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Abstract  

Magnetic components in a power conversion system or in any power electronics application 

are responsible for a major part of the volume, weight, and the cost of the systems that they 

are built in to. It is believed that the size of magnetic components and thereby the cost and the 

size of power electronics systems can be reduced by the increase of operating frequency. 

Achieving low switching losses of the semiconductor devices and realizing magnetic 

components that can operate at high frequencies at high power levels have been identified as 

the two major challenges.   

This research aims to provide a complete set of “parametric solutions” of magnetics for a 

particular application that enables holistic optimization of power electronics systems. At the 

start of the research providing a single solution for the power levels and frequency was a not 

possible.   Design variables considered in this study include conductor losses, which included 

the study of skin effect, proximity effect in different constructor geometries, assemblies and 

types, core losses in different core geometries, materials and constructions, thermal 

management of the magnetic components including efficient extraction of heat generated, 

impacts of inductance, leakage inductance, and losses. 

The practical solutions derived from the theoretical studies are evaluated in a number of 

constructions. Several winding configurations were developed which give the advantage of 

mitigating the conductor losses at high frequencies and high currents. This includes folded foil 

windings and transposed wound flat conductor windings which is demonstrated to reduce the 

conductor losses by a factor of >4.  

The effectiveness of different core materials for > 50 kW was evaluated. Suitability of certain 

ferrite grades and nanocrystalline grades were identified for different application areas. Even 

though the findings of the study made it possible achieve theoretically minimum loss levels the 

compactness achieved results in high-power densities making it difficult to have good thermal 

management. Novel methods for heat extraction are developed. These provided a drop in 

hotspot temperature by 10 to 25 degrees.   These developments in all the key areas of a 

magnetic design and the provision of complete set of parametric solutions is presented in this 

thesis. The design of a 50kW transformer operating at 20kHz was a challenge before this this 

study. With the findings of this study now the design of even 2500 kW transformer is no longer 

a challenge. The outcome of the research has taken the magnetics industry to the position of 

a technology enabler rather than being a factor that acts as a barrier for the development of 

power electronics industry. 
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Chapter 1 Introduction 

It is the belief of electronics and magnetic experts in the industry that there is a general 

reduction in the size and weight of magnetic components with the increase of operating 

frequency. This reduction of volume, weight and thereby the cost of magnetic components are 

significant enough to outweigh the cost introduced by the additional electronic components 

required to develop an electronics application. This has already been brought into practice for 

low power applications for decades with the advancement of semiconductor devices. The need 

of applying the same principle for high power applications has also been welcome by end 

system developers and ultimate users of such electronics systems(Villar, 2010) With the 

increase of the transformer capacity and converter switching frequency, the transformer 

efficiency, stray parameters, insulation and heat dissipation should be considered when 

designing a transformers (Bahmani et al., 2015, Zhang et al., 2018). 

Applications like traction, ships and basically any mobile platform with a converter on-board 

require lightweight and compact converters to exploit the space available on-board more 

effectively. They often also require galvanic isolation for safety or other reasons. Therefore, 

high-frequency, high-power transformers which offer galvanic isolation, and a small volume are 

of increased importance (Pavlovsky et al., 2005). Solid State Transformer (SST) has become 

lately one of the most popular power electronics converter types. It is a combination of a high-

or medium frequency transformer and multiple power electronic converters(El Shafei et al., 

2019) 

As a key component of Power Electronic Transformer (PET) and traction transformer, high-

power high-frequency transformer has the advantages of reducing transformer weight, volume 

and increasing its power density (Bahmani et al., 2015) while core loss and winding losses due 

to the eddy effect and proximity increase. At the same time, the series inductance is usually 

provided by the leakage inductance of the transformer in high frequency resonant converters 

(Ren et al., 2016), as a result, the design of the high frequency transformer also needs to 

consider the influence of parasitic parameters, because they will affect the operating 

characteristics of the converter. Meanwhile, high voltage high frequency transformers are quite 

compact, insulation becomes a problem. It is necessary to comprehensively consider the 

optimization objectives, like transformer losses, heat dissipation, insulation, and stray parasitic 

parameters problems when designing the transformer. As these optimization objectives cannot 
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be satisfied simultaneously, the high power high-frequency transformer design is a multi-

objective optimization issue (Zhang et al., 2018).  

 These challenges in the design of high-power high frequency magnetics to be in line with the 

advancements of semiconductor devices such as Silicon Carbide (SiC) devices became so 

challenging to the level that some industry experts stared to bring forward the argument that 

the continuous increase of operating frequency is a misdirection of the device engineering; 

“Ironically, the development of faster switching devices became counterproductive and resulted 

in Energy Conversion System technology being completely neglected for over 50 years now” 

(Ćuk, 2017).  

However, many researchers took up the challenge of improving the magnetic designs to be in 

line with the demands of the electronics industry.  

In order to optimize the design of high-frequency transformer, it is necessary to optimize the 

design of high-frequency transformer on the premise of meeting the characteristics of high-

frequency transformer. The optimization of high-frequency transformer is an iterative process. 

The optimum design of high frequency transformer is usually to minimize the volume and weight 

of high frequency transformer under the basic requirements and conditions (Liu et al., 2019).    

Most of these developments were limited to about 50 kW with operating frequencies of in the 

range of 30 kHz at the time of the start of this research.   

In this research a wider approach was given with an in-depth study in to all the aspects of the 

transformer design and patentable technologies were developed for each of the transformer 

design optimizations after those comprehensive studies. Further a parametric approach was 

made so that multiple solutions for a particular application could be arrived at depending on the 

most important application specific optimization requirements. By the end of the study 

commercially viable designs were arrived at even for transformers with power levels of 2 MW 

operating over 20 kHz.    
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1.1 Motivation and overview of the outcome   

The transformers in electrical systems are responsible approximately to as much as one third 

of total network losses. These losses are accounted as power quality costs, costs to society 

and to the environment itself (Picanço et al., 2008). The behavior of the transformers and all 

other magnetic components significantly changes with the presence of harmonics in their 

excitation waveforms i.e., non-sinusoidal excitations e.g., Pulse Width Modulation (PWM) 

excitation, high frequency high power transformers etc. The effect becomes more and more 

significant as the frequency and the magnitude of the harmonics increase. In addition to the 

core losses, winding losses in such magnetic components operating at high frequencies can 

severely limit the performance and prevent size and cost reductions. If appropriate design 

considerations are not taken based on the increased core and winding losses these excessive 

losses can cause significantly higher temperatures, eventually leading to the condition of 

thermal runaway. The major challenges of transformer designers are high loss evaluation, high 

reliability, low cost, and weight requirements. So they need advanced techniques and tools that 

lead to optimum design and product performance improvements (Najafi and Iskender, 2015) 

With the development of power electronics techniques, pulse-width modulated inverters (PWM) 

are widely used to control electrical machines, to feed transformers and to interface renewable 

energy systems. Also, in the future DC electric power systems, high power DC –DC converters 

will play a major role as they will substitute today’s bulky 50/60 Hz transformers. This can 

already be seen in the industries such as the Electrical Vehicle industry (Liu et al., 2007, Ortiz 

et al., 2010).     

The main purpose of high frequency operation of such power electronics circuits is to reduce 

the physical size and cost. The implication being that the losses and efficiency become of 

paramount importance because of the need to remove heat from the small surfaces (Cheng, 

2000). High power isolated DC-DC converters are likely to provide solutions for many 

technical challenges associated with power density, efficiency and reliability in potential 

applications such as offshore wind farms, inter-connection of DC grids, MVDC in data 

centers and in future solid state transformer applications. The high power medium 

frequency transformer (HPMFT) is one of the key elements of such a converter to realize 

the voltage adaption, isolation requirements, as well as high power density (Bahmani et 

al., 2016)  

Apart from the basic functionalities provided by conventional low-frequency transformers, like 

voltage adaptation and isolation, the conversion with Power Electronics (PE) structures adds 
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additional features to transformation systems, like power flow regulation and power quality 

improvement. Thus, depending on their application and features, they are known as Solid-State 

Transformers (SST) (Lai et al., 2005, Oates and Bassett, 2006, Villar, 2010), Power Electronic 

Transformers (PET) (Iman-Eini et al., 2008) Distribution Electronic Power Transformers 

(DEPT)(Wang et al., 2007), e-Transformers (Taufiq, 2007), dc-dc Electronic Transformers 

(Filchev et al., 2004), Power Electronic Traction Transformers (TT) (Hugo et al., 2007) or simply 

Medium-Frequency Topologies(Steiner and Reinold, 2007) or Medium-Frequency 

Transformers (MFT). Throughout this work the term Power Electronic Transformer (PET) will 

be used. 

High Frequency High Hower transformers (HFHP) also referred as Medium Frequency 

Transformers (MFT) in such power electronics circuits constitute a major proportion of the 

weight and losses. On board transformers are heavy, expensive, have a low efficiency and 

take up too much of the narrow space in AC-fed locomotives and in passenger vehicles with 

under floor housing of the drive power chain. The transformer is one of the main reasons why 

traction vehicles often exceed the targets for vehicle weight and dimensions, and why they 

only can fulfil rather modest requirements on the efficiency. Weight reduction of the 

transformers is therefore a matter of priority for the next generation of modern AC-fed traction 

vehicles (Steiner and Reinold, 2007, Li et al., 2019). 

Compared with conventional line frequency transformers, medium frequency power 

conversion systems operating at the kilo-hertz range feature significant reduction of weight 

and size, dynamic control of power flow and power quality improvement. Such a compact 

system is also attractive for railway applications where space is limited. The Power Electronic 

Traction Transformer (PETT) deals with the design and analysis of high frequency 

transformer to reduce the core size and desired power control (Shuai and Biela, 2013, John 

et al., 2018).  

There is a rapid increase in the industry demand for the best optimization of high frequency 

high power transformers. The importance of looking into all the options of optimization become 

furthermore significant with the increase of the amount of power handled at a given frequency. 
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Figure 1-1Practically achievable power at a given frequency. 

As it is illustrated by the graph above there is an upper limit of the power that can be practically 

achieved at a given frequency in a transformer using the existing technologies. This limit 

comes due to various reasons such as increase of conductor losses, practical difficulty of 

making conductors large due to manufacturing difficulties, increased core losses due to 

increased frequency and large core volume required to accommodate large conductors, 

extreme aspects ratios of conductors required to minimize the conductor losses etc. However, 

the demand from the power electronics industry is to achieve higher and higher power levels 

at higher and higher operating frequencies. This trend continues to rise at an increasing speed 

with the developments of new semiconductor devices such as SiC MOSFETs.  

SiC power devices can be switched at much high frequency than Si counterparts. If they are 

integrated into power module using the conventional packaging structure, it would lead to 

dramatically high overshoots during the turn-off/turn-on stages due to parasitic inductance 

induced by such structure. Therefore, to achieve their full performance with regard to low 

switching losses and low conduction losses, they can only be used if the module layout is 

designed with low parasitic inductances and low thermal impedance (Mouawad et al., 2018, 

Empringham et al., 2013) 

SiC technology will have a dramatic effect on power electronics as they are applied to 

transmission and distribution systems. Their properties of high efficiency and in reducing the 

complexity of high voltage equipment will lead to new ranges of power electronic systems that 
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can challenge conventional AC technology on the grounds of cost, efficiency, and size. 

