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Abstract 

 

This thesis sets out a series of new transformer topologies for magnetic integration in different 

resonant converters. Resonant converters like LLC converters require a high number of 

magnetic components, leading to low power density and high cost. These magnetic components 

can usually be integrated into a single transformer to increase power density, efficiency, 

manufacturing simplicity and to reduce cost. This strategy is known as integrated transformer 

(IT). The work described in this thesis has sought to deliver improvements in implementing 

this strategy. 

The benefits of resonant converters compared to pulse-width-modulated (PWM) converters are 

discussed. To show the drawbacks of PWM converters, two hard-switched DC-DC converters 

and two soft-switched DC-DC converters using state-of-the-art wide bandgap (WBG) gallium 

nitride devices are constructed and investigated.  

The LLC resonant converter is fully discussed for unidirectional and bidirectional applications. 

The different techniques for magnetic integration that can be applied to the LLC resonant 

converter are reviewed. Amongst these techniques, the inserted-shunt integrated transformers, 

which have gained popularity recently, are made a focus of the thesis. 

In general, the important challenges concerning the inserted-shunt integrated transformers are 

the need for bespoke material for the shunt, unwanted high leakage inductance on the secondary 

side, and that integrated magnetics are not usually suitable for bidirectional converters such as 

CLLLC converters.  

Two new topologies (IT1 and IT2) for inserted-shunt integrated transformers are presented that 

do not need bespoke material for the shunt and can be constructed from materials available 

commercially in large and small quantities. However, the manufacturing of these proposed 

topologies is challenging since magnetic shunts are made by joining several smaller magnetic 

pieces to form a segmented piece. 
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A further new topology (IT3) is presented that not only does not need bespoke material for the 

shunt but also benefits from simple manufacturing. However, inserted-shunt integrated 

transformer, including all three proposed topologies (IT1-IT3), still suffer from increased 

leakage inductance on the secondary side, leading the control and design of the resonant 

converters to difficulty. 

Another topology (IT4) is therefore proposed that can be constructed easily with commercially 

available materials and does not increase the leakage inductance on the secondary side. 

However, all four proposed topologies (IT1-IT4) and other topologies with an inserted-shunt 

are not suitable for use in bidirectional LLC-type resonant converters when different primary 

and secondary leakage inductances are needed, such as where variable gain is required.  

Finally, a topology (IT5) is proposed that can be used in bidirectional LLC-type converters 

while it still benefits from simple manufacturing and using commercially available materials.  

All the proposed topologies (IT1-IT5) are discussed in detail and their design guidelines and 

modelling are provided. The theoretical analysis is confirmed by finite-element (FEM) analysis 

and experimental results.  

A unidirectional LLC resonant converter and a bidirectional CLLLC resonant converter are 

implemented to investigate the performance of the proposed integrated transformers (IT1-IT5) 

in practice. It is shown that the converters can operate properly while all their magnetic 

components are integrated into the proposed transformers. 
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Chapter 1  

 

Introduction  

 

This Chapter introduces the body of work which forms this thesis. It explains the motivation 

for the presented research and introduces the issues surrounding integrated transformers in a 

practical context, describing the challenges facing modern power electronics designers. 

Finally, it sets out the structure of the thesis and states the contribution made by each chapter. 

1.1 Motivation  

Power electronics bridges the gap between traditional analogue small-signal technologies, such 

as amplifiers, and traditional power technologies, such as transformers and power generators, 

by enabling the voltage-current transformation of all categories of electrical waveform [3]. 

Power electronics systems can fine-tune the technology and enable it to perform at the top of 

its ability. They are a vital part of every electronic device, from tiny voltage regulators inside 

microprocessors to battery chargers, renewable energy systems, power regeneration capture in 

braking systems and motor drives in electric vehicles. In the future, not only is this highly 

unlikely to change but also the attention will increase as our lives are enriched with more and 

more electronic devices and renewable energy demand grows. In other words, it is an exciting 

period in power electronic technology, as each new electrical device poses new challenges for 

power electronics engineers, and they require a wide range of specifications.  

Power electronics is the workhorse that has underpinned most of our electrical and electronic 

systems. One of the interesting topics for power electronics experts is improving the existing 

systems in terms of efficiency, power density, reliability, and cost. This field requires an ever-

improving arsenal of circuit designs, control techniques and filters as well as developing new 

physical arrangements of components (especially magnetic devices) to improve the overall 
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efficiency, power density and cost of the power electronics systems. This thesis aims to further 

the state-of-the-art in this field.  

1.2 Design constraints for power electronics  

Power electronics devices have different constraints depending on their applications. In mobile 

phone chargers, for example, the electric design is limited by the small volume inside the 

charger cube, power, mobile phone battery’s characteristics and required charging speed. In 

Fig. 1.1, a mobile phone charger sold by SAMSUNG is shown. As shown, the available space 

inside the charger cube is clearly limited while the charger needs to rectify the grid voltage to 

a DC voltage and then drop the voltage to 5 V. In addition, the charger must regulate the output 

voltage at 5 V while the grid voltage is not stable and despite the battery charging demand 

being non-linear. Furthermore, for mobile phones, tablets and laptop chargers in particular, the 

mass of power electronics (weight and size) is an issue because people are always carrying 

them. Therefore, there is an increasingly strong impetus to produce smaller and lighter power 

electronics.  

Reductions in size and weight have been an interesting topic through all branches of power 

electronics. In Fig. 1.2, for example, the size change of computer power supplies from 1990 to 

2000 is presented. As shown in Fig. 1.2, since there has been a demand for smaller computers, 

the newer computer power supply has a power density almost double of its predecessor. 

 

Fig. 1.1  Power electronics inside a SAMSUNG mobile phone charger [1]. 
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Additionally, as a rule of thumb, a smaller device needs less materials and therefore reduction 

of size eventually results in reduction of cost as well.  

There are several ways to reduce the size of a power electronics converter, viz changing the 

topology of the converter for fewer components [4], switching the converter at higher 

frequencies [5] and magnetic integration [6]. Changing the topology is not always possible and 

higher switching frequency has its own limitation due to switching losses and the inability of 

semiconductor devices. However, magnetic integration (when it is possible) can increase the 

power density of the converter noticeably and reduce the cost. Magnetic integration is therefore 

a vital area of research and one to which this thesis intends to offer a contribution. 

In the world of power electronics converters, capacities range from a few watts to several 

gigawatts, catering to diverse applications and technological advancements. This thesis focuses 

on investigating power levels below 50W, targeting desktop computer applications for 

enhanced efficiency. 

 

circa 1990 (1.8 kg)  circa 2000 (0.9 kg) 

Fig. 1.2  Size comparison of two computer power supplies with identical electrical 

characteristics (power, input, and output voltages) from different period [2].  
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Additionally, the research explores size reduction in bidirectional converters for electric 

vehicles, operating at a few kilowatts. Due to safety and hardware limitations, experimentation 

is conducted in a laboratory set-up at a few hundred watts. However, the findings could be 

poised to impact real-world applications up to a few kilowatts. 

1.3 Novelty and Contribution 

This thesis aims to develop technologies that increase power density and decrease the cost of 

power electronics DC-DC converters without decreasing their efficiency. Pulse-width-

modulated (PWM) DC-DC converters are investigated for high switching frequencies, and it 

is shown that achieving high power density alongside high efficiency is difficult in these 

converters. On the other hand, resonant converters have good efficiency because of their soft-

switching capability, and they can also benefit from high power density through magnetic 

integration. Therefore, the main focus of this thesis is addressing the issues of integrated 

transformers used in resonant converters. The novelty presented in this thesis covers five broad 

areas, which are discussed in the following subsections. 

1.3.1 Evaluation of Si MOSFETs and GaN HEMTs in soft-switched and 

hard-switched DC-DC boost converters  

The PWM converters, such as buck and boost, suffer from high switching losses and cannot 

provide high efficiency at high switching frequencies. Hence, in these converters, high power 

density cannot be obtained since the switching frequency is limited. Even though soft-

switching capability can be achieved by adding an auxiliary circuit to the conventional 

topology of the PWM converters, the auxiliary circuit adds complexity and cost [7, 8]. Using 

wide bandgap (WBG) devices, such as gallium nitride (GaN), results in lower switching losses 

than using silicon (Si), and can be used while retaining the simple structure of a hard-switched 

topology. However, the high cost of these devices is problematic for what are frequently cost-

sensitive applications. Additionally, capacitor-discharge switching losses remain. 

To quantify the cost and efficiency, this thesis compares soft-switching techniques and WBG-

based switches for a DC-DC boost converter in the application range of hundred watts. The 

performance of four prototypes including the soft-switched and hard-switched DC-DC 

converters with both state-of-the-art Si and GaN switches are evaluated in terms of cost, power 
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density, efficiency, and reliability using theoretical analysis, simulation and experimental 

results. It is shown that the GaN-based hard-switched converter provides higher efficiency and 

power density but is more expensive than its Si-based counterpart and yet is still cheaper than 

soft-switched converters. Therefore, adding an auxiliary circuit to obtain soft switching leads 

to a more expensive and complicated circuit and does not always guarantee a higher efficiency.  

1.3.2 Fully-integrated planar transformer with a segmental shunt for LLC 

resonant converters  

As mentioned in subsection 1.3.1, PWM converters suffer from high switching losses and 

cannot provide high efficiency at high switching frequencies. In addition, it is shown in Chapter 

4 that adding soft-switching capability to PWM converters is usually with the penalty of a more 

complicated circuit and more expensive converter, and it does not always guarantee a higher 

efficiency. On the other hand, resonant converters provide soft-switching capability inherently 

and they can achieve high efficiency at high switching frequencies [9, 10]. Therefore, the 

remaining chapters of this thesis focus on resonant converters since they are more likely to 

achieve both high efficiency and power density.  

To decrease the volume and cost, and increase the efficiency of resonant converters, such as 

LLC topology, the magnetic elements should be integrated into a magnetic transformer, known 

as integrated transformer (IT) [11]. Amongst different techniques for magnetic integration, the 

inserted-shunt integrated planar transformer (presented later in Fig. 3.12, page 67) is an 

attractive technique for integrating magnetic components of the LLC topology in a single 

transformer.  

This thesis presents two topologies (termed IT1 and IT2) which provide high leakage 

inductance in shunt-inserted integrated magnetic planar transformers designed for magnetic 

integration in LLC topology. These differ from conventional designs by replacing the low-

permeability magnetic shunt of a planar transformer with high-permeability magnetic shunt 

segments, separated by many small air gaps. This approach results in a shunt with the same 

bulk permeability as the conventional design, while using lower cost and readily available 

magnetic materials such as ferrite. A modelling and design approach which can estimate the 

leakage and magnetising inductances precisely is provided for each topology. Theoretical 

analysis is presented and verified using finite-element analysis and experimental 
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implementation. AC resistance analysis for both transformer topologies is also presented. In 

addition, an LLC resonant converter is built to verify the performance of the proposed fully-

integrated magnetic transformers in practice. It is shown that the proposed topologies can 

integrate all three magnetic components of an isolated LLC resonant converter in a single 

planar transformer, which reduces the converter’s volume and cost. 

1.3.3 Fully-integrated solid shunt planar transformer for LLC resonant 

converters   

Although the structures (IT1 and IT2) proposed in subsection 1.3.2 (Chapter 5) eliminate the 

need for shunts with specific permeabilities and dimensions, the inserted shunt has multiple 

segments and has to be placed between two E-cores which makes the implementation difficult. 

Therefore, to address this issue, a new shunt topology (termed IT3) for achieving high leakage 

inductance in inserted-shunt integrated magnetic planar transformers is proposed.  

In the proposed topology, two one-segment shunts are placed across the planar E-core air gap 

and between the primary and secondary windings. The proposed topology benefits from using 

solid inexpensive ferrite shunts, making manufacturing easier. A detailed mathematical model 

is derived from which a design methodology is developed, providing accurate estimation for 

the leakage and magnetising inductances. The theoretical analysis has been verified using 

finite-element analysis and experimental implementation. 

1.3.4 Inserted-shunt integrated planar transformer with low secondary 

leakage inductance for LLC resonant converters  

The leakage inductance of an inserted-shunt integrated transformer is usually utilised as the 

series inductor of an LLC topology. However, leakage inductance exists on both the primary 

and secondary sides of an inserted-shunt integrated transformer and secondary leakage 

inductance leads the control and design of the converter to difficulty [12].  

In this thesis, a novel topology (termed IT4) for inserted-shunt integrated transformers is 

proposed which has low secondary leakage inductance. The inserted shunt of the proposed 

topology is not segmental and can be located conveniently within the transformer. In addition, 

the inserted shunt does not require low permeability core material, simplifying its manufacture. 
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The design and modelling of the proposed transformer topology are presented and verified by 

finite-element analysis and experimental implementation. 

1.3.5 Fully-integrated transformer with asymmetric primary and 

secondary leakage inductances for a bidirectional resonant converter  

Typically, inserted-shunt integrated transformers have symmetric primary and secondary 

leakage inductances [13]. However, bidirectional resonant converters typically could operate 

more efficiently with different primary and secondary series inductances.  

In this thesis, a new shunt topology (termed IT5) for an inserted-shunt integrated transformer 

which can provide tuneable, asymmetric leakage (series) inductances on the primary and 

secondary sides is presented. Two magnetic shunts, with appropriate air gaps, are inserted 

between two E-cores and the primary and secondary windings are separated by being placed at 

opposite sides of the shunts. The proposed transformer is analysed in detail and modelling and 

design guidelines are provided. It is shown that the magnetising inductance and the primary 

and secondary leakage inductances are decoupled from each other, and they can be determined 

separately. The design has the advantage of using planar E-cores and magnetic sheets that are 

readily available in the market. The theoretical analysis is verified by simulation and 

experimental results. In addition, to demonstrate the performance of the proposed integrated 

transformer in practice, an exemplar bidirectional CLLLC resonant converter is designed, 

constructed and tested using the new integrated transformer. 

1.4 Thesis structure 

The thesis structure is presented diagrammatically in Fig. 1.3. The thesis has 9 chapters, and it 

has a predominantly linear structure, with each chapter expanding and improving on the 

previous. A brief description of each chapter is provided below and the publications 

corresponding to each chapter are presented in section 1.5 (see Fig. 1.4). 

Chapter 1 introduces current topics in modern power electronics engineering and the 

motivation for this thesis which is increasing the power density of power electronics converters 

without negatively affecting their cost and efficiency. In addition, the breakdown of the thesis 
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structure is presented in this Chapter. Finally, the links between the papers generated by this 

thesis and its chapters are discussed.  

Chapter 2 discusses different types of DC-DC converters and explains why switched-mode 

power supplies are preferred compared to linear power supplies. PWM converters and their 

limitation for achieving high power density are discussed. In addition, Chapter 2 investigates 

the LLC converter for achieving high power density and presents the theoretical analysis and 

design guidelines of this converter. The benefits of magnetic integration for the LLC topology 

are also presented.  

Chapter 3 discusses reducing switching losses of DC-DC PWM converters. It discusses the 

advantages and disadvantages of soft-switching techniques and new semiconductor devices. 

This introduces the first research focus of this thesis, further investigating the PWM converters 

which either use soft-switching techniques or new WBG semiconductor devices or both or 

 

Fig. 1.3  Thesis structure. 

DC-DC Power Electronics 

Converters

Literature Review and Focusing 

the Research

Solid-Shunt Integrated 

Transformer

 Integrated Transformer 

with Low Secondary 

Leakage Inductance

Segmental-Shunt 

Integrated Transformer

 Integrated Transformer with Decoupled Primary 

and Secondary Leakage Inductances

Conclusions and 

Future Work

2

3

5 6 7
Soft Switching 

Techniques vs. WBG 

Switching Devices

4

Introduction

1

8

9



Introduction  Sajad Ansari 

 

Chapter 1  9 

neither of them, to find the most beneficial method for limiting the switching losses. This 

question will be investigated in Chapter 4. 

The chapter also highlights the benefits of resonant converters, particularly the LLC topology, 

for achieving high efficiency and power density. To achieve both, integrated magnetic 

components are essential, and the inserted-shunt integrated transformer's topology is selected 

for further investigation. Several issues with this transformer type are discussed, leading to four 

additional research focuses in Chapters 5-8 to address these challenges. 

Chapter 4 evaluates the performance of four prototypes including the soft-switched and hard-

switched DC-DC converters with both state-of-the-art Si and GaN switches in terms of cost, 

power density, and efficiency using theoretical analysis, simulation and experimental results.. 

Chapter 5 presents two new transformer topologies (termed IT1 and IT2) which provide high 

leakage inductance in shunt-inserted integrated magnetic transformers. The proposed 

topologies are modelled and investigated in detail. Simulation and experimental results are 

presented to verify the theoretical analysis. 

Chapter 6 discusses the issue of the topologies presented in Chapter 5 (IT1 and IT2) and 

proposes a new topology (termed IT3) which addresses their issue. Again, the proposed 

topology is modelled and investigated in detail and verified by a simulation study and 

experimental investigation. 

Chapter 7 mentions an important issue of inserted-shunt integrated transformers which is 

increasing the leakage inductance on the secondary side. To address this issue, a new topology 

(termed IT4) for inserted-shunt integrated transformers is presented and investigated in this 

Chapter. 

Chapter 8 introduces an inserted-shunt integrated transformer which can be suitable for 

bidirectional LLC-type resonant converters. The proposed topology is modelled and 

investigated in detail and verified by a simulation study and experimental investigation. 



Sajad Ansari    Introduction 

10  Chapter 1 

Finally, in Chapter 9, a brief conclusion of the work and its achievements are presented. In 

addition, it suggests further work which could be undertaken following from the work 

presented in this thesis, and which will increase the thesis’ impact on the field of magnetic 

integration for resonant converters.  

1.5 Publication interconnections 

Several parts of this thesis have been published in internationally recognised journals and 

conference proceedings. The links between the papers generated by this thesis and its chapters 

are presented in Fig. 1.4. In addition, the link between different papers is indicated too.  

In summary, five journal papers [14-18] and six conference proceedings [19-24] have been 

generated directly from this thesis. In addition, I have had a collaboration with a Master’s 

student for his main project and the results of this collaboration, which is in line with the content 

of Chapter 2, have been published in a journal paper [25].

 

Fig. 1.4  Links between the papers and chapters (numbers) of this thesis.  
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Chapter 2  

 

DC-DC Power Electronics Converters  

 

This Chapter introduces PWM DC-DC converters and discusses their advantages and 

disadvantages. It explains the switching losses of traditional hard-switched PWM converters 

and soft-switching techniques that can be applied to reduce switching losses of these DC-DC 

converters. 

Resonant converters are then introduced, and it is discussed that resonant converters, such as 

LLC topology, could be a better option compared to the PWM converters for achieving both 

high efficiency and power density. The LLC topology is presented and analysed in detail. In 

addition, design guidelines of an LLC-type resonant converter are provided. Finally, the 

benefits of magnetic integration for the LLC resonant converter are discussed. 

2.2 Introduction to switched-mode power supplies  

A power supply is an electrical device that provides electrical power to an electronic load such 

as laptop, computer, server, or other electronic devices. The main design specification of a 

power supply is to provide the correct voltage, current and frequency to power the load. The 

energy conversion could be AC to DC, DC to DC, DC to AC or AC to AC. Consequently, 

power supplies are sometimes regarded as electrical power converters.  

Applications of power supplies cover high-power conversion equipment such as DC power 

transmission to everyday appliances, viz mobile phone chargers, electric vehicles and computer 

power supplies.  

Every power supply has a power input connection, which obtains energy from an energy 

source, and a single or multiple power output connections that transmit current to the electrical 

load. The energy source could be from the AC electric power grid, such as an electrical outlet, 

or could be from DC energy storage devices, such as batteries. 
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The power-supplies are often categorised in two different types: linear and switched-mode 

power supplies [26]. 

2.2.1 Linear power supplies 

Linear power supplies have been around for over 100 years, long before the advent of 

semiconductors. A linear power supply does not contain any switching or digital components 

and operates at low frequency or DC. In Fig. 2.1 , the block diagram example of a typical AC-

to-DC linear power supply is presented. This power supply includes four blocks. In the first 

block, the transformer changes the voltage level towards the required voltage level. There is 

then a rectifier to convert the new AC voltage to a DC voltage. A capacitor smooths the DC 

voltage and supresses ripple by holding energy when the transformer output voltage drops. 

Finally, there is a linear regulator that helps ensure that the DC output voltage is steady 

regardless of any variation in the input voltage, which enables the load to operate properly.  

A linear power supply has some outstanding characteristics such as very low noise and ripple, 

immunity from mains-borne noise, simplicity, robustness, ease of design and repair. They can 

also generate very high voltages (thousands of volts) and very low voltages (less than 1V) from 

mains supplies with an appropriate transformer selection. 

Along with the many advantages of linear power supplies, there are some disadvantages. Linear 

regulators are ideal for low-power applications; disadvantages appear when higher power is 

required. In a high-power application, linear power supplies require a large transformer and 

other large components to handle the power as the frequency of operation is low (typically 50-

60 Hz). Using larger components increases the overall size and weight of the power supply. It 

also makes the power supply bulky and less portable. Linear power supplies use power 

 

Fig. 2.1  Block diagram example of a typical AC-to-DC linear power supply.  
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dissipation to achieve voltage regulation. Therefore, high heat loss occurs while regulating a 

high power demand by the load, making the process inefficient. 

2.2.2 Switched-mode power supplies 

Switched-mode power supplies address many of the issues associated with linear power supply 

design, such as transformer size and the need for lossy linear voltage regulation. A switched-

mode power supply is designed using a different technique as presented in Fig. 2.2. The low-

frequency transformer is eliminated and the input voltage is rectified and filtered directly. The 

voltage is then passed through a chopper, an electronic switch (e.g. a MOSFET), that regulates 

the voltage and produces a high-frequency pulse train. A magnetic transformer can be used for 

reduction/increase of the voltage level and to provide electric isolation. Before reaching the 

output, the voltage is filtered and rectified once more [27].  

The transformation into a high frequency pulse train helps reduce the size of the components, 

leading to reduced volume. In addition, an inefficient linear regulator circuit is not needed since 

the final output is used to send feedback to the chopper block, which makes a feedback loop 

that regulates output voltages regardless of any variation in the input voltage and load.  

2.2.3 DC-DC converters  

There are many applications in which the input supply is DC and therefore the input 

rectification and smoothing filter blocks (presented in Fig. 2.2) are not needed anymore. DC-

DC converters are widely used to transform and distribute DC power in systems and 

instruments. A DC-DC converter is a subset of power supplies that specializes in regulating 

and converting DC voltages to different levels as required by the specific application. DC 

 

Fig. 2.2  Block diagram example of a typical AC-to-DC switched-mode power supply. 
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power is usually available to a system in the form of a system power supply or battery. This 

power may be in the form of 5V, 28V, 48V or other DC voltages.  

2.2.3.1 DC-DC PWM converters  

One way to control the average power to a load is to control the average pulse-train voltage. 

This can be done by opening and closing an electronic switch in rapid fashion. This method of 

control is referred to as pulse width modulation (PWM).  

In PWM, the overall switching period is kept constant while the on time of the electronic switch 

is varied. In a PWM converter, the transistor operates as an electronic switch by being 

completely on (closed) or completely off (open). For example, in a basic switching circuit 

presented in Fig. 2.3(a), which is known as a DC chopper, the output is the same as the input 

when the switch is closed, and the output is zero when the switch is open.  

If we assume all the elements of this DC chopper are ideal, periodic switching results in having 

a pulse in the output as shown in Fig. 2.3(b). The average of the output voltage may be obtained 

by (2-1).  

𝑉o =
1

𝑇s
∫ 𝑣o(𝑡)d𝑡
𝑇s

0

=
1

𝑇s
∫ 𝑉Ind𝑡
𝐷𝑇s

0

= 𝑉In𝐷 (2-1) 

                                  

(a)       (b) 

Fig. 2.3  A basic DC-DC switching converter (DC chopper). (a) Schematic. (b) Switching 

waveforms.                  
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As shown in Fig. 2.3, the output DC voltage can be set by adjusting the fraction of the switching 

period, 𝑇s, in which the switch is closed. This fraction can be named as duty ratio, 𝐷, which 

may be defined as (2-2). 

𝐷 =
𝑡on

𝑡on + 𝑡off
=
𝑡on
𝑇s

= 𝑡on𝑓s (2-2) 

where 𝑓s is the switching frequency, 𝑡on is the period in which the switch is closed and 𝑡off is 

the period in which the switch is open.  

The converter presented in Fig. 2.3 can reduce the voltage level by chopping the input voltage 

while often the requirement is to produce a purely DC voltage, and the converter may need to 

boost the voltage level for some applications. In addition, in this topology, switching losses 

may be high when the load is not purely resistive (as it is not for most of the applications). 

Therefore, many more complicated PWM converters have been proposed to address these 

issues such as buck, boost, buck-boost, SEPIC, Ćuk, forward and flyback converters. Amongst 

these converters, only the step-down (buck) and the step-up (boost) are the basic converter 

topologies and are briefly discussed in this thesis and the reader can be referred to [26, 27] to 

study other topologies.  

The buck converter, which is presented in Fig. 2.4(a), reduces the voltage of a power supply. 

The buck converter is a power electronics circuit that steps down the DC voltage to a level 

determined by the choice of components in your circuit. As shown in Fig. 2.4(a), along with 

the power electronics solid-state device which acts as a switch for the circuit, there is another 

switch in the circuit which is a freewheeling diode. The diode provides a path for the inductor 

current when the switch is open and is reverse-biased when the switch is closed. The 

combination of these two switches forms a connection with a low-pass LC filter in order to 

reduce current or voltage ripples.  

The whole operation of the buck circuit takes place in two modes, presented in Fig. 2.4(b). In 

the first mode, the power MOSFET (main switch) is closed (turned on) and the diode is off 

(reverse-biased). Therefore, the current flows through the inductor and the output capacitor, 

and the inductor starts charging by the input source. In the second mode, the switch is turned 
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off (open) and the diode turns on. Therefore, the inductor starts discharging to the load and the 

output capacitor through the diode.  

The average voltage across the inductor is zero for periodic operation, assuming ideal 

components, continuous current in the inductor and a purely resistive load. Therefore, from 

Fig. 2.4,  

     

(a) 

 
(b) 

Fig. 2.4  Buck converter. (a) Schematic. (b) Switching waveforms.                  
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𝑉L = (𝑉In − 𝑉o)𝐷𝑇s + (−𝑉o)(1 − 𝐷)𝑇s = 0 (2-3) 

Solving the preceding equation for 𝑉o gives  

𝑉o = 𝑉In𝐷 (2-4) 

Therefore, the buck converter produces an output voltage which is less than or equal to the 

input voltage and its output voltage can be controlled by adjusting the duty ratio, 𝐷. 

A buck converter and other DC-DC PWM converters may operate in three conduction modes 

which are presented as follows:- 

▪ Continuous conduction mode (CCM): the inductor always has a non-zero current. In 

other words, the inductor current from the beginning to the end of a switching cycle is 

non-zero.   

▪ Boundary conduction mode (BCM): the inductor current switches on (increases) as 

soon as the inductor current drops to zero. In other words, in each switching cycle, the 

inductor current increases from zero at the beginning of the switching period and drops 

to zero again at the end of the switching period. A specific duty cycle is needed in this 

method for each load. 

▪ Discontinuous conduction mode (DCM): the inductor current drops to zero and remains 

zero until the start of the next switching period. In other words, in each switching cycle, 

the inductor current increases from zero at the beginning of the switching period and 

drops to zero before the end of the switching period. This can happen if the duty cycle 

is too short or the load is too small. 

2.2.3.2 Soft-switched DC-DC PWM converters  

In the topology of PWM converters, the controllable switches are required to turn on and turn 

off the entire load current during each switching. Switching devices absorb energy when they 

turn on or off if they go through a transition when both voltage and current are nonzero, 

presented in Fig. 2.5(a). In this type of switching, which is known as hard switching, the 

switches are subjected to high switching stress and high switching power loss that increases 

linearly with the switching frequency of the PWM. Another significant drawback of this type 
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of switching is the EMI produced due to large di/dt and dv/dt caused by hard switching 

condition.  

High switching frequencies are desirable because of the reduced size of filter components and 

transformers, which eventually reduces the size and weight of the converter (and increases the 

power density). However, increases to switching frequency are limited due to switching device 

availability (and cost), and also because high frequency operation increases switching losses 

considerably (because a set amount of energy is lost per cycle). Therefore, resonant switching 

circuits have been introduced to provide the PWM converters with soft switching capability. 

Under soft switching condition, switching takes place when voltage or current of the switch is 

zero to avoid simultaneous transition of voltage and current which eliminates switching losses, 

presented in Fig. 2.5(b).  

 
(a) 

 
(b) 

Fig. 2.5  Different switching conditions. (a) Hard switching. (b) Soft switching.                  
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The DC-DC PWM converters (buck, boost, etc.) can be reconfigured by adding different 

auxiliary circuits to adopt them for soft switching capability [28]. For example, one of the 

methods for taking advantages of oscillation caused by LC circuit to reduce switching losses 

is shown in Fig. 2.6. As shown, this topology is very similar to buck converter, but there is an 

extra capacitor, 𝐶r, an extra inductor, 𝐿r, and an extra diode, 𝐷a.  

 

(a) 

 
(b) 

Fig. 2.6  Soft-switched buck converter. (a) Schematic. (b) Switching waveforms.                  
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Assuming that the output inductor current is ripple-free and equal to the load current, 𝐼o, the 

converter operates in four modes. The converter important waveforms in each mode are 

presented in Fig. 2.6(b). Before first mode begins, the switch is open, the diode 𝐷B is forward-

biased to carry the output inductor current and the resonant capacitor voltage, 𝑉𝐶r, is zero. At 

the beginning of the first mode, the switch is turned on, 𝐷B is still forward-biased to carry 𝐼o 

and the resonant inductor voltage, 𝑣𝐿r , is equal to the input voltage, 𝑉In (Fig. 2.7(a)). The 

resonant inductor current, 𝑖𝐿r, increases linearly and the diode 𝐷B remains on until 𝑖𝐿r reaches 

𝐼o. When 𝑖𝐿r reaches 𝐼o, the diode 𝐷B becomes reverse-biased, and the second mode starts (Fig. 

2.7(b)). If 𝐼o  is constant, the load appears as a current source. Therefore, the LC circuit 

oscillates and the switch current, 𝑖𝐿r, drops to zero. In the third mode (Fig. 2.7(c)), 𝑖𝐿r is zero 

and the switch can be turned off at zero current condition, resulting almost no switching loss. 

In this mode, the positive resonant capacitor voltage (𝑣𝐶r>0) keeps the diode 𝐷B reverse-biased 

and load current flows through resonant capacitor (𝑖𝐶r=-𝐼o). Therefore, the capacitor voltage 

decreases linearly in the third mode. When 𝑣𝐶r  drops to zero, the fourth mode starts (Fig. 

2.7(d)), and the diode 𝐷B becomes forward-biased to carry the inductor current (𝐼𝑜). The circuit 

is then back to the starting point.  

In recent years, several other soft-switching techniques have been introduced to augment 

traditionally hard-switched DC-DC converters thereby limiting switching losses [28-34], by 

commutating the devices during their zero-current or zero-voltage transitions.  

    

(a)  (b) 

    
(c)  (d) 

Fig. 2.7  Different modes of soft-switched buck converter. (a) Mode 1. (b) Mode 2. (c) Mode 

3. (d) Mode 4.  
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2.3 Introduction to LLC resonant converters   

With the increased power capability, improved control and reduced cost of modern power 

semiconductor devices, designers of electronic equipment, computers and electronic 

instrumentation are increasingly demanding higher energy density and efficient power sources 

to supply their equipment.  

To date, most commercial switched-mode power supplies on the market operate in the range 

of tens to hundreds of kilohertz [35], and are found in many commercial products and white 

goods viz computers, television receivers, battery chargers and renewable energy systems, etc. 

For domestic applications, switching frequencies in excess of 20 kHz are usually employed to 

reduce the impact of acoustic noise emissions. However, the trend towards miniaturisation of 

electronic systems, particularly for communication and entertainment products, and the 

emergence of enhanced power switch technologies based on WBG semiconductors, is leading 

to the use of switching frequencies in the range of MHz [36]. 

Although the use of higher switching frequencies allows smaller reactive components to be 

employed in designs, in turn leading to systems with lower volume envelope and reduced cost, 

the resulting supplies are often more susceptible to the effects of parasitic capacitance and 

leakage inductance such as higher peak current stress and higher switching losses. In 

conventional PWM converters, such effects manifest as high-frequency ringing and large 

current spikes, which are generated by the rapid charging and discharging of device 

capacitances, and unwanted electromagnetic interference (EMI). In addition, in PWM 

converters, high switching frequencies cause high switching losses. An auxiliary circuit can 

usually be added to the conventional topology of the PWM converters to achieve soft switching 

capability for them. However, this auxiliary circuit leads to a more complex and expensive 

circuit, and it cannot always guarantee higher efficiency of the converter for different 

applications [5-7].  
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The switching devices of resonant converters, as opposed to hard-switched PWM converters, 

can be configured to operate in either 'zero-current' (ZCS) or 'zero-voltage' (ZVS) switching 

modes [37], thereby greatly reducing  electrical stresses on devices and minimising switching 

losses. Furthermore, the sine-wave characteristics of resonant tank voltages and currents reduce 

the generation of high frequency harmonics (see Fig. 2.8 and Fig. 2.9 for series and parallel 

resonant converters, respectively). Another advantage is the reduction of EMI normally 

associated with applying high-bandwidth switching transients to internal capacitances of 

devices. Converters designed to exhibit ZVS, for instance, do not generate this type of EMI 

[38]. Generally, the resonant tank is switched above the resonance frequency (this will be 

defined later by (2-17)), thereby imparting ZVS to minimise turn-on losses. Therefore, for 

higher power applications where efficiency and EMI are critical considerations, resonant 

converters may be a better option. A variable frequency control is typically used to regulate the 

 

Fig. 2.8  Topology of a series resonant converter.  

 

Fig. 2.9  Topology of a parallel resonant converter.  
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output voltage in a resonant converter. However, a disadvantage of this method is that the 

transfer characteristic is non-linear and generally changes with load.  

Many variants of resonant converters have emerged and amongst them, the simplest topologies 

are series-resonant or parallel-resonant tank networks [39-42]. The topologies of series and 

parallel resonant converters are shown in Fig. 2.8 and Fig. 2.9, respectively. Owing to 𝐶r 

shunting the load, the parallel resonant converter is able to control the output voltage at no-

load but the current into the resonant circuit stays relatively constant for different loads, leading 

to low efficiency at light loads. In the series resonant converter, in contrast with the parallel 

resonant converter, the resonant current changes with load. However, at light-load conditions, 

because the impedance of the load is far higher than the impedance of the resonant circuit (LC 

tank), all the input voltage is imposed on the load and this makes it difficult to regulate the 

output voltage at light loads [37]. 

Higher-order resonant converters are constructed from resonant tank networks typically 

employing three or four reactive components, contained in two resonant branches (a series 

branch and a parallel branch). By appropriate selection of component values, it is possible to 

obtain converters with the combined advantages of both the series- and parallel-tank variants. 

For example, to overcome the limitation of series resonant converters, the LLC resonant 

converter has been proposed. The LLC resonant converter is a modified LC series resonant 

converter implemented by placing a shunt inductor 𝐿Sh  across the primary winding of the 

transformer as shown in Fig. 2.10 [43].  

 

Fig. 2.10  Topology of the half-bridge LLC resonant converter.               
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An LLC resonant converter has many advantages compared to a series LC resonant converter. 

It can control the output voltage over a wider input voltage and load variations with a smaller 

variation of switching frequency while it still benefits from ZVS over the entire operating 

range. In addition, the LLC converter is also able to usefully 'absorb' circuit parasitic elements 

such as leakage and magnetising inductances of the transformer, as designed components 

which is an important feature for switching frequencies in the MHz range.  

2.3.1 Analysis of LLC resonant converter  

The topology of the LLC resonant converter is shown in Fig. 2.10. As shown, an LLC converter 

includes four stages: the power switches, resonant tank (including resonant capacitor, 𝐶r , 

resonant inductor, 𝐿r, and shunt inductor, 𝐿Sh), transformer, and diode rectifier. Even though 

the LLC topology has many advantages, it uses three magnetic components which makes the 

converter large and expensive. Therefore, to decrease the volume and cost, and increase the 

efficiency of the LLC resonant converter, all three magnetic elements are often integrated into 

a single magnetic device (an “integrated transformer” or “integrated magnetic”) as presented 

in Fig. 2.11(a) [44]. The magnetising inductance, 𝐿m , of a transformer can be realised by 

introducing an air gap to decrease the transformer’s normally very high magnetising 

inductance, so that it can be used as the shunt inductance, 𝐿Sh. In addition, there are many 

techniques for increasing and adjusting the leakage inductance, 𝐿Lk, so that it can be used as 

the resonant (series) inductance.  

