
i 

 
 

 

 

Thesis for the degree of Licentiate of Technology 

 Sundsvall 2016 

 

 

 

 

Design and Optimization of Soft Switched Power Converters for 
Low and Medium Power Applications 

Muhammad Abu Bakar 

 

 

 

Supervisors: 

Associate Professor Dr. Kent Bertilsson 

Associate Professor Dr. Johan Sidén 

 

 

Faculty of Science, Technology and Media 

Department of Electronics Design 

Mid Sweden University, SE-851 70 Sundsvall, Sweden 

 

 

ISSN 1652-8948  

Mid Sweden University Licentiate Thesis 128 

ISBN 978- 91- 88025- 93-7 

 

 

 



 

 

ii 

 

 

Akademisk avhandling som med tillstånd av Mittuniversitetet i Sundsvall 

framläggs till offentlig granskning för avläggande av licentiatexamen i elektronik, 

måndag, 12 december 2016, klockan 13:15 i sal C306, Mittuniversitetet Sundsvall.  

Seminariet kommer att hållas på engelska. 

 

 

 

Design and optimization of soft switched power converters for low 

and medium power applications 

 

Muhammad Abu Bakar 

 

 

© Muhammad Abu Bakar, 2016 

 

 

 

Department of Electronics Design, Faculty of Science, Technology, and Media 

Mid Sweden University, SE-851 70 Sundsvall 

Sweden 

 

Telephone: +46 (0)10 142 8835 

 

Printed by Mid Sweden University, Sundsvall, Sweden, 2016 

  



iii 

 

 

 

 

 

 

 

Dedicated to my wife 



 

 

iv 

 

  



v 

 

ABSTRACT 

Power electronics technology is rapidly growing in most industrial applications. 

There is an increasing demand for efficient and low profile power converters in 

automotive industry, power grids, renewable energy systems, electric rail systems, 

home appliances, and information technology. The power requirement varies from 

few watts to MW. It is not possible to combine all industrial requirements into one 

solution if power converters are to remain efficient, low profile and most 

importantly cost efficient. Making power converters efficient, low profile and cost-

effective depends on the topology chosen for the converter. Some topologies are 

easier to design, some are complex to control and some have low part count. 

The focus of this thesis is on investigating power converter solutions both for low 

power applications and medium power applications. For low power applications, 

the flyback converter is still a common choice for the electronics industry; it has low 

part count, simple to design for single output, multiple outputs and even for 

inverted output. The introduction of new devices such as silicon carbide (SiC) and 

gallium nitride (GaN) has made it possible to increase the power density of the 

converters by increasing the switching frequency up to a few MHz. This increased 

switching frequency increases the losses in the magnetics as well as in the switching 

devices. These losses severely degrades the performance of the converter. The 

traditional hard switched flyback converter along with the conventional wire 

wound transformers cannot meet the industry’s requirements of low profile and 

energy efficient power converter.  

This thesis discusses the losses in the hard switched flyback converters, switching 

both in continuous conduction mode and discontinuous conduction mode. For 

improvement in the efficiency, the possible soft switching techniques such as 

boundary conduction mode and quasi resonant conduction mode are studied. A 

flyback converter is designed using emerging gallium nitride, GaN FET power 

devices in combination with an in-house 6-layer printed circuit board (PCB) 

transformer, which is investigated both in boundary conduction mode and quasi-

resonant conduction mode. The control for soft switching is implemented by using 

the digital signal processor. The prototype of the converter is tested for the telecom 

input voltage range of 36-72 Vdc while switching at the frequencies of up to 4 MHz. 

The recorded highest energy efficiency of the converter is 94%, which according to 

the best of the author’s knowledge is the highest efficiency ever achieved in flyback 

converters, switching in the MHz frequency region. 
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In soft switched power converters, the leakage inductance of the main 

transformer plays a vital role in achieving soft switching for the desired operating 

conditions. The intrinsic leakage energy of the transformer is usually not sufficient 

to obtain the necessary resonance with the parasitic capacitance of the power 

switches. The value of this leakage inductance also defines the range of zero voltage 

switching in these converters. In order to increase the total leakage inductance, an 

extra inductor is connected in series with the primary winding of the transformer. 

This inductor not only decreases the power density of the converter but also adds 

costs to the design.  

Extensive work is carried out to add the extra inductor inside the main 

transformer. Some have suggested increasing the leakage inductance by increasing 

the inter-winding spacing and some have proposed to add a magnetic shunt inside 

the main transformer. 

A new transformer is modelled in this thesis by combining both of the 

approaches into one transformer. This increases the leakage inductance in two steps, 

first by increasing the inter-winding spacing and then by adding the magnetic 

material in this spacing. It also gives better control over the leakage inductance 

compared to previous proposals. To predict the leakage inductance, an analytical 

approach is adopted. This approach makes the model more time efficient than using 

finite element analysis. The model is verified both by calculations and experimental 

measurements. To further verify the model in a practical application, a phase shifted 

full bridge topology is selected.  

In medium power applications, the soft switched full bridge converter is getting 

more attention than its competitors such as resonant converters, quasi resonant 

converters and multi-level resonant converters. The main reason for this is that, the 

soft switched full bridge converter belongs to the family of conventional pulse width 

modulated converters switching at constant frequency. However, the soft switching 

in other types can also be obtained without the addition of auxiliary winding, but 

the disadvantages are the non-conventional variable frequency, large circulating 

energy and high voltage as well as current stress. In order to validate the model, a 

transformer is designed and constructed for the phase shifted full bridge converter. 

The converter along with the modelled transformer is then investigated up to the 

output power of 500 watts and soft switching has successfully been observed for a 

wide range of output loads. 

Earlier works have mainly focused on the actual value of leakage inductance and 

not studied the introduced losses in the transformer. By inserting magnetic material 

inside the transformer, the main part of the leakage flux flows through the magnetic 

material and consequently there must be some loss associated with it. It could also 
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be the case when using an external inductor in series with the transformer. This 

thesis also studies the effects of increasing the leakage inductance on the 

performance of the transformer either by introducing the magnetic shunt or by 

increasing the inter-winding spacing. The cause of the losses is discussed in detail 

and suggestions are presented to reduce the extra losses. For the purpose of loss 

analysis, a transformer for increased leakage inductance is modelled and 

constructed. The modelling is performed both for introduced inter-winding spacing 

and magnetic shunt inside the transformer. The investigations show that increasing 

the leakage inductance by inserting a magnetic shunt can have severe degrading 

effects on the performance of the transformer if it is not designed adequately. 

Additional losses are also calculated and the effect is verified by the measurements. 
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SAMMANDRAG 

Kraftelektronik växer snabbt i nästan alla industriella tillämpningar. Det finns en 

ökande efterfrågan på effektiva omvandlare med låg bygghöjd i bilindustrin, elnät, 

system för förnybar energi, elektriska järnvägssystem, hushållsapparater, och 

informationsteknik. Effektbehovet varierar för några watt till MW. Det är inte 

möjligt att kombinera alla industriella krav till en lösning med bibehållen kostnad 

och prestanda. Olika topologier passar olika tillämpningar och vissa topologier är 

lättare att utforma medan andra är komplicerade och det skiljer sig både i 

komplexiteten i antal komponenter och styrlogiken. 

Fokus i denna avhandling är att undersöka lösningar för effektomvandlare både 

för låg och medelhöga effekter För låg effekt applikationer, är Flybackomvandlare 

fortfarande det naturliga valet, på grund av dess enkla konstruktion både för en och 

flera utgångar. Införandet av nya transistorer av SiC och GaN har gjort det möjligt 

att öka effekttätheten hos omvandlarna genom att öka switchfrekvensen upp till 

några MHz. Den ökade switchfrekvensen ökar förlusterna både i de magnetiska- 

och halvledarkomponenterna. Dessa förluster försämrar prestandan hos 

omvandlaren avsevärt. Traditionella hårdswitchade Flyback omvandlare 

medkonventionella trådlindade transformatorer kan inte uppfylla kraven på låg 

profil och energieffektiva omvandlare. 

Denna avhandling undersöker förluster hårdswitchade flybackomvandlare bpde 

i kontinuerlig och diskontinuerlig drift.För bättre verkningsgrad  är mjukswitchade 

tekniker att föredra såsom gräns-, eller kvasiresonant läge.  

En flybackomvandlare är konstruerad med de GaN FET-transistorer i 

kombination med den PCB transformator som karakteriserats både i gräns- och 

kvasiresonant läge.  Prototypen har utvärderats för telekom inspänningsområde av 

36-72 VDC i frekvanser upp till 4 MHz. Den högsta uppnådda verkningsgrad för 

omvandlaren var 94%, vilket vad vi känner till är högsta effektivitet någonsin 

uppnåtts i en flybackomvandlare,  i MHz frekvensområdet. 

I mjukswitchade kraftomvandlare spelar läckinduktans i transformatorn en 

viktig roll för att uppnå den mjukswitchning vid olika driftförhållanden. Den 

lagrade energin i läckinduktansen är oftast inte tillräckligt stor för att erhålla den 

nödvändiga resonansen med parasitkapacitansen av transistorerna. Värdet av 

denna läckinduktans definierar också området nollspänningsswitchning kan 

uppnås. I syfte att öka den totala läckinduktansen, kopplas ofta en extra induktans i 

serie med den primära lindningen hos transformatorn. Denna induktans både 

reducerar effektäthetet och ökar kostnader och förlusterna för omvandlaren. 

Omfattande studier har genomförts för att öka den interna läckinduktansen så att 
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en extra induktans kan utelämnas. Olika föreslagit har presenterats genom att öka 

avståndet mellan primär och sekundärlindningarna samt att introducera en 

magnetisk shunt i transformatorn. 

En ny typ av transformator som bygger på dessa koncept presenteras i denna 

avhandling och ger möjlighet att öka läckinduktansen i transformators. Dessutom 

har en ny analytisk modell för att beräkna läckinduktansen tagits fram och 

verifierats mot mätningar. Jämfört med finita elementanalys är modellen mycket 

effektiv vilket gör den lämplig att använda vid design och optimering av 

transformator.  

För medelhöga effekter, har denfasskiftade fullbryggan fått mycket 

uppmärksamhet jämfört med konkurrerande topologier såsom 

resonansomvandlare, kvasi resonansomvandlare och resonanta 

flernivåomvandlare. Den främsta orsaken är att den fasskiftade fullbryggankan 

arbeta vid konstant frekvens. Även omden mjuka switching kan uppnås i andra 

typer också behöver de drivas med variabel frekvens och har högre cirkulerande 

energi och switchar utsätts för högre spänningar och/eller strömmar. Utifrån 

modellen har en transformator konstruerats för fasförskjuten fullbrygga som har 

karakteriserats upp till 500W. Omvandlaren tillsammans med det modellerade 

transformatorn är undersöktes därefter upp till uteffekten på 500 watt och den 

mjuka switchningen har framgångsrikt observerats för ett brett område av laster. 

I tidigare arbeten har fokus varit på att uppnå en given induktans medan studier 

över vilka konsekvenser detta får på transformatorns prestanda har försummats 

Genom att introducera ett magnetiskt material inuti transformatorn, strömmar 

huvuddelen av läckflödet genom det magnetiska materialet och följaktligen måste 

det finnas vissa förluster associerade med den. Det är givetvis också fallet när man 

använder extern induktor i serie med transformatorn. Denna avhandling studerar 

dessutom effekterna av att öka läckinduktans på transformatorns prestanda 

antingen genom att införa den magnetiska shunt eller genom att öka avståndet 

mellan lindningarna. Orsaken till förlusterna diskuteras i detalj och några förslag 

presenteras för att minska de extra förlusterna. För att analysera förlusterna har en 

transformator med ökad läckinduktans konstruerats både genom att öka avståndet 

mellan lindningarna samt introducerad magnetisk shunt. Undersökningarna visar 

att en ökning av läckinduktansen genom att sätta in en magnetisk shunt kan få 

allvarliga prestandaförsluster för transformatorn, om de inte utformade på lämpligt 

sätt. 
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1 INTRODUCTION 

The electronics industry is currently moving towards smaller and high-density 

board solutions. The higher number of components puts pressure on all parts of 

system design to either miniaturize components or simplify design [1], [2]. The 

power supply unit is an essential part of all electronic devices. With the advent of 

more functionalities and size constraints of modern technologies, development of a 

compact, simple and more efficient [3], power system design is needed. The 

increased number of functions requires more complex circuitry, which in turn 

requires more power at different voltage levels.  

There are many topologies available to design a power solution. Any design 

technique could work for any specification. But each topology has its own features. 

Some topologies are easier to design, some have fewer components and some are 

complex to control. Some topologies provide isolation between the input power and 

the output power. The selection of topology mainly depends on the given 

application specification. The main factors that contribute to the selection of the most 

suitable topology for the given specifications are: power requirements, input to 

output isolation, size and cost, and finally efficiency. Design simplicity, compact 

size, low cost and high efficiency have not been effectively combined in a single 

solution and typically require trade-offs. In today’s modern world, efficiency, cost 

and compactness have become the dominating factors [4], [5], in the selection of 

appropriate topology. 

 

1.1 Background 

Power Supply Units (PSU) can generally be categorized into three types 

according to size, weight, generated heat, cost, level of noise, and efficiency.  

