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Abstract 

 
In DC/DC converter systems, power electronic circuits are reaching switching 

efficiencies close to 100 percent nowadays. Thus, most of the energy loss appears 

inside the passive magnetic circuit of the converter, which at the same time is the 

component that requires most space in the system. In order to battle this issue, research 

during the last century has been focused on planarization, hybridization and integration 

techniques with the goal to achieve higher efficiencies and decrease the profile and 

volume of the devices. In addition, higher frequencies have been applied to achieve a 

higher power density of the magnetic systems, but with the negative consequence of 

stronger parasitic effects such as proximity and skin effects inside the magnetic circuit. 

 

This thesis deals with the development of an integrated magnetic system in a L-C-T 

(Inductor-Capacitor-Transformer) configuration, with the assistance of Finite Element 

Method (FEM) computer modeling, which is supportively used to accelerate the 

development process.  Computational simulation method is used to indicate and 

address the physical issues, which cannot be identified with conventional measurement 

methods. 

 

The development of the IMS (Integrated Magnetic System) includes design and 

material considerations based on research, experience, tests, calculation of the common 

transformer, inductor and capacitor values, and the combination of techniques to 

develop a new optimized system. Due to the complexity of the integration of passive 

magnetics, experiments in 2-D and 3-D computational simulation in the field of electric 

as well as magnetic explorations are conducted, and parallel to this, real-world 

prototype experiments, including waveform, LCR and load tests.  

 

The developed device is suitable for medium power systems and, due to the utilization 

of low cost and common material, achieves a cost reduction of up to 20 percent, 

depending on the converter system. Two other benefits of the integrated magnetic 

system are the low volume and profile of the device, due to the planarization, and the 

high efficiency of up to 98 percent, due to the structure of the combined capacitor, 

inductor, and transformer layers together with a new core design. The operational 
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frequency of the system is balanced between high power density and parasitic effects. 

The chosen operational frequency is also limited depending on the core material, which 

should fulfill the low cost target. 

 

This Integrated Magnetic System (IMS) can be used in Solar Photo Voltaic (PV) 

arrangements and/or in power consuming devices, such as power supplies for LED 

illumination. Thus, the IMS has a very wide application range, both in the domestic and 

industrial area, and at the same time, fulfills all requirements to meet international 

functional specifications as well as health and safety requirements. 
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capacitance. Finite Element Method is employed to analyze the magnetic flux and eddy 

current distributions. The two different kinds of prototype high frequency transformers 

are designed and tested. The simulation and experiment results are demonstrated and 

compared with non-shielded transformers. The shielded transformers have achieved the 

expected results with a relatively small coupling capacitance, compared with the 

conventional high frequency transformer. This shield decreases the inter-winding 

coupling capacitance Cps. 

 

 

 Investigations of High Frequency Planar Power Integrated Magnetic 

Circuits via Finite Element Method 

 

Sascha Stegen & Junwei Lu 

Proceedings of the XXI Symposium on Electromagnetic Phenomena in Nonlinear 

Circuits (EPNC 2010), PteTis Publisher, Poznan, Poland, 2010 

 

High frequency (HF) magnetic devices are often used in many sorts of devices due to 

their lower construction dimension and high power handling. This paper introduces a 

new type of HF and high power density planar integrated magnetic circuit (IMC) 

developed for a wide range of applications such as power supplies and DC/DC 

converters. The paper investigates the differences of a planar and a ‘Top-Up’ IMC 

version via FEM, introduces the concept of this special combination of inductor, 
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capacitor and HF transformer, and visualized future investigations in the field of these 

HF high power density magnetic devices. 

 

 

 Upgraded EMC Modeling of Dual Die Structure 

 

Boyuan Zhu, Junwei Lu, Sascha Stegen 

Electromagnetic Compatibility Symposium Adelaide 2009,  

IEEE, Los Alamitos, CA, 2009 

 

This paper is about EMC modeling of a dual die processor which gives new model to 

the electromagnetic problem of CPU with heat sinks. It uses near and far field 

measurements to verify the simulation model. Although modern processors only reach 

a frequency till approximately 3.5 MHz, for the future the measurements cover a 

frequency range till 5 MHz. 
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1 Introduction 

1.1 Motivation 

 

World energy consumption rises significantly every year and according to forecasts 

will increase by 49 percent between 2007 and 2035 [1]. This energy consumption 

issue is twofold. On the one hand, the growing world population and the advancement 

of economies lead to higher energy consumption. On the other hand, the overall 

power consumption per capita is continuously rising due to the increasing number of 

electric devices and its advanced functionalities, not only within the industry sector, 

but also or particularly within the domestic household sector. Consumer electric 

devices for example are becoming more and more affordable, so that the number of 

these devices and therefore the need for more electric power increases.  

 

Even though intensive efforts are undertaken to increase the energy production to 

fulfill the demand, one major issue remains, which is that the production of the 

required electrical energy consumes a vast majority of our planet’s natural resources.  

The electrical energy productions, which are used nowadays, can be itemized into two 

major groups. The first group consists of non-renewable energies such as oil, coal as 

well as nuclear energy. Due to their non-renewable nature, these energy resources will 

be exhausted at some stage. The second group consists of renewable energy resources, 

which include solar photo voltaic (PV) systems, tidal power plants and wind wheels. 

Due to the massive investments needed to implement and enhance encompassing 
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renewable power solutions and due to technical limitations as well as environmental 

pollution, caused by most forms of electrical energy production, the timeframe for 

finding appropriate solutions for this problem and their realization is very limited [2]. 

 

Increasing the efficiency of electrical devices through further research and 

development of power converters is the key to save electrical energy and presents one 

important step to protect the environment for the current and future generations. 

Accordingly, power converter systems are used to convert higher voltage into lower 

voltage and vice versa, for instance, for power generation systems such as domestic 

solar PV systems and most electrical power consuming devices, such as new LED 

illumination or even common computer power supplies. Active power electronic 

components are already highly efficient these days, very small and inexpensive. 

Increasing the efficiency of the power electric circuit is almost at its limitation. 

 

The major bottleneck can be located in the passive and electromagnetic components 

as well as the transformer, inductor and capacitor arrangements inside a converter. 

Research in this area made enormous progress in terms of planarization [3] and 

topology [4]. To increase the power density, the operational frequencies are increased 

by hundreds of kilohertz [5, 6]. However, the unwanted parasitic physical effects 

become even stronger when rising the operational frequencies of such systems and 

therefore gain critical importance [7, 8]. However, not only the material, but 

especially the structure design is affecting the efficiency of a passive magnetic device 

immensely [9] and is even able to create an efficient converter by using common cost 

effective conductor and insulator materials [10]. 

 

The classical calculation of passive magnetic components is still very common and 

necessary to develop passive magnetics, but by applying computer simulation 

techniques it is possible to investigate the physical non-measureable effects of these 

devices very quickly. At the same time, computer simulations have a lot of advantages 

[11] and save a significant amount of money due to the fact, that each structure 
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change of the model does not necessarily require building a new prototype, especially 

for very complex multiple magnetic field systems [12] . 

1.2 Terms and Definitions 

As various literature shows, different terms and definitions have been used by 

researchers and developers for their constructions to increase the efficiency of electric 

power conversion systems over the last century. Therefore, it is necessary to specify 

the exact terms and definitions, which are used in the context of this thesis with a 

focus on the design of the passive magnetic system. 

1.2.1 Definition of IMS/IMC 

The Integrated Magnetic System (IMS) or Integrated Magnetic Circuit (IMC) consists 

of the resonant tank, based on an inductor as well as a capacitor, and the transformer 

part. All components are integrated in one device and share the same magnetic core. 

In addition, all components are manufactured on one substrate to achieve a single 

production step. 

1.2.2 Definition of High Frequency 

The term “high frequency” is used in many areas such as in the field the antenna 

design or high frequency signal transformers, which are operating above 20 kHz [13]. 

To achieve a reasonably high magnetic flux density, operational frequencies of up to 1 

MHz are commonly used for power converters [14] .  
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The frequency range is not only limited by the parasitic effects occurring when 

increasing the frequency, but also by material restrictions of the magnetic core 

material discussed in chapter 4.2. Nowadays, the high frequency range for a less 

expensive core is normally between 100 kHz to 1 MHz. 

1.2.3 Definition of Integrated 

There are several meanings of integration of passive magnetic devices such as the 

integration of a ferrite core inside a PCB board, for example in computer mainboards, 

or the integration of electronic parts in one chip. In this thesis, integration means the 

integration of passive magnetic components into one device or better one magnetic 

core. 

1.3  Scope of this Thesis 

This chapter deals with the research objective of this thesis and explains the 

background of the IMS. An overview of the research topic is given in subchapter 1.3.1 

and the research objective of this thesis will be discussed in subchapter 1.3.2. 

1.3.1 Overview of Research Topics 

The design and development of passive integrated magnetics is related to many 

research fields, such as: 

 

 Material research: The magnetic core material is one of the most important 

parts of the design and must be considered in every stage of the project. 

Nowadays, high frequencies are used to increase the power capability of 
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converters by reducing the size of the converters at the same time. This 

requires the use of sufficient materials and many years of research and 

experience in material science and testing. Additional research must be 

conducted for the material of the conductors as well as insulators. 

 

 Design of magnetic systems: For many years, researchers around the globe 

have put much effort into searching for a good design of transformers and 

converting systems, to improve the efficiency of these systems and to reduce 

the unwanted side effects resulting in hot spots inside the magnetic system. 

 

 Computer modeling and simulation methods: To visualize physical 

phenomena, it is one of the most efficient ways to apply computer simulation 

techniques. This is also a tremendous advantage over building a prototype for 

every version of a device. Over a decade, the computer simulation has been 

assessed and widely used by many research teams, as conferences such as 

Compumag and Intermag showed. 

 

 Power electronic circuits: The passive magnetic components of the systems 

have to operate in line with the electronic circuitry. While some converters 

consist of only a transformer and switches, other converters also need resonant 

tanks and feedback loops to operate. The necessary passive components for 

the specific electronic circuitry will be integrated together with the 

transformer, in order to achieve a highly efficient system.   

1.3.2 The Research Objective of this Thesis 

Already in the year 2001, Professor Fred C. Lee from the Virginia Polytechnical 

Institute stated that the integration of high performance power converter systems is 

the future way to reduce size, weight and costs [15]. 
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This research project focuses on investigations and innovative developments in the 

areas of high frequency transformers, DC/DC HF (High Frequency) converters and 

computational electromagnetic methods such as the Finite Element Method (FEM). 

As a byproduct, the areas of electronic power circuits and dielectric materials are also 

discussed. Major objective is to develop an affordable and compact passive integrated 

magnetic system containing all passive components of a DC/DC converter to make 

efficient renewable energy systems and small efficient power supplies more 

affordable for everyone. The thesis is focused on the integration of the passive 

magnetic elements of a power converting system and uses FEM simulations to assist 

with the measurements of the built prototypes. 

1.4 The Contribution of this Research Project 

High efficient power converting systems are very expensive and not always 

affordable. Hence, it is necessary to develop a device that contains more affordable 

materials and parts than the existing passive electromagnetic systems used in current 

high efficient power converters available on the market. As the use of conventional 

separate components would not lead to the desired results, it is essential to bring about 

a significant change when building the transformer and its passive components as the 

core part of every converter. Accordingly, the target is to integrate all required passive 

magnetic components into one device, as this is will reduce the costs and also the 

conductor lengths between normally separate prefabricated parts.  

 

Another benefit of an intelligent integration results from the fact that parasitic values 

can be deployed for the resonant tank or can be cancelled within the system, which 

cannot be realized when choosing separate components. Additionally, a high efficient 

power converter cannot only be utilized for electric power producers, but also in 

modern devices such as TV’s and LED illumination. By building such power 
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converters, the energy dissipation of every household can be reduced and thereby the 

energy resources of our planet can be better preserved. 

 

The contribution of this research project can be summarized in the following key 

points: 

 Reducing the cost of power converters based on one-pass production of the 

passive magnetic components. 

 Systematic reduction of parasitic effects inside the IMS 

 Shielding effect against electro-magnetic interferences from outside 

 Space saving structure of the passive magnetic components 

1.5 State of Research 

1.5.1  Introduction 

As power electronic circuits have been well developed in multitudinous structure 

variations over the years, they are able to reach very high efficiencies [16] and can 

operate at high frequencies [17] nowadays. The development of passive magnetic 

components inside power converting systems however, received far less attention. A 

few approaches have been made with regard to the integration of passive magnetic 

components, but there is significant potential for further developments and 

improvements. To deal with this challenge of complex structures of integrated 

elements, it is also required to deploy computational techniques. 

 

The development of devices via relatively new methods in the area of production 

design, such as the finite element method (FEM) or other computer modeling 

solutions, increased rapidly during the last few years measured by the number of new 

publications and articles on this. One of the reasons is that it is much more cost 
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effective to investigate and simulate the physical behaviors of the devices in an early 

development stage, rather than building a prototype for every solution [18]. In the 

past, commercial computer model and simulation packages did not result in the 

desired or required solutions. However, nowadays computational simulation programs 

offer all features necessary to investigate electro-magnetic phenomena and are even a 

warrantor for reliability and accurateness [19]. 

 

The following sub-chapter will discuss the state of the art of the integration of passive 

magnetics and transformer technology. Furthermore it points out critical issues of 

these former research projects. 

1.5.2  The State of Research in Integrated Magnetics 

Integration of converter passive magnetics into one device is not only very beneficial 

in order to realize a space efficient structure, but also to reduce the resistances and 

therefore losses related to the PCB tracks, soldering etc. between the components, and 

to decrease the risk of any connection defects between them. A resonant tank in front 

of a transformer in a power converter is needed to filter the DC contents as well as 

other AC signals with high harmonic content [20]. Although integrating the passive 

magnetics allows aligning all components inside the system to each other, it also 

requires that all parasitic effects need to be considered in the modeling process to 

achieve the highest possible accuracy. Models such as reluctance models and current 

sheet models are normally used to identify all components inside the system and 

provide the option to improve the circuitry. 

 

A previous scientific project presented the integration of passive elements on the top 

of the transformer, using the same core for the transformer and inductor, named 

‘Passive Integrated Power Electronic Module (IPEM)’ [21, 22]. This device is 

designed as a vertical arrangement of a transformer and an inductor on top. One 
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disadvantage is though, that this can cause saturation of the shared core parts, 

especially for high power applications
1
. Further, the inter-winding capacitances are 

used for the capacitor part of the resonant tank. However, when changing the turn 

number ratios etc., the use of inter-winding parasitic effects can result in difficulties in 

matching the desired operational frequency. 

In April 2011, the company Shenzhen Aoci Power Supply Technology conducted a 

power efficiency test with an integrated circuit in a planar configuration [23], but with 

an external capacitor (Figure 1.1). The planar integrated solution easily passed the 

high quality tests of an external quality auditing association (TUEV SUD) and even 

showed very positive results. Figure 1.2 shows an integrated magnetic structure with 

the transformer on one side of the magnetic planar core and the inductor located on 

the other side, but with both components on the same layer. Although the inductor and 

transformer winding are located outside the core (left and right), which results in bad 

coupling, the construction reaches an efficiency of around 90 percent [24]. Following 

this example, the combination of this construction and the Passive Integrated Power 

Electronic Module construction is capable of reaching an efficiency of 94.9% [25], 

but as this construction does not include integrated capacitor layers, the losses of 5.1% 

occur in the transformer and inductor part only. 

 

 

Figure 1.1: OC22P-48 LED driver circuit [23] with integrated part in the red circle. 

 

                                                 
1
 Although vertical structures are often used in passive integrated solutions,  FEM simulations of this 

arrangement will visualize, that this  is not suitable for this research project. 
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Figure 1.2: “Flat integrated magnetic” [24], with transformer windings on one side and inductor 

windings on the other side 

Several other research projects use integrated techniques to improve the behavior and 

efficiency of passive magnetic devices. One solution for example is the integration via 

a flexible foil, using the leakage inductance of the transformer as the induction for the 

resonant tank [26]. The permittivity εr of the foil is the same as it is for normal PCBs, 

but in order to keep it flexible, it is thinner than ordinary PCB layers. However, due to 

the thinness of the foil, it could be difficult to pass any high voltage tests. 

Additionally, the production steps and the materials are not very common, which 

could increase the costs. 

 

By developing these kinds of power devices and increasing the power density of the 

magnetic components in a converter, the heat is a critical issue to conquer [27]. Figure 

1.3 shows a vertical solution for the heat problem of a vertical integration by inserting 

heat extractor material into the core. Furthermore, a leakage layer is inserted into this 

vertical integrated device. This is useful to build a resonant tank for power circuits 

such as the LLC circuit (discussed in chapter 2.3.3), but can also cause eddy current 

losses. Accordingly, the temperature is rising and so the efficiency is decreasing. At 

the same time, the coupling capacitance is increasing during operation, which can 

result in difficulties adjusting the resonant tank to the circuit. 
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Figure 1.3: (a) Exploded view of the LLCT module without heat extractors. (b) Exploded view of the 

LLCT module with heat extractors.[27] 

Using integration techniques for transformers is also used in the field of wireless 

applications. In one of these applications, the systematic use of bifilar structures in the 

planar transformer avoids interferences [28, 29]. 

 

1.5.3 State of Research in Passive Magnetic Efficiency 

Measurement 

There are many ways of testing a transformer and its performance. This chapter 

analyzes a few of these testing and measurement techniques. Even if the transformer 
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is thoroughly calculated and simulated, the verification of the results via different 

measurement methods is required [30]. 

 

One of the relevant measurement methods is the calorimetric method, which can be 

applied to measure the diverted power. Even though it can achieve a high accuracy, 

the experiment requires a long running time before it provides valuable measurement 

results, due to the fact that it needs thermal equilibrium for every device and the 

measurement device must be switched on and connected to the DUT (Device Under 

Test). With this technique, the temperature of the magnetic device is measured while 

it is operating. There are two kinds of calorimetric measurement devices, the open and 

the closed version. Since the closed version does not have as much surface to the 

laboratory environment as the open version, it is more accurate than the open solution. 

The temperature between the heat emission of the DUT and the temperature of the 

environment are getting compared, and by taking the supplied energy into 

consideration, the losses can be calculated [31]. The wattmeter measurement 

technique alone is only applicable for low frequencies or DC devices. 

 

The measurement design in Figure 1.4 shows the waveform measurement of the 

transformer, with a square wave form of a pulse width modulated signal source. This 

can be realised through a normal frequency generator in the laboratory [32]. With the 

derived waveform, the core losses can be calculated with: 

 

dttitv
T

P

T

MpriCore 
0

)()(
1

 

(1-1) 

where  vpri(t) is  the  primary  side  voltage  and  iM(t)  is  the magnetising current. The 

voltage vpri(t)  cannot be measured directly, but can be calculated with:  

Turn ratio = Vpri(t)  / Vsec(t) . 
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Figure 1.4: Power measurement scheme [32] 

Another very common measurement method is the LCR meter measurement, which 

uses the Fourier-Analysis-Based method. There are many measurement devices on the 

market, which are able to directly measure and calculate the frequency response of the 

inductances, the capacitances and the AC resistances, such as the HP 4284A [30] and 

the Agilent 4285A precision LCR meter. To see the performance in the real 

application one can execute a static load test, where the transformer is connected to 

the power source and waveform measurement devices. 

1.5.4 Discussion of State of Research 

Many different kinds of integrated magnetics have been investigated by different 

research groups around the world, whereat the vertical arrangement seemed to be in 

the focus of most of these research projects. However, the most critical issues of these 

structures seem to be the heat dissipation and the highly stressed upper core part of the 

transformer shared with the inductor. 

 

The devices often use the parasitic values as inter-winding capacitances and the 

parasitic induction of the transformer to build the resonant tank of the passive 

magnetic system. This could result in core saturation due to the fact, that DC current 
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is distributed directly to the transformer and not filtered out before. If changing the 

ratio and/or the structure of the windings, the frequency response of the system is 

changing, and therefore the system lacks flexibility. 

 

Bifilar structures are used for transformers in high frequency communications. This 

could be also useful for the IMS to avoid interferences within the used frequency 

range and increases the possibility to avoid interferences between integrated magnetic 

parts. 

1.6 Design Methodology 

Apart from establishing the state of research, the power electronic circuitry needs to 

be defined. The circuitry on the other hand determines the requirements of the passive 

magnetic circuit inside the electronic circuitry, which also influences the selection of 

applied materials. Further, in order to develop the IMS, the parasitic effects must be 

analyzed and the design and operational parameters such as the frequency need to be 

selected. 

 

Since computational simulation is significantly accelerating the exploration process of 

a new device, the underlying electromagnetic theory must be discussed and prototypes 

modeled for this process. To optimize the system, the resonant tank design, involving 

the integrated transformer, is defined and the prototype models are further adjusted. 

 

Based on the design considerations, the first prototypes are created with the assistance 

of software such as PCB software Altium designer, followed by the manufacture of 

the prototypes. This process is iteratively conducted in combination with 

computational simulations. 
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Once the first prototypes have been simulated and built, measurements need to be 

conducted, and the results are compared with each other, in order to develop a further 

improved prototype. Subsequently, the final prototype is adjusted to the electronic 

circuit and its switching behavior as well as operational frequency. Finally, future 

potentials are examined to improve the device further and realize additional benefits 

by using alternative materials etc. 