The operation of the LLC resonant converter is discussed below, but to see a detailed 

discussion, it can be referred to [45, 46].  

The main waveforms of the LLC resonant converter when the operating frequency is the same 

as the resonance frequency, determined by 𝐶r and 𝐿r (or 𝐿Lk in an integrated transformer), are 

shown in Fig. 2.11(b). In general, the LLC resonant topology consists of three stages, which 

are presented below.  

▪ First, the power switches convert the input DC voltage, 𝑉In , into a high-frequency 

square wave (pulse voltage), 𝑣In_Pu, by driving switches 𝑆1and 𝑆2 alternately with 50% 

duty cycle for each switch. A small dead time, 𝑇D, is usually introduced to avoid short-
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circuit between consecutive transitions. The square wave generator stage can be built 

as a full-bridge or half-bridge type (e.g., Fig. 2.11(a)). 

▪ The square wave (𝑣In_Pu) then enters the resonant tank, which eliminates the square 

wave’s harmonics and outputs a sinusoidal current at the switching frequency, named 

the resonant current, 𝑖r . The resonant current lags the pulse voltage applied to the 

resonant network, 𝑣In_Pu, and the switch (𝑆1 or 𝑆2) turns on while the voltage across it 

 
(a) 

 

(b) 

Fig. 2.11  LLC resonant converter with magnetic integration. (a) Schematic. (b) Waveforms.               

oC LR𝑉𝐼𝑛  

𝑆2 

𝑆1 𝐿𝐿𝑘  𝐶𝑟  
𝑁𝑃:𝑁𝑆  

𝐷1 𝐷4 

𝐷3 𝐷2 

𝑖𝑟  
𝐿𝑚  

Integrated Transformer

𝑖𝐷  

𝑖𝑆1
 

𝑖𝐷  

t𝑡0  𝑡1 𝑡2  𝑡3  𝑡4  

t

t

t

t

t

𝑖𝑟  

𝑉𝑑𝑠_𝑆1
 

𝑉𝑔𝑠_𝑆2
 

𝑉𝑔𝑠_𝑆1
 

t

𝑉𝐼𝑛_𝑃𝑢  

𝑇𝐷  



Sajad Ansari    DC-DC Power Electronics Converters 

26  Chapter 2 

is zero since the resonant current flows through anti-parallel diode of the switch. 

Therefore, the switch is turned on under zero-voltage switching (ZVS) conditions.   

▪ The sine wave current is transferred to the secondary side of the converter through a 

high-frequency transformer, which scales the voltage up or down, according to the 

application. Lastly, the diode rectifier converts the sine wave into a purely DC voltage. 

The rectifier network can be implemented as a full-wave bridge or centre-tapped 

configuration with a capacitive output filter. 

The LLC converter is usually operated in the vicinity of resonance frequency. This means that 

the main harmonic of circulating current in the resonant network is at or close to the series 

resonance frequency (will be defined later by (2-17)); other harmonics are heavily attenuated. 

It is possible to ignore other harmonics, especially when the square wave’s switching cycle is 

close to the series resonance frequency. Analysis making this assumption is called the 

fundamental harmonic approximation (FHA) method, widely used for resonant-converter 

analysis, and is used to analyse the LLC resonant converter. 

In the FHA method, the dead time, 𝑇D, and parasitic components are neglected. Therefore, the 

input pulse voltage, 𝑣In_Pu, for a half-bridge LLC resonant converter (Fig. 2.11(a)) can be 

expressed as (2-5).  

𝑣In_Pu = {
𝑉In            sin(𝜔𝑡) > 0

0              sin(𝜔𝑡) < 0
 (2-5) 

The fundamental component of the input pulse voltage, 𝑣In_Fu, may be obtained as (2-6) [46]. 

𝑣In_Fu =
2𝑉In
𝜋

sin (𝜔𝑡) (2-6) 

As a consequence of the above mentioned assumptions, the resonant tank current, 𝑖r, is 

sinusoidal, with a certain RMS value 𝐼r and a phase shift Φ with respect to the fundamental 

component of the input pulse voltage, 𝑣In_Fu, and can be expressed as (2-7). 
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𝑖r = √2𝐼rsin (𝜔𝑡 − Φ) (2-7) 

The resonant current lags or leads the voltage, depending on whether inductive reactance or 

capacitive reactance dominates the behaviour of the resonant tank in the frequency region of 

interest. 

There is a rectifier stage and an output capacitive filter on the secondary side of the transformer. 

Therefore, the equivalent load resistance is different from the actual load resistance. This 

equivalent resistance of the load transferred to the primary side of the rectifier can be derived 

from Fig. 2.12. As shown, the secondary side of the transformer is represented by a sinusoidal 

current source, 𝑖AC, and the voltage on the primary side of the rectifier, 𝑣Re_Pu , is square waves. 

The output current, 𝐼o, is the average of the current source after rectification, |𝑖AC|. Therefore, 

𝑖AC may be obtained from 𝐼o by (2-8) [46].  

𝑖AC =
𝜋𝐼o
2
sin (𝜔𝑡 − Ψ) (2-8) 

where Ψ is a phase shift with respect to the fundamental component of the input voltage, 𝑣In_Fu. 

The voltage on the primary side of rectifier, 𝑣Re_Pu , can be expressed as follows: 

 

Fig. 2.12  Derivation of Equivalent Load Resistance.               
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𝑣Re_Pu = {
+𝑉o            sin(𝜔𝑡 − Ψ) > 0

−𝑉o            sin(𝜔𝑡 − Ψ) < 0
 (2-9) 

The fundamental component of 𝑣Re_Pu  may be obtained by (2-10) [46]. 

𝑣Re_Fu =
4𝑉o
𝜋
sin (𝜔𝑡 − Ψ) (2-10) 

In FHA, it is assumed that overtones of 𝑣Re_Pu  do not play a role in power transfer. Therefore, 

the AC equivalent load resistance may be calculated as follows: 

𝑅L_AC =
𝑣Re_Fu
𝑖AC

=
8

𝜋2
𝑉o
𝐼o
=
8

𝜋2
𝑅L (2-11) 

The transformer turns ratio can be defined as 𝑛 = 𝑁P/𝑁S and therefore the equivalent AC load 

resistance referred to the primary side of the transformer can be obtained by (2-12). 

𝑅L_AC(P) =
8𝑛2

𝜋2
𝑅L (2-12) 

From the above AC analysis technique, the equivalent AC circuit of the LLC converter may be 

obtained as Fig. 2.13. In Fig. 2.13, 𝑣Re_Fu(P) is 𝑣Re_Fu referred to the primary side which may 

be obtained by (2-13). 

𝑣Re_Fu(P) = 𝑛𝑣Re_Fu (2-13) 

From Fig. 2.13, the characteristics of the LLC resonant converter can be derived. Input 

impedance of the AC circuit, 𝑍In_AC, may be obtained as (2-14).  

𝑍In_AC =
𝑣In_Fu
𝑖r

 = 𝑗𝜔𝐿Lk +
1

𝑗𝜔𝐶r
+ 𝑗𝜔𝐿m||𝑅L_AC(P) (2-14) 
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The voltage gain of the AC circuit, 𝑀AC, may be obtained as (2-15). 

𝑀AC =
|𝑣ReFu(P)|

|𝑣InFu|
=
2𝑛𝑉o
𝑉In

 (2-15) 

The gain of AC circuit may be also derived from the circuit analysis as: 

𝑀AC = |
𝑗𝜔𝐿m||𝑅L_AC(P)

𝑗𝜔𝐿m||𝑅LAC(P) + 𝑗𝜔𝐿Lk +
1

𝑗𝜔𝐶r

| (2-16) 

The following parameters are defined: 

Series resonance frequency: 

𝑓r =
1

2𝜋√𝐿Lk𝐶r
 (2-17) 

Characteristic impedance: 

𝑍o = √
𝐿Lk
𝐶r

= 2𝜋𝑓r𝐿Lk =
1

2𝜋𝑓r𝐶r
 (2-18) 

 

Fig. 2.13  AC equivalent circuit for LLC resonant converter.               
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Quality factor: 

𝑄 =
𝑍o

𝑅L_AC(P)
 (2-19) 

Inductance ratio: 

𝜆 =
𝐿Lk
𝐿m

 (2-20) 

Normalised frequency: 

𝑓N =
𝑓s
𝑓r

 (2-21) 

where 𝑓s is the operating switching frequency of the converter. From (2-16)-(2-21) and after 

some simplification, the AC voltage gain. 𝑀AC, may be obtained as 

𝑀AC(𝑓N, 𝜆, 𝑄) =
1

√(1 + 𝜆 −
𝜆
𝑓N
2)

2

+ 𝑄2 (𝑓N −
1
𝑓N
)
2

 

(2-22) 

The AC voltage gain can be simplified as (2-23) under the no-load condition (i.e., 𝑄=0). 

𝑀AC_NL =
1

|1 + 𝜆 −
𝜆
𝑓N
2|

 
(2-23) 

The no-load AC voltage gain, 𝑀AC_NL, can be simplified as (2-24) for normalised frequency 

going to infinity.  
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𝑀AC_NL_∞ =
1

1 + 𝜆
 (2-24) 

There is another resonance frequency at no-load condition which can be defined as (2-25). 

𝑓r_NL =
1

2𝜋√(𝐿Lk+𝐿m)𝐶r
= 𝑓r√

𝜆

1 + 𝜆
 (2-25) 

and in the normalised form: 

𝑓N_NL =
𝑓r_NL
fr

= √
𝜆

1 + 𝜆
 (2-26) 

𝑀AC_NL tends to infinity at the no-load resonance frequency, 𝑓r_NL.  

The gain of AC circuit for different switching frequencies, inductance ratios and quality factors 

are presented in Fig. 2.14(a) and (b). As shown, the gain is independent of the load at the 

resonance frequency (𝑓N=1). Therefore, it is natural to operate the converter around the 

resonance frequency to minimise the switching frequency variation. In addition, in the LLC 

resonance converter as the quality factor, 𝑄, increases (or load increases), the peak voltage gain 

decreases and moves toward series resonance frequency, 𝑓r. Therefore, the full load condition 

should be the worst case for the design of voltage gain and then the resonant network’s 

components. In other words, the required maximum gain is needed for the full load condition 

(maximum 𝑄).  
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(a) 

   

(b) 

Fig. 2.14  AC circuit gain of the LLC resonant converter. (a)  𝜆=0.25. (b)  𝜆=0.5. 
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From Fig. 2.14, increasing the inductance ratio, 𝜆, shrinks the AC gain curves toward the 

resonance frequency (which means the no-load resonance frequency, 𝑓r_NL , moves toward

resonance frequency). In addition, the increase of 𝜆 reduces 𝑀AC_NL_∞ while it increases the

peak gain of each curve.  

From (2-15) and (2-18), the expression of the normalised input impedance, 𝑍In_AC, may be

obtained as (2-27).  

𝑍In_N =
𝑍In_AC
𝑍o

 =
𝑗𝑓N

𝜆 + 𝑗𝑓N𝑄
+
1 − 𝑓N

2

𝑗𝑓N
(2-27) 

The magnitude of 𝑍In_N for different values of 𝑄 and with 𝜆=0.25 are presented in Fig. 2.15.

As shown, all curves intercept at normalised crossing frequency, 𝑓N_Cr, which can be obtained

by (2-28). In addition, at frequencies higher than the crossing frequency, the input impedance 

Fig. 2.15  Normalised input impedance magnitude of the LLC resonant converter. 𝜆=0.25, 

no-load (NL) and shorted-load (SL).  
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decreases by increasing the quality factor, 𝑄. However, at frequencies lower than the crossing 

frequency, the input impedance increases by increasing the quality factor.  

𝑓N_Cr = √
2𝜆

1 + 2𝜆
 (2-28) 

The region on the left-hand side of the diagram in Fig. 2.15 (i.e., 𝑓N<𝑓r_NL) is the capacitive 

region, where the resonant current, 𝑖r, leads the half-bridge square voltage, 𝑣In_Pu ; at 

frequencies higher than the resonance frequency (i.e., 1<𝑓N), on the right-hand side region, the 

input impedance is inductive, and 𝑖r lags 𝑣In_Pu . In the region between the two resonance 

frequencies the impedance can be either capacitive or inductive, depending on the value of the 

impedance phase angle. Therefore, the load-independent point occurs in the inductive region 

of the voltage gain characteristic, in which the resonant current lags the pulse voltage applied 

to the resonant network, resulting ZVS for the switches.  

The LLC resonant converter usually operates in the inductive region to achieve ZVS for the 

switches. Therefore, the boundary operating frequency needs to be obtained for a fixed 

inductance ratio and fixed quality factor. By imposing that the imaginary part of 𝑍In_N is zero 

(meaning that 𝑍In_AC has zero phase angle, because 𝑍o is real and does not affect the phase), 

the boundary condition between capacitive and inductive mode operation of the LLC resonant 

converter can be calculated. Therefore, from (2-27), the normalised boundary switching 

frequency, 𝑓N_Bo, at which the phase angle of the input impedance is zero may be calculated as 

(2-29). In addition, the boundary quality factor, 𝑄Bo, at which the phase angle of the input 

impedance is zero may be calculated as (2-30).  

𝑓N_Bo(𝜆, 𝑄) =
√𝑄

2 − 𝜆(1 + 𝜆) + √(𝑄2 − 𝜆(1 + 𝜆))
2
+ 4𝑄2𝜆2

2𝑄2
 

(2-29) 
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𝑄Bo = √
𝜆

1 − 𝑓N
2 − (

𝜆

𝑓N
)
2

 (2-30) 

At a fixed normalised frequency and inductance ratio, when the quality factor is below 𝑄Bo, 

the tank impedance is inductive. Considering that the LLC converter only operates in the 

inductive region and from (2-22) and (2-29), the maximum voltage gain available for a fixed 

inductance ratio (𝜆1) and fixed quality factor (𝑄1) may be achieved by (2-31).  

𝑀AC_Ind_max(𝜆1, 𝑄1) = 𝑀AC(𝑓N_Bo(𝜆1, 𝑄1), 𝜆1, 𝑄1) (2-31) 

By plotting the locus of operating points [𝑀AC_Ind_max(𝜆, 𝑄), 𝑓N_Bo(𝜆, 𝑄)], the boundary gain 

which shows a borderline between the capacitive and inductive mode in the region between the 

two resonance frequencies, may be obtained as (2-32) [46]. In Fig. 2.16, the AC circuit gain of 

the LLC converter alongside the borderline separating the capacitive and inductive regions is 

shown. 

𝑀AC_Bo(𝑓N, 𝜆) =
𝑓N

√𝑓N
2(1 + 𝜆) − 𝜆

 (2-32) 
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2.3.2 Design of an LLC resonant converter 

If an LLC converter operates in the capacitive region, the LLC converter suffers from turn-on 

switching losses in its power switches and diode losses (requiring high-speed diodes), energy 

stored in device capacitances is discharged and lost internal to the power switches, and the 

input and output filters must be designed for the minimum switching frequency (leading to the 

larger size of the filters) [37]. Therefore, the LLC resonant converter is usually designed to 

operate in the inductive region. In the following of this section, the design guidelines for an 

LLC resonant converter operating in the inductive region is presented.  

As shown in Fig. 2.16, when the converter is in inductive region, the output voltage increases 

by decreasing the operating frequency, and the output voltage decreases by increasing the 

operating frequency. Therefore, the output voltage of an LLC resonant converter can be 

controlled by adjusting its operating frequency.  

The LLC resonant converter can be designed to increase (step-up mode) and decrease (step-

down mode) the output voltage. Therefore, when the input voltage varies, the LLC resonant 

Fig. 2.16  AC circuit gain of the LLC resonant converter and borderline between capacitive 

and inductive regions. 𝜆=0.5, no-load (NL) and shorted-load (SL).  
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converter should be designed to operate at the resonance frequency (where 𝑀AC=1) under 

nominal input voltage condition and if the input voltage decreases, the converter operates in 

step-up mode (𝑓s<𝑓r) and if the input voltage increases the converter operates in step-down 

mode (𝑓s>𝑓r).  

 

2.3.2.1 Maximum and minimum gains 

The nominal voltage gain, 𝑀Nom , is required at the nominal input voltage which may be 

obtained by (2-33). 

𝑀Nom =
2𝑛𝑉o
𝑉In

 (2-33) 

The maximum required gain, 𝑀max, is required at the minimum input voltage, 𝑉In_min, and for 

maximum load (maximum 𝑄). Therefore, 𝑀max may be obtained from (2-34).  

𝑀max =
2𝑛𝑉o
𝑉In_min

 (2-34) 

The minimum required gain, 𝑀min, is required at the maximum input voltage, 𝑉In_max, which 

may be obtained as (2-35). 

𝑀min =
2𝑛𝑉o
𝑉In_max

 (2-35) 

2.3.2.2 Maximum and minimum operating frequencies 

In a design process, the minimum, 𝑓min, and maximum, 𝑓max, operating frequencies may be 

limited based on the capability of the hardware of the control system and they are needed for 

designing the input and output filters. The converter should operate at 𝑓min when the maximum 

gain is needed, and it operates at 𝑓max when the minimum gain is required.  

The minimum operating frequency can be chosen as the boundary frequency between 

capacitive and inductive regions. In other words, 𝑀AC_Bo  is considered as the maximum 
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required gain, 𝑀max, to define the minimum operating frequency, 𝑓min. Therefore, solving (2-

32) for 𝑓N, the minimum normalised operating frequency which allows the required maximum 

voltage gain at the boundary between capacitive and inductive mode can be calculated as 

follows: 

𝑓N_min = √
𝜆

𝜆 + 1 −
1

𝑀max
2

 (2-36) 

In order to make sure that the converter can control the output voltage under no-load condition 

at a finite operating frequency (which is 𝑓max), the minimum required gain (at the maximum 

input voltage, 𝑉In_max), 𝑀min, should be greater than (2-24).  

𝑀min =
2𝑛𝑉o
𝑉In_max

>
1

1 + 𝜆
 (2-37) 

Finally, by equating the second term of the no-load transfer function (2-23) to the minimum 

required voltage gain 𝑀min, the expression of the maximum normalised frequency, 𝑓N_max , 

may be obtained as follows: 

𝑓N_max = √
1

1 +
1
𝜆
(1 −

1
𝑀min

)
 (2-38) 

2.3.2.3 Maximum quality factor 

By substituting the minimum frequency (2-36) into (2-30), the maximum quality factor, 𝑄max, 

which allows the required maximum voltage gain at the boundary between the capacitive and 

inductive mode, may be obtained as (2-39). 
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𝑄max =
𝜆

𝑀max 
√
1

𝜆
+

𝑀max
2

𝑀max
2 − 1

 (2-39) 

Operating in the inductive region for the LLC topology is a necessary condition for the ZVS, 

but it is not sufficient. In the FHA, the dead time and parasitic capacitance of the half-bridge’s 

switches are neglected. However, the parasitic capacitors of the half-bridge’s switches need to 

be charged and discharged during turn-on and -off transients, respectively.  

To allow ZVS, the half-bridge’s driving circuit is such that a dead time, 𝑇D, is inserted between 

the end of the on-time of either power switch and the beginning of the on-time of the other one 

so that both are not conducting during 𝑇D. Due to the phase lag of the input current with respect 

to the input voltage, at the end of the first half cycle the resonant current is still flowing into 

the circuit and, therefore it can deplete the parasitic capacitor so that its voltage swings from 

𝑉In to zero (it will be vice versa during the second half cycle). 

The analysis for achieving ZVS while the dead time and parasitic capacitors are considered is 

out of the scope of this thesis and the final conditions are only presented here. Reference [46] 

has a detailed discussion for the interested reader. In [46], it is shown that the maximum quality 

factor, 𝑄max, should satisfy both conditions (2-40) and (2-41) to guarantee ZVS over the whole 

operating range of the LLC resonant converter.  

𝑄max < (0.95
𝜆

𝑀max 
√
1

𝜆
+

𝑀max
2

𝑀max
2 − 1

) (2-40) 

𝑄max <
2

𝜋

𝜆𝑓N_max
(𝜆 + 1)𝑓N_max

2 − 𝜆
  

𝑇D
𝑅L_AC(P)𝐶ZVS

  (2-41) 

where 𝐶ZVS is the summation of output capacitance of the MOSFET switches, 𝐶oss, and stray 

capacitance, 𝐶St, of the circuit. 
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𝐶ZVS = 2𝐶oss + 𝐶St (2-42) 

2.3.2.4 Design procedure  

Based on the presented analysis, a step-by-step design procedure of an LLC resonant converter 

is presented in the following of this subsection.  

Step 1: Design specification listed below should be considered in the first step. 

▪ Input voltage range: 𝑉In_min to 𝑉In_max 

▪ Nominal input voltage: 𝑉In 

▪ Regulated output voltage: 𝑉o 

▪ Maximum output power: 𝑃o_max 

▪ Resonance frequency: 𝑓r 

▪ Maximum operating frequency: 𝑓max 

▪ Parasitic capacitance: 𝐶ZVS 

▪ Dead time: 𝑇D 

Step 2: The converter should be designed to work at resonance frequency at nominal input 

voltage. Therefore, the required gain at nominal input voltage equals unity and from (2-33), 

the transformer turns ratio may be calculated as: 

𝑛 =
𝑉In
2𝑉o

 (2-43) 

Step 3: The maximum and minimum gains need to be calculated from (2-34) and (2-35), 

respectively. 

Step 4: The maximum normalised operating frequency can be calculated as (2-44). 
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𝑓N_max =
𝑓max
𝑓r

 (2-44) 

Step 5: The effective load resistance reflected to the transformer primary side may be obtained 

as (2-45). 

𝑅L_AC(P) =
8𝑛2

𝜋2
𝑉o
2

𝑃o_max
  (2-45) 

Step 6: From (2-38) and imposing that the converter operates at the maximum frequency at 

zero load and maximum input voltage, the inductance ratio may be obtained by (2-46). 

𝜆 =
1 −𝑀min

𝑀min

𝑓N_max
2

𝑓N_max
2 − 1

 (2-46) 

Step 7: A maximum quality factor, 𝑄max, that satisfies both conditions (2-40) and (2-41) 

should be considered.  

Step 8: The minimum operating frequency, 𝑓min, at full load and minimum input voltage may 

be obtained as (2-47).  

𝑓min = 𝑓r√

1

1 +
1
𝜆
(1 −

1
𝑀max
2 )

 (2-47) 

Step 9: The resonant components of the LLC topology can be obtained as follows: 

𝑍o = 𝑄max 𝑅L_AC(P)  (2-48) 
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𝐶r =
1

2𝜋𝑓r𝑍o
  (2-49) 

𝐿Lk =
𝑍o
2𝜋𝑓r

  (2-50) 

𝐿m =
𝐿Lk
𝜆
  (2-51) 

Step 10: Finally, an integrated transformer with a leakage inductance of 𝐿Lk, magnetising 

inductance of 𝐿m and turns ration of 𝑛 needs to be designed. 

It should be mentioned that while the LLC resonant converter benefits from higher power 

density and efficiency, better EMI performance, and more flexibility in voltage range compared 

to PWM converters, there are also some disadvantages associated with this converter. Firstly, 

the design process of a resonant converter is more time-consuming and complicated than that 

of a PWM converter. Secondly, the output voltage could be affected by the load, making it 

challenging to regulate the output voltage for different loads. Additionally, the duty cycle is 

usually constant in resonant converters, and the output voltage is controlled by the switching 

frequency. Therefore, achieving efficient and stable control over the resonant tank, switching 

devices, and feedback loops requires sophisticated control algorithms and careful 

implementation. Lastly, the LLC topology either requires three magnetic components, leading 

to low power density, or an integrated transformer, which adds complexity to the design 

process of the converter. This is further discussed in the next section. 

2.4 Magnetic integration for LLC resonant converter 

Magnetic integration can be applied to a converter to combine the inductors and the transformer 

into a single magnetic device. Integrating magnetic components of an LLC topology into a 

single magnetic device enhances the power density and efficiency and decreases the cost.  In 

addition, when all of a circuit’s inductive elements are placed in the same structure, 
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electromagnetic compatibility is improved, since it is easier and cheaper to shield one structure 

than three.  

There are many methods to integrate the magnetic components of an LLC converter into a 

single magnetic device by manipulation of the cores and windings of the transformer and 

inductor, which will be reviewed in Chapter 3. In addition, the leakage inductance of a typical 

high frequency transformer can be selected by design and used as the series inductor of the 

LLC tank as presented in Fig. 2.11(a). 

The equivalent circuit of a coupled inductor is shown in Fig. 2.17(a). This equivalent circuit 

can be expressed as (2-52) [5, 12]. 

[
𝑣P
𝑣S
] = [

𝐿PP 𝐿PS
𝐿SP 𝐿SS

]
d

d𝑡
 [
𝑖P
𝑖S
] (2-52) 

where 𝐿PP and 𝐿SS are primary and secondary self-inductances, respectively, 𝐿PS and 𝐿SP are 

mutual inductances and 𝑖P and 𝑖S are the primary and secondary currents, respectively.  

The coupled inductor can also be represented by the three-inductor model shown in Fig. 

2.17(b). This equivalent circuit can be expressed as (2-53). In (2-53), 𝑁P and 𝑁S are the number 

of primary and secondary turns, respectively, 𝐿Lk_P and 𝐿Lk_S are primary and secondary 

leakage inductances, respectively and 𝐿m is magnetising inductance which may be obtained as 

shown in (2-54).  

 
 (a)                                                   (b)  

Fig. 2.17  The equivalent circuit of a coupled inductor. (a) First model. (b) Second model.  
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[
𝑣P
𝑣S
] =

[
 
 
 
 𝐿Lk_P + 𝐿m

𝑁S
𝑁P

𝐿m

𝑁S
𝑁P

𝐿m 𝐿Lk_S +
𝑁S
2

𝑁P
2 𝐿m]

 
 
 
 
d

d𝑡
 [
𝑖P
𝑖S
] (2-53) 

𝐿m =
𝑁P
𝑁S
𝐿PS (2-54) 

To calculate the magnetising inductance, the mutual inductance, 𝐿PS, needs to be obtained. 𝐿PS 

may be obtained as 

𝐿PS =
𝑁S
𝑖P
 𝜙PS (2-55) 

where 𝜙PS is the mutual flux generated by the primary winding. By substituting (2-55) into (2-

54), the magnetising inductance can be obtained as  

𝐿m =
𝑁P
𝑖P
 𝜙PS (2-56) 

The primary self-inductance may be obtained from (2-57), where ℛT_P is the total core 

reluctance experienced by the primary winding (including the air gaps).  

𝐿PP =
𝑁P
2

ℛT_P
 (2-57) 

And the secondary self-inductance can be obtained by (2-58), where ℛT_S is the core reluctance 

(evaluated from the secondary side). 
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𝐿SS =
𝑁S
2

ℛT_S
     (2-58) 

From (2-52) and (2-53), the primary, 𝐿Lk_P, and secondary, 𝐿Lk_S, leakage inductances can be 

obtained as (2-59) and (2-60), respectively. 

𝐿Lk_P = 𝐿PP − 𝐿m (2-59) 

𝐿Lk_S = 𝐿SS −
𝑁S
2

𝑁P
2 𝐿m (2-60) 

When it is assumed that flux linkage is exactly the same for both primary and secondary 

windings, the primary and secondary leakage inductances can be considered identical. 

Therefore, the secondary leakage inductance can be referred to the primary side of the 

simplified equivalent circuit according to transformer turns ratio. Assuming magnetising 

inductance is much greater than the primary leakage inductance, the total leakage inductance 

may be estimated as (2-61). 

𝐿Lk = 𝐿Lk_P +
𝑁P
2

𝑁S
2 𝐿Lk_S = 2𝐿Lk_P (2-61) 

It should be mentioned that while magnetic integration provides many advantages, it also 

makes the design of the converter more complex and time-consuming. Magnetic integration 

involves combining multiple passive elements, such as inductors and transformers, into a single 

magnetic component. The limitation of this magnetic component can lead to a more intricate 

and restricted design process, which may impact overall converter performance in specific 

operating conditions. For example, the transformer may not be able to provide the required 

leakage inductance, and therefore, the converter needs to be redesigned, with its series resonant 

inductance limited to the maximum value that the integrated transformer can provide. In section 

3.2, the limitations of different topologies of integrated transformers are discussed.   



Sajad Ansari    DC-DC Power Electronics Converters 

46  Chapter 2 

2.5 Conclusion 

This Chapter introduced different types of power electronics DC-DC converters. In addition, 

the PWM technique for switching of switched-mode power supplies was investigated. PWM 

converters, like the boost converter, suffer from a lack of soft-switching capability and thus 

have high switching losses under high-frequency operation. Losses are limited by constraining 

the operating frequency, leading to lower power density. It is discussed that the switching 

losses can be limited by adding soft switching capability to the traditional PWM converters.  

Even though soft-switching capability can be achieved by adding an auxiliary circuit to the 

conventional topology of the PWM converters, the auxiliary circuit adds complexity and cost 

(will be shown in Chapter 4). On the other hand, the resonant converters benefit from soft-

switching capability inherently and therefore they could be a more suitable choice for high 

frequency and high power density converters.  

Resonant converters were discussed and, amongst different resonant converters, the LLC 

converter was chosen to be further investigated due to its unique advantages. The LLC 

converter was analysed and it was pointed out that this topology needs three magnetic 

components which make the converter’s volume large. However, the LLC resonant converter 

can provide a higher power density when its magnetic components are integrated into the 

transformer. It is discussed how the leakage inductance of a typical high frequency-transformer 

can be selected by design and used as the series inductor of the LLC tank. 
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This Chapter discusses the advantages and disadvantages of soft-switching techniques that can 

be applied to reduce switching losses of DC-DC converters. In addition, it discusses the costs 

and benefits of new state-of-the-art semiconductor devices that can be used to decrease 

switching losses. Finally, it introduces the first research focus of this thesis to further 

investigate the PWM converters which either use soft-switching techniques or new wide 

bandgap (WBG) semiconductor devices or both or neither of them to find the most beneficial 

method for achieving lower switching losses. 

In the following of this Chapter, a full review of integrated transformers suitable for LLC-type 

topologies and their issues is provided. Finally, the main issues of inserted-shunt integrated 

transformers are discussed and four research focuses to address these issues are proposed. 

3.1 Limiting switching losses in DC-DC converters 

It is well-known that the volume of passive components is inversely proportional to the 

switching frequency. At higher switching frequencies, in addition to reduced passive 

component volume, a low-capacitance and low-inductance filter can be used which also 

enhances the dynamic response of the system. However, increases to switching frequency are 

limited due to switching device availability (and cost), and also because high frequency 

operation increases switching losses considerably [47]. There are different methods that can be 

used to decrease the switching losses which are discussed in the following of this subsection.    

3.1.1 Soft switching techniques 

The switching frequency of a DC-DC converter can be changed based on load so that the 

converter operates in boundary condition mode (BCM) or discontinuous condition mode 

(DCM) for a wide load range [48]. The DC-DC converter’s switches can be turned on at zero 

current switching (ZCS) condition under BCM and DCM switching strategies. However, this 

technique needs complicated control strategies, and has a large peak-to-peak and RMS currents 
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across the main inductor and the semiconductors, leading to higher core and conduction losses. 

In addition, the DC-DC converter’s switches still suffer from high turn-off switching losses. 

DC-DC PWM converters in continuous conduction mode (CCM) suffer from high switching 

losses and cannot be switched at high switching frequencies, leading to low power density. 

However, by adding an auxiliary circuit to the conventional topology of DC-DC PWM 

converters, their switches can be turned on or off (or both) under soft-switching conditions to 

limit (or eliminate) switching losses.  

In recent years, several soft-switching techniques have been introduced to augment 

traditionally hard-switched DC-DC converters thereby limiting switching losses [28-34], by 

commutating the devices during their zero-current or zero-voltage transitions. In these 

techniques, an auxiliary circuit is usually added to the conventional topology of the DC-DC 

converters. This auxiliary circuit can have an active device such as MOSFET and IGBT or 

cannot have it [49]. 

The techniques that do not use an active device include quasi-resonant converters, passive 

snubber converters and auxiliary commutation converters. Quasi-resonant converters often use 

small inductors and capacitors connected with the switching unit in series or parallel to obtain 

zero-current switching (ZCS) or zero-voltage switching (ZVS) conditions [50-52]. For 

example, the topology shown in Fig. 2.6 (page 19) is a ZCS quasi-resonant converter. Passive 

snubber converters use a snubber circuit consisting of inductors, diodes, and capacitors to 

achieve ZVS or ZCS conditions [53-55]. For example in Fig. 3.1, a passive snubber buck 

converter is shown, which is proposed in [56]. Auxiliary commutation converters use auxiliary 

circuits to generate an additional auxiliary current between two semiconductor devices to 

composite current waveforms needed by ZCS or ZVS conditions [57, 58].  
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Fig. 3.1  Passive snubber buck converter presented in [56]. 

 

The techniques that need an active device include zero-voltage transition converters, zero-

current transition converters, active resonant converters and active snubber converters. The 

zero voltage transition and zero current transition converters use auxiliary power transistors to 

create ZVS or ZCS conditions for turning on or off the main switches [59-61]. Zero voltage 

transition auxiliary circuits are composed of power transistors with an inductor in series, but a 

zero current transition auxiliary circuit is composed of power transistors with a capacitor in 

series. The active resonant converters are quasi-resonant converters with active switches added 

in the auxiliary circuit to obtain a fixed frequency control characteristics (such as the topology 

shown in Fig. 4.2 in Chapter 4, page 86) [62, 63]. Finally, an active snubber converter is a 

passive snubber converter with an active switch added in the auxiliary circuit to control the 

resonant process [64, 65]. For example, in  Fig. 3.2, the topology of an active snubber buck-

boost converter is shown which is presented in [66]. 
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Fig. 3.2  Active snubber buck-boost converter presented in [66]. 

 

The switching losses are limited (or eliminated) in soft-switched DC-DC PWM converters. 

However, the soft-switching techniques usually require an auxiliary circuit consisting of 

inductors, capacitors, diodes and switches, which increases the complexity and cost of the 

converter [7]. The complexity could involve more passive and active components, and the 

control systems may need to manage an auxiliary switch alongside the main switch, making 

compensation a bit more challenging due to the higher order of the new circuit. This ultimately 

leads to a higher price. In addition, the soft-switching techniques cannot provide high efficiency 

for all load ranges and, sometimes, they only can be used for a narrow voltage and power range.  

Therefore, soft-switching techniques can only enhance the efficiency in the vicinity of the 

nominal operating conditions and for the designed applications [47]. 

Several authors have proposed soft-switched converters to increase efficiency for a range of 

applications [29-34, 47, 67]. However, there has been no rigorous analysis to confirm, once all 

implications of implementing a soft-switched approach have been considered, that the solution 

is more meritorious than a traditional hard-switched approach. Therefore, a comparison in 

terms of cost, power density and efficiency for hard- and soft-switched DC-DC converters is 

needed.  
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3.1.2 Wide-bandgap semiconductors  

The quality of the semiconductor devices has a significant influence on the performance of the 

DC-DC converters. Recently, significant efforts have been applied to decrease the switching 

losses (chiefly by reducing parasitic capacitance) and conduction losses (by reducing on-state 

resistance) of the switching devices [68].  

The present silicon (Si) technology is reaching the material’s theoretical limit and it is 

becoming more difficult to meet all the requirements of the next generation’s industrial 

applications. However, a breakthrough has been achieved by using wide-bandgap (WBG) 

materials, such as silicon carbide (SiC) and gallium nitride (GaN) and they are becoming 

gradually more popular because of their improved electrical, mechanical, and thermal 

performance [13].  

SiC diodes such as Schottky diode [69], PiN diode [70] and junction barrier Schottky diode 

[71] and, SiC electronic switches such as metal oxide semiconductor field effect transistors 

(MOSFETs) [72], junction field-effect transistors (JFETs) [73] and insulated gate bipolar 

transistors (IGBTs) [73] have been developed for commercial use during the last two decades. 

High-power SiC Schottky diodes have almost zero reverse recovery charge, and the reverse 

recovery current is low, which makes them popular for industrial use. The SiC PiN diode has 

low specific resistance but the reverse recovery current during switching and the forward 

voltage drop are high. The junction barrier Schottky diode combines the advantages of the 

Schottky and PiN diodes. The SiC MOSFETs are the main switching devices and are widely 

used. The SiC JFETs are usually on devices and have advantages such as resistive forward 

characteristics. To overcome the increasing on-resistance under high blocking voltage, bipolar 

devices such as SiC IGBTs are developed for high-power and high-voltage use [74].  

