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Abstract 

 
The combustion of fossil fuels, a non-renewable and limited resources, has 

caused global warming, ozone damage, air pollution and acid rain. Electric vehicles are 

eco-friendly with attractive features such as, less emission of greenhouse gases, lower 

fuel usage and reduced air pollution. The battery charger is one of the most important 

components of the electric vehicle. This research work focusses on the on-board battery 

charger.  

Firstly, a Half-Bridge LLC resonant converter topology is designed which owns 

soft-switching features, high efficiency, and regulated output voltage. The output 

voltage is well regulated with the help of conventional PI-controller. It has been also 

simulated for the all the three modes, at resonance frequency, below resonance 

frequency and above resonance frequency in order to identify the optimal operating 

point of the converter. 

Secondly, the half-bridge LLC resonant converter is integrated with the boost 

converter to improve the power quality. The boost converter has been employed for the 

power factor correction. The output voltage is controlled with the PI-controller. The 

steady state and dynamic performance are analysed in MATLAB software under load 

and input supply variations.  

Further improvement has been done to supress the large inrush current observed 

in boost PFC by replacing boost converter with SEPIC converter. The presence of 

intermediate capacitor helps to supress the inrush current. There are some other unique 

features also introduce such as, it always operates near the resonance frequency for 

different output voltage, it also has the capability to give excellent performance under 

various input supply voltage, different loads at output.  

Nevertheless, a bidirectional half-bridge LLC resonant converter is designed 

which can perform in both forward mode and backward mode. In forward mode, the 

battery charging has been done and in backward mode, battery supply the power load 

connected at the supply side of the converter. The bidirectional LLC resonant converter 

has capability of soft-switching in both the forward and backward mode of operations. 

In forward mode, control of battery charging has been done with the help of PI-

controller and in backward mode the voltage across the load is regulated with the PI-

controller. 
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CHAPTER 1 

LITERATURE SURVEY  

 

1.1 Introduction of Electric Vehicles 

The global energy utilization due to transportation is predicted to increase by 

around 45 percent from 2009 to 2036 [1]. This utilization is accountable for the major 

share (63%) of the total rise in petroleum and other fossil fuels usage from 2010 to 

2040. The combustion of a non-renewable, fossil fuels and finite resource, has caused, 

acid rain, ozone damage, increasing air pollution and global warming. Consequently, 

new technologies for substitute vehicles are of great curiosity to researchers, 

governments, industry, and the general public these days [2,3]. 

Electric vehicles (EVs) are propelled by electric motors and are powered 

directly from an energy store rather than indirectly via internal combustion engines 

(ICEs) [2, 3]. EVs are more eco-friendly than typical fossil fuel-powered vehicles, with 

lower fuel consumption, lesser carbon emissions, and lesser air pollution [4]. As a 

result, EVs are gaining popularity around the world. 

Apart from the ability to resolve environmental deprivation and the fossil fuel 

problem, another benefit of electric vehicles is that they can be utilized as energy 

storage units in vehicle-to-grid (V2G) applications as well as traditional grid-to-vehicle 

(G2V) charging [5, 6]. V2G technology's fundamental idea is to employ vehicles as 

energy storage units and give electricity to the grid to assist the grid during voltage and 

frequency dips [7, 8]. When a considerable amount of grid electricity is generated from 

renewable energy sources with a high degree of variation, such as wind, solar, and 

wave/tide, this support may become critical. 

Overall, based on this extensive literature survey [1-69] the research work has 

been simplified for forward and bidirectional charging of batteries for electric vehicles. 

 

1.2 Batteries for Electric Vehicles 

Although electric vehicles have advantages, technology limitations such as 

larger costs than equivalently sized petrol engines, long charging times, restricted 

battery life, and limited travel distance on a single charge [9].  

The safety, power density (power, volume, and weight), reliability, 

affordability, and life lifetime of an electric vehicle battery are the most important 
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factors to consider. Firstly, safety is always the priority for the EV [10]. Over-current, 

over voltage, over temperature, deep discharge, and cell charge balancing are all 

important protection conditions. Second, because EVs have limited space, power 

density is a bigger issue. The amount of energy stored in an EV battery is measured in 

amp-hours (Ah), which defines the vehicle's range. The rate of charging and 

discharging is determined by current and expressed in Ampere-hour. Finally, the 

battery life span can be assessed in two ways: minimum calendar life and total 

charging/discharging cycle life [11]. A vehicle battery is typically expected to last 10-

15 years with a specific capacity [12]. Overall, while trade-offs must be considered, an 

EV battery should meet all of these needs at a reasonable cost, as the high cost of 

batteries has previously been a significant obstacle to the broad acceptance of electric 

vehicles [13]. 

Currently, three main battery technologies are extensively utilised in EVs: lead-

acid batteries, nickel metal hydride (NiMH) batteries, and lithium-ion (Li-ion) 

batteries, the key properties of which are listed in Table 1.1 [14]. 

 

Table 1.1 The comparison of Batteries for electric vehicles [14] 

Type  Cost  Energy 

density 

Discharge 

power capacity 

Self-discharge 

rate 

Life 

span 

Lead-acid Reasonable Low  Good High Short 

NiMH High High Good High Long 

Li-ion Reasonable High Good Low Long 

 

The lead-acid battery that powered early electric vehicles like the GM EV1 [15, 

16]. It has a high discharge power capacity that allows it to respond quickly to load 

fluctuations. Meanwhile, due to the progressive technological development, the price 

is reasonable. However, it is not ideal for the current EVs due to its heavy-weight, low 

energy density, and limited life period due to deep discharging degeneration. 

Toyota Prius [17] and Honda Insight [18] both use NiMH batteries. A NiMH 

battery offers a higher power density than a lead-acid battery because the 

charge/discharge operations are simpler. The EV with a NiMH battery has double the 

driving range as the comparable lead-acid battery due to the high-density feature [19]. 

A NiMH battery also has a longer life cycle since it can withstand moderate 

overcharges and severe discharges. Because the NiMH battery has a low internal 
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resistance and a significantly higher charge acceptance capability, the charging 

efficiency is higher. The biggest disadvantage of NiMH is its rapid self-discharge rate, 

which means that while the battery is not in use, it will lose charge. It also has a higher 

cost and a lower charge acceptance capability in high temperatures, lowering charging 

efficiency. 

For newer generations of EVs, such as the Nissan Leaf [20, 21], lithium-ion 

(Li-ion) batteries have become one of the preferred energy storage units. Although the 

Li-ion battery has problems that need to be addressed, cell balance, such as cell life, 

cooling operation, safety, and cost. It has the advantages of higher energy density, 

higher power rating (high cell voltage and output power), lower weight, and greater 

discharging power for faster acceleration when compared to other rechargeable 

batteries. The following are some of the advantages [12, 22-25]: 

1. One of the most appealing features is the higher power density. Li-ion batteries 

are substantially lighter than other types of batteries when it comes to providing 

the same level of capacity. For example, the AC Delco lead-acid battery pack 

in the Chevrolet Volt weighs 590 kg to provide the same amount of energy 

(16kWh), whereas the new Li-ion battery pack weighs only 170 kg, or 28.81 

percent less than the original option. 

2. Lithium-ion cells have a self-discharge rate of 2 to 3 percent per month, which 

is substantially lesser than Lead Acid (4 to 6 percent per month) and NiMH (30 

percent per month). As a result, the Lithium-ion battery has a longer life 

expectancy than other types of batteries. Furthermore, the Lithium-ion battery's 

discharge curve is impartially flat. It is commonly understood that if the 

battery's power output drops quickly during the discharge cycle, a dangerous 

problem can arise towards the end of the cycle, particularly for high-power 

applications. The Lithium-ion battery, as illustrated in Fig. 1.1, offers 

essentially constant voltage (corresponding stable power) for about 80% of the 

discharge cycle. 

3. The inside of a Li-ion battery pack has a high number of cells [26]. The 196 

cells in the Nissan Leaf battery pack, for example, are made up of 48 modules, 

each with four cells [27, 28]. The charging process is faster and more efficient 

with this arrangement. 
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Fig.1.1 The Li-ion battery discharge characteristics [24,30] 

 

 

1.3 Battery charging Technology 

The discharging and charging regulation, as well as the battery design, have an 

impact on battery performance. Consequently, battery discharge and charge operation 

and control are important technologies in the whole electric vehicle system [29]. 

1.3.1 Charging strategy  

 Constant current (CC) [30], constant voltage (CV) [31], constant power, taper 

current, and other charging methods exist [32]. The constant voltage charger is the most 

basic technique for charging a battery. It works by giving the suitable current to sustain 

a constant battery voltage. To protect the battery, it requires an additional circuit. A 

constant current charger feeds a fixed current into the battery (typically the maximum 

current for fast charging), and the battery voltage increases linearly over time. In a slow 

charging technique, a constant power charger is usually used for large and expensive 

batteries. When charging in a household context, the key restriction is the maximum 

current, which must be less than the single-phase outlet fuse current. 
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The constant current-constant voltage (CC-CV) charging strategy is commonly 

used for Li-ion batteries [33, 34]. The charging method in this CC-CV charging profile 

has two stages: CC mode and CV mode. The first stage is the CC mode, in which the 

current is regulated at a constant value (typically the highest current that the battery can 

sustain without causing harm) while the battery voltage rapidly increases to its rated 

maximum level. Continued constant current charging will result in overcharging and 

excessive heating, potentially damaging the battery. To avoid this, the charging process 

is switched to CV mode when the battery voltage hits the threshold voltage (almost 

fully charged voltage), during which the battery voltage is kept at a constant value while 

the battery is gently charged. Meanwhile, the battery charging current drops to prevent 

overcharging until it hits a predefined low value, at which point the charging operation 

is stopped. The maximum charging voltage of a Li-ion battery cell, for example, is 

commonly 3.6V or 4.2V. The CV stage begins when the battery voltage hits 90% state 

of charge (SOC) and the current starts to drop [35]. 

1.3.2 Charging power levels 

Battery chargers are categorized into three types [36, 37] based on different 

power ratings and charging times: Level 1 for slow (domestic) charging, Level 2 for 

primary charging, and Level 3 for fast charging (typically using DC voltage) [9], as 

shown in Table 1.2. 

Table 1.2 Comparison of charging power levels [36, 38] 

Type  Classification  Voltage Power level Charging time 

Level 1 Slow charging 120V @ AC 2 kW 10-12 Hours 

Level 2 Primary 

charging 

240V @ AC 19.2 kW 4 Hours 

Level 3 DC fast charging 200V-800V @ 

DC 

50kW- 120kW Less than 1 

hour 

 

Level 1 charging is the most basic EV charging level. It is powered by a typical 

120 V household socket and has a range of 4 to 5 miles after an hour of charging. 

Because most EV manufacturers include a Level 1 EVSE wire set, no additional 

charging hardware is necessary. Recharging a completely depleted EV battery takes 

about 20 hours [39]. The use of a 220 V inventory framework is mostly limited to 

North, South, and Central America, Europe, and a big section of the world. This type 
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of charging mechanism requires an installation cost of around 39k-62k thousand rupees 

[500-800 USD]. 

Level 2 charging equipment uses a private 220 V supply system or a 208 V 

charging station outside [39]. In an hour of charging, a 3.3 KW on-board charger can 

provide roughly 15 miles of travel. A 6.6 KW on-board charger, on the other hand, may 

travel 30 miles in the same amount of time as it takes to charge. Level 2 EVSEs employ 

equipment specifically designed to speed up recharging and require skilled electrical 

installation using a dedicated electrical line. The Level 2 charging system will cost 

around 77k-232k in Indian rupees [1000-3000 USD]. 

A 480 V AC supply system is required for Level 3 charging. This type of 

charger may travel 80-100 miles in 20-30 minutes after charging. The DCFC converts 

AC power to DC, which is then transmitted straight to the EV battery pack. This level 

of billing is only appropriate for commercial use, not domestic. The cost of execution 

ranges from 23lakh – 1,24Cr [30000 – 160000 USD]. 

1.3.3 Off- board and On-board charger 

Battery chargers for electric vehicles are often divided into on-board and off-

board categories, as indicated in Table 1.3. Off-board chargers, also known as 

standalone fast-charging stations, function similarly to filling stations for liquid fuel 

vehicles, providing high-power charging at a rapid rate [9]. Off-board recharge stations, 

which can considerably expand the range of pure-battery EVs, are typically built-in 

public areas such as shopping malls, car parks, and highway facilities [40]. The size, 

weight, and space constraints for developing such an off-board station are lessened; 

however, these stations require large investment and long-term development time. 

