
 

Design, Analysis and Control of LLC Resonant Converter 

 
DISSERTATION/THESIS 

 
SUBMITTED IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 

FOR THE AWARD OF THE DEGREE 

OF 

 

MASTER OF TECHNOLOGY 
IN 

POWER ELECTRONICS & SYSTEMS 

 
Submitted by: 

KUMAR SAGAR 

2K22/PES/09 

Under the supervision of 

 

 
 
 
 

 

PROF. MINI SREEJETH 
(Professor, EED, DTU) 

Mr. GAURAV KAUSHIK 

(Assistant Professor, EED, DTU) 

 

 

 

 

DEPARTMENT OF ELECTRICAL ENGINEERING 

DELHI TECHNOLOGICAL UNIVERSITY 

(Formerly Delhi College of Engineering) Bawana Road, Delhi-110042 

MAY2024 



DEPARTMENT OF ELECTRICAL ENGINEERING 

DELHI TECHNOLOGICAL UNIVERSITY 
(Formerly Delhi College of Engineering) 

Bawana Road, Delhi-110042 

 

CANDIDATE'S DECLARATION 

 
I, KUMAR SAGAR, Roll No. 2K22/PES/09 student of M. Tech (Power Electronics & 

Systems), hereby declare that the project Dissertation titled "Design, Analysis and Control 

of LLC Resonant Converter" which is submitted by me to the Department of Electrical 

Engineering Department, Delhi Technological University, Delhi in partial fulfillment of the 

requirement for the award of the degree of Master of Technology, is original and not 

copied from any source without proper citation. This work has not previously submitted for 

the award of any Degree, Diploma. 

 

 

 

 

 

 

 

Place: Delhi 

Date: 31/05/2024 

(Kumar Sagar) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

11 



3 

 
 

 
CERTIFICATE 

 

 
I hereby certify that the project Dissertation titled "Design, Analysis and Control of 

LLC Resonant Converter" which is submitted by Kumar Sagar, Roll No. 

2K22/PES/09, Department of Electrical Engineering, Delhi Technological 

University, Delhi in partial fulfilment of the requirement for the award of the degree 

of Master of Technology ,is a record of the project work carried out by the student 

under my supervision. To the best of my knowledge this work has not been submitted 

in part or full for any Degree or Diploma to this University or elsewhere. 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

Place: Delhi 

Date: 31.05.2024 

    PROF. MINI SREEJETH 

(SUPERVISOR) 

Mr. GAURAV KAUSHIK 

(CO-SUPERVISOR) 



4 

 

 

 

 

 

ACKNOWLEDGEMENT 

 
I would like to express my gratitude towards all the people who have contributed 

their precious time and effort to help me without whom it would not have been 

possible for me tounderstand and complete the project. 

I would like to thank Dr. Mini Sreejeth (Professor, Department of Electrical 

Engineering, DTU, Delhi) and Mr. Gaurav Kaushik (Assistant Professor, 

Department of Electrical Engineering, DTU, Delhi) my Project guide and co-guide 

respectively, for supporting, motivating and encouraging me throughout the period 

of this work was carried out. His readiness for consultation always, his educative 

comments, his concern and assistance even with practical things have been 

invaluable. I would also like to thank the Centre of Excellence for Electric 

Vehicles and Related Technologies, Delhi Technological University for providing 

necessary facilities for performing my research work. 

Finally, I must express my very profound gratitude to my parents, seniors and to my 

friends for providing me with unfailing support and continuous encouragement 

throughout the research work. 

 

 

 

 

 

 

 

           Date: 31/05/2024                                                                              kumar Sagar 

M. Tech (Power Electronics & Systems) 

                                                                                               Roll No. 2K22/PES/09 



ABSTRACT 

 
The Ongoing demand for electric vehicles (EVs) has intensified research efforts 

towards enhancing the efficiency and effectiveness of charging systems. Among 

various topologies, LLC resonant converters have been emerged as a promising 

solution having to their high efficiency, reduced electromagnetic interference, and 

inherent soft-switching characteristics. 

This abstract provides a comprehensive review of recent advancements in LLC 

resonant converters specifically tailored for EV charging applications. The abstract 

begins by explaining the fundamental principles underlying LLC resonant converters, 

emphasizing their unique advantages over conventional converter topologies. 

Subsequently, it highlights the key challenges associated with EV charging, such as 

high-power demands, grid integration issues, and charging infrastructure limitations. 
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1.1 Overview 

CHAPTER 1 

INTRODUCTION 

There are two types of DC-DC converters: resonant converters and pulse-width- 

modulation (PWM) converters. Since the majority of applications require a regulated 

voltage output, the control system includes a feedback loop to stablish the output 

voltage. Small-signal equivalent circuit models are essential for the best possible 

design. 

The most basic type of resonant converter is the series resonant converter (SRC). 

The state-space averaging technique is not effective to resonant converters. The 

explanation is because while dc components predominate in state variables for PWM 

converters, some state variables for resonant converters include large switching 

frequency components and their harmonics instead of dc components. The switching 

frequency interacts with the natural resonant frequency because of the intense 

oscillatory character of resonant states. This leads to a strange phenomenon known as 

the beat frequency dynamics, in which a pair of double poles situated at the beat 

frequency control the high-frequency response. 

By using phase-shift modulation as an additional control parameter, the necessary 

range of switching frequencies to obtain the same voltage conversion ratio is reduced. 