GaN power diodes such as Schottky diode [75] and PiN diode [76] and, GaN electronic 

switches such as JFETs [77] and MOSFETs [78] have similar characteristics to the SiC devices. 

GaN high electron mobility transistor (HEMT) [79] is the most famous GaN device in the 

market. Several modified structures have been developed to improve the performance of the 

GaN HEMT such as the enhancement of the GaN transistor (eGaN) [80].  
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Fig. 3.3  Comparison of Si, SiC, and GaN for power semiconductor applications [13]. 

The superior performance of WBG-based switches over Si-based switches in terms of 

switching losses and switching speed has already been confirmed in the literature [81, 82]. In 

general, the advantages of SiC and GaN could be summarised as presented in Fig. 3.3. The 

switching devices based on WBG materials cannot only be switched with greater speed (MHz 

range), but also have lower switching losses compared to traditional silicon (Si) switches. In 

addition, they benefit from higher maximum junction temperature (if appropriately packaged) 

and lower conduction losses due to increased carrier mobility [83]. This allows higher 

efficiency to be achieved at high switching frequencies with the help of WBG-based switches 

while the conventional simple structure of the DC-DC converter does not need to be changed 

(in contrast with soft switching techniques).  

WBG devices such as SiC and GaN have shown improvements in the design of highly efficient 

and compact DC-DC converters [84]. An efficiency comparison between a Si-IGBT-based 

switch and a GaN-based switch in a motor drive application is provided in [85]. It is shown 

that the GaN-based drive has a better efficiency. In [86], the efficiency of Si and SiC-based 

switches in a high gain DC–DC boost converter for high-voltage low-power applications has 

been investigated. It was shown that the highest efficiency is obtained when the power 

transistor is implemented by a normally-off junction field-effect transistor and the diode by a 
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SiC Schottky device with a small parasitic capacitance. In [87], the common-mode EMI 

characteristics of GaN high-electron-mobility transistor (HEMT) and Si MOSFET power 

converters in (hybrid-) electric vehicle applications have been studied. By parametrically 

increasing the gate resistance of switches, the tradeoff between converter efficiency and 

common-mode noise generation is quantified. In [88], a 360 V/180 W boost converter was 

proposed using GaN FET and SiC Schottky diodes at 200-kHz switching frequency, with an 

efficiency of >92%. In addition, a 10-MHz GaN 16-34 V boost converter with above-90% 

efficiency is presented to show the capability of GaN devices at high frequencies [89]. 

In [90], an overview of the classical and recent development in DC–DC converter topologies 

based on WBG semiconductor devices is presented. The properties of WBG devices motivate 

a new generation of high-efficiency converters in applications where classical power converters 

present significant limitations, such as high-voltage, high-temperature and high-frequency 

operation. 

Even though WBG devices have many advantages compared to silicon switching devices and 

may be considered as an alternative for soft switching techniques, the use of WBG devices has 

still some drawbacks. First, WBG-based hard-switched converters still suffer higher switching 

loss than full soft-switched converters, where soft switching is applied to all commutations. 

Second, WBG-based switches have shown considerable progress, but they have not yet 

achieved the same level of technological advancement for their production as silicon switches 

in terms of production and manufacturing. Therefore, due to the complexities in manufacturing 

WBG materials and limited economies of scale, WBG-based switches are often more costly. 

Furthermore, they suffer from sensitivity to parasitic components in the high-speed gate drive, 

high reverse-conducting voltage drop and high electromagnetic interference (EMI) [91]. The 

fast switching speeds of WBG devices lead to sharp voltage and current transitions, which in 

turn generate significant EMI.  

The point at which parasitics become problematic for hard-switched PWM converters depends 

on various factors, including the specific converter design, the quality of components used, and 

the parasitic values themselves. Generally, as the power level and switching frequency 

increase, the impact of parasitics becomes more pronounced. In Fig. 4.12, for example, it can 

be observed that increasing the power level and switching frequency impacts the efficiency.  
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3.1.3 First research focus of the thesis: soft switching circuits vs. WBG 

switching devices  

Considering soft switching techniques discussed in 3.1.1 and given studies in 3.1.2, one of the 

aims of this thesis is answering the important question they raise: in general, are silicon-based 

soft-switched DC-DC converters more efficient and/or more convenient than WBG-based 

hard-switched DC-DC converters, or is the reverse true? For completeness and to set 

benchmarks, this thesis also should investigate WBG-based soft-switched converters and Si-

based hard-switched converters.  

Similar previous work has not covered the same scope. Reference [92], for example, presents 

only a comparison of silicon-based soft-switched and SiC-based hard-switched inverters. 

However, a comprehensive performance comparison was not presented in [92]; only cost and 

power losses were compared. It should be noted the characteristics of DC-AC inverters studied 

in [92] and DC-DC converters can be significantly different. Moreover, each technique (soft 

switching and state-of-the-art WBG switches) can have different results for different 

applications. A method can be more efficient in a particular application such as battery charger 

while it might be less suitable for another application such as in PV systems.  This presents an 

opportunity to explore the space between the use of soft-switching techniques and state-of-the-

art WBG semiconductors in low-voltage (<650V) hard-switched DC-DC converters for 

renewable energy applications comprehensively. We therefore present a case study which 

supplements existing literature and expands the scope of knowledge to encompass DC-DC 

converters in the application range of hundred watts. This case study is investigated in Chapter 

4. As previously stated, this thesis primarily focuses on DC-DC converters. Therefore, the 

findings and contributions of this study may not necessarily be applicable to inverters.  

3.1.4 Resonant converters 

In PWM converters, high switching frequencies cause high switching losses. An auxiliary 

circuit can be usually added to the conventional topology of a PWM converter to provide soft-

switching capability for the converter. However, this auxiliary circuit leads to a more complex 

and expensive circuit, and it cannot always guarantee higher efficiency of the converter for 

different applications [5-7]. In Chapter 4, it is, for example, shown that the soft-switched 

version of the boost converter is more expensive and complex than the conventional hard-

switched boost converter. On the other hand, as discussed in Chapter 2, resonant converters 
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benefit from soft-switching capability inherently and therefore by using the new WBG 

semiconductors, they can be switched at high frequencies to achieve high power density [93]. 

The soft-switching nature has been previously studied in resonant converters such as class-E 

inverters [94] and class-D inverters [95]. As a result, resonant converters have been 

investigated for use in many applications such as LED drivers [96], LCD TV [97], electric 

vehicles charging station [98] and photovoltaic systems [99], for converting AC to DC [100, 

101], DC to DC [102, 103], or both [104, 105]. However, resonant topologies require extra 

reactive components which decrease the positive effect of the high switching frequency on the 

power density. It is often argued that the extra reactive elements of resonant converters are of 

small physical size at high frequencies and therefore the penalty is not serious. Besides, since 

the required resonant inductor is normally of small inductance value due to high operating 

frequency, the possibility of applying parasitic component, such as leakage inductance of the 

transformer, is frequently discussed [44, 106]. 

Class E converter, shown in Fig. 3.4, is simple with only one active power switch and is 

efficient at high frequencies [107]. Even though this converter has a great potential for high 

frequency DC-DC converters, it also increases the voltage stress over the switch, greatly 

  

Fig. 3.4  The schematic of class E converter. 
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limiting its application. Moreover, its ZVS performance is sensitive to the load variation and 

additional compensation circuit need to be designed to improve this sensitivity [108].  

Class D series resonant converter and class D parallel resonant converter (Fig. 2.8 and Fig. 2.9, 

respectively, page 22) have been used for designing AC power supplies [109, 110]. However, 

they have their limitation such as difficulty in regulating the output voltage at low-load 

conditions (series topology) and low efficiency at light loads (parallel topology) [37]. As 

discussed in section 2.3, the LLC resonant converter, which is still one of the derivatives of 

class D series resonant converter, can overcome the limitation of the series resonant converter.  

The LLC converter is one of the most popular topologies amongst resonant converters and has 

been used in many applications because of its unique advantages. The LLC converter benefits 

from ZVS capability from zero to full load range, low voltage stress on secondary rectifier, no-

load voltage regulation, high efficiency and can be designed to obtain high voltage gain at a 

narrow range of operating frequencies [111, 112]. Therefore, the focus of this thesis is on the 

LLC converter for achieving high efficiency and power density converters.  

An isolated LLC resonant converter, shown in Fig. 2.10 (page 23), uses three magnetic 

components: a parallel inductor, a series (or resonant) inductor and a transformer, which makes 

it large. However, to further increase the efficiency and power density of the LLC resonant 

converter, all three magnetic elements can be integrated into a single magnetic component. 

Even though a lot of research for integrating magnetic components of LLC converters has been 

conducted in recent years, there are still some issues in this area [12], which are discussed in 

subsection 3.2.1. Therefore, the main focus of this research is on improving magnetic 

integration for the LLC topology.  
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3.2 Magnetic integration  

3.2.1 A review on different techniques for magnetic integration 

A lot of research on integrating magnetic components of LLC converters and other resonant 

converters such as push-pull class E topology [113], LCC topology [114], LCLC topology [21], 

and, other converters such as phase-shifted full-bridge converters [115], interleaved converters 

[116] and dual active bridge converters [117] has been conducted in recent years. In the this 

section, the techniques which may be suitable for magnetic integration in resonant converters, 

especially the LLC topology, are presented and their advantages and disadvantages are 

discussed, then one of them is chosen to be the focus of this thesis and finally, four research 

focuses to address its current issues are proposed. 

3.2.1.1 Three windings with a single transformer core 

The structure of this technique in which the transformer has three windings—two windings for 

the transformer looped around one leg and one winding looped around another leg of cores for 

the series inductor—can be used to integrate the transformer and series (resonant) inductor into 

a single transformer core. For example, Fig. 3.5(a) shows the structure presented in [118]. In 

this structure, the transformer windings are placed on the left outer leg and the resonant inductor 

winding is placed on the right outer leg of the magnetic core. In addition, there are air gaps on 

both outer legs and no air gap on the centre leg. The left air gap can regulate the magnetising 

inductance and the right air gap can be used to adjust the resonant (series) inductance. The 

fluxes generated by the transformer and the resonant inductor are shorted through the centre 

leg and the fluxes on the centre leg can be cancelled.  

Even though this structure does not need a bespoke transformer core, it is mechanically 

unstable (outer leges’ airgaps are not the same), leading to imbalances in the magnetic flux 

within the outer legs, which in turn affects the transformer's overall performance and efficiency. 

In addition, the flux density on the left outer leg is doubled compared to the discrete transformer 

because the cross-sectional area of the left outer leg is only half of the centre leg (leading to 

higher core loss). 
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(a) 

(b) 

Fig. 3.5  The structures of the integrated transformers presented in [118]. Resonant inductor 

winding on the outer leg. (b) Resonant inductor winding on another E core.  

3.2.1.2 Three windings with a single transformer core 

To make the flux density of the integrated transformer the same as the discrete transformer, the 

topology shown in Fig. 3.5(b) has been proposed [118, 119]. In this structure, the transformer 

winding is on the upper E-core and the resonant inductor winding is on the lower E-core. There 

are air gaps on both the upper and lower centre legs and outer legs. The fluxes generated by 
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the transformer and the resonant inductor are combined through the middle I-core and the flux 

on the I-core can be cancelled. 

This topology is a mechanically stable structure because the air gap is on all the legs. However, 

the window area in this structure is decreased compared to a discrete transformer. In addition, 

the power density still does not increase noticeably compared to using a separate transformer 

and inductor. In other words, for identical power and voltage, similar volumes for the inductor 

and transformer are needed and combining them does not change the total power density 

compared to using a separate transformer and inductor (since they both have the same size).  

3.2.1.3 Outer legs decoupling and integration of windings 

The winding of the resonant inductor can be integrated into the primary winding of the 

transformer. For example, as presented in Fig. 3.6 [120], the resonant inductor is distributed 

on both sides of the outer legs and the transformer’s primary and secondary windings are 

looped around the centre leg. The two windings of the resonant inductor are connected in series 

with the primary winding of the transformer.  

By adjusting the winding direction of the resonant inductor, this method can make the flux on 

the centre column generated by the two sides windings cancel each other and realize the 

decoupling of the resonant inductor and transformer windings. However, this technique results 

in a magnetic bias problem and increases the core loss greatly. In addition, this structure suffers 

from higher conduction losses due to the auxiliary winding and eddy-current effect and has low 

flexibility in the design. 
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Fig. 3.6  The structure of the integrated transformer presented in [120]. 

3.2.1.4 Manipulation of the transformer core or adding auxiliary core for magnetic 

integration 

Another way to integrate the required series inductance into the transformer is to produce a 

design-specific core geometry or add an auxiliary core to a standard-geometry transformer and 

merge either the primary winding or secondary winding with the winding of the series inductor 

[44, 120-125]. 

In [44, 120], a structure for magnetic integration is proposed which uses two pairs of cores (one 

for the transformer and one for the resonant inductor) and the primary winding is merged with 

the resonant inductor winding. This structure is presented in Fig. 3.7. As shown, the primary 

winding is looped around the centre leg of the two pairs of cores at the same time, while the 

secondary winding is only looped around the centre leg of the transformer core. The gap 

between the two pairs of cores can be adjusted separately. The transformer core has a smaller 

air gap to increase the coupling between the primary and secondary sides and reduce the 

leakage inductance of the secondary side, while the inductor core has a larger gap to provide a 

larger resonant inductance.  
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Fig. 3.7  The structure of the integrated transformer presented in [44, 120]. 

This scheme of using two pairs of cores increases the volume and the power density does not 

improve noticeably compared to using a single transformer and a single inductor. The core 

structures can be modified to achieve flux cancellation and lower volume [121-123], but as 

presented in Fig. 3.8, this approach requires a new bespoke transformer core for each design.  
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Fig. 3.8  The structure of the integrated transformer presented in [123]. 

3.2.1.5 Utilisation of the leakage inductance as the resonant inductance 

As discussed in Chapter 2, to eliminate the need for an auxiliary core or winding for magnetic 

integration, the leakage inductance of a typical high frequency-transformer can be selected by 

design and used as the series inductor of the LLC tank as presented in Fig. 2.11(a) [5, 46, 126, 

127]. 

The planar transformer can achieve a high leakage inductance which can be estimated precisely 

when the primary and secondary windings are placed separately as shown in Fig. 3.9. In [128, 

129], a detailed analysis for more precise estimation and adjustment of the leakage inductance 

of a planar transformer is presented.   
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Fig. 3.9  Planar transformer with separated primary and secondary windings [130]. 

Using the leakage inductance of a typical wound-core or planar transformer benefits from low 

cost and simplicity in manufacturing because it does not need any manipulation in the 

transformer structure and an auxiliary winding for the inductor is not required. However, in 

this approach, the leakage inductance can be only adjusted for a limited variation since it is 

determined based on the geometry of the core and windings, leading to low flexibility in the 

design. Consequently, if a higher amount of leakage inductance is required beyond what the 

core's limitations allow, this particular structure would not be a suitable option. 

Some magnetic field-conducting sheets can be added between layers of windings to integrate 

the magnetic components by enhancing the leakage inductance (as a result of increasing energy 

stored in the window area) [131]. However, this approach suffers from lower efficiency due to 

the high eddy-current losses in the windings and low flexibility in design.  

In the following of this section, some other techniques that can be used to increase and adjust 

the leakage inductance are reviewed. 
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Fig. 3.10  The structure of the integrated transformer presented in [132]. 

3.2.1.6 High leakage inductance with primary and secondary windings on the outer 

legs 

Another structure which is suitable for the series LC and series-parallel LCC resonant 

converters is proposed in [132]. This structure is shown in Fig. 3.10. As shown, the primary 

and secondary windings are looped around the outer-left and outer-right legs of the transformer 

and an air gap is inserted into the centre leg of the E-core to achieve a controllable leakage 

inductance.  

Although a multi-layer PCB with minimal complexity can be used as the windings, the 

transformer has a large footprint since the windings extend outside the transformer core. In 

addition, the AC resistance is high in this design, and leakage and magnetising inductances are 

not decoupled and cannot be designed separately. Moreover, the magnetising inductance 

cannot be adjusted easily in this structure since there is no air gap to regulate the mutual flux 

of primary and secondary windings. Hence, this structure may not be suitable for the LLC 

topology in which an adjustable shunt inductance is needed. 
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Fig. 3.11   The structure of the integrated transformer presented in [10]. 

3.2.1.7 High leakage inductance with interleaved primary and secondary windings  

A lower AC resistance and controllable leakage inductance can be achieved with an interleaved 

or semi-interleaved windings structure of the transformer [10, 133]. For example, in the 

topology proposed in [10], shown in Fig. 3.11, the primary- and secondary-side windings are 

looped around the outer legs of the transformer core asymmetrically (i.e., placing a different 

number of primary- and secondary-side turns).  

By asymmetrically distributing the windings, controllable leakage inductance can be generated 

by tuning the core reluctances, and winding interleaving, which leads to lower AC resistance, 

is achieved. However, in these approaches, the winding structure is complicated and the 

leakage and magnetising inductances are not decoupled and cannot be regulated separately, 

making the design process more complicated. Moreover, the primary and secondary windings 

are looped around the outer legs, leading to a larger footprint for the transformer, lower power 

density and potentially higher electromagnetic interference (EMI) for the converter.  

Furthermore, in the interleaved winding structure, there is a high overlap area between the 

primary and secondary windings, which could increase the inter-winding capacitance to an 

undesirable value. Furthermore, these approaches may not be suitable for LLC topology since 
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the magnetising inductance cannot be adjusted easily (there is no air gap to regulate the mutual 

flux of the primary and secondary windings). 

3.2.1.8 Inserted-shunt integrated planar transformer 

The structure of an integrated planar transformer with an inserted-shunt is shown in Fig. 3.12. 

Inserting a low-permeability magnetic shunt in the centre of a planar transformer while its 

primary and secondary windings are separated (by being located above and below the magnetic 

shunt) can provide a high leakage inductance and provides greater and more precise control of 

its value [12, 130, 134-136]. 

In the inserted-shunt integrated planar transformer shown in Fig. 3.12, the primary winding 

generates a flux in the upper core, and this is responsible for producing the primary side self-

inductance, 𝐿PP, of which the magnetising inductance, 𝐿m, is the largest contributor.  A small

but significant proportion of the primary flux flows through the shunt and is responsible for the 

primary side leakage inductance, 𝐿Lk_P. Similar arguments lead to the provision of the

secondary side leakage inductance, 𝐿Lk_S. The remaining primary flux crosses the air gap and

couples to the secondary winding and so is responsible for the ideal transformer turns ratio, 

𝑁P: 𝑁S. In the analysis of the inserted-shunt integrated planar transformers, it is assumed that

flux linkage is exactly the same for both primary and secondary windings and therefore the 

primary and secondary leakage inductances can be considered identical.  

The relationship between the leakage and magnetising inductances and the shunt’s 

characteristics and length of the air gaps for this method is discussed in [12, 130, 134, 135]. 

According to [12], the energy stored in the windings and insulation layers is far lower than that 

stored in the magnetic shunt and therefore the inserted-shunt is the main cause of the high 

leakage inductance. In addition, the leakage and magnetising inductances can be controlled for 

a limited range of the leakage inductance and the shunt’s relative permeability by regulating 

the permeability of the shunt and the length of the air gaps, respectively.  
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(a) 

(b) 

Fig. 3.12  The inserted-shunt integrated transformer. a) Structure. b) Exploded view [12]. 
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Inserted-shunt integrated transformers can integrate all three magnetic components of an LLC 

resonant converter in only a transformer without any auxiliary windings, and the readily 

available planar cores in the market can be used without any manipulation. Therefore, this 

topology also benefits from the advantages of planar transformers, viz high power density, 

improved cooling capability, modularity and manufacturing simplicity [12]. In addition, the 

leakage and magnetising inductance are decoupled from each other and can be adjusted 

separately. In summary, the inserted-shunt integrated transformers could be an attractive 

technique to be used for magnetic integration in an LLC resonant converter; hence the focus of 

this thesis is further investigation of this technique and addressing its issues.  

3.2.2 Research focuses for the inserted-shunt integrated planar transformer 

In this section, the main issues of the inserted-shunt integrated planar transformers are 

discussed and then research studies to address these issues are proposed.  

3.2.2.1 Second research focus of the thesis: Using a segmental high-permeability shunt 

instead of a low-permeability single-segment shunt 

Inserting a single-segment low-permeability magnetic shunt in a planar transformer enhances 

the leakage inductance and makes the estimation of its value more accurate, but this idea suffers 

some disadvantages. The magnetic shunt must have a specific and unusually low-permeability 

(relative permeability <100). Suitable magnetic materials are not often readily available, and 

when they are, they are frequently expensive. In addition, these low-permeability materials are 

often found only in limited sizes while different thicknesses, widths and lengths are needed for 

each specific design of this integrated transformer [135, 137, 138]. Therefore, a new bespoke 

magnetic material with a specific size is required for each design in this approach, which makes 

the design expensive and less flexible.  

To address these issues, a case study should be defined to propose a new structure for the 

inserted-shunt integrated transformer in which high-permeability materials can be used for the 

shunt.  

In Chapter 5, two new structures (termed IT1 and IT2) are proposed that use high-permeability 

material for the shunt. In the proposed structures, the inserted shunt is formed by interleaving 

highly permeable ferrite with thin plastic spacers to form segmental magnetic shunts. This 
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design approximates the low-permeability material; its permeability is modulated by the ratio 

of ferrite-to-spacer length. The design is more economical because ferrite is widely available 

in the market in different sizes and for lower prices. 

Both of the proposed structures are analysed and their modelling and design guidelines are 

provided in detail. The theoretical analysis is verified by finite-element analysis (FEA) 

simulation and experimental results. The AC resistance for the proposed structures is also 

discussed. Furthermore, an LLC converter is implemented to investigate the performance of 

the designed fully-integrated magnetic transformers. It is shown that this LLC converter 

operates properly while all of its magnetic components are integrated into the proposed 

structures.  

3.2.2.2 Third research focus of the thesis: Using a solid high-permeability shunt instead 

of a segmental high-permeability shunt 

The structures proposed in Chapter 5 (IT1 and IT2) do not need a shunt with specific 

permeabilities and dimensions. However, the inserted shunt has multiple segments and has to 

be located between two E-cores which makes the implementation difficult. Therefore, to 

address this issue, a new topology (termed IT3) for achieving high leakage inductance in 

inserted-shunt integrated planar transformers is proposed in Chapter 6.  

In the proposed topology, two solid shunts are placed across the planar E-core air gap and 

between the primary and secondary windings. The proposed topology benefits using solid 

inexpensive ferrite shunts, making manufacturing easier. A detailed mathematical model is 

derived from which a design methodology is developed, providing accurate estimation for the 

leakage and magnetising inductances. The theoretical analysis has been verified using finite-

element analysis and experimental implementation. AC resistance analysis and efficiency 

comparison are also presented for the proposed topology and the topology with inserted-

segmental-shunt, which shows the proposed topology provides higher efficiency because of 

lower AC resistance. In addition, an isolated LLC resonant converter is designed and built to 

investigate the performance of the proposed topology in practice. The three magnetic 

components needed for the designed LLC resonant converter are integrated into a single planar 

transformer using the proposed topology and the converter operates properly. 
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3.2.2.3 Fourth research focus of the thesis: Inserted-shunt integrated planar 

transformer with low secondary leakage inductance 

In integrated planar transformers with inserted-shunt, including the transformers proposed in 

Chapters 5 and 6 (IT1-IT3), the leakage inductance increases on both primary and secondary 

sides. The effects of secondary leakage inductance on LLC resonant converters are investigated 

in [139]. FHA has been usually used to analyse the LLC topology while the secondary leakage 

inductance is ignored. However, the voltage gain of an LLC converter is very sensitive to 

resonant components and ignoring the secondary leakage inductance causes inaccurate analysis 

[122, 140]. Alternatively, the primary and secondary leakage inductances are considered 

identical in many studies, such as the inserted-shunt integrated planar transformers, and the 

secondary leakage inductance is referred to the primary side of the simplified equivalent circuit 

according to the transformer turns ratio and the total leakage inductance is calculated by (2-

61). However, this method is also not precise, especially when the magnetising inductance is 

purposefully reduced by inserting air gaps in transformer cores, again such as inserted-shunt 

integrated planar transformers [141].  

The effect of secondary leakage inductance on the operation of the LLC topology is briefly 

investigated below. 

When the leakage inductance increases on both the primary and secondary sides of an 

integrated transformer, the equivalent circuits presented in Fig. 2.11(a) and Fig. 2.13 should 

be modified as equivalent circuits presented in Fig. 3.13(a) and (b), respectively. Therefore, 

not considering the secondary leakage inductances, LLk_S, may result in incorrect analysis.  

From Fig. 3.13(b), the gain of the new AC circuit with a complete transformer model (CTM) 

may be derived from the circuit analysis as (3-1).  

𝑀AC =
2𝑛𝑉o
𝑉In

=
1 +

𝐿Lk_S(P)
𝐿m

1 +
𝑗𝑓N_CTM𝑄CTM

𝜆2
(
1 − 𝑓N_CTM

2

1 −
𝑓N_CTM
2

𝜆1

)(

 1 +
𝑓N_CTM
2 − 1

1 −
𝑓N_CTM
2

𝜆1 )

  

(3-1) 
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where  

𝐿r_CTM = 𝐿Lk_P +
𝐿m𝐿Lk_S(P)

𝐿m + 𝐿Lk_S(P)
 (3-2) 

𝑓r_CTM =
1

2𝜋√𝐶r𝐿r_CTM
 (3-3) 

𝑄CTM =
√
𝐿r_CTM
𝐶r

𝑅L_AC(P)
 

(3-4) 

𝜆1 =
𝐿r_CTM

𝐿m + 𝐿Lk_P
 (3-5) 

𝜆2 =
𝐿r_CTM

𝐿m + 𝐿Lk_S(P)
 (3-6) 

𝑓N_CTM =
𝑓s

𝑓r_CTM
 (3-7) 

At the resonance frequency, i.e. for 𝑓N_CTM=1, the voltage gain becomes:  

𝑀AC = 1 +
𝐿Lk_S(P)

𝐿m
 (3-8) 

From (3-8), after ignoring the secondary leakage inductance (𝐿Lk_S), the voltage gain of the 

simplified transformer model, which has only a leakage inductance on the primary side, 

becomes (3-9) which is same as (2-22) at the resonance frequency (see Fig. 2.14).  
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𝑀AC = 1 (3-9) 

In order to better highlight the differences between the two cases, an exemplar transformer with 

characteristics, presented in Table 3.1, should be considered. A fair comparison with the 

simplified transformer model case must preserve the same resonance frequency as well as the 

same total primary inductance, measured with an open and shorted secondary winding [43]. In 

fact, these conditions guarantee the same ZVS behaviour at no-load. Thus, the simplified 

transformer model (STM) must have the following parameters: 

 
(a) 

 

(b) 

Fig. 3.13  LLC resonant converter with secondary leakage inductance. (a) Schematic. (b) 

AC equivalent circuit. 𝐿Lk_S(P) is 𝐿Lk_S transferred to the primary side.          

 

Table 3.1  An exemplar transformer parameter. 

𝑁P  𝑁S  𝐿LK_P(µH) 𝐿LK_S(P)(µH) 𝐿𝑚(µH) 

42 18 51.6 60.4 243.9 
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{
 
 

 
 𝐿Lk_S_STM = 0

𝐿Lk_P_STM = 𝐿Lk_P +
𝐿m𝐿Lk_S(P)

𝐿m + 𝐿Lk_S(P)
𝐿m_STM = 𝐿Lk_P + 𝐿m − 𝐿Lk_P_STM

 (3-10) 

The comparison of the voltage conversion ratio amplitude calculated using the simplified 

transformer model and complete transformer model is shown in Fig. 3.14. As shown, the 

difference, at the resonance frequency, is in the order of 25%, independently of load, as 

forecasted by (3-8) and (3-9).  

Some research has been done to model the LLC converter while the secondary leakage 

inductance is considered [43, 140].  Even though these models estimate the gain of the 

converter more precisely, the design of the converter and its control system is more complicated 

when there is a high secondary leakage inductance [11]  and thus it is still preferred to have a 

negligible leakage inductance on the secondary side. Zhang, et al, [142] point out that, in LLC 

resonant converters for voltage regulator modules (VRM), the synchronous rectifier switches 

employ a self-driven method. In this situation, when the leakage inductance exists on the 

secondary side, there is an overlapping period of commutation between the secondary switches 

 

Fig. 3.14  Voltage conversion ratio magnitude comparison for STM and CTM.  
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and their currents, leading to higher losses. In addition, Noah, et al, [141] found that the 

secondary leakage inductance causes some other major problems. Firstly, the secondary 

leakage inductance adds a virtual gain to the gain curve of the LLC converter and the converter 

encounters a non-unity gain at the nominal frequency. This non-unity gain behaviour can make 

it difficult for the control system to achieve stable and precise regulation, as it needs to 

compensate for the gain variations. Secondly, it limits the current delivered to the load by 

increasing the converter output impedance.  

It should be pointed out that the inserted-shunt integrated planar transformers can also be used 

in other similar topologies like phase-shifted full-bridge converters. Therefore, it is preferred 

that the leakage inductance only increases on one side and the topology of the converter 

remains the same as the original topology (for example, for LLC topology see Fig. 2.11) to 

avoid unnecessary new analysis and modification for each type of converter. 

Finally, as the fourth case study of this thesis, a new structure (termed IT4) for the inserted-

shunt integrated planar transformers is needed to address the key issue of high secondary 

leakage inductance.  

In Chapter 7, a novel topology for the inserted-shunt integrated planar transformer is proposed 

which has low secondary leakage inductance. The inserted shunt of the proposed topology is 

not segmental and can be located conveniently within the transformer. In addition, the inserted 

shunt does not require low permeability core material, simplifying its manufacture. The design 

and modelling of the proposed transformer topology are presented and verified by finite-

element analysis and experimental implementation. The proposed topology is also compared 

with the inserted-segmental-shunt integrated transformer. It is shown that the proposed 

transformer provides higher efficiency and lower AC resistance. Finally, to examine the 

performance of the proposed integrated transformer in practice, it is used in an LLC resonant 

converter. 

3.2.2.4 Fifth research focus of the thesis: Inserted-shunt integrated transformer with 

asymmetric primary and secondary leakage inductances for bidirectional LLC 

converters 

Rapid growth of residential energy storage systems (ESSs) is outpacing expectations, and these 

household systems are becoming important assets. For example, electric vehicles (EVs) with 
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vehicle-to-grid (V2G) capability can be used as distributed energy assets to provide power to 

the utility loads, to reduce grid frequency fluctuations and to absorb excess energy produced 

by renewable energy sources [143-145]. Therefore, the attention to energy storage systems 

(ESSs) has increased in recent years.  

A bidirectional DC-DC converter and a bidirectional DC-AC converter are usually used in 

ESSs to transfer power in both directions between the grid and the batteries. Bidirectional DC-

DC converters likewise manage the power flow between the DC bus and the batteries. The 

main focus of these DC-DC converters is on achieving low cost, high efficiency and power 

density, and wide input and output voltage ranges [146, 147].  

Resonant converters can provide high efficiency and power density at a low cost since they 

benefit from soft-switching capability and magnetic integration. Therefore, resonant converters 

are becoming desirable for DC-DC applications like ESSs [20, 132, 148].  

The LLC resonant converter is one of the most popular resonant topologies since it can provide 

high efficiency at high switching frequencies and can be designed to obtain high voltage gain 

at a narrow range of operating frequencies. However, the LLC topology is not suitable for 

bidirectional power transfer since the shunt (magnetising) inductance is effectively connected 

in parallel with the chopped battery voltage in regeneration (reverse-direction) mode (RM) 

meaning that it does not play a role in the resonant tank. The result is that, in RM, an LLC 

converter is equivalent to a series resonant converter.  

The series LC resonant converter has a different inductive region compared to the LLC 

topology and to achieve ZVS it needs to operate at normalised frequencies higher than 1 (i.e., 

1<𝑓N<𝑓N_max), while the LLC topology can also be switched at ZVS condition at normalised 

frequencies higher than the normalised boundary frequency (i.e., 𝑓N_Bo<𝑓N<𝑓N_max, 𝑓N_Bo<1). 

Therefore, the efficiency of the series LC resonant converter drops considerably as the 

operating switching frequency drifts away from the resonance frequency, making it unsuitable 

for very wide input and output voltage range applications [149-151]. In addition, as discussed 

at the beginning of this section, the series LC resonant converter has difficulty to regulate the 

output voltage at light loads. In conclusion, the LLC resonant converter, which is a series LC 
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resonant converter in RM, is not suitable for bidirectional power transfer, especially in ESSs 

where the voltage variation is significant.  

To adopt the LLC converter for bidirectional power transfer, a bidirectional CLLLC converter, 

which has an extra capacitor and an extra inductor on the secondary side, is proposed in [152]. 

The bidirectional CLLLC resonant converter is shown in Fig. 3.15(a).  In  [152], the resonant 

components on the primary and secondary sides of the transformer must be symmetric (𝐿r1 =

𝑛2𝐿r2, 𝐶r2 = 𝑛2𝐶r1, 𝑛 = 𝑁P/𝑁S) and the converter has unity gain. Unfortunately, the unity 

gain means the topology is not suitable for applications in which the input and output voltages 

vary during power transfer. This is particularly challenging with battery-charging type 

applications where the specified output voltage often has a wider range (for example, from 

250 V to 450 V in vehicle-to-grid (V2G) applications) [153, 154]. 

  

 
(a) 

 

(b) 

Fig. 3.15  Topology of bidirectional CLLLC resonant converter, (a) without magnetic 

integration, (b) with magnetic integration. 
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In [153, 154], a design methodology for a CLLLC resonant converter is presented so that the 

converter can operate with wide battery voltage regulation. The converter proposed in [153, 

154] is, like [152], based on the LLC topology with an extra inductor and extra capacitor on 

the secondary side but this time the component values can be asymmetric (𝐿r1 ≠ 𝑛2𝐿r2 and 

𝐶r2 ≠ 𝑛2𝐶r1). In [154], the benefits of asymmetric parameters are discussed in detail and they 

are again summarised in Fig. 3.16. Fig. 3.16 shows the gain plots, in charging and discharging 

mode, of the CLLLC converter in [154], where charging and discharging gains can be defined 

as 𝑉Batt/𝑉In and 𝑉In/𝑉Batt, resepctively. For a given operating frequency range, the range of 

available gains with symmetric and asymmetric primary and secondary inductances and 

capacitances are shown. The operating frequency range needed for a desired range of gains is 

significantly smaller for the asymmetric design, allowing optimisation to achieve high 

efficiency, reduced current stress and reduced electromagnetic interference.  

 

The CLLLC resonant converter with asymmetric resonant components not only provides the 

advantages of the LLC converter but also can provide bidirectional power transfer. The CLLLC 

converter presented in [153, 154] is therefore a good candidate for battery charging applications 

and this topology is used in this thesis.  

The topology of the CLLLC converter is shown in Fig. 3.15(a). The operation of this converter 

is very similar to the LLC converter and therefore it is not presented in this thesis, and for a 

detailed discussion the reader can be referred to [153]. The CLLLC resonant converter benefits 

from soft switching capability and can be switched at high frequencies, but it needs four 

magnetic components including two series inductors (𝐿r1 and 𝐿r2), a shunt inductor (𝐿Sh) and 

a transformer, leading to large size and high cost. To increase the efficiency and power density, 

and to decrease the cost of this converter, these magnetic components should be integrated into 

a single transformer, as shown in Fig. 3.15(b).  
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Fig. 3.16  Comparison of gain for symmetric and asymmetric designs, using data from [154]. 

‘C’ for charging mode and ‘D’ for discharging mode.  

 

The inserted-shunt integrated planar transformer is well known because of its many advantages, 

viz precise estimation of leakage inductance during design, capability for achieving high 

leakage inductance, the ability to use cores readily available in the market and simple 

manufacturing. The inserted-shunt integrated transformers discussed in the literature review 

and the proposed topologies in Chapters 5 and 6 (IT1-IT3) have symmetric primary and 

secondary leakage inductances and these inductances cannot be designed separately in these 

transformers. The CLLLC converter presented in [153, 154], and other similar topologies that 

need asymmetric primary and secondary resonant inductances could address more application 

challenges (especially the ones that require higher power density) if an integrated magnetic 
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secondary leakage inductances. Therefore, as the fifth research focus of this thesis, a new 

design methodology for the inserted-shunt integrated planar transformers is needed that takes 

into account the non-identical primary and secondary leakage inductances. 

In Chapter 8, a new topology (termed IT5) for the inserted-shunt integrated magnetic planar 

transformer is proposed that can provide non-identical primary and secondary leakage 

inductances. In the proposed topology, two magnetic shunts are inserted between two E-cores 

and the primary and secondary windings are separated by being placed at different sides of the 

magnetic shunts. Commercially available planar cores can be used for the E-cores and magnetic 

(ferrite) sheets, which are again commercially available, can be used for the shunts, leading to 

cheaper and easier manufacturing.  