However, it is also clear that further developments will be required before the use of high 

frequency converter technology can be justified (Oates and Bassett, 2006). 

This has become the major challenge that the magnetics industry has been facing since the 

rapid development of the power electronics industry. With the recent development of Silicon 

Carbide devices, the requirement for achieving high power levels increased at a much rapid 

rate making magnetics components the factor that drags the industry behind. Some experts 

even believed that the development of power electronics devices to handle high power levels 

at high frequencies will be of less or even no use as the magnetics technology will not be 

capable to cope with it. Some industry and academic experts believed that the semiconductor 

companies developing the semiconductor devices was even a miss direction of the science 

and engineering as magnetics components will limit the use of them.      

This research was aimed at facing this change by carrying out a comprehensive study that 

extents to the analysis fundamental principles behind these limitations. At the end of this 

research work it became possible to eliminate the barriers of achieving high power levels and 

to make the power level that can be achieved in a transformer almost independent from the 

operating frequency.          

 

 

 
Figure 1-2 Change in power level that can be achieved at a given frequency before and after the 

research. 

      

 

The achievement of this condition has made a transformation of the magnetics industry and 

the commercialization has already started. This achievement is discussed in this thesis. This 

study does not limit at the level of giving a single solution for a particular application, but also 

it goes to the extent of providing a whole set of parametric solutions that would fulfill the 
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requirements of a particular application.  Though it was out of the scope of the PhD and was 

originally seen as a part of future works out of the interest of the researcher an algorithm was 

developed to automate the magnetic design process which the researcher expects to 

commercialize in the near future.   

 

 

1.2 Current status of the industry and limitations  

Historically the discussions on the non-sinusoidal currents go back 40 about years. A 

discussion took place in March 1980 during the meeting of IEEE power engineering society on 

the effect of non-sinusoidal load currents on transformer temperature rise (Pierce, 1996). The 

study committee formed in May 1980 was later elevated to an IEEE working group of 

performance. In the paper published by Alexander D. Kline in 1981, he first presented a 

methodology that was used in the development of IEEE standard C57.110 which defined the 

K-factor for transformers (Pierce, 1996). The K-factor gives an estimate of the ratio of heating 

in the transformer due to winding eddy currents when it is loaded with a given non sinusoidal 

current(a) to the winding eddy current heating caused by a sinusoidal current at the rated 

frequency(b) (den Bossche et al., 2004, Zheng, 2000). However, K-factor rating is not evaluated 

for the use with harmonics where the rms currents of any singular harmonic, (h) of a higher 

order than the 10th harmonic is greater than 1/h of the fundamental rms current. 

The magnetic components that come under the scope of this research are subjected to much 

higher order harmonics of significant amplitudes. For example, 400th harmonic can be as large 

as 10% of the fundamental amplitude. Thus, the design considerations go far beyond the 

guidelines obtained from the K-factor transformer evaluations. Traditionally, transformer design 

is based on the power transformers with sinusoidal excitation. When the transformer is 

operated at a high frequency with the practical non-sinusoidal excitation, some loss 

mechanisms have to be taken into account: skin and proximity effects in windings and the 

increased eddy current and hysteresis losses in cores (Ma et al., 2007) Increasing the operating 

frequency can reduce the size of the transformer, but the winding losses caused by high-

frequency skin effect and proximity effect also increase. Therefore, it is very important how to 

select the winding structure, winding size and arrangements which can reduce the winding loss 

(Zhao et al., 2018, Zhang et al., 2017) 

The losses occurring in the core material can be of equal importance to the losses in the 

windings depending on the excitation waveform (Razak et al., 2005).  Further the estimation of 

losses in the core materials as well as deciding on the best construction that minimizes the 
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losses in the core and conductors requires an in depth understanding on multi-physical aspects 

of such magnetic components. Proper knowledge of the transformer core loss is essential for 

overall design and selection of cooling measures (Joshi and Nath, 2019) 

Medium voltage, medium frequency transformers (MFTs) are much smaller in size and weight 

compared to conventional low frequency transformers. The MFTs are very attractive for 

applications where full control of the power flow and high-power density are required, such as 

power electronic interface in smart grids and traction converter system. With reduced size, the 

optimal design of MFTs becomes more challenging due to the high isolation requirement and 

thermal stress (Shuai and Biela, 2013) The estimation methods of core loss under sinusoidal 

excitation in the engineering application mainly cover the iron loss separation method and the 

Steinmetz empirical formula method. The Steinmetz empirical formula is considered as being 

of the simplest forms and the fewest parameters in the core loss prediction. However, it is only 

suitable for the evaluation of core loss under sinusoidal excitation, and the parameters in the 

model are only dependent on magnitude and frequency of magnetic flux density (He et al., 

2018). 

Even at the time of the start of the research the industry had understood this requirement. 

However, the solutions used in the industry were sufficient to handle power levels of a few 

hundreds of Watts as opposed to the growing demand going several hundreds of kilowatts.  

The planar transformer technology was a breakthrough in the design of transformers for high 

frequency applications. However, these could not reach high power levels at the speeded the 

demands from the power electronics industry grew due to the constructional limitations of 

therm. The planner windings are usually made as PCB traces. Thus, there is a limitation in the 

current handling capacity making this approach not suitable power levels typically over 15kW 

or 20kW. Copper foil technology was developed later in association with planar technology, this 

was also a breakthrough in the high-power high frequency transformer design.  However, there 

are limitations on the number of turns that can be achieved with this technology due to 

geometric limitations of such windings. The number of turns that can be achieved under this 

technology. The percentage of material wastage (mostly copper or aluminum) is also 

considerably high in these windings. Also, the fabrication cost of such windings is significantly 

high. This is due to the requirement of using laser technology or high-pressure punching 

methods.     
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1.3 Current technologies    

 

1.31. Research in the development of “Planar” transformers.  

Planar transformers are widely used in high- frequency high power density power electronic 

converters. With the demands of miniaturization, more detailed analysis of thermal stress of 

the transformers is necessary to enhance its reliability (Shen et al., 2019).  

Number of developments took place in the product type of planar transformers. As a result of 

the research carried out by several industry leading companies and some universities, several 

planar transformer related technologies were developed that enabled the achievement of 

power levels of several kilowatts at high frequencies. By about the middle of the first decade 

of the 21st century planar technologies developed to the level that a few tens of kilowatts could 

be achieved with them. The efficiency of a planar transformer structure depends on several 

aspects that are related, considering the working frequency, to core geometry, number of turns, 

the arrangement of layers and thickness of copper tracks (Ropoteanu et al., 2017).  

Multilayer HF planar transformers are widely implemented in power electronic applications 

(power converters, resonant converters, switching power supplies, etc.) (Zhang et al., 2013, 

Zhang et al., 2009). Where the advantages of planar technology are; low profile, excellent 

repeatability, economical assembly, mechanical integrity and superior thermal characteristics 

(Ouyang et al., 2010, Bernardoni et al., 2010). From a design point of view, planar transformer 

electrical behavior cannot be precisely predicted by the conventional transformer models. In 

particular, the skin, the proximity, leakage inductance, the parasitic capacitances and core loss 

effects are complex devices to model, particularly during large frequency domain. On the other 

hand, in (Zhang et al., 2014a), based on FEM method, an accurate planar transformer model 

is introduced. However, this method is not only complicated to implement in circuit simulator 

but also is time-consuming. Therefore, an analytical approach used to analyze the planar 

transformer can be a solution aided to design a prototype-less approaches. Based on the 

geometry parameters of this device, an equivalent circuit model integrated in power converter 

simulation is preferred. This method allows reducing the time simulation and the cost of 

achieving a prototype (Ammouri et al., 2015) 

Planar-wound structures are generally created by laminating planar copper windings and disk-

like dielectrics into multilayer PCBs that are enclosed by a low-profile magnetically permeable 

core. The planar cores offer high effective areas for the given effective volumes, efficiently 

using the magnetic material. It must be noted that the rise in effective area for a given volume 
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is achieved by shrinking the height of the winding window; thus, the window area is reduced. 

However, the window area is often not fully utilized in a high-frequency design; therefore, 

shrinking the window area is possible with practically no penalty. The major advantages for 

the use of planar magnetics are summarized as follows(Ouyang and Andersen, 2013): 

 

1) Low profile—planar magnetic components essentially provide lower profiles than 

conventional wire-wound components, aiding miniaturization. Generally, the height of a planar 

magnetic component is 1/4 to 1/2 the height of its wire-wound counterpart. 

2) Good thermal characteristic and high-power density— planar magnetic cores essentially 

have a higher surface area to volume ratio than conventional magnetic cores. As a result, they 

are more efficient to conduct heat and lead to low temperature rises compared with 

conventional wire-wound components.  

3) Ease of manufacturability and cost reduction—the fabrication processes used in planar 

magnetics relies on advanced computer aided techniques. So, it is quite easy to automate the 

winding of the planar inductors and transformers. PCB techniques are easily adapted for mass 

production.  

4) Unrivalled repeatability—the simple automatic assembly process allows planar magnetic 

components to be fabricated with a high repeatability and accuracy. 

5) Modularity—because a PCB winding is used for planar magnetic devices, semiconductors 

and other passive components can also be assembled onto the PCB surfaces. Thus, no extra 

connections are required. 

6) Ease of implementation on winding interleaving—as multilayer PCBs allow for an 

interconnection between arbitrary layers, windings interleaving can be easily implemented. 

This provides a significant reduction in leakage inductance and high-frequency winding losses. 

7) Predictable parasitic—it is exceedingly difficult to control the winding layout in wire-wound 

magnetic components. For planar magnetics, the windings manufactured by PCB machines 

are more precise and consistent, resulting in magnetic designs with highly controllable and 

predictable parasitic parameters(Hurley and Wölfle, 2013) 

Even though the planar technology was considered as the most suitable candidate to meet the 

power and operating frequency demand of rapidly advancing power electronics industry due 

to a number of several limitations.  

1) Large footprint—the large surface area offered by the flatter cores is used in planar devices. 

For simple E-type planar cores, if the core window width is fully utilized, nearly one-third of the 

PCB winding area will be exposed to the ambient air because the PCB windings are situated 
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in the horizontal direction; this feature will cause a portion of the large footprint. For certain 

other alternatives, such as ER type cores, the PCB windings can be hidden inside the core; 

thus, it can have a smaller footprint, but at the expense of reduced core cross section. 

2) Low copper fill factor—there are safety standards that dictate the minimum distance 

between windings, influencing the copper fill factor. A typical dielectric material for PCB 

fabrication is FR4, a composite material composed of woven fiberglass bond with an epoxy 

resin. The FR4 material standards show an electric strength (breakdown voltage) of 

approximately 40 kV/mm. Thus, for offline power converters, a minimum distance of 0.1 mm 

between primary and secondary windings is required to meet safety standards. Besides the 

consideration of safety standards, a limited PCB fabrication capability also yields a low copper 

fill factor. If a rigid PCB is used to implement planar windings, a minimum inner turn spacing 

of 100 μm and a dielectric thickness of 150 μm are generally required due to the capabilities 

of PCB fabrication. However, with rapid development of PCB manufacturing and dielectric 

materials, this limitation can be ameliorated. Copper on a thin flexible polymer substrate (2 

MV/mm dielectric strength) gives an improved fill factor, because the dielectric thickness can 

be made as low as 13 μm. Several single-layer flexible polymer substrates can be laminated 

together as multiple-layer flexible print circuit board, which results in a similar buildup to a rigid 

PCB but with higher fill factor. 