However, it is necessary to have a precise calculation of the state variables under all 

operating situations in order to effectively evaluate the trade-off between power 

density and efficiency during the design process. For instance, I suggest utilising phase- 

shift modulation while employing the first harmonic approximation (FHA) to construct 

the converter. When a converter with a low-quality factor (Q) operates in discontinuous 

conduction mode (DCM) and uses phase-shift modulation, an FHA- based technique 

becomes highly incorrect. 
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1.2 THESIS MOTIVATION: 

In the current scenario of EV market, availability of off-board EV charger at certain 

distance is the major concern. This will reduce the range anxiety among the users and 

will rise the sales of EVs and make growth of EV market in India stable. That’s why 

this research area was selected to work upon and to add some contribution in the power 

converters for off- board EV charging. 

1.3 Thesis organization: 

This Thesis consists of complete design analysis and voltage control of the LLC 

resonant converter under different load. The outline of this this thesis is as follows: 

Chapter 1: This chapter provides the reader with an introduction to the LLC 

Resonant converter its importance in the power electronics. In the chapter we have 

discuss about the frequency modulation of LLC converter. 

Chapter 2: In this chapter we have discussed about the Full bridge LLC resonant 

converter. This chapter provides the difference between the Full bridge and half 

bridge of switching. 

Chapter 3: In this chapter we have design a Full bridge LLC resonant circuit for 

3.3KW output power and its magnetics. 

 

Chapter 4: In this chapter we have done the voltage control of Full bridge LLC 

resonant converter at different resistive and DC motor load. 

Chapter 5: This chapter validates the results of the systems at various load 

conditions, and also discussed the simulation results. 

Chapter 6: This chapter summarize the Design analysis and control of LLC resonant 

converter and propose some future work. 
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1.4 Literature Review: 
[1] This Paper examines the application of dual closed loop control to improve the 

efficiency of LLC resonant converters in the charging of electric vehicle (EV) 

batteries. This method employs dual feedback loops to accurately control voltage and 

current, hence enhancing efficiency, stability, and dynamic response. Their work 

focuses on tackling crucial obstacles in electric vehicle charging, such as ensuring 

optimal power conversion and consistent functioning under fluctuating load 

conditions. The study provides useful insights for enhancing the efficiency of EV 

charging systems and recommends further investigation into sophisticated control 

strategies and materials to drive future advancements. 

[2] This paper discusses the difficulties associated with maintaining optimal efficiency 

in converters when operating at varying voltage levels. The hybrid-secondary-rectifier 

(HSR) is implemented in dual half-bridge LLC resonant converters to improve 

performance. This is particularly important for applications such as renewable energy 

systems and battery charging. The study enhances the field by suggesting sophisticated 

control algorithms to optimise converter performance in the presence of changing load 

conditions. 

[3] This Paper work aims to optimise high-efficiency Full-bridge LLC resonant 

converters, in line with current research trends that aim to enhance efficiency by 

employing sophisticated design and control methodologies. Their research expands 

upon prior investigations that highlight the significance of accurate modelling, 

sophisticated semiconductor materials such as GaN, and inventive control techniques 

to improve the efficiency and dependability of converters in diverse fields such as 

renewable energy and electric automobiles. 

[4] This paper study examines the efficiency of LLC resonant converters employing 

interleaving techniques while maintaining a consistent switching frequency. 

Interleaving decreases the fluctuation in electric current, increases the effectiveness, 

and promotes the control of heat. The paper examines the differences between open 

loop control, which is less complex but lacks adaptability, and closed loop control, 

which dynamically adjusts to enhance stability and performance. 

[5] This paper discusses the necessity of achieving efficient and dependable power 

conversion in renewable energy systems. The researchers concentrate on the particular 
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demands of PV motor drives and utilise innovative modelling methods to enhance the 

efficiency and performance of converter designs in different solar situations. This 

research provides evidence to promote the advancement of sustainable energy 

solutions and proposes potential strategies for improving the incorporation of LLC 

resonant converters in photovoltaic (PV) applications. 

[8] This work provides a thorough analysis of power loss mechanisms in full-bridge 

LLC resonant converters, with a focus on their exceptional efficiency and minimal 

electromagnetic interference resulting from zero-voltage and zero-current switching. 

The text compares the full-bridge and half-bridge topologies, highlighting the 

improved performance of the former in higher power applications. The study also 

emphasises several design and optimisation methodologies that are focused on 

maximising converter efficiency, such as precise modelling and methods for predicting 

losses. 

[18] This work introduces a sophisticated digital control method that is specifically 

tailored for rapid charging of electric vehicles (EVs). The system employs two 

interconnected control loops to regulate voltage and current. This simplifies the 

complex seventh-order model of the LLC converter to a first-order approximation at 

resonance, resulting in improved performance in strongly underdamped situations. 

Incorporating a look-up table (LUT) into the feed-forward path effectively deals with 

non-linearities, guaranteeing resilient and responsive performance over the whole 

operational range. The effectiveness and efficiency of the suggested technique are 

confirmed through rigorous testing using both models and experiments on a 15 kW 

prototype, showcasing its practical applicability. The literature review emphasises the 

significance of these converters in electric vehicle (EV) charging because of their high 

efficiency and power density. It also places this study within the context of broader 

efforts to improve control strategies and address system non-linearities 

This paper investigates the incorporation of LLC resonant converters into the Constant 

Current Constant Voltage (CCCV) topology to improve the efficiency and 

dependability of battery charging. LLC resonant converters are renowned for their 

exceptional efficiency and minimal electromagnetic interference (EMI), whilst the 

CCCV design is highly successful in safeguarding battery health and optimising 

charge durations. The study centres on the meticulous design and optimisation of the 
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components in the resonant tank, utilising sophisticated control algorithms to enhance 

performance parameters such as efficiency, thermal management, and charging speed. 