The proposed integrated transformer is analysed in detail and its modelling and design 

guidelines are provided. It is shown that the magnetising inductance and the primary and 

secondary leakage inductances are decoupled, and they can be determined separately in the 

proposed topology. This theoretical analysis is verified by simulation and experimental results. 

To investigate performance, an exemplar CLLLC converter is designed using the proposed 

integrated transformer to provide experimental validation of the design process.  It is shown 

that the implemented bidirectional CLLLC resonant converter operates properly while all its 

magnetic components are integrated into the proposed transformer. 

3.3 Conclusion 

This Chapter introduced the main issue of PWM converters, which is high switching losses at 

high frequencies, and the techniques that can be used to address this issue were also discussed. 

After investigating different methods, we could not find the answer to two questions in the 

literature. First question: do auxiliary soft-switching circuits always improve the performance 

of conventional PWM converters in terms of cost, power density and efficiency? Second 

question: in general, are silicon-based soft-switched DC-DC converters more efficient and/or 

more convenient than WBG-based hard-switched DC-DC converters, or is the reverse true? 

These questions will be the research focus of Chapter 4.  

PWM converters, like the boost converter, suffer from a lack of soft-switching capability and 

thus have high switching losses under high-frequency operation. Losses are limited by 
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constraining the operating frequency, leading to lower power density. Even though soft-

switching capability can be achieved by adding an auxiliary circuit to the conventional 

topology of the PWM converters, the auxiliary circuit adds complexity and cost (will be shown 

in Chapter 4). On the other hand, the resonant converters benefit from soft-switching capability 

inherently and therefore they could be a more suitable choice for high frequency and high 

power density converters.  

It was pointed out that the LLC resonant converter needs three magnetic components which 

make the converter’s volume large. However, the LLC resonant converter can provide a higher 

power density when its magnetic components are integrated into the transformer. Therefore, 

different techniques for magnetic integration were discussed. Amongst different techniques, 

the inserted-shunt integrated planar transformer seemed to be an attractive technique for 

magnetic integration in the LLC topology and therefore it was more investigated.  

The current issues of the inserted-shunt integrated planar transformers were discussed. In 

general, the important issues of the inserted-shunt integrated planar transformers are requiring 

a bespoke material for the shunt, high leakage inductance on the secondary side, and they are 

not usually suitable to be used in bidirectional converters such as CLLLC converters. 

Therefore, four research studies to address these issues were suggested that will be the focus 

of Chapters 5 to 8.   
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Chapter 4  

 

Evaluation of Si MOSFETs and GaN HEMTs 

in Soft-Switched and Hard-Switched DC-DC 

Boost Converters 

 

This Chapter compares soft-switching techniques and WBG-based switches in DC-DC boost 

converters in the application range of hundred watts. The performance of four prototypes 

including the soft-switched and hard-switched DC-DC boost converters with both state-of-the-

art Si and GaN switches are evaluated in terms of cost, power density, and efficiency using 

theoretical analysis, simulation and experimental results. It is shown that the GaN-based hard-

switched converter provides higher efficiency and power density but is more expensive than its 

Si-based counterpart yet is cheaper than Si-based soft-switched converter. This is despite GaN-

based switches being significantly more expensive than their Si counterparts. Therefore, 

adding an auxiliary circuit to obtain soft switching leads to a more expensive and complicated 

circuit and does not always guarantee a higher efficiency. 

4.1 Introduction 

It is well-known that the volume of passive components is inversely proportional to the 

switching frequency. At higher switching frequencies, in addition to reduced passive 

component volume, a low-capacitance and low-inductance filter can be used which also 

enhances the dynamic response of the system. However, increases to switching frequency are 

limited due to switching device availability (and cost), and also because high frequency 

operation increases switching losses considerably [47].  

Hard-switched PWM DC-DC converters such as the boost converter play an important role in 

renewable energy systems. Research to increase their efficiency at high operating frequencies 

is important and can be achieved using soft-switching techniques; however, that approach 

requires an auxiliary circuit [7, 29-34]. The auxiliary circuit decreases power density and 

reliability while increasing the cost. Moreover, soft-switching topologies usually cannot 
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improve the efficiency for all power and voltage ranges. Wide bandgap (WBG) devices, such 

as gallium nitride (GaN), result in lower switching losses than silicon (Si), can be used to 

enhance the efficiency while retaining the simple structure of a hard-switched topology [13]. 

However, the high cost of these devices is problematic for what are frequently cost-sensitive 

applications and they cannot eliminate switching losses completely.  

Given these isolated studies, we aim to answer the important question they raise: in general, 

are Si-based soft switching DC-DC converters more efficient and more convenient than WBG-

based hard switched DC-DC converters, or is the reverse true? For completeness and to set 

benchmarks, we also investigate WBG-based soft-switched converters and Si-based hard-

switched converters. For a comparison to be meaningful, all four options must use modern, 

high-performance devices. The super junction (SJ) Si MOSFET has good performance in terms 

of conduction and switching losses and we therefore compare it to WBG-based switches.  

In this Chapter, the performance of four prototypes including two soft-switched and two hard-

switched converters, each with either state-of-the-art Si MOSFETs or GaN HEMTs are 

investigated in terms of efficiency, power density, and cost. The topologies are based on the 

boost converter, which is one of the most ubiquitous step-up DC-DC converters available. It is 

chosen because of its simple structure and very low ripple input current which is necessary in 

renewable energy applications.  

The results of this comparison are accurate for power levels of a few hundred watts and voltage 

levels of a few hundred volts. An exemplary application for this power and voltage range could 

be AC-photovoltaic modules [155, 156].  

As two exemplary candidates of wide-bandgap devices, SiC MOSFETs and GaN HEMTs are 

regarded as the successors of Si devices in the medium-to-high-voltage (>1200 V) and low-
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voltage (<650 V) domains, respectively [83]. Hence, since the voltage ranges of power 

switches for the designed converters is low in this work, GaN HEMT is used as WBG switch.  

4.2 DC-DC converters 

4.2.1 Conventional boost converter 

The conventional boost converter, shown in Fig. 4.1(a), is used as the benchmark of the study. 

It should be noted that the underlying principles which will be applied are ultimately generic 

and can be applied to a wide variety of DC-DC converter topologies.  

The operation of the boost converter in continuous conduction mode (CCM) is investigated in 

[157] and the key waveforms over two switching periods are presented in Fig. 4.1(b). The 

boost converter has two operating intervals in each switching period. In the first interval, the 

main switch 𝑆m is turned on and the output diode 𝐷o is off; thus, the boost inductor, 𝐿, is 

charged by the input source. The second interval starts when 𝑆m is turned off and the output 

diode 𝐷o turns on: the energy stored in the boost inductor is discharged to the output through 

diode 𝐷o.  

 

(a) 

 

(b) 

Fig. 4.1  Boost converter. (a) Schematic. (b) Key waveforms. 
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According to [157], the voltage gain and minimum inductance value of the boost converter in 

CCM operation can be calculated as (4-1) and (4-2), respectively. 

𝑀 =
𝑉o
𝑉In

=
1

1 − 𝐷
 (4-1) 

𝐿min =
𝐷(1 − 𝐷)2𝑉o

2

2𝑓s𝑃o
 (4-2) 

where 𝑉In and 𝑉o are input and output voltages, respectively; 𝐷 is the duty ratio; 𝑓s is the 

switching frequency; and 𝑃o is the output power. The inductor peak-to-peak ripple current ∆𝑖L 

can be obtained as 

∆𝑖L =
𝐷𝑉In
𝑓s𝐿

 (4-3) 

Similarly, peak-to-peak ripple of the output voltage can be obtained by (4-4). In (4-4), 𝐶o is the 

output capacitance.  

∆𝑉o =
𝐷𝑃o
𝑉o𝐶o𝑓s

 (4-4) 

The voltage stress (i.e., peak drain-source voltage) of the main switch is equal to the output 

voltage. The currents through the main switch at the start of the turn-on (𝑡 = 𝑡0) and turn-off 

(𝑡 = 𝑡0 + DTs) events are given by (4-5) and (4-6), respectively. 𝐼In is the average of the input 

current.  

𝐼Sm(t=𝑡0) = 𝐼In −
∆𝑖L
2

 (4-5) 

𝐼Sm(t=𝑡0+DTs) = 𝐼In +
∆𝑖L
2

 (4-6) 
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Assuming 𝐼In ≫ ∆𝑖L, the root-mean-square (RMS) current of the main switch can be calculated 

as follows:- 

𝐼Sm.b(rms)
= 𝐼In√𝐷  (4-7) 

The average and RMS current of the output diode can be expressed as (4-8) and (4-9), 

respectively. 

𝐼Do(avg) = 𝐼In(1 − 𝐷)   (4-8) 

𝐼Do(rms) = 𝐼In√(1 − 𝐷)  (4-9) 

4.2.2 Soft-Switched boost converter 

Table 4.1 presents some well-known soft-switched boost converters against which a 

comparison could be made. In this Chapter, the soft-switched boost converter proposed in [30] 

is selected for analysis because, in the authors’ opinion, it is well-presented and has a number 

of useful features. Both turn-on and turn-off are soft for both switches. In addition, the 

conduction losses from the auxiliary circuit are lower than its rivals. Furthermore, it requires 

the fewest components, reducing complexity and cost. Its topology and key waveforms are 

presented in Fig. 4.2(a) and (b), respectively.  

It is worth noting that there are many other soft-switched converters based on the boost 

converter. However, in order for the comparison made to be fair, it is important that their circuit 

topology does not differ significantly from the traditional boost converter. For example, there 

are many high-gain (and-high order) boost converters, with and without soft-switching 

capability, which have plentiful applications and frequently higher efficiency as a result of 

lower conduction loss because, for a given power rating, their switch currents are lower. 

However, such a converter is not comparable to the traditional boost converter. In this study, 

the comparison is made with the converter in [30], so that the only advantage achieved relates 

to reduced switching loss as a result of the soft switching.  
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(a) 

 

(b) 

Fig. 4.2  Soft-switched boost converter introduced in [30]. (a) Schematic with differences from 

boost converter highlighted. (b) Key waveforms adapted from [30].  

 

The detailed operation of the chosen converter is described comprehensively in [30]; only an 

overview is provided in this Chapter. As shown in Fig. 4.2(a), auxiliary components consisting 

of a resonant inductor 𝐿r, a resonant capacitor 𝐶r, and an auxiliary switch 𝑆a are added to the 

conventional structure of a boost converter.  
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Table 4.1  Comparison of well-known soft-switched boost converters. 

Ref. 

Main switch Auxiliary switch 

Turn on Turn off Turn on Turn off 
Conduction 

losses 

[30] Soft Soft Soft Soft Low 

[31] Hard Soft - - High 

[32] Soft Hard Soft Hard High 

[33] Soft Hard Hard Soft  High 

Ref. 

Number of 

auxiliary 

diodes 

Number of 

auxiliary 

inductors 

Number of 

auxiliary 

capacitors  

Number of 

auxiliary 

switches 

Common 

ground for 

switches 

[30] 0 1 1 1 Yes 

[31] 5 2 2 0 - 

[32] 0 1 1 2 No 

[33] 3 1 1 1 Yes 

 

The converter has six operation intervals. The main switch, 𝑆m, is turned on at the zero crossing 

of the switch current (i.e. zero-current switched, ZCS) because it is in series with the resonant 

inductor 𝐿r and it is turned off at zero crossing of the drain-source voltage (i.e. zero-voltage 

switched, ZVS) while the switch current flows through the antiparallel diode. The auxiliary 

switch, 𝑆a, is turned on at the ZCS condition because of the presence of the resonant inductor 

𝐿r and boost inductor 𝐿 and it is turned off at the ZVS condition after the voltage of the resonant 

capacitor 𝐶r reaches the output voltage.  

The relationships between the voltage gain, minimum inductance value, inductor current ripple, 

output voltage ripple, and the average and RMS current of the output diode in this converter 

are similar to the relationships of the conventional boost converter. However, the RMS current 

of the main switch is given by (4-10). The RMS current of the auxiliary switch and its body 

diode can be calculated by (4-11); the average current of the auxiliary switch body diode alone 
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is given by (4-12). It is worth mentioning that the average current of the body diode of the main 

switch is negligible since its current amplitude and turn-on time duration are very low.  

𝐼Sm.sb(rms)
≃ √𝐷𝐼In

2 + (
𝑉𝑜

2𝑍n√𝑓r/𝑓s
)

2

   (4-10) 

𝐼Sa.sb(rms) ≃ 𝐼Da.sb(rms) =
𝑉𝑜

2𝑍n√𝑓𝑟/𝑓s
 (4-11) 

𝐼Da.sb(avg) =
𝑉o

𝜋𝑍n𝑓𝑟/𝑓𝑠
   (4-12) 

In (4-10)-(4-12), subscript m is for main, a is for auxiliary, S is for switch, D is for diode and 

sb is for soft-switched boost converter, and 𝑍n is defined as √𝐿r/𝐶r and 𝑓r is the resonance 

frequency, 1/(2𝜋√𝐿r𝐶r). According to (4-11) and (4-12), the average and RMS currents of 

the auxiliary components are independent the output power. In addition, the resonant period, 

𝑇r, (= 2𝜋√𝐿r𝐶r) is independent the switching frequency.  

4.2.3 Design characteristics of the prototypes  

The conventional and soft-switched boost converters can be designed according to the methods 

proposed in [30, 157], and, for brevity, the design considerations of these converters are not 

presented in this Chapter. Using the relationships provided in [30, 157], four prototypes 

including two hard-switched and two soft-switched boost topologies were designed and their 

specifications are presented in Table 4.2.  

Prototypes 1 and 2 are two conventional hard-switched boost converters while prototypes 3 

and 4 are soft-switched boost converters. Meanwhile, prototypes 1 and 3 use Si SJ MOSFETs 

while prototypes 2 and 4 use GaN HEMTs. All prototypes use a state-of-the-art low-loss SiC 

Schottky diode for Do. To the extent possible, the rated voltage and current of all devices are 

similar, and each device is state-of-the-art in its category, to provide a realistic comparison.  
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This research was conducted in January 2020, and it is possible that new semiconductor devices 

with similar or better characteristics and performance might become available in the future.  

4.3 Comparison 

In this section, the prototypes are compared and evaluated in terms of efficiency, power density 

and cost using simulation results and theoretical analysis.  

4.3.1 Power loss analysis   

The relationship in (4-13) is used for efficiency calculation. The losses of the components are 

obtained based on the losses calculation procedure presented in [3, 158]. 

𝜂 =
𝑃o

𝑃o + 𝑃Loss
 (4-13) 

Table 4.2  Parameters of prototypes 1-4. 

Proto- 

type 

Output 

power 

Input 

voltage 

Output 

voltage 

Switching 

frequency 

Boost 

Inductor 

Resonant 

Inductor 

1 500 W 100 V 400 V 200 kHz 375 μH - 

2 500 W 100 V 400 V 200 kHz 375 μH - 

3 500 W 100 V 400 V 200 kHz 375 μH 2 μH 

4 500 W 100 V 400 V 200 kHz 375 μH 2 μH 

Proto- 

type 

Output 

Capacitor 

Resonant 

capacitor 
Switch Diode 

1 4.7 μF - IPW65R150CFDA SCS220AG 

2 4.7 μF - GS66506T SCS220AG 

3 4.7 μF 9.1 nF IPW65R150CFDA SCS220AG 

4 4.7 μF 9.1 nF GS66506T SCS220AG 
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In considering the power losses of each converter, the switch losses (∑𝑃Loss
S ), diode losses 

(∑𝑃Loss
D ), capacitor losses (∑𝑃Loss

C ), and inductor losses (∑𝑃Loss
L ) are considered. The power 

losses of a converter can be obtained by (4-14).  

𝑃Loss =∑𝑃Loss
S +∑𝑃Loss

D +∑𝑃Loss
C +∑𝑃Loss

L  (4-14) 

The losses from the diodes can be obtained from (4-15), where 𝑉f and 𝑅D are the forward 

voltage drop and series resistances of the diodes, respectively and 𝐼D(avg) and 𝐼D(rms) are 

average and RMS currents of the diodes, respectively. To simplify the analysis, reverse 

recovery losses associated with Do are neglected since they have negligible influence on the 

power losses when a SiC Schottky diode is used [159].  

𝑃Loss
D = 𝑅D𝐼D(rms)

2 + 𝑉f𝐼D(avg) (4-15) 

The power losses of the switches (𝑃Loss
S ) can be calculated by (4-16). 

𝑃Loss
S = 𝑃Loss

S,switching
+ 𝑃Loss

S,conduction + 𝑃Loss
S,gate

 (4-16) 

The power losses of the switches include three terms. The first term is switching losses which 

can be calculated from (4-17). In this equation, ∆𝑉ds is the change in drain-source voltage, 𝑡on.s 

is the current rise time plus voltage fall time, and 𝑡off.s is the current fall time plus voltage rise 

time.  

𝑃Loss
S,switching

=
1

2
∆𝑉ds(𝐼Sm(t=𝑡0)𝑡on.s + 𝐼Sm(t=𝑡0+DTs)𝑡off.s)𝑓s (4-17) 

The second term is the conduction losses. These losses occur in the switch channel when the 

current is positive, and in the body diode when the current is negative. The conduction losses 

of switches can be calculated as (4-18). 
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𝑃Loss
S,conduction = 𝑅ds(on)𝐼ds(rms,𝑖ds>0)

2 + 𝑃Loss(𝑖ds<0)
𝐷  (4-18) 

where 𝑅ds(on) is the on-state resistance of the power switches, 𝐼ds(rms,𝑖ds>0) is the RMS current 

of the power switch when the drain current is positive, and 𝑃Loss(𝑖ds<0)
D  is losses of its 

antiparallel diode when drain current is negative. 

The third term is the gate drive losses which depends on total input gate charge of the switch 

𝑄g, switching frequency 𝑓s, and the voltage applied to the gate driver 𝑉gg and can be calculated 

according to (4-19). 

𝑃Loss
S,gate

= 𝑓s𝑉gg𝑄g (4-19) 

The losses of the capacitors due to their equivalent series resistances (𝑟C) can be calculated by 

the following relationship where 𝐼C(rms) is the RMS current through the capacitor. 

𝑃Loss
C = 𝑟C𝐼C(rms)

2  (4-20) 

Losses in the inductors result from ohmic (𝑃Loss
L,ohmic

) and core losses. The ohmic losses of the 

inductors can be calculated as (4-21). 

𝑃Loss
L,ohmic = 𝑟L𝐼L(rms)

2  (4-21) 

where, 𝐼L(rms) is the RMS current of the inductor and 𝑟L is the equivalent series resistance of 

the inductor. Inductors also suffer eddy-current and hysteresis loss, which depend on the type 

of core and ripple of flux density and can be calculated from datasheet. 

The simulated efficiency curves for each of the considered topologies is shown versus output 

power and switching frequency in Fig. 4.3 (a) and (b), respectively. To obtain the losses 

accurately, all designed converters have been simulated in similar operating conditions 

indicated in Table 4.2. Since inductor design has a large influence on cost, volume and 

efficiency, the inductor was optimised for each switching frequency. Each design uses a 
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powder core and the design process and core selection was performed using the procedure laid 

out in [160], and the closest commercially available option was chosen.  

In addition, the simulation is conducted in MATLAB/Simulink to obtain the voltage and 

currents required for the loss modelling presented in equations (4-15) to (4-21). Then, using 

the parasitic resistance, capacitance, and inductance values of components, which can be 

obtained from their datasheet (presented in Fig. 4.3’s caption), the power loss in each 

 

(a) 

 

(b) 

Fig. 4.3  Efficiency comparison. (a) For different output powers. (b) For different switching 

frequencies at nominal specifications. Case Temperature 𝑇c  =25°C, 𝑟Co=15 mΩ, 𝑟Cr=15 

mΩ, Powder Core (T157-8), 𝑟L=60 mΩ, Δ𝑖L=1 A, 𝑟Lr =10 mΩ. 
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component is calculated. Finally, the efficiency of each converter can be determined using 

equations (4-13) to (4-15).  

The power losses and efficiencies are calculated for each data point using data provided in the 

components’ datasheets. The DC losses of the inductors are calculated using (4-21), while their 

core losses are determined based on the method outlined in their datasheet [160]. Moreover, 

the AC losses are neglected in this analysis. The use of litz wire for winding the inductors 

provides reasonable accuracy for this assumption. Since only the current and voltage of the 

components were required, a SPICE-type model was unnecessary. 

 As shown in Fig. 4.3(a), prototype 2, the hard-switched boost converter in which the GaN 

HEMT switch was used, provides the highest efficiency while prototype 1, the SJ Si-based 

hard-switched boost converter is ranked second. However, the soft-switched boost converters 

(prototypes 4 and 3), which are based on GaN HEMT and SJ Si MOSFET, are surprisingly 

ranked third and fourth, respectively.  

Since prototype 4 uses GaN switches with lower on-resistance, it has a better efficiency 

compared to prototype 3. To explain why, perhaps counterintuitively, the efficiency of the 

hard-switched boost converter is higher than its soft-switched equivalent even though both use 

similar semiconductors, we consider the following:- 

1) In high-gain and high-power DC-DC converters, conduction losses are usually the 

dominant losses. Therefore, in this case, since the power and input current of the converters 

are large, the influence of the switching losses is lower than the conduction losses.  

2) The higher the input current, the more conduction losses there are in the auxiliary 

components because the resonant current should be able to reduce the main switch current 

to zero. Hence, even though this soft-switched converter has low conduction losses at low 

power and low gain applications, its conduction losses at high gain and high power 

applications are higher than a comparable hard-switched converter.  

3) There is a resonant inductor in the auxiliary circuit which suffers significant core loss at 

high frequency and high current ripple.  
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It is worth noting that the parasitic capacitances of the high-voltage-rated (>400V) switches 

and diodes are about ten times higher under very low drain-source voltage (<10V) that at rated 

voltage. Therefore, in soft-switched converters in which switches and diodes are switched 

under ZVS conditions, the parasitic capacitances are high, in the nanofarad range [161]. The 

parasitic capacitances of the semiconductors, PCB tracks and passive components usually 

cause high frequency voltage oscillation across the semiconductor devices of the converter. In 

very low voltage converters (<50V), the amplitude of this oscillation is also low; however, it 

becomes significant at high voltage, which increases the losses of the converter, especially core 

losses.  

To show the effect of high parasitic capacitance on the operation of the converter, the 

simulation results for the voltage and current of the switches in the soft-switched converter 

with Si SJ MOSFETs (prototype 3, presented in Table 4.2) when the components are ideal and 

non-ideal are shown in Fig. 4.4 and Fig. 4.5, respectively. As shown in these figures, the 

parasitic elements have a noticeable influence on the circuit operation and hence efficiency in 

the high power and voltage ranges. 

According to (4-11) and (4-12), since the resonant current is relatively load-independent and 

its losses are near-constant from low power to high power, the efficiency of the soft-switched 

converter decreases at light power. Hence, the soft-switched topology can only provide high 

efficiency at nominal load condition. Accordingly, in PV systems and other applications where 

input or load variation is considerable and hence operation is far away from the nominal design, 

boost converters featuring auxiliary circuits have reduced suitability due to the detrimental 

effects of currents circulating in their auxiliary branch.  
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The efficiency of the GaN-based hard-switched converter (prototype 2) is higher than SJ Si-

based hard-switched converter (prototype 1), not only because the GaN switch has lower 

switching losses, but also because the switch benefits from lower conduction losses due to 

lower on-state resistance. Since the GaN-based hard-switched converter does not have any 

auxiliary circuits its efficiency does not decrease at low powers, but actually increases due to 

lower conduction losses. Hence, this converter is suitable for renewable energy applications 

such as AC-PV module systems.  

In Fig. 4.3(b), the simulated efficiency of the each considered topology operated at different 

switching frequencies at nominal specifications are presented. The efficiency of the hard-

switched topologies decreases with higher switching frequency as expected. In addition, 

 

(a) 

 

(b) 

Fig. 4.4  Simulation results of the ideal soft-switched boost converter. (a) 𝑖L, 𝑖Sm, 𝑉ds.Sm, 

𝑉gs.Sm. (b) 𝑖L, 𝑖Sa, 𝑉ds.Sa, 𝑉gs.Sa. 

 

 

0.019910 0.019915 0.019920 0.019925 0.019930
-25

0

25

50

75

100

125

time (s)

 iL (A)  iSm(A)  0.25Vds.Sm(V)  Vgs.Sm(V)

0.019910 0.019915 0.019920 0.019925 0.019930
-25

0

25

50

75

100

125

time (s)

 iL (A)  iSa(A)  0.25Vds.Sa(V)  Vgs.Sa(V)



Sajad Ansari   Soft-switching vs WBG Devices 

96  Chapter 4 

because the GaN-based switches have a reduced switching loss compared to Si-based switches, 

the difference in efficiency between GaN-based and Si-based hard-switched converters 

increases as the switching frequency increases. For example, at 100 kHz, the difference is 0.5% 

while it is 1% at 400 kHz.  

One might predict that the influence of switching frequency is lower for soft-switched 

converters. However, for the aforementioned reasons, the dominant losses in microinverter 

applications are conduction losses, and, since the resonant period is switching frequency-

independent and does not decrease with switching period, the conduction losses in the auxiliary 

components increase at higher switching frequency. In addition, the core loss of the resonant 

inductor increases noticeably as the switching frequency increases.  

 

(a) 

 

(b) 

Fig. 4.5  Simulation results of the non-ideal soft-switched boost converter. (a) 𝑖L , 𝑖Sm , 

𝑉ds.Sm, 𝑉gs.Sm. (b) 𝑖L, 𝑖Sa, 𝑉ds.Sa, 𝑉gs.Sa. 
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The loss distributions of all the prototypes at nominal specifications are illustrated in Fig. 4.6. 

It can be observed that the Si-based hard-switched converters have the highest switching losses; 

the switching losses of the soft-switched converters are negligible. However, the soft-switched 

converters suffer from higher conduction and core losses since they have auxiliary switch, 

capacitor, and inductor. In spite of low value of the resonant inductor, it has high core losses 

because it is in series with the main switch which experiences a high current ripple.  

Although the soft-switched converter has lower switching losses than a hard-switched 

converter which uses a state-of-the-art power switch, it has lower efficiency and it cannot 

provide high efficiency for light load ranges. Therefore, on efficiency alone, the GaN-based 

hard-switched converter is a better choice for applications in which the power is not constant 

and varies. 

 

 

 

Fig. 4.6   Loss distribution of the converters. 𝑇c =25°C, 𝑟Co=15 mΩ, 𝑟Cr=15 mΩ, Powder 

Core (T157-8), 𝑟L=60 mΩ, Δ𝑖L=1 A, 𝑟Lr =10 mΩ. 
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4.3.2 Power density analysis 

In this section, the volume of the components used in implementation of the converters, 

including capacitors, inductors, switches, diodes, gate drivers and heatsinks are compared. In 

order to simplify the analysis, the volume of control system and PCB layout are not considered.   

In order to provide a fair comparison, the design power of each of the converters is 500 W. The 

volumes, which will be presented in Fig. 4.7(a), are therefore inversely proportional to the 

power density and are themselves an indication of performance.  

The following relationship is used to calculate the minimum thermal resistance of the required 

heatsink, 𝑅sa, for each device.  

𝑅sa = [
𝑇j − 𝑇a

𝑃d
− 𝑅jc − 𝑅cs] (4-22) 

where, 𝑃d represents the losses of the device, 𝑇a is ambient temperature (assumed in this work 

to be 25°C), 𝑇j is junction temperature, 𝑅jc is junction-to-case thermal resistance, and 𝑅cs is the 

case-to-heatsink thermal resistance. In cases where no heatsink is required, the junction 

temperature of the device can be calculated from (4-23).  

𝑇j = 𝑃d𝑅ja + 𝑇a (4-23) 

In this equation, 𝑅ja is junction to ambient thermal resistance. Assuming the use of SIL PAD 

TSP 1800ST insulating pad [162], the case-to-heatsink thermal resistance 𝑅cs for the output 

diode, GaN HEMT and SJ Si MOSFET are 1.6, 8.6, and 0.57 W/°C, respectively. Note that, 

since the GaN HEMT switch has the smallest contact area, its case-to-heatsink thermal 

resistance is the largest. The losses of the output diode in all prototypes at nominal 

specifications are around 1.8 W therefore, according to (4-23) the output diode does not require 

a heatsink since its junction temperature does not exceed the maximum tolerable value.  

However, it might need a heatsink in higher power ranges (𝑃o > 500𝑊). The values of 𝑅jc and 

𝑇j for all semiconductors are given in their datasheets. The power losses of the main switch in 

the Si MOSFET-based and GaN HEMT-based hard-switched boost converters at nominal 
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specifications are 9.4 W and 5.5 W, respectively. According to (4-22), the main switches of 

GaN-based and Si-based hard-switched topologies each need a heatsink with 𝑅sa lower than 

13.4 W/°C and 11 W/°C, respectively. Therefore, the Fischer Electronic SK 55275AL and SK 

55250AL heatsinks are selected for the main switches of the prototypes 1 and 2, respectively. 

In prototype 3, the losses of the main and auxiliary switches at nominal conditions are about 

10.6 and 6.8 W, respectively. Hence, since the main and auxiliary switches need a heatsink 

with 𝑅sa lower than 9.5 and 16.4 W/°C, respectively, the Fischer Electronic SK 55275AL and 

SK 55225AL heatsinks are selected for the main and auxiliary switches, respectively. Finally, 

the losses of the main and auxiliary switches in prototype 4 are 6.9 and 5.3 W, respectively. 

Thus, since the main and auxiliary switches need heatsink with 𝑅sa lower than 8.8 and 

14.3 W/°C, respectively, the Fischer Electronic SK 552100AL and SK 55237.5AL heatsinks 

are selected for the main and auxiliary switches, respectively.  

The volume and power density of all the converters are compared in Fig. 4.7(a) and (b), 

respectively. Soft-switched boost converters have the larger volume. The volume of their 

control system and PCB layout are larger, however, even without considering them, the hard-

switched converters still have lower volume than the soft-switched topologies. As shown in 

Fig. 4.7(a), the GaN-based hard-switched converter (prototype 2) is the smallest converter. 

Despite the higher case-to-heatsink thermal resistance of the GaN HEMT compared to the SJ 

Si MOSFET, it requires a smaller heatsink since it has far lower losses. However, in the soft-

switched prototypes, the GaN-based topology (prototype 4) needs a larger heatsink than the Si-

based topology (prototype 3) because the difference between the switch losses are small.  

The GaN HEMT-based hard-switched boost converter thus has a better power density than the 

SJ Si MOSFET-based soft switching boost converter. It is therefore a better choice for AC-PV 

module applications in which a DC-DC converter is needed for each PV module.  
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4.3.3 Cost analysis 

In this section, the costs of the all prototypes are evaluated based on the average price of their 

components in the main international distributors of electronic components [163-165].  

According to the components used in power density subsection, the cost of all components and 

converters are presented in Table 4.3 and Fig. 4.8, respectively.  It has to be mentioned that 

this analysis is provided in January 2020, and these prices may have changed since. Power 

 

(a) 

 

(b) 

Fig. 4.7  Comparison between all prototypes. (a) Volume. (b) Power density. 𝐿=𝐿r=T157-

8, 𝐶o= KEMET ESH475M450AH2AA, 𝐶r= WIMA FKP2J014701I00HSSD. 
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switches, capacitors, inductors, gate drivers, heatsinks, and diodes are considered, and to 

simplify the analysis, the cost of PCB, inductor winding and control system are neglected. As 

shown in the Fig. 4.8, the GaN HEMT-based hard-switched converter (prototype 2) is £10.57 

more expensive than SJ Si MOSFET-based hard-switched converter (prototype 1). However, 

even though GaN switches are far more expensive than SJ Si switches, the GaN HEMT-based 

hard-switched converter is still cheaper than the soft-switched converters (£3 cheaper than 

prototype 3 and £24 cheaper than prototype 4). It is worth noting that the technology of Si and 

GaN switches are not equally mature and this cost gap may close in the future. The cost of the 

control system and PCB layout for the soft-switched converter is likely higher than for the 

hard-switched converter, but even neglecting this, the cost of the GaN-based hard-switched 

converter is lower than the soft-switched topologies. The GaN-based hard-switched topology 

is therefore a better choice for renewable energy applications like AC-PV module systems in 

which cost is critically important. However, considering cost alone, the hard-switched topology 

which uses SJ Si switches is the best choice since it has the lowest cost presently.  

 

Table 4.3  Component costs. 

Component Cost (£) Supplier  

IPW65R150CFDA  4.25 Mouser Electronics [163] 

GS66506T 14.85 Mouser Electronics [163] 

SCS220AG  7.86 Mouser Electronics [163] 

WIMA FKP2J014701I00HSSD  0.47 Mouser Electronics [163] 

SI8261BAC-C-IP  2.10 Mouser Electronics [163] 

KEMET ESH475M450AH2AA  0.43 Mouser Electronics [163] 

SK 55225AL    0.26 Anglialive [164] 

SK 55250AL    0.42 Anglialive [164] 

SK 55275AL    0.45 Anglialive [164] 

  SK 552100AL    0.49 Anglialive [164] 

  SK 55237 .5AL  0.28 Anglialive [164] 

T-157-8 6.5 Pace Components [165] 
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4.3.4 Final remarks 

According to the aforementioned results, it is clear that the GaN HEMT-based hard-switched 

converter has a better performance in terms of efficiency and power density compared to Si SJ 

MOSFET-based hard-switched topology and soft switching topologies. However, this 

converter is more expensive than Si SJ MOSFET-based hard-switching topology, but is less 

costly than either soft-switched topologies.  

Finally, the results of this comparison are accurate for boost DC-DC converters with power 

levels of a few hundred watts and voltage levels of a few hundred volts. Therefore, changing 

the topology and specifications of the converter may lead to different results. 

4.4 Experimental results 

In order to confirm the theoretical analysis and simulation results, all four prototypes were 

implemented and compared using experimental results. The laboratory set-up is shown in Fig. 

4.9. The DC link voltage is kept constant at 100 V by a DC power supply and a power analyser 

(Yokogawa PX8000) is used to measure the efficiency of the converters. An ARM-based 

microcontroller STM32F407VGTx discovery board is used to generate the gating pulses with 

 

Fig. 4.8  Cost comparison for all prototypes. 

 

0 10 20 30 40 50 60

Input Voltage=100V, Output Voltage=400V, Switching Frequency=200kHz, Output Power= 500W

Cost (£)

 Cr

 Heatsink

 Sa

 Sm

 Co

 Gate Driver

 Lr

 Do

 L

S
o

ft
 

G
a
N

S
o

ft
 S

J
 

S
i

H
a
rd

 

G
a
N

H
a
rd

 S
J

S
i



Soft-switching vs WBG Devices  Sajad Ansari 

 

Chapter 4  103 

appropriate duty ratio for the switches of the converters. The load includes a constant resistance 

(150 Ω) in series with a rheostat which can be changed from 10 Ω to 1000 Ω to adjust the 

output power of the converters.  

To maximise the performance of the converters, some of the design techniques implemented 

in this set-up are presented as follows. First of all, the earth tracks are placed immediately 

below the supply tracks on the PCB to decrease the stray magnetic flux and reduce EMI due to 

leakage inductance. Secondly, small film capacitors (1 μF) are placed near to the switches to 

create a low impedance path for the switching signals, and the gate drivers are placed as close 

as possible to their switches. Thirdly, the effects due to stray electric and magnetic fields are 

reduced by minimising the length of tracks. In addition, the heatsink is connected to the 

 

 

Fig. 4.9  Experimental set-up.  
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underside of PCB such that it does not act as a voltage-driven antenna. Finally, the initial 

temperature of the heatsink was 25°C.  

The output voltage, 𝑉o, the drain-source voltage, 𝑉ds.Sm, drain current, 𝑖Sm and gate-source 

voltage of the main switch, 𝑉gs.Sm in Si-based and GaN-based hard-switched boost converters 

are shown in Fig. 4.10(a) and (b), respectively. The switching frequency is 200 kHz, output 

power is 500 W, and output and input voltages are 400 V and 100 V, respectively. The main 

switches of the both converters are turned on and off at the hard switching condition which 

causes switching losses.  