On-board chargers, on the other hand, are built into the vehicles and provide 

modest charging times of 6-16 hours at low power levels of 2-20 kW [9]. When electric 

vehicles are hooked into a household utility socket overnight, on-board chargers allow 

straightforward charging. Because the charger can be built within the EV, it will not be 

as expensive as an off-board charger station. Despite the fact that size, weight, and 

space limits limit the input power level, making charging slow, on-board charging 

remains a potential alternative due to its small form, ease of use, and low cost.  

Table 1.3 Comparison of off-board and on-board charger 

Classification Power rating Level type Charging time Size limit 

Off-board 50kW 3 Less than 1 hr less 

On-board 2-20kW 1,2 4-12 hrs Yes 
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According to the SAE J1772 standard [26], on-board chargers often use Level 1 and 

Level 2, which are intended to be mounted in the vehicle, while off-board chargers 

typically use Level 3. 

1.4. Design requirement of EV battery charger 

The research work primarily focuses on the onboard charger which typically 

consists of two stages, front end PFC and dc-dc converter. The prime objective while 

designing an onboard charger is: 

• Unity power factor for better power quality 

• Zero voltage switching leading to High efficiency 

• Reduction in size and weight of the charger 

• High power density 

• Isolation at the output end for enhanced safety 

1.4.1 Power Quality 

The full-bridge rectifier present on the input side of the converter makes the 

input current at the converter end out of phase from the source voltage resulting in poor 

power quality. The converter operating in a discontinuous mode often reduces the 

power quality at the input side of the source which needs to be improved as per IEEE 

standards and regulations enforced by various power supply units. A way to improve 

the power quality is by using a power factor correction circuit.  

1.4.2 High efficiency 

Major losses are categorized as switching losses and conduction losses. At high-

frequency operation, the switching losses predominate the conduction losses. To reduce 

the switching losses at the high frequency, the primary switch is turned on/off at zero 

voltage (ZVS) and/or zero current (ZCS) condition avoiding any switching losses. With 

the advent of Silicon carbide and Gallium nitride technology, Rds(on)
 of the primary 

switches are reduced considerably which ultimately could reduce the conduction 

losses. Another approach to reducing the conduction losses is to replace the diodes at 

the rectifier with MOSFET, commonly known as synchronous switching. Through 

ZVS/ZCS switching losses can be avoided and through synchronous rectification 

conduction losses can be avoided resulting in high efficiency across the converter 

operation. 
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1.4.3 Galvanic Isolation 

In an electric vehicle system, safety is paramount. Insulation and galvanic 

isolation should be preserved throughout the battery charger facility life in every 

working situation, according to ISO 6469-3:2011-2012 [41] and UL2231-1:2002-05 

[42]. To guarantee galvanic isolation and safe operation, an isolated transformer is 

commonly used between the EV battery and the grid [43]. As a result, despite the 

benefits of low cost, simple structure, small size, light weight and fewer components, 

[40], the non-isolated DC-DC converters such as boost converter and buck converter 

[44] will not be used in this research. Furthermore, isolated converters with varying 

transformer turns ratios have the ability to give a wider output voltage to cope with a 

wide range of battery voltage in a battery charging systems [45]. 

1.4.4 Wide operation range 

Full-bridge soft-switching topology, such as the dual active bridge (DAB) 

topology, have been the subject of extensive research [46-48]. The galvanic isolation, 

symmetrical structure, and bidirectional power transfer capability of the DAB 

converter are all advantages. The operational zone in which the circuit preserves ZVS 

narrows as the load lightens, hence ZVS may be lost under light load, which is a 

disadvantage of the DAB architecture [49]. Furthermore, the DAB circuit's substantial 

turn-off current and circulating energy result in considerable power loss and reduced 

efficiency [50]. 

With ZVS and ZCS [51-55], resonant converters with low electromagnetic 

interference (EMI) and high efficiency can be employed to produce minimal switching 

loss. To achieve the zero-crossing of the voltage or current, different numbers of 

resonance elements are commonly employed to build the resonant tank. The 

conventional types of resonant converters are series resonant converter (SRC), which 

comprises two resonant elements in series, parallel resonant converter (PRC), which 

comprises two resonant elements in parallel, and Series Parallel Resonant Converter 

(SPRC), which contains three resonant elements, as depicted in Fig. 1.2. 

 

Fig. 1.2 Basic resonant circuit topologies 
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Overall, given a wide input range and light load situation, the SRC, PRC, and SPRC 

will have high switching losses, high circulating current, and high conduction loss 

limiting their capacity to attain high efficiency. 

 

1.4.5 LLC Resonant Converter 

The typical resonant circuit of an LLC resonant converter is comprising of a 

series capacitor, a series inductor and a parallel magnetizing inductor as depicted in 

Fig.1.3. [56]. Because of the three elements, the whole operation of the LLC resonant 

converter has two frequencies. One frequency which is related to the series capacitor 

and series inductor which is known as series resonance frequency and other is related 

to the all the three elements of the LLC resonant converter series capacitor, series 

inductor and magnetizing inductor and this frequency is recognized as fundamental 

resonance frequency. The LLC resonant converter shows the same behavior when it 

operates above the series frequency. Otherwise, it behaves same as of parallel resonant 

converter when the load is light and as a series resonant converter under heavy loads. 

The peak gain of the LLC resonant converter occurs when converter operates between 

the fundamental resonance frequency and series resonance frequency. When the 

operation of the LLC resonant converter is above the series resonance frequency, the 

resonant converter can attain soft-switching features such as zero voltage switching and 

zero current switching which helps in reducing the conduction losses and switching 

losses [58,59]. 

  In DC-DC converter with the LLC resonant circuit the zero-voltage switching 

has been achieved in the primary side active switches and zero current switches in the 

rectifier diodes for the entire load conditions as well as for no load condition [60,61]. 

As a result of the advantages discussed, LLC resonant converter is a suitable topology 

as a DC-DC converter and it is used as for battery charging purpose in this research 

work. 
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Fig. 1.3 LLC resonant tank 

 

1.5 Motivation 

The main goal of this study is to design and modelling an on-board battery 

charging system for electric vehicles which can work at high efficiency and over a wide 

range of battery voltages. The LLC resonant converter would be used as the initial 

design. The major goal is to improve the power quality at supply side of the converter 

through extensive work in following areas: 

1). Analysis of LLC resonant converter 

In order to design an optimal on-board battery charger, the LLC resonant 

converter should be analyzed for different modes of operation to identify the best 

operating mode. 

2) Analysis of dc-dc converter for power factor correction 

  The problem of large inrush current in boost topology is being analyzed and 

proposed solution is identified. 

1.6 Outline 

The thesis is systematized in 7 chapters. The summery of each chapter is given as: 

Chapter 1 covers the basics of electric vehicles and battery chargers. Basic EV charger 

needs are briefly defined, and candidate charger topologies are evaluated. The LLC 

resonant converter architecture is initially chosen as the battery charger. 

Chapter 2 covers the basic of LLC resonant converter and studied for three modes of 

operations resonance mode, below resonance mode, and above resonance mode. 

Chapter 3 presents the boost converter fed LLC resonant converter, where boost 

converter is utilized for the power factor correction and LLC resonant converter 

facilitate the battery charging. 

Chapter 4 covers the SEPIC converter fed half-bridge LLC resonant converter for 

battery charging, SEPIC is used for power factor correction which solved the problem 
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of large inrush current occurs in boost converter and half-bridge LLC resonant 

converter is used for battery charging purpose. 

Chapter 5 discussed the bi-directional LLC resonant converter, backward mode and 

forward mode of operation is simulated. Forward mode for battery charging application 

in which power flow from DC-link to battery and in backward mode the power flow 

from battery to the load connected at DC-link. 

Chapter 6 covers sensitive analysis of proposed research work on Half-bridge LLC 

resonant converter, onboard battery charger based on boost and LLC resonant 

converter, onboard battery charger based on SEPIC and LLC resonant converter, and 

bidirectional HB-LLC resonant converter. 

Chapter 7 summaries the research work on on-board battery charger for Electric 

Vehicle, subsequently the future scope of the work.  
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CHAPTER 2 

HALF BRIDGE LLC RESONANT CONVERTER 

 

 

2.1 Introduction  

 Half-Bridge DC-DC converters with high-frequency galvanic isolated 

transformer is commonly employed in the DC-DC stage of a typical on-board electric 

vehicle battery charging system, as depicted in Fig. 2.1 [9] and Fig.2.2 to provide 

galvanic isolation between the dc-link and electric vehicle battery.  

AC

DC -LINKPFC
Battery

EMI
Filter

AC-DC DC-DC

 

Fig. 2.1 Typical battery charging system  

2.2 Objective 

The basic operation of Half-Bridge LLC resonant converter for all the three 

modes of operation: 

1. Below resonance mode 

2. Resonance mode 

3. Above resonance mode 

2.3 Overview of LLC Resonant Converter 

2.3.1. Architecture of LLC 

A Half-Bridge LLC Resonant DC-DC converter is shown in Fig.2.2 with parallel 

magnetizing inductor Lm , series resonant capacitor Cr, and  series resonant inductor Lr 

. It has three components as follows: 

• Square Wave generator  

• Resonant Network  

• Rectifier Network 
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Fig.2.2 Half-Bridge LLC Resonant Converter 

Square Wave Generator: Square wave voltage, Vd is generated by the Half-Bridge 

by driving the MOSFET switches Q1 and Q2 interchangeably with a duty cycle of 50 

% for both the switches. Between each transition, a very small dead time of order 10ns- 

15ns is frequently introduced. 

Resonant Network: It comprises of resonant capacitor Cr, resonant inductor Lr and 

magnetizing inductor Lm. The energy is circulated and passed to the load through the 

transformer by the resonant network. At the transformer primary side, a bipolar square 

wave is received and this voltage is passed at the secondary winding of the transformer 

having the turn ratio for the desired output voltage.   

Rectifier network: A full-bridge rectifier uses diodes (D1…D4) and capacitors with a 

capacitive output filter to convert the AC voltage to DC voltage. 

2.4 Design Specification 

The design process for the proposed DC-DC Converter involves the following 

specifications: 

• Maximum Input Voltage (Vin
max): 420 V DC 

• DC-Link Capacitor (CDC-LINK): 470uF 

• Rated Output Voltage (Vo): 58V DC 

• Maximum Output Power (Po): 696 Watts 

• Hold-up time (TH): 20ms (50 Hz line frequency) 

2.4.1 Gain of LLC Resonant Converter 

Fig. 2.3 (a) represents the non-sinusoidal circuit and Fig.2.3 (b) shows the sinusoidal 

circuit based on First Harmonic Approximation (FHA) as illustrated in [62]. 
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Fig. 2.3 First Harmonic Approximation (FHA) 

The transfer function of the converter is the gain of the resonant converter (M) that 

can be determined from the circuit depicted in Fig. 2.3 (b) 

 𝑀 =
𝑉𝑜𝑝(𝑠)

𝑉𝑔(𝑠)
  (2.1) 

 𝑀 =
𝑠𝐿𝑚 || 𝑅𝑎𝑐

(𝑠𝐿𝑚 || 𝑅𝑎𝑐) + 𝑠𝐿𝑟 + 1/𝑠𝐶𝑟
 (2.2) 

Where Vop is primary voltage, Vg is fundamental voltage of Vd. 

The fundamental input voltage (Vg) can be given as: 

 𝑉𝑔(𝑡) =
2

π
× 𝑉𝑖𝑛 × sin(2πfst)  (2.3) 

The RMS value of Vg: 

   𝑉𝑔 =
√2

π
𝑉𝑖𝑛   (2.4) 

The fundamental voltage of Vb is given as Vop: 

   𝑉𝑜𝑝 =
4𝑛

π
𝑉0 × sin(2πfst − θv) (2.5) 

Where n is the turn ratio of the transformer and θv is the phase angle between Vop and 

Vg. 