This research is highly pertinent to the fields of electric vehicles, renewable energy 

storage, and portable electronics. It provides valuable insights for the advancement of 

battery charging systems. 
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CHAPTER 2 

ANALYSIS OF FULL BRIDGE LLC CONVERTER 

 

2.1 Overview 

LLC resonant converters have become an important discussion in power electronics 

because they have the features of Higher efficiency, higher power density, Low EMI 

for design of power supply. Resonant power converters i.e LLC half-bridge 

configuration and LLC full bridge configuration have advantages of higher switching 

frequencies and lower switching losses. Design of LLC resonant converter require 

more effort and challenges than PWM converters because for power conversion the 

LLC resonant performs power frequency modulation instead of pulse-width 

modulation. 

2.2 Brief discussion on Resonant Converters 
There are many resonant-converter topologies and they all function in the same way. 

Their basic operation involves using power switches to generate a square pulse of 

voltage or current, which is then applied to a resonant circuit. The energy then 

transferred to the output to supply power. Among the various types of resonant 

converters, the series resonant converter (SRC) and the parallel resonant converter 

(PRC) are the most common. Both converter operates by changing the frequency of 

voltage to change the impedance. 

2.2.1 Series resonant converter: 
The SRC regulates its output voltage by varying the frequency of the input voltage, 

which changes the impedance of the resonant circuit. This circuit, in turn, acts as a 

voltage divider between the input voltage and the load. DC gain of SRC is always less 

than or equal to one, due to which it is difficult to regulate the output under light-load 

conditions. At light loads, the load impedance becomes very large so extremely high 

frequencies is required to maintain output regulation. 

1 
o 

2 LrCr 
f 
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Fig 2.1: Series Resonant Converter 

 

2.2.2 Parallel resonant converter: 

 
In the Parallel resonant converter, the load is connected in parallel with the resonant 

circuit, which results in large circulating currents. Due to the disadvantages of large 

circulating currents Parallel resonant converter is not use for applications with high 

power density because it can lead to unstable output. 

1 
p 

 
 

 

 

 

 

Fig 2.2: Parallel resonant converter 

 

2.2.3 LLC Resonant Converter: 

 
To address these limitations, combination of series resonant converter and Parallel 

resonant converter is formed. This converter has the advantages of both of series- 

parallel resonant converter. The structure of this Converter has two inductors and one 

capacitor. 

2 (Lr Lm)Cr 
f 
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The advantages of LLC resonant converter compared to resonant converters is that 

with small deviation in switching frequency LLC resonant converter can regulates 

wide variation of Line and Load. Additionally, LLC is capable of achieving zero 

voltage switching (ZVS) throughout its range. 

2.3 Full Bridge LLC resonant converter: 

 
Resonant tanks are made up of inductors and capacitors that oscillate at a specific 

frequency called the resonant frequency. In An LLC converter there are 4 blocks: 1) 

Power switches, 2) resonant tank, 3) Transformer, and 4) Diode rectifier 

 

 

Fig. 2.3 LLC resonant converter 
 

 

Fig. 2.4 Equivalent Resonant circuit 

First, the MOSFET power switches transform the input DC voltage into a high- 

frequency square wave. That high-frequency square wave fed to the resonant tank. 

Resonant tank filters out the higher order harmonics and produces the fundamental 

sine wave. Now the fundamental sine wave will transfer to secondary through 
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transformer, where the secondary voltage will be adjusted accordingly to transformer 

ratio. At output side Diode rectifier converts voltage into stable output. The power 

switches can have two topologies full-bridge or half-bridge. 

2.4 Operational principle of Full bridge LLC converter: 

 
230V AC grid supply is given to Full bridge rectifier to get DC voltage. Output of 

rectifier is fed to Boost PFC converter through which we get 400V DC voltage at good 

power factor. This 400V DC voltage is fed to LLC converter. This 400V supply 

voltage is then converted into high frequency square wave with the help of power 

MOSFETs switches. In LLC full bridge converter switches are operated in pairs (S1, 

S4) & (S2, S3). In LLC converter duty cycle does not vary but fix and typically equal 

to 50%. In LLC, switching frequency varies in order to regulate the output voltage and 

operate near resonant frequency. 

There will be only two types of operations: 

 
A. Power delivery operation 

 

B. Freewheeling operation 

 

2.4.1 Power delivery operation (S1, S4 are ON) 
 

Power delivery operation will happen in two cases when resonant tank gets positive 

half cycle of voltage or negative half cycle of voltage that comes after power 

MOSFETs switching. During positive half cycle at resonant tank Switches pair (S1, 

S4) gets ON and switches pair (S2, S3) are OFF. When resonant tank excited with 

positive voltage then current also resonant in positive direction in the first half of 

switching cycle. The positive mode of operation is shown in Fig 2.5. As Current flows 

through the resonant tank it stores the energy. With the help of transformer, the power 

will deliver to secondary side of rectifier. In Secondary side Diode (D1, D4) gets 

conducted and input power will get delivered to output side. At output Positive power 

will get delivered. 
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+ 
 

 
VDC 

 

 
 
 
 

 

- 
 

 
Fig 2.5 Power delivery operation when (S1, S4) is ON 

 

2.4.2 Freewheeling operation (Dead time): 

During Freewheeling operation No power delivery will happen to secondary side. This 

operation is known as freewheeling because the energy got stored during power 

delivery operation in resonant tank will discharge through the body diodes of 

MOSFETs. Freewheeling operation will happen during dead time. During dead time 

both the switching pair will be OFF. Dead time is provided between two switching 

cycle so that voltages formed across switches will discharge and it will help Zero 

voltage switching (ZVS). In this mode the charge formed in the resonant tank will 

discharge through the body diode of the other switches pair (S2, S3). At Dead time 

Resonant inductor current will be same as magnetising inductor current. In this mode 

No power will be transfer to the secondary side as shown in fig 2.6. 