 

(a) 

 

(b) 

Fig. 4.10  Experimental results. 𝑉o, 𝑉ds.Sm, 𝑉gs.Sm, and 𝑖Smin (a) prototype 1, (b) prototype 2.  
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The output voltage, 𝑉o, the drain-source voltage, 𝑉ds.Sm, drain current, 𝑖Sm, and gate-source 

voltage of the main switch, 𝑉gs.Sm in Si-based and GaN based soft-switched boost converters 

are illustrated in Fig. 4.11(a) and (b), respectively. As shown in Fig. 4.11(a) and (b), the 

operation of the soft-switched and hard-switched boost converters are the same in general, 

since the boost inductor is charged by the input source and then discharges to the output. In 

addition, it can be seen that, in prototypes 3 and 4, the switches are switched at soft switching 

conditions (they are turned on at ZCS condition and turned off at ZVS condition), which makes 

their switching losses negligible. In addition, as predicted in section 4.3, the parasitic 

components causes a high frequency oscillation in the circuits, especially for ZVS topologies.  

 

(a) 

 

(b) 

Fig. 4.11  Experimental results. 𝑉o, 𝑉ds.Sm, 𝑉gs.Sm, and 𝑖Smin (a) prototype 3, (b) prototype 4.  
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The efficiency of all prototypes versus output power and switching frequency are measured 

and compared in Fig. 4.12(a) and (b), respectively. In addition, the predicted efficiency of the 

prototypes calculated by the simulation results are shown with dotted line in Fig. 4.12(a) and 

(b). The experimental results confirm the efficiency comparison provided in Fig. 4.3. The 

difference between the measured efficiency and the theoretical prediction ranges from 1% in 

the hard-switched topologies to about 3% in the soft-switched topologies.   

 

(a) 

 

(b) 

Fig. 4.12  Experimental efficiency comparison. (a) For different output powers. (b) For 

different switching frequencies at nominal specifications.  
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There are a number of factors which explain these discrepancies. Firstly, the parasitic 

resistances, capacitances, and inductances of the paths in the PCB layout were not considered 

in the theoretical analysis due to simplification and their negligible effect. Second, the variable 

nature of the switching frequency, whose experimental value is sensitive to unmodelled 

parasitic elements, does not result precisely in the expected theoretical value. The component 

characteristics, sourced from the datasheets and used for theoretical analysis, are subject to 

tolerance and voltage- and temperature-dependency, especially for their parasitic elements. 

Moreover, even though the switching losses are neglected in the soft-switched topologies, they 

are not eliminated completely. Furthermore, as mentioned in section 4.3, the parasitic 

capacitors have an important influence on the operation of the soft-switched converter, 

especially conduction and core losses.  

By using the exact SPICE models of components and conducting SPICE simulations, it is 

possible to reduce discrepancies in the results. However, even considering these discrepancies, 

the experimental results still confirm the predicted efficiencies provided in section 4.3.  As 

predicted in the theoretical analysis, the GaN-based hard-switched boost converters is the most 

efficient while the Si-based soft-switched boost converter has the lowest efficiency. In addition, 

the Si-based hard-switched converter and GaN-based soft-switched converter are ranked 

second and third, respectively. All the aforementioned explanations for Fig. 4.3 provided in 

section 4.3.1 remain valid for Fig. 4.12 and so are not repeated here.  

The power density and cost comparison provided in section 4.3 are based on the experimental 

results and are not subject to experimental validation, as datasheet dimensions and price-list 

values are not prone to experimental variation.  

4.5 Discussion and conclusion 

In this Chapter, to investigate various methods used to decrease the switching losses of the DC-

DC converters, four prototypes are implemented and evaluated. These were: 1) a hard-switched 

DC-DC boost converter which uses a state-of-the-art SJ Si MOSFET; 2) a version of prototype 

1 using a GaN HEMT power switch; 3) a fully soft-switched DC-DC boost converter based on 

SJ Si MOSFET; and 4) a GaN HEMT version of prototype 3. All the prototypes were simulated 

and tested experimentally under the same operating conditions to compare their efficiency, 
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power density and cost when they are designed to be used in renewable energy applications 

such as AC-PV module systems.  

The GaN-based hard-switched converter can provide the highest efficiency from light power 

(100 W) to nominal power (500 W) range, and Si-based hard-switched converter is ranked 

second (see Fig. 4.12). However, the GaN-based and Si-based soft-switched converters hold 

the third and fourth rank, respectively. In addition, the efficiency of the soft-switched 

converters decreases noticeably at light power range; thus, they are not a good choice for PV 

systems in which power range varies across hours and seasons. Furthermore, it is shown that 

the GaN-based hard-switched converter occupies the smallest volume.  

The Si-based hard switching is the cheapest converter, and the GaN-based hard switching 

converter is ranked second. However, the GaN-based hard-switched converter remains cheaper 

than Si-based soft-switched converter, even though GaN switches are far more expensive than 

Si switches. This cost gap between Si and GaN switches may close in the future. Overall, since 

using GaN in DC-DC converters does not alter the simple traditional, simple structure of the 

converter and has better performance in terms of power density, cost, and efficiency than the 

soft-switched converter, it is a better choice for renewable energy applications. 

Last and most importantly, it is clear from the results that adding an auxiliary circuit to obtain 

soft switching for PWM converters leads to a more expensive and complicated circuit and does 

not always guarantee a higher efficiency. In addition, WBG devices cannot eliminate switching 

losses and therefore at the operating frequencies in MHz range, PWM converters will suffer 

from high switching losses even when they use WBG semiconductor devices. Therefore, the 

remainder of this thesis focuses on resonant converters which benefits from soft switching 

capability inherently and are a better choice for high power density and efficiency applications.  
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Chapter 5  

 

Fully-Integrated Planar Transformer with a 

Segmental Shunt for LLC Resonant Converters  

 

This Chapter presents two topologies (termed IT1 and IT2), which provide high leakage 

inductance for shunt-inserted integrated magnetic transformers. These differ from 

conventional designs by replacing the low-permeability magnetic shunt of a planar 

transformer with high-permeability magnetic shunt segments, separated by many small air 

gaps. This approach results in a shunt with the same bulk permeability as the conventional 

design, while using lower cost and readily available magnetic materials such as ferrite. A 

modelling and design approach, which can estimate the leakage and magnetising inductances 

precisely is provided for each topology. Theoretical analysis is presented and verified using 

finite-element analysis and experimental implementation. AC resistance analysis for both 

transformer topologies is also presented. In addition, an LLC resonant converter is built to 

verify the performance of the proposed fully-integrated magnetic transformers in practice. It 

is shown that the proposed topologies can integrate all three magnetic components of an 

isolated LLC resonant converter in a single planar transformer, which reduces the converter's 

volume and cost. 

5.1 Introduction 

PWM converters, like the boost converter, suffer from the lack of soft switching capability and 

thus have high switching losses under high frequency operation. Losses are limited by 

constraining the operating frequency, leading to lower power density [3, 166]. As shown in 

Chapter 4, even though soft switching capability can be achieved by adding an auxiliary circuit 

to the conventional topology of the PWM converters, the auxiliary circuit adds complexity and 

cost [6, 7]. On the other hand, resonant converters provide soft-switching capability inherently. 

Hence, resonant converters can achieve high efficiency at high switching frequency and are a 

good choice for the applications in which high power density alongside high efficiency is 

needed.  
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The LLC topology is one of the most popular amongst resonant converters and has been used 

in many applications [150, 151, 167]. An isolated LLC resonant converter, which is again 

shown in Fig. 5.1(a), uses three magnetic components: a shunt (or parallel) inductor, a series 

(or resonant) inductor and a transformer. In order to decrease the volume and cost, and increase 

the efficiency of the LLC resonant converter, all three magnetic elements are usually integrated 

into a single magnetic transformer as presented in Fig. 5.1(b).  

There are many methods, which can be used to integrate the magnetic components of the LLC 

resonant converter. Amongst them, the inserted-shunt integrated transformer has gained 

popularity recently [12, 130, 134, 135] and is chosen to be further investigated in this thesis.  

Inserting a single piece low-permeability magnetic shunt in a planar transformer enhances the 

leakage inductance and makes the estimation of its value more accurate, but this idea suffers 

from some disadvantages. The magnetic shunt must have a specific and unusually low 

permeability. Suitable magnetic materials are not often readily available, and when they are, 

 
(a) 

 

(b) 

Fig. 5.1  Topology of the half-bridge LLC resonant converter, (a) without magnetic integration, 

(b) with magnetic integration.  
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they are frequently expensive. In addition, these low-permeability materials are often found 

only in limited sizes [135, 137, 138]. Furthermore, the low-permeability magnetic shunt has 

temperature-dependent permeability, leading to non-stable leakage inductance. 

To address these issues, two new structures (termed IT1 and IT2) shown in Fig. 5.2 and Fig. 

5.3 are proposed in this Chapter. These structures are formed by interleaving highly permeable 

ferrite with thin plastic spacers to form segmental magnetic shunts. This design approximates 

the low-permeability material in [12, 130, 134]; its permeability is modulated by the ratio of 

ferrite-to-spacer length. The design is more economical because ferrite is widely available in 

the market with different sizes and for lower price.  

Both of the proposed structures are analysed and their modelling and design guidelines are 

provided in detail. The theoretical analysis is verified by finite-element analysis (FEA) 

simulation and experimental results. The AC resistance for the proposed structures is also 

discussed. Furthermore, an LLC converter is implemented to investigate the performance of 

the designed fully-integrated magnetic transformers. It is shown that this LLC converter works 

properly while all of its magnetic components are integrated in the proposed structures.  

 

 

Fig. 5.2  The proposed five-segment shunt-inserted integrated magnetic transformer (IT1).  
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5.2 Proposed integrated magnetic transformers 

The structures of the first and second proposed integrated transformers are shown in Fig. 5.2 

and Fig. 5.3, respectively. Subscripts f and t mean five-segment and two-segment, respectively.  

As shown in in Fig. 5.2 and Fig. 5.3, a segmental magnetic shunt is inserted between the 

magnetic cores of a planar transformer in both topologies. The magnetic shunt of the first 

(termed IT1) and second (termed IT2) topologies have five and two segments, respectively. 

For both topologies the primary and secondary windings are separated by being placed at 

opposite sides of the shunt. A lumped parameter magnetic equivalent circuit is superimposed 

on the transformer geometry to show the locations of the core, shunt and air gap reluctances, 

and the winding magnetomotive force (MMFs). The modelling of the proposed topologies is 

discussed in the following sections. 

5.2.1 Relationship between magnetising and leakage inductances 

From (2-59) and (2-61), the total leakage inductance of a transformer referred to the primary 

side may be obtained as (5-1). 

𝐿Lk = 2𝐿PP − 2𝐿m     (5-1) 

 

Fig. 5.3  The proposed two-segment shunt-inserted integrated magnetic transformer (IT2).  

 

ℓC1  

ℓC2  

𝑏d  𝑏w  

𝑤c  

𝑡Sh  

Core

Shunt

ℓtG2 ℓtG2 ℓtG2 ℓtG2 

ℓtG1 

Primary Winding

Secondary Winding

MMF

Reluctance

+
-

+
-

x

y
z



Integrated Transformer with Segmental Shunt  Sajad Ansari 

 

Chapter 5  113 

5.2.2 Five-segment magnetic shunt  

The topology of the integrated transformer based on a five-segment magnetic shunt (IT1) is 

shown in Fig. 5.2. The shunt incorporates four equal vertical air gaps with length ℓfG2 (nb. ‘f’ 

refers to five segments) to achieve same bulk permeability as the conventional design with the 

low-permeability shunt. In addition, the horizontal air gaps between the cores and shunt are 

assumed equal with the length ℓfG1. The reluctance model of this topology is presented in Fig. 

5.4(a), where ℛfG1 , ℛfGG  and ℛfG2 are air-gap reluctances, ℛfC1 , ℛfC2  and ℛfCC  are core 

reluctances and ℛfSh1, ℛfSh2 and ℛfSh are shunt reluctances. These are obtained as follows:—  

ℛfC1 =
ℓC1

𝜇0𝜇r𝑏d𝑤c
 (5-2) 

ℛfC2 =
ℓC2

𝜇0𝜇r𝑏d𝑤c
 (5-3) 

ℛfCC =
ℓC1

𝜇0𝜇r𝐴c
 (5-4) 

ℛfSh1 =
𝑡Sh

2𝜇0𝜇Sh𝑏d𝑤c
 (5-5) 

ℛfSh2 =
𝑏w − 2ℓfG2
𝜇0𝜇Sh𝑡Sh𝑤c

 (5-6) 

ℛfSh =
𝑡Sh

2𝜇0𝜇Sh𝐴c
 (5-7) 

ℛfG1 =
ℓfG1

𝜇0(𝑏d + ℓfG1)(𝑤c + ℓfG1)
 (5-8) 

ℛfG2 =
ℓfG2

𝜇0(𝑡Sh + ℓfG2)(𝑤c + ℓfG2)
 (5-9) 
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ℛfGG =
ℓfG1

𝜇0(2𝑏d+ℓfG1)(𝑤c + ℓfG1)
 (5-10) 

where 𝜇0 is the permeability of the air and 𝜇r and 𝜇Sh are the relative permeabilities of the core 

and shunt, respectively. 𝐴c is the core effective cross-sectional area and the definition of other 

quantities can be found in Fig. 5.2. Hurley, et al, [168] showed that an effective cross-sectional 

area of the air gap with dimension a by b are equal to (a+g) by (b+g) when the fringing effect 

is considered and g is the length of the studied air gap.  

The reluctance model of the topology with a five-segment shunt is shown in Fig. 5.4(a). Circuit 

analogue analysis allows mutual flux of the five-segment topology, 𝜙fPS, to be calculated as  

𝜙fPS =
2𝑁P𝑖P(ℛfSh2 + 2ℛfG2)

ℛfE(ℛfE + 2(ℛfSh2 + 2ℛfG2))
 (5-11) 

where ℛfE is an equivalent reluctance defined as  

ℛfE = ℛfC1 +ℛfC2 + 2ℛfCC + ℛfSh1 + ℛfG1 + 2ℛfSh + 2ℛfGG (5-12) 

By substituting (5-11) into (2-56), the magnetising inductance of the five-segment topology, 

𝐿fm, may be calculated using (5-13). 

𝐿fm =
2𝑁P

2(ℛfSh2 + 2ℛfG2)

ℛfE(ℛfE + 2(ℛfSh2 + 2ℛfG2))
 (5-13) 
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From (2-57) and the reluctance model presented in Fig. 5.4(a), the self-inductance of the 

primary winding of the five-segment topology, 𝐿fPP, may be calculated using (5-14).  

      

(a) 

 

(b) 

 Fig. 5.4  The reluctance model of the proposed segmental shunt-inserted integrated magnetic 

transformers. (a) Five-segment topology (IT1). (b) Two-segment topology (IT2). 

𝑅fC1  𝑅fC1  

𝑅fC1  𝑅fC1  

𝑅fC2  𝑅fC2  

𝑅fC2  𝑅fC2  

+
-

𝑅fCC  

𝑅fCC  

𝑅fS h1 𝑅fS h1 

𝑅fS h1 𝑅fS h1 

𝑅fG1 𝑅fG1 
𝑅fGG  

𝑅fG1 𝑅fG1 
𝑅fGG  

𝑅fS h  

𝑅fS h  

𝑅fG2 𝑅fG2 

𝑅fG2 𝑅fG2 

𝑅fS h2 

𝑅fS h2 

𝑁P𝑖P  

+
-

𝑁S𝑖S  

𝑅tC1  𝑅tC1  

𝑅tC1  𝑅tC1  

𝑅tC2  𝑅tC2  

𝑅tC2  𝑅tC2  

+
-

𝑅tCC  

𝑅tCC  

𝑅tG1 𝑅tGG  

𝑅tG2 
𝑅tS h2 𝑅tS h2 

𝑁P𝑖P  

+
-

𝑁S𝑖S  

𝑅tG2 

𝑅tG2 𝑅tG2 𝑅tG2 

𝑅tG2 𝑅tG2 𝑅tG2 

𝑅tG1 



Sajad Ansari   Integrated Transformer with Segmental Shunt 

116  Chapter 5 

𝐿fPP =
2𝑁P

2(ℛfSh2 + 2ℛfG2 + ℛfE)

ℛfE(ℛfE + 2(ℛfSh2 + 2ℛfG2))
 (5-14) 

Applying (5-1), (5-13) and (5-14), the total leakage inductance caused by the shunt and referred 

to the primary side of the five-segment topology, 𝐿flk−Sh, may be calculated using (5-15).  

𝐿fLk_Sh =
4𝑁P

2

ℛfE + 2(ℛfSh2 + 2ℛfG2)
 (5-15) 

Therefore, from (5-13) and (5-15), the magnetising and leakage inductances can be calculated 

for the design of the transformer. 

 

5.2.3 Two-segment magnetic shunt  

An alternative approach uses a two-segment shunt (IT2) and the topology of its integrated 

transformer is shown in Fig. 5.3.  This topology benefits from fewer segments which makes 

the implementation easier. However, in this topology, the entirety of the window area cannot 

be used for windings and the distance between windings and shunt is reduced, which leads to 

higher eddy-current losses in the windings as a result of the fringing effect. The magnetic shunt 

includes two identical segments and there are air gaps between each segment and the cores 

with length ℓtG2 (nb. ‘t’ refers to two segments). In addition, there are horizontal air gaps 

between the top and bottom cores with length ℓtG1. The reluctance model of this topology is 

presented in Fig. 5.4(b), where ℛtG1, ℛtGG and ℛtG2 are air gap reluctances, ℛtC1, ℛtC2 and 

ℛtCC are core reluctances and ℛtSh2 is shunt reluctance and they may be obtained as follows:- 

ℛtC1 =
ℓC1

𝜇0𝜇r𝑏d𝑤c
 (5-16) 

ℛtC2 =
ℓC2

𝜇0𝜇r𝑏d𝑤c
 (5-17) 
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ℛtCC =
ℓC1

𝜇0𝜇r𝐴c
 (5-18) 

ℛtSh2 =
𝑏w − 2ℓtG2
𝜇0𝜇Sh𝑡Sh𝑤c

 (5-19) 

ℛtG1 =
ℓtG1

𝜇0(𝑏d + ℓtG1)(𝑤c + ℓtG1)
 (5-20) 

ℛtG2 =
2ℓtG2

𝜇0(𝑡Sh + ℓtG2)(𝑤c + ℓtG2)
 (5-21) 

ℛtGG =
ℓtG1

𝜇0(2𝑏d+ℓtG1)(𝑤c + ℓtG1)
 (5-22) 

According to the reluctance model of the topology with a two-segment shunt presented in Fig. 

5.4(b), the mutual flux of the two-segment topology, 𝜙tPS, may be calculated using (5-23).  

𝜙tPS =
2𝑁P𝐼P(ℛtSh2 + ℛA + ℛB)

ℛtE(ℛtE + 2(ℛtSh2 +ℛA + ℛB))
 (5-23) 

where ℛtE can be defined as  

ℛtE = ℛtC1 +ℛtC2 + 2ℛtCC + ℛC + ℛD (5-24) 

and ℛA, ℛB, ℛC and ℛD are defined as 

ℛA =
ℛtG2
2

ℛtG1 + 2ℛtG2
 

(5-25) 
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ℛB =
ℛtG2
2

2ℛtGG + 2ℛtG2
 

(5-26) 

ℛC =
ℛtG1ℛtG2

ℛtG1 + 2ℛtG2
 

(5-27) 

ℛD =
2ℛtGGℛtG2

2ℛtGG + 2ℛtG2
 

(5-28) 

By substituting (5-23) into (2-56), the magnetising inductance of the two-segment topology, 

𝐿tm, is 

𝐿tm =
2𝑁P

2(ℛtSh2 + ℛA + ℛB)

ℛtE(ℛtE + 2(ℛtSh2 + ℛA + ℛB))
 (5-29) 

From (2-57) and the reluctance model presented in Fig. 5.4(b), the self-inductance of the 

primary winding of the two-segment topology, 𝐿tPP, is 

𝐿tPP =
2𝑁P

2(ℛtSh2 +ℛA + ℛB + ℛtE)

ℛtE(ℛtE + 2(ℛtSh2 + ℛA + ℛB))
 (5-30) 

From (5-1), (5-29) and (5-30), the leakage inductance caused by the shunt and referred to the 

primary of the two-segment topology is 

𝐿tLk_Sh =
4𝑁P

2

ℛtE + 2(ℛtSh2 + ℛA + ℛB)
 (5-31) 

Therefore, from (5-29) and (5-31), the magnetising and leakage inductances can be calculated.  

 

5.3 Leakage inductance caused by window area and windings 

The total energy stored in the leakage inductance of the proposed topologies consists of the 

energy stored in the windows area of the cores and the primary and secondary windings and 
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flux conducting through the inserted-shunt (including its air gaps). Careful calculation of the 

total leakage inductance is needed for accurate modelling of the proposed topologies. 

Fig. 5.5 shows a cross-section of the right-hand side of the transformers divided into several 

regions contributing the stored energy by the leakage inductance. The primary winding consists 

of 𝑁P turns and is constructed from 𝑛P layers each with 𝑘P turns (𝑁P = 𝑘P𝑛P).  Each primary 

winding layer has a height ℎP and an associated insulating layer with a height ℎ∆P.  Similar 

notation is used for the secondary winding, 𝑁S = 𝑘S𝑛S, with each layer having a height ℎS and 

insulating layer height ℎ∆S. Regions 𝐸P and 𝐸S refer to the energy stored in the primary and 

secondary winding. 𝐸air is the energy stored in the proportion of the winding window not 

occupied by the windings and shunt. 

Assuming the permeability of the core is very high then any energy that is stored in the 

transformer must be located outside of the core. The total leakage inductance, 𝐿Lk, may be 

obtained by (5-32). 

𝐸 =
1

2
∭𝐵𝐻 d𝑉

𝑉

=
1

2
𝐿Lk𝑖P

2 (5-32) 

where 𝑉 is the total volume with a cross-section consisting of the window area and the shunt,  

𝑖P is the primary current, 𝐵 is the flux density and 𝐻 is the magnetic field intensity. The MMF 

of each layer of the primary winding, 𝔉P, may be obtained from (5-33), where 𝑘P is the number 

of turns in each layer of the primary winding.  

𝔉P = 𝑘P𝑖P (5-33) 

If 𝑛P  and 𝑛S  are defined as the number of layers of the primary and secondary windings, 

respectively, the MMF within the window area, 𝔉air, is 𝑛P𝔉P and the magnetic field intensity 

within the air area, 𝐻air, may be obtained by the following equation.  
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𝐻air =
𝑛P𝔉P
𝑏w

 (5-34) 

In addition, from (5-32), the energy stored in the air, 𝐸air, (the area of 𝐸air is shown in Fig. 5.5) 

may be obtained as follows:-  

𝐸air =
1

2
𝜇0𝑤c𝑏w ∫ 𝐻air

2 d𝑥

𝑥fP(or 𝑥tP)

−𝑥fS(or 𝑥tS)

 (5-35) 

where 𝑤c is the core depth and 𝑥fP and 𝑥fS are the distances between the primary and secondary 

windings and the shunt for the five-segment topology shown in Fig. 5.5(a), respectively. 𝑥tP 

and 𝑥tS are the distances between the primary and secondary windings and the shunt for the 

two-segment topology shown in Fig. 5.5(b), respectively.  

From (5-34) and (5-35), the energy stored in in both windows (left and right windows of an E-

core) of the five-segment (𝐸fair) and two-segment topologies (𝐸tair) may be obtained by (5-36) 

and (5-37), respectively. 

      

(a) (b) 

Fig. 5.5  MMF distribution of the proposed integrated transformers. (a) Five-segment topology 

(IT1). (b) Two-segment topology (IT2).  
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𝐸fair = 𝜇0𝑤c
𝑛P
2𝑘P

2𝑖P
2

𝑏w
(𝑥fP + 𝑥fS)       (5-36) 

𝐸tair = 𝜇0𝑤c
𝑛P
2𝑘P

2𝑖P
2

𝑏w
(𝑥tP + 𝑥tS)        (5-37) 

The energy stored in the primary and secondary windings, which is the energy stored in the 

PCB layers of the planar transformer, can be obtained according to the MMF distribution 

presented in Fig. 5.5 [129, 130, 134]. Ouyang , et al, [129] showed that it may be calculated as 

follows for primary and secondary:-  

𝐸P =
1

6
µ0
𝑤c
𝑏w

𝑘P
2[ℎ∆P(2𝑛P

3 − 3𝑛P
2 + 𝑛P) + 2ℎP𝑛P

3]𝑖P
2 

(5-38) 

𝐸S =
1

6
µ0
𝑤c
𝑏w

𝑘S
2[ℎ∆S(2𝑛S

3 − 3𝑛S
2 + 𝑛S) + 2ℎS𝑛S

3]𝑖S
2 (5-39) 

In (5-38) and (5-39), the thickness of the PCB layers of the primary and secondary windings 

are shown by ℎP and ℎS, respectively, and the thickness of insulation layers of the primary and 

secondary windings are shown by ℎ∆P and ℎ∆S, respectively.  

From (5-15), (5-31), (5-32) and (5-36)-(5-39), the total leakage inductance of the five-segment 

and two-segment topologies may be obtained by (5-40) and (5-41), respectively.  

𝐿fLk = 2𝜇0𝑤c
𝑁P
2

𝑏w
(𝑥fP + 𝑥fS) +

4𝑁P
2

ℛfE + 2(ℛfSh2 + 2ℛfG2)
 

+
1

3
𝜇0
𝑤c
𝑏w

𝑘P
2𝑛P

2 ∑ [ℎ∆𝑖 (2𝑛𝑖 − 3 +
1

𝑛𝑖
) + 2ℎ𝑖𝑛𝑖]

𝑖=P,S

 
(5-40) 
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𝐿tLk = 2𝜇0𝑤c
𝑁P
2

𝑏w
(𝑥tP + 𝑥tS) +

4𝑁P
2

ℛtE + 2(ℛtSh2 + ℛA + ℛB)
 

+
1

3
𝜇0
𝑤c
𝑏w

𝑘P
2𝑛P

2 ∑ [ℎ∆𝑖 (2𝑛𝑖 − 3 +
1

𝑛𝑖
) + 2ℎ𝑖𝑛𝑖]

𝑖=P,S

 (5-41) 

 

The calculated leakage and magnetising inductances for the five-segment and two-segment 

topologies are shown in Fig. 5.6(a) and (b), respectively. It is clear that the magnetising and 

leakage inductances are mainly influenced by the horizontal air gaps (ℓfG1 or ℓtG1) and the 

thickness of the shunt, respectively. Hence, the leakage and magnetising inductances are 

sufficiently decoupled from each other in the proposed topologies and can be regulated 

separately by the thickness of the shunt and the length of the horizontal air gap, respectively.  

  

(a) (b) 

Fig. 5.6  The calculated leakage and magnetising inductance values. (a) Five-segment topology 

(IT1). (b) Two-segment topology (IT2). Core: E32/6/20/R-3F4, ℓfG2=ℓtG2=0.5mm, ℓfG1 and 

ℓtG1 in mm, 𝑁P=10, 𝑁S=2, 𝑛P=5, 𝑛S=2, 𝑘P=2, 𝑘S=1, 𝑥fP= 𝑥fS=1.5mm, 𝑥tP= 𝑥tS=0.76mm.   
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5.4 FEA simulation and experimental verification 

Simulation and experimental verification for both topologies with specification presented in 

Table 5.1 (designed according to the sections 5.2 and 5.3) are provided in this section in order 

to confirm the modelling of the proposed topologies. Rather than design a converter to fit the 

transformer, the transformer is designed for a typical LLC converter with specification shown 

later in Table 5.4.  

 

5.4.2 FEA simulation 

The FEA simulations were conducted using ANSYS Maxwell, a commercial software package 

that specializes in electromagnetic simulations. The transformer geometry was modelled using 

solid modelling techniques, with each part of the transformer accurately represented as a 

separate object. The material properties of the transformer were defined using manufacturer 

datasheets, and the simulation was set up to consider the transformer's operating conditions. 

The simulation mesh was refined to ensure accurate results, with a minimum element length of 

0.1 mm for small parts and maximum length of 2 mm for big parts. Suitable region was applied 

to the simulation to reduce computational cost and ensure the accuracy of the simulation. The 

simulation was performed using a transient solution type, which allowed for the analysis of the 

transformer's performance over time. External circuits were used to provide excitation to the 

transformer windings during the FEA simulations. These circuits were carefully designed to 

accurately represent the operating conditions of the transformer when it is used in an LLC 

resonant converter with specification shown later in Table 5.4 and ensure that the simulation 

results were as realistic as possible. By using these external circuits, the simulation was able to 

capture the behaviour of the transformer under the operating conditions.  

Simulation allowed for a thorough analysis of the transformer's performance characteristics 

and helped to identify any potential issues that could arise under different operating conditions. 

Overall, the FEA simulations were performed with great rigour and attention to detail and 

provide a comprehensive understanding of the transformer's performance characteristics. 
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The magnetic field intensity and flux density vectors for the five-segment and two-segment 

topologies are presented in Fig. 5.7(a) and (b), respectively. From Fig. 5.7, it is clear that the 

leakage inductance is mainly caused by the shunt since the magnetic field intensity and flux 

density vectors are higher in the shunt air gaps than window area and windings. The leakage 

and magnetising inductances versus thickness of the shunt and horizontal air gaps (ℓfG1 and 

ℓtG1) calculated from (5-13), (5-29), (5-40) and (5-41) and obtained by FEA simulation for the 

five-segment and two-segment topologies are presented in Fig. 5.8(a) and (b), respectively. As 

shown, there is only a small discrepancy between the theoretical and simulation results, which 

verifies the modelling of the proposed topologies.  

TABLE 5.1  Proposed structures’ specification. 

Symbol Parameter Value 

𝑁P Primary turns  10 

𝑁S Secondary turns 2 

𝑘P Turns per layer in primary 2 

𝑘S Turns per layer in secondary 1 

𝑛P Number of primary layers 5 

𝑛S Number of secondary layers 2 

ℎP, ℎS Primary and secondary conduction thickness 35    m 

ℎ∆P, ℎ∆S Primary and secondary insulation thickness 30    m 

𝑤PT Primary PCB trace wideness  3.1   mm 

𝑤ST Secondary PCB trace wideness 5.7   mm 

𝑡Sh Shunt thickness 1.5   mm 

ℓfG1 Five-segment topology horizontal air gap 0.13 mm 

ℓtG1 Two-segment topology horizontal air gap 0.28 mm 

ℓfG2 Five-segment topology vertical air gap 0.5   mm 

ℓtG2 Two-segment topology vertical air gap 0.5   mm 

𝑥fP, 

𝑥fS 

Distance between primary and secondary windings and 

shunt for five-segment topology 

1.5   mm 

1.5   mm 

𝑥tP, 

𝑥tS 

Distance between primary and secondary windings and 

shunt for two-segment topology 

0.76 mm 

0.76 mm 
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(a) 

(b) 

Fig. 5.7  Magnetic field intensity and magnetic flux density vectors. (a) Five-segment topology 

(IT1). (b) Two-segment topology (IT2). E32/6/20/R-3F4. 
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The loss distribution of the proposed topologies and the conventional low-permeability one-

segment shunt topology obtained by FEA is shown in Fig. 5.9. It can be seen that the two-

segment topology has higher conduction losses compared to the five-segment topology and the 

reason is explained later. Therefore, even though the two-segment shunt topology benefits from 

easier manufacturing and smaller volume, it suffers from higher losses. As shown in Fig. 5.9, 

both proposed topologies have slightly higher conduction losses compared to the conventional 

single low-permeability shunt topology. This is because a high-permeability shunt with air gaps 

suffers from higher fringing than a solid low-permeability shunt, leading to higher AC 

resistance. It should be noted that Sullivan ,et al, [137] have suggested a quasi-distributed gap 

technique which addresses the issue and could be incorporated into the proposal.  

 

(a) 

 

(b) 

Fig. 5.8  Modelling verification by simulation results. (a) Leakage inductance. (b) Magnetising 

inductance. 
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TABLE 5.2  Volume comparison between different topologies. 

Topology 𝑡Sh (mm) 𝜇Sℎ ℓ𝑓𝐺1, ℓ𝑡𝐺1 (mm) ℓ𝑓𝐺2, ℓ𝑡𝐺2 (mm) Volume (mm3) 

[12] 1.5 9.5 0.052 - 9228 

[12] 1.4  10  0.06  - 9174 

Five-segment 1.5 800  0.13 0.48  9328 

Five -segment 1.4 800  0.13 0.45  9264 

Two-segment 1.5 800  0.28  0.48  8374 

Two-segment 1.4 800  0.28  0.45  8374 

 

 

In Table 5.2, the volumes of the proposed topologies and the conventional topology with a 

low-permeability shunt for the same specifications are provided. As shown, the two-segment 

topology provides the lowest volume even though it suffers from lowest efficiency. In addition, 

the proposed topologies can provide the same specification with a range of designs for the 

shunt (which can be optimised as needed). However, the shunt in the conventional topology 

cannot be changed for a particular specification unless the permeability of the shunt itself 

changes. Therefore, based on Table 5.2, not only can the proposed topologies provide a higher 

power density but they also benefit from increased flexibility in design.  

 

Fig. 5.9  Loss distribution of different topologies for output power of 25W. 
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5.4.3 Experimental verification 

To confirm the theoretical analysis and simulation results, the two- and five-segment topologies 

are built for the specification presented in Table 5.1 and their prototypes are shown in Fig. 

5.10. The measured leakage and magnetising inductances of both topologies at 200 kHz, 

measured by frequency analyser Omicron Bode 100, are presented in Table 5.3. The measured 

values are very close to the values obtained by modelling and simulation results. In addition, 

the primary self- and leakage inductance, and the AC resistance versus frequency for the five-

segment and two-segment topologies are shown in Fig. 5.11(a) and (b), respectively. As 

shown, the AC resistance of the two-segment topology is higher than the five-segment topology 

and therefore it has a lower efficiency. Proximity of the gap to the windings in the two-segment 

topology leads to higher fringing which explains the reason of this discrepancy.  

 

 

 

Fig. 5.10  Prototypes of the proposed topologies. Core: E32/6/20/R-3F4.  
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(a) 

 

(b) 

Fig. 5.11  Primary self-inductance and leakage inductance and AC resistance versus frequency. 

(a) Five-segment topology (IT1). (b) Two-segment topology (IT2).  
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TABLE 5.3  Parameters of the implemented transformers. 

Topology SYMBOL Modeling Simulation Measurement 

Five-segment 
𝐿fm 29.08 H 30.1 H  29.6 H 

𝐿fLk 8.86   H 8.72 H  9.23 H 

Two-segment 
𝐿tm 28.81 H 30.4 H 28.95 H 

𝐿tLk 8.61   H 8.59 H  8.95 H 
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To verify the performance of the proposed integrated transformers in practice, an LLC 

converter is implemented and shown in Fig. 5.12. The LLC converter has been designed 

according to the procedure outlined in Chapter 2 and [46] and its specification is shown in 

Table 5.4.  In this design, the series and parallel inductors are integrated into the transformer.  

 

 

 

 

 

 

Fig. 5.12  Prototypes of the implemented LLC resonant converter.  
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The waveforms of the converter operating at a 210 kHz switching frequency using five-

segment and two-segment topologies are shown in Fig. 5.13(a) and (b), respectively. It can be 

seen that the switches are turned on at zero voltage (ZVS) because the drain-source voltage 

drops to zero and then the gate turns on immediately.  

 

 

 

 

TABLE 5.4  The implemented LLC converter’s specification. 

Symbol Parameter Value 

𝑁P: 𝑁S Turns ratio  10:2 

𝐿m Magnetising inductance 29 H 

𝐿r Resonant (series) inductance 9 H 

𝐶r Resonant capacitance 39 nF 

𝑉In  Input voltage  45-55 V 

𝑉o Output voltage 5 V 

𝑃o Output power 25 W 

𝑓s Switching frequency 200-350 kHz 

𝑆 Switches  IRF530N 

𝐷 Rectifier diodes 12CTQ045 
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The efficiency of the converter for both topologies (IT1 and IT2) is shown in Fig. 5.14. For 

this figure, the effect of the asynchronous rectifier is excluded because it is the dominant loss 

mechanism. It can be seen that, since the two-segment topology has higher AC resistance, it 

 

(a) 

 

(b) 

Fig. 5.13  Experimental results of the implemented LLC converter. (a) Five-segment topology 

(IT1). (b) Two-segment topology (IT2). 𝑉ds is drain to source voltage, 𝑉gs is gate to source 

voltage and 𝑖r is the resonant current (primary current of the transformer).  

𝑉𝑑𝑠  (20 V/div) 𝑉𝑔𝑠  (10 V/div) 

𝑖𝑟  (2.5 A/div) 

𝑉𝑑𝑠  (20 V/div) 𝑉𝑔𝑠  (10 V/div) 

𝑖𝑟  (2.5 A/div) 
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suffers from lower efficiency compared to the five-segment topology. However, it benefits 

from easier manufacture since it needs only two segments and has smaller volume. 