The RMS value of Vop can be determined as: 

 𝑉𝑜𝑝 =
2√2

π
× 𝑛 × 𝑉0   (2.6) 

The gain in terms of Vin and Vo can be determined by dividing (2.6) by (2.4), 

 𝑀 =
𝑉𝑜𝑝

𝑉𝑔
=

2𝑛𝑉0

𝑉𝑖𝑛
  (2.7) 

The magnitude of gain is: 

 𝑀 = |
𝑚 × 𝐹𝑥

2

[(𝑚 + 1) × 𝐹𝑥
2 − 1] + 𝑗(𝐹𝑥

2 − 1) × 𝐹𝑥 × 𝑄 × 𝑚
| (2.8) 

Regardless of load variation, the gain at the resonant frequency (𝑓𝑟) remains constant: 
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 𝑀 =
2𝑛𝑉𝑜

𝑉𝑖𝑛
 𝑎𝑡 𝑓𝑠 = 𝑓𝑟    (2.9) 

All parameters and related equations are summarised in Table 2.1. 

Table 2.1 Equations for Resonant Converter Parameters 

Variable Formula Parameters 

𝑭𝒙 𝑓𝑟

𝑓𝑠
 

Normalized switching frequency 

𝒇𝒓 1

2π√𝐿𝑟𝐶𝑟

 
Resonant frequency (Series) 

𝒇𝒑 1

2π√(𝐿𝑚 + 𝐿𝑟)𝐶𝑟

 
Resonant frequency (Parallel) 

Q 
√𝐿𝑟

𝐶𝑟⁄

𝑅𝑎𝑐
 

Quality factor 

𝑹𝒂𝒄 8

π2
.
𝑁𝑃

2

𝑁𝑆
2 . 𝑅0 

Reflected load resistance 

m 𝐿𝑚

𝐿𝑟
 

Inductance ratio 

𝒇𝒔  Switching frequency 

Lm 2πfrmQNs
2

𝑁𝑝
2𝑅𝑜

 
Magnetizing Inductor 

Lr 1

(2πfr)2𝐶𝑟
 

Resonant Inductor 

Cr 1

2πQfrRac
 

Resonant Capacitor 

Np, Ns  Primary and Secondary turns 

Ro 𝑉0
2

𝑃0
 

Load Resistance 

 

2.4.2 Modes of Operation 

LLC operation can be categorised into three modes [63] based on switching 

frequency as indicated below 

• fs = fr (Resonance Mode) 

• fs > fr (Buck Mode) 

• fs < fr (Boost Mode) 

At resonance frequency (fs = fr), the normalized frequency (Fx) is equal to 1 i.e., 

fr =fs. The resonant current (Ip) meets the current flowing through the magnetizing 
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inductor (Im) when switch Q1 is turned off, and no power is passed to the secondary 

side. The switch Q2 delays turn-on time to attain the input side Zero Voltage Switching 

(ZVS) and soft commutation of the rectifier diodes on the output side. 

  At buck mode (fs > fr), the current flowing in resonant tank is smaller which 

reduces the conduction loss. The resonant current (Ip) is in Continuous Current Mode 

(CCM) which result in less RMS current for the same amount of load. The diodes on 

the secondary side of the transformer are not softly commutated, and reverse recovery 

losses occur. However, operation for frequencies greater than the resonance frequency 

can still achieve ZVS on the primary side. Operation in Buck mode may cause 

significant frequency increase under light load conditions. 

At boost mode (fs < fr), the resonant current (Ip) meets the magnetizing current 

(Im) before the end of the driving pulse width. Even though the magnetizing current 

(Im) continues, the power transfer stops. The ZVS on the input side and soft 

commutation of the rectifier diodes on output side can still be achieved. The current in 

rectifier diode on the secondary side is in Discontinuous Current Mode (DCM) and 

require more circulating current in the resonant tank circuit for the same load, resulting 

in high conduction loss on both the secondary side and primary side. Operation below 

the switching frequency, if the switching frequency is too low, the ZVS on the primary 

side may be lost. 

2.4.3. Computation of Design Parameters 

The design parameters are calculated for resonance mode taking resonant 

frequency fr =100 kHz. 

Input Power: 

Taking efficiency into account, Eff = 96%, maximum input power (Pin) is calculated as 

follows: 

 𝑃𝑖𝑛 =
𝑃0

𝐸𝑓𝑓
=

696

0.96
= 725 𝑊 (2.10) 

Input Voltage (Vin
min and Vin

max):  

The maximum input voltage is the PFC output voltage (VOPFC). Generally, boost 

converter is used in PFC. Thus, 

 𝑉𝑖𝑛
𝑚𝑎𝑥 = 𝑉𝑂𝑃𝐹𝐶 = 420𝑉 (2.11) 

Considering the Hold-up time (TH) i.e., the time required to maintain regulated voltage 

at the output of PFC, the minimum input voltage can be determined as. 
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 𝑉𝑖𝑛
𝑚𝑖𝑛 = √𝑉𝑂𝑃𝐹𝐶

2 −
2𝑃𝑖𝑛𝑇𝐻

𝐶𝐷𝐶−𝐿𝐼𝑁𝐾
 (2.12) 

Using (12) minimum input voltage is calculated as: 

 𝑉𝑖𝑛
𝑚𝑖𝑛 = √4202 −

2 × 725 × 20 × 10−3

470 × 10−6
= 340 𝑉 (2.13) 

Min and Max Voltage Gain: 

The LLC resonant converter is considered to execute at resonance frequency fr for the 

nominal PFC output voltage. Considering the gain at resonance frequency as the 

minimum gain for the converter.  

 𝑀𝑚𝑖𝑛 = 1 𝑎𝑡 𝑓𝑠 = 𝑓𝑟 (2.14) 

The maximum voltage can be determined as: 

 𝑀𝑚𝑎𝑥 =
𝑉𝑖𝑛

𝑚𝑎𝑥

𝑉𝑖𝑛
𝑚𝑖𝑛

𝑀𝑚𝑖𝑛 =
420

349
× 1 = 1.21 (2.15) 

Transformer Turns Ratio (n):  

Using the minimum gain (Mmin) turns ratio of the transformer is specified as: 

 𝑛 =
𝑁𝑝

𝑁𝑠
=

𝑉𝑖𝑛
𝑚𝑎𝑥

2(𝑉0 + 𝑉𝑋)
. 𝑀𝑚𝑖𝑛  (2.16) 

Considering the voltage drop across the full bridge rectifier (VX) equal to 0.8V, the turn 

ratio can be worked out as 

 𝑛 =
𝑉𝑖𝑛

𝑚𝑎𝑥

2(𝑉0 + 𝑉𝑋)
. 𝑀𝑚𝑖𝑛 =

420 × (1)

2(58 + 0.8)
= 3.6 (2.17) 

Equivalent Load Resistance (Rac): 

 𝑅𝑎𝑐 =
8𝑛2

π2

𝑉0
2

𝑃0
=

8 × 3.62

π2

582

696
= 50.83𝛺 (2.18) 

Resonant Network Parameters: 

 For computing resonant network parameters, the peak gain characteristics as given 

in [10] is used to determine proper quality factor (Q) and inductance ratio (m). It is noted 

that the higher peak gain can be obtained by reducing the Q and m values. The smaller 

the m value is smaller the magnetizing inductance value, which result in poor coupling 

of transformer, high circulating current and deteriorates the efficiency. Considering zero 

voltage switching and load transients, additional 10~20 % margin in peak gain is 

considered to determine proper Q value. 
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 After determining the Q value, the resonant network components parameters are 

calculated as follows: 

 𝐶𝑟  =
1

2πQfrRac
   (2.19) 

 

 𝐿𝑟 =
1

(2πfr)2𝐶𝑟
     (2.20) 

 

 𝐿𝑚 = 𝑚 × 𝐿𝑟   (2.21) 

 Mmax for the minimum input voltage (Vin 
min) is 1.28. With a 15% margin, a maximum 

gain of 1.47 is needed. With inductance ratio(m) set to 5, Q is calculated as 0.4 using 

the peak gain curves shown in Fig.2.4. The resonant components for the resonant 

frequency(fr) of 100 kHz are. 

 𝐶𝑟 =
1

2π × 0.4 × 100 × 103 × 50.83
= 78.31𝑛𝐹 (2.22) 

 

 𝐿𝑟 =
1

(2π × 100 × 103)2 × 78.31 × 10−9
= 32.38𝜇𝐻 (2.23) 

 

 𝐿𝑚 = 5 × 32.38𝜇𝐻 = 162𝜇𝐻 (2.24) 

 

 

Fig. 2.4 Peak Gain characteristics w.r.t. Q for various m value 
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Minimum normalized frequency: 

Differentiating the gain (M) of (2.8) in respect of FX and equating to zero, 

minimum frequency is derived as, 

 
𝑑𝑀

𝑑𝐹𝑋
= 0 ⇒ 𝐹𝑋 = 0.51 (2.25) 

 

 𝑓𝑚𝑖𝑛  = 𝐹𝑥 × 𝑓𝑟 = 0.51 × 100 × 103 = 51𝑘𝐻𝑧 (2.26) 

Estimated Currents in the converters: 

Considering transformer overloading of 110 %, the RMS load current on the 

primary side is calculated as: 

 𝐼𝑜𝑝 = 1.11
𝐼0

𝑛
=

1.11 × 12 × 110

100 × 3.6
= 4.07 𝐴 (2.27) 

Where I0 is the output current and Iop is the load current on primary side of the 

transformer. 

The RMS magnetizing current (Im) for the minimum frequency 51kHz is  

 
𝐼𝑚 = 0.9

𝑛𝑉0

𝜔𝐿𝑚
 

 

(2.28) 

where, 𝜔 = 2πfs 

 𝐼𝑚 =
0.9 × 3.6 × 58

2π × 51 × 103 × 162 × 10−6
= 3 .6𝐴 (2.29) 

The resonant current Ip can be calculated as: 

 𝐼𝑝 = √𝐼𝑜𝑝
2 + 𝐼𝑚

2 = √(4.07)2 + (3.6)2 = 5.45 𝐴 (2.30) 

Referring primary current as Iop, the secondary side transformer current (Ios) 

 𝐼𝑜𝑠 = 𝑛 × 𝐼𝑜𝑝 = 3.6 × 4.07 = 14.64 𝐴 (2.31) 

Selection of MOSFET Rating: 

The Maximum rated voltage as commercially available is about 500 V. The same device 

is used in the simulation and the input voltage is varied from 340 V- 420V. 

 VQ1(peak) = 340V- 420 V (2.32) 

The maximum current rating of MOSFET switch can be  

 IQ1 (RMS) = 6 A (2.33) 
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However, MOSFET of Fairchild FDPF12N50UT with rating of 500V/10A can be used 

for LLC experiment. 

Selection of Rectifier Diode Rating:  

Voltage Rating can be calculated as: 

 
𝑉𝐷𝐼𝑂𝐷𝐸 =

𝑉𝑖𝑛
𝑚𝑎𝑥

2
𝑛

× 2 =
2 × 420

2 × 3.6
= 116.66 𝑉 

(2.34) 

Current Rating can be determined as 

 𝐼𝐷𝐼𝑂𝐷𝐸 =
√2 × 𝐼𝑜𝑠

π
=

√2 × 14.64

π
= 6.6 𝐴 (2.35) 

Schottky Barrier Diode RB088T150NZ of ROHMS Semiconductor with rating 

150V/10A can be used for LLC experiment. 

Selection of Capacitive Output filter: 

The RMS current of output capacitor at frequency of 100kHz for the load current I0. 

 𝐼𝐶0 = 𝐼0√(
π2

8
− 1) = 0.48𝐼0 (2.36) 

 𝐼𝐶0 = 0.48 𝑋 12 = 5.78 𝐴 (2.37) 

For battery charging, DC voltage ripple should be significantly low. Assuming 60mV 

output voltage ripple, the maximum series resistance (ESRmax) should be.  

 𝐸𝑆𝑅𝑚𝑎𝑥 =
𝑉𝑜𝑟𝑖𝑝𝑝𝑙𝑒

(
π
2 𝐼0)

=
0.06

π
2 × 12

= 3.18𝑚𝛺 (2.38) 

The output capacitive filter can be any value with the following requirements. 

• ESR value should be less than 3.18 𝑚𝛺. 

• Ripple current rating should be 5.78A at frequency of 100kHz. 

• Voltage rating should be 58 V 

In the simulation 200 𝜇𝐹 Capacitance value is used. 