3) Limited number of turns—a low copper fill factor gives a limited number of turns for PCB 

winding. Furthermore, an increased number of turns require a large number of layers unless 

the winding width is reduced at the expense of a high dc resistance. Multilayer lamination is 

not a cost-effective way of implementing the PCB winding because the cost of PCB 

manufacturing rises rapidly with an increasing number of layers. 

4) High winding capacitance—stacking windings closely provides an increased winding 

capacitance, and PCB windings have intrinsically larger surface areas than conventional wire-

windings, further increasing the winding capacitance(Ouyang and Andersen, 2013). 

However, not only these solutions were expensive but also the power levels that could be 

achieved were still limited to a couple of tens of Kilowatts while the industry demand growing 

to the level of several hundreds of Kilowatts. The design of a 15 kW planar transformer, 

operating at 50 kHz. A novel, optimized layer interleaving schema is proposed for reducing 

its leakage inductance and its parasitic capacitance is presented in the paper published in 

2019 (Poveda-Lerma et al., 2019). The paper presented in 2020 single phase planar 
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transformer for high power application has been investigated. In that study a power losses 

evaluation of a 20 kW planar transformers has been done (La Ganga et al., 2020) 

Even at present the Planar transformers have not been able to meet the demand of high-power 

high frequency industry.  

 

1.32 Research in the development of “Litz” wire technologies   

 

The winding power loss of a high frequency transformer is strongly influenced by the high 

frequency eddy current skin and proximity effects. The litz-wire can effectively reduce the eddy 

current effects. The precise loss calculation method of litz-wire remains however a difficulty(Liu 

et al., 2018, Ferreira, 1992). 

Due to the rapid increase of switching frequency, the eddy current loss of high-frequency 

transformer windings becomes more and more significant. The use of litz-wire can reduce the 

high-frequency loss to some extent (Liu et al., 2018). 

Number of research have been carried out to develop an optimal “Litz” wire configuration for 

handling high power levels at high frequency.  Even at present several doctoral studies are 

carried out for the optimization of “Litz” wires. These include the selection optimal diameter of 

a conductor, number of conductors for a bundle and number of bundles in a single conductor 

and even the number of twists and the twisting pattern etc. “Litz” wires still stand to be one of 

the preferred solutions by many expert magnetics designers. A detailed look and of them is 

also carried out in this study with an explanation of limitations and practical limitations 

associated with them specially when it comes to high power applications.    

The calculation of skin effect and proximity effect losses on each bundle level requires detailed 

knowledge of the litz wire geometry. The winding number, the coil size, the insulation layer 

thickness and the conductor material have to be predefined. The strand diameter, the number 

of strands or bundles in a bundle and the pitch are subject to the optimization.  The diameter 

of each bundle, the bundle length, the strand length and the specific resistance of the bundles 

are calculated based on the predefined data. Ideal twisting is assumed, which means that each 

strand has the same length and its position in the wire is equally distributed. This assumption 

is valid if the pitch is longer than the bundle diameter, the accepted error is below 0.25%). The 

average strand length is calculated instead of the exact length of each strand(Barth et al., 

2017, Sullivan and Zhang, 2014a) 
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As expected, the minimum loss is reached using the highest number of strands and a small 

diameter. In this configuration, eddy current effects are minimized while the conductor cross 

section is as large as possible. In practice, the strand diameter will be a constraint, because 

thin strands are expensive in fabrication or even not available. As an example, a strand 

diameter of 0.08 mm is chosen. Increasing the strand number leads to increasing loss, even 

though the conductor cross section increases as well. The proximity effect loss, which 

dominates the ohmic loss in case of high frequencies and the influence of an external magnetic 

field, causes this behavior(Barth et al., 2017) 

Certain research have considered the alternative material options in the development of “Litz” 

wires arrangements.  

An alternative material is aluminum, which has some advantages. 

• lower material cost (the actual cost difference varies depending on the commodity 

market. 

• larger skin depth due to larger specific resistance. 

In two conductors with the same diameter, proximity effect losses are inversely proportional to 

the specific resistance. The dc loss is proportional to the specific resistance. Therefore, it 

depends on the system parameters and the frequency whether an aluminum wire is suitable. 

The difference between the specific resistance of aluminum therefore the dc loss is about 64 

% higher and eddy current losses are about 39 % lower in aluminum single strands compared 

to copper. The use of aluminum as the conductor material is discussed. Simulation results 

indicate that it is an alternative to copper under the operating conditions in WPT for electric 

vehicles. However, the losses strongly depend on the strand diameters, so the available 

diameter is more important than the conductivity in the design process. Additional to the losses, 

other parameters like weight, space requirements and cost of the coil must be taken into 

account (Pryor et al., 2008, Barth et al., 2017) 

Paralleling litz wires is often necessary in medium-frequency transformers rated for several 

hundred Ampères, due to unavailability of wire of large cross-section and the difficulties to bend 

such wire. Without careful winding design, significant losses may be incurred by circular 

currents induced between parallel-connected wires. These losses add to the AC losses due to 

skin and proximity effect on the level of individual strands or bundles within a litz wire (Gradinger 

and Drofenik, 2018) 

Modeling the thermal performance of windings made of litz wire is especially important because 

litz wire has poor effective thermal conductivity as a result of its individually insulated fine wire 

strands (Kyaw et al., 2019). 
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As it has been experienced by many magnetic manufacturers discussed in many studies the 

mitigation of the conductor loss levels is limited to a certain level in the case of “Litz” wires. 

Furthermore “Litz” wires have the disadvantages of difficulty in connections and several other 

manufacturing disadvantages. For example, these wires must be insulated with a sleeve 

insulation, even though it is possible to do it at a bundle level manufacturing point of view it is 

a tedious and time-consuming process. Further such insulation process makes the thermal 

performance extremely poor. Therefore, despite the amount of research carried out in this area 

“Litz” wires have not become a technology that is strong enough to meet the requirements of 

the present industry.     

 

1.33 Research in the development high power high frequency 

transformers with foil conductors  
 

The use of conductor foils for the high frequency transformers was an option that industry 

worked on for almost a decade by now in the development of high-power high frequency 

transformers. By carrying out the interleaving with proper level of insulation gave the 

advantage of mitigating conductor losses to a considerable level. However, the level of 

insulation material required and the construction itself limits it ability to achieve high power 

levels beyond several tens Kilowatts. 

Foil conductors and primary and secondary interleaving are normally used to minimize winding 

losses in high-frequency (HF) transformers used for high-current power applications(Barrios 

et al., 2014). Use of foil conductor is attractive for high-power MF/HF transformer designs. It 

offers the following benefits i.e. (a) The eddy current effects at medium/high frequency are 

kept low if the ratio of conductor width (w) to its skin depth (δ) is unity or less (Dimitrakakis and 

Tatakis, 2009)  Due to its geometry, a rectangular foil offers very low width to height ratio in 

comparison to a solid round conductor of the same area. Therefore, very low w/δ ratio can be 

attained with foil conductor. It minimizes the eddy current effects, reduces copper loss density 

and improves the efficiency of a MF/HF transformer. (b) Foil conductor also helps in attaining 

a good thermal performance of a MF/HF transformer (Das and Fernandes, 2020, Das et al., 

2017).  

In foil windings of medium-frequency transformers rated for several hundred Ampères and 

operating at ten or several tens of kHz, parallel connection of foils is necessary to provide 

sufficient conductor cross-section 
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However, winding interleaving complicates the transformer assembly, since taps are required 

to connect the winding sections, and also complicates the transformer design, since it 

introduces a new tradeoff between minimizing losses and reducing the construction 

difficulty(Barrios et al., 2014, Gradinger et al., 2020). 

The analytical model also indicates rapidly increasing resistance of coil ac losses when the 

conductor thickness exceeds the skin depth, particularly with a large number of turns(Rios et 

al., 2016) The thermal management of foil wound high power high frequency transformers is 

particularly difficult and possibilities using novel approaches are limited by the construction 

itself. The experimental results in recent studies show that Litz-wound transformer has 

increased AC resistance and leakage inductance, as compared to the Foil transformer, due to 

the restriction of core dimensions. Hence, foil windings are preferable over Litz windings for 

high frequency operations, due to their simpler construction, easier selection and better 

provision of interleaving(Khan et al., 2018). 

As discussed in the above sections each of the approaches in manufacturing high power high 

frequency transformers have significant limitations. These include manufacturing limitations. 

Power handling capability limitations, limitations in maintaining dielectric strength between in 

windings and between the terns of the same windings, limitations in thermal management and 

heat extraction etc.    The details of the above-mentioned limitations of the current research 

approaches are also discussed with diagrammatic explanations in this thesis.  

1.4 Novel approach made in this research.  

After looking into the studies carried out by number of researchers it was noticeably clear for 

the researcher that a comprehensive study that looks into the fundamentals of principle and a 

detail analysis of the situation was necessary to overcome the barriers of achieving high power 

levels at high frequency.  

It was understood that the study must go beyond the standard industry approaches and high-

level theoretical study and consideration of multiple design configurations were necessary to 

take the magnetics industry out from its stagnating situation.      Therefore, a parametric 

approach for the designs were carried out in association with the detail analysis of 

electromagnetic behavior of high-power high frequency transformers.    
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1.41 Aim and objectives  

Magnetic components have not evolved at a compatible rate to semiconductor devices and 

power electronics topologies. As a result, magnetic components have become the factor that 

hinders the development power electronics applications, particularly at high power high 

frequency applications. High need existed to fulfill this requirement by overcoming the 

challenges in magnetic designs such as mitigating the conductor losses, mitigating the core 

losses thermal management of the high power density magnetic components and control of 

leakage inductance and similar parameters and arriving at all the possible set of parametric 

solution for magnetic designs that will enable the advancement of power electronics industry 

while making it possible to do overall system optimization with multiple possible solutions.     

 

• In this research it is aimed to provide a solution for the difficulty that magnetics industry 

faces in providing magnetics solutions for growing and challenging demands that come 

with the rapid advancement of power electronics industry. 

• It is also aimed to take the magnetics industry to the position of a technology enabler 

for the power electronics industry rather than being a factor that delays the 

development of power electronics industry. 

• It is aimed to develop a basis to have easy access to a complete set of parametric 

solutions of magnetics for a particular application that enables better optimization of 

power electronics systems.      

● In order to achieve the aims of the research it was intended to evaluate latest methods 

suggested by the recent researchers in the field and to develop comprehensive 

mathematical models that give reasonable estimates of core loses and winding loses of 

the transformers and inductors when subjected to excitation waveforms with higher 

order harmonics of significant amplitudes.   

● It is intended to use these mathematical models to evaluate, quantify and compare the 

losses associated with the different transformer topologies such as Toroidal, EI, UI ,3UI, 

5limb, Hexa, Y cores etc. The mathematical models will be used to research the 

behavior of different core materials such as Grain oriented Si Steel, non-grain-oriented 

Si Steel, Amorphous materials, High Si steels when excited by waveforms of higher 

order harmonics spectrums.  The model will be extended to estimate the acoustic noise 

and losses of energy due to this. 