Thermal images of the proposed five- and two-segment topologies at nominal operating 

conditions are shown in Fig. 5.15(a) and (b), respectively. It can be seen that the proposed 

transformer with five-segment shunt has a lower temperature (about 0.5°C) compared to the 

two-segment topology since it benefits from lower losses. In addition, the windings have a 

higher temperature compared to the cores since they have higher losses, which confirms the 

loss distribution presented in Fig. 5.9. Moreover, Fig. 5.15 shows that the designed integrated 

transformer operates within an acceptable temperature range, ensuring that neither the core nor 

the windings are damaged.  

It is worth noting that conducting an experimental comparison between the proposed topologies 

with high-permeability shunt and the conventional topology with low-permeability shunt 

would have provided even stronger support for the analysis. Unfortunately, during the time of 

the experiment, it was not feasible to find and order low-permeability materials suitable for the 

shunt. This situation further highlights the challenges posed by the unavailability of low-

permeability materials in the market. 

 

Fig. 5.14  Efficiency of the LLC converter (excluding the rectifier) at different load conditions.  
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The higher number of segments leads the manufacturing to difficulty and higher cost, but it 

improves the efficiency of the transformer because of lower fringing. For odd-numbered 

segments, a five-segment shunt is considered in this work since the reluctance modelling of the 

topology is very similar to the conventional topology with low-permeability shunt  presented 

in [12]. The even-numbered shunts (for example two) provide a higher power density since the 

window area is occupied for the shunt. However, even-numbered shunts suffer from higher 

losses because of fringing effect. Higher odd- and even-numbered segments could have been 

considered for the proposed topologies to improve the efficiency, but it would come with the 

penalty of more complicated manufacturing and higher cost.  

It should also be noted that the application of the proposed topologies is not limited only to the 

LLC converter and can also be extended to other converters viz phase-shifted full-bridge 

converters and dual-active bridge converters.  

5.5 Discussion 

The proposed topologies and the conventional topology share similar structures, with the only 

difference lying in their shunt configurations. As a result, the proposed topologies still retain 

the benefits of planar transformers, including high power density, enhanced cooling capability, 

modularity, and manufacturing simplicity. However, a high-permeability segmental magnetic 

     

 (a)                                                                       (b) 

Fig. 5.15  Thermal image of the transformer. (a) Five-segment topology (IT1). (b) Two-

segment topology (IT2).  
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shunt technique slightly decreases the efficiency of the transformer; thus, a fair question is 

whether using the proposed high-permeability segmental shunts is a suitable alternative to 

using the conventional low-permeability single shunt approach. Hence, the advantages of the 

proposed topologies are discussed below.  

The low-permeability magnetic shunt has temperature-dependent permeability which results in 

non-stable leakage inductance.  

The natural permeability of soft ferrites is a high value. For a particular chemical composition, 

there is only one permeability and it is therefore easily made available in a range of geometries 

and sizes. This differs from low-permeability materials whose permeability must be artificially 

reduced to meet the particular requirement of an application. For these reasons, high-

permeability shunts are generally both cheaper and more widely available than low-

permeability shunts.  

Low-permeability materials offer limited options in terms of permeability, which restricts the 

flexibility of the integrated transformer's design. However, the proposed topologies use vertical 

air gaps to approximate the same bulk permeability as a conventional low-permeability one-

segment shunt. This allows the transformer to be designed with greater flexibility. In other 

words, adjusting the air gaps in a segmental shunt is much easier compared to modifying the 

permeability of a non-segmental shunt.  

In the proposed topologies, the magnetising and leakage inductances are decoupled in the 

design process, leading to higher flexibility in design. This is in contrast to the low-

permeability single shunt topology where the leakage and magnetizing inductances are only 

decoupled for a limited range.  

The efficiency difference between the five-segment topology and conventional topology is 0.8 

percentage points, which is negligible. In addition, even though the two-segment topology has 

lower efficiency compared to the conventional one (2 percentage points – see Fig. 5.9), it 

provides higher power density (10% more as presented in Table 5.2).  
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In addition, it has been already shown in the literature [137, 138] that using distributed air gaps 

in a core is better than using low-permeability materials due to the limitations of the low-

permeability materials. This distribution air gap method could be extended to be used in the 

proposed topologies to address the issue of lower efficiency.  

The reduced costs from using standard high-permeability materials are likely to be reduced 

(although not eliminated) for very large production runs. However, there are many small-scale 

manufacturers with production runs of hundreds to thousands of items for whom a specific 

magnetic shunt is prohibitively expensive. These manufacturers can still benefit from planar 

transformers with shunts to achieve high efficiency, but using materials they can access quickly 

and at commercially viable costs. While less important, availability for prototyping is also a 

consideration, especially since the proposal allows for rapid reconfiguration using off-the-shelf 

materials.  

 

5.6 Conclusion 

Two new structures (IT1 and IT2) for the shunt-inserted integrated planar transformers have 

been presented in this Chapter. These structures benefit from a segmental magnetic shunt based 

on widely-available high-permeability materials which can be found in different sizes and at 

lower price. The analysis and modelling of both structures, considering the leakage flux going 

through the shunt, window area and windings, are presented. The leakage and magnetising 

inductances are decoupled from each other in the proposed topologies and can be designed 

separately by the thickness of the shunt and the length of the horizontal air gap, respectively.  

FEA simulation and experimental verification are provided, and they show a good agreement 

with theoretical predictions. It is shown that while the efficiency of the proposed topologies is 

slightly less than the conventional topology with low-permeability materials, the power density 

is enhanced about 10%.  

An LLC resonant converter is implemented to prove the performance of the proposed 

integrated transformers in practice. The prototype shows that both topologies can integrate all 

three magnetic components of an LLC converter in a single planar transformer as the converter 

operates properly and its switches are switched at ZVS. The efficiency of the LLC converter 

(excluding the rectifier) with proposed transformers are measured. According to the measured 
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values, the efficiency of the five-segment topology is 1 percentage points more than two-

segment topology even though its power density is about 11% less than two-segment topology. 

Finally, the advantages of the proposed topologies compared to the conventional topology with 

low -permeability shunt are discussed to show they can be a suitable alternative for the 

conventional topology.  

The structures (IT1 and IT2) proposed in Chapter 5 do not need a shunt with specific 

permeability and dimensions. However, the inserted shunt has multiple segments and has to be 

located between two E-cores which makes the implementation difficult and leads to high 

assembly cost. Therefore, to address this issue, a new topology (termed IT3) for achieving high 

leakage inductance in inserted-shunt integrated planar transformers is proposed in Chapter 6.  

 



 

138 

Chapter 6  

 

Fully-Integrated Solid Shunt Planar 

Transformer for LLC Resonant Converters  

 

In this Chapter, a new topology (termed IT3) for achieving high leakage inductance in inserted-

shunt integrated magnetic planar transformers is proposed. In the proposed topology, two one-

segment shunts are placed across the planar E-core air gap and between the primary and 

secondary windings. The proposed topology benefits using solid inexpensive ferrite shunts, 

making manufacturing easier. A detailed mathematical model is derived from which a design 

methodology is developed, providing accurate estimation for the leakage and magnetising 

inductances. The theoretical analysis has been verified using finite-element analysis and 

experimental implementation. AC resistance analysis and efficiency comparison are also 

presented for the proposed topology and one of the inserted-segmental-shunt topologies 

presented in Chapter 5, which shows the proposed topology provides higher efficiency because 

of lower AC resistance. In addition, an isolated LLC resonant converter is designed and built 

to investigate the performance of the proposed topology in practice. The three magnetic 

components needed for the designed LLC resonant converter is integrated in a single planar 

transformer using the proposed topology and the converter operates properly. 

6.1 Introduction 

Inserting a low-permeability magnetic shunt in the centre of a planar transformer while its 

primary and secondary windings are separated (by being located above and below the magnetic 

shunt) can provide a high leakage inductance and provides greater and more precise control of 

its value [12, 130, 134]. Even though this structure enhances the leakage inductance and allows 

for its value to be estimated precisely, the inserted shunt must have a specific and unusually 

low permeability, leading the design and manufacturing to difficulty and higher cost [135, 137, 

138].  
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Two new structures (IT1 and IT2) were suggested in Chapter 5 to overcome this problem. 

These structures are formed by interleaving highly permeable ferrite with thin plastic spacers 

to form segmental magnetic shunts. In these structures, a shunt with the same bulk permeability 

as the conventional design (which uses a low-permeability shunt) is approximated by 

regulating the length of the air gaps between segments across the high-permeability shunt (ℓSh).  

The topology of an inserted-segmental-shunt integrated planar transformer (IT2) and its 

reluctance model are shown in Fig. 6.1(a) and (b), respectively. Fig. 6.1(a) shows this topology 

when a two-segment shunt (IT2) is used and this topology with five-segment (IT1) shunt can 

also be found in Chapter 5. As shown in Fig. 6.1, a segmental shunt is inserted between the E-

cores in line with air gap, and the primary and secondary windings are separated by being 

placed above and below the segmental shunt.  

    

(a) (b)        

Fig. 6.1  The inserted-shunt integrated planar transformer with segmental shunt (IT2). (a) 

Schematic. (b) Reluctance model. 
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In this topology, the leakage inductance can be regulated by changing the thickness of the 

shunt, 𝑡Sh, and the shunt air gap length, ℓSh, and the magnetising inductance can be regulated 

by air gap length, ℓG, separation between the E-cores. This topology guarantees a high leakage 

inductance and accurate estimation of its value. However, the difficulty with this topology is 

locating the segmental shunt in between the E-cores and requiring a segmental shunt (minimum 

two segments), which results in manufacturing difficulty. To address this issue, a new topology 

(termed IT3) for the integrated transformer is proposed, which benefits from overlaying the 

solid shunt across the E-core air gap and thereby simplifying manufacture.  

The new structure (IT3) shown in Fig. 6.2(a) is proposed in this Chapter. In the proposed 

topology, two solid shunts are placed on the front and back (x-y plane) of a planar transformer 

while primary and secondary windings are separated by being located above and below the 

shunts such that some of the primary winding generated flux is shunted away from the 

secondary winding in order to realise the leakage inductance.  

In this topology (Fig. 6.2), the bulk permeability of the shunts is regulated by changing their 

distance from the core (ℓSh). Therefore, not only does the proposed structure benefit from using 

   

(a) (b)        

Fig. 6.2  The inserted-shunt integrated planar transformer with solid shunt (IT3). (a) Schematic. 

(b) Reluctance model. 
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high-permeability materials for the shunts but its inserted shunts also do not need to be 

segmental and can be located easier.  

The proposed structure is analysed and modelled and a design guideline is also provided. The 

theoretical analysis is verified by comparison with finite-element analysis (FEA) simulation 

and experimental measurements. The AC resistance analysis and efficiency comparison for the 

proposed structure and one of the inserted-segmental-shunt presented in Chapter 5 (IT2) are 

provided. In addition, in order to examine the performance of the proposed structure in practice, 

an isolated LLC resonant converter using the proposed integrated transformer is implemented 

and investigated. The prototype proves that the proposed structure can integrate all three 

magnetic components of an LLC converter in a single planar transformer.  

 

6.2 Proposed integrated magnetic transformers 

The schematic of the proposed topology and its reluctance model are shown in Fig. 6.2(a) and 

(b), respectively. The air gap ℓG is inserted in between the E-cores to regulate magnetising 

inductance and the air gap ℓSh is added in between the shunts and E-cores to regulate the 

leakage inductance. As shown in Fig. 6.1 and Fig. 6.2, the proposed topology provides the 

same reluctance model as the inserted-segmental-shunt topology (IT2) but its inserted shunts 

are not segmental and can be located more easily.  

One might think that inserting one solid low-permeability shunt between two E-cores 

(presented in [12]) would be easier than overlaying two identical solid shunts on the front and 

back of the transformer. However, manufacturing a solid shunt from low-permeability 

materials (e.g. a powder core) is harder and more expensive than manufacturing a solid shunt 

based on high-permeability materials like ferrite. In addition, low-permeability magnetic 

materials have temperature-dependent permeability, leading to unstable leakage inductance 

[133, 135, 137, 138, 169]. 

In the following, the modelling of the proposed structure is discussed for estimation of the 

leakage and magnetising inductances.  



Sajad Ansari   Integrated Transformer with Solid Shunt 

142  Chapter 6 

Equation (6-1) can be used to calculate the total leakage inductance, 𝐿Lk. 

𝐸 =
1

2
∭𝐵𝐻 d𝑉

𝑉

=
1

2
𝐿Lk𝑖P

2 (6-1) 

where 𝑉 is the cuboid that incorporates the magnetic shunt, window area and the windings, 𝑖P 

is the primary current, 𝐵 is the flux density and 𝐻 is the magnetic field intensity. 

From (6-1), to calculate the leakage inductance, the energy stored in the windows area, and the 

primary and secondary windings, alongside the inserted shunts (including their air gaps) need 

to be calculated. Therefore, the energy stored in each part is calculated separately in the 

following and then the total leakage inductance can be obtained by summation of energies and 

from (6-1).  

6.2.1 Energy stored in window area 

The magnetomotive force (MMF) of each layer of the primary winding, 𝔉P, may be obtained 

from (6-2), where 𝑘P is the number of turns in each layer of the primary winding.  

𝔉P = 𝑘P𝑖P (6-2) 

If 𝑛P and 𝑛S are the number of layers of the primary and secondary windings, respectively, 

then the MMF within the window area, 𝔉air, is equal to 𝑛P𝔉P and the magnetic field intensity 

within the air area, 𝐻air, may be obtained by (6-3).   

𝐻air =
𝑛P𝔉P
𝑏w

 (6-3) 

where 𝑏w is the width of the winding area (defined in Fig. 6.2(a)). From (6-1), the stored energy 

of leakage inductance in air area, 𝐸air, (defined in Fig. 6.3) can be calculated as (6-4). 
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𝐸air =
1

2
𝜇0𝑤c𝑏w∫ 𝐻air

2 𝑑𝑥
𝑥P

−𝑥s

 (6-4) 

where 𝑤c is the core depth and 𝑥P and 𝑥S are the distances from the primary and secondary 

windings to centre of the transformer, respectively, shown in Fig. 6.3. By substituting (6-2) 

and (6-3) into (6-4), 𝐸air in both right and left windows of E-cores can be calculated as (6-5). 

𝐸air = 𝜇0𝑤c
𝑛P
2𝑘P

2𝑖P
2

𝑏w
(𝑥P + 𝑥S)        (6-5) 

 

6.2.2 Energy stored in primary and secondary windings  

According to the MMF distribution presented in Fig. 6.3 (obtained based on method outlined 

in [129, 130, 134]), the stored energy in PCB layers of primary and secondary windings can be 

 

Fig. 6.3  MMF distribution for the proposed structure (IT3).  
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calculated. Ouyang, et al, [129] proved that energy stored in the primary and secondary 

windings may be obtained as (6-6) and (6-7), respectively. 

𝐸P =
1

6
𝜇0
𝑤c
𝑏w

𝑘P
2[ℎ∆P(2𝑛P

3 − 3𝑛P
2 + 𝑛P) + 2ℎP𝑛P

3]𝑖P
2 

(6-6) 

𝐸S =
1

6
𝜇0
𝑤c
𝑏w

𝑘S
2[ℎ∆S(2𝑛S

3 − 3𝑛S
2 + 𝑛S) + 2ℎS𝑛S

3]𝑖S
2 (6-7) 

In (6-6) and (6-7), ℎP and ℎS are defined as the thickness of the PCB tracks of the primary and 

secondary windings, respectively, and ℎ∆P and ℎ∆S are defined as the thickness of PCB 

insulation layers of the primary and secondary windings, respectively.  

6.2.3 Energy stored in magnetic shunts  

The energy stored in the shunts can be calculated by the method outlined in Chapter 5. The 

reluctance model of the proposed topology is presented in Fig. 6.2(b), where ℛG1, ℛGG and 

ℛG2 are air gap reluctances, ℛC1, ℛC2 and ℛCC are core reluctances and ℛSh is shunt reluctance 

and they can be calculated by (6-8)-(6-14). In the reluctance modelling presented in Fig. 6.2(b), 

it is assumed both shunts are located at the same distance from the cores (ℓSh), and therefore 

they can be considered only one shunt but with double thickness (2𝑡Sh).  

ℛC1 =
ℓC1

𝜇0𝜇r𝑏d𝑤c
 

(6-8) 

ℛC2 =
ℓC2

𝜇0𝜇r𝑏d𝑤c
 

(6-9) 

ℛCC =
ℓC1

𝜇0𝜇r𝐴c
 

(6-10) 

ℛSh =
𝑏w

2𝜇0𝜇Sh𝑡Sh𝑤Sh
 

(6-11) 
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ℛG1 =
ℓG

𝜇0(𝑏d + ℓG)(𝑤c + ℓG)
 

(6-12) 

ℛG2 =
ℓSh

𝜇0(𝑏d + ℓSh)(𝑡Sh + ℓSh)
 

(6-13) 

ℛGG =
ℓG

𝜇0(2𝑏d+ℓG)(𝑤c + ℓG)
 (6-14) 

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

and shunt, respectively. 𝐴c is the core effective cross-sectional area and the definition of other 

quantities can be found in Fig. 6.2(a). Hurley, et al, [168] showed that an effective cross-

sectional area of the air gap with dimension a by b are equal to (a+g) by (b+g) when the fringing 

effect is considered and g is the length of the studied air gap.  

According to the reluctance model presented in Fig. 6.2(b) and the method outlined in Chapter 

5, the leakage inductance caused by the inserted magnetic shunts referred to the primary side 

and magnetising inductance for the proposed topology can be calculated by (6-15) and (16), 

respectively.  

𝐿Lk_Sh =
4𝑁P

2

ℛE + 2(ℛSh + ℛA + ℛB)
 

(6-15) 

𝐿m =
2𝑁P

2(ℛSh + ℛA + ℛB)

ℛE(ℛE + 2(ℛSh + ℛA +ℛB))
 (6-16) 

where 𝑁P is primary turns number (𝑛P𝑘P) and 𝑅E can be defined as   

ℛE = ℛC1 +ℛC2 + 2ℛCC + ℛC + ℛD (6-17) 

and ℛA, ℛB, ℛC and ℛD are defined as follows:-  
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ℛA =
ℛG2
2

ℛG1 + 2ℛG2
 

(6-18) 

ℛB =
ℛG2
2

2ℛGG + 2ℛG2
 

(6-19) 

ℛC =
ℛG1ℛG2

ℛG1 + 2ℛG2
 

(6-20) 

ℛD =
2ℛGGℛG2

2ℛGG + 2ℛG2
 (6-21) 

From (6-1), (6-5)-(6-7) and (6-15), the total leakage inductance of the proposed topology may 

be obtained by (6-22). 

𝐿Lk = 2𝜇0𝑤c
𝑁P
2

𝑏w
(𝑥P + 𝑥S) +

4𝑁P
2

ℛE + 2(ℛSh + ℛA + ℛB)
 

+
1

3
𝜇0
𝑤c
𝑏w

𝑘P
2𝑛P

2 ∑ [ℎ∆𝑖 (2𝑛𝑖 − 3 +
1

𝑛𝑖
) + 2ℎ𝑖𝑛𝑖]

𝑖=P,S

 (6-22) 

Therefore, (6-16) and (6-22) can be used to design an integrated transformer according to the 

required magnetising and leakage inductances.  

To demonstrate the fidelity of control achievable with the proposed topology, the calculated 

leakage and magnetising inductances for the proposed topology for different thickness of the 

shunt, 𝑡Sh, and air-gap lengths, ℓG and ℓSh, are presented in Fig. 6.4(a) and (b), respectively. 

It can be seen that the magnetising inductance is only influenced by air-gap length between 

cores (ℓG) and is not significantly affected by changing the thickness of the shunt and ℓSh. On 

the other hand, the leakage inductance is mainly affected by the distance between shunts and 

cores (ℓSh) and also the thickness of the shunt (𝑡Sh). Hence, in the proposed structure, the 

leakage and magnetising inductances are decoupled from each other and can be regulated 

separately, leading the design process to higher flexibility.   
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The leakage inductance distribution (between shunt, air and winding) of the proposed 

integrated transformer for different thicknesses of the shunt (𝑡Sh) and distances from shunts to 

cores (ℓSh) are shown in Fig. 6.5(a) and (b), respectively. As shown, the leakage inductance 

(𝐿Lk) is mainly affected by the shunt’s dimensions and ℓSh. The leakage inductance, caused by 

the window area (𝐿Lk_air) and windings (𝐿Lk_Wi), is only affected by the geometries of the core 

and PCB windings.  

The characteristics of the proposed integrated transformer are now fully investigated and it is 

shown that the transformer can be designed for most reasonable specifications of leakage and 

magnetising inductances. It does not need any low-permeability materials or segmental shunts. 

Therefore, the proposed transformer is a great candidate for use in an LLC resonant converter 

where it can integrate the magnetic components into only a single transformer. In the following, 

the operation of the proposed transformer when it is designed to be used in a typical LLC 

resonant converter is investigated and its modelling is verified by simulation and experimental 

results.     

  

(a) (b) 

Fig. 6.4  The calculated leakage and magnetising inductance versus thickness of the shunt. (a) 

For different E-core air gaps (ℓG). (b) For different distances from shunts to cores (ℓSh). Core: 

E32/6/20/R-3F4, ℓG and ℓSh in mm, 𝑤Sh=2.5mm, 𝑁P=10, 𝑁S=2, 𝑛P=5, 𝑛S=2, 𝑘P=2, 𝑘S=1, 𝑥P= 

𝑥S=1.5mm.  
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6.3 Simulation results  

To verify the theoretical analysis presented in Section 6.2, FEA simulation of the proposed 

integrated transformer is provided. Therefore, an integrated transformer is designed and its 

specification is presented in Table 6.1. The leakage and magnetising inductances and the turns 

ratio of the designed transformer are selected according to the specification of an exemplar 

isolated LLC resonant converter presented in Table 6.3. The transformer core (E32/6/20/R-

3F4) is selected based on the design guidelines outlined by core manufacturer in its catalogue 

[170], which provides charts indicating the appropriate core according to the stored energy and 

operating frequency. The thickness of the shunt and air gap lengths (ℓG and ℓSh) are estimated 

in order to provide the required leakage and magnetising inductances using (6-16) and (6-22) 

and considering the dimensions of the selected core. In addition, the windings are designed 

considering the dimensions, skin effect, their root-mean-square (RMS) currents and the 

difficulty of manufacturing.  

         

    (a)                                                                                 (b) 

Fig. 6.5  Leakage inductance distribution. (a) For different thicknesses of the shunt (𝑡Sh), 

ℓSh=0.3mm. (b) For different distances from shunts to cores (ℓSh), 𝑡Sh=0.5mm. Core: 

E32/6/20/R-3F4, 𝑤Sh=2.5mm, 𝑁P=10, 𝑁S=2, 𝑛P=5, 𝑛S=2, 𝑘P=2, 𝑘S=1, 𝑥P= 𝑥S=1.5mm. 
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The magnetic field intensity and flux density vectors for the proposed integrated transformer, 

while it is used in an LLC converter with specification presented in Table 6.3, are shown in 

Fig. 6.6(a) and (b), respectively. According to Fig. 6.6, the magnetic field intensity and flux 

density vectors are dominant in the shunts and their air gaps (ℓSh) rather than window area and

PCB windings. The leakage flux and, therefore, inductance is mainly caused by the shunts. In 

addition, since the magnetic field intensity is highest in the core air gap (ℓG), the magnetising

inductance is mainly affected by ℓG.

 (a) 

(b) 

Fig. 6.6  FEA simulation results of the proposed topology. (a) Magnetic field intensity. (b) 

Magnetic flux density vectors. Core: E32/6/20/R-3F4. 
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The leakage and magnetising inductances versus thickness of the shunt (𝑡Sh) and transformer 

air gap (ℓG) obtained from (6-16) and (6-22) and measured by FEA simulation are presented 

for the proposed topology in Fig. 6.7(a) and (b), respectively. Fig. 6.7 shows a good agreement 

between the theoretical and simulation results, verifying the analysis of the proposed structure.   

 

 

 

TABLE 6.1  Proposed structure’s specification. 

Symbol Parameter Value 

𝑁P Primary turns  10 

𝑁S Secondary turns 2 

𝑘P Turns per layer in primary 2 

𝑘S Turns per layer in secondary 1 

𝑛P Number of primary layers 5 

𝑛S Number of secondary layers 2 

ℎP, ℎS Primary and secondary conduction thickness 35    m 

ℎ∆P, ℎ∆S Primary and secondary insulation thickness 30    m 

𝑡Sh Shunt thickness 2.3   mm 

𝑤Sh Shunt wideness 1.5   mm 

ℓG Transformer air gap 0.28 mm 

ℓSh Distance between shunt and cores  0.23 mm 

𝑥P,  

𝑥S 

Distance between primary and secondary windings and 

centre of cores 

1.5   mm 

1.5   mm 
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The loss distribution and efficiency of the proposed topology (IT3) and that of the segmental-

shunt topology (IT2), while they are used in the LLC converter at nominal operation, were 

calculated using FEA and are presented in Fig. 6.8(a) and (b), respectively. As shown, the 

proposed topology benefits from lower conduction losses and therefore provides higher 

efficiency.  

 

    

(a) 

 

(b) 

Fig. 6.7 Modelling validation by simulation study. (a) Leakage inductance (ℓG = 0.05mm). 

(b) Magnetising inductance (𝑡Sh = 1mm). E32/6/20/R-3F4, ℓSh = 0.2mm. 
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6.4 Experimental verification 

To verify theoretical analysis and simulation results, an integrated transformer based on the 

proposed structure with specification presented in Table 6.1 is built and its prototype is shown 

in Fig. 6.9. In addition, the proposed topology (IT3) is compared with the inserted-segmental-

shunt topology (IT2, called conventional) which is built with the same specification, also 

shown in Fig. 6.9.   

 

 

 

TABLE 6.2  Parameters of the implemented integrated transformer. 

Parameter Symbol Modelling Simulation Measurement 

Magnetising inductance 𝐿m 28.7 H 29.15 H 29.4 H 

Leakage inductance 𝐿Lk 10.3 H 9.3 H 9.4 H 

 

  

    (a)                                                                       (b) 

Fig. 6.8  Loss distribution. (a) Proposed topology (IT3). (b) Inserted-segmental-shunt topology 

(IT2). Core: E32/6/20/R-3F4. 
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The measured leakage and magnetising inductances of the proposed topology at 200 kHz 

measured by an Omicron Bode 100 analyser are shown in Table 6.2. The measured values are 

close to the values obtained by modelling and simulation results. In addition, the AC resistance, 

primary self-inductance and leakage inductance versus frequency for the proposed topology 

and the segmental shunt topology are shown in Fig. 6.10(a) and (b), respectively. The 

measurement was carried out by the precision impedance analyser Omicron Bode 100 while 

the windings and shunt were located inside the planar cores. As shown in Fig. 6.10, both 

transformers have similar magnetising and leakage inductances. However, the AC resistance 

of the topology with inserted segmental shunt is higher than the proposed topology because of 

its high fringing losses (as mentioned in Chapter 5). As seen in Fig. 6.2, in the proposed 

topology, the air gaps of the shunt (labelled ℓSh) are located further from the windings, reducing 

their coupling with the fringing field and hence reducing losses. In the segmental topology, the 

air gaps are between the lower and upper parts of the winding and therefore have greater 

coupling and therefore greater losses.  

 

 

Fig. 6.9  Prototypes of the proposed (IT3) and inserted-segmental-shunt (IT2, conventional) 

topologies. Core: E32/6/20/R-3F4.  
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To verify the performance of the proposed integrated transformer in practice, an LLC resonant 

converter is implemented with the specification presented in Table 6.3 calculated according to 

the design procedure outlined in Chapter 2 and [46], as shown in Fig. 6.11. In this design, the 

series and parallel inductances are integrated into the transformer. The waveforms of the 

converter operating at 210 kHz using (a) the proposed topology and (b) the topology with 

inserted-segmental-shunt are shown in Fig. 6.12. It can be seen that the switches are turned on 

at zero voltage (ZVS) because the switch gate turns on after its drain-source voltage drops to 

zero.  

  

(a) 

 

(b) 

Fig. 6.10  AC resistance, primary self-inductance and leakage inductance versus frequency. 

(a) Proposed topology (IT3). (b) Inserted-segmental-shunt topology (IT2).  
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Fig. 6.11  Prototype of the designed LLC converter.  

 

 

TABLE 6.3  The implemented LLC converter’s specification. 

Symbol Parameter Value 

𝑁P: 𝑁S Turns ratio  10:2 

𝐿m Magnetising inductance 29 H 

𝐿r Resonant (series) inductance 9 H 

𝐶r Resonant capacitance 39 nF 

𝑉In  Input voltage  45-55 V 

𝑉o Output voltage 5 V 

𝑃o Output power 25 W 

𝑓s Switching frequency 200-350 kHz 

𝑆 Switches  IRF530N 

𝐷 Rectifier diodes 12CTQ045 
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(a) 

 

(b) 

Fig. 6.12  Experimental waveforms of the designed LLC converter. (a) Using proposed 

topology (IT3). (b) Using the inserted-segmental-shunt topology (IT2). 𝑉ds is drain to source 

voltage, 𝑉gs is gate to source voltage and 𝑖r is the resonant current (defined in Fig. 5.1).  

𝑉𝑑𝑠  (20 V/div) 𝑉𝑔𝑠  (10 V/div) 

𝑖𝑟  (2.5 A/div) 

𝑉𝑑𝑠  (20 V/div) 𝑉𝑔𝑠  (10 V/div) 

𝑖𝑟  (2.5 A/div) 
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The efficiency of the implemented LLC converter using the proposed integrated transformer 

and inserted-segmental-shunt integrated transformer are shown in Fig. 6.13 for different output 

powers. It can be seen that, since the topology with inserted-segmental-shunt suffers from 

higher AC resistance, it has a lower efficiency compared to the proposed topology. The 

efficiency of the converter is evaluated after removing the rectifier stage from the circuit since 

the losses from an asynchronous rectifier are higher than losses in the magnetics. Rectifier 

design is not the focus of this work and thus the rectifier is not optimised.  

Thermal images of the proposed topology and inserted-segmental-shunt transformer at nominal 

operating conditions are shown in Fig. 6.14(a) and (b), respectively. It can be seen that the 

proposed transformer has a lower temperature (about 2°C) compared to the inserted-segmental-

shunt transformer since it benefits from lower losses. In addition, the windings have a higher 

temperature compared to the cores since they have higher losses, which confirms the loss 

distribution presented in Fig. 6.8.  

It should be noted that the application of the proposed integrated transformer can be extended 

to other converters such as the phase-shifted full-bridge converters and dual-active-bridge 

converters and is not only restricted to the LLC resonant converter.    



Sajad Ansari   Integrated Transformer with Solid Shunt 

158  Chapter 6 

To sum up, not only does the proposed shunt-inserted integrated transformer address the main 

issues of the segmental shunt topology, but it also provides a higher efficiency without 

fundamentally redesigning the planar transformer or its associated converter.  

 

 

Fig. 6.13  Efficiency of the designed LLC converter without the rectifier stage using the 

proposed inserted-solid-shunt (IT3) and inserted-segmental-shunt integrated transformers 

(IT2).  

 

 

     

 (a)                                                                       (b) 

Fig. 6.14  Thermal image of the transformer. (a) Proposed topology (IT3). (b) Inserted-

segmental-shunt topology (IT2).  
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6.5 Conclusion 

A new topology for the inserted-shunt integrated planar transformers is proposed in this 

Chapter. The inserted shunts are solid in the proposed topology, leading to easier 

manufacturing compared to segmental shunt topology (presented in Chapter 5). In addition, the 

shunts are based on high-permeability materials like ferrite, which is widely available in the 

market with different sizes and lower price. Therefore, the proposed structure benefits from 

both advantages of the high-permeability segmental shunt and low-permeability one-segment 

shunt topologies.  

The analysis and modelling of the proposed structure are presented. The leakage and 

magnetising inductances are decoupled from each other in the proposed structure and can be 

regulated separately, leading to a flexible design process. FEA simulation and experimental 

implementation are provided to verify the theoretical analysis. In addition, according to the 

presented results, the proposed topology can provide a higher efficiency compared to the 

inserted-segmental-shunt topology. An LLC resonant converter is also implemented to 

examine the performance of the proposed integrated transformer in practice. The prototype 

shows that the proposed topology can integrate all the three magnetic components of the LLC 

converter into a single planar transformer.  

There is still one important issue with the topologies (IT1-IT3) proposed in Chapter 5 and 6: 

they all increase the leakage inductance on both primary and secondary sides. As discussed in 

Chapter 3, a high leakage inductance on the secondary side is not preferred and therefore a new 

topology (termed IT4) is presented in Chapter 7 which does not increase the secondary leakage 

inductance.  
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Chapter 7  

 

Inserted-shunt Integrated Planar Transformer 

with Low Secondary Leakage Inductance for 

LLC Resonant Converters  

 

In this Chapter, a novel topology (termed IT4) for inserted-shunt integrated transformers is 

proposed which has low secondary leakage inductance. The inserted shunt of the proposed 

topology is not segmental and can be located conveniently within the transformer. In addition, 

the inserted shunt does not require low permeability core material, simplifying its manufacture. 

The design and modelling of the proposed transformer topology are presented and verified by 

finite-element analysis and experimental implementation. The proposed topology is also 

compared with one of the inserted-segmental-shunt integrated transformers presented in 

Chapter 5. It is shown that the proposed transformer provides higher efficiency and lower AC 

resistance. Finally, an LLC resonant converter is implemented to examine the performance of 

the proposed integrated transformer in practice. 

7.1 Introduction 

A low-permeability magnetic shunt, such as a powder core, can be inserted into a planar 

transformer to achieve a high leakage inductance [12, 130, 134]. In this inserted-shunt 

integrated transformer topology, there is no need for either an auxiliary winding or an unusual 

magnetic core and all three magnetic components of the isolated LLC converter can be 

integrated into only a single planar transformer. However, the inserted shunt must have a 

specific and unusually low permeability in this topology, leading the design and manufacturing 

to difficulty and higher cost. Therefore, in Chapter 5, integrated planar transformers (IT1 and 

IT2) with a segmental shunt were suggested to address this problem. The magnetic shunt in 

this topology is formed by interleaving high permeability ferrite with thin plastic spacers to 

form a distributed air gap ferrite shunt with the same bulk permeability as the conventional 

low-permeability shunt. The design becomes more economical in this structure because high-

permeability materials like ferrite, which is widely available in different sizes and for lower 
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price, can be used for the shunt. However, in this topology, the inserted shunt has several 

segments and must be placed in between two E-cores which makes the implementation difficult 

and lead to high assembly cost. Therefore, in Chapter 6, a new structure (IT3) was presented 

in which the inserted shunts are solid, leading to easier manufacturing compared to segmental 

shunt topology.   

In all reported inserted-shunt integrated transformers [12, 130, 134], and the topologies (IT1-

IT3) presented in Chapter 5 and 6, the main issue is that the leakage inductance does not only 

increase in the primary side but also it increases in the secondary side. The negative effects of 

the secondary leakage inductance on the LLC resonant converters are investigated in Chapter 

3 and in [122, 139-142]. It was pointed out that a new topology for the inserted-shunt integrated 

transformer is needed to avoid the increase of secondary leakage inductance. 

In this Chapter, a new structure (termed IT4) for the inserted-shunt integrated transformers is 

proposed to address the key issue of reducing high secondary leakage inductance. Fig. 7.1 

shows the structure and reluctance model of the proposed integrated magnetic transformer. Fig. 

7.1(a) shows the transformer in the x-y plane and is divided into a primary section (consisting 

of an E-core half and winding) and a secondary section separated by an air gap. Two shunts 

are placed across x-y faces of the primary E-core. Fig. 7.1(b) shows the location of the shunts 

in the x-z plane. Since the shunts only provide a low-reluctance route for leakage flux of the 

primary winding, the primary leakage inductance only increases. In the proposed structure, the 

bulk permeability of the shunts can be regulated by changing their distances from the core 

rather than changing the air gaps length across them, which is in contrast with the segmental-

shunt topology presented in Chapters 5. Hence, the proposed structure not only has the 

advantage of using high-permeability materials for the shunts but also requires solid, rather 

than segmental shunts.  

The proposed structure is analysed and modelled in detail. The theoretical analysis is verified 

by finite-element analysis (FEA) simulation and experimental results. An efficiency 

comparison and AC resistance analysis for the proposed structure and the inserted-segmental-

shunt topology (IT2) presented in Chapter 5 are provided. In addition, the performance of the 

proposed integrated transformer is investigated in practice by implementing an isolated LLC 
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resonant converter. The experimental results show that the proposed structure can integrate all 

three magnetic components of an LLC converter into a single planar transformer.  