1.7  Chapter Overview 

 Chapter 1 deals with the introduction and the state of research of passive 

magnetic solutions and discussed pros and contras of the developed devices as 

well as their integrated passive magnetic parts. Additionally, it is leading to a 

pre-selection of successful designs and points out the weaknesses of the given 

structures. 

 

 Chapter 2 presents the research of different power electronic circuits. While 

this PhD project is focused on the design of passive magnetic parts and not on 

power electronics circuits as such, a suitable low cost and high efficient circuit 

must be selected first to be able to adjust the IMS. 

 

 Chapter 3 addresses the essential theory for the development of the integrated 

magnetic system. This includes the electromagnetic theory and the utilization 

of electromagnetic computational methods as well as the discussion of 

parasitic elements of the IMS. Furthermore, the chapter addresses the available 

materials and other requirements for developing a low cost efficient converter 

design. 

 

 Chapter 4 discusses the FEM computational simulation methods for the IMS 

and the modeling process of the different integrated magnetic systems. 
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Furthermore, the theory of computational design is further developed in the 

context of the Maxwell equations presented in chapter 3. 

 

 Chapter 5 elaborates the design of the integrated resonant tank, which is the 

critical section of the magnetic system, as this development step is the key for 

the efficiency of the whole device structure. The chapter also outlines the 

solution from the first prototype to the last prototype. 

 

 Chapter 6 presents the results of the IMS computational simulations as well as 

the measurements of the built prototypes. The physical effects, which cannot 

be captured with common measurements, but assist in the development 

process of the IMS, are discussed by investigating the magnetic and electric 

fields inside the device via FEM technique. Furthermore, waveform, LCR as 

well as frequency measurements are presented and load tests results are 

illustrated to explore the efficiency of the IMS. 

 

 Chapter 7 features the conclusion and the contribution of this PhD project. 

Finally, this chapter addresses further research and development possibilities, 

which are outside of the scope of this PhD project. 
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This thesis is structured as follows: 

1. Introduction

5. LCT Design for the IMS
4. Finite Element 

Simulations of the IMS

6. Results and 
Analysis of the IMS 

7. Conclusion

Alternative reading order

Suggested reading order

2. Power Electronic 
Circuitry for the IMS

3. The Theory and 
Concept of Designing the 

Integrated Magnetic 
Circuit (IMC)

 

 

Figure 1.5: Chapter overview and possible reading order 
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2 Power Electronic Circuitry for the 

IMS 

2.1 Introduction 

 

While this thesis is focused on the design of the IMS as the core part of an electric 

power converting system, the power electronic circuit forms the basis for IMS design 

considerations. Therefore, this chapter investigates two different kinds of power 

electronic circuitries, half and full bridge circuitries, and determines one special 

circuitry, which is most suitable with regard to the targeted design of the IMS. To 

satisfy the need for a cost and energy efficient converter, the power electronic circuit 

as an essential section of the converter also needs to be cost efficient and energy 

efficient at the same time. The following sub-chapter investigates the requirements of 

the power electronic circuit further. 

2.2 Requirements of the Power Electronic Circuit 

There are two major tasks in developing the power electronic circuit. One is the 

efficiency, and the other is cost reduction. In an efficient circuit, one often finds a 

complicated design consisting of many parts, which leads to relatively high costs. 

Hence, it is necessary to analyze which parts can be neglected, in order to save costs, 
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while ensuring that the circuit still fulfills the electric requirements for an integrated 

magnetic system. 

 

Due to the high harmonic content of square waves, it is recommendable to generate a 

sine wave with the circuit. The issue is that commonly used switches such as MOS-

FETs and IGBTs have problems in generating a clear sine wave and most controller 

chips are also focused on square mode switching. Different switching techniques are 

contemporarily applied in soft or hard switching mode such as Zero Voltage 

Switching (ZVS) and Zero Current Switching (ZCS) as well as a combination of both 

techniques, where the converter electronic  realizes the  ZCS  for  lagging leg and the  

ZVS for leading leg [33, 34]. Due to its nature, soft switching reduces the 

electromagnetic interferences (EMI) emission in comparison to the hard switching 

mode [35]. In the context of this PhD thesis, the circuitry selection is made on the 

basis of functional and non-functional requirements.  

 

The functional requirements define how the circuitry for the IMS can be operated in 

an efficient and safe way. They are: 

 Low switching losses 

 Good heat dissipation for use in compact devices 

 Safe and long lasting operating with the IMS 

 Low electromagnetic interferences (EMI).   

 

The non-functional requirements are not less important and should be taken into 

account to support the advantages of a compact converter system. Thus, the circuit 

should meet the following requirements: 

 Small space 

 Affordable components 

 Less components 
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2.3 Comparison of Common Power Electronic 

Circuits 

In order to give an overview of the different types of power electronic circuits and to 

choose the best solution for the IMS, the two major circuits, half- and full-bridge are 

discussed in the following sub chapter. Additionally, one special type of half-bridge 

circuit, the LLC circuit is emphasized, since it is highly affordable because of its 

simplicity, while still being power efficient. 

 

The circuits can be controlled by a passive driver, where all switching times are fixed. 

When using this technique, the manufacturer has to make sure that the dead times 

between high and low are long enough, so that the circuit is not be damaged by the 

reversed waveform. In addition to that, a passive circuit structure is uncomplicated 

and very affordable. However, the passive control of the switching has its 

disadvantages with regard to the protection of the components. A higher efficiency 

can be achieved, if the controller is self-controlled by an active feedback loop [36]. 

With a feedback loop from the secondary side to the controller on the primary side, 

the dead-times between the switching can be reduced to a minimum, without the 

danger of destroying the components.  

 

Furthermore, there are several other power electronic circuits such as the push-pull 

converter, which has small switching losses, is costs effective, and is reliable. Hence, 

it is also often used in uninterruptible power supplies (UPS) [37]. One other circuit is 

the resonant converter, which can handle very high fixed resonant operational 

frequencies up to the MHz range and has the ability to handle several kilowatts [38, 

39]. Generally, because of the relatively high quantity of separate parts for this 

converter, the costs are higher than for other converters. The second disadvantage is 

that the device might operate in a frequency range, which is audible for humans, if the 

converter is running in part-load operational range. 
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2.3.1 Half-Bridge Circuit 

The half-bridge circuit typically consists of active switches (Figure 2.1) and can 

handle several kilowatts. The transistor voltage is VDS = 2Vi and can achieve an 

efficiency of  >92%  [40]. Additionally, with regard to the few components needed for 

building the converter, this design is very affordable. 
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T1
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Figure 2.1: Two transistors forward converter [40] 

2.3.2 Full-Bridge Circuit 

The full bridge converter (Figure 2.2) is able to handle several kilowatts and only 

needs a small transformer for operation. However, the symmetric switching of the 

full-bridge configuration and therefore the modulation of the four HF switches (e.g. 

MOSFETS) are sometimes difficult to realize with regard to part tolerances [33]. 

Furthermore, the circuit is more costly than other converters such as half bridges, due 

to the higher number of parts and the different controller. A resonant tank is normally 

not necessary for operating this kind of converter due to the generated distortion-free 

waveform, but it can avoid the core saturation caused by harmonics from external 

sources. The efficiency of the converter can easily reach over 90% [41]. 
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Figure 2.2: Circuit of a full-bridge converterin  push-pull resonant operation 

2.3.3 LLC Circuit 

 

The LLC resonant converter is a special combined version of a half bridge converter 

and a resonant converter. Combining these two converter types results in a wide 

operation range with a high efficiency and low costs [42]. Therefore, the advantages 

of this circuit are very significant. The operational frequency is up to 1MHz and the 

converter usually reaches its limit at 1kW [43]. 

 

 

 

 

Figure 2.3: Half Bridge LLC circuit [44]  
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The frequency of the LLC converter is defined by: 

 

rC
f




1L2

1


 

(2-1) 

Where L1 is given by: 
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(2-2) 

Where lksL  is the parasitic inductance of the secondary side, multiplied with the 

square ratio of the number of turns of the winding.  

 

Figure 2.4 shows the operation point of a LLC converter at 100 kHz and different 

quality factors Q calculated by the AC resistance Rac, the inductance Lr, and the 

capacitance Cr. It can be seen that at the resonant frequency all load curves converge 

at a gain M of 1.2, even under non-load conditions. This allows a voltage regulation 

within a wide load range. However, small frequency changes outside the operational 

frequency range result in significant changes of the gain value  [45]. 
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Figure 2.4: Gain characteristics of the LLC resonant converter [45] 

2.4 Discussion 

After consideration of and comparison between different kinds of circuits, the full-

bridge circuit can be identified as one of the most effective circuits due to the ability 

to reduce switching losses and its capability of high frequency switching. The circuit 

can be used for low-voltage and high-current in push-pull operation, and for high-

voltage and low-current in full-bridge operation [46]. Common methods to realize the 

benefits of low losses and high frequency switching are Zero Voltage Switching 

(ZVS) and Zero Current Switching (ZCS) operations. However, full-bridge 

configurations are expensive in comparison to half-bridge circuitries. 

 

A further deliberation would be to advance and optimize a full-bridge-push-pull 

converter, which is driven above the resonance frequency of the circuit, to reduce the 

dead-time and therefore the conduction losses. This would also reduce the output 

ripples without changing the characteristics of the switching mode, similar to the 



 

 

 

26 Power Electronic Circuitry for the IMS 

__________________________________________________________________________________ 

described US patent ‘Method of operating a resonant push-pull converter in an above 

resonant frequency mode’ [6].  

 

Half-bridge circuits have two major advantages in comparison to full-bridge circuits. 

On the one hand, they only need one relatively small input inductor instead of two 

separated inductors. On the other hand, half-bridge circuits achieve high efficiencies 

due to the fact that the switching losses are lower than with a full-bridge circuits [47]. 

 

The LLC circuit, as one of the newest half-bridge circuits on the current market with a 

power range up to 1kW, is a very remarkable solution with an efficiency up to 97% 

combined with low costs [48].  It is also possible to apply extensions to the LLC 

circuit to make this device even more power and cost efficient. Such improvements 

were for instance realized with a derivate of a series-parallel resonant LLC circuit, 

where a half-wave instead of full-wave rectification was introduced [47]. 

 

As it is one of the goals of this research project to build a cost effective solution, it 

should be avoided to build a snubber circuit, which resupplies the energy that is 

captured by the leakage inductance back to the conversion circuit. This can be 

prevented through a passive magnetic design with low leakage inductance inside the 

magnetic circuit. The converter power electronic circuit can be realized with soft 

switching and hard switching switches such as MOSFETs and IGBTs. The use of the 

soft-switching mode reduces the turn-on losses to nearly zero, but at the same time 

creates losses in the soft switching cell of the MOSFET itself.  

 

Another disadvantage of the soft-switching mode is the increase of the circuit 

complexity due to the timings of the square wave, which has a gain in the turn-off 

phase [49]. The hard switching method can cause high switching stress as well as 

higher losses and electromagnetic interferences (EMI). In data sheets for switching 

components provided by different manufacturers, it can be clearly seen that the 

switching frequencies of IGBTs are significantly smaller than of MOSFETs and that 
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the MOSFETs are very low in costs in comparison to fast switching devices such as 

GaAs-HEMTs. 
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3 The Theory and Concept of 

Designing the Integrated Magnetic 

System (IMS)  

3.1 Introduction 

While the previous chapter outlined theoretical and practical fundamentals of power 

electronic circuits, which are crucial for the design of the IMS, this chapter deals with 

the theory of magnetic systems and provides examples of equivalent modeling 

techniques. In addition, the various losses and parasitic effects are emphasized. 

 

The relevant theory on integrated magnetic systems can be categorized into three 

major fields: 

- Requirements, materials and structure considerations 

- Electromagnetic theory 

- Definition of relevant parasitic effects of the system 

3.2 Requirements, Material and Structure 

Considerations 

The requirements for the IMS can be classified into two different types, functional 

and non-functional. The functional requirements include essentials which are 
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necessary for the operation of the IMS such as material, which is one of the most 

important functional requirements, as well as the health and safety requirement [50]. 

The non-functional requirements are describing parameters such as size and costs. 

 

Additionally, all requirements need to be met in accordance with official electrical 

tests defined by the International Electro technical Commission (IEC) [51, 52]. These 

tests are mandatory, before it is permitted to make it available for sale and public use. 

This includes high voltage testing of the insulation materials and electromagnetic 

compatibility (EMC) testing. Accordingly, the resonance filter which is built into the 

IMS should not only prevent the magnetic core of the input DC saturation, but also 

avoid any harmonics and noises, which are fed back into the power system. 

 

In order to reduce the costs, the production steps must be simplified as much as 

possible. This can be realized through a one-step production of the parts by using a 

structure, which allows utilizing one magnetic core for the whole system as well as 

the arrangement of all components on one insulation layer. 

3.2.1 Magnetic Core Structure and Material 

Even though traditional coaxial transformers can achieve a high power density in spite 

of parasitic elements such as eddy currents [53], especially by inserting a faraday 

shielding between the primary and secondary winding [54], the integration of other 

passive magnetic elements is difficult or even impossible due to the given shape.  

 

The planar core structure was already very popular in 1994, when Bloom developed 

an “integrated planar device” [55] with an inductor and a transformer. 

The selection of the core shape and geometry is dictated by electrical and 

electromechanical requirements as well as the compact shape of the whole device. 

Thus, planar transformers provide the opportunity to build the IMS with a very 
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compact and flat profile. Despite the flat space saving structure, further benefits of 

planar structures have been described by Professor Sam Ben-Yaakov [56] : 

 Reduction of switching losses 

 Improving the current handling of filter capacitors 

 Combating copper losses due to the 'skin effect' 

 Reducing core losses 

 Improving heat conduction 

 Low leakage inductance 

 

Accordingly, planar core shapes are ideal for high frequency and high power density 

operation with an increased efficiency [57-59]. Various companies are currently 

producing high frequency and very efficient planar cores. 

 

The magnetic core is one of three major parts of every passive magnet device. The 

material of the magnetic core is the most important criterion with regard to the 

operational frequency range and the respective saturation. The main characteristics of 

the different magnetic core substances are defined in table 3.1. 

 

Magnesia-zinc-ferrite or nickel-zinc-ferrite alloys provide an excellence operating 

frequency range combined with high power rating. Thus it is very suitable for this 

research project, but also more expensive than common ferro cores. 

 

Traditional materials such as soft iron cores appear to have significant losses in the 

frequency range at above 1 MHz. A brief overview about the core losses listed by 

manufactures and frequency can be seen in Table 3.2. It clearly demonstrates that 

above 200 kHz, the losses are significantly high. 
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Table 3.1: Properties of soft magnetic materials [60] 
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Table 3.2: Power losses of different manufacturers and materials [61-65] 

 
Manufacturer and material Frequency Core loss (

 

  ) by flux density 

200 mT 100 mT 60 mT 40 mT 

Ferroxcube 3F3 100 kHz 500 72 20  

 200 kHz  210 60 22 

 400 kHz  800 220 90 

 700 kHz     

 1MHz     

Ferroxcube 3F4 100 kHz  200 40  

 200 kHz  430 100 30 

 500 kHz  1000 250 70 

 700 kHz   1000 350 

 1MHz    2000 

Magnetics F 100 kHz 700 110 30 9 

 200 kHz 2000 380 95 30 

 500 kHz  1500 500 180 

 700 kHz   1850 750 

 1MHz     

Magnetics K 100 kHz 700 95 20  

 200 kHz     

 500 kHz  900 180 42 

 700 kHz   950 250 

 1MHz    4200 

MMG F47 100 kHz 600 72 12  

 200 kHz  200 40  

 500 kHz  1050 300  

 700 kHz     

 1MHz     

TDK PC40 100 kHz 400 70 20  

 200 kHz 1100 200 40  

 500 kHz  1100 320  

 700 kHz     

 1MHz     

Siemens – EPCOS N49 100 kHz 720 82 15  

 200 kHz 2000 200 30  

 500 kHz  740 100  

 700 kHz  2500 500  

 1MHz     

 

The magnetic core losses depend on the material related H-B curve of the core. This 

will be examined further in chapter 3.4.5 in the context of different types of parasitic 

effects. 
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3.2.2 Conductor Materials 

Conductors are not only defined by their cross section and the number of turns, but 

primarily by the used material. There are many kinds of conductor materials on the 

market, but due to high costs materials such as Gold and Silver are not feasible. 

Conductor materials such as copper, brass, or aluminum are suitable solutions with 

regard to costs and efficiency. Although brass is a slightly more cost efficient than 

copper (approximately 18%) and the winding cutting process is relatively fast, brass 

has a significantly higher specific resistance of 70e-3 Ω · mm
2
/m, while copper only 

has a specific resistance of 17.8 e-3 Ω · mm
2
/m [66]. Aluminum has a specific 

resistance of 26.4e-3 Ω · mm
2
/m and costs 30% of copper. Nevertheless, most cables 

for connecting the devices to each other consist of copper, which affects the life cycle 

of the transformer contacts due to a chemical reaction between the ignoble metal 

aluminum and the wire, which is made of copper. Copper is a noble metal or most 

cathodic with an electrode potential of +0.34V whereas Aluminum has an electrode 

potential of -1.67V [67]. Hence, bonding the two materials would result in a corroding 

of the aluminum conductor. In conclusion, copper is a good conductor solution with 

regard to the costs and efficiency. 

3.2.3 Insulation Layers 

Printed circuit boards (PCBs) are commonly used in many electronic devices, inside 

planar transformers, in high frequency applications of 1MHz and above [68], as well 

as in integrated sandwich structures [69]. Due to their wide use in all kinds of electric 

devices, FR4 PCB boards are very affordable. However, by using PCBs inside a 

passive magnetic power circuit, especially with an integrated resonant tank in the 

IMS, the position and shape of the conductors on the PCB are very important to avoid 

unwanted parasitic effects [8]. There are approaches in using recyclable plastic 

instead of PCBs [70]. Yet, this technology requires the application of silver ink 
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instead of more affordable copper conductors, so that FR4 PCBs are still state-of-the-

art. 

3.3 Electromagnetic Theory 

3.3.1 Basic Theory of Electromagnetic Calculations 

 

In 1873, James C. Maxwell
2
 published the four fundamental Maxwell equations in his 

textbook ‘A Treatise on Electricity and Magnetism’, which set a milestone in the 

investigation of the electromagnetic field and are still frequently applied. 

 

The following set of equations (3-1) to (3-9), displays the two last sets of basic 

Maxwell equations as discussed and used in current literature [71, 72]. From the 

Maxwell equations, one can develop the equations for magneto-static calculations, 

which are basically restrictions of the general Maxwell equations [73]. The definition 

of magneto-statics is the calculation of static current produced by magnetic fields. 

 

The first set of Maxwell equations describes the integral form, which describes the 

electromagnetic effects with the absence of magnetic material. Hence, the first set of 

Maxwell equations is not of interest for the development of the IMS. Furthermore, the 

second set of Maxwell equations is the differential form without any presence of 

magnetic material. Thus, this set of equations cannot be used for the IMS either. The 

third set of the Maxwell equations consists of the differential form, describing the 

total charge inside the magnetic material (3-1)-(3-4). 

 

                                                 
2
 James Clark Maxwell (*13.July 1831 in Edinburgh,  † 5.November 1879 in Cambridge), the 

publication of ‘A Treatise on Electricity and Magnetism’ 1904 is the better readable and corrected 

version. 



 

 

 

36 The Theory and Concept of Designing the Integrated Magnetic System (IMS) 

__________________________________________________________________________________ 

   ⃗⃗    

(3-1) 

 

   ⃗    

(3-2) 

J
t

B
E










  

(3-3) 

t

D
JH









 
(3-4) 

With the current density: 

     ⃗⃗⃗     ⃗⃗⃗   
(3-5) 

                                       Where: 

  ⃗⃗  is the magnetic field strength  (
 

 
) 

  ⃗  is the magnetic flux density (T) 

  ⃗⃗  is the electric displacement 

  ⃗  is the electric field strength  (
 

 
) 

   ⃗⃗⃗   is the eddy current density (
 

  ) 

   ⃗⃗⃗   is the external current density (
 

  ) 

   is the free charge density (
 

  
) 

 

The last set is the integral form of the Maxwell equations and describes the total 

charge and current flow in the case of magnetic materials being present (3-6)-(3-9). 
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This formulation is useful for simulation techniques such as BEM (Boundary Element 

Method) and MOM (Method of Moment). 
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(3-9) 

 

Where Qf is the total charge enclosed, Φs is the magnetic flux on the surface S, and 

ΦD,S is the magnetic flux on the surfaces D as well as S. 

The high frequency magnetic cores used for the transformer and inductor are non-

linear and made of soft magnetic material to keep the B-H-Hysteresis as small as 

possible. For a constructive relationship in a closed system, such as a transformer or 

in the case of an integrated magnetic system, one needs to describe the macroscopic 

properties of a medium [74]. These fundamental properties of materials can be 

defined by the following equations: 
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 ⃗     ⃗⃗  

(3-11) 

EJ


  

(3-12) 

Where P is the polarization, M the magnetization, B is the magnetic field, σ is the 

electrical conductivity, ε0 the permittivity of vacuum, and μ is the permeability. 