2.5 PI controller for LLC resonant converter 

2.5.1 Closed Loop Control  

Fig. 2.5 shows the negative feedback close loop LLC control circuit. The output 

voltage (Vo) of the resonant converter is compared with the reference voltage (Vref) 

which gives the voltage error (Verror). The voltage error is managed by the Proportional-

Integral (PI) controller to generate the control frequency signal. Finally, the control 

frequency signal is converted into pulse using PFM controller. 
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Fig. 2.5 Close loop of LLC resonant converter 

 

2.5.2 Proportional-Integral (PI) Controller 

The PI controller is depicted in Fig.2.6. The transfer function (GPI) of the PI 

controller is given as: 

 𝐺𝑃𝐼 =
𝐾𝑝(𝑠) + 𝐾𝑖

s
 (2.39) 

 

Fig. 2.6 PI controller 

Where Ki is an integral gain and Kp is a proportional gain.  

The gain values Kp =500 and Ki =5 × 106 has been determined by trial-and-error 

technique to obtain the desired output voltage. 

 

2.5.3 Pulse Frequency Modulation (PFM) 

The block diagram of PFM is shown in Fig.2.7 which is used in simulation to 

generate gate pulses for Q1 and Q2 interchangeably. The PFM changes the frequency 

for fixed duty cycle of 50 %. 

 

Fig. 2.7 PFM Controller 

 All the design parameters as calculated are summarized in Table 2.2. 

Table 2.2 Design Parameters 
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Parameters Designator Value 

Input Voltage Vin min -Vin max 340V - 420V 

Output Voltage (Rated) Vo 58V 

Output Current (Rated) Io 12A 

Output Power (Rated) Po 696 Watts 

Resonant Frequency fr 100 kHz 

Minimum switching 

frequency 
fmin 51kHz 

Turns Ratio n 3.6 

Magnetizing Inductor Lm 162 𝜇𝐻 

Resonant Inductor Lr 32.38 𝜇𝐻 

Resonant Capacitor Cr 78.31nF 

Capacitive filter Co 100 𝜇𝐹 

Quality Factor Q 0.4 

Inductance ratio m 5 

Proportional Gain Kp 500 

Integral Gain Ki 5 × 106 

 

2.6 Simulation Results 

Fig. 2.8 depicts the Simulink model of the LLC Resonant DC-DC Converter circuit. The 

output voltage is controlled with the help of PI controller. The simulation studies are 

carried out for the specific three modes of operation i.e., resonance mode, boost mode 

and buck mode. 

 

Closed loop control PFM
 

Fig.2.8 Simulink model of LLC resonant converter 
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The Gain (M) characteristics curve with respect to normalized frequency is plotted in 

Fig. 2.9 for and different values Q at m equal to 5.  

 

Fig. 2.9 Gain (M) characteristics for various quality factor (Q) 

From Fig. 2.9 it can be observed that the gain at resonant frequency is unity and the 

operation at this point is considered as resonance mode of operation. For switching 

frequency less than the resonant frequency, the gain of the converter is greater than 1 

and operation in this region is considered as boost mode operation up to certain 

switching frequency. For switching frequency greater than resonant frequency, the gain 

of the converter is less than 1 and operation in this region is buck mode operation. For 

optimal operation converter should be operated around the normalized frequency equal 

to1. The three mode of operation is simulated for the open loop by varying frequency. 

2.6.1 Resonance Mode of Operation 

Fig. 2.9 depicts the resonance mode operation indicating the normalized frequency is 1 

i.e., fs=fr. 

Fig.2.10 depicts the output voltage which is 57.7 V the ripple observed in the simulation 

is 120mV. The high value 57.70V and low value 57.58 V is measured. The gain of the 

converter is calculated by using equation 7 for input voltage 420 V, turns ratio 3.6 and 

obtained output voltage 57.7V is 1. 
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Fig 2.10 Output Voltage at resonance mode 

 The output current 11.8 A is shown in Fig. 2.11 which has ripple of 0.03 A. The high 

value 11.8 A and low value 11.5 A is measured from the simulation. 

 

Fig 2.11 Output Current at resonance mode 

 In Fig.2.12 the resonant current and magnetizing current is shown. The RMS value 

of resonant current is 4.412 A is measured and RMS value of magnetizing current is 

2.534 A is measured. From Fig.2.12, it can be observed that the resonant current is 

almost sinusoidal in nature. 

 

Fig. 2.12 Resonant and magnetizing current at resonance mode 

 Fig.2.13 shows the voltage across the resonant capacitor which is almost sinusoidal 

in nature. The peak value measured in simulation is 391.30 V. 
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Fig. 2.13 Voltage across resonant capacitor at resonance mode 

 In Fig.2.14 the voltage across the Switching device Q1 is shown. The peak voltage 

across the Q1 is 420 V which is the input voltage applied to the converter. Resonant 

current also shown in Fig.2.12 to demonstrate the Zero Voltage Switching (ZVS). The 

resonant current is scaled by gain 20.  

 

Fig.2.14 Voltage across MOSFET and resonant current in resonance mode 

2.6.2 Boost Mode of Operation: 

 The switching frequency fs = 80kHz is used to demonstrate the simulation results for 

boost mode (fs<fr). The expected gain at 80 kHz is 1.17 as shown in Fig. 2.15. 

 

Fig.2.15 Boost mode operation 
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 Fig.2.16 depicts the output voltage 68.30 V for the input voltage 420 V. The Gain 

can be calculate using (7). The Gain is 1.168 and ripple voltage measured is 0.35 V 

which higher than ripple observed at resonant mode, and the output voltage lies at 68.30 

V (high) and 67.95 V (low). 

 

Fig.2.16 Output voltage for Boost Mode 

 The output current 13.70 A is measured from the simulation for this case. The ripple 

current is 0.1 A which is also higher than the ripple observed in the resonance mode. 

 

Fig. 2.17 Ouput Current for Boost Mode 

 The peak value of resonant current and magnetizing current is high in comparison of 

currents in resonance mode which increases the primary side conduction losses. 

 

Fig. 2.18 Resonant and Magnetizing current for Boost Mode 
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 The peak voltage across the resonant capacitor measured is 462.5 V and nature for 

the voltage is not purely sinusoidal as shown in Fig.2.19 

 

Fig. 2.19 Voltage across resonant capacitor for Boost Mode 

 

Fig.2.20 Voltage across MOSFET and resonant current in Boost Mode 

 In Fig. 2.20 The across Q1 is shown with the peak voltage of 420 V. ZVS is achieved 

can be observed from the Fig.2.20. The Resonant current is scaled by the gain of 20. 

2.6.3 Buck Mode of Operation 

 The switching frequency 120kHz is used to simulate the DC-DC converter for Buck 

mode (fs>fr). The expected gain for the buck mode is 0.88 as shown in fig.2.21. 

 

Fig.2.21 Buck mode operation 
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 The output voltage is 51.72V as given in Fig.2.22 and ripple voltage of 0.1V is 

observed. The high value is 51.72V and low value is 51.62V. The gain is calculated 

using the (7) is 0.886. 

 

Fig.2.22 Output Voltage for Buck Mode 

 The output current 10.70A is observed at frequency 120kHz and current ripple 0.05A 

as shown in Fig.2.23. 

 

Fig.2.23 Output Current for Buck Mode 

 The RMS value of resonant current (Ip) is 4.05 A and RMS value of magnetizing 

current (Im) is 1.833A. 

 

Fig.2.24 Resonant and Magnetizing current for Buck Mode 
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 The voltage across the capacitor is shown in Fig.2.25 The peak voltage of 341.4 V is 

observed. 

 

Fig.2.25 Voltage across resonant capacitor in Buck Mode 

 The peak value of Vd is 420 V and zero voltage switching is achieved as shown in 

the Fig. 2.26. 

 

Fig. 2.26 Voltage across MOSFET and resonant current in Buck Mode 

 In all the three modes of operation, the best performance is observed at the resonance 

mode. To charge the battery switching frequency near the resonance frequency is 

established to be most suitable. 

2.6.4 Verification of Input Voltage 

 The simulation is executed for various input voltage ranging from 340V to 420V. 

The PI- controller is used to keep output voltage at 58V. Fig.2.27 shows that the output 

voltage is well controlled for the varied input voltage. 
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Fig. 2.27 Regulated output voltage and output current for wide input voltage 

 

Fig. 2.28 Efficiency of converter at varying power output for different input voltages 

Fig.2.28 shows the efficiency variation of the converter for maximum and minimum 

input voltage at different output power and constant output voltage 58V. The peak 

efficiency of 96.3 % is achieved for rated output power 696W at rated input voltage 

420 V. At input voltage 340V the peak efficiency 96 % is achieved for rated output 

power. 

2.7 Outcome of Proposed Work 

In this chapter a high efficiency LLC Resonant Converter for battery charging 

application has been designed and its performances at resonance mode buck mode and 

boost mode of operations are validated through the simulation exercises done on 

MATLAB/ Simulink platform. The inductance ratio (m) and the Quality factor (Q) have 
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been identified to design the resonant converter of higher efficiency for battery charging 

application. The output voltage has been well regulated near the desired value of 58V 

for wide variation of input voltage 340V-420V. But, the variation in efficiency of the 

converter has been found to be marginal. However, the peak efficiency of 96.3 % has 

been achieved for rated input voltage of 420V and rated output voltage of 58V.  
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CHAPTER 3 

BOOST CONVERTR AIDED LLC RESONANT 

CONVERTER  

 

3.1 Introduction 

A two-stage topology for battery charging is discussed. The first stage consists 

of diode bridge rectifier with boost converter for power factor correction. The control 

algorithm for boost converter in Discontinuous Conduction Mode (DCM) of input 

current although, make simpler the control algorithm of PFC but it suffers from high 

input current peak resulting in overdesign of input filters [64],[65]. This restricts the 

use of devices with lower power ratings. To overcome, Continuous Conduction Mode 

(CCM) of the input inductor current is used which reduces the input current stress for 

current shaping. The second stage is Half-Bridge Inductor-Inductor Capacitor (LLC) 

resonant DC-DC converter which facilitates the battery charging. The output voltage 

of the battery is controlled with the Proportional-Integral (PI) controller followed by 

Pulse Frequency Modulation (PFM) techniques. Operation and Control of Boost 

Converter Fed LLC Resonant Converter 

A battery charger for an electric vehicle is depicted in fig.3.1 which used a boost 

converter as a front-end DC-DC converter and the second stage has Half-Bridge LLC 

resonant converter. The AC main supply has been given to the front-end boost 

converter through the Diode Bridge Rectifier (DBR). The PFC-Boost converter 

operates in Continuous Conduction Mode (CCM) of the input inductor current. The 

Active Power Factor Controller (APFC) is utilized to control the DC-link voltage and 

also to achieve harmonic free AC mains current. The APFC has a two-loop structure, 

the DC-link voltage feedback forms the outer voltage control loop and the input 

inductor current of the boost converter feedback is used to create the internal current 

control loop. The outer voltage control loop structure starts with the sensing voltage 

across the DC-link capacitor (Vd) which is compared with the reference DC-link 

voltage (Vd
*) and voltage error is generated. The voltage error is processed by the 

Proportional-Integral (PI) controller which gives the modulating current signal. 

Further, this modulating current signal is multiplied with a unit template of AC mains 
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voltage and the resultant signal is compared with the input inductor current of the boost 

converter to generate the current error signal which has been passed through the 

Proportional-Integral controller which acts as a current controller and resultant signal 

us compared with the saw-tooth carrier wave to produce the Pulse Width Modulating 

(PWM) switching pulses for the Boost converter switch. 

Furthermore, The LLC resonant DC-DC converter builds the second stage. The 

DC-link voltage is fed to the LLC resonant converter and the output voltage of the 

converter is controlled with the PI-Controller. The output voltage (Vo) is compared 

with the reference output voltage (Vo
*) and processed through the PI-controller which 

acts as a voltage controller and the resultant signal is processed by the Pulse Frequency 

Modulation (PFM) controller which generates the switching pulse for the Half-Bridge 

LLC resonant converter.   
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Fig 3.1 PFC-boost converter fed Half-Bridge LLC resonant converter  

3.2 Design Parameters  

The design parameters of an electric vehicle battery charger based on boost PFC are 

determined considering the following assumptions. 