S1 S3 

D1 D3 
Cr Lr 

Np  Ns 

Lm 
Vo 

S2 S4 
D2 D4 
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+ 

 
VDC 

 
 
 

 

 

- 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 2.6 Freewheeling operation after (S1, S4) OFF 

 

2.4.3 Power delivery operation (S2, S3 are ON): 

After dead time, Resonant tank will get excited with negative half cycle which comes 

after power MOSFETs switching. In negative half cycle at resonant tank switches pair 

(S2, S3) gets ON and switches pair (S1, S4) are OFF. When resonant tank excited with 

Negative voltage then current also resonant in negative direction in the second half of 

switching cycle as shown in fig 2.6. Like Positive voltage cycle, resonant tank will 

store energy and power will be delivered to secondary side through transformer. In 

Secondary side Diode (D2, D3) gets conducted and input power will get delivered to 

output side. At output Positive power will get delivered. 
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VDC 

 
 
 

 

 

- 
 

Fig 2.7 Power delivery operation when (S2, S3) is ON 
 

 

 

 

2.4.4 Freewheeling operation (Dead time): 
 

Again, after second cycle both switching pair will gets OFF. During Freewheeling 

mode resonant tank will discharge through other switches pair (S1, S4) diodes as 

shown in fig 2.8. No power will deliver during this mode. 

 

 

 

 

 

 

 

 

VDC 

 
 
 
 
 

 
Fig 2.8 Freewheeling operation after (S2, S3) OFF 

- 
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2.5 Modes of operations: 

 
I. At Resonant frequency (fs=fr.). 

 

II. Below Resonant frequency (fs< fr). 

 
III. Above Resonant frequency (fs>fr). 

 

 

 

 
Fig. 2.9 Gain vs Normalized frequency curve 

 

2.5.1 At Resonant frequency: 

In this mode Switching frequency became equal to the series resonant frequency i.e fs 

= fr. In positive switching voltage Switches S1 and S4 are ON. At every half switching 

cycle, the resonant inductor current became equal to the magnetizing current and the 

rectifier current reaches zero. Gain of the resonant tank will be 1 (unity). 
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Fig 2.10 At resonant frequency 

 

2.5.2 Below Resonant frequency: 

In this mode Switching frequency became less than the series resonant frequency i.e 

(fs< fr). Even though the magnetizing current is still there in this case, power 

transmission stops because the resonant current equals the magnetizing current before 

the driving pulse width is finished. While still accomplishing primary Zero Voltage 

Switching (ZVS) and permitting secondary soft commutation of the rectifier diodes, it 

is feasible to run below the series resonant frequency. The secondary-side diodes must 

work in discontinuous current mode, increasing the current that flows in the resonant 

circuit, to retain the same energy delivery to the load. Greater conduction losses 

develop on the main and secondary sides as a result of the enhanced current. In 

addition, it is vital to keep in mind that basic ZVS may be affected if the switching 

frequency goes too low. Massive switching losses and other problems may occur from 

this. 
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Fig 2.11 Below Resonant frequency 

 

2.5.3 Above Resonant frequency: 

In this mode Switching frequency became more than the series resonant frequency 

(fs>fr). The primary side of the resonant circuit exhibits a reduced circulating current. 

This is due to the continuous-current mode of the resonant circuit's current, which leads 

to a lower RMS current for the same load, resulting in decreased conduction losses. 

Although there may be reverse recovery losses and the rectifier diodes are not softly 

commutated, it is still possible to achieve primary Zero Voltage Switching (ZVS) 

when operating above the resonance frequency. 
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In light-load conditions, operating above the resonance frequency can lead to 

significant increases in frequency. The analysis that has come before has demonstrated 

that the converter may be created by altering fsw on either side of f0, using fsw = f0 or fsw 

> f0, or both. 
 

 

 

 

 

Fig 2.12 Above Resonant frequency 

 

2.6 Comparison between half bridge and full bridge: 

 

LLC Full-bridge converter produce a square wave with no DC offset, and the 

maximum amplitude will be the input voltage (VIN) Fig 2.13 
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Fig 2.13 Full bridge topology 

 

LLC half bridge converter generates a square wave form with DC offset value  

 

 

 

Fig 2.14 Half bridge topology 
 

 

 

Table 2.1 Comparison between half and Full bridge at primary 
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2.7 Comparison between Full-bridge rectifier and full-wave rectifier circuit: 

 

 

Fig 2.15(a) Full-bridge rectifier Fig 2.15(b) Full-wave rectifier 
 

 

 
Table 2.2 Comparison between Full wave and Full bridge at secondary 

 

2.8 Chapter Summary: 

 
In this chapter we have discussed about series, parallel and LLC resonant converter. 

In detail analysis of Full bridge LLC resonant converter and its operation is discussed 

in this chapter. We have also studied the different modes of LLC. Comparison between 

half and full bridge on primary side and Full bridge and full wave rectifier on 

secondary side is also discussed. 
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CHAPTER-3 

DESIGN OF FULL BRIDGE LLC RESONANT 

CONVERTER 

3.1 Overview 

 
To Design full-bridge LLC resonant converter we need to obtain the Gain or transfer 

function of system. The Transfer function of this LLC converter is the mathematical 

relation between input to output voltage gain. To get transfer function in pulse-width- 

modulated switching converters state space averaging is used. But for LLC converter 

this method is not successful. 

