhances ZVS over a wide load range. The 

CC mode also helps in maintaining the life of the battery. The future scope of this paper 

can be extended to CC-CV charging and other Artificial Intelligence (AI) based control 

methods can be implemented. 

 

 

 

 

 



43 

 

CHAPTER 5 

CONCLUSIONS AND FUTURE SCOPE 

5.1 CONCLUSIONS 

A 200 kHz switching frequency ZVS PSFB dc-dc converter and PSFB with 

Synchronous Rectifier have been Modeled in the Simulink environment. PSFB is preferred 

in EV battery charging applications and it supports ZVS over a wide load range. It is more 

efficient to run PSFB with Synchronous Rectification for higher efficiency. The model was 

analyzed under various loading conditions. The closed-loop model is analyzed and the 

charging of a 48V Lithium-ion Battery has been studied in a Simulink environment. 

Through the completion of this thesis study, several significant learning points have been 

identified, like, when high-power and high-frequency operation is involved, parasitics of 

the power electronic components play a crucial role and another is that High voltage track 

isolation requires significant effort. 

The phase-shifted full bridge converter is a power electronic converter widely used 

in various applications such as renewable energy systems, electric vehicle chargers, and 

high-power server power supplies. It offers several advantages, including high efficiency, 

robustness, and the ability to work in ZVS over a wide load range. It is a reliable and 

efficient solution for power conversion. Its ability to control the phase shift between the 

switching signals allows for soft switching, reducing switching losses and improving 

overall efficiency. Additionally, its modular structure and scalability make it suitable for a 

wide range of power levels. 

5.2 FUTURE SCOPE 

Some of the recommendations for future scope are: 

1. Future research can focus on optimizing the converter’s design and utilizing 

advanced semiconductor devices to achieve higher power density without 

compromising efficiency and reliability. 

2. Wide bandgap semiconductor devices, such as silicon carbide (SiC) and gallium 

nitride (GaN), offer superior switching characteristics and higher operating 

temperatures compared to traditional silicon-based devices. 

3. Developing advanced control algorithms and techniques can enhance the 

converter's dynamic response, transient performance, and fault tolerance. This 
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includes adaptive control strategies, predictive control, and advanced modulation 

techniques to further optimize the converter's efficiency and response to varying 

load conditions. 

4. The integration of energy storage systems, such as batteries or supercapacitors, with 

the phase-shifted full bridge converter can enable energy management and improve 

grid interaction. This combination can lead to enhanced grid stability, peak shaving, 

and the ability to handle intermittent energy sources more effectively. 

5. The phase-shifted full bridge converter can find new applications in emerging fields 

such as renewable energy integration, smart grids, and electric vehicle 

infrastructure. As these sectors continue to grow, the converter's ability to 

efficiently handle high power levels and provide reliable power conversion will be 

of great significance. 

Continued research and development in areas such as power density, semiconductor 

integration, advanced control techniques, energy storage integration, and emerging 

applications will further enhance its performance and broaden its scope for future 

applications. 
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