1. The semiconductor devices are ideal for this proposed topology. 

2. The resistance load is considered for the battery. 

3.2.1 Design of Power Factor Corrected Boost Converter 

The design of the PFC based on boost converter is under the Continuous Conduction 

mode of input inductor using Active Power Factor Control (APFC). The design 

parameters are determined using the specification given in Table 3.1. 
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Table 3.1 Specification of Boost converter  

Parameters Variables Values 

Supply Voltage (AC Mains) Vs 220V 

Supply Frequency  fsupply 50 Hz 

Output Power Po 576 W 

Switching Frequency fsw 30kHz 

Voltage ripple of DC-link 

Capacitor 

𝛥Vd 1.5 % 

Current ripple of the input 

inductor  

𝛥IL1 10% 

DC-link Voltage  Vd 400 V 

 

The duty cycle (D) is depending on the output voltage of the Diode Bridge Rectifier 

(DBR) (Vdbr) and DC-link voltage (Vd). Neglecting the voltage drop across the diode 

of DBR. The duty cycle can be expressed as, 

 𝐷 =
𝑉𝑑 − 𝑉𝑑𝑏𝑟

𝑉𝑑
 (3.1) 

The output voltage of DBR (Vdbr) for 220V supply voltage is 198V. The DC-link 

voltage 400V is considered for this design. So, the duty cycle is calculated as, 

 𝐷 =
400 − 198

400
= 0.50 (3.2) 

Considering 10% current ripple of the input current is calculated as, 

 𝛥𝐼𝐿1 =
𝑃𝑜

𝑉𝑑𝑏𝑟
× 10% =

576

198
× 0.1 = 0.291 𝐴 (3.3) 

The boost input inductor value is calculated considering ripple current 0.291A. The 

input inductor value is given as, 

 𝐿1 =
𝑉𝑑𝑏𝑟 × 𝐷

𝛥𝐼𝐿1 × 𝑓𝑠𝑤
=

198 × 0.50

0.29 × 30 × 103
= 11.37 𝑚𝐻 (3.4) 

To avoid high ripple at DC-link the voltage ripple is taken 1.5 percent of the DC-link 

voltage (Vd). The voltage ripple of DC-link voltage is expressed as, 

 𝛥𝑉𝑑 =
1.5

100
× 𝑉𝑑 =

1.5 × 400

100
= 6𝑉 (3.5) 

Using voltage ripple 6V, the DC-link capacitor is expressed as,  

 𝐶𝑑 =
𝑃𝑜

4πfsupplyVdΔVCd
=

576

4π × 50 × 400 × 6
= 383𝜇𝐹 (3.6) 
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3.2.2 Design of Half-Bridge LLC Resonant Converter 

 The DC-link voltage (Vd) is well controlled by the voltage controller used in Active 

Power Factor Control as an outer loop. This DC-link voltage is applied to the second 

stage i.e., Half-Bridge LLC resonant converter. The design values of components of an 

LLC resonant converter are determined based on the specification given in Table 3.2. 

Table 3.2 Specifications of Half-Bridge LLC  

Parameters Variables Values 

DC-link Voltage Vd 400V 

Output Voltage  Vo 48V 

Output Power  Po 576W 

Resonant Frequency fr 70kHz 

 

The turns ratio (T) for charge voltage of the battery 48V and DC-link voltage 400V is 

given as, 

 𝑇 =
𝑉𝑑

2𝑉𝑜
=

400

2 × 48
= 4.16 (3.7) 

For operating the LLC resonant converter below resonance frequency, the turns ratio 

of the transformer 4.3 is selected. The peak current of the resonant tank of the LLC is 

calculated as, 

 𝐼𝐿𝑟 =
2πPo

2𝑉𝑑
=

2π × 576

2 × 400
= 4.52 𝐴 (3.8) 

The resonant frequency 70kHz is selected for designing the parameters of a Half-

Bridge LLC resonant DC-DC converter. The value of the resonant capacitor can be 

expressed as, 

 𝐶𝑟 =
𝐼𝐿𝑟

2πfr
Vd

2⁄
=

4.52

2π × 70 × 103 × 400
2⁄

= 51.4𝑛𝐹 (3.9) 

To provide the suitable voltage gain for the LLC converter, the ratio of Lr and Lm is 

selected as 0.167. The value of resonant inductor and magnetizing inductance can be 

calculated as, 

 𝐿𝑟 =
1

(2πfr)2𝐶𝑟
=

1

(2π × 70 × 103)2 × 51.4𝑛
= 100.6𝜇𝐻 (3.10) 

 

 𝐿𝑚 = 𝐿𝑟/0.167 = 100.6𝜇𝐻/0.167 = 604𝜇𝐻 (3.11) 
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3.3 Control techniques  

 The Boost converter controller has two loop structure. The outer voltage loop is used 

to control the DC-link voltage Vd. The voltage error (ve) generated on comparing with 

the reference DC-link voltage is processed by Proportional-Integral (PI) controller and 

its resultant is given by, 

 𝑖𝐿𝑑𝑐(𝑧) = 𝑖𝐿𝑑𝑐(𝑧 − 1) + 𝐺𝑝𝑣{𝑣𝑒(𝑧) − 𝑣𝑒(𝑧 − 1)} + 𝐺𝑝𝑖𝑣𝑒(𝑧) (3.12) 

Where Gpv and Gpi are proportional gain and integral gain for the voltage controller. 

The input voltage sine template is multiplied with voltage loop output to generate 

reference input inductor current is given as, 

 𝐼𝐿1
∗(𝑧) = 𝐼𝐿1(𝑧) × 𝑣sin𝑒(𝑧) (3.13) 

The current error (Ie) is passed through the PI controller and resultant is expressed as, 

 𝑑(𝑧) = 𝑑(𝑧 − 1) + 𝐺𝑝𝑖{𝐼𝑒(𝑧) − 𝐼𝑒(𝑧 − 1)} + 𝐺𝑖𝑖𝐼𝑒(𝑧) (3.14) 

Where Gpi and Gii are proportional gain and integral gain for the current controller. 

The second stage is formed by LLC resonant converter which uses Pulse Frequency 

Modulation (PFM) and voltage controller. The voltage error (Voe) generated on 

comparison of reference output voltage and the battery voltage is processed by the PI 

controller and output is expressed as, 

 𝑓(𝑧) = 𝑓(𝑧 − 1) + 𝐺𝑝𝑙𝑙𝑐{𝑉𝑜𝑒(𝑧) − 𝑉𝑜𝑒(𝑧 − 1)} + 𝐺𝑖𝑙𝑙𝑐𝑉𝑜𝑒(𝑧) (3.15) 

Where Gpllc is the proportional gain & Gillc is the integral gain of Half-Bridge LLC 

resonant converter. 

The proportional and integral gain for various controller is given in Table 3.3. 

Table 3.3 PI gain values 

Gains Values 

Proportional-Gain of Voltage Controller (Gpv)  0.44 

Integral-Gain of Voltage Controller (Gpi) 21.77 

Proportional-Gain of Current Controller (Gpi)  7.00 

Integral-Gain of Current Controller (Gii)  1300 

Proportional-Gain of LLC Controller (Gpllc)  500 

Integral-Gain of LLC Controller (Gillc)  10,000 

 

3.4 Simulation Results  

This section deals with performance of the proposed converter for electric 

vehicle battery charger. The dynamic and steady state performance of the proposed 
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charger is analyzed by varying the supply input voltage and load variation. All 

parameters calculated in section III is summarized in Table 3.4.  

 

Table 3.4 Design Parameters 

Parameters Variables Values 

Supply Voltage (AC Mains) Vs 220V 

Supply Frequency fsupply 50 Hz 

Output Power Po 576 W 

Switching Frequency fsw 30kHz 

DC-link Capacitor Cd 383 𝜇𝐹 

Input inductor of Boost 

Converter 

L1 11.37mH 

DC-link Voltage Vd 400 V 

Resonant frequency fr 70kHz 

Resonant Capacitor Cr 604 𝜇𝐹 

Resonant Inductor Lr 100.6 𝜇𝐻 

Magnetizing inductor Lm 604 𝜇𝐻 

 

 

 

Fig. 3.2 Simulation block of PFC-boost fed Half-bridge LLC resonant converter 

 

 

3.4.1 Steady-state performance of PFC-Boost converter 

       The steady-state behavior of the power factor corrected boost converter is analyzed 

for the supply voltage Vs = 220V and the DC-link voltage Vd = 400V. The battery 

voltage Vo = 48V for rated output power Po = 576 Watts. The AC mains supply current 

Is waveform is sinusoidal in nature with a peak amplitude of 4A. The input inductor 
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current IL1 is in continuous conduction mode and maximum values of current is reaches 

to 4A. The waveform of the IL1 is depicted in fig.3.3 The DC-link voltage Vd = 400V 

is achieved which is well regulated with the PI-controller.  

 

 

Fig. 3.3 Steady-state performance of supply current (Is), input inductor current (IL1) and DC-link 

voltage (Vd) at supply voltage (Vs) =220V. 

 

3.4.2 Steady-state performance of LLC resonant converter 

The steady-state performance of the Half-Bridge LLC resonant converter is 

discussed here. The battery voltage Vo = 48V is achieved with load current Io = 12A. 

The peak amplitude of magnetizing current ILm is 1.2A shown in fig.3.4. with triangular 

current waveform and resonant current ILr has a peak value of 5.1A. The waveforms of 

ILm and ILr shows that the Half-Bridge LLC resonant converter is operating near the 

resonant frequency which is most appropriate region for optimal operation of the LLC 

resonant converter. The voltage across the capacitor VCr has maximum value of 404V 

for the load Po =576 W. The rectifier output current Id is in continuous current mode 

with the peak amplitude of 21A.  
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Fig. 3.4. Steady-state performance of battery voltage (Vo), battery current (Io), resonant current (ILr), 

magnetizing current (ILm), resonant capacitor voltage (VCr) and rectifier current (Id) at load (Po)=576 W 

 

3.4.3 Dynamic performance of PFC-Boost Converter 

The dynamic performance of the PFC-Boost converter is depicted in fig.3.5 for 

various input voltage. For the analysis of dynamic behavior, the PFC-Boost is tested 

under various supply voltage from 185V to 265V. Initially, the supply voltage Vs = 

185V was set which increase to 265V at time 0.6550 sec again reduced to 220V at 0.9 

sec. The source current Is decrease with increase of supply voltage and increase with 

decrease of supply voltage with harmonic free waveform can be observed from fig.3.5. 

The input inductor current IL1 is continuous conduction mode and peak current follows 

the AC mains supply peak current. The DC-link voltage Vd is dependent on supply 

voltage on increasing the supply voltage and decrease with decrease of supply voltage 

but settled to 400V as it is well regulated with the PI-controller. 
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Fig.3.5. Dynamic performance of supply current (Is), input inductor current (IL1) and DC-link voltage 

(Vd) at various supply voltages 

 

3.4.4 Dynamic performance of LLC resonant converter 

The dynamic performance of Half-Bridge LLC resonant DC-DC converter is 

verified by varying the load Po = 576W to Po = 720 W. The output voltage remains 

constant which is well regulated with PI-controller. The load current Io changes from 

12A to 15A. The magnetizing current ILm remain constant to 1.2A but the resonant 

current increase with the increase of load can be observed from fig.3.6 and it also shows 

that the LLC resonant current is performing near resonant frequency which is best 

suitable point for optimal operation of LLC resonant current. The maximum voltage 

across resonant capacitor VCr initially at 400V but it increased with the increase of load. 

The peak amplitude value of rectifier output current Id is increases up to 30A form 20 

A and operating continuous conduction mode. 
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Fig.3.6. Dynamic performance of battery voltage (Vo), battery current (Io), resonant current (ILr), 

magnetizing current (ILm), resonant capacitor voltage (VCr) and rectifier current (Id) under different 

load. 