Where an electric field E is apparent, the polarization of the material is described by 

the electric polarization vector P, which is a function of the electric field E. If a 

magnetic field H is taking effect, the magnetization of the material is described by the 

magnetization vector M. Accordingly, the magnetization vector is a function of H and 

can be used to describe permanent magnets for example. Yet, the model for the FEM 

calculations contains boundaries, edges and interfacial reactions. In this case, the 

integral equations (3-6) to (3-9) can be applied and the following tangential 

components in the equations (3-13) to (3-16) can be derived [75]:  

 

tt EE 21    (V/m) 

(3-13) 

nn BB 21 
         (T) 

(3-14) 

Sn JHHa  )( 212  (A/m) 

(3-15) 
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In order to calculate an object, FEM programs follow the subsequent procedure with 

the conditions and relationships of equations (3-13) to (3-16). The equation (3-17) for 

calculating a 2-D object (z=0) can be derived from the Maxwell equations, including 

the relationship between the magnet vector potential A and the scalar of the structure, 

the Nabla operator   (3-19) [76]. 
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Furthermore, the frequency governing equation (3-20) is used in electric field 

calculations and can be applied for FEM calculations later in this thesis, which allows 

the FEM program to calculate the magnetic field and eddy current distributions [77]. 
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Where σ is the conductivity, ω is the angular frequency, Js is the current density on the 

surface, and Φ is the electrical scalar potential. The relationship of    determines the 
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value of the time differential equation of the magnetic vector potential inside the 

domain 
  

  
. 

 

3.3.2 The Electromagnetic Field 

To calculate the magnetic potential of the IMS core, the magnetic density can be 

defined via the vector potentials. To satisfy the equation (3-2) and because the 

divergence of an eddy field is always zero, the magnetic field density can be changed 

to: 

 

 ⃗   ⃗⃗     

(3-21) 

This change is very beneficial, especially for 2-D cases, as the introduced magnetic 

vector potential  ⃗⃗  has only one component in most problem definitions. 

From equation (3-11) and (3-21) the following can be derived: 

 

 ⃗⃗  (
 ⃗⃗   ⃗⃗ 

 
)     

(3-22) 

For the magnetic core of the IMS, the transmissibility of the material for the magnetic 

field is homogenous and the vector potential is defined by the area function. Hence, it 

is possible to set the vector potential to zero, so that the equation (3-22) can be 

simplified to the vector Poisson’s equation [78] (3-23). 
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The advantage is, that the vector Poisson’s equation prevents that each component of 

the vector potential has an impact on the other components [79]. By setting the areas 

current-free, it is possible to obtain the magnetic density via the magnetic scalar 

potential (3-24). This is achieved by converting the current density into magnetization 

(3-25). 

 

 ⃗     ⃗⃗   

(3-24) 

    ⃗⃗   ⃗⃗⃗  

(3-25) 

However, the formulations above are very useful to describe static field problems, but 

do not deliver a solution for time varying fields. The substitution of the basic 

formulation (3-21) to a quasi-static case is performed in chapter 4.2. 

3.3.3 Equivalent Circuitry 

Every DC/DC converter consists of several electromagnetic parts such as the 

transformer and inductor. These parts can be displayed and simulated on the basis of a 

magnetic circuit and with different kinds of methods such as the reluctance model and 

the gyrator model. Due to the complexity of magnetic circuits, especially the IMS 

with its integration of several passive magnetic parts into one device, it is necessary to 

consider all parts in such a system, to analyze the behavior before developing and/or 

building a prototype. The gyrator model displaces the inductances with capacitors and 

power sources to solve the circuit parameters [44, 80, 81]. In contrast, the reluctance 

model visualizes the system via resistances and current sources. The significant 

differences between these two magnetic model methods are outlined in table 2-2. 
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TABLE 3.3: RELUCTANCE MODEL AND CAPACITOR MODEL MAGNETIC CIRCUIT 

CALCULATION METHODS [44] 

 

 

As it can be seen in Table 3.3, it is possible with both models to calculate the 

inductances as well as the parasitic capacitances. However, as the flux rate is directly 

recognizable in the gyrator model (capacitor model), as visualized in Figure 3.1, the 

magnetic integration of an inductor inside the transformer is more convenient than in 

the reluctance model [44]. However, both models are useful for calculating the 

common transformer parameter. 
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Figure 3.1: The capacitor and resistor model of a common transformer 

 

Another model to investigate a transformer is the equivalent model (Figure 3.8). In 

this model, all parasitic parameters such as inter-winding capacitances and leakage 

inductances (discussed in chapter 3.3.3.4) are included. This supports the 

understanding of the transformer model, especially when it comes to new creations of 

electromagnetic devices.  

3.4 Parasitic Effects Calculation 

Inside a passive magnetic power converting system, various losses appear in addition 

to core losses, such as losses caused directly from the conductor material in 

conjunction with increased operational frequencies, current density and geometry. In 

fact, the winding resistances in passive magnetic devices at high-frequencies are 

sometimes so large, that even the core resistance is negligible [82].  When calculating 

an IMS, these parameters have to be taken in consideration. 
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3.4.1 DC Losses 

Based on the nature of the material, every conductor has its electrical resistance 

defined by: 

   
   

 
 

(3-26) 

Where P is the specific resistance of the conductor material, l is the length, and A the 

cross sectional area. For the IMS, this resistance is defined by the number of turns N 

for the inductor and the transformer section and can be derived through equation 

(3-27). 
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Where A is the cross section of the conductor, R is the outer radius, r is the inner 

radius, h is the thickness of the conductor, and lB and lA are the lengths of the 

conductor sections in Figure 3.2. However, due to the increased operating frequency 

of contemporary converters, the DC resistance is very small in comparison to other 

parasitic effects outlined in the following sub-chapters. 
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Figure 3.2: Winding example for DC resistance calculation 

3.4.2 Eddy Current Losses 

By applying a time varying field to a conductor, a voltage is introduced. 

Consequently, if the conductor is in the shape of a closed loop, as it is the case for 

every transformer or inductor, current can flow and the total magneto-motive force    

along any closed path is equal to the current inside that path:  

 

   ∮       
 

 

(3-28) 

where      is  the  total  magneto-motive force (in  Amperes) along a path of length e 

(m), H is the field intensity, N is the number of turns , and I is the current. 

This principal is applicable for the eddy current. Figure 3.3 visualizes how the eddy 

currents affect the current flow inside a conductor. The eddy currents, produced from 

the current flow through the conductor, generate a Magnetic field H. Generated by 

this field, eddy currents occur at the borders of the conductors and shrink the channel 

for the current flow inside the conductor, which results in a lower efficiency, unless 

the conductor has a sufficient cross-section with regard to the current density and 

operational frequency. 
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Figure 3.3: Skin depth reduction by eddy currents  

 Particularly for high frequencies, the current changes rapidly, as does the flux inside 

the wire too. This is causing a voltage loop on the conductor surface and therefore a 

coincident eddy current in the conductor. This parasitic current reinforces the current 

at the surface, but also forces it towards the conductor center [83]. When increasing 

the operational frequency, the detrimental eddy current also increases (Figure 3.4). 

 

Figure 3.4: Traditional transformer normalized eddy current density over frequency [84] 
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Because of the nature of this phenomenon, the eddy current cannot be measured by 

conventional measurement devices, but can be calculated. By applying simulation 

techniques, the current flow of the conductor can be investigated. 

 

The eddy current can be determined by rewriting the Maxwell equation (3-11) to: 

 

  (
 

 
    )     

  (3-29) 

Where J is J0 plus the frequency dependent eddy current Je (3-30). By considering a 

quasi-static field, the eddy current Je can be calculated by using the angular frequency 

ω in equation (3-31), where σ is the conductivity. 

 

  ⃗⃗     
   

  
 

(3-30) 

         
(3-31) 

3.4.3 Proximity and Skin Effects 

The interconnect resistance and inductance depend on the skin effect, and the skin 

effect itself increases with the operating frequency and the current density. One way 

to calculate the skin effect is the approximation via A + B√s [85] .This method is very 

accurate for calculating the skin effect and has been successfully used for years, as 

found in an IEEE publication of 1972 [86]. The skin effect increases the resistance of 

the conductor described with the relationship: 
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Where R is the resistance of the conductor, ρ is the specific resistivity of the 

conductor material in Ω·m, D is the diameter, and L the length of the conductor. 

describes the skin depth in meters and can be expressed as: 
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(3-33) 

Where J is the current density, Js (Js≈ J*0.37) is the current density on the surface, ω is 

the angular frequency, and μ (μ= permeability of free space * relative permeability of 

the conductor) is the magnetic permeability. Thus, the skin depth of the conductor can 

be manifested by the permeability µr of the conductor material and the frequency 

(Table 3.4). Even though magnetic materials such as iron, nickel, and alloy can reach 

a relative permeability of hundreds of thousands, most conductors have a relative 

permeability of approximately one. 

TABLE 3.4: SKIN DEPTH CALCULATION OF DIFFERENT MATERIALS 

Material Conductivity   

(S/m) 

50Hz 100 kHz 1 MHz 

Aluminum 3.54×10
7
 11597 µm 259 µm 82 µm 

Gold 4.10×10
7
 10652 µm 238 µm 75 µm 

Copper 5.80×10
7
 9220 µm 206 µm 65 µm 

Silver 6.17×10
7
 8963 µm 200 µm 63 µm 
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Another method to calculate skin as well as proximity effects is the 1-D 

approximation [21, 87]. This technique for calculating the loss per unit length tp also 

includes the number of layers k as well as the number of harmonic frequencies m in 

the equation as shown in (3-34). 
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(3-34) 

Where rdck is defined by Ω / unit length and FsRkm is the skin effect AC loss coefficient 

of the k
th

 layer at m
th

 harmonic frequency. ζkm is defined by: 
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(3-35) 

Where sf  is the switching frequency, k  is the Winding window lateral filling factor, 

calculated by (3-36), and T is the conductivity of the conductor at temperature T. 
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The eddy current effect AC loss coefficient FRkm can then be calculated as shown in 

(3-37), and subsequently the overall conduction loss can be derived by (3-38). 
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where Rdck is defined as the DC resistance of the layer conductor, FRkm is the magneto 

motive force, D is the electric displacement and aj is the cross section. As it can be 

seen from above, the 1-D approximation includes the investigation of the skin effect, 

the proximity effect, and consequently the AC conductor losses. To reduce these eddy 

currents, a faraday shield between the layers could be inserted to avoid the impact 

from the primary to the secondary side and vice versa [88, 89]. The insertion of a 

faraday shield is discussed in chapter 3.4.5.  

 

To lower the magnetizing inductance of the magnetic core and to prevent a saturation 

of the core, it is very common to implement an air gap between the core parts, 

particularly for inductors. The magnetizing inductance is LMag is given by: 

 

     
       

 

                        
 , 

(3-39) 

where Np is the number of primary turns. Under the assumption, that all magnetic 

energy is stored inside the air gap, and taking the rest of the core into account, the 

length of the air gap lair can be determined by equation (3-40), where LM is the 

magnetizing inductance. 

 

     
       

 

  
 

                        

  
 

(3-40) 

Although an air gap is useful to achieve a consistent magnetic field inside the core,  it 

can cause some other parasitic effects, such as the fringing flux, which depends on the 



 

 

  

51 The Theory and Concept of Designing the Integrated Magnetic System (IMS) 

__________________________________________________________________________________ 

frequency as well as the angle and structure of the air gap [90]. This kind of flux 

around the air gap between the two core parts as shown in Figure 3.5 produces eddy 

current [91] by influencing the conductor and can cause hot-spots inside of the 

transformer. This can affect the efficiency of a high frequency transformer because of 

the higher flux density. 

 

 

Figure 3.5: Fringing flux left and right of the core air gap [92] 

It also needs to be investigated via FEM calculations, if the chosen permeability of the 

core, structure and load, can avoid the necessity of inserting of an air gap into the 

IMS. 

3.4.4 Leakage Inductance and Inter-winding 

Capacitances 

 

The coupling between the primary and the secondary side of a transformer is very 

important for a low-loss transfer of the electric energy. Although leakage flux can 

work as a current limitation in some power transformers, it is causing a voltage 

change by changing the load. There are essentially two reasons for the flux leakage. 
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Firstly, the magnetic flux produced by the primary winding inside the core is not fully 

linked to the secondary winding and magnetic flux is leaking to the environment. 

Secondly, the direct coupling between the primary and second winding is not perfect. 

Due to the planar structure and the fact that the primary and secondary turns are very 

close to each other, the second cause is smaller than for classic transformer designs 

(Figure 3.6), where both windings having a larger gap in between. 

 

Figure 3.6: Transformer Flux (a) shell-type transformer, (b) core-type transformers [93] 

The leakage inductance is in series with the self-inductance of the transformer, which 

stores field energy. This energy E can be calculated with [94]: 
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To calculate the self-induction of the system, an empirical equation can be used [95] 

or the standard form by Grover using elliptical integrals [96], as applied for many 

years. However, because the IMS is using relatively short conductors, the following 

equation can be utilized to calculate the inductance L: 
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(3-42) 

The equation makes use of arithmetic AD = 0.3311t + 0.1015w and geometric GD = 

0.2235 (w+t) mean distances of the rectangular cross-sections and provides, compared 

to Grover’s equation, an improved accuracy for short conductors as used in the IMS 

[97]. 

3.4.5 Magnetic Core Losses 

Core losses consists of three kinds of physical effects: Firstly, hysteresis losses, 

secondly, eddy currents due to the changing magnetic field inside the core, and 

thirdly, excess eddy current losses because of the magnetic domain wall motion inside 

the material [98]. Magnetic cores are normally specified by their B-H curve, with the 

hysteresis characteristics of the curve being defined by the linearity of the frequency, 

as well as by their peak flux density. The relationship between the flux density B and 

the magnetic field H to the core permeability is defined by (3-43). 

 

 

 
         (H/m)    

(3-43) 

Where µ0 is the permeability of free space and µr is the relative permeability of the 

core material. Figure 3.7 visualizes a classical hysteresis curve. If the core is un-

magnetized, the curve starts at zero and goes up to the saturation state Bs, depending 
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on the current flow of the conductor. If the magnetization goes back, caused by 

reduced current, the curve does not follow the same path back. When H is reduced 

back to zero, the retained flux density is still present and is called residual flux 

density. Once the current reverses, the loop closes. 

 

The hysteresis effect, inrush current, Ferro resonance, as well as DC saturation can 

also be calculated and simulated via different models such as the Bergquist lag model 

[99] or the older Jiles-Atherton model to simulate stress on the magnetic core [100]. 

Both models are vector hysteresis based. However, the most enhanced approach is 

using the Everett function, based on the static scalar Preisach model [101]. 

 

 

Figure 3.7: Histeresis curve example of a soft magnetic core [102] 

The total core losses are directly related to the velocity of the magnetization of the 

core. Hence, to obtain the equivalent frequency , the magnetic flux time derivative is 

averaged to the weighted derivative  
   

  
  [103]. 
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Where the second term is the weighting factor and the first term inside the sum is the 

derivative of the magnetic flux. By transforming this equation into the frequency 

term, the equivalent frequency necessary to calculate the total loss of the core can be 

calculated via: 
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(3-45) 

            
                          

(3-46) 

Where τ is the core temperature, f is the operational frequency, t is the time constant, 

B is the magnetic flux amplitude, α and β are constants defined by curve fitting, c is a 

parameter matching to the element of the third harmonic, and Cm is an empirical 

parameter dependent on core cross-section and conductivity. 

3.5 Inserting a Faraday Shielding into Passive 

Magnetic Systems 

The discussion of the parasitic effects has shown that the DC losses and the magnetic 

core losses are dependent on the material, size and shape of the conductor respectively 

the core. Inter-winding parasitic effects and noises however, can only be reduced by 

the structure and by inserting a shielding between the primary and secondary winding 

of the transformer [104-106]. Figure 3.8 shows a common transformer model 

including the parasitic inter-winding capacitances of the device. As it can be seen in 

Figure 3.8b, the inter-winding capacitance Cps is split into the smaller capacitances 
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Cpg, Cgs, C´ps and Cs0, by inserting a faraday shield between the primary and secondary 

winding. The capacitance Cps creates inter-winding coupling, and therefore high 

frequency (HF) impacts, between the primary and the secondary winding. In the no 

shield case, the HF noise voltage of the secondary winding is given by: 

 

s p ps ps s/( )v v C C C 
 

(3-47) 

In the perfectly grounded shield case, the HF noise voltage is then given by:  

p ps ps pg s/( )sv v C C C C   
 

(3-48) 

and for the floating shield case, HF noise voltage is given by: 
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(3-49) 

   (a)             

(b) 

Figure 3.8: The equivalent circuit of a transformer without shielding (a) and with shielding (b) [77] 
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Figure 3.9 visualizes a parasitic capacitance network of a transformer, (a) without 

shielding and (b) with inserted shielding, where the split capacitances are directly 

connected to the ground. The gap for the capacitances between the primary and 

secondary windings and the shield is smaller than the gap between the two windings 

without the shielding. As a result, the value of the coupling capacitance drops down, if 

the shield is connected to the ground, and this decreases the parasitic effects caused by 

the inter-winding capacitance [107]. 

(a)    (b) 

Figure 3.9 The parasitic capacitance network model of HF transformers for HF noise analysis,  

(a) without Faraday shield, (b) with Faraday shield. 

The shielding is suitable for a coaxial transformer, but is not feasible for a planar 

system due to its structure, as the shielding is then working as an additional plate 

capacitor, even if reducing the inter-winding inductances. Furthermore, the shielding 

inside a planar system reduces the efficiency by covering the conductor/core coupling 

area of the transformer [108]. 
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3.6 Discussion 

As this thesis is focused on the design of the IMS with the goal of cost efficiency, 

common materials such as copper and FR4 must be utilized in order to build the 

passive magnetic system. Additionally, the hysteresis effect can only be conquered 

through choosing the right core discussed as in chapter 3.2.1. 

 

Designing an integrated magnetic system involves considerations of all parasitic 

values inside the system. Eddy currents, proximity and skin effects are strongly 

dependent on the structural design of the entire system. To eliminate the DC 

saturation and the saturation of the core induced by the high number of harmonics, 

which are caused by square form switching, a resonant tank must be implemented. 

 

As research showed, the insertion of a faraday shield is not recommended for a planar 

system. Thus when inserting the capacitor layer into the IMS, the shielding effect 

needs to be avoided. Previous research showed, that eddy current impacts as well as 

other parasitic effects of the electromagnetic field exist in all directions [109]. This 

may cause some interference with the capacitance layers and therefore influences the 

system negatively.  

 

The next chapter will present the FEM investigation of the IMS, applying relevant 

electromagnetic theory and modeled prototypes which were developed as part of this 

PhD project. 
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4 Finite Element Simulations of the 

IMS 

4.1 Introduction 

 

The theory of the classical calculations for the IMS and the design requirements have 

been discussed in the previous chapters. However, since computing power has 

sufficiently increased to apply 3-D FEM analysis and circuit network analysis, it can 

effectively be used to examine complex interconnections of multiple magnetic devices 

[12, 110]. This chapter deals with the Finite Element Method (FEM) simulation to 

inspect physical effects of the IMS, which are difficult or even impossible to measure. 

 

When simulating transformers, very often solely an approximate shade of the 

windings is used in 3-D modeling. This method is useful to achieve quick results and 

is sufficient for a lot of magnetic field distribution examinations. However, when it 

comes to eddy current investigations and the exact impact of the components onto 

each other, the model has to be as realistic as possible. Due to the complexity of the 

IMS, the Computer Added Design (CAD) software ProEngineer® / CREO® is used to 

create a 3-D model of the IMS. This CAD program allows exact modeling of the 

system and has an impressive interface for 3-D FEM programs. 
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For most 3-D simulations, the  Ansys® FEM multiphysics program is used because of 

the ideal interface for importing the .asm files generated by the ProEngineer® / 

CREO® CAD software. 

 

For 2-D simulations, the Comsol® multiphysics program can be applied or a 

customized program written in APDL
3
. The import of .step or .asm files into Comsol® 

multiphysics from different CAD programs is not sufficient due to major 

imperfections of the contacts, so that the 2-D models need to be constructed directly 

in the program.  

 

2-D simulations are suitable for exploration of the magnetic field distribution inside a 

symmetric core as well as the impact of the components onto each other in the cross 

section, while requiring relatively low computation times and enabling fast modeling 

processes. Both methods, the 2-D and 3-D simulation, allow optimizing the core and 

the conductor geometry, to achieve the best results. The flow chart (Figure 4.1) gives 

an overview of the applied simulation process of the IMS. 

 

 

                                                 
3
 See example APDL coding in appendix  A 
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Figure 4.1: IMS Simulation overview 
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4.2 Computational Electromagnetic Method 

 

Using of computational simulation method has two major advantages, as it saves 

development time of technical devices and hardware costs. Electrical devices can be 

investigated on the computer screen instead of building a prototype for each change 

and existing prototypes can be explored with regard to structure weaknesses for 

optimization purposes. Thus, electromagnetic modeling techniques are an essential 

development step in the area of electrical engineering and are widely used these days. 

 

Two kinds of electromagnetic simulations are conducted, 2-D and 3-D, as discussed 

in chapter 4.2.1. The 2-D simulation can be very beneficial to investigate symmetric 

models or specific parts of the IMS. Additionally, in comparison to the three 

dimensional problem solving process, the computational investigation of two 

dimensions is simpler and thus memory saving. Particularly for vertical arrangements, 

this method is very time efficient, as the front view of the symmetric structure is 

sufficient in most cases. With 3-D simulation, it is possible to investigate more 

complex structures, which need to be explored not only in x- and y-direction, but also 

or especially in z-direction. 