● The mathematical model to be developed for winding loss estimations will investigate 

the behavior and energy loss patterns of different conductor materials such as Al and 

Cu and different physical shapes and arrangements of them. 
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● The researcher also intends to verify the above theoretical findings with Finite Element 

simulation software. Further practical verification of the results with actual samples will 

be made to confirm the simulated and calculated results. 

● It is also expected to extend the study is to define principles and setting a framework 

for transformer design for the area of application under discussion in terms of selecting 

optimum materials, material compositions, geometries and constructions that would 

minimize the energy losses.     

● It is also intended to use the findings of the research to bring suggestions that would 

contribute to the improvements being done in the modern magnetic materials (eg.6,5% 

high Si – Japanese steel) used in transformer cores and windings. In order to achieve 

the research objective a comprehensive study on the theoretical aspects of the subject 

matter is carried out.    
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1.5 Contributions made by the study 

The study carried out under this research and the associated future works have resulted in 

several patents some of which are already granted at the time of thesis submission and most 

importantly has eliminated the barriers in achieving high power levels at high frequencies in 

magnetic components.  

After this study there is no limitation or upper threshold in achieving high power levels at high 

frequencies. 

Several i) 50 kW 50 kHz, ii) 100 kW 20 kHz, iii)100 kW 50 kHz, high power transformers have 

already been manufactured and tested on very modern applications. A 200 kW 30 kHz 

transformer was also manufactured and being tested at the time of writing this thesis. A 400 

kW 20 kHz transformer design has been completed and waiting for the manufacturing until the 

developers become confident in managing the power electronics challengers at that power 

level.  

Further designs have been finalized up to 2500 kW (2.5 MW) 20 kHz whenever the power 

electronics industry demands such extremely high-power levels at high frequencies.         

Until this study magnetics industry was dragging the power electronics industry behind in 

achieving high power levels at high frequencies and miniaturizing power electronics 

constructions, this study has not only resulted in providing a solution for that but also became 

a technology enabler that drives the power electronics industry achieving further and further in 

the direction of high power at high frequencies.  

 

Patents  

 

1.  WARNAKULASURIYA, K., GURWICZ, D. Carroll & Meynell Transformers Ltd 2015, DC 

power supply GB2536653A 

Magnetic approach for power factor correction 

A power supply comprises a rectification stage and a plurality of DC output stages (e.g., for 

charging batteries). The rectification stage comprises a PFC stage including a twelve-pulse 

transformer generating two three phase AC waveforms phase shifted with respect to each 

other, two bridge rectifiers, each rectifying a respective three phase AC waveform, and two 

interphase transformers coupling the rectified DC outputs to provide a combined DC supply, 

and where each DC output stage has independent current and voltage control. The two 

interphase transformers coupling the first and second rectified DC outputs have a lower ripple 

than either of the first or second rectified DC outputs. The rectification stage is arranged to 

attenuate harmonics transmitted to the power source up to and including the eleventh harmonic 

of the power line frequency and to provide a total harmonic distortion, THD, of less than 5%. 
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The power supply circuit may be used for a charger for high power charging, such as charging 

the batteries of multiple electric vehicles (EVs) 

 

David Gurwicz contributed with the Fundamental concept and electronics verification and 

Kapila Warnakulasuriya contributed with the magnetic design solution and magnetic option 

evaluation in parametric scale      

 

Relevance to the study:   

Parametric multiple solutions for a given application at high power application. 

 

2. WARNAKULASURIYA, K. Murata Manufacturing Co Ltd 2018, Insulating magnetic 

components on silicon using PNP or NPN junctions US10756160B2 

Insulating magnetic components on silicon using PNP or NPN junctions 

A magnetic component includes a semiconductor substrate, a first winding that is located in the 

semiconductor substrate and that includes at least two turns, and intra-winding insulation 

located between two adjacent turns of the at least two turns and including doped regions in the 

semiconductor substrate that define either an NPN-junction or a PNP junction. 

 

Sole invention is by Kapila Warnakulasuriya  

 

Relevance to the study:  

Introduction of new approach for miniaturization and optimization of the magnetic design at 

ultra-low power applications.   

 

3. WARNAKULASURIYA, K. Murata Manufacturing Co Ltd GB 2018, US 2019, US 2021, Multi-

phase shift transformer-based ac-dc converter US20200169182A1 

Multi-phase shift transformer-based ac-dc converter 

A multi-phase shift transformer-based AC-DC converter includes a single transformer that 

reflects a negative portion of an AC voltage to become a positive voltage by generating multiple 

phases from a poly-phase input. The multiple phases generated can be separated by as little 

as 1° to create a well-approximated DC output without the need for a smoothing circuit. The 

primary and second windings of the transformer are flat wire conductors structured to provide 

a larger number of windings per core including a larger number of secondary coils, which 

provides for a large number of output phases. 

 

Sole invention is by Kapila Warnakulasuriya  

 

Relevance to the study:  

Introduction of new approach for the magnetic design at ultra-high-power applications in power 

converter applications.   

 

4. WARNAKULASURIYA, K. Murata Manufacturing Co Ltd US 2019, Inductor 

US20190378647A1  
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An inductor includes a core, a plate that holds the core, and a flat copper wire wound around 

the core in a single layer. The flat copper wire is coated with potting. 

 

Sole invention is by Kapila Warnakulasuriya  

 

Relevance to the study:  

Introduction of new winding orientation and construction for an efficient inductor which adds 

further dimensions for magnetic optimization.   

 

5. WARNAKULASURIYA, K. Murata Manufacturing Co Ltd GB 2018, WO 2019, US2020, 

Winding arrangement for an electrical transformer WO2019234453A1  

Winding arrangement for an electrical transformer 

A coil of electrically conductive material is provided, the coil comprising a first and second 

section, the first section having a first plurality of turns and the second section having a second 

plurality of turns. Both the first plurality of turns and the second plurality of turns are arranged 

around a winding axis of the coil. The first plurality of turns are smaller than the second plurality 

of turns such that when viewed along the winding axis of the coil the first plurality of turns fit 

within the second plurality of turns. When viewed perpendicular to the winding axis of the coil 

the first and second sections are adjacent. 

 

Sole invention is by Kapila Warnakulasuriya  

 

Relevance to the study:  

Introduction of new winding arrangement that eliminates the difficulties the industry had in 

achieving high power levels at high currents.   

 

6. WARNAKULASURIYA, K. Murata Manufacturing Co Ltd GB, Novel thermal management 

approaches for high power density transformers P82227.GB01(M20-02249)   

This application relates to thermal management of an electromagnetic device such as a 

transformer, and in particular to an electromagnetic device and a core assembly suitable for an 

electromagnetic device. 

 

Sole invention is by Kapila Warnakulasuriya  

 

Relevance to the study:  

Introduction of new thermal management approach for efficient removal of heat from high 

power density high frequency transformers enabling the achievement of high-power levels at 

high frequencies 

 

7. WARNAKULASURIYA, K. Murata Manufacturing Co Ltd GB, Novel approach to extract heat 

from the windings of transformers with high isolation requirements. 

P82228.GB01 (M20-02413)  

The invention relates to a winding assembly for a transformer, and a transformer device 

including the winding assembly, and to the thermal management of transformer windings. 
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Relevance to the study:  

Introduction of new thermal management approach for efficient removal of heat from high 

power density high frequency transformers enabling the achievement of high power levels at 

high frequencies of transformers with high voltage windings ( for High Power High Frequency 

High Voltage transformers ) 

Publications  

 

1. WARNAKULASURIYA, K., F., ASKARI, V. & NABHANI, F. Determination of 

Losses in Conductors Carrying Higher Order Harmonics of Significant Amplitudes.  

WCE (World Congress in Engineering), London, England July, 2014a. 

 

Relevance to the study:  

In depth theoretical study of conductor losses which is a main aspect in transformer design. 

Verification of theoretical predictions by way of physically constructed samples. Suggestions 

of new approaches for mitigation of losses, details are discussed in the Chapter 3 of the 

thesis.   

 

2. WARNAKULASURIYA, K., HODGSON, S. & NABHANI, F. Performance 

Comparison of Nanocrystalline Material with Ferrite in a 40kW 20kHz Application.  

Power Conversion Intelligent Motion South America 2014, 2014b. 

 

 

Relevance to the study:  

In depth study of the core losses which another main aspect in transformer design. 

Comparison of different types of materials and grades. Verification of theoretical predictions 

by way of physically constructed samples. Suggestions of new approaches for minimization 

of losses, details are discussed in the chapter 4 of the thesis. 

 

3. WARNAKULASURIYA, K., ASKARI, V. & NABHANI, F. Theoretical Estimation and 

Practical Verification of the Impedance and Leakage Inductance of MVA Range 

Single Phase Transformers.  FAIM (Flexible Automation and Intelligent 

Manufacturing), Wolverhampton, England 2015, 2015a 

 

Relevance to the study:  

Introduction of new thermal management approach for efficient removal of heat from high 

power density high frequency transformers enabling the achievement of high power levels at 

high frequencies of transformers with high voltage windings ( for High Power High Frequency 

High Voltage transformers ) 
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4. WARNAKULASURIYA, K., HODGSON, S. & NABHANI, F. Development of High 

Power, High Frequency Magnetics for the Future Power Electronics Applications.  

PCIM 2015, 2016. 

 

Relevance to the study: 

Elaboration of the use of developed techniques in the development state of the art 

transformers. Details are discussed in Chapter 3, 4 and 5 

 

5. WARNAKULASURIYA, K., HODGSON, S. & NABHANI, F. Entwicklung von 

magnetischen Komponenten für hohe Leistungen und Frequenzen für zukünftige 

Anwendungen in der Leistungselektronik.  PCIM 2015, 2016. 

 

Relevance to the study: 

Elaboration of the use of developed techniques in the development state of the art 

transformers.  Details are discussed in Chapter 3, 4 and 5 

 

6. WARNAKULASURIYA, K., HODGSON, S. & NABHANI, F. Estimation of 

temperature rise in MVA range dry-type transformers and practical verification 

based on simulated loading.  Proceedings of the World Congress on Engineering, 

2015. 410-415. 

 

Relevance to the study: 

In depth study of the thermal management of high power density transformers. The invention 

of new thermal management techniques which in combination of other technologies 

developed make eliminate the challenges that the industry faced in the development of high-

power transformers. details are discussed in the chapter 5 of the thesis. 

 

7. WARNAKULASURIYA, K., GURWICZ, D. Magnetics Approach to a Stable 

Multiple Electric Vehicle Rapid Charger. Darnell's Energy Summit, Los Angeles 

CA, USA, September, 2015,  

 

Relevance to the study:  

Elaboration of the industry demand and how the findings of the study contribute to address 

them. Details discussed in the Chapter 7 

 

8. WARNAKULASURIYA, K., NABHANI, F. & ASKARI, V. High Power, High 

Frequency Magnetics for the Future Power Electronics Applications. Darnell's 

Energy Summit, Los Angeles CA, USA, September, 2015,  

 

Relevance to the study:  

Elaboration of the industry demand and how the findings of the study contribute to address 

them. Details discussed in the Chapter 7 
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9. WARNAKULASURIYA, K., NABHANI, F. & ASKARI, V. Development of a 100kW, 

20 kHz nanocrystalline core transformer for DC/DC converter applications.  PCIM 

Europe 2016; International Exhibition and Conference for Power Electronics, 

Intelligent Motion, Renewable Energy and Energy Management, 2016. VDE, 1-8. 