 

1.1.1 Linear power supplies  

Linear power supplies are mainly used in ground-based devices where heat, 

space and efficiency are not a primary concern. The main reasons behind the 

selection of linear power supplies are cost, short design time and, most importantly, 

the low noise and electromagnetic interference (EMI) issues. The main part of linear 

PSU is the linear regulator. The average efficiency of a linear regulator is about 30% 

to 50% [6]. Linear regulators can only be designed for one output voltage level and 

the output level is always less than the input levels. Hence the rest of the energy is 

dissipated in the form of heat.  
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1.1.2 Pulse Width Modulation (PWM) Switched-Mode PSUs  

PWM-based Switched-Mode Power Supplies (SMPS) is the most popular 

alternative to the traditional linear PSUs because SMPS are more flexible, much 

smaller in size, light weight and more efficient. SMPS units can easily be designed 

for multiple output levels and it does not matter if the output level is higher or lower 

than input levels. Typical efficiency of PWM-based switched-mode power supplies 

is around 70% to 85% [6].  

 

1.1.3 Resonant Technology-based SMPS 

Resonant technology-based power conversion is the upgraded version of PWM-

based power supplies. This technology is becoming more popular in the application 

area where compact size and higher efficiency is required. The second major reason 

for its popularity is the reduced radiated and conducted Electromagnetic 

Interference (EMI). However, this converter design requires high professional skills, 

more time and eventually it will be more expensive. Resonant converters are 

typically 78% to 92% efficient [6]–[8]. 

 

In today’s modern technology, there is no place (with some exceptions) for Linear 

PSUs. With the introduction of more functionalities and size constraints in modern 

technologies, a rapid development in the field of power converters is required to 

make them compact and more efficient. However, it is essential that power 

converters do not waste too much energy during operation, because lost energy is 

converted to heat that will eventually be removed using cooling fans or heat sinks. 

Additionally, the new standards for the energy efficiency make it impossible for the 

less efficient power converters to be marketed [9]. Thus, a converter design needs to 

be highly efficient, compact, and reliable and have low component counts [10], [11]. 

To cope with these challenges has become the main goal of power electronics 

engineers and scientists. The main focus of their research is how to make the 

converter efficient and compact. 

 

1.2 Problem motivation 

Making the power converters low profile and efficient opens the discussion of 

how to handle both issues simultaneously. Improvement in one issue increases the 

degree of complexity in the other. The power density of the power converter is 

directly proportional to the switching frequency of the converter [12]. For example, 

in order to improve the power density, reducing the component packages is 

required, as a consequence, the board size is reduced. This can only be achieved by 

increasing the switching frequency of the converter. This increased switching 
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frequency increases the losses in the power devices and the magnetics. The increase 

in losses is due to the increased value of the parasitic components at higher 

frequencies [9], i.e., transformer winding resistance, capacitance and the leakage 

inductance. The total transformer losses increases because eddy current, skin depth 

and the proximity effect become more severe with higher frequency. Moreover, high 

di/dt and dv/dt makes it difficult for the converter to qualify the electromagnetic 

interference (EMI) compliance testing.  

The goal of highly efficient and better power density cannot be achieved using 

traditional hard switching since losses increase linearly as the frequency increases. 

In this regard, many alternative soft switching techniques have been presented [13] 

to get rid of traditional hard switching. The most popular are the zero voltage 

switching (ZVS) and the zero current switching (ZCS). In these soft switched 

techniques, the most common approach is the utilization of unwanted parasitic 

elements of the circuit components such as the leakage inductance and the 

capacitance. The soft switched power converters are increasingly replacing the 

traditional hard switched converters in most application areas ranging from a few 

watts to Megawatts. 

In low power, offline applications, the flyback converter is the most promising 

choice for the industry [14]–[17]. It is the simplest, isolated and low-cost solution. In 

traditional hard switched flyback converters, as the switching frequency increases, 

the degradation factors also increase. This is because of the increased stress on the 

power devices, high current and voltage spikes that lead to device failure and high 

EMI [14], [18]. These increased degradation factors make it difficult for the flyback 

converter to meet current industry requirements: high efficiency and high power 

density.  

To this end, an extensive work has been presented to improve the degradation 

factors. Some propose improvement by replacing the traditional silicon based power 

devices with the new devices such as silicon carbide (SiC) and gallium nitride (GaN) 

[19]–[22]. Others have suggested improving the performance by using active 

clampers [17]. In some proposals, the alternative control strategy such as adaptive 

OFF time control [23], [24] is suggested, and others have proposed improvements in 

the magnetics [25]–[27]. The performance and the power density of the converter can 

further be improved by combining high frequency magnetics and switching devices. 

Mid Sweden University has been involved in research and development of high 

frequency magnetics and converters during the past decade [28]–[30]. The 

performance of developed, low profile high frequency transformers in other 

topologies encourages us to investigate it in flyback topology by switching the 

converter in the MHz region. This will be discussed later in the thesis. 

As stated earlier, the leakage inductance of the transformer plays a vital role in 

resonant power converters. This circuit element is used to create resonant 
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oscillations in order to achieve soft switching in the power devices and as a result, 

improved efficiency can be achieved. In resonant converters, the value of this 

leakage inductance also determines the range of zero voltage switching (ZVS) for 

certain operating conditions [31]–[33]. This parameter of the circuit needs to be well 

tuned in order to ensure soft switching in power converters. This will be the second 

focus of this thesis work.  

The intrinsic leakage inductance of the main transformer is usually not sufficient 

to obtain the desired oscillations for the soft switching. A lot of research [34]–[39] is 

carried out to increase the leakage inductance of the main transformer. In these 

works, the leakage inductance is increased either by increasing the inter-winding 

spacing or by adding the magnetic material inside the main transformer. This thesis 

will discuss a solution combining these two into one model in order to increase 

control over the leakage inductance.  

Although considerable work has been carried out to increase leakage inductance, 

studying the consequences of this increased leakage inductance has received less 

attention. The addition of the magnetic material inside the transformer results in 

more flux to follow the leakage path. This increased leakage flux can also increase 

the losses of the main transformer. This has not been thoroughly discussed in work 

presented. The reference [38] have only studied the losses in the core for the various 

orientations of the magnetic shunt in amorphous and nanocrystalline tape wound 

core transformers. In these cores the losses are highly asymmetric depending on the 

flux orientation. Compared to the losses related to the flux perpendicular to the 

lamination, the authors concluded that, in the case of ferrite cores, there will be no 

extra losses because of the integration of the magnetic material. The authors of [40] 

identify the integrated magnetic shunt as having the highest magnetic field intensity 

in the structure in FEA simulation; no further investigations are available for this 

area. This means that the total losses need to be estimated before implementing it in 

the final design. The losses associated with this increased leakage inductance will 

also be discussed in this thesis.  

 

1.3 Clear and verifiable goals 

The first objective of this thesis is to investigate the performance of the high 

frequency soft switched flyback converter in combination with the high frequency 

planar transformer. The high frequency planar transformer has been the main 

research topic in previous work at Mid Sweden University in the area of power 

electronics [28]. 

The other objective of this thesis is to improve the power density of the converters 

for medium power applications by introducing new designs and methods to control 

the leakage inductance of the transformer. The study of the effects on the 
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performance of the converter because of the increased leakage inductance is also the 

focus of this work.  

 

1.4 Method and tools 

In order to achieve the aforementioned goals, several factors relating to the high 

frequency power converters have been considered. To work with low rise and fall 

times, the GaN power devices are selected over low speed silicon devices. For both 

of the tasks the method can be summarised as: 

 Literature study. 

 Model creation. 

 Analytical calculations by writing a script in MATLAB. 

 Spice verifications by using LTspice software. 

 Experimental verifications by using Bode-100 impedance analyser. 

 Hardware verification by designing and developing the prototypes’ 

Printed Circuit Boards (PCBs). 

 Pads Logic and Easy PCB are used for PCB design. 

 The control algorithm is written for the microchip’s Digital Signal 

Processor (dsPIC). 

  

1.5 Contribution to the current research field 

The work presented in this thesis is primarily aimed to reduce the volume of the 

power converters. The design and methods developed in this research can also be 

used in other fields. To the best of the author’s knowledge, the main points of the 

contribution are: 

 Implementation of a highly efficient flyback converter operating at 

4MHz. Experimental results of the presented high frequency flyback 

converter can be used to design and develop the low profile, energy 

efficient and low cost power solutions. 

 Novel transformer design for controllable leakage inductance is 

presented. 

 The presented method for the transformer construction makes it simple 

for the wire-wound transformers to increase and control the leakage 

inductance. 

 Analytic model of the presented transformer is presented to predict the 

leakage inductance and can be used as time efficient tool as compared 

to finite element analysis (FEA). 

 This work also contribute to estimate the losses because of the added 

magnetic material inside the transformer. 
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1.6 Thesis outline 

The work presented in this thesis is divided into two parts. The first part covers 

the design and optimization of high frequency power converters for low power 

applications. In the second part, the contribution for the medium power applications 

is presented. For better understanding the whole work is organized into six chapter. 

Each of the chapters are outlined as follows: 

 

Chapter 1: This chapter introduces the high frequency low profile power 

converters. This is followed by a brief background on linear and switch mode power 

converters. The requirement to switch from traditional hard switching to the new 

soft switching is also outlined. Next, the motivation for high frequency power 

converters along with the need for controlled leakage inductance is outlined. Finally 

the goal of the thesis, the method and tools to achieve this goal and the impact and 

utilization of this work is summarized. 

Chapter 2: In Chapter 2, the concept and need for soft switching techniques is 

covered by explaining the loss mechanism in power devices. Next, how these losses 

can be minimised by employing the soft switching techniques is outlined along with 

mathematical expressions. To further improve the efficiency and power density of 

the high frequency power converters, new devices such as gallium nitride devices 

are also introduced. 

Chapter 3: This chapter starts by describing flyback converters’ need for low 

power applications. It explains the working principle of flyback converters along 

with its traditional mode of conduction. This is followed by a detailed description of 

the issues of real flyback converters. Possible solutions, e.g., boundary mode 

conduction and quasi resonant mode conduction to overcome these losses is 

discussed. Next, a converter is designed and the prototype investigated in 

combination with the in-house PCB transformer. 

Chapter 4: This chapter explains the significance of the leakage inductance in soft 

switched power converters. The new model to increase the leakage inductance of 

the transformer along with the transformer construction method is discussed in 

detail. The expression to predict the leakage inductance of the transformer is 

outlined. Finally, the consequences of the increased leakage inductance is also 

explained, both mathematically and experimentally. 

Chapter 5: An example application of the modelled transformer is presented in 

this chapter. The model is investigated in a soft switched power conversion 

application. A brief introduction as well as the workings of a phase shifted full 

bridge converter is outlined in this chapter. Next, the transformer is constructed for 

the desired leakage inductance, and investigated for 500 watts output power. 
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Chapter 6: This chapter summarizes the work presented in this thesis. The 

contribution of each author regarding the publications is tabulated in this chapter. 

Finally, a short description of future work is provided. 
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2 SOFT SWITCHING 

This chapter describes the importance of soft switching. It explains the difference 

between traditional hard switching and soft switching techniques in terms of 

switching losses. The need for new devices such as gallium nitride is also explained.  

 

2.1 Significance of soft switching 

An ideal switch is when the voltage across the switch drops to zero as it turns 

ON and the current reaches zero when it turns OFF. This results in no power losses. 

However, in the real world, switching devices are not ideal. They need finite time to 

switch between ON and OFF states. There are many intrinsic and parasitic elements 

[41], associated with the switching devices, which causes power loss during the 

switching action. As the switching speed increases, the loss also increases. Figure 1 

[42] shows a cross-sectional view of the n-channel Metal Oxide Semiconductor Field 

Effect Transistor (MOSFET). There are at least three parasitic capacitances associated 

with each MOSFET. These are the junction capacitances known as gate-source 

capacitance, gate-drain capacitance and drain-source capacitance. These capacitors 

need finite time to charge and discharge up to the device threshold voltage. It means 

the MOSFET requires finite time to turn ON and turn OFF [43]. This is the main 

cause of switching losses. Losses increase as the switching frequency increases. The 

increased losses of the traditional hard switching make it impossible for the power 

converters to meet the low profile and energy efficient requirement. To meet the 

requirement, the power devices need to turn ON and OFF when they are in the state 

of zero voltage or zero current. The soft switching of the power devices significantly 

reduces the switching losses compared to hard switching. This concept will be 

explained in detail in the following sections. 

In Figure 1, there is also a junction resistance called Rds(ON) between the drain and 

the source of the MOSFET. This resistance varies with temperature and contributes 

to the conduction losses of the MOSFET. 
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Figure 2.1. Cross-sectional view of the MOSFET 

Two types of switching techniques are widely used in switched mode power 

converters: hard switching and soft switching [42], [44]. Both switching techniques 

come with advantages and disadvantages, which are discussed in the next section. 

 

2.2 Hard switching 

As previously stated, the MOSFET requires finite time to completely turn ON or 

OFF. During the transition of the power switch from the ON state to the OFF state 

or vice versa, there are overlaps of the current and voltage [43], [45]. This type of 

transition is known as hard switching as shown in Figure 2.2 [46], [47]. 

 

Vds

Id

Switching Losses

Ton Toff

 
Figure 2.2. Hard switched MOSFET, typical waveform of drain current and 

voltage and the overlap regions of switching losses 

In this overlap period, shown as shaded area, the current rises to its final state 

before drain voltage starts decreasing to ON state. In the case of turn OFF transition, 

the drain voltage rises to its final state before current starts to decrease. During these 

transitions, there is a loss of energy which causes degradation of efficiency. As a 
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result, there is more stress on the power switch and a larger heat sink is required. It 

becomes worse with the increase in switching frequency. As the frequency increases, 

the loss of efficiency also increases because switching losses are directly related to 

the rise and fall time of the power switch [42]. The switching losses can be expressed 

as given in Equation 2.1. 