 

3.4.5 Power Factor variation under different Input voltages 

The proposed battery charger is tested under various AC mains supply voltage 

range from 150V to 260V and maximum Total Harmonic Distortion (THD) 3.18% is 

observed at high input voltage 260V with power factor PF = 0.99949 for the load Po 

=576W. All the data for different input voltages and resultant power factors, AC mains 

supply current and THD at load 576 Watts are summarized in Table.3.5.  
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Table 3.5 Power Factor at different supply voltages 

Vs (V) Is (A) PF THD (%) Po (W) 

150 4.129 0.99962 2.75 576 

160 3.877 0.99966 2.61 576 

170 3.643 0.99969 2.48 576 

180 3.441 0.99969 2.49 576 

190 3.260 0.99971 2.39 576 

200 3.097 0.99966 2.60 576 

210 2.949 0.99968 2.52 576 

220 2.815 0.99965 2.63 576 

230 2.693 0.99964 2.70 576 

240 2.581 0.99958 2.89 576 

250 2.477 0.99953 3.07 576 

260 2.382 0.99949 3.18 576 

 

3.5 Outcome of Proposed Work 

A power factor corrected Half-Bridge LLC resonant converter is designed for 

battery charging application in electric vehicles. Boost converter with active power 

factor controller is used to maintain sinusoidal input current. Steady-state and dynamic 

performance of the suggested topology has been tested under load variation and supply 

voltage variation. The power factor has been measured for different input voltage. An 

excellent performance has been observed with smooth sinusoidal input current 
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CHAPTER 4 

SEPIC CONVERTR AIDED LLC RESONANT 

CONVERTER  

 

4.1 Introduction 

A two- stage on-board EV battery charger with SEPIC converter at the primary 

stage for power factor correction & Half-Bridge LLC resonant converter at the 

secondary stage to facilitate the battery charging is designed. The advantages of SEPIC 

over the boost converter are, it has the ability to perform the buck and boost operation 

as well as it eliminates the presence of inrush current. A variable DC-link voltage 

source is supplied to the HB-LLC which varies according to the battery voltage so that 

the resonant converter can function near the resonance frequency which reduces the 

high switching and circulating losses. Hence, the HB-LLC can attain higher efficiency 

for the entire range of the battery voltage. Consequently, improve the overall efficiency 

of the proposed charger specifically when the battery voltage is less than nominal 

battery voltage. The schematic diagram of the anticipated EV battery charger is 

depicted in Fig.4.1. 

The unique features of the proposed EV battery charger are: 

1. A unique technique is adopted to optimize the overall efficiency of the EVBC 

by operating near the resonant frequency. 

2. It has the ability to perform wide input voltage ranges (85Vrms - 220Vrms) at 

unity power factor. 

3. It also has the ability to charge the battery for a wide range of voltages (48V – 

80 V) at high efficiency.  

4. It gives excellent performance from light load to full load.  
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Fig. 4.1 The Schematic diagram of proposed charger EV battery charger is based on a PFC-

SEPIC and HB-LLC resonant converter 

 

 

4.2 Design of the PFC- SEPIC Converter  

4.2.1 Overview of SEPIC Converter 

The proposed configuration of PFC-SEPIC is working in the Continuous 

Conduction Mode (CCM) of the primary inductor current. In CCM, there are two 

modes in one cycle. The mode of operation of the SEPIC converter is depicted in 

Fig.4.2. The typical waveforms for line frequency and switching frequency are shown 

in Fig.4.3. 
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Fig. 4.2. Operation of SEPIC converter (a) Mode-1 (Switch-ON mode) (b) Mode -2 (Switch-OFF 

mode) 

 



45 
 

 

Fig.4.3. Typical waveforms of voltage and current across different components of SEPIC converter (a) 

Waveforms at line frequency (b) Waveforms at switching frequency 

 

Mode of operation 

Mode-1 (t0-t1): In this mode, the diode D1 is in the reverse-biased mode, and switch 

S1 is ON. Primary inductor L1 stores the energy from the supply and the intermediate 

capacitor C1 passes its stored energy to the secondary inductor L2. For Fig.4.2. (a) it 

can be observed that the switch S1 provides a shared path for the current flowing in two 

different meshes. The voltage across the DC-Link Vdc act as the source for the second 

stage LLC resonant converter. 

Mode-2 (t1-t2): In this mode, the diode D1 is in the forward-biased mode, and switch S1 

is turned OFF. At this time of interval, the intermediate capacitor starts charging 

through the primary inductor L1. The DC-link capacitor Cdc is charged by both the 

primary and secondary inductor. The modes of operation are depicted in Fig.4.2. (b). 

The theoretical waveforms of the voltage and current of different components of the 

SEPIC converter for both modes are shown in Fig.4.3. 

4.2.2 Computation of Design Parameters 

Duty cycle 

Ignoring the voltage ripple at the DC-link capacitor, the dc-link voltage can be 

assumed as constant voltage Vdc. So, the duty cycle is given as, 
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 𝑑(𝑡)  =  
𝑉𝑑𝑐

𝑉𝑃|sin(𝜔𝑡)| + 𝑉𝑑𝑐
  (4.1) 

where, VP is the amplitude of the line voltage, and 𝜔 is the angular line frequency, 

which is usually 100π rad/s in India. 

The variation of the duty cycle of the SEPIC in steady state is describe in Eq. (4.1). The 

range of duty cycle is given as, 

     
𝑉𝑑𝑐

 𝑉𝑠𝑎𝑣𝑔 + 𝑉𝑑𝑐
≤  𝑑(𝑡) ≤ 1   (4.2) 

The average input supply voltage Vsavg for nominal input voltage is calculated as, 

        𝑉𝑠𝑎𝑣𝑔 =
2√2𝑉𝑠

π
=

2√2 × 220

π
= 198𝑉 (4.3) 

For DC-link voltage Vdc = 300V and Vsavg =198V, duty cycle is calculated using eq. 

(4.1) is 0.60.  

Primary and Secondary Inductors L1 and L2 

At high power level, CCM is preferred over the discontinuous conduction mode 

(DCM) since the current stress of the component is much smaller than DCM. 

Considering current ripple 𝛥𝐼𝐿𝑖 the inductor value can be calculated as, 

         𝐿𝑖 =
𝑉𝑠𝑎𝑣𝑔 × 𝑑

𝛥𝐼𝐿𝑖 × 𝑓𝑠𝑤
      (4.4) 

Where, d is duty cycle, fsw is a switching frequency of the SEPIC converter. 

Considering current ripple 20% and switching frequency 50kHz, the inductor values 

L1 and L2 are calculated as 2.376mH. 

Intermediate Capacitor C1 

The value of the intermediate capacitor C1 with voltage ripple 𝛥𝑉𝐶1 is calculated as, 

 

   𝐶1 =
𝑃𝑜𝑑

𝑉𝑑𝑐 × 𝑓𝑠𝑤 × 𝛥𝑉𝐶1  
   (4.5) 

Considering the voltage ripple 20% of the DC-link voltage, switching frequency 

50kHz, output power Po=1kW, dc-link voltage 300V and d =0.6. The intermediate 

capacitor C1 is calculated as 667nF. 

 

DC-Link Capacitor Cdc 

The dc-link capacitor value with voltage ripple 𝛥𝑉𝑑𝑐, and supply frequency fsupply is 

calculated as, 
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 𝐶𝑑𝑐 =
𝑃𝑜

4πfsupplyVdcΔVdc
    (4.6) 

In order to decrease the voltage ripple, a large value of capacitor is chosen. Though, 

this would make the capacitor large. The tradeoff between dc-link voltage ripple and 

capacitor size must be consider when designing the converter. Considering 1.5% dc-

link voltage ripple the Cdc is calculated as 1180 𝜇𝐹. 

 

4.3 Design of Half-Bridge LLC resonant converter 

4.3.1 Overview of LLC resonant converter 

The schematic diagram of Half-Bridge LLC resonant converter is depicted in 

Fig.4.4. 
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Fig.4.4 Schematic diagram of Half-Bridge LLC resonant converter 

 

The non-sinusoidal configuration of the LLC resonant converter is depicted in Fig. 4.5 

(a) and the linear sinusoidal configuration of the LLC resonant converter is depicted in 

Fig. 4.5 (b) which is based on First Harmonic Approximation (FHA) as explained in 

[62]. 
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Fig.4.5 Modeling of HB-LLC resonant converter (a) Nonlinear sinusoidal configuration (b) Linear 

sinusoidal configuration. 
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The transfer function (M) of the LLC resonant converter can be obtained from the 

circuit configuration depicted in Fig. 4.5 (b) 

 𝑀 =
𝑉𝑜𝑥(𝑠)

𝑉𝑓(𝑠)
  (4.7) 

 𝑀 =
𝑠𝐿𝑚 || 𝑅𝑎𝑐

(𝑠𝐿𝑚 || 𝑅𝑎𝑐) + 𝑠𝐿𝑟 + 1/𝑠𝐶𝑟
 (4.8) 

Where Vox is the primary input voltage and Vf is a fundamental voltage of vab. 

The equivalent resistance Rac and resonant frequency fr can be given as: 

 

 𝑅𝑎𝑐  =
8𝑉𝑏𝑎𝑡

π2i0
   (4.9) 

 𝑓𝑟 =
1

2π√LrCr

        (4.10) 

The fundament input voltage vab can be given as: 

 𝑉𝑓(𝑡) =
2

π
× 𝑉𝑑𝑐 × sin(2πfst)      (4.11) 

The root mean square (RMS) value of Vf is expressed as: 

 𝑉𝑓𝑟𝑚𝑠 =
√2

π
𝑉𝑑𝑐   (4.12) 

The fundamental voltage of vLm is given as Vox: 

 𝑉𝑜𝑥 =
4𝑛

π
𝑉𝑏𝑎𝑡 × sin(2πfst − θx) (4.13) 

Where n is the turns ratio of the transformer and θx is the phase angle between Vox and 

Vf. 

The RMS value of Vox can be determined as: 

 𝑉𝑜𝑥𝑟𝑚𝑠 =
2√2

π
× 𝑛 × 𝑉𝑏𝑎𝑡 (4.14) 

The gain in terms of Vdc and Vbat can be determined by dividing (4.13) by (4.11). 

 𝑀 =
𝑉𝑜𝑥

𝑉𝑓
=

2𝑛𝑉𝑏𝑎𝑡

𝑉𝑑𝑐
   (4.15) 

The magnitude of gain is: 

 𝑀 = |
𝑚 × 𝐹𝑛

2

[(𝑚 + 1) × 𝐹𝑛
2 − 1] + 𝑗(𝐹𝑛

2 − 1) × 𝐹𝑛 × 𝑄 × 𝑚
|   (4.16) 

Regardless of load variation, the gain at the resonant frequency (𝑓𝑟) remains constant: 
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 𝑀 =
2𝑛𝑉𝑏𝑎𝑡

𝑉𝑑𝑐
 𝑎𝑡 𝑓𝑠 = 𝑓𝑟 (4.17) 

Where 𝑄 = √𝐿𝑟/𝐿𝑚/𝑅𝑎𝑐  is quality factor, m is defined as Lr/Lm, fs is the switching 

frequency of LLC and Fn = fs/fr.  is the normalized frequency. 

    The gain variation with respect to frequency for various quality factor Q at single 

inductance ratio m is depicted in Fig.4.6. There are three operating mode such as 

resonance mode, boost mode and buck mode. 

 

Fig.4.6.  Gain (M) characteristics of LLC resonant converter for various Quality factor (Q) for single 

Inductance ratio (m) = 5. 

 

4.3.2 Best operating point of LLC resonant converter 

The waveforms of the resonant and magnetizing current are depicted in Fig.4.7. 

If operating frequency is lower than the resonance frequency depicted in Fig.4.7 (a), a 

high circulating current flow in the resonant network which causes high conduction 

losses. Fig.4.7 (b) shows the waveforms at operating frequency is equal to the resonant 

frequency, the switching and conduction loss are reduced. When the operating 

frequency is greater than the resonance frequency the MOSFET is turned off with high 

current as depicted in Fig.4.7 (c) which cause high switching loss. The performance of 

LLC resonant converter under various switching frequency is concluded in Table 4.1. 

It can be observed from the Table 4.1 that LLC resonant converter attain its best 

efficiency when it working at resonance frequency. 
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Fig.4.7 Waveforms of resonant current (iLr) and magnetizing current waveforms (iLm) for different 

operating point (a) fs <fr (b) fs = fr (c) fs >fr 

 

Table 4.1 Performance of LLC resonant converter for various switching frequency  

Performances fs <fr fs = fr fs > fr 

Turn on loss of MOSFET switch ZVS ZVS ZVS 

Turn off loss of MOSFET switch Low Low High 

Circulting current on primary side High Low Medium 

Secondary diodes ZCS ZCS No 

Conduction losses High Low Medium 

Swittching losses Low Low High 

Harmonics Low Low High 

Overall Performance Medium Best Medium 

 

Where, fr = 100kHz, and switching frequency fs is [51kHz – 140Khz] is taken to 

estimate the performance given in Table.4.1. 