 

Relevance to the study:  

Proof of the outcome of the contributions for mitigation of conductor losses, core losses and 

temperature management based on physically constructed samples, details are discussed in 

the Chapter 3,4,5 and 7 

 

10. WARNAKULASURIYA, K., NABHANI, F. & ASKARI, V. Optimization of 12 and 18 

pulse rectifier systems by the selection of optimum parameters for magnetics.  

PCIM Europe 2016; International Exhibition and Conference for Power 

Electronics, Intelligent Motion, Renewable Energy and Energy Management, 

2016b. VDE, 1-8 

 

Relevance to the study:  

Parametric design of magnetics and integration of the application parameters for the design 

optimization of magnetics, details are discussed in the Chapter 7 

 

11. WARNAKULASURIYA, K., NABHANI, F. & ASKARI, V. Verification of 

Temperature Rise Estimation of MVA Range Single Phase Dry-Type Transformers 

Based on Simulated Loading. CWIEME Berlin, Germany, May 2016   

  

Relevance to the study:  

Study of the thermal management of high-power density transformers. The invention of new 

thermal management techniques which in combination of other technologies developed make 

eliminate the challenges that the industry faced in the development of high-power 

transformers. details are discussed in the chapter 5 of the thesis. 

 

12. WARNAKULASURIYA, K., POLTI, A. & NABHANI, F. Evolution of Magnetics in 

Power Electronics Applications and Facing the Challenges of Future Electronics 

Industry.  PCIM Europe 2017; International Exhibition and Conference for Power 

Electronics, Intelligent Motion, Renewable Energy and Energy Management, 

2017. VDE, 1-5. 

 

Relevance to the study:  

Evolution of magnetics and how the research contributes for he advancement of the magnetic 

industry, details are discussed in the chapter 7 of the thesis 
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1.6 Framework for thesis 

The research was carried out under four main sections as described above. These sections 

are explained in the chapters 3 to 6. Under each section a literature survey was carried out to 

understand the state-of-the-art technologies in the industry which were used to address the 

challenges in each section. Theoretical solutions were arrived at for finding solutions for the 

problems in each of the sections and they were verified by simulations. Further, actual physical 

samples were constructed for the practical verification of the developments which were then 

tested on real applications. The concept of parametric solution was applied in each section to 

make it possible to arrive at multiple suitable solutions for a particular application rather than 

arriving at one single solution This is explained in the chapter 2 and 7.     

 

 

 

Figure 3 Framework of the Thesis 

The framework of the thesis addresses the contents of an entire research separated into 

different chapters. This thesis is made up of 7 Chapters. The introductory chapter describe 

Importance of the research, aims and objectives of the study, framework for this thesis and the 

contributions made by the study. It also describes the general background information and state 

of the art technologies used in the advanced magnetic design and manufacture giving an 

overview to the fellow researchers.  

Prametric Design of 
Transformers

(Ch2) 

Conductor losses 

(Ch3)

Core losses 

(Ch4)

Thermal 
management 

(Ch5)

Inductance, Leakage 
Inductance , 

Impedance (Ch6) 
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Chapter Two explains the concept of parametric design in the context of magnetic design and 

the contributions that it will bring to the overall advancement magnetics and power electronics 

industry.  

The Third Chapter describes the conductor losses associated with challenging magnetic design 

and the researcher’s approach to mitigate the high frequency losses after an in-depth 

theoretical study into all the multi-physic phenomena related to the generation of conductor 

losses. This chapter also explains the work by the researcher that has led to patents in this 

area of the study.  

The Fourth Chapter describes the study into the core losses, core construction and the 

selection of the optimum magnetic material depending on the nature of the application. The 

Chapter Five explains about the research carried out in optimizing the constructions to achieve 

the best thermal management. This Chapter also explains the patent applied by the researcher 

for the thermal management of high-power high frequency magnetics and for high power high 

frequency high voltage magnetics.   

Chapter six will demonstrate the research carried out in the direction of leakage inductance and 

inductance of magnetics components which are the other important dimensions in optimizing 

the magnetic components. This chapter also explains the identified industry weaknesses in 

specifying the parameters for magnetic components purely based on the consideration of 

power electronics.  

The final chapter, the chapter 7 explains the evolution of magnetics and how the magnetics 

components had become the factor that hindered the development of power electronics. How 

this study eliminated such barriers and even made the magnetic components a technology 

enabler for the advancement of the power electronics industry.  
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1.7 Summary  

Magnetic components have become one of the major barriers for the rapid development of the 

power electronics industry. Semiconductor technologies developed at a rapid rate enabling the 

power electronics industry to develop at considerably high speed. However, the limitations of 

magnetic components act as a barrier for these developments. 

The state-of-the-art magnetic technologies at the time of the research had significant limitations 

in handling high power levels at high frequencies.    

This research was aimed at finding solutions for this situation by way of doing a detailed 

theoretical study into the existing technologies and the multi-physical behavior of magnetic 

components. The generation of conductor loess in different types of conductor types and 

constructions were studied practically manufacturable technologies were introduced which 

have led to patents.  

Similar studies were carried out and developments were made on the mitigation of core losses 

and the thermal management of magnetic components which have also led in to patented 

technologies. 

Further, detail studies were carried out in other important areas of magnetic design such as 

inductance, impedance, and leakage inductance. The importance of doing the magnetic 

designs in combination with the electronics design was also addressed and the findings of 

these have also led into patents and publications.  

The successful completion of this study has resulted in over 7 patents some of which are 

already granted and over 12 publications which were well received by the industry and 

academic experts. 

The outcome of the research does not only limit to give a single design solution but also the 

parametric approach presents a comprehensive set of all the possible solutions for a particular 

application. Further, though it was out of the scope of this PhD study, out of the researcher’s 

interest an algorithm was developed to automate the complicated magnetic design process and 

it is planned to commercialize the concept.  
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Chapter 2 Parametric approach for magnetics 

design 

2.1 Parametric design 

Parametric design is defined as a design process based on algorithmic thinking that enables 

the expression of parameters and rules that, together, define, encode and clarify the 

relationship between design intent and design response. As opposed to the conventional 

design approaches the parametric design approach provides This approach produces multiple 

solutions for a given situation. 

Therefore, this can also be seen as the use of variables and algorithms to generate a hierarchy 

of mathematical and geometric relations that allow us to generate a certain design, but to 

explore the whole range of possible solutions that the variability of the initial parameters may 

allow. 

The traditional digital design process is that the design ideas by the designer, create the three-

dimensional model and do the analysis. If they cannot meet the design conditions, it is 

necessary  to repeat all the previous process. This process may take several times to succeed, 

and it must repeat the entire design process even if the same part only makes small changes 

in the size of the structure(Yong-xiang et al., 2017, 陈建能 et al., 2012, Jian-neng and Ying, 

2012). 

With the development of computer technology and related application software, mechanical 

product design has entered the era of digital design. Parametric design which is one important 

development direction of computer aided design has become an important means for new 

product design and development and apply. The products that designed by parametric design 

method can achieve the product components of the size of the relationship between the 

arbitrary definition of the components, the intelligent association between the assembly. It can 

greatly reduce the designer's labor and improve design efficiency that the dimensions of the 

entire part change with a certain degree of association with the changes of base size(DAI et 

al., 2014, Yong-xiang et al., 2017) 

The parametric design can be done by changing one or more design parameters to 

automatically complete the single part model or the entire assembly changes. This method not 

only saves a lot of modeling time, but also reduces the probability of human error(Jie et al., 

2013).  

https://en.wikipedia.org/wiki/Algorithm
https://en.wikipedia.org/wiki/Parameter
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It can greatly reduce the workload of the designer and effectively shorten the new product 

development cycle because the parametric design model can be called in the subsequent 

design of similar products directly. But the previous parametric design is only correlated with 

the geometric size of the model. For its geometric changes and physical properties of the model 

did not make a corresponding correlation. It will cause the performance of some or overall 

unable to meet the design requirements with the change of model geometrical dimensions(Shu-

fang, 2011).  

 

 

 
Figure 2-1Parametric solution of a cuboid satisfying a certain set of constraints. 

 

The above shown example of cuboids of the 28-million-euro second world war memorial that 

spreads over 20,000 square meters in the center of Berlin is seen as a good example to 

demonstrate the concept of parametric design. The length, width and the height of each cuboid 

are selected such that it meets a certain complicated criterion seen by the designer of the 

monument.  Each level of these cuboids is determined by the intersections of the empty field 

with the grid lines of Berlin’s larger urban context. This results in a seemingly faulty shift in the 

structure of the grid, which causes non-determinable spaces to develop within the seemingly 

strict order of the monument. The resulting spaces condense, narrow and deepen and open up 

a multifaceted experience from every point of the field structure.(reference - stiftung-

denkmal.de) 

In this parametric design that meets the architect’s criteria has three parameters in the 

outcome, which are the length, height and the width of the cuboid. Based on those parameters 

the cuboids are constructed.  

https://www.stiftung-denkmal.de/
https://www.stiftung-denkmal.de/
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2.11 Parametric Design Method 

The basic dimensions of the design goals and the main loads must be found which need to be 

considered in the design before modeling. Take that design a shaft as an example, the diameter 

and length of the shaft is base size. The keyway and the step shaft diameter on it are the 

indirect dimensions which are correlated with the base size. After determining the basic 

dimensions of the entire model to be designed, find the base components that need to be 

designed with the base dimensions to be designed and define the relevant dimensions for the 

base part as the parameter. In the process of modeling, sketches must be drawn for the whole 

constraint. And all dimensions that need to be directly or indirectly correlated with the base size 

need to be directly or indirectly correlated with the core parameters(Gao et al., 2015, Yong-

xiang et al., 2017). 

Another possibility for the design of industrial devices is the use of topology optimization (TO) 

techniques. Topology optimization approaches look for the optimal shape of a given device by 

making free modifications in the distribution of material within the search space, without the 

need of predefining any parameters (Campelo et al., 2006, Biro et al., 2007). Due to this 

characteristic, TO-based techniques are able to yield essentially novel, creative solutions for a 

variety of engineering problems. This approach has been widely used in fields such as 

structural and mechanical engineering, and also, to a lesser extent, in electromagnetic 

design (Campelo et al., 2008, Hsu and Hsu, 2005) 

2.12 The Realization of Parametric Design 

 Define Parameters 

The main factors that affect the model should be found and defined before 

modeling. Parameters can be defined in the software after determining the main influencing 

factors. The model needs to give the initial value in the first modeling.(Gao and Yang, 2012) 

In order to establish the initial parametric model, the designer must first obtain a certain amount 

of understanding about the nature of the device under consideration; otherwise, the search 

space defined for the optimization procedure may not include potentially good solutions, 

therefore making it impossible for optimization algorithms to find the most efficient design. 

However, a long time may be required for the theoretical analysis of many possible models. 