3.2 First harmonic approximation: 

For LLC resonant converter we use first harmonic approximation (FHA) method. In 

first harmonic approximation (FHA) method we ignore the higher order frequency of 

square wave which we get after power switching and we consider only fundamental 

frequency waveform. 

 

 

Fig 3.1 Non sinusoidal circuit. 
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V V  

 

 

 
Fig. 3.2 Sinusoidal circuit 

 

In above circuit square voltage ( 
V

sq ) fig 3.1 and fundamental voltage (Vge) of square 

voltage (Vsq) fig 3.2 is shown 

Voltage relation between the square waveform voltage (Vge) and fundamental voltage 

(Vsq) is: 

4 
1gepk= sq 

 

 

 

(3.1) 

 
Where, 

 

V1gepk = peak fundamental voltage 

 
V

sq = Square wave voltage 

 

3.3 Equivalent LLC converter: 

 

For calculation of LLC Converter, we have Referred the resistance RL from secondary 

side to primary side. On secondary side we have DC voltage whereas on Primary side 

LLC tank side we have AC voltage. Hence the resistance referred on AC side is R
ac . 

We will derive the voltage, current and resistance on primary side. Also due to 

transformer turns ratio we have to multiply the referred value with turns ratio (n). 
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2 

2  2 

 

 

 

 

 

Fig 3.3 Equivalent LLC circuit 

 

RMS voltage at input of LLC tank is: 
 

V 
2 

V 
ge sq 

 

 

 

 

 
(3.2) 

 

RMS voltage at output of LLC tank is: 

 

V * n *V 
ac (rms ) 0 

 
 

 

(3.3) 

 

RMS current at output of LLC tank is: 
 

 

 

 

Iac (rms ) 

 

1 
* 

n 
* I0 

 

 

 

 

(3.4) 

 
where: 

 

Vac (rms ) =Rms voltage at LLC tank output 

 
I

ac(rms) = Rms current at LLC tank output 

 

V
0 = Load output voltage 

2  2 
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I R  I R 

 0 

I
0 =Load output current 

 

 

Equivalent resistance referred at primary side: 

 

To derive equivalent resistance, compare DC power at load side with AC power at 

tank side. 

P
DC 

 P
AC 

 

 

2 2 
 

0 L ac ac 

 

 

R
ac 

8* n2 *V 2 
 

2 * P
0 

 

 
(3.5) 

 

Where: 

 

R
ac = resistance referred to primary side 

 
P

0 = Output power 

 

V0 = Output voltage 

 
n= Turns ratio of transform 



23  

3.4 Design Specification: 

 

Parameters Values 

Input voltage range (Vdc_min - 

Vdc_max) 

Nominal voltage (Vdc_nom) 

 
(360 – 420) V 

 

400 V 

Output voltage range (Vo_min – 

 

Vo_max) 

 
(35 – 58) V 

Output current range (Io) ( 1- 55) A 

Output power (Po) 3.3 KW 

Equivalent resistance 
 

  

Turns ratio (n) 8:1 

Resonant Inductor 26 µH 

Magnetising Inductor 106 µH 

Resonant capacitor 43.2 nF 

Quality factor 0.4 

Inductance ratio 4 

Resonant frequency 105kHz 

Switching frequency (105-255)kHz 

 

 

 

Table 3.1 Design specification value 
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We are designing our LLC converter for 3.3KW load. 230V AC supply is given from 

grid, after rectification and boost PFC we get 400V DC at our Full bridge LLC 

converter switches. Input voltage at LLC converter switches range from (360-420) V 

DC (Nominal voltage of 400V DC). 

 

Output Voltage range at Load is range from (33-58) V DC. Output Current range at 

Load is range from (1-55) A. 

 

Turns ratio of transformer is 8:1. Switching frequency of LLC ranges from (105-255) 

kHZ and resonating frequency is 105kHZ. We will get best system response when 

switching frequency is near to resonating frequency. Normalized frequency is 

calculated by ratio of Switching frequency to resonating frequency. After calculation 

we get maximum and minimum normalized frequency range also maximum and 

minimum Gain range. 

 

Gain vs Normalized frequency curve is drawn at different Quality factor and 

Inductance ratio. At a particular Quality factor and inductance ratio, which curve gets 

fitted in the range of maximum and minimum gain, that value of Q and m gets selected. 

Selection of Q & m and Switching frequency are shown in Calculation part. 
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3.5 Design flow graph: 

 
To Design our LLC full bridge converter, we will follow the following procedures. 

 

 

Fig 3.4 Design flow chart of LLC resonant converter 

 

3.6 Selecting the Switching frequency: 

 
Usually, the switching frequency range near or below the 150kHZ because EMI 

conduction testing starts from 150kHZ. For unique application we required different 

frequency ranges. The converter's size increases as the switching frequency decreases, 

making switching losses and ZVS efficiency less significant. When conduction losses 

become the main factor, the LLC converter becomes less appealing. If the switching 

frequency is increased then the advantages of the LLC converter are more when 

compared to hard-switched converters. 

For too high frequency then some other factor like cost, switching loses and magnetic 

core losses became concern. 
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So, according to our application we select switching frequency. 

 

3.7 Procedure of Selecting Q and m: 

 
For Selecting Quality factor (Q) and inductance ratio (m) we have to draw the graph 

between Gain ( 
M

g ) and Normalised frequency ( fn ) at different Q and m. 

If switching frequency is same as series resonant frequency the no matter what will be 

load the gain will always be around 1. In this case frequency variation is very narrow 

and input voltage became equal to output voltage. 