 

𝑃𝑠𝑤 =
1

2
𝑉𝑑𝑟𝑎𝑖𝑛𝐼𝑑

 
(𝑇𝑜𝑛 + 𝑇𝑜𝑓𝑓)𝑓𝑠 (2.1) 

 

where Vdrain and Id are drain voltage and drain current respectively under the 

transition regions. Ton and Toff are the switch ON and OFF transition times, and fs is 

the switching frequency. 

 

2.3 Power losses in the power switch 

The losses in the power switch of the switch mode power supply (SMPS) can 

generally be categorized into three groups [48].  

 

1. Conduction losses 

2. Switching losses 

3. Blocking (leakage) losses, usually neglected [48]. 

Figure 2.3 shows an example of graphical representation of the losses in the 

power switch when it turns ON and OFF [8]. The example is chosen for the worst 

case losses in the flyback converter operating in the continuous conduction mode. 

More explanation about the cause of spikes is given in chapter 3.   
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Figure 2.3. Losses associated with the power switch in Flyback CCM 

2.4 Conduction losses 

All MOSFETs have a resistive component which dissipates power when current 

flows through it. As shown in Figure 2.1, this resistive component is known as the 

Rds(ON) resistance. This Rds(ON) is inversely proportional to the size of the MOSFET  [48]; 

the larger the size of the device, the lower the conduction losses [49], [50]. The 

conduction losses can be expressed as in Equation 2.2. 

 

𝑃𝑐 = 𝑅𝑑𝑠(𝑂𝑁) × 𝐼𝑑𝑟𝑚𝑠
2  (2.2) 

 

 

where Pc is the conduction power loss and Idrms is the RMS drain current. Since the 

power switch remains ON for certain time, so the Equation 2.2 can be modified as: 

 

𝑃𝑐  = 𝑅𝑑𝑠(𝑂𝑁) × 𝐼𝑑𝑟𝑚𝑠
2 ×

𝑡𝑜𝑛

𝑇𝑠

 (2.3) 

 

Where ton is the MOSFET turn ON time and Ts is the switching period. The duty 

cycle, D is defined as:  
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𝐷 =
𝑡𝑜𝑛

𝑇𝑠

 

 

The conduction losses calculated in Equation 2.3 can be written in terms of duty 

cycle as: 

 

𝑃𝑐  = 𝑅𝑑𝑠(𝑂𝑁) × 𝐼𝑑𝑟𝑚𝑠
2 × 𝐷 (2.4) 

 

 

2.5 Switching losses 

Switching losses in a power MOSFET is related to the turn ON and OFF 

frequency; the higher the frequency, the higher the switching loss. The main cause 

of switching loss involves the intrinsic parasitic capacitances, which store and 

dissipate energy in each switching transition [50]. A larger size MOSFET has a larger 

capacitance and larger switching losses [50]. 

Two types of switching losses occur in a MOSFET, namely the turn ON losses 

and the turn OFF losses. 

  

Total switching losses = Turn ON + Turn OFF 

 

Prior to  turn ON, energy is stored in the drain source capacitance which is 

described in Equation 2.5 [50]: 

 

𝐸𝑛𝑒𝑟𝑔𝑦(𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐) =
1

2
 𝐶𝑑𝑟𝑎𝑖𝑛𝑉𝑑𝑟𝑎𝑖𝑛

2 𝑓𝑠 (2.5) 

 

where Cdrain is the sum of the MOSFET output capacitance and the total parasitic 

capacitance. The energy dissipates during the turn ON transition period or crossover 

can be written as: 

 

𝐸𝑛𝑒𝑟𝑔𝑦(𝑂𝑁) =
1

2
𝑉𝑑𝑟𝑎𝑖𝑛𝐼𝑑𝑡𝑜𝑛𝑓𝑠 (2.6) 

 

where ton is the power switch rise time and Id is the drain current. This energy also 

contributes to the total switch losses. By combining Equation 2.5 and 2.6, the total 

turn ON switching losses can be calculated [51]: 

 

𝑃𝑂𝑁(𝑙𝑜𝑠𝑠) =
1

2
𝑉𝑑𝑟𝑎𝑖𝑛𝐼𝑑𝑡𝑜𝑛𝑓𝑠 +

1

2
𝐶𝑑𝑟𝑎𝑖𝑛𝑉𝑑𝑟𝑎𝑖𝑛

2 𝑓𝑠 (2.7) 
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The energy loss in the overlap region can be minimised by increasing di/dt and 

dv/dt [45]. However, a rapid changing rate of the current and voltage can increase 

EMI issues. In order to cope with hard switching issues, soft switching techniques 

have become popular in the design of power converters. 

 

2.6 Soft switching 

In soft switching, the power switch current or voltage is reduced to zero before 

the switch is turned ON or OFF [45]. This reduces the stress on the power switch, 

resulting in a great improvement of efficiency. This reduced stress allows the 

converter to operate at higher frequencies and within the limits of EMI. Two popular 

types of soft switching techniques are Zero Voltage Switching (ZVS) and Zero 

Current Switching (ZCS). 

 

2.6.1 Zero Voltage Switching (ZVS) 

In ZVS, the signal to turn ON the gate of the MOSFET is applied when the drain-

source voltage is zero. In this way, the power switch turns ON at zero voltage, hence 

the zero switching losses. This switching technique is preferred for very high 

frequency converters [42]. 

 

2.6.2 Zero Current Switching (ZCS) 

In ZCS, the drain current drops to zero before the power switch turns OFF, so 

there is zero turn OFF losses. This switching scheme is best applied in power 

converters using IGBTs due to a tail current at turn OFF [42]. Figure 2.4 below 

explains the switching action in ZVS and ZCS. 

 

 

Vds

Id

ZVS ZCS
 

Figure 2.4. Soft switching 

 

2.7 Comparison of power devices 

Traditional power devices cannot be used at higher frequencies due to the 

increase in losses. The Metal Oxide Semiconductor Field Effect Transistor (MOSFET) 

was the best choice for switching element over the last few decades. MOSFETs have 
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more advantages than their counterpart, the Bipolar Junction Transistor (BJT), 

because of their higher switching speed and control over the voltage [30]. Now, the 

industry demands devices that are more compact and smart, making it necessary to 

increase the switching frequency and reduce the size of the energy storage 

components, such as capacitors, transformers and inductors. The increased 

frequency increases the losses, such as switching and gate drive in MOSFETs, which, 

as a result reduces the efficiency. Therefore, in relation to the switching of the power 

converters at MHz frequency other devices must be considered to improve 

efficiency. 

A lot of technological development is carried out on power devices to improve 

the performance in the MHz frequency range. The new wide band gap 

semiconductors materials such as GaN and SiC, have made it possible to switch the 

converter in the few MHz frequency range [4]. The GaN devices are getting 

popularity in consumer, telecom and computer applications, whereas SiC devices 

are taking over the industrial applications that require higher voltage and current 

[52].  

Regarding low profile and efficient power converters, the performance of GaN 

devices is better because of their low profile design, low gate charge, high 

breakdown voltage and less switching and conduction losses [5]. The introduction 

of these devices makes it possible to increase the switching frequency in the MHz 

frequency range. Some of the main advantages [20], [22], [53], [54] of the GaN FETs 

over the MOSFETs are highlighted as follows: 

 

 Much smaller “Land Grid Array” LGA package as compared to the 

traditional DPAK package. 

 Low conduction losses because of reduced Rds(ON) compared to MOSFET. 

 The gate charge and output capacitance are very low, making GaN an 

attractive choice for MHz switching offering low losses. 

 Zero reverse recovery because it’s a majority carries device with no minority 

carriers. 

 GaN FET has a much lower temperature coefficient than its Si counterpart 

which enables it to be used at a higher temperature and at low Rds(ON). 
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3 FLYBACK CONVERTER 

Flyback converters are still the most promising choice for low power devices 

because of their simplicity and the lowest design cost, compared to other topologies. 

This is a unique low cost isolation solution placed between the input and the output 

power stages. The implementation of a step up or step down converter is relatively 

simple. Moreover, flyback converters can easily be designed for inverted multiple 

outputs with good cross regulation. 

The disadvantages of the flyback converter are connected to its high input and 

output ripple currents, more peak currents in the power switch and transformer and 

hence more stress on the components. The simplest flyback converter consists of a 

single power switch, a coupled inductor, one diode and a capacitor. Figure 3.1 shows 

the schematic of a generalized flyback converter. 

 

Np Ns

Power Switch

Diode
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Vin
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Tansformer

 
 

Figure 3.1. Basic flyback converter 

This schematic shows the open loop unregulated flyback converter. A practical 

flyback converter can have a current and/or a voltage sense feedback circuit to 

regulate the output voltage and to implement other control features. 

 

3.1 The workings of the flyback converter 

The workings of the flyback converter can be broken into two periods: the power 

switch ON period and the power switch OFF period [8]. When a pulse is applied to 

the gate of power switch, the MOSFET starts to conduct. The current then starts to 
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ramp up in the primary winding of the transformer. During this interval, no current 

flows from the secondary side of the transformer because of the reverse dot polarity 

and placement of the diode. The output load is powered through the capacitor. The 

diode is reverse biased in this interval. The energy is stored in the transformer 

during the turn ON period of the power switch. The average current flowing the 

primary winding can be written as Equation 3.1 [6], [55]. 

 

𝐼𝑎𝑣𝑔 =  ∫
𝑉𝑖𝑛

𝐿𝑝

𝑑𝑡

𝑇=𝑜𝑛

𝑇=0

 (3.1) 

 

where Vin is the constant input voltage and Lp is the primary inductance of the 

transformer. The peak value of the current can then be computed as: 

 

𝐼𝑝𝑒𝑎𝑘 =  
𝑉𝑖𝑛

𝐿𝑝

× 𝑡𝑜𝑛( max  )  

 

The energy stored in the transformer during the ON time can be written as in 

Equation 3.2 [56], [57]. 

 

𝐸 =
1

2
× 𝐿𝑝 × 𝐼𝑝𝑒𝑎𝑘

2 (3.2) 

 

When the power switch turns OFF, because of “flyback action” [6] the polarity of the 

voltages on primary and secondary windings is reversed. The output diode becomes 

forward biased and the current starts flowing in the secondary side of the 

transformer. The stored magnetic energy is transferred from the primary to the 

secondary side during the switch OFF period. The voltage is transferred from the 

primary to the secondary side according to the turn ratio. The secondary side voltage 

is rectified through the output diode and capacitor and then delivered to the load 

and recharged the output capacitor. In this way, the flyback converter provides a 

simple solution for isolation between the input and output power stages. 

During the power switch OFF interval, the output voltage, plus the forward drop 

of the diode, reflects back on the drain node according to Equation 3.3. 

 

𝑉(𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑) =
𝑁𝑝

𝑁𝑠

(𝑉𝑜 + 𝑉𝑓) (3.3) 

 

where Np and Ns are the primary and secondary turns respectively, Vo is the output 

voltage and Vf is the output diode forward drop. The net voltage on the drain node 

is then expressed in Equation 3.4. 
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𝑉𝑑𝑟𝑎𝑖𝑛 = 𝑉𝑖𝑛 +
𝑁𝑝

𝑁𝑠

(𝑉𝑜 + 𝑉𝑓) (3.4) 

 

where Vin is the maximum input line DC voltage. In Equation 3.4, parasitic effects 

have been ignored. When viewed from one winding, the volt-time product during 

the power switch ON period is equal to the volt-time product during the OFF 

interval [8] and can thus be expressed in Equation 3.5 as 

 

𝑉𝑖𝑛 × 𝑡𝑜𝑛 =
𝑁𝑝

𝑁𝑠

𝑉𝑜 × 𝑡𝑜𝑓𝑓 (3.5) 

 

where 𝑡𝑜𝑛 and 𝑡𝑜𝑓𝑓 are the power switch ON and OFF times respectively. The 

maximum output power that can be delivered to the load in an ideal case is 

 

𝑃𝑜 =
𝐸

𝑇𝑠

 

 

where Po is the output power, Ts is the switching period. By using Equation 3.2 for 

E, the output power in terms of the switching frequency becomes: 

 

𝑃𝑜 =
1

2
× 𝐿𝑝 × 𝐼𝑝𝑒𝑎𝑘

2 × 𝑓𝑠 (3.6) 

 

fs is the switching frequency and is equal to 

 

𝑓𝑠 =
1

𝑇𝑠

 

 

Flyback converters have two basic modes of operation: continuous conduction mode 

(CCM) and discontinuous conduction mode (DCM). The main principle of operation 

remains the same in both modes. Each mode has its own advantages and 

disadvantages. It is possible to switch between the modes for different operating 

conditions in a specific design. The modes of operation are discussed in the 

following section. 

 

3.1.1 Continuous conduction mode  

In Continuous Conduction Mode (CCM), some part of the stored energy remains 

in the transformer before the next ON cycle starts [58]. The new cycle starts having 

the initial value of the current.  The energy stored in the CCM during the ON time 

is given in Equation 3.7.  
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𝐸 =
1

2
× 𝐿𝑝 × (𝐼𝑝𝑒𝑎𝑘 − 𝐼𝑖𝑛)2 (3.7) 

 

where Iin is the initial current. 

A flyback converter operating in CCM is mostly used in low voltage and high 

current applications [58]. Generally, CCM converters are designed for fixed 

frequency operation. Figure 3.4 shows a typical operation for a non-ideal flyback 

converter in CCM mode. The figure will be explained in the next section. The DC 

transfer function of the flyback converter operating in the CCM is calculated as in 

Equation 3.8. 
𝑉𝑜

𝑉𝑖𝑛
=

𝑁𝑠

𝑁𝑝

×
𝐷

1 − 𝐷
 (3.8) 

 

D is the duty cycle and is defined as  𝐷 =
𝑡𝑜𝑛

𝑇𝑠
 , 𝑇𝑠 is the switching period. 