 

For the transverse electric (TE) analysis, the Maxwell equation (3-3) can be utilized to 

derive the electric current density Je. 
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For the transverse magnetic (TM) analysis, Maxwell equation (3-4) is used to derive 

the magnetic density Jm. 

 

  
 

   
        

(4-2) 

The relation between potential and charge in an electrostatic multi-conductor system 

can be described by the electric scalar potential V [108], which satisfies Poisson’s 

equation,  

        
( )V   

  
(4-3) 

where  is the permittivity, and  is the space charge density. For FEM calculations, 

the basic Poission’s equation (4-4) can be converted into a three dimensional 

Cartesian coordinate equation (4-5). 

     

(4-4) 
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(4-5) 

To solve a computational model, the simulation type must be specified beforehand in 

order to achieve a high accuracy. Figure 4.2 provides an overview of the different 

cases of electromagnetic fields and solving methods to identify their properties. The 

IMS operational frequency is a fast varying quasi-stationary field and can be 

calculated by diffusion equations, typically applied for thermal investigations than by 

wave equations used for high frequency applications above 1MHz. Static field 

calculations are conducted, where a DC field occurred. The Quasi-static field 

calculations are suitable for slow varying fields and result in accuracy issues, if used 

for fields in the kHz range and above.  
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Figure 4.2: Solving procedures of electromagnetic fields 

By plotting the input signal of a fast varying field, when applying the common 

Laplace equation, it can be seen, that the signal lacks accuracy (Figure 4.3). 

 

 

 

Figure 4.3: Input sine wave signal solution of FEM calculations. Inside the frequency range on top and 

above the frequency on the bottom 



 

 

  

65 Finite Element Simulations of the IMS 

__________________________________________________________________________________ 

The diffusion equations originate from the thermal transport field diffusion and are 

therefore fully time-dependent. By combining equation (3-21) with a current density 

version of Ohm’s law (4-6), the time varying formulation of the electric field (4-7) 

can be obtained. 

   
 

 
 

(4-6) 

     
 

  
      

(4-7) 

Taking into account, that there is no electrostatic field in the IMS, the real part can be 

neglected: 

 

   
  

  
 

(4-8) 

In order to develop the vector potential, equation (4-6) and (4-8) can be combined 

with Ampere’s law (4-9), to obtain (4-10). 
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With the non-zero vector potential Ai, the 3-D version can be expressed as: 
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4.2.1 Numerical Method of Electromagnetic Modeling 

To solve Maxwell’s Partial Differential Equations (PDEs), the numerical Finite 

Element Method (FEM) can be utilized. With this simulation technique various 

electromagnetic problems can be analyzed, generally involving four steps [111, 112]. 

The first step is the realization of a suitable physical model by discretizing the model 

into finite simple elements. The second step is the creation of a mathematical model, 

by applying governing interpolation polynomials for the field approximation. The 

third step is the discretization of the model, by selecting the shape functions and 

applying these to the elements inside the solving area. Finally, the fourth step is to 

obtain and analyze the discrete solution of the simulation. 

4.2.1.1 Computational Elements 

In order to solve electromagnetic field problems, the structure is discretized into finite 

elements to reduce the degrees of freedom and thereby also the stiffness matrix. This 

process is called meshing. It has significant advantages over mesh less or node-base 

methods, which are used in magneto static analysis [113-115]. With the mesh, it is 

possible to calculate vector based electric and magnetic fields [116], particularly for 

complex systems with tangential components of continuous and discontinuous 

potentials consisting of non-conforming surfaces [117]. Figure 4.4 shows such finite 

elements for two dimensional simulations on the left side and for three dimensional 

simulations on the right side. For simpler constructions, which are basically consisting 

of blocks, a rectangular shaped mesh can be used alternatively to the triangular mesh. 
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Figure 4.4: Triangular element (left) and tetrahedron element (right) 

The basis function W for the triangular 2-D element e can be defined for every edge k 

by: 

 

  
     

        
    

    
    

    i, j =1, 2, 3 

(4-12) 

Where Li and Lj are the Whitney elements [118] and lij is the length of the edge. 

The tangential field E along the k
th 

edge of the e
th 

element can be expanded to: 
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(4-13) 

For the tetrahedron elements used in 3-D computations, e is equal to 6. However, if 

the applied field is varying rapidly, an additional node must be added to the midpoint 

of the edges (Figure 4.5), to achieve a higher accuracy. 
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Figure 4.5: Triangular element (left) and tetrahedron element (right), with acting forces 

Therefore, equation (4-13) must be adjusted to: 
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Respectively for the three dimensional case: 
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(4-15) 

In order to generate a mesh for three dimensional assembled objects consisting of 

various materials, a mix of structures can be constructed by applying approximate step 

functions [119]. 
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4.2.1.2 Methods in FEM Simulations 

After dividing the simulation object into finite elements, different methods can be 

applied to analyze an electromagnetic operator problem and converting it to a discrete 

problem. In other words, by varying the parameters to a function space, a weak 

formulation of the equation can be derived. In engineering practice, two standard 

methods are generally applied, the Weighted Residual Galerkin method as well as the 

variational Rayleigh-Ritz method [120].  Both are projecting continuous space onto a 

finite separable Hilbert space
4
. 

A. Galerkin Method 

 

The Galerkin`s method
5
 produces a solution by weighting residuals S of the 

differential equations using a finite number of functions: 

  {     }   

 
 

(4-16) 

 

 

For solving the weighted residuals, a set of N+1 basis functions with vj and uj must be 

chosen [121, 122]. They define the function space for v and u: 
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(4-17) 

 

 

                                                 
4
 The Hilbert space (named after David Hilbert *January 23, 1862 – † February 14, 1943) is an abstract 

vector space and refers to a linear space with a defined and complete inner product. 
5
 Named after Boris Grigoryevich Galerkin *February 20, 1871– †July 12, 1945), born in Russia was a 

Russian/Soviet mathematician and engineer. 
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and 

    ∑    

 

   

 

(4-18) 

In the case of homogeny boundary conditions, u0 can be neglected. 

The residual error R within the domain Ω is defined with: 

       

(4-19) 

Where v has the meaning of a trail function as defined in (4-18). A common weighted 

residual solution over N subdomains in Ω, can be defined by including the weighted 

function xi: 

∫ [   ∑    
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(4-20) 

 

By applying the Galerkin method, with the fact that equation (4-18) can be defined by 

column and row vectors (4-21) and xi is equal the weighted function, equation (4-22) 

can be obtained. 
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Accordingly, the matrix for exploring the magnetic field can be determined as follows 

[123]: 
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0}{}]{[}]{[  KAMAS , 

(4-23) 

where matrix [S] is the global coefficient matrix containing all global nodes, [M] is 

the electric time harmonic matrix, the excitation current {K} is defined by (4-24) and 

the matrix [A] is defined by (4-25). 
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(4-25) 

B. Rayleight-Ritz Method 

Under defined boundary conditions, the Rayleight-Ritz
6
 method can be utilized to find 

an approximate solution (4-26) of the FEM governing equation (4-27). This can be 

achieved by minimizing the function that corresponds to the governing equation. 

 

     
            

 
 

(4-26) 

       
(4-27) 

By entering the discretization of the basic functions (4-21) into (4-26), the differential 

or stationary solution is given by (4-28) and can be re-written into a matrix form 

(4-29). 

                                                 
6
 Named after Walther Ritz ( February 22, 1878 -  7 July 1909) born in Sion, Switzerland, a Swiss 

theoretical physicist and John William Strutt, 3rd Baron Rayleigh (12 November 1842 – 30 June 1919), 

an English physicist. 
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(4-29) 

4.3 System Specification and Problem Definition 

Based on the material and cost requirements of the IMS, the conductor material is 

specified to copper and common PCB material for the insulating layers in between. 

The core material is subject to change, with a balanced focus on costs and efficiency 

for the application. However, the material is only one of several important factors to 

be considered, as the main emphasis of this research project lays on the design of the 

whole system. 

 

There are two major efficiency issues of designing a high frequency IMS. One issue is 

the current distribution or density, which develops hot-spots in the conductor, and the 

other issue is the magnetic field inside the core. Besides, the following problems 

involved in the simulation process need to be investigated: 

 

 Developing the most accurate model of the system in 2-D and 3-D; 

 Definition of the environment, in which the device is used, such as 

surrounding temperature, convection, outer electro-magnetic-fields, humidity 

etc.; 

 Complexity of the model and therefore impact of the components onto each 

other; 

 Different combinations of effects resulting in other effects. 
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Hence, it is almost impossible to cover every circumstance in an EM-field simulation, 

but the simulations can still achieve high accuracies in separated simulation tasks. 

Accordingly, the conditions for the simulations need to be carefully selected and 

adjusted to the real prototype measurements. 

4.4 Modeling of the 3-D IMS Prototypes 

Most of the modeling are conducted with Pro Engineer
®
 5.0 (now Creo

®
), as it allows 

creating highly precise models of the prototypes. Many simulations are realized with 

shells representing the winding turns. However, in order to investigate also minor 

differences in the flux, the exact virtual model of the IMS must be created. 

 

Each of the following three 3-D prototypes needs an enclosure filled with air to 

simulate the normal environment. The enclosure outer boundaries are magnetically 

insulated and the enclosure is merged into one part with the IMS device, to establish 

the full contact of the different mediums. The inner boundaries, with exemption of the 

current and voltage ports, are set to continuous boundary conditions.   

4.4.1 First Prototype 

The first prototype consists of two smaller cores for the induction part and one main 

core for the transformer section (Figure 4.6). Since all cores for the real prototype are 

tangent to each other, the cores have to be connected in the virtual model as well. This 

first model is created directly in Comsol
®
. The focus of this model is on the magnetic 

flux, due to the three single cores connected to each other. The technical data and 

utilized materials for the first horizontal prototype can be found in Table 4.1. 
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TABLE 4.1: SPECIFICATIONS OF THE FIRST PROTOTYPE 

 Values 

Core material F47 

Core shape EI 

Core size transformer 65x15x50 (w x h x d mm) 

Core size inductor 30x12x20 (w x h x d mm) 

Overall dimensions 65x15x195 (w x h x d mm) 

Insulator material FR4 (200µm thick) 

Conductor material Copper 

Transformer turn ratio 1:16 (Step-Up) 

Power 1 kVA 

Operational frequency 1 – 1.5 MHz 

 

 

Figure 4.6: 3-D FEM model of the first Integrated Magnetic System 
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4.4.2 Vertical Prototype 

In order to analyze the advantages and disadvantages of the horizontal structures of 

the IMS, a vertical structure is created as a comparison. Due to the symmetric 

structure of the vertical model, a two dimensional simulation can be easily applied. 

An essential investigation of this structure is the magnetic flux, as the upper area of 

the transformer core is used for the inductance as well as for the transformer itself. 

Figure 4.7 shows the capacitor (yellow / bottom) and inductance (green / bottom) on 

the bottom as well as the transformer section on the top (primary in blue and 

secondary in brown / top). The technical data and utilized materials for the vertical 

prototype can be found in Table 4.2. 

TABLE 4.2: SPECIFICATIONS OF THE VERTICAL PROTOTYPE 

 Values 

Core material 3F3 

Core shape EEE 

Core size transformer 32x12x20 (w x h x d mm) 

Core size inductor 32x6x20 (w x h x d mm) 

Overall dimensions 32x18x48 (w x h x d mm) 

Insulator material FR4 (200µm thick) 

Conductor material Copper 

Transformer turn ratio 12:2 (Step-Down) 

Power 400 VA 

Operational frequency 200 kHz 
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Figure 4.7: Vertical IMS with core (left) and without core (right) 

 

4.4.3 Final Prototype 

The third prototype is the horizontal IMS with one core. Since all parts are inside one 

core, two physical effects need to be emphasized: firstly, the magnetic flux density 

and direction, and secondly the eddy currents particularly in interaction with the 

capacitor layer. In order to achieve a high efficiency, the capacitor layer should 

neither act as a destructive shielding nor should the electromagnetic field interact with 

the capacitor layer, which could change the capacitance value and cause an unstable 

system. Hence, different types of capacitor layers are investigated for this final 

prototype and presented in chapter 5.3.1. 

 

 Figure 4.8 visualizes the horizontal improved prototype. The capacitor layer (yellow) 

is on the bottom, the inductor and primary winding is directly connected to each other 

(red), and the secondary winding is on top (blue).The technical data and utilized 

materials for the final horizontal prototype can be found in Table 4.3. 
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TABLE 4.3: SPECIFICATIONS OF THE FINAL PROTOTYPE 

 Values 

Core material 3F3 

Core shape Special EE shape 

Core size transformer 32x12x40 (w x h x d mm) 

Core size inductor Included in transformer core 

Overall dimensions 32x12x75 (w x h x d mm) 

Insulator material FR4 (200µm thick) 

Conductor material Copper 

Transformer turn ratio 12:2 (Step-Down) 

Power 400 VA 

Operational frequency 200 kHz 

 

 

 

Figure 4.8: Horizontal IMS with core (left) and without core (right) 

4.4.4 Meshing of the IMS 

Before starting the simulation process, the meshing of the IMS must be conducted. 

For 3-D simulations, an enclosure must be generated to form a boundary to the 

surrounding environment, whereas for 2-D simulation this boundary can also be the 

outer shell of the magnetic core, with a magnetic or electric insulated boundary. 

Figure 4.9 shows the meshing of the enclosure of the 3-D model. In order to save 

computational power, this enclosure mesh is generated with cubes. 
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Figure 4.9: IMS meshing of the enclosure 

However, for more complex structures and connections, the mesh must be constructed 

in tetrahedron elements (Figure 4.10) as described in chapter 4.2.1 (Methods in FEM 

Simulations). By exploring the corner parts of the connections and other critical parts 

of the device, the mesh can be refined to obtain a higher resolution. This increases the 

computational time significantly and so the need for machine resources. The meshing 

process is also a good indicator for the accuracy of the model. If for example, a 

connection of a layer is incorrect, the mesher will visualize the problematic areas of 

the device. Since the IMS model caused some problems in the commercial packages, 

with regard to the assembled model from Pro Engineer
®
, the conductor contacts need 

to be adjusted to fit perfectly, and the meshing is done manually. 
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Figure 4.10: IMS meshing of the device 

4.5 Discussion 

Computational simulation techniques are conducted to visualize physical effects, 

which cannot be measured with ordinary measurement devices. Different 

computational methods can be applied, but the direct comparison of the methods 

shows, that the numerical FEM technique is the most suitable and comprehensive 

method for the IMS investigation. To save computational resources, it is 

recommended to choose the best simulation technique to investigate the physical 

effects of the different prototypes, either in 2-D or in 3-D. Hence, it is also important 

to pre-select, which physical effects need to be explored. Before conducting the 

different types of simulations on the prototypes as described in chapter 6, the LCT 

passive magnetic circuit must be further investigated, as outlined in the next chapter, 

and the prototypes, which were discussed in this chapter must be changed 

accordingly.  
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5 LCT Design for the IMS 

5.1 Introduction 

In the previous chapter, the modeling and simulation theory of the IMS was 

explained. However, before conducting any simulation and applying refinements to 

the modeling, all parts inside the system must be developed. The IMS consists of the 

resonant tank including the inductance and capacitance as well as the transformer 

section. According to the literature review in chapter 1.5, there are some issues when 

inserting capacitor layers into magnetic devices such as transformers and inductors, as 

they operate as leakage layers and especially as a faraday shield. The literature 

research showed that the efficiency of a planar transformer drops when inserting such 

shielding. Thus, to design an IMS, the whole system must be considered to guarantee 

a perfect symbiosis of all parts together. The matching of the inductance and 

transformer section has to be well developed, because ideally all parts share one 

magnetic core instead of several separate cores. While the first prototype of the IMS 

has a high pass filter and the capacitor layer outside the core section, the other 

prototypes have an integrated capacitor layer inside the core. 

5.2 Equivalent Circuitry of the IMS 

Based on the equivalent circuitry methods described in chapter 3.3.3 the specific 

equivalent circuit is developed for the IMS prototypes. Figure 5.1 shows the 
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equivalent circuitry for the first horizontal prototype. The system is developed for the 

half bridge circuitry discussed in chapter 2.3.1 and based on a high pass filter to avoid 

DC saturation. The capacitor on the output is optionally integrated for this model. 

 

 
 

Figure 5.1: Equivalent circuit of the first IMS model 

 

Figure 5.2 displays the equivalent circuitry for all other prototypes, including the final 

prototype, with a narrow band pass filter designed for the LLC circuit, as discussed in 

chapter 2.3.3. The middle access from the secondary side is waved in comparison to 

the first prototype, but can be re-established. Inside the IMS, the inductor is connected 

to the transformer segment. An additional measurement wire for this point would 

result in an additional capacitance parallel to Cprim. As the values change with every 

variation, the IMS equivalent circuitry is a good guideline to calculate and explain the 

physical values of the system. It also provides an excellent data source for simulation 

software and to explain the results. However, the equivalent circuit has one 

deficiency, there is no galvanic separation between the primary and secondary side. 
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Figure 5.2: Equivalent circuit of the last IMS model 

5.3 Calculation of the Resonant Tank  

The calculation for the inductance and the capacitor is based on the equation 

   (5-1). In this research project, the stipulation is that the space 

for the device should be strongly limited, also with regard to the material costs. The 

frequency for the first prototype is set to 1 MHz and for all other prototypes to 200 

kHz, due to the saturation limit of the cost efficient ferrite material. 

 

CL
f

2

1


    (5-1) 

The whole calculation process is an iterative procedure, with regard to the space and 

the values, which are dependent on each other. The PCB layer has a εr value between 3 

and 4.5, so that the calculation of the capacitance part (5-2) is difficult. 
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d

A
C r  0

 

(5-2) 

The capacitance can also be obtained by (5-3), where the magnitude of the charge Q is 

divided by the applied voltage. This equation can be utilized to define the total field 

energy U inside the system. 

  
 

 
 

 
 (5-3) 

  
   

 
 

(5-4) 

Meanwhile, the inductance is restricted by parameters such as the core parameters, the 

number of turns, as well as the air gap to avoid early saturation of the core. However, 

in line with the results of chapter 2.1.1.2 (parasitic effects), the air gap must be 

carefully selected and calculated. The energy stored inside the induction structure can 

be expressed as in equation (5-5). 

FeFeFeferritairgap VBHVBHdVBHWWW   2

1

2

1

2

1
  

(5-5)

 

B is continuous with B BFe B With the relations B= μr • μ0 •H, VFe =lFe • A  and  

Vδ = δ • A, the approximate stored energy can be derived: 
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(5-6) 
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While B can also be expressed as: 

 

          
 

 
 , 

(5-7) 

where I is the current, N is the number of turns, and l is the length of the winding. The 

stored energy causes a phase shift of the system, but is compensated by the 

capacitance of the resonance tank at the same time.  

 

The terminal voltage of the inductance can be calculated with: 

 

       
   

  
 , 

(5-8) 

 and the circuit voltage Vi(t) of the inductance with a magnetic core can be calculated 

with: 

 

      ∮  ⃗         
 

     

  
 

(5-9) 

Since the resistance of the inductor, and therefore the losses, are dependent on the 

voltage, the resonant tank must meet a balance between the inductance value and the 

capacitance value. Furthermore, the direction of the magnetic flux Φ(t) of the IMS 

inductance section must be the same as the magnetic flux direction of the transformer 

section. In case of opposite directions, both fluxes would cancel each other inside the 

core between inductance and transformer. 

5.3.1 The Capacitor Layer of the IMS 

From all integrated passive magnetic devices, the capacitor layer is the most difficult 

one to integrate. A continuous capacitor layer structure would reduce the required 
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space as well as provide a high capacitor value. However, by inserting such a 

structure, the capacitor layer would act as a faraday shield. This shielding effect 

would cause an efficiency drop in the transformer and inductor section, because the 

most effective conductor side inside a planar power device is the flat segment on top 

and on the bottom. If one of these parts is shielded, the conductor loses one of the 

effective magnetic field vectors on this side. Another immense interference inside the 

IMS caused by a continuous capacitor layer would be the induction of additional 

current from the conductors to the capacitor and vice versa. 

 

In order to solve such problems, a bifilar structure is adopted, as mentioned in chapter 

1.5, to avoid interferences in the z direction. Firstly, if the magnetic field from the 

core surrounds the capacitor layers, the induced field does not influence the layer. At 

the same time, the capacitor layer does not shield the conductor, but the structure still 

provides enough space to achieve a sufficiently high capacitance value for the 

intended frequency range. In addition, a gap in the capacitance turn avoids that the 

turn around the core section is closed and is stopping the remaining induced current. 

All this prevents the capacitor layer to be affected by the magnetic core field and the 

conductor field. Table 5.1 shows common specifications of all IMS capacitor layers. 
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TABLE 5.1: COMMON SPECIFICATIONS OF THE CAPACITOR LAYER 

Structure Dimension 

Conductor material Copper 

Conductor width 1mm 

Conductor thickness (per side) 40 µm 

Conductor distance to each other 1mm 

“Flux break gap” 1.2 mm 

Insulator material FR4 

Insulator thickness 200 µm 

 

 

Two models of the capacitor layer structure were initially designed, one for the 

vertical IMS (Figure 5.3) and one for the horizontal IMS (Figure 5.4). 