Also, an initial model based solely on the experience of the designer may not include more 

unorthodox characteristics, such as holes or other features that could possibly improve the 

performance of the device (e.g., volume, efficiency, etc.)(Campelo et al., 2008). 
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Analysis and Calculation of Components Size and Core Parameter Expressions 

The key to parameterization is parameter calculation, determination of parameter reference 

and realization of parameter transmission, and to ensure its uniqueness. The impact of the size 

of parameters are found by the analysis and calculation, and it’s correlated with calculated 

mathematical expression(Gao and Yang, 2012, Yong-xiang et al., 2017). 

 

2.2 Parametric design of magnetic components  

Parametric design is very useful in machine product design, it is the key technology in realizing 

speediness sculpting for engineering personnel in practical application(Li, 2010). 

Increasing the efficiency of Converter devices in secondary power sources is becoming 

increasingly important, especially for Autonomous power supply systems. It is known that 

secondary power supplies are based on power electronics elements and electromagnetic 

elements. Although progress in the development of power electronics elements does not stop, 

the development of electromagnetic elements of secondary power sources has now almost 

exhausted itself and is limited only by increasing the operating frequency. New technical 

solutions in the field of electromagnetic elements appear either very rarely, or when designers 

return to old practices that were undeservedly forgotten(Styskin and Urazbakhtina, 2020).  

In the case of designing magnetics components under given certain constraints there is a large 

number of parameters that define each possible solution. 

Those include, dimensions of the product namely the width, depth and the height of the final 

solution, the weight, the type of material used such as Silicon steel, Ferrite, Amorphous, High 

silicon steel, Nanocrystalline magnetic materials, Copper conductors, Aluminum conductors or 

a combination of these, The temperature rise, insulation class, primary inductance, leakage 

inductance, interwinding capacitance, winding resistance, voltage regulation, cooling method ( 

thermal management options), efficiency, noise level, impedance  etc.  

 

In this research a detailed study is carried out in optimizing the magnetics design and novel 

approaches are presented to achieve power levels far beyond what the industry was able to 

achieve. Further the research and the mathematical models provides the opportunity evaluate 

a complete array of solutions for multiple solutions for a given application.  
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2.21 Design parameters of a magnetic component  

There is a large number of design parameters that are taken into consideration in arriving at 

the optimum design of a magnetic component. It is rarely the case that the values of all the 

parameters or at least the suitable range of values for all these parameters are known at the 

time of the start of the design. In certain applications depending on the level of circuit 

simulations carried out by the application engineers the ideal values for certain parameters are 

known. In certain other applications the application engineers and system designers would like 

to have practically achievable parameters of the magnetic components for them to use as an 

input for the electronics system design. Below is a list of such design parameters that are taken 

into consideration.  

1. Primary voltage(s), (V) 

2. Secondary voltage(s) (V)    

3. Rated power (continuous) (W/VA)  

4. Operating frequency, f (Hz)  

5. Primary inductance, LP (mH) 

6. Secondary inductance LS (mH) 

7. Leakage inductance, LL (µH) 

8. Primary DC resistance Rp (Ω)  

9. Secondary DC resistance Rs (Ω) 

10. Primary AC resistance Rpac (Ω)  

11. Secondary AC resistance Rsac (Ω) 

12. Interwinding capacitance, CWW (nF) 

13. Turns ratio  

14. Primary current, Ip (A) 

15. Secondary current, Is (A) 

16. Volt-time product/Et constant (Vs) 

17. Isolation test voltage (kV) 

18. Total allowable load loss, (W) 

19. Allowable no load loss, (W) 

20. Efficiency  

21. Primary overvoltage possibility (V) 

22. Details of voltage harmonics (V) 

23. Details of current harmonics (V) 
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24. Static shield requirements  

25. Magnetic shield requirement  

26. Earthing requirements  

27. Creepage distance (mm) 

28. Clearance (mm) 

29. Distance through insulation (mm)  

30. Electrical tolerance percentage 

31. Dimensions (width, length and height)  (mm)  

32. Weight, (kg)  

33. Ambient temperature oC 

34. Allowable temperature rise oC 

35. Cooling Method (e.g. natural convention, forced air, active water cooed, passive water 

cooled, oil natural, forced oil, cold plate mounted etc )  

36. Insulation class ( e.g. Class A, Class B, Class F, Class H etc. )  

37. Insulation type ( dry type, oil etc )  

38. Noise level, (dB) 

39. Degree of protection (e.g. IP56 )  

40. Pollution degree ( I, II or II)  

2.22 Possible transformer constructions  

In addition to the design optimization possibilities generated by a large number of permutations 

possible with eth above parameters magnetics designer has a choice of number of 

constructions.  

1. Torodial core construction  

2. Stadium core constructions  

3. EI core construction  

4. UI core construction  

5. 3UI core construction  

6. Y core construction  

7. Other non-standard core constructions  

              

These different possible constructions provide further design optimization possibilities. 
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2.23 Possible cooing options  

There are number of possible cooling methods considered in the design optimization of the 

transformers, which includes.  

1. Natural convection  

2. Forced air. 

3. Active water cooled. 

4. Passive water cooled. 

5. Oil natural 

6. Forced oil.  

7. Cold plate mounted etc. 

8. The use of heat conducting channels.  

9. Use of heat sink walls for thermal management.    

 

2.24 Different core and conductor material options  

 

The right choice of different core materials such as grain-oriented Si Steel, non-grain-oriented 

Si Steel, Amorphous materials, High Si steels, nano-crystalline materials, different ferrite 

grades etc., is an important factor that makes the transformer design suitable for a particular 

application. It decides if the required parameters are met, and a commercially viable design is 

achieved. The details of this aspect and the developments introduced are discussed in the 

chapter 4 of this thesis.       

Similarly, a right choice must be made in the case of selection of the conductor materials. There 

is a choice between conductor types such as round, rectangular, foil, flat conductor, Litz wires 

etc., further a choice between copper, aluminum and a combination of them is a possibility. The 

details and the limitations of conductor selection and associated outcomes are discussed in the 

chapter 3 of this thesis. Further patented innovations that helps to overcome the limitations of 

these are discussed in each of these chapters.        
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2.3 Design tool that facilitates the parametric design of 

magnetics.  

In conventional design approaches a significant narrow down of the design options are done 

based on the experience of the designer. However, the parametric approach gives the designer 

much more freedom evaluate further possible solution and to come up with multiple solutions 

or in other words a set of solutions that meets the original requirements. This is a ideal situation 

for the end product designer.   

During the study, this process was carried out by the use of a self-developed developed 

calculation tool. Based on the findings number of patented technologies were developed which 

are discussed in detail in the next chapters. However, as a future work the researcher intends 

to develop a software that would automate this process of finding the most optimized solution(s) 

in a significantly reduced time.  

 

 

2-2 Table 2 1 output of the design tool for parametric design 
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2-3 Input of design parameters 

 
2-4 Summary of the different design option comparison 
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2-5 UI core construction evaluation 

 

 
2-6 EI construction evaluation 
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2.4 Summary of design options arrived for a 100 kW 50 kHz 

transformer application.    

Below table shows the details of different design solutions arrived at by evaluation of various 

construction, conductor, core materials and cooling method options. The patented technologies 

that are discussed in later chapters are also used in arriving at these six designs options for 

this particular application which is a 100 kW transformer operating at 50 kHz.   

   

Table 2-1 two designs options for 50o C cold plate mounted transformer. 

 

 

 

 

 

 

 

Temperature rise/ 

Absolute hot spot 

temperature   

45o C / 85o C 80o C / 125oC 

Width (cm) 22 22 

Depth (cm) 19 16 

Height (cm) 13 13 

Volume (l)  5.4 4.6 

Weight (kg)  12.5 10.5 

Calculated Efficiency 

at 50kHz / 80kHz  

99.6% / 99.5% 99.6% / 99.4% 
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Table 2-2 Two designs options for 4m/s forced air-cooled transformer. 

 

 

 

Table 2-3 Two designs options for a natural convection cooled transformer 

 

 

 

 

 

 

Temperature rise at 
the hot spot/ 

Absolute hot spot 
temperature   

45 Deg C / 85 Deg C 80 Deg C / 120 Deg C 

Width (cm) 25 22 

Depth (cm) 24 24 

Height (cm) 13 13 

Volume (l)  7.8 6.8 

Weight (kg)  16.5 15 

Calculated 
Efficiency at 50kHz 

/ 80kHz  

99.6% / 99.5% 99.6% / 99.5% 

Temperature rise at 

the hot spot/ Absolute 

hot spot temperature   

45 Deg C / 85 Deg C 80 Deg C / 125 Deg C 

Width (cm) 25 25 

Depth (cm) 26 26 

Height (cm) 18 13 

Volume (l)  11.7 8.5 

Weight (kg)  23.5 18 

Calculated Efficiency 

at 50kHz / 80kHz  

99.6% / 99.6% 99.6% / 99.6% 
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2.5 Summary  

Parametric design approach is commonly use in the areas of mechanical engineering, 

structural engineering and in the field of architecture. This approach gives designer to explore 

and analyze a large number of possible solutions for a certain application. Having a complete 

set of solution gives the end product designer a large flexibility to optimize the end product 

design.          

The application of the parametric design concept to the design of magnetic components is 

somewhat difficult due to a large number of design parameters and complex structure of inter 

connection of them. During this study, this approach was used in evaluating various design 

inputs. This was carried out in combination with possible constructions, cooling techniques, 

material options and material combinations etc.  

This was a very useful approach in arriving at optimized solutions and developing technologies 

that led to patents and publications. As a future work the researcher intendeds to automate this 

approach using latest computer programming techniques.  
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Chapter 3  

Conductor Losses in Magnetic Components  
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Chapter 3 Conductor losses in magnetic 

components  

The behavior of the magnetic components significantly changes with the presence of 

harmonics in their excitation waveforms i.e., non-sinusoidal excitations e.g., Pulse Width 

Modulation (PWM) excitation, high frequency high power transformers etc. The effect becomes 

more and more significant as the frequency and the magnitude of the harmonics increase. In 

addition to the core losses winding losses in such magnetic components operating at high 

frequencies can severely limit the performance and prevent size and cost reductions(Pollock 

et al., 2003). If appropriate design considerations are not taken based on the increased core 

and winding losses these excessive losses can cause significantly higher temperatures, 

eventually leading to the condition of thermal runaway. The impact of this has become one of 

the major challenges that magnetics designers face at present. The reason for this is there is 

a rapid increase of the operating frequencies for a given power level due to the advancements 

of semiconductor technologies and power electronics in general. This can also be seen as an 

increase of power level for a given frequency. This challenge on magnetics have become to 

the level that many industry experts even believe that magnetics components as the reason 

that slows down the development of the power electronics industry.    

Historically the discussions on the non-sinusoidal currents go back 35 years. A discussion took 

place in March 1980 during the meeting of IEEE power engineering society on the effect of 

non-sinusoidal load currents on transformer temperature rise(Pierce, 1996). The study 

committee formed in May 1980 was later elevated to an IEEE working group of performance. 