3.7.1 Selecting Q value: 

For fix m, if we increase the value of Q then our gain curve will narrow down towards 

series resonant frequency and if we decrease the value of Q then our gain curve will 

spread out towards parallel resonant frequency. Increasing the quality factor means 

decreasing the load. So if we change our load from infinity to 0 then our frequency 

curve will moves from parallel resonant frequency to series resonant frequency ( f
0 ). 

 

We select that value of Q and m for which our gain comes under the range of maximum 

and minimum gain value. 

M
g _ min 

 M
g  

 M
g _ max 

 

 

As we know LLC resonant converter works under inductive region, So quality factor 

(Q) should be less than Q
max so that our operation does not enter Capacitive region. 

 

3.7.2 Selecting m value: 

For fix Q, smaller m makes the gain curve more peak. Smaller inductance ratio (m) 

means larger resonant inductance ( Lr ) and small magnetising inductance ( Lm ) which 

helps the ZVS. A smaller quality factor (Q) makes higher peak gain and larger quality 

factor (Q) makes smaller peak gain. So, we have to select the value of quality factor 

(Q) accordingly. 
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At Low m value: 

 
I. Gain curve has higher peak 

II. Frequency modulation curve is narrow 

III. Having more Control and regulation 

 
 

 

At High m value: 

 
I. Magnetizing inductance will be high. 

II. Magnetizing circulating current will be lower 

III. Have high frequency. 

 

Fig 3.5 shows Gain vs Normalized frequency curve at different quality (Q) factor by 

keeping the inductance ratio (m) = 4. 

So, from above curve at Q = 0.4 and m = 4, we are getting our desired curve. By 

selecting above value, we can calculate Resonant tank parameters, Gain and other 

values. 

 

 

Fig 3.5 Gain ( 
M

g ) vs Normalized frequency ( f
n ) curve 
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n n 

    

The gain of the LLC resonant converter is: 
 

 
 

V
o _ ac F 2 (m 1) 

 

M g 
   =  n  

V
in _ ac 

 
 

 

 

(3.6) 

 
 

 

Where: 

 

M
g = Gain of converter 

 

Fn = Normalized frequency 

m = Inductance ratio 

Q = Quality factor 

 

3.8 Calculation: 

 

Turns ratio of transformer (n): 

 

 

n  Mg 

 

 

 

* 
Vin _ nom 

V
o _ nom 

 

 

  400 
 

48 

 

 

8.33 

 

 

 
 

 

(3.7) 

 
Maximum and Minimum gain of converter: 

 

M  n * 
V

o _ min 8.33* 
35 

0.694 
g _ min 

in _ max 
420 

(3.8) 

 

 

M  n * 
V

o _ max 8.33* 
60 

1.388 
g _ max 

in _ min 
360 

(3.9) 

V 

V 
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2 *  *150 *103 * 43.2 *10 9 
2 

o 

Equivalent load resistance: 

8 V 2 8*8.332 * 602 
R  * n2 * o  _____________________ 61.42 

ac 
2 

P 2 *3300 (3.10) 

RMS output voltage: 

V 
2 *  2 

* n *V 450 

ac 
 o 

V (3.11) 

RMS output current: 

I
ac 

1 
* 

n 
* Io  7.33 

A (3.12) 

3.8.1 Resonant circuit parameters: 

 

Resonant capacitor ( Cr ): 

C 
1
 

r 2 *  *Q * fsw * Rac 

 

 
 

 

 
 

 

 
1 

43.2 

= 

(3.13) 

 

Resonant inductor ( Lr ): 

2 *  * 0.4 *150 *103 * 61.42 nF 

 

1 
r 

 

 

1 
26 

= µH (3.14) 

 

Quality factor (Q): 

2 *  2 

2 *  * f 2 * C sw r 

L 
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Q 
R

ac 

 

61.42 
0.4  

(3.15) 

 

Resonant frequency ( f
r ): 

 
1 

fr 

=150 kHZ (3.16) 

 

Inductance ratio (m): 

 

m 
Lm 

Lr  = 4 (3.17) 

 

Magnetising Inductance ( Lm ): 
 

 

Lm  m * Lr  4 * 26*10 6  104 µH (3.18) 

 
Dead time between MOSFETs for ZVS: 

 

dead 16×Ceq × fsw × Lm 140ns (3.19) 
 

 

3.9 Magnetic design: 

When developing an LLC resonant converter for any application, magnetic design is 

a crucial necessity. An important obstacle in magnetic design is the careful selection 

of the necessary core material and the wire used for winding the transformer. In order 

to assess the magnetic design, other design approaches can be employed. However, 

this section focuses on explaining two specific ways: Transformer design based on the 

area product (AP) and design based on core geometry (Kg). This study assesses 

magnetic design by analysing the core's geometry. 

26 *10 6 / 43.2 *10 9 Lr / Cr 

2 * *  Lr * Cr 
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Fig. 3.6 Magnetic core 

Voltage across the winding: 

 

V  L * 
di

 

dt (3.20) 

 

V  n * 
d
 

dt (3.21) 

 

From 3.20 and 3.21  

 

L * 
di 

dt = 

 

 

n * 
d
 

dt (3.22) 

 

By integrating both side 

 

LI pk  n * Ac * Bmax (3.23) 

 

After rearranging (4.22), cross-section area of core, Ac can be determined as: 

 

 

A 
LI pk 

 

 

The current density will be: 

nB
max (3.24) 

 

 
 

 

J 
 Irms 

WA (3.25) 

 
 

 
Winding area Aw: 

 

 

A 

l 

c 
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n1 

JK i 

f 

A 
n

i
W

Ai 
n

i 
I

rmsi 

w1 k JK (3.26) 
 

 

For primary and secondary side windings total winding area, Aw can be calculated as: 
 