 

 

 

 

Figure 5.3: Vertical IMS capacitor layer (Version 1)  

Flux break gap 
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Figure 5.4: Horizontal IMS capacitor layer for transformer and inductor section fully structured 

(Version 2) 

 

Since the whole vertical IMS shows some major structural disadvantages in the FEM 

simulation, as discussed in chapter 6.2, this layer is not further developed. 

 

Figure 5.5 to Figure 5.7 show the capacitor layers, designed with a capacitor section 

for only one side of the IMS. This structure provides the flexibility of inserting the 

capacitor into the transformer or inductor section. 

 

 

 

Figure 5.5: Horizontal IMS - Capacitor layer inductor section only, open structure (Version 3) 

Flux break gap 
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Figure 5.6: Horizontal IMS capacitor layer inductor section only, half solid in the middle (Version 4) 

 

 

 
 

Figure 5.7: Horizontal IMS capacitor layer inductor section only, fully solid in the middle (Version 5) 

Changing the capacitor design has a significant impact on the frequency response of 

the system, which will be further discussed in chapter 6.5, presenting waveform 

measurements to visualize ringing and other waveform distortions. By measuring the 

different capacitor layers, the following capacitance values per layer are derived as 

shown in Table 5.2. 
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TABLE 5.2: IMS CAPACITOR LAYER VALUES 

Version Capacitor design C in pF 

1 

 

82.1 

2 

  

142.2 

3 

  

62.0 

4 

  

66.0 

5 

  

76.4 

 

 

The quality of the capacitor layer is measured by building a filter with a standard 

inductance to analyze the input and output waveform of the filter. Since the value of 

each capacitor layer is different, the inductance is varied to the operational frequency 

of 700kHz, which is about three times higher than the intended operational frequency 

range of the IMS. However, in order to keep the inductor small and to measure only 

one capacitor layer, the testing frequency is chosen higher than the operational 

frequency of the IMS
7
. 

 

Figure 5.8 shows the measurement result with a conventional external capacitor. As it 

can be seen, the waveform has ripples and an overshoot on the rising edges, so that in 

a converting system, a snubber circuit would be necessary to feed the lost energy back 

to the system. 

                                                 
7
 The whole capacitor waveform measurement test results are visualized in appendix B 



 

 

  

91 LCT Design for the IMS 

__________________________________________________________________________________ 

 

Figure 5.8: Conventional external capacitor at 700kHz (input: top, output: bottom)  

 

 

 

Figure 5.9: Waveform measurement of version 2 (input: top, output: bottom) 

 

Version three is half the structure of the full capacitor layer version two. However, the 

measurement results in Figure 5.10 visualize, that the output wave form has bigger 

ripples than the other capacitor layer versions. 
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Figure 5.10: Waveform measurement of version 3 (input: top, output: bottom) 

Figure 5.9 shows the measurement results for the capacitor layer version two. The 

output waveform on the bottom has a few minor ripples, but no overshoot can be 

observed. Furthermore, in Figure 5.11 the measurement of the capacitor layer version 

4 can be seen. Version 5 of the capacitor layer shows exactly the same output as 

version 4. The output waveform also shows a few ripples as for version two, but in 

addition to that, it has a very small overshoot. 

 

 

Figure 5.11: Waveform measurement of version 4 (input: top, output: bottom) 
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The values of the capacitor layers are very small, but the distance between the two 

sides of the capacitor plates cannot be changed to improve this, because the IMS 

needs to pass an industry surge voltage test. However, version 5 and version 2 showed 

good results in the wave form tests, so that a combination of both is used for the final 

capacitor layer version 6 (Figure 5.12). 

 

 

Figure 5.12: Horizontal IMS - Capacitor layer for transformer and inductor section, with solid middle 

(Version 6) 

 

After manufacturing the final capacitor layer, the entire measurements for all versions, 

including the external capacitor, are repeated to ensure the same conditions such as 

temperature and humidity etc. for all measurements. Figure 5.13 reflects the good 

results achieved with the combined version. The output shows only a small amount of 

ripples, whereas the overshoot is slightly smaller than it is in the measurements for 

version five.  
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Figure 5.13: Waveform measurement of the final version  (input: top, output: bottom) 

Another advantage of this structure is also the shielding effect of the continuous 

copper section, in the middle of the IMS, where the conductors cross each other 

between the inductor and transformer part. Otherwise, this section could cause 

interferences and disturb the magnetic flow inside the magnetic core. In addition, one 

single layer has a capacitance of 162pF, so that less capacitor layers and/or less 

inductance are needed for building the resonant tank of the system. 

5.4 Common Calculation of the Integrated Magnetic 

Circuit 

To provide a brief overview of the preliminary considerations and calculations for the 

IMS, this sub chapter illustrates an example of IMS related calculations. Hereby, a 

small IMS is sufficient to investigate fundamental physical effects of the novel 

integrated converter part and can be easily transferred to different sizes of the IMS. 

Two horizontal prototypes and one vertical prototype are built, analyzed by the 

equivalent circuitry and calculated.  
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The planar magnetic ferrite material for the first horizontal IMS is based on Neosid 

F47, manufactured by the company MMG. This core provides a very high operating 

frequency. 

 

In addition, the final horizontal and vertical prototype are based on the more 

affordable Ferro F3F core. The lower frequency and hence the lower power density 

are sufficient for small applications, for example LED illumination or switching 

power supplies inside LED-LCD-TVs. As the saturation for this material is 

significantly lower with about 300mT and a square wave with a high harmonic 

content is used, this prototype has a narrow band pass filter as a resonant tank. 

 

5.4.1 The Area Product Ap 

The calculation of the area product allows the selection of a core, which is 

proportional to the power-handling capability of the transformer. In other words, the 

amount of copper (wire) and the amount of iron (ferrite or other appropriate core 

material) determines the total power capability of transformer. 

 

The calculation of the following equations must be made parallel to the loss 

calculation, to obtain the values of the conductors and thereby to achieve the window 

utilization factor. Due to the efficiency , the calculation process has to be an iterative 

sequence. 

 

The area product of the transformer core can be calculated as follows: 

)(
2

40 cm
KJBf

P
AWA

pmm

CAP





 

(5-10) 
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where Ap is the area product, WA is the area of magnetic core window, Ac is the 

effective core area, Bm is the magnetic flux density, Jm is the current density (A/cm
2
), 

and  Kp is the window utilization factor. 

 

The effective core area Ac is defined, with the magnetic flux Φ, as: 

B
hAc


 2

, 

(5-11) 

 

and the area of magnetic core window WA is defined as:  

2

2







 
 AW  

(5-12)  

The area product Ap can be double checked with the apparent power P0: 

pmmp KJfBAP 20   

(5-13) 

 

5.4.2 Power Loss Calculations 

The volume of the selected magnetic core for the prototype must be calculated first, 

since there is no pre-manufactured core with this length and a cut-out in the middle. 

As an example, the core volume can be calculated with the total volume Ve minus the 

milling part: 

 



 

 

  

97 LCT Design for the IMS 

__________________________________________________________________________________ 

35500 mm³ - (10*25*5) mm³ = 34250 mm³ 

 

The data sheet for the 47F material shows a power loss density (PLD) of 60 mW/cm³ 

for 100 kHz and of 210 mW /cm³ for 1 MHz, at 80°C. Consequently, the core loss for 

the F47 core can be calculated as follows: 

Wcm
cm

mW
VPLDP ekHzcl 06.2³25.34

³
60100   

Wcm
cm

mW
VPLDP eMHzcl 19.7³25.34

³
2101   

 

This is transferable to the F3 core as well.  

 

For the conductor winding losses calculations, it is necessary to split the windings into 

primary and secondary side for the transformer section. With regard to the first 

prototype, it must be pointed out that the space inside the core is very limited in height 

due to the EI-core parts. Accordingly, the number of layers is also limited to seven. 

For the final prototype, an EE-core is used. As a next step, the calculation of the 

primary side can be conducted. The induced voltage equation can be applied for this 

quasi-static case: 

em ABNfe  4
   

(5-14) 

where f is the operating frequency, N is the number of turns of the winding (either 

primary or secondary), Bm is the magnetic flux density, and Ae is the cross area of the 

magnetic circuit. As an example for the first prototype, the calculation would be as 

follows: 

 

²311²)2010(²511 mmmmmmAe   
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This gives: 

turns
mmmTkHz

V

ABf

e
N

em

prim

kHz 2.3
²3111001004

40

4
100 





  

turns
mmmTMHz

V

ABf

e
N

em

prim

MHz 2.1
²3112514

40

4
1 





  

 

This gives for one turn: 

VmmmTkHzABNfe emkHz 44.12²31110010044100   

VmmmTMHzABNfe emMHz 31²311251441 
,
 

 

and for two turns: 

Ve kHz 88.24100   

Ve MHz 621   

 

Since the conductor losses should be as small as possible and the induced voltage for 

example from the single solar PV panel, should not exceed 40V it would be ideal, if 

the primary side had only one single turn. However, the non-load case needs a certain 

resistance. Otherwise, the electronic power switching circuit would experience a short 

circuit. The open loop current of the system can be calculated with: 

   √   
    

 
 , 

(5-15) 

with the magnetization current: 

   
     

   
 , 

(5-16) 
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where: 

   
     

   

(
   

         
)
 , 

(5-17) 

were Nprim are the primary turns, including the turns of the inductance as well as the 

transformer turns, σ is the fringing, lFE is the length, and AFe is the cross-sectional area 

of the magnetic core.  

 

The core current can be calculated as follows: 

    
     

   
 

(5-18) 

After defining the number of turns for the primary side, the number of turns for the 

secondary side can be calculated as follows: 

 

em

f
ABf

e
N




4
 

(5-19) 

It can be seen, that the number of turns depend on the operational frequency. 

Backwards calculating for controlling purposes, gives for example at 1 MHz and 

25mT: 

 

VmmmTMHzABNfe emMHz 37212²311251441   

 

The induced power density of the magnetic core is: 

       
 

     
 

(5-20) 



 

 

 

100 LCT Design for the IMS 

__________________________________________________________________________________ 

For example: 
³

8.43
³25.34

5.1

cm

W

cm

kW
PDcore   

 

The DC winding losses can be calculated as follows: 

A

l
IRIP lossDC  22

 

(5-21) 

Following the example of the first prototype, the sum of the length l of the whole 

inductor and transformer conductor is: 

 

Layer 1: (98+57+36+52+49+65+44+23.25)mm – 7mm ∙ 7 sections=375.25mm 

Layer 2: (52+73+52+65+44+57+36+49+23.25)mm – 7mm ∙ 8 sections=395.25mm 

Layer 3: (73+57+36+52+49+65+44+23.25)mm – 7mm ∙ 7 sections=350.25mm 

Layer 4 = Layer 2 = 395.25mm 

Layer 5 = Layer 3 = 350.25mm 

Layer 6 = Layer 1 = 375.25mm 

 

Thus, the total length of the primary side is given by: 

232221
6

1

 LayerLayerLayer
Layer

Layer

 

lprim=  2241.5mm = 224.15cm = 2.2415m 

 

The total length of the secondary side is given by:   

lsec =(37.6+65+52+70.92)mm(3.5+9+18)mm=195.02mm= 19.502cm = 0.19502m 

 

Due to heat generation, the minimum limit of the copper conductor of 0.1mm² 

diameters per 1 ampere must be met. It also needs to be considered that the higher the 
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diameter, the lower the losses, and lower losses in return reduce the operating 

temperature. 

 

In the case of the first prototype, the space for one winding is approximately 7mm in 

width in the core, with an accuracy of ±0.1mm² for the milling tool and devices. The 

thickness of the conductor (e.g. 1:10 ratio) can be calculated as follows: 

 

Primary side:   3A → 0.3mm² → 0.3mm² / 7mm = 0.043mm 

Secondary side:  30A → 3mm² → 3mm² / 7mm = 0.43mm 

 

However, while the thickness of the conductor is calculated with 0.43mm, the space 

in the first prototype is sufficient for a 0.6mm thick copper conductor. This results in a 

secondary conductor cross section of: 

 

7mm∙0.6mm=4.2mm² , 

 

and a primary conductor cross section of:  

 

18mm∙0.6mm=10.8mm². 

 

Accordingly, the DC transformer conductor power loss result of the primary side can 

be determined as: 

mW
mm

m

m

mm
A

A

l
IRIP imWl 28

²8.10

19502.0²
0178.0900 222
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,
 

 

the secondary side is calculated as follows: 

 W
mm

m

m

mm
A
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l
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Furthermore, other parasitic losses such as eddy current losses, explained in chapter 

3.4, must be considered. The resistance of the system is the sum of the DC resistances 

and AC resistances. An overall efficiency will be measured with the load tests of the 

prototypes as outlined in chapter 6.6.1. 

5.4 Discussion 

The equivalent circuitry of the IMS visualizes the complexity of the IMS and provides 

the option of calculating the losses of the system. All IMS specific capacitor layer 

designs show good results in the measurements in contrast to the conventional 

capacitor. The waveform of the capacitor layer version 5, which is the half sided layer 

with solid middle, and capacitor layer version 2, which is the full layer with 

continuous bifilar structure, display decent outputs with minor ripples and negligible 

overshoot. These results lead to the combination of the two layers, with the positive 

effect of an increased capacitance value in comparison to the other layers. This 

chapter also discussed parts of the calculation, focused directly on the IMS, by 

applying the theoretical fundamentals developed in chapter 3. 

 

The impact of the conductor and the magnetic core field on the capacitor layer inside 

the IMS is discussed in chapter 6.3.1, where the final capacitor layer and the 

remaining parts of the system are assembled and tested. Following the steps of 

calculating, modeling and building the prototypes, the overall results will be analyzed 

and discussed in the next chapter. 
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6 Results and Analysis of the IMS 

6.1 Introduction 

This chapter deals with the FEM simulation results and prototypes measurements. The 

FEM simulations cover magnetic field as well as electric field behavior of the 

different IMS.  The simulations provide the possibility to investigate the impact of the 

different capacitor layers on the system, critical structure issues of the core designs, 

and also the connections between the insulation layers. 

 

The prototypes are measured with regard to the induction, inter-winding capacitance 

and resistance of the horizontal prototypes. As a special circumstance, it needs to be 

considered that the final horizontal IMS has a narrow band-pass filter, which avoids a 

high content of harmonics produced by the square wave input of the MOSFETs going 

through the transformer part. Due to the narrow band-pass filter, the last prototype is 

analyzed via a frequency spectrum analyzer, which provides an accurate result of the 

frequency response of the system.  

 

Waveform measurements of the IMS are discussed in chapter 6.5, exploring the input 

and output waveform signal quality and determining the exact ratio of the system. 

Furthermore, load tests of the prototypes are conducted together with the LLC power 

electronic circuitry outlined in chapter 2.3.3. The results of the first and the last 

horizontal prototypes as well as the vertical prototype are compared. Besides, the final 

prototype measurements are compared to the calculation results.  
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 Figure 6.1 shows the first IMS prototype with separated inductor cores and designed 

with a band-pass filter for the frequency range of 1MHz to 1.5MHz, and Figure 6.2 

shows the latest IMS developments, which are tested with different capacitor layers.  

 

 

 

 

Figure 6.1: First IMS prototype with separated inductor cores 

 

 

Figure 6.2: Final horizontal Integrated Magnetic System (top); Vertical Integrated Magnetic System 

(bottom) 
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6.2 IMS FEM Simulation Results 

The two most important physical effects of an IMS, investigated with FEM software, 

are the magnetic flux and the current density, including eddy current of the system. 

Both effects cannot be visualized with direct measurements. Even though it is possible 

to measure the magnetic field with a hall-effect measurement device, it is neither 

possible to show the distribution of every part of the core, nor to examine the core 

structure issues which would need to be changed.  

 

With regard to the voltage and current, it is possible to measure the whole or just a 

part of the system. However, to investigate the hot-spots of the conductor for different 

kinds of loads, it is necessary to apply methods such as computational simulations.  

 

The vertical version of the IMS is simulated in 2-D, due to its symmetric structure. 

Whereas the horizontal models of the IMS need to be simulated in 3-D, because the 

system is not symmetric and parts of the core could be stressed without noticing, if 

conducting 2-D simulations. Furthermore, the conductors are crossing inside the 

system. Thus it must be investigated, if they impact each other. All TM and TE 

simulations are conducted in the range of the magnetic core H-B curve values and the 

desired frequency range based on the material research results as presented in chapter 

3.2.  Since the simulation is supposed to be as realistic as possible, the models and the 

simulation material values need to be congruent with the built prototypes. 

Consequently, the frequency for the IMS is chosen as 200 kHz for the final prototype 

with a F3 core, and 1MHz for the F47 core. The power is adjusted within the range of 

400W up to 1kW depending on the different core saturations. 
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6.2.1 Magnetic Field Distribution of the IMS 

The magnetic field simulation of the vertical IMS shows, that the shared core in the 

upper part of the transformer core is highly stressed (Figure 6.3). The relationship in 

equation (6-1) shows that if the effective magnetic area Ae decreases, the magnetic 

flux density B in the shared core area rises. This might not cause problems at a lower 

power level, but strongly decreases the efficiency at higher power levels. 

 

fA2

V

e

rms




l
B


 

(6-1) 

Furthermore, the transformer section and the inductor section of the vertical IMS must 

be connected in the same direction. Otherwise, the magnetic flux caused by the 

inductor and the transformer magnetic flux would cancel each other (Figure 6.4).  

 

 

Figure 6.3: FEM simulation of the vertical IMS (constructive interference) 

 

Figure 6.4: FEM simulation of a vertical IMS (destructive interference) 
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2-D FEM magnetic flux simulations of the horizontal IMS visualize a very even flux 

distribution, as the core area of this IMS is not shared as shown in Figure 6.5, for the 

secondary side on the left side, and for the primary side on the right. Hence, this 

configuration is more effective without the necessity of increasing the volume of the 

magnetic core. Furthermore, the simulation results show that the insertion of the 

capacitor layer does not have a negative impact on the magnetic flux distribution. 

 

  

 

Figure 6.5: FEM simulation of horizontal IMS; Magnetic flux on the transformer side (left); Magnetic 

flux on the inductor side (right). 

 

3-D simulations of the horizontal IMS core display that the magnetic field distribution 

of the horizontal IMS arrangement is not uniform, as it can be seen in Figure 6.6. 

However, the magnetic flux is diverted back to the original core segment, as it is 

visualized inside the white circle. This means that the magnetic flux of the inductor 

part does not interfere with the core part of the transformer section. As a result, all 

integrated components are operating at normal parameters, without saturating the 

magnetic core. 

 



 

 

 

110 Results and Analysis of the IMS 

__________________________________________________________________________________ 

 

Figure 6.6: Magnetic flux simulation of the second Integrated Magnetic System 

 

When inserting an airgap into the inductor section of the magnetic core, the system is 

not working as intended. In this case 2-D simulations would show a good magnetic 

flux distribution at the frontal view angle of the core (Figure 6.7). However, 3-D 

simulations visualize, that the magnetic flux from the inductor part does not flow back 

to the core segment of origin (Figure 6.8). 
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Figure 6.7: Horizontal IMS with airgap, side view 

 

 

 

Figure 6.8: Horizontal IMS with airgap on the inductor side 
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It can be seen, that the whole magnetic flux is not directed anymore, because the 

airgap has a higher magnetic resistance than the core side without a airgap. The 

magnetic resistance can be transferred to the equivalent circuitry of the system 

(chapter 5.2), where the magnetic core resistance RFe does not constist of two equal 

values RFe/2 anymore. 

 

Furthermore, if the ratio of the primary to the secondary side is changed in a way that 

the magnetic flux on the primary side is higher than on the secondary side (step-up 

operation), the magnetic fields flow in the opposite direction and cancel each other on 

the primary side (Figure 6.9). Hence, this results in poor efficiency, or even to a 

brake-down of the system. 

 

 

 

Figure 6.9: Horizontal IMS with load current on one inductor side 

 

6.2.2 Eddy Current Simulation of the IMS 

Due to the given research emphasis on a high-efficient device and the poor results of 

the magnetic field simulations of the vertical prototype, the electric field simulation is 

not performed for the vertical IMS. The focus of the current density investigations lies 
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on the conductor itself and the impact on the capacitor layer. The simulation shows 

hotspots at the inner corners of the conductors at 200 kHz and 400kW, but no impact 

on the electromagnetic field in the middle of the IMS, where the conductor of the 

inductor passes the conductor of the transformer segment (Figure 6.10). 

 

The maximum current density of the conductor is at approximately 6 A/m
2
 which is in 

the normal operational range. When changing the angle of the corners to 90º, the 

current density increases and shows serious hot-spots, which can cause severe 

performance issues. Choosing a flatter angle than in the prototype causes some space 

issues on the layers. Besides, high voltage peak testing demands a certain distance 

between the conductors and other conducting parts. 

 

 

Figure 6.10: Eddy current simulation, conductor hot spots at operational frequency, with complete 

bifilar structured capacitor layer (capacitor version 2) 

 

In previous integrated magnetics research projects, the insertion of a capacitor layer 

resulted in difficulties and acted as leakage layer or even shielding, as presented in 

chapter 1.5. 
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The electric field simulation visualizes, that the novel capacitor structure presented in 

chapter 5.3.1 shows no or only minimal impact on the conductors of the 

transformer/inductor, or vice versa (Figure 6.11). 