The maximum value of the duty cycle in terms of Vin, Vo and the transformer 

turns ratio is defined in Equation 3.9 [59]. 

 

𝐷𝑚𝑎𝑥 =

𝑁𝑝

𝑁𝑠
(𝑉𝑜 + 𝑉𝑓)

𝑉𝑖𝑛(𝑚𝑖𝑛) +
𝑁𝑝

𝑁𝑠
(𝑉𝑜 + 𝑉𝑓)

 (3.9) 

 

3.1.2 Discontinuous conduction mode 

In the DCM, all energy stored in the transformer is emptied before the start of the 

next turn ON cycle. DCM flyback converters are mostly used in high voltage and 

low current applications [30]. DCM flyback converters can easily be designed for 

variable frequency and fixed turn ON time of the power switch. Figure 3.3 shows 

the typical waveforms of a DCM flyback converter. In the DCM operation, there is a 

relaxation interval where neither the power switch nor the output diode are 

conducting. In Figure 3.3, ringing can be seen during this period. The factors on 

which the DC transfer factor depends are the duty cycle, output load, primary 

inductance and switching frequency of the converter. Equation 3.10 [30] describes 

the DC transfer function of the flyback converter in DCM. 

 

𝑉𝑜

𝑉𝑖𝑛
= 𝐷√

𝑅𝐿

2 × 𝐿𝑝 × 𝑓𝑠

 (3.10) 

 

where RL is the output load.  
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3.2 Comparison between CCM and DCM mode of operation 

Each operational mode has its own pros and cons. The advantages and 

disadvantages of each mode of operation are summarised in Table 3.1 [58]. 

 

Table 3.1. Comparison between DCM and CCM 

Mode Advantages Disadvantages 

DCM  Reduced secondary 

diode reverse 

recovery losses. 

 Smaller transformer 

because of lower 

primary inductance. 

 Power switch turns 

ON at zero current 

level, hence low RFI 

and turn ON time has 

no significance. 

 Large peak current. 

 Higher power switch 

conduction losses. 

 Core losses are higher. 

 More dissipation in output 

capacitor. 

 Large output and EMI filter 

is required.  

CCM  Lower conduction 

losses. 

 Small core losses. 

 Output capacitor 

dissipation is lower. 

 EMI and output filter 

requirement is 

smaller. 

 Higher reverse recovery 

losses on both power switch 

and output diode. 

 Low efficiency at light load. 

 Difficult to get stability. 
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3.3 Practical issues in flyback converters 

In the real world, every electronic circuit has some parasitic elements. These 

parasitic elements badly affect the performance of the converter. In the practical 

flyback converter, there are three additional parasitic elements [60] as shown in 

Figure 3.2.  

 

 

Figure 3.2. A practical flyback converter 

The primary winding of the transformer has a series leakage inductance, shown 

as Llk1, and Llk2 is the secondary winding series inductance. The transformer winding 

capacitance is added to the power switch output capacitance. The total drain node 

capacitance can then be summarized as in Equation 3.11. 

 

𝐶𝑑𝑟𝑎𝑖𝑛 = 𝐶𝑜𝑠𝑠 + 𝐶𝑥𝑡 (3.11) 

 

where Cdrain is the total capacitance seen at the drain node of the power switch, Coss 

is the power switch output capacitance and Cxt is the transformer winding 

capacitance. 

The non-ideal waveforms [61] of the flyback converter operating in DCM and 

CCM are shown in Figure 3.3 and Figure 3.4 respectively. To study the impact of 

parasitic components, the circuit operation is divided into three intervals for DCM, 

and two intervals for CCM, because no relaxation period is available in the CCM 

operation.  

During interval-1, when the power switch turns ON, the Coss and Cxt discharges 

through the switch, so the energy stored in the capacitors at the end of the previous 

cycle dissipates in the power switch at the start of the turn ON interval [60]. The 

dissipated energy is proportional to the square of the voltage on the parasitic 

capacitances [60]. In the CCM operation, the power switch turns ON while the 

current is still flowing in the secondary winding. The current in the Llk2 needs to be 
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discharged completely, before making it possible to stop the secondary diode from 

conducting [60]. Once the Llk2 is discharged, the secondary diode is reverse biased, 

and the junction charge carriers are withdrawn. This results in a reverse recovery 

current spike. It reflects to the primary side and appears at the leading edge of the 

primary current [60], [62], as shown in Figure 3.4, at the beginning of the turn ON 

interval. The amplitude of this current spike depends upon the characteristics of the 

secondary diode. 
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Figure 3.3. DCM non-ideal drain voltage and current 
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In Interval-2, when the power switch turns OFF, both of the leakage inductances, 

Llk1 and Llk2 opposes the transfer of energy. During the cross-over region, the primary 

current ramps down and the secondary current ramps up, and the slopes are 

determined by the respective leakage inductances and voltage levels [60]. So the 

Cdrain is charged to a voltage level of Vp, because of the decaying primary current.  

The net voltage on the drain node by adding this leakage spike can be expressed as 

Figure 3.4. CCM non-ideal voltage and current 
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in Equation 3.12. This peak voltage needs to be clamped down to an appropriate 

level to avoid the power switch from destruction. The CCM operation is similar to 

DCM in this interval. 

 

𝑉𝑑𝑟𝑎𝑖𝑛 = 𝑉𝑖𝑛 +
𝑁𝑝

𝑁𝑠

(𝑉𝑜 + 𝑉𝑓) + 𝑉𝑝 (3.12) 

 

In Interval-3, which is only exists in the DCM operation of the flyback converter, 

all of the primary energy has been delivered to the secondary. Thus the drain node 

makes the transition from  𝑉𝑖𝑛 +
𝑁𝑝

𝑁𝑠
(𝑉𝑜 + 𝑉𝑓) to 𝑉𝑖𝑛. This transition excites the 

resonant tank circuit formed by the magnetizing inductance, Lm and Cdrain [60], 

[61]. These oscillations can result in a high EMI and power loss when the power 

switch turns ON again. 

 

3.4 Soft switched flyback converter 

As explained earlier, the DCM mode has less losses compared to CCM, to further 

minimize the losses in DCM flyback converters, two soft switching schemes are 

preferably used. One of these is the quasi-resonant switching, which is also called 

valley switching. In this technique, the switch is turned ON at the lowest valley point 

to achieve soft switching. This technique also provides flexibility to operate the 

converter at variable frequencies for different operating conditions. This spreads the 

radio frequency (RF) emission spectrum and reduces the EMI [45]. 

The second soft switching technique used in flyback converters is the zero 

voltage switching (ZVS). In this scheme, the power switch is turned ON at the first 

lowest voltage. This switching action operates the flyback converter at the boundary 

between the continuous conduction mode and discontinuous conduction mode. 

This is known as a Boundary Mode Conduction (BMC).  

In this thesis, these two switching methods have been used to investigate the 

performance of the flyback converter by using the high frequency PCB transformer 

along with the GaN power switch. Both of the methods will be discussed separately 

in the following sections. 

 

3.4.1 Boundary mode flyback converter 

As discussed earlier, conventional flyback converters operate in two modes, i.e., 

CCM and DCM. A flyback converter working in one mode can switch to the other 

mode if operating conditions change. For example, a converter operating in CCM 

can switch to DCM if there is decrease in output power. During this transition, there 

is a point at which the output diode stops conducting, which means that there is no 

current flowing from either side of the transformer. This point is called the Boundary 
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point between the continuous and discontinuous mode of conductions as shown in 

Figure 3.5. 
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Figure 3.5. Typical boundary mode operation 

 

If the power switch is controlled to turn ON at this point, that is what is called 

Boundary Mode Conduction (BMC). This mode of operation is achieved by varying 

switching frequency. The frequency increases with the decreasing output power. 

Since in BMC, all of the stored energy has been transferred, no current is flowing 

from either side of the transformer, so the power switch turns ON at zero current. In 

Equation 2.7, the first term becomes zero. 

 

𝑃𝑂𝑁(𝑙𝑜𝑠𝑠) =   
1

2
𝑉𝑑𝑟𝑎𝑖𝑛𝐼𝑑𝑡𝑜𝑛𝑓𝑠  +  

1

2
𝐶𝑑𝑟𝑎𝑖𝑛𝑉𝑑𝑟𝑎𝑖𝑛

2 𝑓𝑠 (2.7) 

 

Then the reduced turn ON losses for this mode can be written as given in Equation 

3.13 

 

𝑃𝑂𝑁(𝑙𝑜𝑠𝑠) =
1

2
𝐶𝑑𝑟𝑎𝑖𝑛𝑉𝑑𝑟𝑎𝑖𝑛

2 𝑓𝑠 (3.13) 
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As a result, there is a reduced switching loss on the primary switch, and since the 

output diode has already stopped conducting, there will also no reverse recovery 

loss in the diode. In addition to soft switching, a relaxation period (as seen in DCM, 

Figure 3.3) has also been eliminated. Consequently, the converter operates with low 

noise and EMI. The reduced losses and better performance allow the switching 

frequency to increase and enable the selection of a smaller transformer [63]. 

Boundary mode operation can be achieved in three ways [62]. One is the critical 

inductance Lc, the second is the critical load Rc and the third is critical frequency fc. 

Any change in any of these three quantities can switch the converter from CCM to 

DCM or vice versa. The critical inductance of a converter is given in Equation 3.14 

[64] 

𝐿𝑐 =
(1 − 𝐷)2𝑅𝐿

2𝑓𝑠

× (
𝑁𝑝

𝑁𝑠

)
2

 (3.14) 

 

where Lc is the critical inductance, D is duty cycle, RL is the output load, fs is the 

switching frequency and Np and Ns are primary and secondary turns respectively. 

For the fixed values of the right hand side quantities in Equation 3.14, Lc only decides 

the converter mode of operation [62], [65]. For primary inductance larger than Lc, the 

converter operates in CCM and for inductance lower than Lc, it operates in DCM. So 

Lc is the boundary between CCM and DCM. Solving Equation 3.14 for the critical 

frequency of operation gives: 

 

𝑓𝑐 =
(1 − 𝐷)2𝑅𝐿

2𝐿𝑝

× (
𝑁𝑝

𝑁𝑠

)
2

 (3.15) 

 

where 𝑓𝑐 is the boundary frequency and  𝐿𝑝 is the fixed primary inductance. To 

obtain a BMC operation for new operating conditions, a new critical frequency can 

be calculated using Equation 3.15. 

The duty cycle of the flyback converter is calculated again according to Equation 

3.16. 

 

𝐷𝑚𝑎𝑥 =

𝑁𝑝

𝑁𝑠
(𝑉𝑜 + 𝑉𝑓)

𝑉𝑖𝑛(𝑚𝑖𝑛) +
𝑁𝑝

𝑁𝑠
(𝑉𝑜 + 𝑉𝑓)

 (3.16) 

 

3.4.2 Quasi-resonant mode flyback converter 

The second method that is used to investigate the performance of a flyback 

converter is the switching of the power switch at the minimum voltage level. This is 

commonly known as quasi-resonant or valley switching. After the boundary point, 

the drain voltage starts to drop, the switching at first valley can be achieved slightly 
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later than the BMC. This is shown in Figure 3.6. Since the power switch is turned 

ON in this valley switching operation when the drain node is at minimum voltage 

and zero current, this will reduce the turn ON losses and thus more room becomes 

available to increase the frequency of the operation. On the secondary side, the 

output diode is also turned OFF at zero current, so it eliminates the reverse recovery 

losses of the diode. Thus, the first term in Equation 2.7 again becomes zero as it is in 

BMC, i.e. 

 

𝑃𝑂𝑁(𝑙𝑜𝑠𝑠) =
1

2
𝐶𝑑𝑟𝑎𝑖𝑛𝑉𝑑𝑟𝑎𝑖𝑛

2 𝑓𝑠 (3.17) 

 

The turn ON switching loss in quasi-resonant mode is less as compared to 

boundary conduction mode, because the drain node is at low voltage than in the 

BMC. This can further be improved by decaying the drain voltage close to zero. This 

will be explained in the following discussion. The EMI is also reduced in valley 

switching for two reasons: switching at the lowest level of drain voltage avoids hard 

switching, and the variable frequency that introduces natural frequency jitter, which 

spreads the RF emission spectrum, reduces EMI [63], [66].  

Figure 3.6 below shows the typical waveform of a flyback converter at the drain 

node. 
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Figure 3.6. Explanation of valleys 

The above figure also shows the drain voltage at different instances. As stated in 

section 3.3, there is a resonant tank circuit when neither the power switch nor the 

output diode conducts. These oscillations are used to run the converter in quasi-

resonant mode. The frequency fo of the oscillation can be calculated as given in 

Equation 3.18 [62]. 

 

𝑓𝑜 =
1

2𝜋√𝐿𝑝𝐶𝑑𝑟𝑎𝑖𝑛

 (3.18) 

 

where the total primary inductance Lpt is the sum of the primary inductance Lm and 

the leakage inductance Llk as written in Equation 3.19. 