 

A
w 

 A
w1 

 A
w2 

 

 

A I 
ni

 

w rms 

1 (3.27) 
 

 

 

Product area will be the product of core cross-section area and winding area as: 

L I I * 
ni 

1 pk1 rms1  n 
A  A * A  i 1 

p c w 
 

Bmax JK (3.28) 

 

 
 

 

 

 

Skin depth is: 
 

 

6.62 
0.0148  

cm (3.29) 

 

 

 

Wire diameter is determined as: 
 

 

 

D  2  0.0296 cm (3.30) 

 

 

 

The area of bare wire can be calculated as: 

n 
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2P * D *104 

f * Ac * B *W * ku 

e 

A 
D2 

0.000688 
 

w 4 (3.31) 

 

Electrical coefficient is calculated as: 
 

 

 

K  0.145* f 2 * B2 *10 4  5800 (3.32) 

 

 

Core geometry can be calculated as: 

 

Kg 

 

 

 

 
P

in 
* D

max 
K 

 

 

9.7 
 e (3.33) 

 
 

 

Current density can be calculated as: 

 

J 2108A / cm2 

(3.34) 

 

Area of primary bare wire can be calculated a: 

I 2 

A p 0.056cm 
wp(b) J (3.35) 

 
 

 

Area of secondary bare wire can be calculated as: 

A 
Is 0.056cm2 

ws(b) J (3.36) 
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3.10 Chapter Summary: 

In this chapter we have Design Full bridge LLC converter for 3.3KW load. We have 

also studied Equivalent circuits. We did analysis on First order approximation and its 

equivalent circuits. In this chapter we discussed about switching frequency and criteria 

to select it. 

We have studied Gain vs normalize frequency curve to select proper Quality factor(Q) 

and inductance ratio (m). To designed the LLC converter, Magnetic design was also 

studied. 
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CHAPTER-4 

CONTROL OF FULL BRIDGE LLC RESONANT 

CONVERTER 

4.1 Overview: 

 
In this chapter we will discuss about different control methods of Full bridge LLC 

resonant converter. Here we discuss control loop and methods through which we can 

regulate output voltage. For varying load, we have to constantly regulate our DC 

output voltage and current. In this chapter we will control our converter for Resistive 

load and DC motor. We can also control Athe charging and discharging of EV battery 

through LLC converter using dual control loop. For control of Resistive load and DC 

motor load we are applying voltage control loop. 

There are two strategies for converter control pulse frequency modulation (PFM) and 

phase shifting modulation (PSM). As we know to control conventional converter, we 

vary duty cycle but for LLC converter we need different approach. For LLC resonant 

converter we vary the switching frequency. In voltage control of LLC resonant 

converter, we vary the gate pulse of power switches through varying the frequency. 

4.2 Pulse frequency modulation (PFM) control: 

 
PFM control involves adjusting the frequency of the gate driver of power MOSFETs 

to regulate the output voltage. pulse frequency modulation (PFM) id different from 

Pulse Width Modulation (PWM) where instead of frequency duty cycle varied. 

The switching frequency is modified in response to load conditions and the desired 

output voltage. By controlling the frequency, the impedance of the resonant tank 

circuit changes, which will control the power delivered to the load. At resonant 

frequency the converter can operate at or near to series resonant frequency which will 

minimizes the losses. At resonance voltage and current are in phase which reduces 

switching losses and reactive power. For light loads, the switching frequency will 

increase above the resonant frequency and power transfer will decrease. For heavy 

loads, the frequency will decrease towards the resonant frequency and power transfer 

will increase. 
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+1 +1 Amplitude 
sw 

sw -1 2 -1 

2 
dt sin sin-1 scaling 

+ 

+1 D = 0.5 

PFM helps to maintain ZVS or ZCS conditions across various load and input 

conditions, which will enhance the efficiency and reduces the EMI in switching 

waveform. 

 

 

Fig. 4.1 PFM control diagram 

The system's input is given the variable frequency fsw 

sw. After that, this output is sent through an integrator 

 

to create  sw, which is needed to create a sine wave with an amplitude between +1 

and -1. Using this, one obtains reference theta by forwarding it to the inverse sine, 

 

from +1 to -1. This wave is converted into a triangle wave with the same number of 

cycles but an amplitude range from +1 to 0, with a zero crossing at +0.5, by passing it 

through circuits for amplitude scaling and clamping. When the created carrier wave's 

amplitude is less than or equal to 0.5, gate pulses are generated. The carrier wave's 

duty ratio, which is fixed in the case of PFM, i.e., D=0.5, is compared with the 

generated wave. To guarantee ZVS during dead time, a time delay is introduced in 

series with the produced pulses. 
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4.3 Voltage control of Full bridge LLC resonant converter: 

 
At different loads converter changes its switching frequency to control the power 

switches for desired voltages. Here in this chapter, we will take resistive loads and Dc 

motor load to apply voltage control on LLC resonant converter. 

In voltage control we firstly senses our output voltage at load and compare that voltage 

with a reference voltage, an error voltage will generate that error will be given to PI 

controller to tune our system. In LLC converter PI controller will vary the switching 

frequency instead of duty cycle to regulates the voltage gain. Pulse frequency 

modulation will control the switching MOSFETs in according to changing frequency. 

Switches (Q1, Q4) will on in one cycle and switches (Q2, Q3) will on in other cycle 

with a proper delay time. 