 

(a) 

 

(b) 

  

(c) 

Fig. 7.1  The proposed integrated transformer (IT4). (a) Schematic in x-y plane. (b) Schematic 

in x-z plane. (c) Reluctance model.  
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7.2 Proposed integrated magnetic transformers 

The schematic of the proposed structure, geometry/dimensions and reluctance model are shown 

in Fig. 7.1(a), (b) and (c), respectively. An air gap ℓG  is inserted between the E-cores to 

regulate magnetising inductance and an air gap ℓSh is located in between shunts and primary 

E-core to adjust the leakage inductance. The dashed line shown in the reluctance model, Fig. 

7.1(c), divides the contribution into primary section (above the line) and secondary section 

(below the line) with the dividing line crossing the air gap reluctances ℛG1 and ℛGG. The flux 

produced by the magnetic field of the current in the primary winding that links with the 

secondary winding is diverted away from the secondary winding by the reluctance route 

provided by the inserted shunts. However, this route does not affect the flux produced by the 

magnetic field of the current in the secondary winding that links with the primary winding since 

core reluctances, ℛC1, ℛC2 and ℛCC are negligible compared to air gap reluctance of the shunt, 

ℛG2.  

In the following this section, the modelling of the proposed structure is discussed for estimation 

of the leakage and magnetising inductances.  

Assuming the permeability of the core is very high then any energy that is stored in the 

transformer must be located outside of the core.  Equation (7-1) shows the energy stored in the 

volume of the winding, the window area and the shunt is equal the energy stored in the leakage 

inductance, 𝐿Lk.  

𝐸 =
1

2
∭𝐵𝐻 d𝑉

𝑉

=
1

2
𝐿Lk𝑖P

2 (7-1) 

where 𝑉 is the total volume of window area, windings and inserted-shunts, 𝑖P is the primary 

current, 𝐵 is the flux density and 𝐻 is the magnetic field intensity. 

The energy stored in the winding window area of cores and primary and secondary windings 

alongside the inserted shunts form the total energy stored by the leakage inductance. Fig. 7.2 

shows a cross-section of the right-hand side of the transformer divided into several regions 

contributing the stored energy by the leakage inductance. The primary winding consists of 𝑁P 
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turns and is constructed from 𝑛P layers each with 𝑘P turns (𝑁P = 𝑘P𝑛P).  Each primary winding 

layer has a height ℎP and an associated insulating layer with a height ℎ∆P. Similar notation is 

used for the secondary winding, 𝑁S = 𝑘S𝑛S, with each layer having a height ℎS and insulating 

layer height ℎ∆S. Regions 𝐸P and 𝐸S refer to the energy stored in the primary and secondary 

winding. 𝐸air is the energy stored in the proportion of the winding window not occupied by the 

windings and this is divided into a primary region of height 𝑥P and a secondary region of height 

𝑥S. Therefore, the energy stored in each part needs to be obtained first and the total leakage 

inductance can be then calculated by their summation and (7-1).  

7.2.1 Energy stored in window area – Eair 

The magnetomotive force (MMF) of each layer of the primary winding, 𝔉P, may be obtained 

from (7-2), where 𝑘P is the number of turns in each layer of the primary winding.  

 

Fig. 7.2  Core half representation of the MMF distribution for the proposed integrated 

transformer (IT4).  
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𝔉P = 𝑘P𝐼P (7-2) 

If 𝑛P and 𝑛S are defined as the number of layers of the primary and secondary windings, 

respectively, the MMF within the window area, 𝔉air, is equal to 𝑛P𝔉P and the magnetic field 

intensity within the air area, 𝐻air, may be obtained by (7-3).  

𝐻air =
𝑛P𝔉P
𝑏w

 (7-3) 

From (7-1), the stored energy in window area not occupied by the winding, 𝐸air, (defined in 

Fig. 7.2) can be obtained as (7-4). 

𝐸air =
1

2
𝜇0𝑤c𝑏w ∫ 𝐻air

2 d𝑥

𝑥P

−𝑥S

 (7-4) 

where 𝑤c is the core depth and 𝑥P and 𝑥S are the distances from the primary and secondary 

windings to the centre of the transformer, respectively, defined in Fig. 7.2. From (7-2)-(7-4), 

𝐸air in both windows (left and right windows of an E-core) can be obtained as follows:-  

𝐸air = 𝜇0𝑤c
𝑛P
2𝑘P

2𝑖P
2

𝑏w
(𝑥P + 𝑥S)        (7-5) 

7.2.2 Energy stored in primary and secondary PCB windings  

From the MMF distribution presented in Fig. 7.2 which has been obtained based on method 

outlined in [129, 130, 134], the stored energy in PCB layers of primary and secondary windings 

can be obtained. Ouyang, et al, [129] proved that energy stored in the primary and secondary 

windings may be calculated as (7-6) and (7-7), respectively.  

𝐸P =
1

6
𝜇0
𝑤c
𝑏w

𝑘P
2[ℎ∆P(2𝑛P

3 − 3𝑛P
2 + 𝑛P) + 2ℎP𝑛P

3]𝑖P
2 

(7-6) 
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𝐸S =
1

6
𝜇0
𝑤c
𝑏w

𝑘S
2[ℎ∆S(2𝑛S

3 − 3𝑛S
2 + 𝑛S) + 2ℎS𝑛S

3]𝑖S
2 (7-7) 

In (7-6) and (7-7), ℎP and ℎS are defined as the thickness of the PCB tracks of the primary and 

secondary windings, respectively, and ℎ∆P and ℎ∆S are defined as the thickness of the PCB 

insulation layers of the primary and secondary windings, respectively.  

7.2.3 Energy stored in inserted shunts  

The stored energy in the inserted shunts can be obtained from the reluctance model using the 

method outlined in Chapter 5. Referring to Fig. 7.1(c), ℛG1 , ℛGG  and ℛG2 are air gap 

reluctances, ℛC1, ℛC2 and ℛCC are core reluctances and ℛSh is shunt reluctance and they can 

be calculated by (7-8)-(7-14). In the provided reluctance modelling, it is assumed that both 

shunts are located at the same distance from the cores (ℓSh), and therefore only a single shunt 

of double thickness (2𝑡Sh) needs to be considered.  

ℛC1 =
ℓC1

𝜇0𝜇r𝑏d𝑤c
 

(7-8) 

ℛC2 =
ℓC2

𝜇0𝜇r𝑏d𝑤c
 

(7-9) 

ℛCC =
ℓC1

𝜇0𝜇r𝐴c
 

(7-10) 

ℛSh =
𝑏w

2𝜇0𝜇Sh𝑡Sh𝑤Sh
 

(7-11) 

ℛG1 =
ℓG

𝜇0(𝑏d+ℓG)(𝑤c + ℓG)
 

(7-12) 

ℛG2 =
ℓSh

2𝜇0(𝑏d+ℓSh)(𝑡Sh + ℓSh)
 

(7-13) 
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ℛGG =
ℓG

𝜇0(2𝑏d+ℓG)(𝑤c + ℓG)
 (7-14) 

where 𝜇0, 𝜇r and 𝜇Sh are the permeability of the air, and the relative permeability of the core 

and shunt, respectively. 𝐴c is the core effective cross-sectional area and other variables are 

defined in Fig. 7.1(a). Hurley, et al, [168] showed that an effective cross-sectional area of the 

air gap with dimension a by b are equal to (a+g) by (b+g) when the fringing effect is considered 

and g is the length of the studied air gap.  

From the reluctance model presented in Fig. 7.1(c) and the method outlined in Chapter 5, the 

magnetising inductance of the proposed integrated transformer (evaluated at the primary side) 

can be obtained as follows:- 

𝐿m_P =
2𝑁P

2

ℛAℛB − (2ℛG2+ℛSh)
 (7-15) 

where ℛA and ℛB can be defined as (7-16) and (7-17), respectively.   

ℛA =
ℛG1 + 2ℛGG + ℛB

2ℛG2+ℛSh
 

(7-16) 

ℛB = ℛC1 + ℛC2 + 2ℛCC + 2ℛG2+ℛSh (7-17) 

And the primary self-inductance can be obtained by 

𝐿PP =
𝑁P
2

ℛT_P
     (7-18) 

where ℛT_P is the core reluctance (evaluated from the primary side) and can be obtained as (7-

19). 
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ℛℛT_P = ℛCC +
ℛC1 +ℛC2

2
+
(2ℛGG + 2ℛCC +ℛG1 +ℛC1 +ℛC2)(2ℛG2+ℛSh)

2(ℛG1 + 2ℛGG +ℛB)
 (7-19) 

Finally, the primary leakage inductance due to the inserted shunts, 𝐿Lk_P_Sh, can be calculated 

by (7-20).  

𝐿Lk_P_Sh = 𝐿PP − 𝐿m_P (7-20) 

The secondary magnetising inductance (using a similar approach) can be obtained as (7-21).  

𝐿m_S =
2𝑁S

2

ℛCℛD − (2ℛG2+ℛSh)
 (7-21) 

where ℛC and ℛD can be defined as (7-22) and (7-23), respectively.   

ℛC =
ℛB

2ℛG2+ℛSh
 

(7-22) 

ℛD = ℛG1 + 2ℛGG + ℛB (7-23) 

And the secondary self-inductance can be obtained by 

𝐿SS =
𝑁S
2

ℛT_S
     (7-24) 

where ℛT_S is the core reluctance (evaluated from the secondary side) and can be obtained as 

(7-25). 

ℛT_S = ℛGG + ℛCC +
ℛG1 + ℛC1 + ℛC2

2
+
(2ℛCC + ℛC1 + ℛC2)(2ℛG2+ℛSh)

2ℛB
 (7-25) 
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Finally, the secondary leakage inductance due to the inserted shunts, 𝐿Lk_S_Sh, can be calculated 

by (7-26).  

𝐿Lk_S_Sh = 𝐿SS − 𝐿m_S (7-26) 

In Fig. 7.3, from (7-20) and (7-26), the primary and secondary leakage inductances caused by 

shunts of different thickness are presented. As shown, the shunts do not have a noticeable 

influence on the secondary leakage inductance, but the primary leakage inductance can be 

increased by the shunts. This is because the mutual inductance from primary to secondary is 

reduced by the reluctance route through the inserted shunts. However, this route does not affect 

the flux produced by the secondary winding that links with the primary winding since core 

reluctances, ℛC1, ℛC2 and ℛCC are negligible compared to air gap reluctance of the shunt, ℛG2.  

As presented in Fig. 7.3, the secondary leakage inductance caused by the shunts can be 

neglected and, therefore, from (7-1), (7-5)-(7-7) and (7-20), the total leakage inductance of the 

proposed integrated transformer can be calculated as follows:-  

 

 

Fig. 7.3  Primary and secondary leakage inductances caused by the shunts. Core: E32/6/20/R-

3F4, shunt material: Fair-Rite M6, ℓG=ℓSh=0.3mm, 𝑤Sh=0.8mm, 𝑁P=𝑁S=10.    
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       𝐿Lk = 𝐿Lk_P_Sh + 2𝜇0𝑤C
𝑁P
2

𝑏𝑤
(𝑥P + 𝑥S) + 

                         
1

3
𝜇0
𝑤c
𝑏w

𝑘P
2𝑛P

2 ∑ [ℎ∆𝑖 (2𝑛𝑖 − 3 +
1

𝑛𝑖
) + 2ℎ𝑖𝑛𝑖]

𝑖=P,S

 

(7-27) 

where 𝑁P is the primary turns number. Therefore, from (7-15) and (7-27), an integrated 

transformer for the required magnetising and leakage inductances can be designed. For the 

remainder of the Chapter, the magnetising inductance of the transformer, 𝐿m, is defined equal 

to 𝐿m_P. 

The calculated leakage and magnetising inductances of the proposed integrated transformer for 

different thicknesses of the shunt, 𝑡Sh, air gap length, ℓG, and distance between shunts and 

cores, ℓSh, are presented in Fig. 7.4(a) and (b), using a E32/6/20/R-3F4 core as reference to 

determine the main factors of influence in a design (details of the geometry provided in the 

figure caption). It is clear that the magnetising inductance is mainly influenced by air gap length 

between cores, ℓG, and cannot be changed appreciably by varying 𝑡Sh and ℓSh. However, the 

leakage inductance can be regulated by changing ℓSh and 𝑡Sh and is not affected by ℓG. 

Therefore, in the proposed integrated transformer, the leakage and magnetising inductances are 

sufficiently decoupled from each other and can be separately realised, leading the design 

process to higher flexibility.  
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The modelling of the proposed integrated transformer is now fully investigated and it is shown 

that the transformer can be designed for most reasonable specifications in terms of leakage and 

magnetising inductances. These designs do not require low-permeability materials or 

segmental shunts and with the advantage of not increasing the leakage inductance on the 

secondary side. Therefore, the proposed transformer is an attractive candidate for use in an 

LLC resonant converter to integrate its magnetic components into a single transformer. In the 

following, the operation of the proposed transformer when it is designed to be used in an 

exemplar LLC resonant converter is investigated and its modelling is verified by FEA 

simulation and experimental implementation.    

(a) 

(b)

Fig. 7.4  The calculated leakage and magnetising inductances versus thickness of the shunt 

(𝑡Sh), transformer air gaps (ℓG) and distance between shunts and cores (ℓSh). (a) Leakage

inductance. (b) Magnetising inductance. Core: E32/6/20/R-3F4, shunt material: Fair-Rite M6, 

𝑡Sh=1mm, ℓG=ℓSh=0.2mm, 𝑤Sh=0.8mm, 𝑁P=10, 𝑁S=2, 𝑛P=5, 𝑛S=2, 𝑘P=2, 𝑘S=1, 𝑥P=2.5mm, 

𝑥S=1.5mm.
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7.3 Simulation results  

An integrated transformer with minimum secondary leakage inductance is designed based on 

the equations provided in Section 7.2 and its specifications are presented in Table 7.1. The 

magnetising and leakage inductances and turns ratio of the designed transformer are chosen 

according to the specification of an exemplar isolated LLC resonant converter presented in 

Table 7.3. The transformer core (E32/6/20/R-3F4) is selected based on the design guidelines 

outlined by the catalogue of the core provided by its manufacturer [170], which presents 

guidelines for appropriate core selection based on the operating frequency and power. The 

thickness of the shunt and air-gap lengths (ℓG and ℓSh) are estimated in order to provide the 

required leakage and magnetising inductances, using (7-15) and (7-27), and considering the 

dimensions of the selected core. Moreover, the windings are designed considering the 

dimensions, skin effect, their root-mean-square (RMS) currents and the difficulty of 

manufacturing.  

TABLE 7.1  Proposed structure’s specification. 

 Symbol Parameter Value 

𝑁P Primary turns  10 

𝑁S Secondary turns 2 

𝑘P Turns per layer in primary 2 

𝑘S Turns per layer in secondary 1 

𝑛P Number of primary layers 5 

𝑛S Number of secondary layers 2 

ℎP, ℎS Primary and secondary conduction thickness 35 m 

ℎ∆P, ℎ∆S Primary and secondary insulation thickness 30 m 

𝑡Sh Shunt thickness 1.3 mm 

𝑤Sh Shunt wideness 0.8 mm 

ℓG Transformer air gap 0.32 mm 

ℓSh Distance between shunt and cores  0.20 mm 

𝑥P, 

𝑥S 

Distance between primary and secondary windings and centre 

of E-cores, respectively 

2.5 mm 

1.5 mm 
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To verify the theoretical analysis, the FEA simulation results of the designed transformer are 

presented below.  

The magnetic field intensity and flux density vectors for the proposed topology, while it is used 

in an LLC converter with specification presented in Table 7.3, are shown in Fig. 7.5(a) and 

(b), respectively. According to Fig. 7.5, the magnetic field intensity and flux density vectors 

are dominant in the shunts and their air gaps (ℓSh) rather than windows area and PCB windings.

The leakage inductance is therefore mainly caused by the inserted shunts. In addition, since the 

magnetic field intensity is highest in the cores air gap (ℓG), the magnetising inductance is

mainly affected by ℓG.

From Fig. 7.5, it can be observed that the magnetic flux density for the shunts is around 0.2 T, 

which is below saturation. A design can avoid saturation for the shunts whether a low-

permeability material or high-permeability material is used for the shunts.   

(a) 

(b) 

Fig. 7.5  FEA simulation results. (a) Magnetic field intensity. (b) Magnetic flux density vectors. 

E32/6/20/R-3F4 and shunt material: Fair-Rite M6, and frequency=200 kHz. 
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The leakage and magnetising inductances versus thickness of the shunt (𝑡Sh) and transformer 

air gap (ℓG) obtained from (7-15) and (7-27) and measured by FEA simulation are presented 

for the proposed topology in Fig. 7.6(a) and (b), respectively. According to Fig. 7.6, there is a 

good agreement between the theoretical and simulation results, verifying the model developed 

in this Chapter.  

    

(a) 

 

(b) 

Fig. 7.6  Modelling validation by simulation study. (a) Leakage inductance (ℓG = 0.05mm). 

(b) Magnetising inductance (𝑡Sh = 1mm). E32/6/20/R-3F4, shunt material: Fair-Rite M6, 

ℓSh = 0.2mm, and frequency=200 kHz.  
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Primary and secondary leakage inductances caused by the shunts for the proposed integrated 

transformer are presented in Fig. 7.7. As shown, the secondary leakage inductance is not 

affected by the shunts’ characteristics and has a negligible value, verifying Fig. 7.3.     

 Loss distribution of the proposed topology, while it is used in an LLC converter with 

specification presented in Table 7.3, is presented in Fig. 7.8. For comparison, an integrated 

 

Fig. 7.7  Primary and secondary leakage inductances caused by the shunts. E32/6/20/R-

3F4, shunt material: Fair-Rite M6, and frequency=200 kHz. 
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Fig. 7.8  Loss distribution of the proposed (IT4) and conventional (IT2) topologies for 

output power of 25W. E32/6/20/R-3F4, shunt material: Fair-Rite M6, and frequency=200 

kHz.  

0.0

0.5

1.0

1.5

2.0

2.5

3.0

=96.7%=95.6%

Conventional

Topology

Proposed 

Topology

 Core losses  Conduction losses  Total losses

L
o

ss
es

 (
W

)



Sajad Ansari  Integrated Transformer with Low Secondary Leakage inductance 

176  Chapter 7 

transformer with inserted-segmental shunt (IT2), presented in Chapter 5, is also designed to 

the same specification and simulated, shown in Fig. 7.8. As shown, the proposed transformer 

has lower conduction losses and therefore provides higher efficiency compared to the inserted-

segmental-shunt (conventional) topology.  

7.4 Experimental verification 

To verify theoretical analysis and simulation results, an integrated transformer based on the 

proposed structure with specifications presented in Table 7.1 is built and its prototype is shown 

in Fig. 7.9(a). For comparison, an integrated transformer with inserted-segmental-shunt (IT2) 

presented in Chapter 5 is also built to the same specification, shown in Fig. 7.9(b). The shunts 

for this work were made by cutting ferrite sheets and gluing them in parallel.  

The measured leakage and magnetising inductances of the proposed topology at 200 kHz 

obtained using an Omicron Bode 100 frequency analyser are shown in Table 7.2. According 

to Table 7.2, the leakage and magnetising inductances obtained by FEA simulation and 

modelling are close to the experimental results. The proposed topology does not increase the 

secondary leakage inductance despite the inserted magnetic shunt. The secondary leakage 

inductance, while low, is non-zero because there is leakage flux in the window area of the E-

core.  

 

 

TABLE 7.2  Parameters of the implemented integrated transformer. 

Parameter FEA modelling Simulation Measurement 

Magnetising inductance, 𝐿m 28.5 H 28.85 H 29.5 H 

Primary leakage inductance, 𝐿Lk_P 8 H 8.2 H 8.3 H 

Secondary leakage inductance, 𝐿Lk_S 0.03 H 0.04 H 0.03 H 
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AC resistance, primary self-inductance and leakage inductance versus frequency for the 

proposed topology and integrated transformer with inserted-segmental-shunt (IT2, 

conventional) are presented in Fig. 7.10. As shown, the magnetising and leakage inductances 

of both implemented topologies are very similar. However, the integrated transformer with 

inserted-segmental-shunt suffers from higher AC resistance compared to the proposed 

topology and this is because of higher fringing fields due to the inserted-segmental-shunt 

topology (as already pointed in Chapter 5). Therefore, the proposed topology benefits from 

lower conduction losses, which verifies Fig. 7.8. As shown in Fig. 7.1, in the proposed 

topology, the right and left air-gaps of the shunt (labelled ℓSh) are further from the windings, 

reducing their coupling with the fringing field. However, in the segmental topology (IT2), all 

of the air-gaps are between the lower and upper windings and therefore they have greater 

coupling with the fringing field, leading to higher AC losses.   

            

    (a)                                                                       (b)    

Fig. 7.9  Prototypes of the implemented transformers. (a) The proposed transformer (IT4). (b) 

The inserted-segmental-shunt transformer (IT2). Core: E32/6/20/R-3F4 and shunt material: 

Fair-Rite M6. 
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Fig. 7.10  AC resistance, 𝑅AC, primary self-inductance, 𝐿PP, and leakage inductance, 𝐿Lk, 

versus frequency for the proposed (IT4) and conventional (IT2, inserted-segmental-shunt) 

topologies.  
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TABLE 7.3  The implemented LLC converter’s specification. 

Symbol Parameter Value 

𝑁P: 𝑁S Turns ratio  10:2 

𝐿m Magnetising inductance 29 H 

𝐿r Resonant (series) inductance 9 H 

𝐶r Resonant capacitance 39 nF 

𝑉In  Input voltage  45-55 V 

𝑉o Output voltage 5 V 

𝑃o Output power 25 W 

𝑓s Switching frequency 200-350 kHz 

𝑆 Switches  IRF530N 

𝐷 Rectifier diodes 12CTQ045 
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To verify the performance of the proposed integrated transformer, it was incorporated within 

an LLC converter designed according to the procedure outlined in Chapter 2 (Section 2.3.2) 

and [46], shown in Fig. 7.11 (this is the same LLC converter presented in Chapters V and VI 

but with the new transformer). The specification of the designed LLC converter is presented in 

Table 7.3 in which the series and parallel inductances are integrated into the transformer.  

The waveforms of the LLC converter operating at 210 kHz and 280 kHz switching frequency 

using the proposed topology (IT4) and the topology with inserted-segmental shunt (IT2) are 

measured and presented in Fig. 7.12(a)-(d). It can be seen that the converter operates correctly 

and the MOSFETs are turned on at zero voltage switching (ZVS) because the switch gate turns 

on after its drain-source voltage drops to zero. The converter's switching frequency ranges from 

200 kHz to 350 kHz. To show the converter’s capability to provide ZVS for the switches at 

different frequencies and its proper operation, the waveforms for two different switching 

frequencies (one low and one high) are presented. 

As discussed in Section 2.3.2, the choice of frequency range for designing the resonant 

components of the LLC topology should be based on the availability of your hardware and 

 

Fig. 7.11  Prototype of the designed LLC converter.  
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efficiency optimization considerations. The frequency range for LLC converters with power 

less than 50 W typically falls within the range of a few tens of kilohertz to a few hundred 

kilohertz. The actual frequency will depend on the specific design and application requirements 

of the converter.  

 

 

 

      

  (a)                                                                         (b)  

      

  (c)                                                                         (d)  

Fig. 7.12  Experimental waveforms of the designed LLC converter utilising (a) the proposed 

integrated transformer, IT4, (𝑓s=210 kHz), (b) the inserted-segmental-shunt integrated 

transformer, IT2, (𝑓s=210 kHz), (c) the proposed integrated transformer, IT4, (𝑓s=280 kHz), 

(d) the inserted-segmental-shunt integrated transformer, IT2, (𝑓s=280 kHz). 𝑉ds is drain to 

source voltage, 𝑉gs is gate to source voltage and 𝑖r is the resonant current (defined in Fig. 5.1).  
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The efficiency of the LLC converter versus different loads for the proposed integrated 

transformer (IT4) and inserted-segmental-shunt integrated (IT2, conventional) transformer is 

presented in Fig. 7.13. According to Fig. 7.10 and Fig. 7.13, the proposed topology benefits 

from higher efficiency compared to the topology with inserted-segmental-shunt and the lower 

AC resistance of the proposed topology explains the reason of this discrepancy. It needs to be 

pointed that the rectifier diodes cause the dominant losses in the implemented converter and it 

is hard to show the efficiency difference between the proposed topology and inserted-

segmental-shunt integrated transformer when they are operating in the circuit. Hence, the 

rectifier diodes are removed from the converter to measure the efficiency.   

The thermal images of the proposed integrated transformer (IT4) and inserted-segmental-shunt 

integrated transformer (IT2) while they are used in the implemented LLC resonant converter 

at nominal operating condition are shown in Fig. 7.14(a) and (b), respectively. As shown, the 

proposed topology operates at a lower temperature since it has lower losses, verifying Fig. 

7.13. In addition, the temperature of windings is higher than the cores since conduction losses 

are the dominant losses in the inserted-shunt integrated transformers, verifying the loss 

distribution presented in Fig. 7.8.  

 

 

Fig. 7.13  Efficiency of the converter for the proposed topology (IT4) and inserted-segmental-

shunt integrated transformer (IT2).  
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It should be noted that the application of the proposed integrated transformer can be also 

extended to other similar converters like phase-shifted full-bridge converters and is not only 

restricted to the LLC resonant converter.  

7.5 Conclusion 

A new topology (IT4) for the inserted-shunt integrated planar transformers was proposed which 

has low secondary leakage inductance. The proposed topology overcomes the main issue of 

inserted-shunt integrated transformers which is high leakage inductance in the secondary side. 

In addition, the proposed topology benefits from both advantages of high-permeability 

segmental shunt and low-permeability one-segment shunt topologies.  

The proposed topology is analysed and modelled in detail. It is shown that the design of leakage 

and magnetising inductances are decoupled from each other completely. Therefore, they can 

be determined separately, leading the design process to higher flexibility. FEA simulation and 

experimental results are presented to verify the theoretical analysis. The inserted-segmental-

shunt integrated transformer (IT2) presented in Chapter 5 was compared experimentally with 

the proposed transformer in terms of efficiency and AC resistance and the new design is found 

to provide higher efficiency. In addition, an LLC resonant converter was built to investigate 

the performance of the proposed topology in practice. Results show that the proposed topology 

      

 (a)                                                                       (b) 

Fig. 7.14  Thermal images of the transformers. (a) Proposed topology (IT4). (b) Inserted-

segmental-shunt topology (IT2).  
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can integrate all three magnetic components of the LLC converter into only a single planar 

transformer while the converter operates properly.   

The reported inserted-shunt integrated transformers and the topologies presented in Chapters 5 

to 7 are not suitable for use in bidirectional LLC-type resonant converters when different 

primary and secondary leakage inductances are needed, such as where variable gain is required. 

Therefore, in Chapter 8, a new topology (termed IT5) for inserted-shunt integrated transformers 

is proposed that can be used in bidirectional LLC-type converters while it still benefits from 

simple manufacturing and using commercially available materials.  
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Chapter 8  

 

Fully-integrated Transformer with Asymmetric 

Primary and Secondary Leakage Inductances 

for a Bidirectional Resonant Converters 

 

In this Chapter, a new topology (termed IT5) for an inserted-shunt integrated transformer 

which can provide tuneable, asymmetric leakage (series) inductances on the primary and 

secondary sides is presented. Two magnetic shunts, with appropriate air gaps, are inserted 

between two E-cores and the primary and secondary windings are separated by being placed 

at opposite sides of the shunts. The proposed transformer is analysed in detail and modelling 

and design guidelines are provided. It is shown that the magnetising inductance and the 

primary and secondary leakage inductances are decoupled from each other, and they can be 

determined separately. The design has the advantage of using planar E-cores and magnetically 

permeable sheets that are commercially available. The theoretical analysis is verified by 

simulation and experimental results. In addition, to demonstrate the performance of the 

proposed integrated transformer in practice, an exemplar bidirectional CLLLC resonant 

converter is designed, constructed and tested using the new integrated transformer. 

8.1 Introduction 

As discussed in Chapter 3, the LLC converter is not suitable for bidirectional power transfer 

and an extra capacitor and inductor are needed to be added to the secondary side of the 

transformer for bidirectional power transfer [152-154]. The topology of CLLLC converter is 

again shown in Fig. 8.1(a). This converter needs asymmetric primary and secondary resonant 

inductances when a high battery voltage regulation is needed [154]. Even though this converter 

benefits from soft switching capability and can be switched at high frequencies, it needs four 

magnetic components including two series inductors (𝐿r1 and 𝐿r2), a shunt inductor (𝐿Sh) and 

a transformer, leading to large size and high cost. To increase the efficiency and power density, 
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and to decrease the cost of this converter, these magnetic components can be integrated into a 

single transformer, as shown in Fig. 8.1(b).   

Amongst different methods for magnetic integration, the inserted-shunt integrated planar 

transformer is well-known [10, 130]. The reported inserted-shunt integrated transformers 

including the topologies proposed in Chapters 5 and 6 (IT1-IT3) have symmetric primary and 

secondary leakage inductances and these inductances cannot be designed separately in these 

transformers. The CLLLC converter presented in [153, 154], and other similar topologies may 

need asymmetric primary and secondary resonant inductances. Therefore, a new design 

methodology for the inserted-shunt integrated transformers is needed that takes into account 

the non-identical primary and secondary leakage inductances. Hence, the primary focus of this 

chapter is to present an integrated transformer that is well-suited for bidirectional power 

transfer in LLC resonant converters. 

 

 

(a) 

 

(b) 

Fig. 8.1  Topology of bidirectional CLLLC resonant converter, (a) without magnetic 

integration, (b) with magnetic integration. 
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In this Chapter, a new topology (termed IT5) for the inserted-shunt integrated magnetic planar 

transformer is proposed that can provide non-identical primary and secondary leakage 

inductances. The structure of the proposed integrated transformer is shown in Fig. 8.2. Two 

magnetic shunts are inserted between two E-cores and the primary and secondary windings are 

separated by being placed at different sides of the magnetic shunts. Commercially available 

planar cores can be used for the E-cores and magnetic (ferrite) sheets, which are again 

commercially available, can be used for the shunts, leading to cheaper and easier 

manufacturing.  

The proposed integrated transformer is analysed in detail and its modelling and design 

guidelines are provided. It is shown that the magnetising inductance and the primary and 

secondary leakage inductances are decoupled, and they can be determined separately in the 

proposed topology. This theoretical analysis is verified by simulation and experimental results. 

To investigate performance, an exemplar CLLLC converter is designed using the proposed 

integrated transformer to provide experimental validation of the design process. It is shown 

that the implemented bidirectional CLLLC resonant converter operates properly while all its 

magnetic components are integrated into the proposed transformer.  

 

8.2 Proposed inserted-shunt integrated transformer 

The schematic of the proposed integrated transformer is shown in Fig. 8.2. The structure is 

divided into primary and secondary sections. The primary section contains an E-core (primary 

core), a magnetic shunt (primary shunt) and a winding (primary winding), and the secondary 

 

Fig. 8.2  Schematic of the proposed integrated transformer (IT5) in x-y-z plane.  
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section contains the corresponding secondary pieces (secondary core, the shunt and winding).  

With reference to the equivalent circuit shown in Fig. 2.17, the operating principle of the 

transformer is summarised below with more detailed descriptions being provided in the 

following sections. 

The primary winding generates a flux in the primary core and this is responsible for producing 

the primary side inductance (𝐿PP in Fig. 2.17(a)) of which the magnetising inductance (𝐿m in 

Fig. 2.17(b)) is the largest contributor. A small but significant proportion of the primary flux 

flows through the primary shunts and is responsible for the primary side leakage inductance, 

𝐿Lk_P. Similar arguments lead to the provision of the secondary side leakage inductance (𝐿Lk_S). 

The remaining primary flux crosses the air gap and couples to the secondary winding and so is 

responsible for the ideal transformer 𝑁P: 𝑁S in Fig. 2.17(b).  

8.2.1 Basic definition of magnetising and primary and secondary leakage 

inductances 

In subsection 2.4, it is shown that the primary (𝐿Lk_P) and secondary (𝐿Lk_S) leakage 

inductances can be achieved from primary (𝐿PP) and secondary (𝐿SS) self-inductances and 

magnetising inductance (𝐿m) as follows:—   

𝐿Lk_P = 𝐿PP − 𝐿m     (8-1) 

𝐿Lk_S = 𝐿SS −
𝑁S
2

𝑁P
2 𝐿m     (8-2) 

8.2.2 Calculation of magnetising inductance 

The structure of the proposed transformer, with its geometry and dimensions, is shown in Fig. 

8.3(a). An air gap of length ℓG is inserted between the two E-cores to regulate the magnetising 

inductance. Air gap ℓGP is located between primary shunt and primary E-core to set the primary 

leakage inductance, and the air gap ℓGS is located between secondary shunt and secondary E-

core to set the secondary leakage inductance. Fig. 8.3(b) shows the reluctance model of the 

proposed integrated transformer. In this model, the permeability of the core is assumed to be 

much larger than the permeability of the air and the shunts, and thus only the reluctances of the 
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air gaps and shunts are considered for the analysis. In Fig. 8.3(b), ℛShP and ℛShS are the 

reluctances of the primary and secondary shunts, respectively; ℛGP and ℛGS are the air gap 

reluctances of the primary and secondary shunts; and ℛG and ℛGG are the reluctances of the air 

gaps between the two E-cores. These reluctances may be obtained as follows:— 

ℛShP =
𝑏w − 2ℓGP
𝜇0𝜇ShP𝑡ShP𝑤c

 
(8-3) 

ℛShS =
𝑏w − 2ℓGS
𝜇0𝜇ShS𝑡ShS𝑤c

 
(8-4) 

 

(a) 

 

(b) 

Fig. 8.3  The proposed integrated transformer (IT5). (a) Geometry in x-y plane. (b) Reluctance 

model.  
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ℛGP =
ℓGP

𝜇0(𝑡ShP + ℓGP)(𝑤c + ℓGP)
 

(8-5) 

ℛGS =
ℓGS

𝜇0(𝑡ShS+ℓGS)(𝑤c + ℓGS)
 

(8-6) 

ℛG =
ℓG

µ0(𝑏𝑑 + ℓG)(𝑤c + ℓG)
 

(8-7) 

ℛGG =
ℓG

µ0(2𝑏𝑑 + ℓG)(𝑤c + ℓG)
 

(8-8) 

where 𝜇0 is the air permeability and 𝜇ShP and 𝜇ShS are the relative permeabilites of the primary 

and secondary shunts, respectively. The meaning of other quantities, such as areas, can be 

found in Fig. 8.3(a). Hurley, et al, [168] show that the effective cross-sectional area of the air 

gap with dimensions a by b is equal to (a+g) by (b+g) when the fringing effect is considered 

and g is the length of the studied air-gap. 

According to the reluctance model presented in Fig. 8.3(b), the mutual fluxes 𝜙PS and 𝜙SP 

may be approximated by (8-9) and (8-10), respectively.  

𝜙PS =
2𝑁P𝑖P

ℛG + 2ℛGG
 

(8-9) 

𝜙SP =
2𝑁S𝑖S

ℛG + 2ℛGG
 

(8-10) 

Finally, from (8-9) and (2-56), the magnetising inductance may be obtained, 

𝐿m =
2𝑁P

2

ℛG + 2ℛGG
 (8-11) 
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8.2.3 Energy stored by primary and secondary leakage inductances 

Assuming the permeability of the core is high then any energy that is stored in the transformer 

must be located outside the core and, therefore, within the window area.  Equation (8-12) shows 

the total energy stored in the volume of the windings, the window area and the shunts (including 

their air gaps, ℓGP and ℓGS) is equal the energy stored in the primary and secondary leakage 

inductances.  

𝐸 =
1

2
∭𝐵𝐻 d𝑉

𝑉

=
1

2
𝐿Lk_P𝑖P

2 +
1

2
𝐿Lk_S𝑖S

2 
(8-12) 

where 𝑉 is the total volume of window area, 𝐵 is the flux density and 𝐻 is the magnetic field 

intensity.  

A cross section of the right-hand side of the proposed integrated transformer, divided into 

several regions contributing to the energy stored by the leakage inductances, is shown in Fig. 