 

Figure 6.11: FEM simulation of horizontal IMS - Influence of the conductor electric  fields on the 

capacitor layers (capacitor version 2) 

Figure 6.12 visualizes the electric field simulation of the IMS half-sided capacitor 

layer (version 5). The difference between the inserted full capacitor layer as shown in 

Figure 6.11 and this capacitor layer is the slightly increased current density of 

approximately 0.26 A/m
2
 inside the hot-spots. However, the small amount of induced 

current of the capacitor layer shrinks from 3.46*10
-6

A/m
2
 for the full capacitor layer 

to 2.11*10
-9

A/m
2
 with the inserted half capacitor layer. 
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Figure 6.12: FEM simulation of horizontal IMS - Influence of the conductor electric fields on the  

half-sided capacitor layers (capacitor version 5) 

When inserting the full capacitor layer with the solid middle part into the IMS, the 

current density of the hot-spots increases further from 6.07 A/m
2
 to 6.57 A/m

2
, at full 

load condition (Figure 6.13), while the induced current of the capacitor layer shrinks 

to 0A/m
2
 (Figure 6.14). The solid middle part of this capacitor layer version acts as a 

leakage layer and produces a small amount of eddy current inside the windings. 

However, the induced fields inside the capacitor layer are now strong enough to 

cancel each other inside the bifilar structure. 
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Figure 6.13: Eddy current simulation, conductor hot-spots at operational frequency, with final 

capacitor layers (capacitor version 6) 

 

Figure 6.14: FEM simulation of horizontal IMS - influence of the conductor electric fields on the final 

capacitor layers (capacitor version 6) 

 

Further investigations of the bifilar capacitor layers inside the electromagnetic core 

field show that the electromagnetic flux passes through the flux break gap of the 
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capacitor layer. The induced flux to the capacitor layer cancels each other due to the 

bifilar structure adopted and further developed from the high frequency signal 

transformer research as presented in chapter 1.5. This is also the case, if the middle 

part of the capacitor layer is made of a solid structure due to the direction of the 

electromagnetic field inside the IMS. 

 

 

Figure 6.15: Electric field of the capacitor conductor induced by the magnetic field of the core 

Furthermore it can be seen, that the connection between the conductor layers are not 

stressed (Figure 6.16). Even though both connections are not very stressed, it can be 

observed that the flux of the conductor on the left side is directed back to the normal 

current flow, while the 90º angle conductor on the right side causes some distortion in 

the current flow. This can be optimized by directly soldering the conductors together 

in the natural shape of the conductor. 
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Figure 6.16: Current distribution field of the connectors 

6.3 Impedance and Frequency Measurements 

A very common measurement method to determine the characteristics of transformers 

and other magnetic systems is the LCR meter measurement, which uses the Fourier-

Analysis-Based method. There are many measurement devices on the market, which 

are able to directly measure and calculate the frequency response of the inductances, 

the capacitances, and the AC resistances, such as the HP 4284A [44] and the Agilent 

4285A precision LCR meter. For the measurements described in this chapter, the 

Agilent 4285A has been used. Figure 6.17 shows the LCR test-rig for the first 

prototype. It can be seen, that this prototype can be measured with and without the 

capacitance, which is also applicable for the other prototypes. In this test, all 

impedances are measured. However, because the vertical IMS shows several issues in 

the structure, these tests are conducted with the horizontal IMS versions. 
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Figure 6.17: LCR measurement of leakage inductance, resistance, quality factor and angle 

Figure 6.18 shows the measurements for the inter-winding capacitances. It can be 

seen, that the primary and secondary side are separately connected. The device should 

be calibrated after every measurement, due to the measurement range in µ or even 

nano values.   
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Figure 6.18: LCR measurement of inter-winding capacitances and insulation resistance 
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A highly accurate method to measure the frequency behavior of the system directly 

and explore the resonant frequency of the device is to connect the IMS to a network 

analyzer (Figure 6.19). While this does not provide the inter-winding capacitances of 

the device, this method enables a fast analysis. Particularly, for the final horizontal 

IMS with a narrow band pass filter, the quality of the filter can be determined.  

 

Due to the fact that the IMS does not possess a sma (sub miniature version A) or smc 

(sub miniature version C) connector, which are commonly used for frequency 

transmission or measurements, the cable for measuring the IMS is custom made. 

 

IMSResonant tank / Input Output

Network analyzer

 

Figure 6.19: Network analyser measurements of the IMS 

 

The measurements with the network analyzer are very sensitive to interferences from 

outside, so that the shielding of the cable is very important. To solve that problem, the 

ground shielding has to continue up to the alligator clamp without any interruption, 

and hence, the ground connector needs to be directly attached to the shielding (Figure 

6.20). The main area of the IMS is shielded by the surrounding core and is almost 

immune to interferences from outside in this section.  
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Figure 6.20: Cable for frequency mesurements of the final IMS 

6.3.1 Impedance and Frequency Measurement Results 

The integrated magnetic system LCR measurement results for the first prototype with 

separated inductor cores (shown in Figure 6.1) are visualized in Table 6.1 and Table 

6.2. Due to the magnesia-zinc core, which can handle a higher magnetic density than 

the less expensive ferro F3 cores used for the other prototypes, the resonant tank for 

this prototype is designed for a frequency of 1MHz. However, the impedance 

measurements are applied in the range of 100 kHz to 1.4 MHz, without the capacitor 

part below 700 kHz. Thus, it is possible to investigate the circuit for lower frequencies 

by connecting another external capacitor respectively to use these values for the next 

prototype. The parasitic inductances as well as the inter-winding capacitance values 

are used for the filter. As it is difficult to calculate the capacitor values precisely, due 

to the varying PCB εr values between three and five (depending on the manufacturer) 

of the PCB layer material, the measurements with C start at 700 kHz. In order to 

obtain the pure inter-winding capacitances of the inductor and the transformer part, 

the capacitance is not connected for these measurements as shown in Table 6.2. The 

added prefix ‘s’ for example in Rs describes the short-circuit case, ‘o’ the open case 

and ‘ps’ primary to secondary side. 
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TABLE 6.1: INDUCTANCE AND RESISTANCE MEASUREMENTS OF THE FIRST INTEGRATED 

SYSTEM WITH AND WITHOUT CAPACITOR PART 

 Short circuit test 

WITHOUT C 

B: short wired 

A: Measurement 

Open circuit test 

WITHOUT C 

B: Open 

A: Measurement 

Short circuit test 

WITH C 

B: short wired  

A: Measurement  

Open circuit test 

WITH C 

B: Open  

A: Measurement 

Frequency 

[MHz] 

Ls 

[nH] 

Rs 

[Ω] 

Q Lo 

[μH] 

Ro 

[kΩ] 

Q Ls 

[nH] 

Rs 

[Ω] 

Q Lo 

[μH] 

Ro 

[kΩ] 

Q 

0.1 38.1 0.03 876.3 39.15 14.0 542.1       

0.2 34.5 0.22 194.2 39.17 14.4 291.2       

0.3 34.5 0.30 222.0 39.3 17.3 232.0       

0.4 34.7 0.40 218.4 39.47 18.9 189.0       

0.5 38.7 0.80 150.3 39.72 20.5 164.0       

0.6 34.2 0.8 159.7 38.7 18.2 130.5       

0.7 34.5 1.1 133.4 39.1 15.8 95.4 41.5 5.0 37.0 36.7 4.5 28.0 

0.8 34.7 1.6 106.6 39.5 13.5 69.1 23.4 5.0 23.4 18.6 1.3 14.6 

0.9 35.1 2.3 82.9 39.9 11.5 51.5 10.9 5.6 10.9 6.2 0.1 4.3 

1.0 33.9 3.4 63.7 39.2 8.9 36.1 3.3 21.0 1.1 3.2 0.02 1.1 

1.2 34.7 5.8 44.7 40.2 7.6 25.0 9.0 18.2 8.2 14.5 0.80 7.4 

1.3 35.1 7.6 37.8 40.8 7.2 21.6 13.2 9.8 11.0 19.0 1.30 8.6 

1.4 35.6 9.7 32.2 41.6 6.8 18.8 16.8 11.8 12.6 22.9 1.80 9.2 

 

 

From Table 6.1, it can be seen that below one MHz, the system operates in the 

resonant range and the filter works as intended. Table 6.2 shows, that the system has 

its limit above 1.4 MHz, so that the inter-winding capacitances turn into negative 

values. 
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TABLE 6.2: INTER-WINDING CAPACITANCE  AND RESISTANCE MEASUREMENTS OF THE 

FIRST PROTOTYPE 

 
 Primary to Secondary Measurement 

Frequency 

[MHz] 

Cps 

[pF] 

Rps 

[kΩ] 

Z 

[kΩ] 

Θ 

[°] 

0.1 364.8 267.4 4.40 -89.0 

0.2 367.9 120.9 2.20 -88.9 

0.3 376.7 74.5 1.40 -88.9 

0.4 391.1 50.9 1.00 -88.8 

0.5 411.7 41.6 0.80 -88.9 

0.6 422.7 25.3 0.63 -88.6 

0.7 460.8 17.3 0.49 -88.4 

0.8 516.0 10.9 0.39 -87.9 

0.9 599.1 6.3 0.29 -87.3 

1.0 734.8 3.0 0.21 -85.9 

1.2 1.5 nF 0.3 0.08 -76.8 

1.3 2.7 nF 43.0 0.03 -44.7 

1.4 2.0nF 78.5 0.05 54.4 

 

 

 

The inter-winding capacitances are calculated and compared to the measured values 

(Figure 6.21). It can be observed, that the calculations show the highest point of 

capacitances at 1 MHz, whereas the measurement has its peak at 1.3 MHz. This is 

reasonable, as there are material variations of the insulation material, whereas the 

simulation uses ideal material property values. 
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Figure 6.21: Comparison of simulated and measured inter-winding capacitances; First prototype 

 

Since the band-pass filter of the final prototype supports a very narrow operational 

frequency range, the measurement is only conducted between 150 kHz and 250 kHz. 

Below and above these frequencies, the values of either the inductance or the 

capacitance are turning into negative values and this indicates that the device is driven 

into resonance. Table 6.3 shows the LCR measurement results of the final IMS 

prototype. In comparison to the first prototype it can be seen, that the inter-winding 

capacitances are much lower particularly in the middle of the operational frequency 

(Table 6.3). 
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TABLE 6.3: INDUCTANCE AND RESISTANCE MEASUREMENTS OF THE FINAL PROTOTYPE 

 Short circuit test Open circuit test 

Frequency 

[kHz] 

Ls 

[nH] 

Rs 

[Ω] 

Lo 

[μH] 

Ro 

[kΩ] 

150 235.33 20.62 173.00 3.37 

160 235.39 21.50 172.99 3.43 

170 235.45 23.70 173.00 3.58 

180 235.61 24.98 173.00 3.65 

190 235.75 26.00 172.97 3.79 

200 235.92 27.12 173.04 3.90 

210 235.12 28.21 173.08 4.01 

220 236.35 29.01 173.14 4.22 

230 236.61 30.24 173.22 4.44 

240 236.87 30.45 173.30 4.65 

250 237.15 31.21 173.38 4.82 

TABLE 6.4: INTER-WINDING CAPACITANCE  AND RESISTANCE MEASUREMENTS OF THE 

FINAL PROTOTYPE 

Frequency 

[kHz] 

CPS 

[pF] 

RPS 

[kΩ] 

150 143.9 308.7 

160 143.9 288.62 

170 143.9 269.10 

180 143.9 253.26 

190 143.9 238.71 

200 144.0 225.63 

210 144.0 213.72 

220 144.2 203.65 

230 144.3 193.75 

240 144.4 183.99 

250 144.5 176.73 
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By comparing the measured results with the calculated results (Figure 6.22), it can be 

seen, that there is a non-significant error between the two curves. The difference at the 

operational frequency of 200 kHz is only 2 pF. 

  

Figure 6.22: Comparison of simulated and measured inter-winding capacitances; Final prototype 

 

Figure 6.23 shows the final IMS frequency measurement of the network analyzer. It 

can be recognized, that the peak of the desired frequency is very narrow, so that other 

frequencies above or below the operational frequency cannot pass through the system. 

This is of highest importance for the intended usage inside a LLC circuit because of 

the higher harmonics generated by the square wave switching. 
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Figure 6.23: Frequency spectrum measurement of the Integrated Magnetic System, with broader range 

Furthermore, by zooming into the peak frequency, it can be observed that the signal 

peak is very clear and has only minor ripples (Figure 6.24). 

 

 

 

Figure 6.24: Frequency spectrum measurement of the Integrated Magnetic System 
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6.4 Impact of the Integrated Capacitor Layers 

Measurements 

One of the most challenging tasks in designing an integrated magnetic system is the 

construction of the capacitance layers. To prove that the results shown in the FEM 

simulations are realistic and that there is only a minor impact from the other 

components inside the IMS on the capacitor layers, the measurements of the final 

prototypes are focused on the capacitor layers. Simulation results for the vertical IMS 

were insufficient, hence only the horizontal system is considered for the capacitance 

measurements. 

 

The capacitance of one capacitance layer is measured in the range of 100 kHz to 400 

kHz. During the measurements, a signal of 100 kHz up to 400 kHz is applied to the 

transformer conductor and inductor conductor. This is undertaken to observe the 

impact of the high frequency fields of the inductor and transformer conductors on the 

capacitor layers (Figure 6.25).  
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Figure 6.25: Capacitor layer measurement 

Due to the integrated structure of the latest horizontal versions, the inductor and 

transformer part cannot be measured separately. The results of the capacitor layer 

measurement indicate that the capacitor value does not change significantly, if the 

input frequency changes (Figure 6.26). This validates the FEM simulation results in 
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that the conductor field has no substantial impact on the capacitor layers and does not 

disturb the electromagnetic field of the inductor and transformer sections. 

 

 

 

 

Figure 6.26: Capacitance measurement results 

6.5 Waveform Measurements 

The aim of the waveform measurements is to validate the quality of the input/output 

signal by visualizing the output quality of the horizontal IMS, and as verification, that 

the horizontal prototype resonant tank provides a clean wave form. Hence, the first 

and the final prototype are measured
8
. For conducting the tests, an input square wave 

is applied, and similar to the load tests, the oscilloscope measures the input wave 

form, while at the same time the IMS output is measured. The input is shown on the 

top of every figure and the output is shown on the bottom. Different frequencies are 

applied for the IMS prototypes, as the first prototype is designed for 1.2MHz, due to 

the core material, and the final prototype is designed for 200 kHz, due to the F3 Ferro 

                                                 
8
 Additional measurements, with frequencies outside the operational frequencies, are visualized in 

appendix C 
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magnetic core. After obtaining the test results, the input-output-ratio can be 

calculated. The systems should follow the intended conversion ratio, for the first 

prototype 2:32 step-up and for the final prototype 20:12 step-down. However, this is 

not the case, if the losses inside the system are reducing the output amplitude. 

 

As it can be seen from the waveform measurements of the first prototype, the input of 

1.2 MHz is matched and the filter is cutting off the lower frequencies. At 1 MHz the 

IMS output shows a waveform containing significant ripples (Figure 6.27).  

 

Figure 6.27: First prototype waveform measurement at 1MHz 

After matching the input frequency of 1.2 MHz, the output waveform delivers a clear 

output and a good input-output-ratio (Figure 6.28). 

 

Figure 6.28: First prototype waveform measurement at 1.2MHz 
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Figure 6.29 visualizes an even better output waveform result, without any ripples and 

a good sine wave form.   

 

 

Figure 6.29: First prototype waveform measurement at 1.4MHz  

However, it can be seen that, due to the high pass filter structure and the slow 

attenuation, the filter reaches its input-output ratio maximum at a slightly higher 

frequency of 1.4 MHz (Figure 6.30), so that the capacitors need to be adjusted for the 

load measurements to match the intended 1.2 MHz. 

 

Figure 6.30: Input-output ratio of the first prototype 
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The wave form measurements of the final prototype are conducted with the final 

capacitor layer as discussed in chapter 5.3.1. Due to the fact, that this layer achieved 

the best results in the initial measurements, the waveform tests are conducted with the 

final capacitor layers. Figure 6.31 shows the final IMS at the intended operational 

frequency of 200 kHz. 

 

 

Figure 6.31: Final prototype waveform measurement at 200 kHz 

 

The output waveform is of very good quality, without any ripples. Furthermore, it can 

be observed, that when decreasing (Figure 6.32) and increasing (Figure 6.33) the input 

frequency, the amplitude of the output is falling, and hence the input-output-ratio of 

the system is dropping. Below 100 kHz and above 300 kHz, the amplitude is almost 

zero. Therefore, higher order harmonics generated by the square wave switching of 

the power electronic circuit as well as DC voltages are blocked by the system and 

cannot saturate the core. This results in a higher efficiency in comparison to the high-

pass filter of the first prototype. 
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Figure 6.32: Final prototype waveform measurement below 200 kHz 

 

Figure 6.33: Final prototype waveform measurement above 200 kHz 

 

Based on the waveform measurements, the overall ratio of the final prototype can be 

calculated (Figure 6.34). It can be observed that the highest ratio is at 200 kHz and the 

frequencies below and above the operational frequency are clearly cut off. 
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Figure 6.34: Input-output ratio of the final prototype 

6.6 Load Tests of the IMS 

There are many different ways to measure the efficiency of a passive magnetic system 

discussed in chapter 1.5.3. However the measurement technique visualized in Figure 

1.4 is partly adopted to measure all built prototype shapes. Due to the high frequency, 

the load or power efficiency measurements must be conducted, either by utilizing 

special power efficiency measurement devices or by connecting oscilloscopes on the 

high frequency side to measure the current over a shunt resistor and the voltage on the 

primary side of the IMS (Figure 6.35). As the primary input is not grounded due to the 

shunt resistor, two channels must be joined together to avoid floating potentials. 
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Figure 6.35: IMS load test with power electronic circuit 

 

 

Figure 6.36: Real measurement rig of IMS power measurements 
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6.6.1 Load Measurement Results 

Additionally to the first horizontal and the final horizontal prototype, the vertical 

prototype is also measured, for comparison purposes. The one hundred percent load is 

approximately 80-85% of the maximum load that the system is capable of. After 

exceeding 85% and driving the circuit to the 100% maximum load, the efficiency 

drops, so that the system should be calculated for approximately 20% more power as 

needed for the application. The IMS versions are different in dimensions, so that the 

load is also different for each prototype. In addition, the operational frequency for the 

first prototype with F47 core is around 1MHz, whereas the operational frequency for 

the vertical and final horizontal is 200 kHz, due to the F3 material. It can be seen that 

the first horizontal prototype with two single induction cores only reaches an 

efficiency of around 38%, whereas the vertical prototype reaches over 80% efficiency 

(Figure 6.37). The final horizontal IMS achieves the best efficiency of 98%. 

 

 

 

Figure 6.37: Load measurement result comparison of different IMS 
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Further load tests are conducted with regard to the integrated capacitor layer to verify 

the previous simulation results, that the insertion of the capacitor layer has no impact 

on the electromagnetic field distribution inside the integrated magnetic system. Figure 

6.38 shows the load test with inserted capacitor layers and the capacitor layers outside 

the system. Furthermore, the frequency is slightly increased for the capacitor layers 

outside the system, to visualize and validate that the band pass filter works. It can be 

seen, that the maximum efficiency of the IMS is almost 50%, if the capacitor layers 

are outside the system. When increasing the frequency above the operational 

frequency, the efficiency drops to 40%, as expected. 

 

 

 

Figure 6.38: Load measurement results of final horizontal IMS with variations of capacitor layer 

arrangements 

Table 6.5 shows the comparison of the measured power efficiency values and the 

calculated values. It can be observed, that the error percentage between the simulation 

results and the measurements are very low. If the load is lower 5%, the calculation has 
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a high error rate. However, the focus is on the maximum load and efficiency, which 

reaches a good accuracy of below one percent. 

TABLE 6.5: COMPARISON OF THE MEASURED EFFICIENCY TO THE CALCULATED 

EFFICIENCY IN PERCENTAGE 

Measurements Calculations Divergence Error Percentage (modulus) 

98.00 98.81 0.81 0.82 

94.69 95.26 0.57 0.60 

40.17 40.73 0.56 1.37 

22.85 20.97 -1.88 8.97 

13.67 15.33 1.66 10.83 

8.50 8.81 0.31 3.52 

6.38 5.17 -1.21 23.40 

3.02 0.00 -3.02 100.00 

 

6.7 Discussion and Analysis 

The FEM simulations of the IMS showed good results with regard to the magnetic 

and also regarding to the electric field. The capacitor layer of the device does not 

disturb the field distribution inside the system.  

 

During LCR measurements, the first horizontal system with a high-pass filter shows 

good results. However, applying this method to measure the final IMS with a narrow 

band pass filter is limited, as the induction and/or the capacitance values are negative, 

if the resonant frequency is not exactly matched. By measuring the system with a 

network analyzer, the operational frequency can be recognized. 