 

𝐿𝑝 =  𝐿𝑚 + 𝐿𝑙𝑘 (3.19) 

 

Again, as shown in Figure 3.6, it can be noted that at the valleys, the drain voltage 

is at minimum level. This voltage is the difference between the input DC voltage and 

the reflected output voltage. A higher turn ratio can lead this level close to zero. In 

valley switching, the power switch is controlled so as to turn ON at this minimum 

level as shown in Figure 3.7. This, as a result, further decreases the turn ON losses. 
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Figure 3.7. Valley switching 

Thus, Equation 3.17 is rearranged for the net turn ON loss in quasi-resonant mode 

as: 

 

𝑃𝑂𝑁(𝑙𝑜𝑠𝑠) =
1

2
𝐶𝑑𝑟𝑎𝑖𝑛(𝑉𝑖𝑛 −

𝑁𝑝

𝑁𝑠

𝑉𝑜)2𝑓𝑠 (3.20) 

 

Equation 3.20 shows that, the lower the valley point the lower the switching 

losses. It makes the quasi-resonant mode of operation more efficient than BMC. If 

the valley is designed close to zero then it is possible to achieve zero with regards to 

the turn on loss.  

As the output power decreases, the switching frequency increases. To limit the 

frequency, a valley skipping method is also used for lighter loads.  

 
3.5 Investigation of the flyback converter 

As stated in the introduction chapter, the focus is the investigation of the in-house 

6-layer PCB transformer in flyback converter application. The brief introduction [15], 

[28], [29], [67], of the PCB transformer is given in the following section. 

 

3.5.1 PCB transformer 

The transformer consists of a 6-layered PCB with the total dimension of 18mm x 

18mm x 1.82mm. The transformer is designed on FR4 laminate whose copper weight 

is 2oz and the dielectric strength is 50kV/mm. The windings are considered circular 
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spiral in order to obtain the higher amount of inductance and lower inter-winding 

capacitance[25]. The primary-secondary-secondary-primary (PSSP) structure is 

designed to take advantage of the isolation requirements without increasing the 

distance between the layers compared to PSPS structure [30], [68], [69]. The 3D view 

and the dimensions of the transformer is illustrated in Figure 3.8. 
  

 

 

 

Figure 3.8. 3D view and dimensions of the 6-layered PCB transformer 
 

Each primary and secondary winding layer consists 4 turns. The single turn 

auxiliary winding is placed on the top layer of the PCB. The primaries of the second 

and sixth layer are connected in series resulting in a total of 8 turns. Two turns of 

each secondary winding are connected in parallel in order to carry a large amount 

of secondary current, forming a 4:1:1 centre tapped transformer. Here, the windings 

are parallel in a layer instead of a single solid wide conductor due to the increased 

rate of rise of eddy current phenomena in the MHz frequency region resulting in an 

increased leakage inductance and increased AC resistance of the transformer. The 

width/separation of the primary/secondary winding is measured as 0.43 and 0.19 

mm respectively. The distance between the layers of the PCB, i.e., auxiliary-

primary1-secondary1-midpoint-secondary2-primary2 is 0.2-0.4-0.2-0.2-0.4, resulting 

in a total thickness of 1.82 mm for the transformer. The inner and the outer radius of 

the windings of the designed transformer are 3.7 mm and 6 mm respectively. 

The MnZn-3F5 and NiZn-4F1 ferrite materials are characterized for high 

frequencies as shown in Figure 3.9. 
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Figure 3.9. Characterization of transformer efficiency with MnZn and NiZn core 

material for various frequencies 

The MnZn-3F5 material is observed to have better efficiencies in the frequency 

range of 1-3MHz, whereas NiZn-4F1 has better performance above the frequency of 

3MHz for the same sinusoidal signal of 50Vrms. Since the POT core provides better 

shielding against EMI and is more suitable for low power applications at higher 

frequencies [25], [70], a custom POT core is designed for better power density and 

to meet the EMC standards. The final height of the transformer including cores is 

less than 5mm. To prevent the core from saturation, a small airgap is introduced in 

the core. 

 

3.6 Design of a soft switched flyback converter 

The designed transformer is used in the converter to analyse its performance in 

flyback topology. Both secondary windings of the transformer are connected in 

series to get turn ratio ~2. For the operation in the MHz frequency range, eGaN FET 

from EPC part number EPC2012 is used as power switch. The TI’s dedicated gate 

driver for eGaN devices, LM5113 is used to drive the power switch. The control is 

implemented with dSPIC33fj16gs504 and ultra-low forward voltage drop schottky 

barrier diode 6CWQ10FN is used for the output rectification.  
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Figure 3.10. Schematic diagram of the proposed flyback converter 

The snubber circuit is also designed to prevent the power switch from spikes. 

Figure 3.10 shows the schematic diagram of the converter and Figure 3.11 shows the 

top and bottom side of the populated prototype PCB. The performance of the 

proposed converter is analysed separately for both modes of operation. In each 

mode, the converter is tested for the telecom input voltage range of 36-72Vdc. In the 

following sections, experimental performance of the converter is presented for each 

mode of operation. 

 

 

Figure 3.11. Top and bottom side of the prototype design 
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3.7 Performance of the converter in boundary mode of 
conduction 

3.7.1 Control implementation 

Boundary mode control of operation is implemented in a digital signal processor 

as follows: the point is determined at which the output diode stops conducting 

during the DCM operation. This is the boundary point between the DCM and CCM 

operations. The new time period is set in the DSP by retaining all remaining 

operating conditions constant. This means that only the OFF time is controlled. This 

principle is explained in Figure 3.12. 

 

 

 

Figure 3.12. Control mechanism for BCM 

 

3.7.2 Investigations 

In the boundary mode of operation, the converter is tested for two input voltages, 

and the efficiency is measured against the change in output power. The switching 

duty cycle of the converter is kept constant as 52% for the entire output power range. 

To maintain the ZVS for the variations in output power, changes are only made in 

switching frequency. Figure 3.13 shows the efficiency of the converter versus the 

output power at 36V input. The obtained efficiency is 83-88% for an output load of 

~7-20W. Here the switching frequency varies from 2.9-1.2MHz for the change in 

output power from 7-20W. 

 

f-boundary 



Performance of the converter in boundary mode of conduction 

 

35 

 

Figure 3.13. Frequency variations at 36Vin 

The ZVS operation of the converter is observed on Agilent MSO-X 3034A 

oscilloscope by probing the power switch drive signal and the drain – source voltage 

simultaneously. Figure 3.14 shows the captured waveforms at 36Vdc input and at 

20.5W output power. The switching frequency for this operating condition is 

1.2MHz. The figure shows that the power switch turns ON exactly at the boundary 

between CCM and DCM. 

 

 

Figure 3.14. Boundary mode operation; 36Vin and 20.5W output power at 

1.2MHz. CH1-gate-source voltage (5V/div.), CH2- drain-source voltage (50V/div.) 

The converter is also tested for a maximum input voltage of 72Vdc. Figure 3.15 

shows the efficiency of the converter at 72Vdc input for 10-26W output power. For 

this operating condition, the duty cycle is kept constant at 36% and ZVS is achieved 
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by adjusting the switching frequency. The variation in frequency is 3.9-1.9MHz for 

the output power of 10-26 watts. A maximum efficiency of ~94% is achieved at 26 

watts output power. 

 

 

Figure 3.15. Efficiency vs the output power, (duty Cycle = 36%, Vin=72Vdc, 

Frequency =1.9MHz-3.9MHz 

 

82.00

84.00

86.00

88.00

90.00

92.00

94.00

8.00 11.00 14.00 17.00 20.00 23.00 26.00

%
 E

ff
ic

ie
n

cy

Output Power (watts)

Efficiency vs Output Power at 72 Vin



Performance of the converter in boundary mode of conduction 

 

37 

 

Figure 3.16. Temperature Profile, 26 watts at Vin = 72Vdc 

The thermal image of the converter operating at input voltage of 72Vdc while 

delivering the output power of 26 watts is also captured as shown in Figure 3.16. 

The temperature of the PCB transformer is 28.9˚C, which is just above the room 

temperature. Major part of the lost power, ~1.5 watts in this case, is dissipated in 

switching components and clamper circuit.  
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3.8 Performance in quasi-resonant mode of conduction 

3.8.1 Control implementations 

In this mode of operation, it is required that the power switch turns ON at the 

valley position. Again, the DSP is updated to control the OFF time only, all other 

operating conditions are constant. A new PWM time period is updated by 

measuring the time at the lowest position in the valley, it occurs slightly later than 

the boundary point. This is explained in Figure 3.17. 

 

 

 

 

 

In the case of the valley skipping mode, a new PWM time period is measured for the 

next valley position and so on. This is also implemented in DSP by keeping all other 

operating conditions constant. This means that there is a fixed ON time. Figure 3.18 

shows the valley skipping measurement. 

 

 

f- original 

f- Valley 

f- Valley1 skipped 

Figure 3.17. Control implementation of QRM 

Figure 3.18. Principle of operation in valley skipping valley 

skipping mode 



Performance in quasi-resonant mode of conduction 

 

39 

3.8.2 Investigations 

The converter is also investigated in quasi-resonant mode. This mode of 

conduction is investigated for the fixed output load. The input voltage is increased 

to switch the converter into a DCM. To maintain ZVS, changes are only made in the 

switching frequency to turn ON the power switch at the valley voltage. Again the 

duty cycle remains the same during the transition from DCM to quasi-resonant 

mode, i.e., the OFF time is changed. The converter is analysed for the change in input 

voltage. The ZVS is observed by monitoring the gate and drain signals 

simultaneously. Figure 3.19 shows that the converter switches exactly at the valley. 

This waveform is captured for 52Vdc input voltage and for 17W output power. The 

switching frequency of the converter is 1.7MHz and the duty cycle is 35%. The 

obtained efficiency of the converter for this operating condition is about 90%. 

 

 

Figure 3.19. Quasi resonant operation; Vin = 52Vdc, duty cycle = 35%, efficiency = 

90.4%, frequency = 1.7MHz (CH1: gate-source voltage (5V/div.), CH2: drain-

source voltage (50V/div.) 

The converter is also investigated for other operating conditions. The 

performance of the converter for various operating conditions is tabulated in Table 

3.2.  

 

Table 3.2. Performance data for quasi-resonant mode operation 

Vin (V) Pin (watts) Pout (watts) Efficiency   % 
Frequency 

(MHz) 

36 23.5 20.7 88.0 1.2 

52 18.8 17.0 90.4 1.7 

72 15.5 14.4 92.9 2.1 

 

 

ZVS 
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In quasi-resonant mode, frequency varies from 1.2 MHz to 2.1 MHz for input 

voltage of 36Vdc to 72Vdc. The maximum efficiency in this mode is ~93% which is 

higher as compared to the boundary mode of conduction for the same operating 

condition. This is due to the reason that, the power switch turns ON at less drain-

source voltage. Unfortunately, the complete comparison of the entire operating 

conditions could not be made. But it can be predicted, since in quasi-resonant mode 

the power switch turns ON at low voltage as compared to BMC, the efficiency of the 

converter will also be higher for the further increase in output power and input 

voltage. 
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4 PREDICTION OF LEAKAGE INDUCTANCE 

This chapter discusses the modelling of the transformer for the increased leakage 

inductance of the power transformer. Analytical expression is developed to predict 

the leakage inductance of the changing quantity of magnetic material inside the 

transformer. This chapter also explains the construction method of wire-wound 

transformers for improved control over the leakage inductance. After this, the effects 

this increased leakage inductance in terms of losses will be discussed.  

 

4.1 Leakage inductance 

The leakage inductance is the, normally unwanted, inductance of the transformer 

which is a result of the imperfect linking of the flux between the windings of the 

transformer [71]. In real transformers, there is some flux that links with one winding 

but not the other windings of the transformer. This flux leaks into the air or by other 

mediums and is known as the leakage flux [72]. This flux leads to leakage 

inductance, which is the additional effective inductance in series with the windings 

[71]–[74]. The leakage inductance stores and releases magnetic energy, which 

normally leads to the system’s undesirable behaviour. For example, high voltage 

and current spikes may cause device failure. 

The leakage inductance of the transformer could either be a desirable or 

undesirable component, depending upon the application. For example, in 

communication circuits it is undesirable and needs to be as low as possible, whereas, 

in resonant power converters, it is desirable and needs to be as high to meet the 

certain requirement [71]. The leakage inductance of the transformer is measured as 

the total impedance referred towards one winding by providing the short on the 

other winding [62], [74]. This is shown in Figure 4.1, which illustrates the equivalent 

circuit of the transformer, while measuring the leakage inductance referred to the 

primary side of the transformer. By providing the short on the secondary winding, 

the secondary leakage inductance LleakS reflects towards the primary side and appears 

in parallel with the magnetizing inductance, as shown in Figure 4.1. 
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Figure 4.1. Equivalent circuit of the transformer for the shorted secondary 

winding 

 

4.2 Role of leakage inductance 

The leakage inductance plays a vital role [31], [37], [75] in soft switched power 

converters. Along with the intrinsic capacitance of the power devices, oscillations 

are created to enable the power switch to turn ON when the voltage across the drain-

source node is zero. The energy stored in the leakage inductance determines the ZVS 

operating range of the converter [76]. The converter observing ZVS in one state could 

enter hard switching for other operating conditions. For example, the phase shifted 

full bridge (PSFB) converter enters into the hard switching state when the drawn 

output power is reduced. It is also difficult to maintain the ZVS balanced in both 

legs of the converter. The value of leakage inductance needs to be controlled very 

intelligently to observe the ZVS for the entire operating condition. 

The energy stored in the intrinsic leakage inductance of the transformer is not 

usually sufficient to observe the zero voltage switching for the entire operating 

condition. In order to ensure ZVS, a shim inductor is added in series with the 

primary winding of the transformer to increase the total leakage inductance. This 

shim inductor adds extra cost to the design as well as reduces the power density of 

the board. In the following sections, the practical method of adding this inductor 

inside the main transformer is discussed. After this, a model of how to efficiently 

predict and control the leakage inductance inside the main transformer will be 

discussed. 