 

4.3.3 Computation of Design parameters of Half-Bridge LLC  

Turns ratio of the transformer 

The regulated dc-link voltage is feed to HB-LLC resonant converter for EV 

battery charging. Considering nominal battery voltage Vbat = 57V and dc-link voltage 

Vdc = 300V. The turns ratio (n) of the transformer can be calculated as, 

  𝑛 =
𝑉𝑑𝑐

2𝑉𝑏𝑎𝑡
=

300

2 × 57
= 2.63 (4.18) 

Resonant Capacitor of LLC  

The peak value of resonant current, ILr of the LLC resonant converter can be 

calculated as, 
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 𝐼𝐿𝑟 =
2πPo

2𝑉𝑑𝑐
=

2π × 1𝑘𝑊

2 × 300
= 10.46 𝐴 (4.19) 

Considering resonance frequency fr = 100kHz, the value of resonant capacitor is 

calculated as, 

  𝐶𝑟 =
𝐼𝐿𝑟

2πfr
Vdc

2⁄
 (4.20) 

Using Eq. (4.20) the resonant capacitor is calculated as111nF. 

Inductance Ratio, Resonant and Magnetizing Inductor 

In order to select the inductance ratio (m), the smaller m value is reducing the 

size magnetizing inductance, which result in poor coupling of transformer, high 

circulating current and deteriorates the efficiency but provide higher gain, while with 

higher m value increase the size of magnetizing inductor, reduces the circulating 

current and improve the efficiency [11]. The inductance ratio in this work is chosen as 

m=5. The resonant capacitor and magnetizing inductance are determined using 

following equations, 

   𝐿𝑟 =
1

(2πfr)2𝐶𝑟
 (4.21) 

 𝐿𝑚 = 𝑚𝐿𝑟  (4.22) 

The values of resonant capacitor and magnetizing capacitor are calculated using Eq. 

(4.21) and (4.22) as, 22.8𝜇𝐻 and 114𝜇𝐻. 

 

4.4 Control technique of the EV battery charger 

In this work, the power factor correction is done with Active Power Factor Correction 

(APFC) which has two-loop structure. The outer loop is voltage control loop utilized 

to control the dc-link voltage. The reference dc-link voltage is generated by measuring 

the battery voltage so, V*
dc = 2nVbat. The dc-link voltage keeps varying according to 

the battery voltage. The dc-link voltage Vdc is compared with the reference Vdc* to 

generate the error voltage which is processed by the Proportional-Integral (PI) 

controller and its resultant is modulating current signal. This modulating current signal 

is multiplied by unit template of AC mains voltage and generate reference current for 

the primary inductor current. The primary inductor current feedback is used to create 

the internal current-loop and this current is compared with the reference current which 

generate the current error which passed through the PI based current controller and the 
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resultant signal is compared with the triangular carrier wave to produce the PWM gate 

pulses for the SEPIC converter switch.  

   Furthermore, the LLC resonant converter forms the secondary stage. The dc-link 

voltage is fed to the LLC resonant converter and its output voltage is controlled using 

PI-voltage controller and resultant frequency signal is processed by the Pulse 

Frequency Modulation (PFM) which generate the switching pulses for the HB-LLC 

resonant converter. The schematic of control technique for the proposed EV battery 

charger is depicted in Fig.4.8. 
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Fig.4.8. Control technique for the proposed EV battery charger. 

 

4.5 Simulation Results  

The verification of proposed converter is done on MATLAB/Simulink 

software. In this section simulation are performed for wide range of battery voltages, 

various input voltages for different loads. 

 

4.5.1 Verification of Wide Battery voltage range and DC-Link Voltage 

The dc-link voltage follows the battery voltage so that V*
dc = 2nVbat. The 

theoretical study of variation of DC-link voltage with respect to the battery voltage is 

depicted in Fig.4.9. The Vdc* = 252.48V for 48V battery voltage is the minimum 

voltage and Vdc* = 420.8 V for 80V battery voltage for the maximum battery voltage. 
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Fig.4.9. DC-link voltage variation with respect to the battery voltages. 

 

The theoretical study is verified by simulation exercise and results are shown in 

Fig.4.10. The simulation is performed for battery voltage 48V to 80V. The DC-link 

voltage followed the battery voltage at Vbat = 48V the Vdc =250V is observed while at 

Vbat= 80V the DC-link voltage Vdc = 419V is observed. 

 

 

Fig.4.10 DC-link voltage variation w.r.t to battery voltage 

 

4.5.2 Verification of the EV Battery charger under different Supply Voltages 

The simulation is performed under various input supply voltage ranges from 

(85Vrms-220Vrms) for the battery voltage Vbat = 57V and load Po = 1kW. The source 

current shows excellent performance for entire range of source voltage with THD less 

than 3% with unity power factor. The battery voltage is not affected by the variation of 

input voltage can be observed from the fig.4.11. 
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Fig. 4.11. Simulation results of source current, battery voltage under various input voltages. 

 

4.5.3 Verification of the EV battery charger under various loads 

The simulation is performed for different loads from high load to light load 

ranges from 1kW to 100W. The battery voltage kept constant at 57V and load is varied 

by varying the current of the battery. The maximum current 17.54A is achieved at 1kW 

and minimum current 1.57A is observed at light load of 100W. At high load slightly 

more ripple is observed in battery voltage and current in comparison to the light loads. 

The performance is shown in Fig.4.12. 

 

 

Fig.4.12 Performance of the EV battery charger under various loads. 

 



55 
 

4.5.4 Performance of EV battery charger at nominal supply and nominal battery 

voltage 

Fig.4.13 demonstrate the operation of the converter at power Po = 700W and 

input voltage Vs =220V. It shows that the input current follows the source voltage with 

unity power factor. The dc-link voltage reaches to 300V for battery voltage 57V. The 

primary inductor and secondary current are in continuous conduction mode. The 

waveform of intermediate capacitor is depicted in Fig.4.13 with peak amplitude of 

370V. The Fast Fourier Transform (FFT) analysis is shown in Fig.4.14 with TDD 

1.61%. 

 

 

 

 

 

Fig. 4.13. The key waveforms of Is, Vdc, Vbat, iL1, iL2, ID5, VC1 for Po = 700W and Vs =220V. 
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Fig.4.14 Fast Fourier transform analysis of source current for at Po =700W and Vbat = 57V. 

 

The performance of LLC resonant converter is depicted in Fig.4.15. The current 

waveforms of resonant and magnetizing inductors shows that the LLC resonant 

converter is operating near the resonance frequency. The peak value across the 

capacitor is 400V. The voltage and current of MOSFET switch show the zero-voltage 

switching is achieved. 

 

 

 

Fig.4.15. The key waveforms of iLr, iLm, VCr, and voltage and current across MOSFET switch for Po = 

700W at Vs = 220V. 
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4.5.5 Overall performance of the EV battery charger 

At various load the proposed technique has better effieciencies in comparision 

of conventional tenchinque in which DC-link kept constant and wide frequency 

variation for different loads. The overall efficiency comparison plot is depicted in 

Fig.4.16. for different loads and overall performance under varous loads, supply 

voltages and battery voltages are concluded in Table 4.2. 

 

Fig.4.16 Overall efficiency of the battery charger under various load. 

Table 4.2 Overall performance of the charger  

Vs (Vrms) Is (Arm) Vdc (V) Po (W) Vbat(V) Io (A) TDD (%) 

220 9.34 419 1970 80 24.63 2.547 

220 7.20 368 1508 70 21.53 2.231 

220 6.23 342 1300 65 19.89 1.873 

220 5.29 315 1107 60 18.45 1.432 

220 4.78 300 1000 57 17.54 1.453 

170 6.23 300 1000 57 17.54 2.456 

120 8.75 300 1000 57 17.54 2.843 

85 12.38 300 1000 57 17.54 3.895 

220 4.32 300 900 57 15.77 1.553 

220 4.10 278 864 53 16.30 1.544 

220 3.36 300 700 57 12.30 1.612 

220 2.42 300 500 57 8.57 2.021 

220 1.45 300 300 57 5.24 2.135 

220 1.02 300 200 57 3.50 2.522 

220 0.52 300 100 57 1.57 2.656 
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4.6 Outcomes of Proposed Work 

A power factor correction based on SEPIC converter followed by HB-LLC 

resonant converter has been designed. The LLC resonant converter operated near the 

resonance frequency for the entire battery voltage range (48-80V). The theoretical 

design is verified with simulation for various input voltages (85Vrms-220Vrms) as well 

as various battery voltage (48V-80V) at different loads with TDD less than 3.895% for 

Vs = 85V. However, the overall peak efficiency is achieved 95% at 1kW and 89% at 

light load which is far better than the conventional method.  
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CHAPTER 5 

BIDIRECTIONAL HALF-BRIDGE LLC RESONANT 

CONVERTER  

5.1 Introduction  

A bidirectional half-bridge LLC resonant converter topology for EV battery 

charging is designed. Fig. 5.1 depicts the schematic of proposed bidirectional 

converter.  
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Fig. 5.1 Schematic of bidirectional LLC resonant converter 

5.2 Bidirectional LLC half bridge resonant converter analysis 

Forward and backward operation are examined in the converter analysis. This 

architecture has LC series resonance frequency (fr) and series-parallel resonance 

frequency (fpr) characteristics for both modes, as defined by equations (5.1) and (5.2), 

respectively. 

  𝑓𝑟  =  
1

2π√CrLr

 (5.1) 

 𝑓𝑝𝑟  =
1

2π√Cr(Lr + Lm)
 (5.2) 

Where Lr is the series inductance, Lm is the parallel inductance and Cr is the series 

capacitance.  

During battery charging the converter operate in forward mode in which power flows 

from ac supply to the battery (G2V) while in battery discharging mode converter 

operate in backward mode and power flow to the load connected at grid side (V2G). 

 A fixed duty cycle of 0.5 and variable frequency will be used for the operation 

of the converter and the first harmonic approximation (FHA) is used for the converter 

investigation. 
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5.2.1 Forward mode analysis 

In forward mode, the converter is analysed as a conventional unidirectional 

LLC resonant [66,67,68]. The converter is evaluated as a traditional unidirectional LLC 

resonant in forward mode [66 67, 68]. The MOSFETs pair (S1, S2) and the resonant 

capacitors on the high-voltage side apply a square wave voltage VHB(t), which can be 

written as, 

 𝑉𝐻𝐵 =
2𝑉𝐷𝐶

π
sin(𝜔𝑠𝑡) (5.1) 

Where 𝜔𝑠 = 2π𝑓𝑠 is the switching angular frequency. The AC equivalent circuit for the 

forward mode of the converter are depicted in Fig.5.2.  
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Fig. 5.2 Series-parallel LLC filter in forward mode 

 

The parameters of the converter are defined as, 

 

 𝑚 =  
𝐿𝑟

𝐿𝑚
 (5.2) 

 

  𝑅𝑎𝑐𝐵  =  
8𝑛2𝑉𝑏𝑎𝑡

2

π2P
 (5.3) 

 

 𝑛 =  
𝑉𝐷𝐶

2𝑉𝑏𝑎𝑡
 (5.4) 

 

 𝑍0  = √
𝐿𝑟

𝐶𝑟
 (5.5) 

 𝑄𝑓  =  
𝑍0

𝑅𝑎𝑐𝐵
 (5.6) 

 𝛺 =  
𝜔𝑠

𝜔𝑟
 (5.7) 
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Where m is the ratio of series and parallel inductances, RacB is the equivalent 

AC resistance of the battery pack reflected to the primary side of transformer, n is the 

turns ratio. Z0 is the characteristic impedance of the resonant tank, Qf is the quality 

factor in the forward mode and Ω is the normalized frequency. 

So, the transfer function of the circuit depicted in fig 5.2 is given as, 

 
|𝑀𝑓| =

𝛺 
2

√[Ω(𝑚 + 1) − 𝑚]2 + 𝛺 
2𝑄𝑓

2(1 − 𝛺 
2)2

 
(5.8) 

For m = 0.167 gain curve is depicted in fig.5.3 for different values of Q. 

 

Fig. 5.3 Forward gain as a function of normalized switching frequency  

 

5.2.2 Backward mode analysis 
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Fig. 5.4 Series-parallel resonant LLC filter in backward mode 

 

Fig. 5.4 illustrate the AC equivalent circuit for the converter's backward mode. In a 

push-pull converter, the input voltage VPP(t) has a square wave form with 

characteristics from the terminals input voltage of the transformer. VPP(t) can be 
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defined by equation in a sinusoidal approximation. VPP(s) is the frequency domain 

representation of VPP(t). 