 

Finally and most important for the operation inside a power converting system, the 

IMS showed good results in the load test with an efficiency of 98%. The efficiency 

drop of almost 50 percent, when the capacitor layers are not integrated into the 
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system, can be explained with the missing shielding effect of the final solid middle 

capacitor layer on the conductors inside the system between the inductor and 

transformer subdivisions. Without this shielding, the electric field of the crossing 

conductors could disturb the magnetic flux. In comparison to the vertical IMS, the 

final horizontal IMS shows a load efficiency improvement of approximately 18 

percent.   
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7 Conclusion 

This thesis describes the development of a novel integrated magnetic system. Previous 

research showed acceptable results with the regard to the integration of passive 

magnetic parts, but had major difficulties in integrating capacitor layers into the 

systems. By combining techniques from a high frequency area with passive magnetics 

in the power electric area, a new capacitor layer with a bifilar structure was designed 

to reduce the impact of the surrounding electromagnetic field. At the same time, the 

capacitor layer has an insignificant disturbing impact on the coupling of the primary 

and secondary side of the transformer, and the layer is not disturbing the field strength 

of the core-conductor relationship.  

 

Measurements of the capacitor layer led to the solution of combining two capacitor 

layer structures to achieve optimum results. Furthermore, when applying a 

surrounding high frequency field, the LCR measurements of the capacitor layer 

showed a stable value of the capacitance and validated the electric field FEM results, 

that there is no impact on the capacitor layers or vice versa. 

 

In addition, FEM simulations visualized a good magnetic field distribution of the 

combined inductor-transformer core of the final IMS. The two magnetic fields of the 

transformer and inductor, separately induced into the combined magnetic core, coexist 

without disturbing each other, which in return ensures a flawless operation of the 

IMS. 
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The measurement results of the manufactured prototypes, particularly from the load 

measurements, showed the high efficiency the system is capable of. The direct 

comparison of the measured efficiency to the simulated efficiency displayed minor 

tolerances. In comparison to the vertical IMS, the horizontal IMS has a large surface, 

which is very beneficial with respect to heat dissipation. 

 

The content of this thesis was partly published in several research publications in 

peer-reviewed, highly regarded conference and journal papers. Moreover, the design 

of the IMS and particularly the design of the capacitor layers are subject to 

verification for patents by the University. 

7.1 Contributions of this Thesis 

Even though the stipulation to use cost effective and common materials, as one of the 

main requirements of this PhD project, is limiting some high performance 

optimization options for the IMS, the design showed good results in the 

measurements. Furthermore, the space saving structure offers the possibility of highly 

variable applications in various power consuming devices. By combining different 

strategies from transmission IT systems and power electronics, the novel structure of 

the capacitor layers makes an integration of all three components of the IMS possible 

with minor efficiency losses and costs. 

 

The connections between the system components in an ordinary or vertical structure 

are vulnerable to interferences from outside. If such interferences occur between the 

resonant tank and the transformer, the efficiency can drop with the strength of the 

unwanted external signal or can even cause spikes, especially in step-up operation. 

The IMS integrated components are directly connected to each other and the novel 

structured core, surrounding all integrated components, operates as a shielding. 
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High cost devices are already quite energy efficient nowadays. However, if also low 

cost electric devices were consuming less power all over the world, by utilizing more 

efficient converters, this would decrease the overall world power consumption 

significantly. The developed cost efficient IMS presented in this thesis achieves the 

target to make converters more efficient. 

 

The IMS design can also be utilized in smaller renewable energy systems, such as 

solar panels, to convert energy in an affordable way. In comparison to building the 

passive magnetic section of a converter with single components, the IMS achieves a 

cost reduction of approximately 20 percent, depending on production volume, 

converter type, power rating etc. This research project showed how the use of a 

different design and the innovative combination as well as further improvement of 

electromagnetic development methods result into a new affordable and efficient 

power converting system. 

 

7.2 Future Work 

The development of the IMS was successful with regard to the PhD research aim of 

designing a cost and energy efficient passive magnetic device for electrical 

converters. However, the material choices were limited due to the cost efficiency 

stipulation. Utilizing high frequency core material and high-tech insulation layer 

materials could result in even better solutions. 

 

A further development step and new research field would be the integration of active 

components directly on the IMS conductor terminals, to fabricate an all-in-one IMS 

by applying MOSFET’s and rectifier diodes directly on the metal conductor. Due to 

the fact that this involves advanced clean room technology, the joint-venture of the 

university with a company specialized in this area is indispensable. 
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Appendix 

A - Source Code Example of the 2-D Calculations of 

the IMS 

The following example, written in APDL, can be conducted for the 2-D current 

analysis of the IMS. Since, the IMS is not symmetrically, this source code can only be 

applied in a limited manner. 

 

FINISH   

/CLEAR,START  

/COM,ANSYS RELEASE 12.0.1  UP20090415       13:01:44    05/03/2011 

KEYW,MAGNOD,1    

/COM,Preferences for GUI filtering have been set to display: 

/COM,  Magnetic-Nodal    

/PREP7 

 

!ET,1,PLANE121 

 

!Core geometry   

 

BLC4,0,0,0.03,0.013 

BLC4,0.003,0.003,0.009,0.007 

BLC4,0.018,0.003,0.009,0.007 

ASBA,1,2, , , DELETE 

ASBA,4,3, , , DELETE 

 

!Conductor geometries   

BLC4,0.004,0.0093,0.0057,0.0001 

BLC4,0.004,0.0077,0.0057,0.0001 

BLC4,0.004,0.0061,0.0057,0.0001 
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BLC4,0.004,0.0085,0.0057,0.0001 

BLC4,0.004,0.0069,0.0057,0.0001 

 

BLC4,0.020,0.0093,0.0057,0.0001 

BLC4,0.020,0.0077,0.0057,0.0001 

BLC4,0.020,0.0061,0.0057,0.0001 

 

BLC4,0.020,0.0085,0.0057,0.0001 

BLC4,0.020,0.0069,0.0057,0.0001 

 

! Capacitor geometries 

BLC4,0.004,0.005,0.001,0.0001 

BLC4,0.009,0.005,0.001,0.0001 

 

BLC4,0.020,0.005,0.001,0.0001 

BLC4,0.025,0.005,0.001,0.0001 

 

BLC4,0.004,0.004,0.001,0.0001 

BLC4,0.009,0.004,0.001,0.0001 

 

BLC4,0.020,0.004,0.001,0.0001 

BLC4,0.025,0.004,0.001,0.0001 

 

! Additional / alternative capacitor geometries 

!BLC4,0.004,0.007,0.003,0.0001 

!BLC4,0.020,0.007,0.003,0.0001 

!BLC4,0.020,0.006,0.003,0.0001 

!BLC4,0.004,0.006,0.003,0.0001 

!BLC4,0.004,0.005,0.003,0.0001 

!BLC4,0.020,0.005,0.003,0.0001 

!BLC4,0.020,0.004,0.003,0.0001 

!BLC4,0.004,0.004,0.003,0.0001 

 

! Enclosure 

BLC4,-0.001,-0.001,0.032,0.016 

AOVLAP, ALL 

 

!Compressed the unused area number 

NUMCMP,AREA  

!--------------------------------------------------------------------------------------- 

ET,1,PLANE53 !Magnetic Core 

ET,2,PLANE53 !Conductor prim left 

ET,3,PLANE53 !Conductor sec left 

ET,4,PLANE53 !Conductor prim right 
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ET,5,PLANE53 !Conductor sec right 

ET,6,PLANE53 !Capacitor up 

ET,7,PLANE53 !Capacitor down 

ET,8,PLANE53 !Air 

 

!Define element 2 with the DOF of (AF, Volt) 

KEYOPT,2,1,1 

KEYOPT,3,1,1 

KEYOPT,4,1,1 

KEYOPT,5,1,1 

KEYOPT,6,1,1 

KEYOPT,7,1,1 

 

MPTEMP,,,,,,,,   

MPTEMP,1,0 

MPDATA,MURX,1,,1900   !Core 

 

MPTEMP,,,,,,,,   

MPTEMP,1,0 

MPDATA,MURX,2,,0.999987  !Primary left 

 

MPTEMP,,,,,,,,   

MPTEMP,1,0 

MPDATA,MURX,3,,0.999987  !Primary right 

 

MPTEMP,,,,,,,,   

MPTEMP,1,0 

MPDATA,MURX,4,,0.999987  !Secondary left 

 

MPTEMP,,,,,,,,   

MPTEMP,1,0 

MPDATA,MURX,5,,0.999987  !Secondary right 

 

MPTEMP,,,,,,,,   

MPTEMP,1,0 

MPDATA,MURX,6,,0.999987  !Capacitor up 

 

MPTEMP,,,,,,,,   

MPTEMP,1,0 

MPDATA,MURX,7,,0.999987  !Capacitor down 

 

MPTEMP,,,,,,,,   

MPTEMP,1,0 

MPDATA,MURX,8,,1   !Air 
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!Resistivity 

MPDATA,RSVX,2,,1.7e-8 

MPDATA,RSVX,3,,1.7e-8  

MPDATA,RSVX,4,,1.7e-8 

MPDATA,RSVX,5,,1.7e-8  

MPDATA,RSVX,6,,1.7e-8  

MPDATA,RSVX,7,,1.7e-8 

 

! Material to Geometry 

ASEL,S,AREA,,1 

AATT,1,1,1 

ASEL,S,AREA,,2,4 

AATT,2,2,2 

ASEL,S,AREA,,5,6 

AATT,3,3,3 

ASEL,S,AREA,,7,9 

AATT,4,4,4 

ASEL,S,AREA,,10,11 

AATT,5,5,5 

ASEL,S,AREA,,12,15 

AATT,6,6,6 

ASEL,S,AREA,,16,19 

AATT,7,7,7 

ASEL,S,AREA,,20,22 

AATT,8,8,8 

 

ASEL,ALL        ! Select all Geometries 

SMARTSIZE,1     ! Mesh size 

MSHAPE,1        ! Triangle 

AMESH,ALL       ! Generates Nodes and area elemetns within selected area 

!AREFINE,ALL     ! Refine Mesh in selected area 

 

!Set up the required frequency 

FINISH   

/SOL 

!Harmonic Analysis 

ANTYPE,3 

HARFRQ,0,200000 

FINISH 

 

!-------------------------------------------------------------------------------------- 

/PREP7 
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!Create one component for the primary side left 

ASEL,S,AREA,,2,4 

CM,Priml,AREA  

 

!Create one component for the secondary side left 

ASEL,S,AREA,,5,6 

CM,Secl,AREA 

 

!Create one component for the primary side right 

ASEL,S,AREA,,7,9 

CM,Primr,AREA  

 

!Create one component for the secondary side right 

ASEL,S,AREA,,10,11 

CM,Secr,AREA 

 

!Create one component for the Capacitor 

!ASEL,S,AREA,,6,21 

!CM,Cap,AREA  

 

ASEL,S,AREA,,2 

!Apply the Degree of Freedom on the primary winding left 

CMSEL,S,Priml 

ALLSEL,BELOW,AREA    

CP,1,VOLT,ALL 

!Apply the required current on the primary winding left 

FK,16,AMPS,2, 

 

ASEL,S,AREA,,3 

!Apply the Degree of Freedom on the primary winding right 

CMSEL,S,Primr 

ALLSEL,BELOW,AREA    

CP,2,VOLT,ALL 

!Apply the required current on the primary winding right 

FK,36,AMPS,-2, 

 

ASEL,S,AREA,,4 

!Apply the Degree of Freedom on the secondary winding left 

CMSEL,S,Secl 

ALLSEL,BELOW,AREA    

CP,3,VOLT,ALL 

!Apply the required current on the secondary winding left 

FK,28,AMPS,4, 
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ASEL,S,AREA,,5 

!Apply the Degree of Freedom on the secondary winding right 

CMSEL,S,Secr 

ALLSEL,BELOW,AREA    

CP,4,VOLT,ALL 

!Apply the required current on the secondary winding right 

FK,48,AMPS,-4, 

  

!Optional Apply DOF on the Capacitor 

!CMSEL,S,Cap  

!ALLSEL,BELOW,AREA    

!CP,6,VOLT,ALL  

!DK,44 ,VOLT,40  

!KEYOPT,6,1,1 

 

FINISH 

!--------------------------------------------------------------------------------------- 

 

/PREP7 

 

!Optional coupling the primary windings to change it from open circuit status to short 

circuit status. 

!CMSEL,S,Prim 

!ALLSEL,BELOW,AREA    

!CP,2,VOLT,ALL   

!ALLSEL,ALL   

!KEYOPT,4,1,1 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 

 

!Apply the magnetic boundry condition for enclousure 

LSEL,S,LINE,,1,4 

DL,ALL, ,ASYM   

FINISH 

 

!Solve the model 

ALLSEL,ALL 

/SOL 

/STATUS,SOLU 

SOLVE    

FINISH 

 

!Postproc to read the results 

/POST1   

SET,LIST,999 
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SET,,, ,,, ,1    

!Ready to plot the figure. 

 

CMSEL,S,Priml 

!Allsel,Below,Area 

POWERH 

 

!CMSEL,S,Primr 

!Allsel,Below,Area 

!POWERH 

 

!CMSEL,S,Secl 

!Allsel,Below,Area 

!POWERH 

 

!CMSEL,S,Secr 

!Allsel,Below,Area 

!POWERH 
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B - Capacitor Waveform Measurements 

 

TABLE 0.1: IMS CAPACITOR LAYER VERSIONS 

Version 

2 

 
3 

 
4 

 
5 

 
6 

 
 

 

 

 

Capacitor layer version 2: 

 

 

 

Figure 0.1: Waveform measurement of version 2 (input: top, output: bottom); left:1MHz, right: 900kHz 
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Figure 0.2: Waveform measurement of version 2 (input: top, output: bottom); left: 800kHz, right: 

700kHz 

  

Figure 0.3: Waveform measurement of version 2 (input: top, output: bottom); left: 600kHz, right: 

500kHz 

  

Figure 0.4: Waveform measurement of version 2 (input: top, output: bottom); left: 400kHz, right: 

300kHz 
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Figure 0.5: Waveform measurement of version 2 (input: top, output: bottom); left: 200kHz, right: 

100kHz 

 

 

Capacitor layer version 3: 

 

  

Figure 0.6: Waveform measurement of version 3 (input: top, output: bottom); left:1MHz, right: 900kHz 

  

Figure 0.7: Waveform measurement of version 3 (input: top, output: bottom); left: 800kHz, right: 

700kHz 
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Figure 0.8: Waveform measurement of version 3 (input: top, output: bottom); left: 600kHz, right: 

500kHz 

  

Figure 0.9: Waveform measurement of version 3 (input: top, output: bottom); left: 400kHz, right: 

300kHz 

  

Figure 0.10: Waveform measurement of version 3  (input: top, output: bottom); left: 200kHz, right: 

100kHz 
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Capacitor layer version 4 and 5: 

 

 

  

Figure 0.11: Waveform measurement of version 4 and 5 (input: top, output: bottom); left:1MHz, right: 

900kHz 

  

Figure 0.12: Waveform measurement of version 4 and 5  (input: top, output: bottom); left: 800kHz, 

right: 700kHz 

  

Figure 0.13: Waveform measurement of version 4 and 5  (input: top, output: bottom); left: 600kHz, 

right: 500kHz 
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Figure 0.14: Waveform measurement of version 4 and 5 (input: top, output: bottom); left: 400kHz, 

right: 300kHz 

  

Figure 0.15: Waveform measurement of version 4 and 5 (input: top, output: bottom); left: 200kHz, 

right: 100kHz 

Capacitor layer version 6: 

 

 

  

Figure 0.16: Waveform measurement of version 6 (input: top, output: bottom); left:1MHz, right: 

900kHz 
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Figure 0.17: Waveform measurement of version 6 (input: top, output: bottom); left: 800kHz, right: 

700kHz 

  

Figure 0.18: Waveform measurement of version 6 (input: top, output: bottom); left: 600kHz, right: 

500kHz 

  

Figure 0.19: Waveform measurement of version 6 (input: top, output: bottom); left: 400kHz, right: 

300kHz 
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Figure 0.20: Waveform measurement of version 6 (input: top, output: bottom); left: 200kHz, right: 

100kHz 

 

C - IMS Waveform Measurements 

i. Waveform measurements of first IMS prototype: 

 

 

  

Figure 0.21: First prototype waveform measurement with 1MHz (right), 1.2MHz (left) 
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Figure 0.22: First prototype waveform measurement with 1.3MHz (right), 1.4MHz (left) 

 

 

 

Figure 0.23: First prototype waveform measurement with 1.5MHz 

 

ii. Waveform measurements of final IMS prototype: 

 

  

Figure 0.24: Final prototype waveform measurement with 100 kHz (left) and 120 kHz (right) 
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Figure 0.25: Final prototype waveform measurement with 150 kHz (left) and 170 kHz (right) 

  

Figure 0.26: Final prototype waveform measurement with 180 kHz (left) and 190 kHz (right) 

  

Figure 0.27: Final prototype waveform measurement with 210 kHz (left) and 220 kHz (right) 
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Figure 0.28: Final prototype waveform measurement with 230 kHz (left) and 290 kHz (right) 

 

Figure 0.29: Final prototype waveform measurement with 400 kHz 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

  

163 Appendix 

__________________________________________________________________________________ 

D - References 

[1] D. U.S. Energy Information Administration Office of Integrated Analysis and 

Forecasting U.S. Department of Energy Washington. (2010). International 

Energy Outlook 2010: World Energy Demand and Economic Outlook. 

Available: http://www.eia.gov/oiaf/ieo/pdf/0484%282010%29.pdf 

[2] D. Adam and T. Webb, "UK needs urgent 'master plan' on renewable energy, 

warns National Grid," in TheGuardian, ed. London: Guardian News and 

Media Limited, 2009. 

[3] P. Špánik, et al., "USING PLANAR TRANSFORMERS IN SOFT 

SWITCHING DC/DC POWER CONVERTERS," University of Žilina, 

Faculty of Electrical Engineering, Department of Power Electrical Systems 

and EVPÚ a.s.Electrotechnical Research and Projecting Institute, pp. 59 - 65, 

2003. 

[4] K. Nishimura, et al., "Practical performance evaluations on an improved 

circuit topology of active three-phase PFC power converter," presented at the 

Sixteenth Annual IEEE Applied Power Electronics Conference and Exposition 

(APEC) 2001. 

[5] A.J.Yerman, et al., "Megahertz transformers for high density power 

conversion," IEEE Transactions on Components, Hybrids, and Manufacturing 

Technology, vol. 14, pp. 725-731, 1991. 

[6] W. L. Cheng, "Method of operating a resonant push-pull converter in an above 

resonant frequency mode," USA Patent, 01/04/2008, 2004. 

[7] J.Ferrell, et al., "The role of parasitic inductance in high-power planar 

transformer design and converter integration," presented at the Applied Power 

Electronics Conference and Exposition, APEC '04. Nineteenth Annual IEEE, 

2004. 

http://www.eia.gov/oiaf/ieo/pdf/0484%282010%29.pdf


 

 

 

164 Appendix 

__________________________________________________________________________________ 

[8] C. Eonescu, "Analysis of PCB Parasitic Influences in Uninteruptible Power 

Supplies," presented at the 24th International Spring Seminar on Electronics 

Technology: Concurrent Engineering in Electronic Packaging 2002. 

[9] W. Chen, et al., "Model and Design of PCB Parallel Winding for Planar 

Transformer," IEEE Transactions on Magnetics, vol. 39, pp. 3202 - 3204, 

2003. 

[10] D. K. W. Cheng, et al., "Study of geometrical effects on the high frequency 

winding loss of low profile inductor design," presented at the Seventh 

International Conference on Power Electronics and Variable Speed Drives,  

(Conf. Publ. No. 456), London, 1998. 

[11] M. Greconici, et al., "Advantages of FEM analysis in electrical machines 

optimization used in wind energy conversion systems," presented at the 3rd 

International Symposium on Exploitation of Renewable Energy Sources 

(EXPRES), 2011. 

[12] R. Escarela-Perez, et al., "Systematic Coupling of Multiple Magnetic Field 

Systems and Circuits using Finite Element and Modified Nodal Analyses," 

IEEE Transactions on Magnetics, vol. 47, pp. 207 - 213 2011. 

[13] P. D. H. Schmidt-Walter, et al. (2006). "High Frequency Transformer 

Design", University of Applied Sciences Darmstadt, 2006. Available: 

http://schmidt-walter.eit.h-da.de/smps_e/trafo_hilfe_e.html 

[14] Q. Li and P. Wolfs, "An Analysis of the ZVS Two-Inductor Boost Converter 

under Variable Frequency Operation," IEEE Transactions on Power 

Electronics, vol. 22, pp. 120 - 131, 08 January 2007 2007. 

[15] F. C. Lee and P. Barbosa, "The state-of-the-art power electronics technologies 

and future trends " presented at the IEEE/PES Transmission and Distribution 

Conference and Exposition, Atlanta, GA , USA, 2001. 

[16] M. Tomokazu Mishima and M. Nakaoka, "A Novel High-Frequency 

Transformer-Linked Soft-Switching Half-Bridge DC–DC Converter With 

Constant-Frequency Asymmetrical PWM Scheme," IEEE Transaction on 

Industrial Electronics, vol. 56, pp. 2961 - 2969, August 2009 2009. 

http://schmidt-walter.eit.h-da.de/smps_e/trafo_hilfe_e.html


 

 

  

165 Appendix 

__________________________________________________________________________________ 

[17] Z. Zhang, et al., "A Novel Non-Isolated ZVS Asymmetrical Buck Converter 

for 12 V Voltage Regulators," presented at the International Conference on 

Power Electronics and Drive Systems, PEDS, 2008. 