In the paper published by Alexander D. Kline in 1981, he first presented a methodology that 

was used in the development of IEEE standard C57.110 which defines K-factor for transformers 

(Ortiz et al., 2010). The K-factor gives an estimate of the ratio of heating in the transformer due 

to winding eddy currents when it is loaded with a given non sinusoidal current(a) to the winding 

eddy current heating caused by a sinusoidal current at the rated frequency(b)(den Bossche et 

al., 2004) (Zheng, 2000). However K-factor rating is not evaluated for the use with harmonics 

where the rms currents of any singular harmonic, (h) of a higher order than the 10th harmonic 

is greater than 1/h of the fundamental rms current. 

The magnetic components that come under the scope of this study are subjected to much 

higher order harmonics of significant amplitudes. For example, a 400th harmonic can be as 

large as 10% of the fundamental amplitude. Thus, the design considerations go far beyond the 
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guidelines obtained from the K-factor transformer evaluations. The scope of the research has 

been set such that the solutions found will be able to solve the magnetic components come 

across for decades.   

The losses occurring in the core material can be of equal importance to the losses in the 

windings depending on the excitation waveform(Zheng, 2000). Further it is necessary that the 

study of these carries out simultaneously due to their overall interdependent nature.  The well-

known Steinmetz formula of the form 

 

𝑃𝑐 = 𝑘1. 𝑓𝑘2 . 𝐵𝑘3                                                

           3 -1 

where, 

𝑃𝑐 is the power losses density, 𝑓  is the frequency, 𝐵 is the flux density,𝑘1, 𝑘2  , and 𝑘3 are core 

material dependent constants, can be used to make an estimate of the contributions of the 

individual harmonics to the core losses.  

However, in this chapter only the losses occurring in the windings are discussed for the various 

excitation waveforms. The analysis, estimation and the minimization of the core losses are 

explained in chapter 4 of this thesis.   

Winding losses in the foil conductors of high frequency transformers, winding losses in the 

multi-layer foil wound inductor, winding losses in Litz wire arrangements, winding losses profile 

conductors, winding losses in flat wire arrangements are taken into consideration in this 

chapter.  
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3.1 Theoretical background    

3.11 Skin Effect 

When a conductor carries an ac current, the magnetic field will not only depend on the 

amplitude of the current and the radial distance from the center of the conductor, but also on 

the frequency of the waveform; see figure 3-1. The alternating magnetic field generated by the 

excitation current will induce, according to Lenz’s law, an opposing current in the conductor. 

Therefore, the current density will be reduced inside the conductor and increased in the surface. 

The total current in the conductor will not suffer any change, however the current density will 

not be uniform anymore.  

 

Figure 3-1 Current density in an isolated 4mm round copper conductor with total net current of 

10A for various frequencies. a) surface distribution b) Cross-sectional distribution (Villar, 2010) 

The non-uniform distribution of the current density will be much more pronounced with higher 

frequencies; see figure 3-2, due to the linear relationship between frequency and induced 

current density. This penetration property of conducting materials is known as skin depth, and 

it is defined as the radial distance from the surface of the conductor where the value of the 

current density is 37% smaller than its value in the surface; see Table 3-1  
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𝛿 = √
2

𝜔µ𝜎
 

3 - 3 

or  

𝛿 = √
𝜌

𝜋µ𝑓
 

3 - 3 

where 𝑓 represents the pulsation frequency of the waveform, μ is the permeability of the 

material and the conductivity, or f represents the frequency of the waveform and is the resistivity 

of the material. 

 

Table 3-1 Skin depth of Copper and Aluminum at different frequencies 

 

Material 

 

Conductivity (25 o C) 

Frequency (kHz) 

1 2 5 10 20 50 

Copper 5.688e7 2.11 1.49 0.94 0.66 0.47 0.29 

Aluminum 3.478e7 2.69 1.90 1.20 0.85 0.60 0.38 

 

Current carrying conductors try to achieve the condition of minimum losses Figure 3-2 shows 

the magnetic field inside and around a conductor carrying a DC or low frequency AC current.  

At low frequencies, the energy associated with the magnetic field of such a conductor is 

exceedingly small compared to the energy loss in the resistance of the wire. Therefore, the 

current distributes itself evenly throughout the wire as this gives the condition of minimum loss. 

However, as the frequency of the current goes up the speed at which the current changes go 

up resulting in the flux caused by the current changing rapidly(Dixon, 1988).        
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3-2 Low frequency AC/DC current carrying conductor. 

 

 

3-3  High frequency current carrying conductor 

  

This rapid change in the current results in induced voltage loops, these voltage loops or the 

eddies results in circulating currents as shown in figure 3-1b. These current changes reinforce 

the main current at the surface of the wire but oppose it towards the center(Dixon, 1988).  All 

electromagnetic phenomena are governed by Ampere’s law, Faraday’s law, Gauss’s law 

etc.(Krawczyk and Tegopoulos, 1993). In the middle of the 19th century James Maxwell 

Published a set of equations giving an analytical approach to electromagnetism(Siegel, 2003). 

With the use of these equations, which are today known as Maxwell’s Equations the above 

phenomena can be represented in mathematical form as follows.                                                                                                                   

Consider a homogeneous conducting material with conductivity σ and permeability µ and taking 

the angular frequency of the current to be ω and assume the current density vector J to be 

parallel to the boundary surface(Popović and Popović, 2000). 
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Figure 3-4 Homogeneous conducting material with permeability µ and conductivity, σ 

   

The differential form of Maxwell’s equation for Faraday’s law and Ampere’s law can be 

presented as follow (Popović and Popović, 2000). 

𝛻 × 𝛦 = −𝑗𝜔𝐵 

 3 - 2 

  and     

𝛻 × 𝐻 = 𝐽 

      3 - 3 

where, 

𝐸  the electric field strength. 

 𝐽 the current density 

𝐻 the magnetic field strength. 

𝐵 the magnetic flux density 

𝜔 the angular frequency of the current. 

 

Curl - Physical Interpretation of the Curl 

 

The curl of a vector field measures the tendency for the vector field to swirl around. Imagine 

that the vector field represents the velocity vectors of water in a lake. If the vector field swirls 

around, then when  a paddle wheel is sticked into the water, it will then tend to spin. The amount 

of the spin will depend on how it is  oriented the paddle. Thus, it is  expected for the curl to be 

vector valued. As other examples, consider the illustrations below. The field on the left, called 
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 has curl with positive  component. To see this, use the right-hand rule. Place  the right 

hand at P. Point the  fingers toward the tail of one of the vectors of . Now curl the  fingers 

around in the direction of the tip of the vector. Stick teh  thumb out. It points toward the +z axis, 

so the curl should have positive component. 

These can be rearranged to   

𝛻 × 𝐽 = −𝑗𝜔𝜎𝐵 

       3 - 4 

and     

𝛻 × 𝐵 = 𝜇𝐽 

       3 - 5 

𝑑𝐽𝑧
𝑑𝑦⁄ = −𝑗𝜔𝐵𝑥 

      3 - 6 

Assuming that the current density vector has only Z component therefore, and 

−𝑑𝐵𝑥
𝑑𝑦⁄ = 𝜇𝐽𝑧 

     3 - 7 

Taking a differentiation and by substitution of the equivalent term the following equation can 

be obtained. 

𝑑2𝐽𝑧

𝑑𝑦2
= 𝑗𝜔𝜇𝜎 𝐽𝑧 

3 - 8 

Solving this equation gives the result, 

𝐽𝑧(𝑦) = 𝐽𝑧(0)𝑒−𝑘𝑦𝑒−𝑗𝑘𝑦 

 3 - 9 

 where,    
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𝑘 = √𝜔𝜇𝜎/2 

 3 - 10 

This explains the exponential drop in the current density vector as shown in figure 3-3. This 

drop becomes more and more rapid as the frequency of the current increases causing more 

losses in the outer surface of the conductor. In other terms, the high frequency components of 

the current see (utilizes) only a part of the cross-section of the conductor (Villar, 2010).   

  

3.12 Proximity Effect 

The ac current that circulates in a wire, generates a magnetic field that enters adjacent 

conductors and induces voltages on them, resulting in additional current in the conductor. The 

depth of the penetration will depend on the proximity of the external wire and the frequency of 

the waveform. The current density in the conductor will be reduced near the external wire and 

reinforced in the opposite side. The total net current of the conductor does not change; 

however, the current distribution is altered. Thus, any additional conductor within the same 

external field will suffer from this current even if there is no net current through it. 

Proximity Effect in the context of foil windings  

Although Dowell was not the first one who solved the one-dimensional Maxwell equations in 

winding arrangements [Bennet and Larson, 1940], he was actually the first one solving them 

specifically for transformer windings, and reaching a closed form expression that is nowadays 

known as Dowell’s expression [Dowell,1966]. The resolution of these equations and therefore 

the validity of Dowell’ expression is based on the following considerations (see figure 3-5),  

One dimensional analysis is directly applicable to foil conductors closed to each other. 

Foil conductors will occupy the whole core window height (y-direction1) assuring one 

dimensional field along the core window, Hy(x).  

The magnetic core will have an infinite permeability, thus considering only the field in the 

transformer window, Hcore  0. 

The magnetic field generated by a current carrying conductor enters the adjacent conductors 

and induces a voltage on them (Figure 3-5). This results in an additional current in the adjacent 

conductors. The frequency of the waveform and the proximity of the external conductor 

determine the depth of penetration. 
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Figure 3-5 Two adjacent current carrying conductors. 

 

The current density of the conductor close to the external wire will reduce and the current 

density on the opposite side will increase keeping the total current density of the conductor 

unchanged.  This effect becomes more and more significant as the number of conductors in 

proximity increases. In the typical situation of a multilayer high frequency transformer winding 

a current density build up as illustrated in the below diagram can be recognized(Dixon, 1988). 

The general analytical approach to the above phenomena is quite complicated however the 

use of one-dimensional Maxwell’s equations is sufficient to estimate the losses of a multi-layer 

foil winding. This type of winding is one of the most common winding configurations in high 

frequency high power transformers and inductors. 

 

Figure 3-6 Three adjacent foil windings in a magnetic component 
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 In the following formulation, it is assumed that the magnetic field vector has only one 

component and it is in the direction of y. The magnetic field within the foil depends only on the 

position along the x-axis; based on the work of Irma Villar (Villar, 2010).  

The development of the closed form expression for conduction losses begins with the resolution 

of the diffusion equation. As conductive materials for winding conductors are linear, the 

resolution of Maxwell equations is carried out in its time harmonic form using phasors. The 

magnetic field phasor has only one cartesian component, in  this case the y-component 

𝐻(𝑥) = 𝑎𝑦𝐻𝑦(𝑥) 

  3 - 11 

The magnetic field within foil conductors depends only on the position along the x axis. 

Therefore, the diffusion equation becomes a second order ordinary differential equation. 

 By solving the Maxwell equations similar to what was discussed under skin effect analysis it 

could be shown that 

 

 

𝑑2𝐻𝑦(𝑥)

𝑑𝑥2
= 𝑗𝜔𝜇𝜎𝐻𝑦(𝑥) = 𝛼2𝐻𝑦(𝑥) 

3 - 12 

 where,  

 

𝛼 = (1 + 𝑗)/𝛿 

3 - 13 

and  

 

𝛿 = √2/𝜔𝜇𝜎 

3 - 2 

 

where 𝛼  is the propagation constant This gives the general solution of 
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𝐻𝑦(𝑥) = 𝐻1𝑒𝛼𝑥 + 𝐻2𝑒−𝛼𝑥 

3 - 14 

In order to solve this expression, a single foil conductor within a core window is considered. 