4.3 Construction of transformer for increased leakage 
inductance 

The leakage inductance of the main transformer can either be increased by 

increasing the inter-winding spacing or adding magnetic material inside the 

transformer [34], [39], [77]–[79]. Increased inter-winding spacing can only enhance 

the leakage inductance to some extent because of the dimension constraints. The 

leakage inductance can then be further increased and controlled by adding ferrite 
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rods in this increased inter-winding spacing because more flux will pass through the 

leakage path. 

The increase of leakage inductance in the presented method is two-fold, one by 

increasing the inter-winding spacing and the other by inserting the magnetic 

material inside the spacing between the windings. For this a spacer of required 

dimensions is designed and fabricated by using the Makerbot Replicator-2X 3D 

printer, shown in Figure 4.2. The figure shows that the channels (holes) are also 

made for the ferrite rods. Then the holes are drilled in the bobbin aligned with these 

channels. This layout plan will be used to add or remove magnetic material inside 

the transformer in order to increase and control the leakage inductance both during 

the construction and the testing phase of the transformer. This method makes it 

simple and efficient for the wire wound transformer to control the leakage 

inductance of the transformer. After finishing the primary winding, the spacer will 

be placed on the bobbin. Finally, the secondary winding turns are wound directly 

on the spacer. The proposed assembly plan of the transformer is shown in Figure 

4.3. Here the complete structure of the proposed transformer is shown. 

 

 

Figure 4.2. Fabricated inter-winding spacer and the channels for ferrite rods 
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Figure 4.3. Proposed layout plan of the power transformer. 

4.4 Modelling of the transformer for the proposed layout plan 

In order to predict and calculate the leakage inductance for the proposed layout 

plan, the transformer is divided into subsections of small reluctances. The reluctance 

based model of the transformer is shown in Figure 4.4. To make the model simple, 

it is assumed that the transformer has an airgap only in the centre leg. The reluctance 

of the core and the reluctance of the airgap are represented as core and gap 

respectively, while the reluctance of the ferrite rods and the reluctance of the spacer 

are represented as ℜ𝑟𝑜𝑑𝑠 and ℜ𝑎𝑖𝑟  respectively. 
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Figure 4.4. Proposed reluctance-based model of the power transformer 

The reluctance of the core, core is calculated by using the parameters given in 

the core datasheet, and the reluctance of the airgap, gap is taken as zero if there is 

no airgap. The reluctance of the spacer and the reluctance of the ferrite rods are 

treated as two parallel reluctances. The total vertical airgap between the length of 

the rod and the core is taken as 𝑙𝑔𝑎𝑝
𝑟𝑜𝑑 . The reluctance of this airgap is represented as 

ℜ𝑟𝑜𝑑𝑠
𝑎𝑖𝑟 , and the reluctance of the air in series with ℜ𝑎𝑖𝑟  is represented as ℜ𝑎𝑖𝑟

𝑎𝑖𝑟 . 

The total area of the leakage path is divided between the area of the ferrite rods 

and the area of the spacer. This is given by Equation 4.1 and Equation 4.2 

respectively. 

𝐴𝑟𝑜𝑑𝑠 = 𝑁𝑟𝑜𝑑𝑠𝜋𝑟𝑟𝑜𝑑
2  (4.1) 

 

where Arods is the total area of the ferrite material inside the transformer, Nrods is the 

total number of ferrite rods and rrod is the radius of a single rod. 

 

𝐴𝑎𝑖𝑟 = 𝐴𝑠𝑝𝑎𝑐𝑒𝑟 − 𝐴𝑟𝑜𝑑𝑠 (4.2) 

 

where Aair is the total area of the air between the primary and the secondary 

windings. Aspacer is the total area covered by the spacer. In the airgap 𝑙𝑔𝑎𝑝
𝑟𝑜𝑑 , the 

magnetic flux is assumed to spread conically at an angle of 45˚ with the reluctance 

ℜ𝑟𝑜𝑑𝑠
𝑎𝑖𝑟 . The reluctance in this region is calculated as a truncated air cone with a 

smaller radius equal to 𝑟𝑟𝑜𝑑 and a larger radius that equals 𝑟𝑐𝑜𝑛𝑒 = 𝑟𝑟𝑜𝑑 + 𝑙𝑔𝑎𝑝
𝑟𝑜𝑑 . The 

truncated cone approach is required for the model to fit the actual leakage 

inductance. A cylinder of air with the same diameter as the rod will underestimate 
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the leakage inductance and an area equal to the spacer will overestimate it. Next to 

this airgap the reluctance is calculated from the air volume subtracting this truncated 

cone from the spacer volume of height 𝑙𝑔𝑎𝑝
𝑟𝑜𝑑 . 

The reluctance of the each section is calculated by using the text book [7], [72], 

[73], [80]–[82] equation as given in (4.3) and (4.4) and entering the quantities 

accordingly 

ℜ𝑐𝑜𝑟𝑒 =
𝑙𝑒𝑓𝑓

𝜇0𝜇𝑟𝐴𝑒𝑓𝑓

 (4.3) 

. 

ℜ𝑔𝑎𝑝 =
𝑙𝑔𝑎𝑝

𝜇0𝐴𝑒𝑓𝑓

 (4.4) 

 

where µ0 is the permeability of the air and µr is the relative permeability of the core,  

leff  is the effective magnetic path length of the core and Aeff is the effective cross 

sectional area of the core. Next, the total reluctance ℜ𝑙𝑒𝑎𝑘 in the leakage path is 

calculated by solving the parallel and series combination of the reluctances as given 

in Equation 4.5. 

ℜ𝑙𝑒𝑎𝑘 =
(ℜ𝑟𝑜𝑑 + ℜ𝑟𝑜𝑑𝑠

𝑎𝑖𝑟 )(ℜ𝑎𝑖𝑟 + ℜ𝑎𝑖𝑟
𝑎𝑖𝑟)

(ℜ𝑟𝑜𝑑 + ℜ𝑟𝑜𝑑𝑠
𝑎𝑖𝑟 ) + (ℜ𝑎𝑖𝑟 + ℜ𝑎𝑖𝑟

𝑎𝑖𝑟)
 (4.5) 

 

The effective permeability 𝜇𝑒𝑓𝑓𝑝 in the primary winding, and the effective 

permeability 𝜇𝑒𝑓𝑓𝑠 in the secondary winding are calculated from the total reluctance 

seen by the corresponding winding. The primary and the secondary effective 

permeabilities are given by Equation 4.6 and Equation 4.7 respectively. 

 

𝜇𝑒𝑓𝑓𝑝 =
𝑙𝑒𝑓𝑓  

𝐴𝑒𝑓𝑓 (
ℜ𝑐𝑜𝑟𝑒

2
+ ℜ𝑔𝑎𝑝 + (

ℜ𝑐𝑜𝑟𝑒

2
) ǁ ℜ𝑙𝑒𝑎𝑘) 𝜇0

 (4.6) 

 

 

𝜇𝑒𝑓𝑓𝑠 =
𝑙𝑒𝑓𝑓  

𝐴𝑒𝑓𝑓 (
ℜ𝑐𝑜𝑟𝑒

2
+ (ℜ𝑔𝑎𝑝 +

ℜ𝑐𝑜𝑟𝑒

2
) ǁ ℜ𝑙𝑒𝑎𝑘) 𝜇0

 (4.7) 

 

The leakage flux flows through the leakage path having different relative 

permeability [72], [83], as not all of the flux links between the primary and the 

secondary windings. So the primary and secondary effective permeabilities are 

again calculated in the leakage path in the same way as in the primary and the 

secondary windings, as shown in Equation 4.8 and Equation 4.9. 
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𝜇𝑒𝑓𝑓𝑙𝑝 =

𝑙𝑒𝑓𝑓

2
+ 𝑙𝑟𝑜𝑑 + 𝑙𝑔𝑎𝑝

𝑟𝑜𝑑

𝐴𝑒𝑓𝑓 (
ℜ𝑐𝑜𝑟𝑒

2
+ ℜ𝑔𝑎𝑝 + ℜ𝑙𝑒𝑎𝑘) 𝜇0

 (4.8) 

 

𝜇𝑒𝑓𝑓𝑙𝑠 =
𝑙𝑒𝑓𝑓  

𝐴𝑒𝑓𝑓 (
ℜ𝑐𝑜𝑟𝑒

2
+ ℜ𝑙𝑒𝑎𝑘) 𝜇0

 (4.9) 

 

where 𝜇𝑒𝑓𝑓𝑙𝑝, and 𝜇𝑒𝑓𝑓𝑙𝑠, are the primary and secondary effective permeabilities in 

the leakage path respectively. After the calculation of the effective permeability in 

each section, the primary inductance Lpri, secondary inductance Lsec, primary leakage 

inductance LleakP and the secondary leakage inductance LleakS, is calculated by using 

Equation 4.10, and entering the corresponding effective permeability and length. 

The magnetizing inductance is then calculated by using Equation 4.11 

 

𝐿 =
𝜇0𝜇𝑒𝑓𝑓𝐴𝑒𝑓𝑓𝑁𝑝𝑟𝑖

2  

𝑙𝑒𝑓𝑓

 (4.10) 

 

𝐿𝑚𝑎𝑔 = 𝐿𝑝𝑟𝑖 − 𝐿𝑙𝑒𝑎𝑘𝑃  (4.11) 

 

The leakage inductance is calculated by considering a short on the terminals of 

the secondary winding [62], [82]. Assuming a high coupling and a negligible 

resistance of the primary and the secondary windings, the reflected secondary 

leakage inductance appears in parallel with the magnetizing inductance as shown 

in Figure 4.1. The net leakage inductance measured on the primary winding of the 

integrated transformer is calculated as: 

 

𝐿𝑙𝑒𝑎𝑘 = 𝐿𝑙𝑒𝑎𝑘𝑃 + (
𝑁𝑝

𝑁𝑠

)
2

𝐿𝑙𝑒𝑎𝑘𝑆 ǁ 𝐿𝑚𝑎𝑔  (4.12) 
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4.5 Verification of the model 

The above discussed model is verified by comparing the analytical calculations 

to a series of measurements. 

4.5.1 Experimental verification 

A transformer along with the spacer is constructed by following the method 

described in section 4.3. There are three channels on each side of the spacer for the 

ferrite rods. The ETD-59, 3F3 transformer along with the corresponding bobbin is 

selected for the investigations. The finished thickness of the space is 6.8mm. The 

length and the diameter of the ferrite rods are 13.6mm and 2.9mm respectively. The 

length of the bobbin is 45.2mm. The primary to secondary turn ratio of the 

transformer is taken as 2:1. The transformer constructed for experimental 

investigations is shown in Figure 4.5. 
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Figure 4.5. The transformer constructed for the experimental verification 

 

The leakage inductance referred to the primary winding is measured by using 

the Bode-100 impedance analyser. A series of measurements are performed for the 

various combinations of rod length and quantity. Table 4.1 shows the 

measurements. 

Table 4.1. The leakage inductance measured on the Bode-100 impedance 

analyser for different combinations of ferrite rods 

No. of rods 
𝑳𝒍𝒆𝒂𝒌 

(µH) 
Channel 

1 

Channel 

2 

Channel 

3 

0 0 0 2.50 

1 0 0 2.79 

2 0 0 3.43 

3 0 0 4.63 

1 1 0 2.90 

2 2 0 3.99 

3 3 0 6.17 

1 1 1 2.99 

2 2 2 4.59 

3 3 3 7.79 

   

The spacer itself increases the leakage inductance from 0.95µH to 2.5µH. The 

addition of ferrite rods further increases the leakage inductance from 2.5µH to 

7.79µH. More rods result in larger leakage inductance as it reduces the reluctance in 

the leakage path and more flux will follow this path. The table shows that the 

leakage inductance increases more rapidly with the increase in rod length than 

spreading the same amount of rods on different channels, because the airgap has a 

strong influence. 