[18] T. Marchal, "Cost-Effective Innovation," Ansys Advantage, vol. 4, pp. 8 - 9, 

2010. 

[19] R. Mason and F. Nicolas, "Bladeless is More," Ansys Advantage, vol. 4, pp. 5-

7, 2010. 

[20] R. Asensi, et al., "Modeling High-Frequency Multiwinding Magnetic 

Components Using Finite-Element AnalysisCitation," IEEE Transactions on 

Magnetics, vol. 43, pp. 3840 - 3850, Oct. 2007 2007. 

[21] R.Chen, et al., "Volumetric optimal design of passive integrated power 

electronics module (IPEM) for distributed power system (DPS) front-end 

DC/DC converter," IEEE Transactions on Industry Applications, vol. 41, pp. 9 

- 17, 2005. 

[22] R.Chen, et al., "Volumetric optimal design of passive integrated power 

electronic module (IPEM) for distributed power system (DPS) front-end 

DC/DC converter," presented at the Conference Record of the  Industry 

Applications Conference, 2002. 

[23] T. Süd, "LED Driver Power - EMC - Test report  68.740.11.033.01," Shenzen 

Aoci Power Supply Technology Co., Ltd.07 April 2011 2011. 

[24] E.Santi and S.Cuk, "Issues in flat integrated magnetics design," presented at 

the Power Electronics Specialists Conference PESC '96, 1996. 

[25] Z.Ouyang, et al., "Planar integrated magnetics design in wide input range DC-

DC converter for fuel cell application," presented at the Energy Conversion 

Congress and Exposition (ECCE), 2010. 

[26] E. C. W. Jong, et al., "Toward the Next Level of PCB Usage in Power 

Electronic Converters," IEEE Transactions on Power Electronics, vol. 23, pp. 

3151 - 3163 NOVEMBER 2008 2008. 



 

 

 

166 Appendix 

__________________________________________________________________________________ 

[27] L.Wenduo, et al., "Power Density Improvement in Integrated Electromagnetic 

Passive Modules With Embedded Heat Extractors," IEEE Transactions on 

Power Electronics, vol. 23, pp. 3142 - 3150, 2008. 

[28] C.-H. Huang, et al., "Design and modeling of planar transformer-based silicon 

integrated passive devices for wireless applications," presented at the Radio 

Frequency Integrated Circuits Symposium RFIC 2009. 

[29] C.-H. Huang, et al., "Design and modeling of planar transformer-based silicon 

integrated passive devices for wireless applications " presented at the 

Electronic Components and Technology Conference ECTC, 2009. 

[30] C. R. Sullivan, "Computationally efficient winding loss calculation with 

multiple windings, arbitrary waveforms, and two-dimensional or three-

dimensional field geometry," IEEE Transactions on Power Electronics, vol. 

16, pp. 142 – 150, 2001. 

[31] C. Xiao, et al., "Overview of Power Loss Measurement Techniques in Power 

Electronics Systems," IEEE Transactions on Industry Applications, vol. 43, 

pp. 657 - 664, 2007. 

[32] Y.Han, et al., "A Practical Copper Loss Measurement Method for the Planar 

Transformer in High-Frequency Switching Converters " IEEE Transactions on 

Industrial Electronics, vol. 54, pp. 2276 - 2287, 2007. 

[33] X. Ruan and Y. Yan, "Soft-switching techniques for PWM full bridge 

converters," presented at the Power Electronics Specialists Conference, PESC 

2000, 2000. 

[34] X. Ruan, et al., "Soft-Switching PWM Three-Level Converters," IEEE 

TRANSACTIONS ON POWER ELECTRONICS, vol. 16, pp. 612 - 622, 

SEPTEMBER 2001 2001. 

[35] Z. Emami, et al., "EMI Evaluation in Hard Switching and Soft Switching 

PWM Flyback Converters," presented at the Power Electronic & Drive 

Systems & Technologies Conference (PEDSTC), Tehran, Iran, 2010  



 

 

  

167 Appendix 

__________________________________________________________________________________ 

[36] J. Lmpinen and T. Suntio, "Modeling and analysis of a self-oscillating peak-

current controlled flyback converter," presented at the IEEE The 27th Annual 

Conference of the Industrial Electronics Society (IECON '01), 2001. 

[37] J. Ying, et al., "A Zero-Voltage-Switching (ZVS) Push-pull DClDC Converter 

for UPS," presented at the Power Electronics and Drive Systems, PEDS 2003. 

, 2003. 

[38] A. K. S. Bhat, "Analysis and design of a modified series resonant converter," 

IEEE Transactions on Power Electronics, vol. 8, pp. 423 - 430, 10-15 March 

1991 1993. 

[39] D. Edry and S. B.-. Yaakov, "Capacitive-loaded push-pull parallel-resonant 

converter," presented at the IEEE Applied Power Electronics Conference 

(APEC '93), San Diego, 1993. 

[40] D. V. Ghodke and K. Muralikrishnan, "1.5 kW two switch forward ZCZVS 

converter using primary side clamping," presented at the IEEE 33rd Annual 

Power Electronics Specialists Conference (PESC 02), 2002. 

[41] J. B. Wang, et al., "Efficiency comparison of the full bridge converters in 

considered magnetic saturation," presented at the Industrial Electronics, 

IECON 2008, 2008. 

[42] J.-h. Jung and J.-g. Kwon, "Theoretical Analysis and Optimal Design of LLC 

Resonant Converter," presented at the European Conference on Power 

Electronics and Applications, 2007. 

[43] B. Lu, et al., "Optimal Design Methodology for LLC Resonant Converter," 

presented at the Applied Power Electronics Conference and Exposition, APEC 

'06, Twenty-First Annual IEEE 2006. 

[44] L. Yan and B. Lehman, "A Capacitor Modeling Method for Integrated 

Magnetic Components in DC/DC Converters," IEEE Transactions on Power 

Electronics, vol. 20, pp. 987 - 996, 06 September 2005 2005. 

[45] C. W. F. Semiconductor), "LLC resonant topology lowers switching losses, 

boosts efficiency," in EE Times Design, ed: UBM Electronics, 2008. 



 

 

 

168 Appendix 

__________________________________________________________________________________ 

[46] K. Yamamoto, et al., "Bidirectional DC-DC Converter with Full-bridge / 

Push-pull circuit for Automobile Electric Power Systems," presented at the 

37th Power Electronics Specialists Conference, PESC, 2006. 

[47] R. Elferich and T. Duerbaum, "A New Load Resonant Dual-Output 

Converter," presented at the IEEE Power Electronics Specialists Conference, 

2002. 

[48] E. Lagler, "LLC-Resonanzwandler Ein neues Schaltprinzip für PC-Netzteile," 

Technic3D, 2010. 

[49] M. Rylko, et al., "A soft-switched bi-directional DC-DC converter," presented 

at the European Conference on Power Electronics and Applications, 2007, 

2007. 

[50] IEC 61558-2-16 ed1.0, Safety of transformers, reactors, power supply units 

and similar products for voltages up to 1100 V, IEC, 2005. 

[51] IEC 61378, Converter transformers, IEC, 2011. 

[52] IEC 60076-11, Dry-type transformers, IEC, 2005. 

[53] J. Lu, et al., "Application and analysis of adjustable profile high frequency 

switchmode transformer having a U-shaped winding structure," IEEE 

Transactions on Magnetics, vol. 34, pp. 1345 - 1347, 1998. 

[54] J. Lu, et al., "Effectiveness of shielded high frequency coaxial transformer for 

switching power supplies," presented at the International Symposium on 

Electromagnetic Compatibility, 2002. 

[55] A. Goldman, Modern Ferrite Technology vol. 2: Springer, 2006. 

[56] P. S. Ben-Yaakov, "The  Benefits  of Planar  Magnetics in HF  Power  

Conversion," presented at the Department of Electrical and Computer 

Engineering Ben-Gurion University of the Negev, 1995. 

[57] J. Lu, et al., "Analysis of high frequency planar sandwich transformers for 

switching converters," IEEE Transactions on Magnetics, vol. 31, pp. 4235 - 

4237, 1995. 



 

 

  

169 Appendix 

__________________________________________________________________________________ 

[58] F. Wong and J. Lu, "Design consideration of high frequency planar 

transformer," presented at the IEEE International Magnetics Conference 

INTERMAG Europe Digest of Technical Papers, 2002. 

[59] M. Mino, et al., "Planar microtransformer with monolithically-integrated 

rectifier diodes for micro-switching converters," IEEE Transactions on 

Magnetics, vol. 32, pp. 291 - 296, 1996. 

[60] M. d. o. S. Company. (2000). A Critical Comparison of Ferrites with Other 

Magnetic Materials. Available: http://www.mag-inc.com/design/technical-

documents 

[61] Magnetics, "Datasheet: Magnetic Ferrites ", ed, 2003. 

[62] Siemens, "Siemens Ferrites and Accessories Data Book," ed, 1991. 

[63] MMG, "Neosid Magnetic Components," 1997. 

[64] L. TDK Electronics Co., "Ferrite Cores," ed, 2002. 

[65] Ferroxcube, "Soft Ferrites and Accessories," 2002. 

[66] T. V. Yioultsis, et al., "The Finite-Difference Time-Domain Technique With 

Perfectly Matched Layers for Transient Nonlinear Eddy-Current Problems," 

IEEE Transaction on Magnetics, vol. 38, pp. 621 - 624, 07 August 2002 2002. 

[67] A. Mak. (2010, Corrosion of Steel, Aluminum and Copper in Electrical 

Applications. 6.  

[68] H. d. Groot, et al., "Design of a 1-MHz LLC Resonant Converter Based on a 

DSP-Driven SOI Half-Bridge Power MOS Module," IEEE Transactions on 

Power Electronics, vol. 22, pp. 2307 - 2320, 2007. 

[69] I. Josifovic, et al., "A PCB System Integration Concept for Power Electronics 

" presented at the Power Electronics and Motion Control Conference, 2009. 

IPEMC '09, 2009  

[70] D. Thiel, et al., "Plastic circuit reliability and design for recycling," presented 

at the Electronics Packaging Technology Conference, EPTC, 2009. 

[71] M. N. O. Sadiku, Numerical Techniques in Electromagnetics, 2 ed.: CRC 

Press, 2000. 

http://www.mag-inc.com/design/technical-documents
http://www.mag-inc.com/design/technical-documents


 

 

 

170 Appendix 

__________________________________________________________________________________ 

[72] D.Spalek, "Maxwell equations for generalised Lagrangian functional " IEE 

Proceedings - Science, Measurement and Technology, vol. 143, pp. 99 - 102, 

1996. 

[73] G. Bertotti, Hysteresis in Magnetism: For Physicists, Materials Scientists, and 

Engineers (Electromagnetism), 1 ed.: Academic Press, 1998. 

[74] "Fundamentals of Electromagnetics: COMSOL 3.5a Documentation," ed. 

[75] D. Bartolo, Classical Theory of Electromagnetism, 2 ed. London: World 

Scientific Publishing Company, 2004. 

[76] I. Nathan and P. A. B. Joao, Electro-Magnetics and calculation of fields, 2 ed., 

1997. 

[77] J. Lu, "High Frequency and High Power Density Magnetic Devices and Future 

Trends," in Proceedings of International Conference on Power Electronics 

and Motion (PCIM2009), 2009, pp. 277-282. 

[78] H. A. Haus and J. R. Melcher. (1998). Electromagnetic Fields and Energy.  

[79] M. Köhler, "Optimierung von Spulensystemen für Elektromagnetventile," 

Master of Science, School of Electrical Engineering, Universitz of applied 

Sciences, Düsseldorf, 2007. 

[80] L.-P. Wong, et al., "Two-Phase Forward Converter using an Integrated 

Magnetic Component," IEEE Transactions on Aerospace and Electronic 

Systems, vol. 40, pp. 1294 - 1310, 24 January 2005 2004. 

[81] L.-P. Wong, et al., "Interleaved Three-Phase Forward Converter Using 

Integrated Transformer," IEEE Transactions on Industrial Electronics, vol. 52, 

pp. 1246 - 1260, 2005. 

[82] A.Reatti and K.Kazimierczuk, "Comparison  of  various methods  for 

calculating  the  AC  resistance  of  inductors," IEEE Transactions on 

Magnetics, vol. 38, pp. 1512 – 1518, May 2002. 

[83] L. H. Dixon, "Eddy Current Losses in Transformer Windings and Circuit 

Wiring," Texas Instruments, Dallas2003. 



 

 

  

171 Appendix 

__________________________________________________________________________________ 

[84] F. Wong, "High Frequency Switching Resonant Converters: Magnetics and 

Gate Drive Considerations," Master thesis, Electrical Engineering, Griffith 

University, Brisbane, 1997. 

[85] S. Mei, et al., "Efficient model order reduction including skin effect," in 

Proceedings of Design Automation Conference, 2003, pp. 232 - 237. 

[86] N. Nahman and D. Holt, "Transient analysis of coaxial cables using the skin 

effect approximation A + B√s," IEEE Transactions on Circuit Theory, vol. 19, 

pp. 443 - 451, 06 January 2003 1972. 

[87] J. A. Ferreira, "Improved analytical modeling of conductive losses in magnetic 

components," IEEE Transactions on Power Electronics, vol. 9, pp. 127 - 131, 

06 August 2002 1994. 

[88] J. Lu and F. Dawson, "Analysis of Eddy Current Distribution in High 

Frequency Coaxial Transformer With Faraday Shield," IEEE Transactions on 

Magnetics, vol. 42, pp. 3186 - 3188, 2006. 

[89] A. Portolan and I. W. Hofsajer, "The Analysis and Design of an Inter-Winding 

Shielding Structure of a High Frequency Transformer," presented at the IEEE 

PES PowerAfrica 2007 Conference and Exposition Johannesburg, 2007. 

[90] G. A. Cividjian, "Permeance of Fringing Flux," IEEE Transactions on 

Magnetics, vol. 45, pp. 694 - 700, 10 February 2009 2009. 

[91] S. Nogawa, et al., "Study of eddy-current loss reduction by slit in Reactor 

core," IEEE Transactions on Magnetics, vol. 41, pp. 2024 - 2027, 16 May 

2005 2005. 

[92] A. E. Fitzgerald, et al., Electric Machinery vol. 6: McGraw-Hill 

Science/Engineering/Math, 2002. 

[93] L. W. Matsch, Capacitors, Magnetic Circuits, and Transformers: Epina 

eBook, 1954, Updated 2011. 

[94] R. Morrison, Grounding and Shielding:Circuits and Interference: Wiley-IEEE 

Press, 2007. 

[95] H. A. Wheeler, "Inductance formulas for circular and square coils," 

Proceedings of the IEEE, vol. 70, pp. 1449 - 1450, 1982. 



 

 

 

172 Appendix 

__________________________________________________________________________________ 

[96] F. W. Grover, Inductance calculations: Working formulas and tables. New 

York: Dover, 1946. 

[97] M. Unterweissacher, et al., "Inductance formulas adapted for direct use in 

Spice simulators," Electronics Letters, vol. 44, pp. 92 - 93, 17 January 2008 

2008. 

[98] Y. Ma, et al., "Detailed losses Analysis ofHigh-Frequency Planar Power 

Transformer," presented at the International Conference on Power Electronics 

and Drive Systems (PEDS), Bangkok, 2007. 

[99] A.Bergqvist, "On magnetic Hysteresis Modeling," Phd thesis, Department of 

Electrical Power Engineering, Royal Institute of Technology, Stockholm, 

1995. 

[100] D. C. Jiles and D. L. Atherton, "Theory of ferromagnetic hysteresis," Journal 

of Magnetism and Magnetic Materials, vol. 61, pp. 48-60, 1986. 

[101] M. d. Wulf, et al., "Computation of the Preisach distribution function based on 

a measured Everett map," IEEE Transactions on Magnetics, vol. 36, pp. 3141 

- 3143, 2000. 

[102] "Magnetic Materials Producers Association, Soft Ferrites: A User's Guide," 

ed, 1998. 

[103] K. Venkatachalam, et al., "Accurate prediction of ferrite core loss with 

nonsinusoidal waveforms using only Steinmetz parameters," IEEE Workshop 

on Computers in Power Electronics Proceedings, pp. 36 - 41, 29 April 2003 

2002. 

[104] B. C. Gabrielson and M. J. Reimold, "Suppression of Powerline Noise with 

Isolation Transformers," presented at the EMC EXPO, San Diego, CA, 1987. 

[105] X. Yang and J. Lu, "Optimal Design and analysis of Faraday shield used in 

high-frequency coaxial transformer," presented at the Intermag 2008, Madrid, 

Spain, 2008. 

[106] X. Yang, et al., "Computation of Intra- and Inter- Winding Capacitances in a 

High Frequency Coaxial Transformer with Faraday Shield," presented at the 

Proceedings of IEEE CEFC2008, 2008. 



 

 

  

173 Appendix 

__________________________________________________________________________________ 

[107] S. Stegen and J. Lu, "Investigations of high frequency planar power integrated 

Magnetic circuits via finite element method," presented at the Symposium on 

Electromagnetic Phenomena in Nonlinear Circuits (EPNC), Essen, Germany, 

2010. 

[108] S. Stegen and J. Lu, "Shielding effect of high frequency power transformers 

for DC/DC converters used in solar PV systems " presented at the Asia-Pacific 

Symposium on Electromagnetic Compatibility (APEMC), 2010. 

[109] Z.Andjelic, et al., "Efficient Force Analysis in CAD-Based Simulations " 

IEEE Transactions on Magnetics, vol. 45, pp. 4000 - 4003 2009. 

[110] K. G. N. B. Abeywickrama, et al., "Computation of Parameters of Power 

Transformer Windings for Use in Frequency Response Analysis," IEEE 

Transactions on Magnetics, vol. 43, pp. 1983 - 1990, 2007. 

[111] M. N. O. Sadiku, "A simple introduction to finite element analysis of 

electromagnetic problems," IEEE Transactions on Education, vol. 32, pp. 85 - 

93, 1989. 

[112] C. Felippa. (2011). Introduction to Finite Element Methods (ASEN 5007) 

Department of Aerospace Engineering Sciences.  

[113] L. Kok-Meng, et al., "Effects of numerical formulation on magnetic field 

computation using meshless methods," IEEE Transaction on Magnetics, vol. 

42, pp. 2164 - 2171, 2006. 

[114] X. Liu, et al., "Model-Based Inversion Technique Using Element-Free 

Galerkin Method and State Space Search," IEEE Transaction on Magnetics, 

vol. 45, pp. 1486 - 1489, 2009. 

[115] Q. Li and K.-M. Lee, "An Adaptive Meshless Method for Magnetic Field 

Computation," IEEE Transaction on Magnetics, vol. 42, pp. 1996 - 2003, 

2006. 

[116] J. Jin, The Finite Element Method in Electromagnetics, 2 ed. New York: 

Wiley, 2002. 



 

 

 

174 Appendix 

__________________________________________________________________________________ 

[117] K. Muramatsu, et al., "3-D Magnetic Field Analysis Using Nonconforming 

Mesh With Edge Elements," IEEE Transaction on Magnetics, vol. 38, pp. 433 

- 436, March 2002 2002. 

[118] T. V. Yioultsis and T. D. Tsiboukis, "The mistery and magic of Whitney 

elemensts - An Insight in their properties and construction," ICS Newsletter - 

Compumag, pp. 6-13, 1996. 

[119] S.Zhang and A.V.Kumar, "3D Magnetostatic Analysis Using Structured Mesh 

and Nodal Elements," IEEE Transactions on Magnetics, vol. 47, pp. 198 - 206 

2011. 

[120] J. L. Volakis, et al., Finite element method for eletromagnetics: antennas, 

microwave circuits and scattering applications: Wiley - IEEE Press, 1998. 

[121] M. a. Vachenauer, Höhere Matematik 2 vol. 4: Springer Verlag, 2001. 

[122] P. Brunk, "Vergleichende Darstellung der Ritz- und Galerkin-Methode," 

Technical University of Berlin, vol. 13, 2005. 

[123] S. Stegen and J. Lu, "Investigation of a Novel Integrated Magnetic System 

using Finite Element Method in Comparison to Conventional Integrated 

Magnetic Devices," presented at the IEEE proceedings Conference on the 

Computation of Electromagnetic Fields, Compumag, Sydney, 2011. 

 

  



 

 

  

175 Appendix 

__________________________________________________________________________________ 

E - Index 

C 

Conductor, 33 

E 

Eddy Current, 44 
Electromagnetic interferences, 19 
Equivalent Circuitry, 81 

F 

FEM, 7 
Flux leakage, 50 
Full-bridge circuit, 21 

G 

Galerkin Method, 69 

H 

Half-bridge circuit, 21 
High frequency, 3 
Hilbert space, 69 

I 

Insulation, 33 

L 

LLC circuit, 20, 22 

M 

Magnetic core, 28 
Magnetic flux, 51 
Maxwell, 34 

P 

Power loss density, 96 
Power losses, 32 
Preisach model, 53 
Proximity effect, 46 

R 

Rayleigh-Ritz method, 69 
Rayleight-Ritz Method, 71 
Residual flux density, 53 

S 

Skin effect, 46 
Soft magnetic material, 31 

T 

Transversal electric, 105 
Transversal magnetic, 105 
Transverse electric analysis, 62 
Transverse magnetic analysis, 62 

Z 

Zero Current Switching (ZCS), 19, 24 
Zero Voltage Switching (ZVS), 19, 24 

 

 