 

 

Fig 4.2 voltage control loop 

 

 

Fig 4.3 PI control loop 
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4.4 Chapter Summary: 

In this chapter we have studied the control strategy of LLC resonant converter. In this 

chapter we analyse Pulse frequency modulation (PFM) control, and know the reason 

why we control the LLC through Pulse frequency modulation (PFM) and not use Duty 

cycle control method. In this chapter we have control the output voltage of Full bridge 

LLC resonant converter through Voltage control method. 
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CHAPTER 5 

SIMULATION RESULTS 

5.1 For Resistive loads: 

 
Fig: 5.1 shows the switching voltage that is fed to Resonant tank circuit. At LLC 

switches we get 400V dc from boost PFC that 400V switching voltage is given to LLC 

tank. 

 

Fig 5.1 Switching voltage at resonant tank 

 

Switches (1 ,4) and switches (2, 3) will be triggered in pair by gate driver with the help 

of frequency modulation. So, waveform of current and voltage across Switches (1 ,4) 

will be and switches (2, 3) will be same. Fig 5.2 shows the current and voltage 

waveform of switch (1 and 4). 
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Fig 5.2 current and voltage waveform of when Switches (1, 4) ON 
 

 

 

Fig 5.3 current and voltage waveform of when Switches (2,3) ON 

Fig5.3 shows the current and voltage waveform across Switches (2, 3) while 

Switches (S1, S4) are OFF 
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Fig 5.4 Resonant and magnetising Inductor current 

 
Current through Resonant and magnetising inductor shown in fig 5.4. At resonant 

frequency Ir and Im crosses each other at the end of half switching cycle. At below 

resonant frequency Ir reaches before the Im before completion of half switching 
 

cycle. At Above resonant frequency I
r 

by other half cycle. 

cannot complete its cycle and got interrupted 

 

Fig 5.5 shows the switching frequency at resistive load. In LLC switching frequency 

of MOSFETs changes accordingly with the load. At high load switching frequency is 

less than resonant frequency and Operation can move to capacitive region which is not 

acceptable. At light load switching frequency is more than the resonant frequency. So 

we have to choose our operation carefully so that switching frequency should be in 

region of resonant frequency. 
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Fig 5.5 Switching frequency 

 

 

 

 

Fig 5.6 Output voltage and current 

 

Output current and voltage shown in fig 5.6. We will get the regulated output voltage 

and different current of load. If we change the load resistance then switching frequency 

of our converter will adjust itself to give regulated output voltage. 

5.2 For DC motor load: 

 
Here for DC motor load, we will observe the changes in the switching frequency at 

different torque load. As the torque increases the switching frequency will decreases. 
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We will also observe the speed of motor, armature current and field winding current 

of motor at different torque. 

 

At torque = 5 nm: 

 

 

Fig 5.7 shows the frequency response at torque = 5 nm 
 

 

 

 

 

Fig 5.7 Frequency curve 

 

As torque of motor changes, switching frequency of converter will adjust itself to give 

regulated output. As the torque increases the switching frequency gets reduced and 

gain curve will narrow down resonating frequency. Similarly, if load at motor gets 

reduced, switching frequency will increase and gain curve will spread out. 
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Fig 5.8 speed, armature current, field current curve 

 

Fig 5.8 shows the speed of motor, armature current and field current of the motor at 

torque  = 5 nm. 

 

 

 

At torque  = 10 nm: 
 

 

 

 

 

Fig 5.9 frequency curve at  = 10 nm 
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From Fig5.9 we can observe that as the load on motor increases from  = 5 nm torque 

 
to  = 10 nm, the switching frequency of converter decrease. Gain curve will also 

spread out. 

 

 

 

Fig 5.10 Voltage and current waveform 

 

Voltage and Current waveform at = 10 nm is shown in Fig 5.10. As torque increases 

from 5nm to 10nm, current through motor also increase as frequency got updated itself. 

5.3 Chapter summary: 

In this chapter we have studied the frequency variation to regulate the output voltage 

at different loads. We have studied how frequency adjust when we increase or decrease 

the loads. If we increased load, switching frequency will be decreased or vice-versa. 

In this chapter we have also analyse the voltage and current through load. 
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CHAPTER-6 

CONCLUSION AND FUTURE SCOPE 

6.1 CONCLUSION: 

In this we have discussed the Resonant converter such as series and parallel resonant 

converter. To overcome the disadvantages of series and parallel converter, we use 

combination of series and parallel known as LLC Converter. This study presents an 

optimisation approach for enhancing the performance of the Full-bridge LLC resonant 

converter. The procedure focuses on optimising the normalised frequency, fn and a 

thorough analysis of its effects is conducted. Further, the Pulse frequency modulation 

(PFM) technique is applied to adjust the frequency of converter in order to accomplish 

zero voltage switching (ZVS), even in the most not so favourable scenario. The most 

not so favourable conditions for zero-voltage switching (ZVS) occur when the 

switching frequency is set to its minimal value and the output current (Io) is set to its 

maximum value, as previously noted. The resonant tank parameters have been 

optimised by design optimisation. The operational prototype of the LLC resonant 

converter has undergone testing with various loads. At output we are using different 

loads such as resistive and DC load. We analyse the behaviour of frequency at 

different. At motor load we vary the torque of motor. We record the frequency change 

at different torque. The acquired results are applicable to the LLC resonant converter 

as well. 

6.2 FUTURE SCOPE: 

Subsequent experimental testing will be carried out in order to acquire a more accurate 

depiction of the overall efficacy of the proposed system. A more robust and efficient 

controller will be developed for the DC-DC converter to stabilize the dynamic response 

of the load side. In the future, the commercialization of the Full-Bridge LLC resonant 

converter prototype will be made possible by the power factor adjustment circuit. We 

will use the LLC converter for EV charging. A dual control loop will be use for control 

and EV charging. 
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