4.5.2 Comparison between calculations and measurements 

To compare the measurements with the mathematical calculations, the leakage 

inductance is also calculated by implementing the modelled equation in the 

MATLAB. The parameters of the transformer, the ferrite rods and the spacer are 

taken as described in previous section. In the script, the length of the airgap in the 

centre pole of the transformer is taken as zero, and all other parasitic elements have 
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been ignored. The calculated leakage inductance is compared with the data taken 

from the measurements. Figure 4.5 shows the comparison of leakage inductance 

between the experimental data and the calculated data. The x-axis represents the 

total length of ferrite rods. As mentioned earlier, the length 13.5mm represents one 

rod and 40.5mm represents three rods. In this way, the graphs represent the leakage 

inductance for a varying number of rods in each channel, i.e., for 1 to 3 rods in each 

channel. The comparison shows that the model predicts the leakage inductance with 

good accuracy. In Figure 4.6, the symbols indicate the measured data, and the lines 

are the calculated leakage inductance using the model. 
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Figure 4.6. Comparison between the calculated and the measured leakage 

inductance 

 

4.6 Modelling for loss estimation 

In order to study the scope of increasing the leakage inductance either by 

inserting magnetic material inside the transformer or by increasing the inter-

winding distance between the primary and the secondary windings, the total losses 

need to be investigated in detail, both in the transformer core and the magnetic 

material inside the leakage path. In a tight coupled transformer, the flux from the 

induced secondary current nearly cancels the primary flux. In such a case, it is not 

the current that determines the magnetizing flux in the core, instead it is the volt-

second relationship as shown in Equation 4.13 [62], [72]. 
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𝐵(𝑡) =
1

𝑁𝑃𝐴𝑒𝑓𝑓

∫ 𝑉𝑝𝑟𝑖(𝑡)𝑑𝑡 (4.13) 

 

where B is the flux density, Vpri is voltage on the primary winding of the transformer, 

Aeff is the effective cross-sectional area of the core and Np is the number of primary 

turns. Figure 4.4 shows that the situation is different in the leakage path. The two 

fluxes are cancelling each other in the core, but adding each other in the leakage 

path. In this case, the leakage flux can be calculated as: 

 

𝜙𝑙𝑒𝑎𝑘 = 𝐼𝑃𝑁𝑃 (
1

ℜ𝑙𝑒𝑎𝑘
𝑝𝑟𝑖

+
𝑘

ℜ𝑙𝑒𝑎𝑘
𝑠𝑒𝑐 ) (4.14) 

 

where k is the coupling factor and is given by 

 

𝑘 = (
𝑁𝑠

𝑁𝑝

)
𝐿𝑀𝑎𝑔

√𝐿𝑃𝑟𝑖𝐿𝑆𝑒𝑐

 (4.15) 

 

In a traditional transformer design, or by introducing only the spacer between 

the primary and the secondary windings, the leakage flux has no severe effect as 

there is no magnetic material in the leakage path. However, in the case of a 

transformer with magnetic material in the leakage path, the effect must be accounted 

for as it may degrade the transformer efficiency. As previously stated, research has 

paid little attention to the consequences of this added material. 

In the literature, the flux in the leakage path is often assumed to be proportional 

to the core flux, and to verify that this is not the case, the losses are first estimated 

mathematically by writing the modelled equations in the MATLAB script and then 

an experiment is set up where the losses can be monitored. 

 

4.6.1 Analytical estimation of the losses 

An example application is selected to study the contribution of magnetic shunt 

to the total losses of the transformer. The study is based on the application where 

the transformer input voltage is 200V, primary current is 15A, and the primary 

winding has 8 turns. The transformer is constructed as described in section 4.3. The 

parameters of the transformer, ferrite rods and the spacer are the same as in section 

4.5.2. As soon as, the ferrite rods are inserted into the transformer, more flux from 

the core is deflected towards the leakage path as shown in Figure 4.4. The magnetic 

flux in the core and rods are calculated using different numbers of rods and varying 
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length as shown in Figure 4.7. The flux in the rods is calculated according to 

Equation 4.13; this flux increases when the airgap in the leakage path is reduced. The 

flux also increases with more rods because of the decreased reluctance. 

 

Figure 4.7. Magnetic leakage flux for varying lengths and number of rods in the 

leakage path 

 However, the flux density as shown in Figure 4.8 decreases with increased 

number of rods, as more rods share the increased flux. The flux density of the core 

itself, is constant in the figure because this flux is limited by the volt-second 

relationship. 
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Figure 4.8. Magnetic flux density in core and rod for varying lengths and 

number of rods 

From the calculated flux densities, the loss densities are calculated based on the 

manufacturer’s core loss vs flux density graph PV=f(B) for the chosen core material. 

The loss densities are similar to the flux density but more compressed due to the 

exponential behaviour of PV=f(B). Compared to the loss density of the rods the core 

loss density is very small. As the rods are much smaller in volume, the absolute 

value of the loss is calculated and shown in Figure 4.9. For short rods the absolute 

power loss is not significant, but a careful design and thermal management is 

required. With the airgap in the leakage path less than approximately 10mm in this 

case, the losses in the leakage path dominates the core in absolute number as well. 

To validate the calculations, a transformer is constructed to observe the effects 

experimentally. This is explained in the next section.  
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Figure 4.9. Absolute power loss in the core and rods with 2-8 rods of varying 

lengths 

 

4.6.2 Experimental verification 

For experimental investigations, a transformer is constructed according to the 

method proposed in section 4.3. In this validation setup, a single turn of copper foil 

is wound as a secondary winding. Two full length rods, i.e. 40mm long, are inserted 

in the two channels of the spacer. The secondary winding is shorted by soldering its 

terminals together to provide a low impedance short. In this case, the induced 

secondary flux effectively magnetizes the core with a flux cancelling the primary 

flux and the net flux will be very small. Holes are drilled in the spacer to monitor 

the temperature profile of the integrated ferrite rods. This is shown in Figure 4.10 

(top). The temperature profile is monitored both by using a thermal camera and 

thermocouple elements. The primary winding of the transformer is powered by a 

sinusoidal waveform by using EMPOWER (BBM0A3FKO) RF power amplifier 

while monitoring the temperatures to get a qualitative understanding of the losses. 

Since the probes of thermocouple are not tightly attached with the ferrites rods, a 

difference in measurements is expected between the two methods. 
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Figure 4.10. Photo and thermal image of the transformer. Holes are drilled in the 

spacer to be able to see the rods in the leakage path (top), and the thermal image 

of the transformer (bottom). 

The thermocouple elements record a temperature of 55.3˚C/30.9˚C for the 

rod/core respectively, and in Figure 4.10 (bottom), the temperature of the rod is 

clearly much higher than in the core and it can be concluded that the loss density 

and consequently the flux density in the rods placed in the leakage path is much 

higher than in the main core itself. As explained earlier, this is because the flux 

intensity is greater in the leakage path where the primary and secondary leakage 

flux adds up instead of cancels as in the core.  

Another measurement is performed by removing the short on the secondary 

and leaving it unloaded. In this case, no cancelling flux will occur from the 

secondary side and the transformer will behave as a large inductor. Here, the 

thermocouple elements record a temperature of 29.0˚C/30.3˚C for the rod/core. 
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Based on this, it can be concluded that the flux density is higher in the core than the 

rod. This is illustrated in the thermal image in Figure 4.11. 

 

 
 

Figure 4.11. Thermal image of the transformer (unloaded) 
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5 EXAMPLE OF MODEL APPLICATION 

The model is used to design a transformer for a Phase Shifted Full Bridge (PSFB) 

converter. The leakage inductance is first predicted by using the modelled equations 

and then the transformer is constructed in accordance with the predicted data. Next, 

the fabricated transformer is investigated in a PSFB DC-DC converter. 

 

5.1 Phase shifted full bridge converter 

The phase shifted full bridge (PSFB) converter is a more promising solution than 

other soft switched power converters for medium power application [32], [33], [39], 

[43], [84]–[86]. Although resonant converters, quasi-resonant converts, and multi-

resonant converters can observe zero voltage switching and/or zero current 

switching without the addition of any auxiliary power switches, a disadvantage is 

that they have high voltage and current stress [76]. The control strategy of these 

converters is also different from the conventional pulse width modulation (PWM) 

converters. In PSFB converters, the transformer leakage inductance, along with the 

intrinsic parasitic capacitance of the power devices, is used to switch the power 

devices when they are in the zero voltage and zero current state. 

 

5.2 Classifications of the PSFB 

The phase shifted full bridge converter is the modified form of the conventional 

full bridge converter. In full bridge converters, both diagonal switches are turned 

ON/OFF simultaneously, which results in excessive switching losses, which in turn 

increases at high switching frequency. The body diode of the power devices can also 

suffer severe reverse recovery losses under certain switching conditions [87], but in 

soft switched full bridge converters, a phase shift control is implemented between 

the diagonal switches at constant frequency. This guarantees the soft switching of 

power devices which makes this converter the best candidate for reduced dynamic 

switching losses, better power conversion efficiency, and low electromagnetic 

interference. 

The control strategy of the PSFB converter is implemented in such a way that 

both of the diagonal power switches turn ON/OFF one by one. This introduces the 

concept of leading leg and lagging leg in phase shifted full bridge converters. It is 

hard to achieve the same soft switching in each leg for the entire operating condition. 

Based on the control strategy for each leg, the phase shifted full bridge converter can 

be categorised [76] into two types: 
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5.2.1 ZVS PSFB full bridge converter 

In this type, the control strategy is implemented to achieve soft switching both in 

the leading and the lagging leg during the turn ON transition of the power devices. 

The turn ON signal is set to HIGH when the body diode of the switching devices 

starts conducting. Since the voltage across drain-source node has gone down to zero, 

as a result there are no turn ON losses. The output rectifiers observe the zero current 

switching. 

5.2.2 ZVZCS PSFB full bridge converters 

This type of converter can observe both ZVS and ZCS, which explains the name. 

The leading leg can only observe ZVS, while the lagging can observe both ZVS and 

ZCS. Soft switching in the leading leg is easier than in the lagging leg. The energy 

stored both in the leakage inductor and the output filter inductor takes part in the 

soft switching of the leading leg. Whereas the energy stored in the leakage inductor 

only is available for the soft switching of the lagging leg. 

Since the PSFB control is based on pulse width modulation (PWM), there is the 

disadvantage of circulating current, which flows through the transformer and the 

power devices during the free-wheel intervals. This circulating current is a sum of 

the magnetizing current and the output inductor current referred to the primary 

side. For high power applications, the RMS current stress on the transformer and the 

power devices becomes high compared to the conventional full bridge converter. 

Many proposals have been presented to clamp this circulating current down to zero. 

This includes the addition of snubbers, active and diode clampers and extra 

windings. 

 As a principle, the circulating current is reduced to zero by resetting the primary 

current during the free-wheel period. This allows only the magnetizing current to 

flow through the primary winding of the transformer. The lagging leg observes 

nearly zero current switching. 
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𝐿𝑙𝑘 ≪ 𝐿0(𝑁𝑝/𝑁𝑠)
2
 

5.3 Working principle of ZVS PSFB converter 

A typical schematic of the ZVS phase shifted full converter is shown in Figure 

5.1. 
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Figure 5.1. A typical phase shifted full bridge converter 

The power switches Sa-Sb makes the leg A/B and the power switches Sc-Sd makes 

the leg C/D of the phase shifted full bridge converter. The diodes Dsa through Dsd are 

the anti-parallel body diodes of the power switches. Capacitors Csa through Csd are 

the intrinsic capacitances of the power MOSFETs Sa-Sd respectively. The transformer, 

Tr consists of one primary winding and two secondary windings that makes it a 

center tapped transformer. The resonance inductor is represented as Llk , which is the 

total leakage inductance of the transformer (plus an eventual external shim 

inductor). Diodes D1 and D2 are the output rectifier diodes. Next, this rectified 

output is filtered through inductor Lo and capacitor Co. In order to explain the 

working principle [76], [88]–[90] of the converter concisely, its operation is divided 

into eight states as shown in the timing diagram, Figure 5.1. For the purpose of 

steady state analysis [76], it is assumed that: 

 All the power switches are ideal. 

 All the diodes are ideal. 

 Inductors and transformer are ideal. 

 The resonant inductor               , the reflected output filter 

inductor towards the primary side. Np and Ns are the primary and secondary 

number of turns respectively. 

 All of the intrinsic capacitors of the power switches are equal. Capacitors 

Csa-Csb make the capacitance CAB and capacitors Csc-Csd make the capacitance 

CCD. 
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Figure 5.2. Timing diagram of the ZVS-PSFB converter 

State 0: The power delivery state; the converter delivers the power to the output 

load just like the conventional full bridge converter. Switches Sa and Sd conduct on 

the primary side and diode D1 conducts on the secondary side. The direction of the 

flow of current and the status of the switches are shown in Figure 5.3. The circuit 

components shown in faded color represent the OFF state. 



Working principle of ZVS PSFB converter 

 

61 

Sc Dsc Csc

Sd Dsd Csd

Sa Dsa Csa

Sb Dsb Csb

Llk

Lm

Tr
1:n

D1

D2

L0

C0

V
o

u
tV
in Vp

V
s2

V
s1

V
re

c

Ip

Ip

IL

 

Figure 5.3. State 0, the power delivery state 

State 1: (t0 ≤ t ≤ t1), refers to Figure 5.4 and the timing diagram when switch Sa 

turns OFF at t = to, and the primary current continues to flow through capacitor Csa. 

This flow of primary current charges and discharges capacitors Csa and Csb 

respectively. In this way switch Sa turns OFF at zero voltage and switch Sb is aligned 

to turn ON at zero voltage. The primary current Ip(t1) = Ip(t0) will remain nearly the 

same during this interval. The voltage across capacitors Csa and Csb can be expressed 

as in Equations 5.1 and 5.2 respectively. 

 

𝑉𝐶𝑠𝑎(𝑡) =
𝐼𝑝(𝑡0)

2𝐶𝐴𝐵

(𝑡 − 𝑡0) (5.1) 

 

 

𝑉𝐶𝑠𝑏(𝑡) = 𝑉𝑖𝑛 −
𝐼𝑝(𝑡0)

2𝐶𝐴𝐵

(𝑡 − 𝑡0) (5.2) 

 

The time length for this state is given in Equation 5.3. 

 

𝑇𝑠𝑡𝑎𝑡𝑒1 =
2𝐶𝐴𝐵

𝐼𝑝(𝑡0)
𝑉𝑖𝑛 (5.3) 
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Figure 5.4. State 1, current flow and device status. 

State 2: (t1 ≤ t ≤ t2), after capacitor Csb completely discharges at t = t1, diode Dsb 

starts to conduct and clamp the voltage across Csb at zero as shown in Figure 5.5. 

Since the zero voltage condition for switch Sb has already been achieved, it is can be 

turned ON at any time. To achieve zero voltage switching for switch Sb, the dead 

time between the leg A/B, Td(AB) must be greater [84] than the time duration of state 

1 as given in Equation (5.4). 