8.4. In Fig. 8.4, 𝑁P and 𝑁S are the number of primary and secondary turns, respectively; 𝑛P 

and 𝑛S are the number of the primary and secondary winding layers, respectively; and 𝑘P and 

𝑘S are number of turns per layer for the primary and secondary windings (𝑁P = 𝑘P𝑛P and 𝑁S =

𝑘S𝑛S), respectively. Each primary winding layer has a thickness ℎP and its associated insulating 

layer has thickness ℎ∆P. Similar symbols are used for the secondary winding with each layer 

having a thickness ℎS and insulating layer thickness ℎ∆S. 𝐸P and 𝐸S refer to the energy stored 

in the primary and secondary windings. 𝐸air is the energy stored in that part of the window 

which is not occupied by the windings or shunts, and this is divided into a primary region of 

height 𝑥P and a secondary region of height 𝑥S. Hence, the energy stored in each region and the 

energy stored in the shunts, 𝐸Sh, (including their air gaps, ℓGP and ℓGS) needs to be obtained 

and the primary and secondary leakage inductances can be then obtained from 𝐸 = 𝐸air + EP +

ES + 𝐸Sh and (8-12).  

 



Integrated Transformer for Bidirectional CLLLC Converter Sajad Ansari 

 

Chapter 8  191 

8.3 Calculation of primary and secondary leakage inductances 

As discussed at the end of Section 8.2, to calculate the primary and secondary leakage 

inductances, the energy stored in each region and the energy stored in the shunts need to be 

obtained. 

8.3.1 Energy stored in window area – Eair 

The magnetomotive force (MMF) of each layer of the primary winding, 𝔉P, may be obtained 

from (8-13).  

𝔉P = 𝑘P𝑖P 
(8-13) 

The MMF within the window area, 𝔉air, is equal to 𝑛P𝔉P and the magnetic field intensity 

within the air area, 𝐻air, may be found from (8-14).  

 

Fig. 8.4  Right hand side cross section showing the energy allocation and associated MMF 

distribution for the proposed topology (IT5).   
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𝐻air =
𝑛P𝔉P
𝑏w

 
(8-14) 

From (8-12), the energy stored in the window (excluding the windings and shunts), 𝐸air, 

(shown in Fig. 8.4) is given by, 

𝐸air =
1

2
𝜇0𝑤c𝑏w ( ∫ 𝐻air

2 d𝑥

𝑥TP+𝑥P

𝑥TP

+ ∫ 𝐻air
2 d𝑥

−𝑥TS

−𝑥TS−𝑥S

) 
(8-15) 

where 𝑤c is the core depth and 𝑥P and 𝑥S are the distances from the primary and secondary 

windings to the primary and secondary shunts, respectively, as defined in Fig. 8.4.  

From (8-13)-(8-15), 𝐸air in both windows (left and right windows of the E-cores) may be found 

from (8-16). 

𝐸air = 𝜇0𝑤c
𝑛P
2𝑘P

2𝑖P
2

𝑏w
(𝑥P + 𝑥S)        (8-16) 

 

8.3.2 Energy stored in primary and secondary windings  

The MMF distribution of the transformer is presented in Fig. 8.4 which is obtained based on a 

method outlined in [129, 130, 134]. According to Fig. 8.4, the stored energy in the PCB layers 

of primary and secondary windings can be found. Ouyang, et al, [129] derived a closed-form 

expression for the energy stored in the primary and secondary windings, shown in (8-17) and 

(8-18), respectively.  

𝐸P =
1

6
𝜇0
𝑤c
𝑏w

𝑘P
2[ℎ∆P(2𝑛P

3 − 3𝑛P
2 + 𝑛P) + 2ℎP𝑛P

3]𝑖P
2 

(8-17) 

𝐸S =
1

6
𝜇0
𝑤c
𝑏w

𝑘S
2[ℎ∆S(2𝑛S

3 − 3𝑛S
2 + 𝑛S) + 2ℎS𝑛S

3]𝑖S
2 (8-18) 
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8.3.3 Energy stored in primary and secondary shunts  

The energy stored in the inserted shunts and their corresponding air gaps can be obtained from 

the reluctance model using the method outlined in Chapter 5. According to the reluctance 

model presented in Fig. 8.3(b), the self-inductance of the primary and secondary windings may 

be obtained as shown in (8-19) and (8-20), respectively. 

𝐿PP =
𝑁P
2(ℛShP + 2ℛGP + ℛG + 2ℛGG)

(ℛShP + 2ℛGP)(ℛG + 2ℛGG)
 

(8-19) 

𝐿SS =
𝑁S
2(ℛShS + 2ℛGS + ℛG + 2ℛGG)

(ℛShS + 2ℛGS)(ℛG + 2ℛGG)
 

(8-20) 

From (8-1), (8-2), (8-11), (8-19) and (8-20), the primary and secondary leakage inductances 

caused by the inserted shunts and their corresponding air gaps may be calculated as shown in 

(8-21) and (8-22), respectively.  

𝐿Lk_P_Sh =
2𝑁P

2

ℛShP + 2ℛGP
 

(8-21) 

𝐿Lk_S_Sh =
2𝑁S

2

ℛShS + 2ℛGS
 

(8-22) 
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Finally, from (8-12), (8-16)-(8-18), (8-21) and (8-22), the primary and secondary leakage 

inductances of the proposed inserted-shunt integrated transformer may be obtained as shown 

in (8-23) and (8-24), respectively. 

           𝐿Lk_P = 𝐿Lk_P_Sh + 𝜇0𝑤c
𝑁P
2

𝑏w
(𝑥P + 𝑥S) + 

           
1

3
𝜇0
𝑤c
𝑏w

𝑘P
2[ℎ∆P(2𝑛P

3 − 3𝑛P
2 + 𝑛P) + 2ℎP𝑛P

3] 
(8-23) 

           𝐿Lk_S = 𝐿Lk_S_Sh + 𝜇0𝑤c
𝑁S
2

𝑏𝑤
(𝑥P + 𝑥S) + 

           
1

3
𝜇0
𝑤c
𝑏w

𝑘S
2[ℎ∆S(2𝑛S

3 − 3𝑛S
2 + 𝑛S) + 2ℎS𝑛S

3] 
(8-24) 

For the design process of the proposed transformer, the required primary and secondary leakage 

inductances and magnetising inductance can be obtained by (8-11), (8-23) and (8-24). 

Particular values can be selected for a particular design by regulating the air gaps ℓG, ℓGP and 

ℓGS, and the shunt thicknesses 𝑡ShP and 𝑡ShS. 

8.4 Modelling discussion  

The calculated primary and secondary leakage inductances and magnetising inductance of the 

proposed integrated transformer for different thicknesses of the shunts (𝑡ShP and 𝑡ShS), 

transformer air gap (ℓG) and shunt-core air gaps (ℓGP and ℓGS) are presented in Fig. 8.5(a)-(f).  

An E58/11/38-3F36 core was used as reference to determine the main factors of influence on 

a design. As shown in Fig. 8.5(a)-(d), the primary leakage inductance is mainly affected by the 

primary shunt air gap (ℓGP), primary shunt thickness (𝑡ShP) and relative permeability of the 

primary shunt (𝜇ShP). The secondary shunt’s characteristics and transformer air gap (ℓG) do 

not have noticeable influence on the primary leakage inductance. The secondary leakage 

inductance is mainly affected by the secondary shunt’s characteristics (ℓGS, 𝑡ShS and 𝜇ShS) and 

it is not affected by the characteristics of the primary shunt (ℓGP, 𝑡ShP and 𝜇ShP) or the 

transformer air gap (ℓG). Therefore, in the proposed topology, the primary and secondary 

leakage inductances are decoupled, and they may be controlled separately by regulating their 

shunt’s characteristics.  
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Fig. 8.5(e) and (f) show that the magnetising inductance is mainly affected by the transformer 

air gap, ℓG, and does not change appreciably by varying the shunts’ air gaps, thicknesses and

relative permeabilities (ℓGP, ℓGS, 𝑡ShP, 𝑡ShS, 𝜇ShP and 𝜇ShS). Therefore, in the proposed

integrated transformer, the leakage and magnetising inductances are sufficiently decoupled.  

(a) (c)     (e) 

(b) (d)     (f) 

Fig. 8.5  The calculated leakage and magnetising inductances versus thickness of the shunts, 

transformer air gap and air gap between the shunts and E-cores. (a) Primary leakage inductance, 

𝑡ShS=2mm and ℓGS=0.1mm. (b) Secondary leakage inductance, 𝑡ShP=2mm and ℓGP=0.1mm. 

(c) Primary leakage inductance, 𝑡ShS=𝑡ShP=2mm and ℓGP=0.1mm. (d) Secondary leakage 

inductance, 𝑡ShS=𝑡ShP=2mm and ℓGS=0.1mm. (e) Magnetising inductance, 𝑡ShS=𝑡ShP=2mm 

and ℓGS=0.1mm. (f) Magnetising inductance, 𝑡ShS=𝑡ShP=2mm and ℓGP=0.1mm. Core:

E58/11/38-3F36, 𝜇ShP=800, 𝜇ShS=100, 𝑁P=20, 𝑁S=20, 𝑛P=5, 𝑛S=5, 𝑘P=4, 𝑘S=4, 𝑥P=5mm, 

𝑥S=5mm.
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The transformer can be designed for most reasonable magnetic component values including 

the leakage and magnetising inductances. Careful designs can provide different primary and 

secondary leakage inductances. Because the leakage (series) inductances can be selected 

independently of each other, a CLLLC resonant converter or similar topology which uses the 

proposed integrated transformer can be designed with high flexibility. In addition, the 

transformer provides all four (asymmetric) magnetic components.  

The proposed topology does not require any unusual core-piece geometries and those widely 

available commercially can be used. In addition, magnetic (ferrite) sheets, which are available 

in different sizes and can be cut easily, can be used for the inserted shunts. It should be noted 

that the proposed inserted-shunt integrated transformer would need an atypical former design 

for massive production. However, a bespoke former is already needed for any inserted-shunt 

integrated transformers.  

In addition, where a design requires it, the proposed topology can achieve identical primary 

and secondary leakage inductances by regulating the primary and secondary shunts air gaps. 

This compares favourably to conventional inserted-shunt integrated transformers which 

typically have minor asymmetry due to differences between primary and secondary window 

areas and winding designs in these transformers. 

8.5 Simulation results  

To verify the inductance equations provided in sections 8.2 and 8.3, an integrated transformer 

was simulated using the parameters presented in Table 8.1. The integrated transformer is 

designed for embedding within a CLLLC resonant converter with specifications presented in 

Table 8.2. The electrical specifications provided in Table 8.2 are achieved using the design 

methodology described in [153] and they are translated into the integrated transformer 

equivalent circuit components (see Fig. 8.1(a) and (b)).  
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The power and voltage levels of this converter are distinct from the unidirectional LLC 

converter presented in previous chapters. Bidirectional LLC converters are commonly used for 

higher power applications, such as in electric vehicles (EVs). Moreover, the design of this 

bidirectional converter exhibits slight differences compared to a unidirectional converter 

(which were discussed in previous chapters). Due to the specific hardware available in our lab 

and considering the given specifications, a new design approach for this converter, presented 

in [153], has been pursued. As a result, this converter operates at a different frequency 

compared to the converters discussed in previous chapters.  

Following the transformer design process described in the Magnetics Inc design catalogue 

[170], a suitable core is chosen allowing the minimum number of turns for the primary and 

secondary windings to be determined. The transformer core (E58/11/38-3F36) is selected based 

TABLE 8.1  Proposed structure’s parameters. 

Symbol Parameter Value 

𝑁P Primary turns  20 

𝑁S Secondary turns 4 

𝑘P Turns per layer in primary 5 

𝑘S Turns per layer in secondary 2 

𝑛P Number of primary layers 4 

𝑛S Number of secondary layers 2 

ℎP, ℎS Primary and secondary conduction thickness 55, 70 m 

ℎ∆P, ℎ∆S Primary and secondary insulation thickness 45, 60 m 

𝑡ShP Primary shunt thickness 2.5 mm 

𝑡ShS Secondary shunt thickness 1.2 mm 

ℓG Transformer air gap 0.9 mm 

ℓGP Distance between primary shunt and E-core 0.2 mm 

ℓGS Distance between secondary shunt and E-core 0.32 mm 

𝑥P, 

𝑥S 

Distance between primary and secondary windings and 

shunts, respectively 

3.5 mm 

4.5 mm 
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on the power, voltage and frequency suitability guidelines in [170]. The KEMET polymer 

magnetic shielding sheet (series EFS) is chosen for both the primary and the secondary shunts.  

The magnetising inductance, primary and secondary leakage inductances and turns ratio of the 

designed transformer are chosen to suit the CLLLC resonant converter (Table 8.2). The 

thickness and air gap length of the primary and secondary shunts (ℓGP, ℓGS, 𝑡ShP and 𝑡ShS) are 

estimated in order to provide the required primary and secondary leakage inductances, using 

(8-23) and (8-24), and considering the dimensions of the selected core. Similarly, the 

transformer air gap length (ℓG) is estimated to provide the required magnetising inductance, 

using (8-11).    

The designed integrated transformer is simulated in Ansys Maxwell, and the simulation results 

while the transformer is used in the exemplar CLLLC resonant converter are presented in this 

section.  

TABLE 8.2  The implemented CLLLC converter’s specification. 

Symbol Parameter Value 

𝑁P: 𝑁S Turns ratio  20:4 

𝐿m Magnetising inductance 110 H 

𝐿r1 Primary resonant inductance 50 H 

𝐿r2 Secondary resonant inductance 1.2 H 

𝐶r1 Primary resonant capacitance 39 nF 

𝐶r2 Secondary resonant capacitance 1 µF  

𝑉In  Input voltage  125 V 

𝑉o Output voltage 20-26 V 

𝑃o Output power 200 W 

𝑓s Switching frequency 60-130 kHz 

𝑆P Primary switches  IPW65R110CFDA 

𝑆S Secondary switches IRFP4137PBF 
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The magnetic field intensity and flux density vectors for the proposed integrated transformer 

are shown in Fig. 8.6(a) and (b), respectively. As shown, the magnetic field intensity and flux 

density vectors are dominant in the shunts and their air gaps (ℓGP and ℓGS) rather than window

region and PCB windings. Therefore, the main part of the energy stored by the leakage 

inductances is caused by the inserted shunts and their air gaps. In addition, since the magnetic 

field intensity is highest in the transformer air gap (ℓG), the energy stored in the magnetising

inductance is mainly stored in ℓG.

The primary and secondary leakage inductances and the magnetising inductance versus 

thickness of the shunts (𝑡ShP and 𝑡ShS) and transformer air gap (ℓG) obtained from (8-11), (8-

23) and (8-24) and measured by FEA simulation are presented in Fig. 8.7(a)-(c), respectively.

As shown, the FEA confirms the proposed model derived in sections 8.2 and 8.3 since there is 

good agreement between the values achieved from the modelling and simulation results.   

(a) 

(b) 

Fig. 8.6  FEA simulation results. (a) Magnetic field intensity. (b) Magnetic flux density vectors. 

Frequency=100 kHz. 
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(a) 

 

(b) 

 

(c) 

Fig. 8.7  Modelling validation by FEA. (a) Primary leakage inductance (𝑙GP = 0.2mm). (b) 

Secondary leakage inductance (𝑡ShS = 2mm). (c) Magnetising inductance. Core: E58/11/38-

3F36, 𝜇ShP= 𝜇ShS=10, 𝑁P=20, 𝑁S=20, 𝑛P=5, 𝑛S=5, 𝑘P=4, 𝑘S=4, 𝑥P=5mm, 𝑥S=5mm. 
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Loss distribution of the proposed topology is presented in Fig. 8.8. As shown, the conduction 

losses are the dominant losses in the proposed topology which are mainly because of AC losses 

in the winding.  

8.6 Experimental verification 

An integrated transformer based on the proposed structure with parameters presented in Table 

8.1 is built, as shown in Fig. 8.9. E58/11/38-3F36 is used for the cores and the shunts for this 

prototype were made by cutting KEMET polymer magnetic shielding sheets (series EFS) and 

gluing them in parallel to create a stack with the desired thickness.  

The measured leakage and magnetising inductances of the constructed transformer, obtained 

using an Omicron Bode 100 vector network analyser, are presented in Table 8.3. As shown, 

the primary and secondary leakage inductances and magnetising inductance obtained by 

modelling are close to the experimental and simulation results. In addition, the proposed 

structure provides different primary and secondary leakage inductances.   

 

 

Fig. 8.8  Loss distribution of the proposed topology (IT5) for output power of 200W and 

frequency of 100 kHz. 

  

 Conduction loss 

 

 

 4.2W(74%)

 1.5W(26%)

=97.2%  Core loss
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AC resistance, primary and secondary self-inductances, measured inductance from the primary 

winding while the secondary winding is short-circuited, and the measured inductance from the 

secondary winding while the primary winding is short-circuited versus frequency for the 

constructed transformer are presented in Fig. 8.10. As shown, the AC resistance increases with 

frequency, which is due to high-frequency phenomena including skin and fringing effects. The 

primary and secondary leakage inductances and magnetising inductance presented in Table 

8.3 are obtained from data presented in Fig. 8.10 and the method outlined by Ansari, et al, [22].  

 

 

Fig. 8.9  Prototype implemented transformers. 

TABLE 8.3  Parameters of the implemented integrated transformer. 

Parameter FEA modelling Simulation Measurement 

Magnetising inductance, 𝐿m 111 H 113 H 109 H 

Primary leakage inductance, 𝐿Lk_P 47.9 H 51.2 H 49.5 H 

Secondary leakage inductance, 𝐿Lk_S 1.15 H 1.24 H 1.20 H 
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To examine the performance of the proposed topology in practice, it was incorporated within 

an exemplar bidirectional CLLLC resonant converter designed according to the procedure 

outlined in [153]. The prototype of the converter is shown in Fig. 8.11 and its specification is 

presented in Table 8.2 in which all four series and parallel inductances are integrated into the 

transformer.  

As presented in Table 8.2, in battery charging mode (BCM), the exemplar bidirectional 

converter should be able to provide output voltage (battery voltage, 𝑉o(BCM)) ranging from 20 

V to 26 V while the input voltage (DC bus voltage, 𝑉In(BCM)) is constant at 125 V. In 

regeneration mode (RM), the converter must therefore provide a constant voltage of 125 V at 

its output (DC bus voltage, 𝑉o(RM)) while the input voltage (battery voltage, 𝑉In(RM)) varies 

from 20 V to 26 V.  

 

 

Fig. 8.10  Primary AC resistance, 𝑅PP−AC, secondary AC resistance, 𝑅SS−AC, primary self-

inductance, 𝐿PP , secondary self-inductance, 𝐿SS , primary inductance with secondary 

shorted, 𝐿PP−SC, and secondary inductance with primary shorted, 𝐿SS−SC for the proposed 

integrated transformer (IT5).  
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The waveforms of the CLLLC converter switching at 105 kHz and 130 kHz using the proposed 

topology are presented for BCM in Fig. 8.12(a)-(d). As shown, the converter operates correctly 

since the MOSFETs are turned on at zero voltage because the gate-source voltage (of switch 

𝑆D, Fig. 8.1) rises after the drain-source voltage drops to zero while the converter provides 20 

V and 26 V at the output.  

The waveforms of the CLLLC converter operating at 60 kHz and 80 kHz switching frequency 

using the proposed topology are presented for reverse mode (RM) in Fig. 8.13(a)-(d). As 

shown, the converter operates correctly since the MOSFETs are turned on at zero voltage 

because the gate-source voltage (of switch 𝑆H, Fig. 8.1) rises after its drain-source voltage 

drops to zero, and the converter provides 125 V at the output while the input voltage varies 

from 20 V to 26 V. 

 

 

 

Fig. 8.11  Prototype of the implemented CLLLC resonant converter.  
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(a)   (b) 

   

(c)                                                                         (d) 

Fig. 8.12  Experimental waveforms of the CLLLC resonant converter in BCM. (a) 𝑉gs, 𝑉ds, 𝑖r1 

and 𝑖r2 (𝑓𝑠=130 kHz, 𝑉o(BCM) = 20 V, 𝑉In(BCM) = 125 V and 𝐼o(BCM) ≅ 7 A). (b) 𝑉o(BCM), 

𝑉In(BCM), 𝑖r1 and 𝑖r2 (𝑓𝑠=130 kHz and 𝐼o(BCM) ≅ 7 A). (c) 𝑉gs, 𝑉ds, 𝑖r1 and 𝑖r2 (𝑓s=105 kHz, 

𝑉o(BCM) = 26 V, 𝑉In(BCM) = 125 V and 𝐼o(BCM) ≅ 9 A). (d) 𝑉o(BCM), 𝑉In(BCM), 𝑖r1 and 𝑖r2 

(𝑓s=105 kHz and 𝐼o(BCM) ≅ 9 A). 𝐼o(BCM) is output current in BCM, 𝑉ds is drain-to-source 

voltage, 𝑉gs is gate-to-source voltage, 𝑖r1 and 𝑖r2 are the primary and secondary resonant 

currents, respectively (defined in Fig. 8.1). 
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The efficiency of the CLLLC converter at different loads for BCM and RM using the proposed 

integrated transformer is presented in Fig. 8.14.  

Thermal images of the proposed integrated transformer, while it is used in the implemented 

CLLLC resonant converter for BCM and RM, are shown in Fig. 8.15(a) and (b), respectively. 

As shown, the proposed transformer operates at 37.9°C and 39.8°C for BCM and RM, 

respectively, and these temperatures do not damage the windings and core. In addition, the 

temperature of windings is higher than the cores since conduction losses are the dominant loss 

mode in the proposed inserted-shunt integrated transformer, verifying the loss distribution 

presented in Fig. 8.8.   

    

(a)      (b) 

     

(c)                                                                         (d) 

Fig. 8.13  Experimental waveforms of the CLLLC resonant converter in RM. (a) 𝑉gs, 𝑉ds, 𝑖r1 

and 𝑖r2 (𝑓s=80 kHz, 𝑉o(RM) = 125 V, 𝑉In(RM) = 26 V and 𝐼o(RM) ≅ 1.6 A). (b) 𝑉o(RM), 𝑉In(RM), 

𝑖r1 and 𝑖r2 (𝑓s=80 kHz and 𝐼o(RM) ≅ 1.6 A). (c) 𝑉gs, 𝑉ds, 𝑖r1 and 𝑖r2 (𝑓s=60 kHz, 𝑉o(RM) =

125 V, 𝑉In(RM) = 20 V and 𝐼o(RM) ≅ 1.6 A). (d) 𝑉o(RM), 𝑉In(RM), 𝑖r1 and 𝑖r2 (𝑓s=60 kHz and 

𝐼o(RM) ≅ 1.6 A). 𝐼o(RM) is output current in RM. 
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It should be noted that the application of the proposed integrated transformer is not only 

restricted to the CLLLC resonant converter; it can be extended to other similar converters. 

8.7 Conclusion 

In this Chapter, a new topology (IT5) for an inserted-shunt integrated planar transformer was 

proposed which can provide different primary and secondary leakage inductances. The 

proposed topology is suitable for bidirectional converters like the CLLLC resonant converter 

 

Fig. 8.14  Efficiency of the CLLLC resonant converter for BCM and RM. 

 

 

     

 (a)                                                                       (b) 

Fig. 8.15  Thermal images of the proposed transformer (IT5) for (a) BCM and (b) RM.  
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and it can integrate all required magnetic components into a single transformer. The proposed 

structure can be constructed using cores and magnetic (ferrite) sheets readily available on the 

market; it does not need bespoke magnetic components. The proposed topology is analysed in 

detail. It is shown that the magnetising inductance and the primary and secondary leakage 

inductances are decoupled and can be determined separately. FEA is used to verify the 

theoretical analysis. A bidirectional CLLLC resonant converter is constructed to demonstrate 

the transformer and investigate its practical performance. The operating waveforms of the 

converter in both BCM and RM for different switching frequencies are presented. In addition, 

thermal images and efficiency measurements for both BCM and RM are presented. Results 

confirm that the proposed structure can integrate all four magnetic components of an efficient 

CLLLC converter into a single planar transformer.  
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Chapter 9  

 

Conclusions 

 

In this Chapter, the work presented in the thesis is summarised and discussed as a whole. All 

the Chapters are then brought together to provide an overall conclusion. Proposals for further 

work which expand this thesis are also suggested. 

9.1 Discussion and conclusions 

This thesis has proposed a range of techniques to improve magnetic integration in inserted-

shunt integrated transformers for resonant converters. 

The principal motivation of this work is the impetus for smaller, more power dense power 

electronics systems, which has come about due to the pervasiveness of power electronics in a 

range of applications, such as desktop computers and electric vehicles. Magnetic integration is 

identified as one of the vital techniques for the enhancement of power density. This thesis, 

therefore, focuses on magnetic integration for resonant converters and offers a contribution to 

the state-of-the-art, as described below.  

Chapter 2 introduces PWM DC-DC converters. It explains the switching losses of PWM 

converters and the soft-switching techniques that can be applied to reduce the switching losses. 

In addition, the advantages and disadvantages of PWM converters for high frequency operation 

are discussed. Resonant converters are introduced, and it is pointed out that resonant 

converters, such as the LLC topology, could be a better option compared to the PWM 

converters for achieving both high efficiency and power density. The LLC topology is 

presented and analysed in detail. In addition, design guidelines for an LLC-type resonant 

converter are provided. Finally, the benefits of magnetic integration for the LLC resonant 

converter are discussed. 



Sajad Ansari   Conclusion 

210  Chapter 9 

To facilitate the research, the state of the art as reported in the existing literature is presented 

in Chapter 3. This chapter explains the advantages and disadvantages of soft switching 

techniques that can be applied to reduce switching losses of PWM DC-DC converters. In 

addition, it discusses the costs and benefits of state-of-the-art semiconductor devices that can 

be used to decrease switching losses. Finally, it introduces the first research focus of this thesis 

(discussed in Chapter 4) to further investigate the PWM converters which either use soft-

switching techniques or new WBG semiconductor devices or both or neither of them to find 

the most beneficial method for achieving lower switching losses.  

In general, a higher power density can be achieved by using a higher switching frequency. 

PWM converters such as buck and boost cannot be switched at high frequencies due to high 

switching losses. In addition, adding soft-switching capability to the PWM converters comes 

with the penalty of more complicated circuit and more expensive prototype. On the other hand, 

resonant converters such as the LLC converter benefit from soft switching capability inherently 

and therefore they can still provide a high efficiency at high frequencies. However, resonant 

converters need magnetic integration for a high power density since they usually have several 

magnetic components in their topologies.  

A full review of integrated transformers suitable for LLC-type topologies is also provided in 

Chapter 3. Amongst different techniques for magnetic integration, inserted-shunt integrated 

transformer could be an attractive technique to be used for magnetic integration in an LLC 

resonant converter; thus the focus of this thesis was a further investigation of this technique. 

At the end of Chapter 3, four main issues of the inserted-shunt integrated transformers are 

presented which are addressed later in Chapters 5 to 8. 

In Chapter 4, to investigate various methods used to decrease the switching losses of the PWM 

DC-DC converters, four prototypes are implemented and evaluated. These were: 1) a hard-

switched DC-DC boost converter which uses a state-of-the-art SJ Si MOSFET; 2) a version of 

prototype 1 using a GaN HEMT power switch; 3) a fully soft-switched DC-DC boost converter 

based on SJ Si MOSFET; and 4) a GaN HEMT version of prototype 3. All the prototypes were 

simulated and tested experimentally under the same operating conditions to compare their 

efficiency, power density and cost when they are designed to be used in renewable energy 

applications such as AC-PV module systems.  
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The GaN-based hard-switched converter can provide the highest efficiency from light power 

(100 W) to nominal power (500 W) range, and Si-based hard-switched converter is ranked 

second. However, the GaN-based and Si-based soft-switched converters hold the third and 

fourth rank, respectively. In addition, the efficiency of the soft-switched converters decreases 

noticeably at light power range; thus, they are not a good choice for PV systems in which power 

range varies across hours and seasons. Furthermore, it is shown that the GaN-based hard-

switched converter occupies the smallest volume.  

The Si-based hard-switched converter is the cheapest converter, and the GaN-based hard-

switched converter is ranked second. However, the GaN-based hard-switched converter 

remains cheaper than Si-based soft-switched converter, even though GaN switches are far more 

expensive than Si switches. In addition, this cost gap between Si and GaN switches may close 

in the future. Overall, since using GaN in DC-DC converter does not alter the simple traditional, 

simple structure of the converter and has better performance in terms of power density, cost, 

and efficiency than the soft-switched converter, it may be a better choice in some applications 

such as renewable energy systems. 

Chapter 4 showed that adding soft-switching capability does not always guarantee a high 

efficiency at high switching frequencies and it leads to a more expensive and complicated 

circuit. In addition, using WBG semiconductor dose not eliminate switching losses, leading to 

low efficiency at high frequencies. Therefore, this thesis focused on resonant converters for 

achieving higher power density without decreasing the efficiency since these converters benefit 

from soft switching capability inherently.  

According to Chapter 3, inserted-shunt integrated transformers were a suitable choice for 

magnetic integration in LLC-type resonant converters to enhance their power density and 

efficiency and decrease their cost.  However, one of the main disadvantages of inserted-shunt 

integrated transformers was using low-permeability materials for the shunt. Suitable magnetic 

materials with low permeability are not often readily available, and when they are, they are 

frequently expensive. Chapter 5 presents two topologies (IT1 and IT2) which provide high 

leakage inductance in shunt-inserted integrated magnetic transformers. These differ from 

conventional designs by replacing the low-permeability magnetic shunt of a planar transformer 

with high-permeability magnetic shunt segments, separated by many small air gaps. This 
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approach results in a shunt with the same bulk permeability as the conventional design, while 

using lower cost and readily available magnetic materials such as ferrite. A modelling and 

design approach which can estimate the leakage and magnetising inductances precisely is 

provided for each topology. Theoretical analysis is presented and verified using finite-element 

analysis and experimental implementation. AC resistance analysis for both transformer 

topologies is also presented. In addition, an LLC resonant converter is built to verify the 

performance of the proposed fully-integrated magnetic transformers in practice. It is shown 

that the proposed topologies can integrate all three magnetic components of an isolated LLC 

resonant converter in a single planar transformer, which reduces the converter’s volume and 

cost. 

Although the structures proposed in Chapter 5 (IT1 and IT2) eliminates the need for shunts 

with specific permeabilities and dimensions, the inserted shunt has multiple segments and has 

to be placed between two E-cores which makes the implementation difficult and leads to high 

assembly cost. Therefore, to address this issue, a new topology (IT3) for achieving high leakage 

inductance in inserted-shunt integrated planar transformers is proposed in Chapter 6.  

In the proposed topology (IT3), two one-segment shunts are placed across the planar E-core 

air gap and between the primary and secondary windings. The proposed topology benefits 

using solid inexpensive ferrite shunts, making manufacturing easier. A detailed mathematical 

model is derived from which a design methodology is developed, providing accurate estimation 

for the leakage and magnetising inductances. The theoretical analysis has been verified using 

finite-element analysis and experimental implementation. AC resistance analysis and 

efficiency comparison are also presented for the proposed topology and the topology with 

inserted-segmental-shunt, which shows the proposed topology provides higher efficiency 

because of lower AC resistance. In addition, an isolated LLC resonant converter is designed 

and built to investigate the performance of the proposed topology in practice. The three 

magnetic components needed for the designed LLC resonant converter is integrated in a single 

planar transformer using the proposed topology and the converter operates properly. 

The leakage inductance of an inserted-shunt integrated transformer is usually utilised as the 

series inductor of an LLC topology. However, leakage inductance exists on both primary and 

secondary sides of an inserted-shunt integrated transformer and secondary leakage inductance 
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leads the control and design of the converter to difficulty. In Chapter 7, a novel topology (IT4) 

for inserted-shunt integrated transformers is proposed which has low secondary leakage 

inductance. The inserted shunt of the proposed topology is not segmental and can be located 

conveniently within the transformer. In addition, the inserted shunt does not require low 

permeability core material, simplifying its manufacture. The design and modelling of the 

proposed transformer topology are presented and verified by finite-element analysis and 

experimental implementation. The proposed topology is also compared with the inserted-

segmental-shunt integrated transformer. It is shown that the proposed transformer provides 

higher efficiency and lower AC resistance. Finally, to examine the performance of the proposed 

integrated transformer in practice, it is used in an LLC resonant converter. 

Typically, inserted-shunt integrated transformers have symmetric primary and secondary 

leakage inductances. However, bidirectional resonant converters typically operate more 

efficiently with different primary and secondary series inductances. In Chapter 8, a new 

topology (IT5) for an inserted-shunt integrated transformer which can provide tuneable, 

asymmetric leakage (series) inductances on the primary and secondary sides is presented. Two 

magnetic shunts, with appropriate air gaps, are inserted between two E-cores and the primary 

and secondary windings are separated by being placed at opposite sides of the shunts. The 

proposed transformer is analysed in detail and modelling and design guidelines are provided. 

It is shown that the magnetising inductance and the primary and secondary leakage inductances 

are decoupled from each other, and they can be determined separately. The design has the 

advantage of using planar E-cores and magnetic sheets that are readily available commercially. 

The theoretical analysis is verified by simulation and experimental results. To demonstrate the 

performance of the proposed integrated transformer in practice, an exemplar bidirectional 

CLLLC resonant converter is designed, constructed and tested using the new integrated 

transformer. 

It should be mentioned that the bidirectional CLLLC resonant converter could be used in EV 

applications if designed for power levels of a few kilowatts. The scope of this work was 

proposing an integrated transformer suitable for the bidirectional CLLLC resonant converter 

and investigating its modelling, design, and operation in practice. However, due to hardware 

limitations and safety reasons, the converter was designed as a laboratory setup in the range of 

a few hundred watts to only investigate its operation and modelling in practice. The proposed 
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integrated transformers (IT1-IT5) should be able to work at higher power levels as well, but 

investigating it is out of the scope of this work and could be the future work of this thesis.  

The research encompassed in this thesis has been published in five journal papers and six 

conference proceedings papers, demonstrating the relevance of the findings to the power 

electronics community.  

9.2 Future work 

Although this thesis presents a coherent body of work which offers an improvement over the-

state of-the-art, it is recognised that further improvements could be made to increase the impact 

of the work. The following subsections summarise several areas for further development which 

lead on from this thesis. 

9.2.1 Winded shunt 

In an inserted-shunt integrated planar transformer, a winding could be looped around the shunt 

to adjust the leakage inductance by controlling the current flowing through the shunt’s winding.  

This, in turn, controls the flux passing through the shunt. This approach can add more flexibility 

to the design of the integrated transformer since the leakage inductance is no longer restricted 

only to the characteristics of the shunt. In addition, this topology provides the opportunity of 

changing the inductance ratio (𝐿Lk/𝐿m) of the LLC resonant converter under different 

operating conditions, leading to overall performance improvements for the LLC converter. In 

other words, by having the ability to dynamically change the inductance ratio, it becomes 

possible to adjust the maximum/minimum gain, resonance frequency, and ZVS region at 

different load/input voltage conditions, resulting in better LLC converter operation.  

9.2.2 Optimisation  

The aim of this thesis was to address current issues related to inserted-shunt integrated 

transformers, such as requiring bespoke materials for the shunt, unwanted high leakage 

inductance on the secondary side, and unsuitability for use in bidirectional resonant converters, 

such as CLLLC converters. Therefore, optimising the proposed integrated transformers in 

terms of cost, efficiency, or power density was not within the scope of this thesis. However, it 
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is believed that these optimisations could further enhance the proposed transformers and 

increase the impact of this work.  

To achieve the highest efficiency for a chosen core, optimisation should consider the thickness 

of the windings for AC losses and the operating flux density for core losses. This optimisation 

process can be carried out through 3D modelling of the transformer using FEA software such 

as Ansys Maxwell. 

9.2.3 Effect of parasitic capacitance of the integrated transformer 

In the design of the LLC resonant converter, it is commonly assumed that the parasitic 

capacitance is negligible. However, an integrated planar transformer can have a significant 

parasitic capacitance that may negatively impact the soft-switching operation of the converter, 

especially when dealing with integrated planar transformers where the parasitic capacitance is 

high. Therefore, as a case study, it is necessary to investigate the effect of the transformer's 

parasitic capacitance on the soft-switching capability of the LLC topology utilizing integrated 

planar transformers. Additionally, a new design procedure should be developed to ensure the 

proper operation of the converter, even when dealing with high parasitic capacitances. 

9.2.4 Integrating the primary and secondary resonant capacitors into the 

integrated transformer 

The inserted-shunt integrated planar transformers suffer from a high parasitic capacitance. 

However, this capacitance can be employed as the resonant (series) capacitors of the 

bidirectional CLLLC resonant converter, particularly at high frequencies where a lower 

resonant capacitance is required. Therefore, as a case study, it is proposed to first investigate 

the effect of different winding configurations on the value of the parasitic capacitances of the 

inserted-shunt integrated planar transformers. Then, it should be investigated whether the 

parasitic capacitances could be adjusted, estimated, and used as the series resonant capacitors 

of the CLLLC topology. By doing so, all five passive elements of a bidirectional CLLLC 

resonant converter can be integrated into a single magnetic element, which will likely increase 

power density and efficiency and reduce costs even further. 
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