 𝑉𝑃𝑃 =  
4𝑛𝑉𝑏𝑎𝑡

π
sin(𝜔𝑠𝑡) (5.9) 

The equivalent load for the AC circuit RDCac is shown by equation (5.10). 

 𝑅𝐷𝐶𝑎𝑐  =  
2𝑅𝐷𝐶

π2
 (5.10) 

where RDC denotes DC load resistance, which varies throughout operation. As a result, 

in backward operating mode, the quality factor Qb has been changed to the following 

equation (5.11) for a characteristic impedance of the resonant filter Z0 of the same value 

as in forward operation mode. 

 𝑄𝑏 =
𝑍0

𝑅𝐷𝐶𝑎𝑐
 (5.11) 

The transfer function in backward mode is Mb is given as, 

 |𝑀𝑏|  =  
2𝑛𝛺 

√𝑄𝑏(𝛺 
2 − 1)2 + 𝛺 

2
 (5.12) 

For m = 0.167, gain curve is represented in fig.5.5 for different values of Qb. The ZCS 

operation on the switched MOSFET occurs for Ω < 1 and ZVS operation occurs for 

Ω>1. [69] 

 

 

Fig. 5.5 Operating characteristics of Half-Bridge LLC resonant converter in backward mode 
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5.3 Design Procedure 

 The design parameters are described in Table 5.1.  

Table 5.1 Design Parameters  

Parameter Symbol Value 

DC Bus voltage VDC 380V 

Battery Voltage range  Vbat 24V 

Maximum Power Pmax 292Watts 

Turns ratio of transformer n 10 

Series resonance frequency fr 20kHz 

Series capacitance Cs 2 x 43 nF 

Series Inductance Lr 800𝜇F 

Magnetizing Inductance Lm 1.2 mH 

Inductance ratio m 0.667 

Characteristics Impedance Zo 96.45 

Quality factor in forward mode Qfmax 0.6 

Quality factor in backward mode Qbmax 0.96 

 

5.3.1 Forward mode design  

Fig. 5.6 shows the battery voltage curves with a dc-link voltage of 380 V 

(nominal gain), where each curve corresponds to the level of charge of the battery bank. 

The voltage levels of the battery bank change depending on the state of charge (SOC), 

indicating that the converter will have a frequency range of about 0.9fr for these voltage 

levels. Soft-switching (ZVS turn-on of high-voltage side switches and ZCS turn-off of 

low-voltage side switches) is used in this region by the LLC resonant converter [66]. 

 

 

Fig. 5.6 Battery voltage w.r.t to normalized frequency 
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The battery charging current in maintain using proportional-integral controller. The 

controller schematic is shown in fig. 5.7  

PI- 

controller
PFM

IeIbat*
+
-

f
S1

S2

Ibat
 

Fig. 5.7 Battery current control schematic  

 

5.3.2 Backward mode design 

The voltage oscillates between the fluctuation and the cut-off value as the 

battery is drained, therefore the converter switching frequency preserves a constant 

voltage even if the nano-grid load varies. The converter's performance in backward 

operation mode for minimum and maximum battery voltage is shown in Fig.5.8 and 

5.9, respectively. The maximum operating frequency is 20kHz for the worst-case 

scenario (20 % of nominal load). The control diagram is shown in fig. 5.10.  

 

 

Fig. 5.8 Operating characteristic for LLC half-bridge resonant converter, in backward 

operation mode for minimum battery voltage. 
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Fig. 5.9 Operating characteristic for LLC half-bridge resonant converter, in backward 

operation mode for maximum battery voltage. 

 

PI- 

controller
PFM

VeVdc*
+
-

f
SR1

SR2

Vdc
 

Fig. 5.10 Block diagram of controller in backward mode 

 

 

5.4 Results  

5.4.1 Forward mode 

Fig. 5.11 depicts the SOC level which start from 70%, different level of battery 

charging current for nominal battery voltage of 24V.  
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Fig. 5.11 Simulation results of SOC, battery charging current and battery voltage.  

 

Fig. 5.12 shows the ZVS at the switch S1 and ZCS at switch SR1. Fig. 5.13 depicts the 

resonant current and magnetizing current waveforms. 

 

 

Fig. 5.12 Zero voltage switching and Zero current switching in forward mode  

 

 

Fig. 5.13 Resonant and Magnetizing current waveform in forward mode 
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5.4.2 Backward mode  

Fig. 5.14 depicts the dc-link voltage which is controlled using the PI-controller at 

380V and battery voltage is varying with respect to the frequency, on increasing the 

switching frequency the current supply from the battery is decreased and on decreasing 

the switching frequency current supply from the battery is increased which can be 

observed from the fig. 5.14. Fig. 5.15 shows the ZVS at the switch SR1 and ZCS at 

switch S1. Fig. 5.16 depicts the resonant current and magnetizing current waveforms. 

 

 

Fig. 5.14 Simulation results of dc-link voltage, Battery current and switching frequency. 

 

 

 

Fig.5.15 Zero current switching and Zero voltage switching in backward mode 
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Fig. 5.16 Resonant current and magnetizing current waveforms in backward mode 

 

 

5.5 Outcome of Proposed Work 

There are several advantages observed in bidirectional resonant topology such as soft 

switching for all the operating range in forward and backward mode of operation. It 

has capability of transferring power in both the direction.  
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CHAPTER 6  

SENSITIVE ANALYSIS 

 

The novel work of the thesis is summarised as follows: 

• a Half-Bridge LLC resonant converter is simulated for the three modes of 

operation, at resonance frequency, above resonance frequency, below 

resonance frequency illustrated in chapter 2. The performance under various 

frequency is obtained in Table. 6.1 and depicted in Fig.6.1.  

Table. 6.1 Performance under various frequency 

Performances fs <fr fs = fr fs > fr 

Turn on loss of MOSFET switch ZVS ZVS ZVS 

Turn off loss of MOSFET switch Low Low High 

Circulting current on primary side High Low Medium 

Secondary diodes ZCS ZCS No 

Conduction losses High Low Medium 

Swittching losses Low Low High 

Harmonics Low Low High 

Overall Performance Medium Best Medium 

  

 

Fig. 6.1. Waveforms of resonant current (iLr) and magnetizing current waveforms (iLm) for 

different operating point (a) fs <fr (b) fs = fr (c) fs >fr 

 

It has been also verified for closed loop operation. For different input voltages 

ranges from 340V- 420V, the output voltage remains constant at 58V as it is 

well regulated by PI-controller. The efficiency is measured under various load 

ranges from 400W- 750W and is found very marginal. The peak efficiency is 

observed as 96.3%.   

• The boost converter fed Half-Bridge LLC resonant converter is simulated and 

performance is analysed under various supply voltages and loads. The battery 

voltage is regulated at 48V for different input supplies and various loads. The 
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power factor is measured under various input and it has been observed that the 

maximum THD is 3.18%. The overall performance is obtained in Table. 6.2. 

Table. 6. 2 Overall performance of Boost converter fed LLC 

Vs (V) Is (A) PF THD (%) Po (W) 

150 4.129 0.99962 2.75 576 

160 3.877 0.99966 2.61 576 

170 3.643 0.99969 2.48 576 

180 3.441 0.99969 2.49 576 

190 3.260 0.99971 2.39 576 

200 3.097 0.99966 2.60 576 

210 2.949 0.99968 2.52 576 

220 2.815 0.99965 2.63 576 

230 2.693 0.99964 2.70 576 

240 2.581 0.99958 2.89 576 

250 2.477 0.99953 3.07 576 

260 2.382 0.99949 3.18 576 

 

• The SEPIC converter fed Half-Bridge LLC resonant converter is simulated and 

illustrated in chapter 4. The SEPIC converter has ability to perform buck and 

boost performance helps supress the large inrush current at supply. The 

uniqueness of the proposed battery charger are as follows: 

• The unique control technique is adopted so that dc-link voltage of the 

converter follows the battery voltage and operates near the resonant 

frequency for optimal operation shown in Fig.6.2. 

• It has the ability to perform wide input voltage ranges (85Vrms - 220Vrms) 

at unity power factor. 

• It also has the ability to charge the battery for a wide range of voltages 

(48V – 80 V) at high efficiency.  

• It gives excellent performance from light load to full load.  

 

Fig. 6.2 Voltage profile of dc-link and EV battery 
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The large inrush current issue occurred in boost fed HB-LLC resonant converter 

is resolved with SEPIC converter due to presence of intermediate capacitor in 

SEPIC converter. The waveforms of supply current and voltages are depicted 

in fig.6.3. and fig.6.4.  

 

Fig. 6.3. The key waveforms of Vs and Is of boost converter fed LLC resonant converter 

 

 

Fig. 6.4. The key waveforms of Vs and Is of SEPIC converter fed LLC resonant converter 

 

 The performance of the SEPIC converter fed Half-Bridge LLC resonant converter is 

summarized in Table.6.3. 

 

Table.6.3 Overall performance of proposed converter 

Vs (Vrms) Is (Arm) Vdc (V) Po (W) Vbat(V) Io (A) TDD (%) 

220 9.34 419 1970 80 24.63 2.547 

220 7.20 368 1508 70 21.53 2.231 

220 6.23 342 1300 65 19.89 1.873 

220 5.29 315 1107 60 18.45 1.432 

220 4.78 300 1000 57 17.54 1.453 

170 6.23 300 1000 57 17.54 2.456 

120 8.75 300 1000 57 17.54 2.843 

85 12.38 300 1000 57 17.54 3.895 

220 4.32 300 900 57 15.77 1.553 

220 4.10 278 864 53 16.30 1.544 

220 3.36 300 700 57 12.30 1.612 

220 2.42 300 500 57 8.57 2.021 

220 1.45 300 300 57 5.24 2.135 
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220 1.02 300 200 57 3.50 2.522 

220 0.52 300 100 57 1.57 2.656 

 

• A bidirectional half-bridge LLC resonant converter is simulated which is 

illustrated in chapter 5. There are two mode of operation forward mode and 

backward mode. In forward mode, the battery is charging and power flows from 

dc-link to the battery and in backward mode, the battery is supplying the power 

to the load connected at input side through the dc-link. The charging current is 

controlled using PI-controller during the battery charging and voltage is 

maintained across the load during the backward mode of operation. The ZVS 

and ZCS is achieved in both the mode shown in Fig. 6.5. and Fig.6.6. 

 

 

Fig.6.5. ZVS and ZCS in forward mode  

 

    

 

Fig.6.6. ZCS and ZVS in backward mode 
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CHAPTER 7 

CONCLUSION AND FUTURE WORK 

 

7.1 Work summary  

AC-DC on-board electric vehicle battery charger is designed and simulated on 

MATLAB Simulink environment. Initially, a Half-Bridge LLC resonant converter is 

designed and simulated under various frequencies, at resonance frequency, above 

resonance frequency and below resonance frequency. It has obtained that the LLC 

resonant converter gives it better performance near the resonance frequency. 

Futhermore, a Half-Bridge LLC resonant converter is integrated with boost converter 

power factor correction at it has been obtained that it improves the power quality of 

AC supply current with maximum THD 3.18% illustrated in chapter 3. Apart from this 

another observation is noted that it suffers from large inrush input current at the supply 

side for 8.36 msec. To eliminate the large inrush current, the SEPIC fed half-bridge 

LLC resonant converter is designed. The presence of intermediate capacitor in SEPIC 

supresses the inrush current which is illustrated in chapter 7. It has been also observed 

that the SEPIC converter performs well for universal supply voltage ranges from 85 

Vrms – 220Vrms and various power rating ranges from 2kW to 100 W.  The DC-link 

voltage of the SEPIC fed LLC resonant converter is following the battery voltage to 

operate near resonance frequency for improved performance illustrated in chapter 5. 

Furthermore, bidirectional LLC resonant converter has been designed to operate in 

forward mode for battery charging for grid to battery and in backward mode for supply 

power to load connected at grid side. It has been noted that it achieves ZVS and ZCS 

in both the mode at different level of charging and discharging of the battery.   

 

7.2 Future Work  

The hardware implementation of Half-Bridge LLC resonant converter can be 

done in future with the power factor correction circuit to commercialized the prototype 

model.  
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