 

𝑇𝑑(𝐴𝐵) >
2𝐶𝐴𝐵

𝐼𝑝(𝑡0)
𝑉𝑖𝑛 (5.4) 
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Figure 5.5. State 2, direction of primary and secondary currents, as well as device 

status 

 

State 3: (t2 ≤ t ≤ t3), by the end of time t2, the voltage across the primary winding, 

Vp of the transformer has been decreased to zero voltage. Switch Sd turns OFF at zero 
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voltage and the primary current starts charging and discharging capacitors Csd and 

Csc respectively as show in Figure 5.6. As the primary winding voltage reaches Vp = 

-VCsd, the primary current Ip starts to decay.  
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Figure 5.6. State 3 

Consequently, this decays the current in the secondary diode D1, lower than the 

output inductor current. At that instant the second secondary diode D2 also starts to 

conduct. The full primary winding voltage Vp is applied on the leakage inductor Llk, 

which makes resonance with Csd and Csc. The primary current Ip and the voltage on 

the capacitors can be expressed as in Equations 5.5–5.7. 

𝐼𝑝(𝑠𝑡𝑎𝑡𝑒3) = 𝐼𝑡2 cos
1

√2𝐿𝑙𝑘𝐶𝐶𝐷

(𝑡 − 𝑡2) (5.5) 

 

𝑉𝐶𝑠𝑑(𝑡) = 𝐼𝑡2√
𝐿𝑙𝑘

2𝐶𝐶𝐷 

sin
1

√2𝐿𝑙𝑘𝐶𝐶𝐷

(𝑡 − 𝑡2) (5.6) 

 

𝑉𝐶𝑠𝑐(𝑡) = 𝑉𝑖𝑛 − 𝐼𝑡2√
𝐿𝑙𝑘

2𝐶𝐶𝐷

sin
1

√2𝐿𝑙𝑘𝐶𝐶𝐷

(𝑡 − 𝑡2) (5.7) 

 

The time duration of this mode can be expressed as in Equation 5.8. 

 

𝑇(𝑠𝑡𝑎𝑡𝑒3) = √2𝐿𝑙𝑘𝐶𝐶𝐷  sin−1
𝑉𝑖𝑛

(√
𝐿𝑙𝑘

2𝐶𝐶𝐷
) 𝐼𝑡2

 
(5.8) 
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The leakage inductance  can be calculated as [76], [91]: 

 

𝐿𝑙𝑘 = 𝑉𝑖𝑛(1 − 𝐷𝑒𝑓𝑓)
𝑁𝑝

4𝐼𝑜𝑓𝑠𝑁𝑠

 (5.9) 

 

Deff is the effective duty cycle of the converter, in which the power is delivered. 

State 4: (t3 ≤ t ≤ t4),  at time t3, after capacitor Csc is completely discharged, diode 

Dsc starts to conduct and clamp the voltage across the power switch Sc at zero voltage 

as shown in Figure 5.6. Switch Sc is ready to turn ON at zero voltage. In order to 

achieve zero voltage switching, the dead time between switches Sc and Sd  must be 

greater than the time interval of State 3, i.e., 

 

𝑇𝑑(𝐶𝐷) > 𝑇(𝑠𝑡𝑎𝑡𝑒3) (5.10) 
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Figure 5.7. State 4 

In this state of operation, both of the diagonal diodes start to conduct and the 

energy stored in the leakage inductor Llk is regenerated to DC input voltage Vin. On 

the secondary side, both diodes D1-D2 continue to conduct and this results in 

decreasing both the primary and secondary winding voltage down to zero. The 

primary current Ip in the leakage inductor will decay because of the reverse applied 

input voltage. At time t4, the primary current crosses the zero line and both 

secondary rectifier diodes stop conducting. The decay in input current Ip during this 

state can be expressed as in Equation 5.11. 
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𝑖𝑝 (𝑡) = 𝐼𝑝(𝑡3) −
𝑉𝑖𝑛

𝐿𝑙𝑘

(𝑡 − 𝑡3) (5.11) 

 

State 5: (t4 ≤ t ≤ t5), refers to Figure 5.8, at time t4 the primary current starts 

building up linearly in the reverse direction through switches Sc and Sb. The slope of 

the current is determined by the input voltage and the leakage inductor as shown in 

Equation 5.12. 

𝑖𝑝 (𝑡) = −
𝑉𝑖𝑛

𝐿𝑙𝑘

(𝑡 − 𝑡4) (5.12) 

 

At time t5, when the primary current becomes greater than the reflected current 

of the output inductor L0, the secondary rectifier diode D1 stops conducting and 

diode D2 continues to conduct. The duration of this state can be determined by 

Equation 5.13. 

𝑇(𝑠𝑡𝑎𝑡𝑒5) =
𝑁𝑠

𝑁𝑝

𝐼𝐿𝑜(𝑡5)
𝐿𝑙𝑘

𝑉𝑖𝑛

   (5.13) 
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Figure 5.8. State 5 

State 6: (t5 ≤ t ≤ t6), in the second power delivery state the power is delivered to 

the output load through the second pair of the diagonal switches, Sb and Sc. At time 

t6, it completes one switching cycle. 
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5.4  Experimental investigation of the model in the converter 
application 

The model is used in a working application of phase shifted full bridge DC-DC 

converter. The converter is investigated for an output power of 500 watts switching 

at a frequency of 400 kHz. The leakage inductance is first predicted using the model 

for the intended transformer, spacer and ferrite rod combination. A table of 

predicted leakage inductance like the table 4.2 is created. As explained in the 

previous chapter, by using the table of leakage inductance and the related losses, a 

suitable combination of ferrite rods for the desired value of the leakage inductance 

can be selected. In this example application, the calculated value (Equation 5.9) of 

the leakage inductance required to achieve the ZVS is 4.2µH. By using the predicted 

data, this value can be obtained by adding two rods in the spacer. 

Then the transformer for the required leakage inductance is constructed using 

the method presented in section 4.5.1. After completing the construction, the 

impedance of the transformer in verified on the Bede-100 impedance analyser. The 

transformer constructed for this application is shown in 5.9. 

 

 

Figure 5.9. The constructed power transformer for the application 
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The operational parameters and the key components of the converter are 

tabulated in Table 5.1. 

 

Table 5.1. Key components of the prototype PSFB converter 

Input voltage 200Vdc 

Switching frequency 400kHz 

Output power 500Watts 

Power devices( Sa-Sd) CMF20120D 

Output rectifier diodes (D1-

D2) 

DSA120C150QB 

Leakage inductance 4.2µH 

Output filter inductor (L0) 3.4µH 

Transformer (Tr) ETD 59, 3F3 

Primary turns (Np) 16 

Secondary turns (Ns1 & Ns2) 2 each 

Digital signal processor dSpic33fj16gs502 

 

The soft switching of the converter is observed for the variation in the output 

power. The Agilent MSO-X 3034A oscilloscope is used to investigate the ZVS of the 

converter. Figure 5.10 shows the duration of power delivery, the loss of duty cycle 

between the turn ON delay of diagonal switches. 
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Figure 5.10. The power delivery and the effect of output diode capacitance 

Since it is convenient to monitor the signals that have primary reference to the 

ground, the low side drain and the gate signals are monitored to observe the ZVS. 

In order to investigate the resonance action in the converter as explained earlier in 

the operational analysis, the ZVS of each leg is observed during the transition from 

OFF to ON state. 

 

Vds

Vgs
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Figure 5.11. The ZVS of the leading leg when transitioning from OFF to ON at 

600 watts output power: CH1-gate of switch Sb w.r.t ground (5v/div.), CH2-drain 

of switch Sb w.r.t ground (50V/div.) 
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Figure 5.12. The ZVS of the lagging leg when transitioning from OFF to ON at 

600 watts output power: CH3-gate of switch Sd w.r.t ground (5v/div.), CH4-drain 

of switch Sd w.r.t ground (50V/div.) 

Figures 5.11 and 5.12 show the ZVS of the leading leg A/B and lagging leg C/D 

respectively at an output power of 600 watts. In the figures the yellow and the blue 

waveforms correspond to the gate drive signals with respect to the ground; the green 

and purple waveforms are the common nodes of leg A/B (Sa-Sb) and leg C/D (Sc-Sd) 

respectively referenced to the ground. The zero voltage switching in both legs can 

be seen very clearly as the drain voltage of each node drops to zero before the gate 

voltage becomes high. The efficiency of the converter in this case is 93%. Figures 5.13 

and 5.14 show the same signals as in Figure 5.11 and 5.12, but for an output power 

of 100 watts. 

 

Vgs

ZVS leg A/BVds

 

Figure 5.13. The ZVS of the leading leg when transitioning from OFF to ON at 

100 watts output power: CH1-gate of switch Sb w.r.t ground (5v/div.), CH2-drain 

of switch Sb w.r.t ground (50V/div.) 
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Figure 5.14. The transition of the lagging leg from ZVS to hard switching at 100 

watts output power: CH3-gate of switch Sd w.r.t ground (5v/div.), CH4-drain of 

switch Sd w.r.t ground (50V/div.) 

Figure 5.13 shows that the leading leg A/B is still switching at zero voltage. At 

about 100 watts of output power, the lagging leg C/D starts to move into hard 

switching as shown in Figure 14. The efficiency of the converter in this case drops to 

90%.
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6 SUMMARY OF THE THESIS 

The following chapter concludes the work presented in this thesis. Future work and 

the contributions of the authors are also outlined in this chapter. 

 

6.1 Conclusions 

This thesis describes the design and optimization of low and medium power soft 

switched power converters; each application is summarized separately. 

 

6.1.1 Low power applications 

A high frequency flyback solution for low power applications was discussed in 

detail. The difference between the ideal flyback converter and a practical flyback 

converter were also discussed. The losses associated with conventional hard 

switching in a flyback converter were outlined. To reduce losses, possible soft 

switching techniques for better efficiency such as boundary and quasi resonant 

mode were discussed in details. The method and calculations required in order to 

implement modes suggested were described. Finally, the converter was investigated 

in combination with the 6-layer PCB transformer switching in the MHz frequency 

region. 

  The power density of the PCB transformer is claimed to be about 30% higher 

compared to the transformer used in similar applications. It can be improved further 

by increasing switching frequency in combination with the low loss core material. 

By using the designed transformer along with a GaN switch, a very significant 

improvement in the converter’s efficiency (94%) was achieved. The reduced di/dt 

and dv/dt in the proposed ZVS flyback converter helps to minimise EMI emission. 

The converter was not tested for the complete universal input range. The testing only 

applied to the telecom input range. Based on this zero voltage switching analysis, 

the same performance could be predicted for the full universal input. According to 

the investigations, a high frequency and energy efficient flyback power converter 

can be designed to meet the industry requirements efficient and low profile. 

The performance of the in-house PCB transformer was found to be excellent for 

low power design. Since this transformer was not designed for flyback type 

converters, improvements in the transformer’s current capabilities are suggested to 

handle the high current spikes of the intended flyback application. 

 

6.1.2 Medium power applications 

For the soft switched medium power applications, the modelling, methodology 

and design of a power transformer for controlled leakage inductance was discussed. 
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In the model, the leakage inductance of the transformer was increased in two steps: 

by increasing the inter-winding distance and adding a magnetic shunt. The model 

is validated both analytically and experimentally. The model accurately predicts the 

leakage inductance of the transformer. This model can be used as a time efficient 

generalized method to predict the leakage inductance of the transformer. A 

simplified practical approach was also discussed to construct the wire-wound 

transformer for better control over the leakage inductance.  

The model was also investigated in a soft switched phase shifted full bridge 

power conversion application by constructing a transformer according to the 

presented method. The converter was tested for 500 watts output power at a 

switching frequency of 400 kHz. The zero voltage switching of the converter was 

successfully observed for a wide range of output loads. The results enable 

integration of an external leakage inductor with the main transformer. This could be 

a way to improve the power density of the converter.  

The increased inter-winding spacing of the transformer results in increased 

leakage inductance at the cost of decreased coupling factor. It increases the copper 

losses because of the increased length of wiring. Since the inter-winding spacing 

cannot be increased beyond certain limits, to further increase the value of the leakage 

inductance, a magnetic shunt can be placed inside the transformer. This will increase 

the leakage inductance because more flux will follow the leakage path. This flux will 

also contribute to the total losses of the transformer. The loss contribution depends 

upon the material of the magnetic shunt.   

Losses were observed on the ferrite rods, which were inserted inside the 

transformer.  In this case, the increased leakage inductance comes at the cost of more 

losses in the transformer. This will also be the case when using a discrete inductor 

in series with the transformer to achieve soft switching conditions. The flux is shown 

to be greater in the leakage path than in the core under normal load operation. This 

can be explained by the contribution from the primary flux and the secondary flux 

adding up in the leakage path instead of cancelling each other, as is the case in the 

core itself. For low losses in the introduced magnetics in the leakage path, its area 

should be large with a significant airgap. The additional leakage inductance 

achieved by inserting a magnetic materials in the leakage path acts like an inductor. 

Although the addition of ferrite rods increases the losses in the transformer, it 

can still be used in resonant converters where efficiency is not a critical issue. The 

bulky external inductor may be integrated inside the transformer to improve the 

power density. In addition, the presented model has a wide range of application. For 

example, it can be used in applications where transformer action is required along 

with increased leakage inductance. 
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6.2 Future work 

The initial scope of the project was to develop the hardware for low profile and 

efficient power converters for medium power applications. Although the presented 

method to integrate the external inductor inside the main transformer has shown 

excellent results, investigation of losses makes it less favourable for the intended 

power levels. The work will move forward with other ideas to achieve the planned 

goal. 
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