This conductor carries a peak current I, has a thickness 𝑑𝑤, and a height ℎ𝑤 (much larger than 

its thickness), a length 𝑙𝑤 surrounding the core with a negligible curvature and general 

boundary conditions as the ones presented in the figure 3-6 

 

Figure 3-7 With this assumption, a general frequency-dependent expression is reached for the 

magnetic field distribution within foil conductors. 

 

𝐻𝑦(𝑥) = 𝐻𝑒𝑥.
𝑠𝑖𝑛ℎ( 𝛼𝑥)

𝑠𝑖𝑛ℎ( 𝛼𝑑𝑤)
− 𝐻𝑖𝑛.

𝑠𝑖𝑛ℎ( 𝛼(𝑥 − 𝑑𝑤))

𝑠𝑖𝑛ℎ( 𝛼𝑑𝑤)
 

3 - 15 

  

Where 𝐻𝑒𝑥 and 𝐻𝑖𝑛 are the internal and external fields, Once the one-dimensional magnetic 

field is defined, the current density can be determined. 

Since    

 𝛻 × 𝐻 = 𝐽 

3 - 5 

𝑎𝑧

𝜕𝐻𝑥(𝑥)

𝜕𝑥
= 𝐽 

3 - 16 
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𝑑𝐻𝑦(𝑥)

𝑑𝑥
= 𝐽𝑧(𝑥) 

3 - 17 

 

Therefore, deriving the magnetic field expression the frequency-dependent current density in a 

foil conductor is obtained. 

𝐽𝑧(𝑥) = 𝛼𝐻𝑒𝑥.
𝑐𝑜𝑠ℎ( 𝛼𝑥)

𝑠𝑖𝑛ℎ( 𝛼𝑑𝑤)
− 𝛼𝐻𝑖𝑛.

𝑐𝑜𝑠ℎ( 𝛼(𝑥 − 𝑑𝑤))

𝑠𝑖𝑛ℎ( 𝛼𝑑𝑤)
 

3 - 18 

In the case of the first foil, the external field is zero and only the internal field determines the 

current density. When it comes to the second foil it has an external field caused by the field of 

the first foil and counteracts with an opposite sign current near the first foil. As the total net 

current does not change, there is a high concentration of current in the opposite side of the 

second foil in order to balance the total current. This causes a higher current density and at the 

opposite side to the first foil. This results in an even larger field being applied to the third foil. 

As this continues through layers the current density at the end of the foils increases significantly 

(Villar, 2010, Dixon, 1988).  

As illustrated in figure 3-8b, the current density increases as the number of foils is also raised. 

The first conductor does not suffer from an external field on its left-hand side (see figure 3-8a), 

and consequently the distribution of the current density depends only on its own current (skin 

effect). In contrast, the second conductor has an external field on its left-hand side and 

counteracts with an opposed sign current near the first layer. As the total net current does not 

change, there is a high concentration in the opposite side of the second foil in order to balance 

the total current (proximity effect). 
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3-8 Graphical representation of the change in (a) Magnetic Field and (b) Current Density in 

adjacent foil windings as the frequency of the currents goes high; based on the work of Irma 

Villar(Villar, 2010) 
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From the expression of the current density, the frequency-dependent conduction losses in foil 

windings are determined. 

𝑃𝜎 =
1

𝜎
∫ 𝐽. 𝐽∗𝑑𝑣

.

𝑣

 

 3 - 19 

 A simplified expression for ohmic losses P is rewritten and solved. 

𝑃𝜎 =
1

2𝜎
∫ |   𝐽𝑧

2(𝑥)  | 𝑑𝑣
.

𝑣

=
1

2𝜎
∫ |   𝐽𝑧

2(𝑥)  |ℎ𝑤𝑙𝑤 𝑑𝑥
𝑥=𝑑𝑤

𝑥=0

 

3 - 20 

 Finally, and after some mathematical developments, conduction losses in a conduction layer, 

placed in a transformer window, are represented with a closed form expression. 

 

𝑃𝜎 =
𝑙𝑤ℎ𝑤

2𝛿𝜎
[(𝐻𝑒𝑥𝑡 − 𝐻𝑖𝑛𝑡)2]

𝑠𝑖𝑛ℎ(2𝛥) + 𝑠𝑖𝑛(2𝛥)

𝑐𝑜𝑠ℎ(2𝛥) − 𝑐𝑜𝑠(2𝛥)
+ 2𝐻𝑖𝑛𝑡𝐻𝑒𝑥𝑡

𝑠𝑖𝑛ℎ(𝛥) − 𝑠𝑖𝑛(𝛥)

𝑐𝑜𝑠ℎ(𝛥) + 𝑐𝑜𝑠(𝛥)
 

3 - 21 

Where, 𝛥 represents the penetration ratio and  

𝛥 =
𝑑𝑤

𝛿
 

3 - 22 

In this expression two parts can be clearly distinguished, the one generated by the conductor 

itself representing the skin effect (left-hand side of the expression within the brackets), and the 

one generated from the interaction of the fields representing the proximity effect (right-hand 

side). From this expression two factors are determined, the skin and proximity effect factors, 𝜍1 

and 𝜍2 respectively. 

𝜍1 =
𝑠𝑖𝑛ℎ(2𝛥) + 𝑠𝑖𝑛(2𝛥)

𝑐𝑜𝑠ℎ(2𝛥) − 𝑐𝑜𝑠(2𝛥)
 

3 - 23 
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𝜍2 =
𝑠𝑖𝑛ℎ(𝛥) − 𝑠𝑖𝑛(𝛥)

𝑐𝑜𝑠ℎ(𝛥) + 𝑐𝑜𝑠(𝛥)
 

3 - 24 

Now, if a winding is composed of several consecutive layers, the boundary conditions in each 

side of the pth foil conductor will be defined with the following two expressions, magnetic field 

distribution within foil conductors according to Ampere’s circuital law. 

𝐻𝑖𝑛𝑡 = (𝑝 − 1)
𝐼

ℎ𝑤
 

3 - 25 

𝐻𝑒𝑥𝑡 = 𝑝
𝐼

ℎ𝑤
 

3 - 26 

 

 

Figure 3-9  Transformer winding with several primary and secondary layers and equivalent dc 
(Villar, 2010) 

 

where 𝐻𝑖𝑛𝑡 represents the field generated by the previous p − 1 layers and 𝐻𝑒𝑥𝑡 represents all 

the field generated by the p layers, see figure 3-9. 
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Substituting and simplifying above equations and summing up the losses of all the m layers of 

the winding  

 

𝑃𝑤 = ∑ 𝑃𝜎

𝑚

𝑝=1

 

3 - 27 

 the total ohmic losses of a winding will be, 

 

𝑃𝑤 = 𝐼2
𝑙𝑤

2𝛿𝜎ℎ𝑤
𝑚 [𝜍1 +

2

3
(𝑚2 − 1)𝜍2] 

3 - 28 

 As mentioned before, each foil conductor is carrying a peak current I. Furthermore, power 

losses in resistive elements are determined from their resistance 𝑅𝑎𝑐 and the rms current 

through them In. 

𝑃𝑤 = 𝑅𝑎𝑐𝐼𝑛
2 = 𝑅𝑎𝑐

1

2
𝐼2 

3 - 29 

Equating the conduction loss expression as explained above, the total ac resistance of the 

winding is determined. 

from these expressions Dowell’s resistance factor 𝐹𝑟, which represents the relationship 

between total ac resistance and total dc resistance, 𝑅𝑎𝑐 = 𝐹𝑟 𝑅𝑑𝑐, can be deduced. 

 

𝐹𝑟 = 𝛥 [𝜍1 +
2

3
(𝑚2 − 1)𝜍2] 

3 - 30 

In figure 3-10 the resistance factor is illustrated for different penetration ratios and for different 

numbers of layers. For high penetration ratios the total resistance of the winding rapidly 

increases. Below = 1 losses can be also considerable if windings with large numbers of layers 

are considered. For example, a four-layer winding composed of 𝑑𝑤 = 2 𝑚𝑚 copper foil 
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conductors carrying a sinusoidal current at 1 kHz see Table 3-1 will present 2.7 times higher 

losses than its dc counterpart. 

 

Figure 3-10 Dowell resistance factor expression 𝐹𝑟 versus penetration ratio (Villar, 2010). 

 

The resistance factor expression was introduced by Dowell and equation is one of its variants 

[Dowell, 1966]. From this closed form expression, losses in foils windings can be directly 

determined. Nevertheless, it is important to notice that the assumptions made at the beginning 

of the section must be accomplished in order to achieve a certain level of accuracy. If a different 

winding arrangement is considered, like interleaving primary and secondary foil conductors, 

separate consecutive layers can be considered and sum up, or otherwise, expression should 

be reevaluated, in order to get a new compact expression. 

Dowell’s Porosity Factor 

Although for some applications foil conductors are practical solutions, winding layers are 

usually composed of round or rectangular conductors, and sometimes they do not extend the 

full core window. For those cases Dowell introduced in the same analysis a parameter that 

accounted for these variations: the porosity factors  𝜂𝑤This factor relates round, rectangular, or 

short foil conductors with their equivalent whole window foil conductor see figure. 3-12. 
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Figure 3-11 Representation of the equivalent foil conductor, from round conductors to 

equivalent square conductors to equivalent foil conductors and finally to whole window foil 

conductors(Villar, 2010). 

 

In the case of round conductors, an equivalent square conductor; see figure 3-11, with the 

same conducting area is defined. 

𝑑𝑤 = √
𝜋

4
𝑑 

3 - -31 

 

For equivalent square conductors or rectangular ones, an equivalent foil conductor is 

determined, which has the same height as the whole conducting layer; see figure. 3-12. 

However, in this second equivalence, the effective conductive surface is increased, thus an 
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equivalent conducting material is defined which generates an equal magnetic field along the 

enclosed winding path. 

𝜎′ = 𝜂𝑤𝜎 

3 - 32 

where 𝜂𝑤 is known as the porosity factor and it is determined in this case according to. 

𝜂𝑤1 =
𝑁𝑑𝑤

ℎ𝑤
 

3 - 3-33 

 

where  𝑁 represents the number of turns in one layer. Finally, for equivalent or originally short 

foil conductors, the conductive layer is extended to fill the whole window height and a second 

porosity factor is determined. 

𝜂𝑤2 =
ℎ𝑤

ℎ𝑐
 

3 - 34 

Therefore, equation becomes. 

𝐹𝑟 = 𝛥′ [𝜍1
′ +

2

3
(𝑚2 − 1)𝜍2

′ ] 

3 - 35 

with  

𝛥′ = √𝜂𝑤𝛥 

3 - 36 

 and  

𝜍1
′ =

𝑠𝑖𝑛ℎ(2𝛥′) + 𝑠𝑖𝑛(2𝛥′)

𝑐𝑜𝑠ℎ(2𝛥′) − 𝑐𝑜𝑠(2𝛥′)
 

3 - 37 
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and  

𝜍2
′ =

𝑠𝑖𝑛ℎ(𝛥′) − 𝑠𝑖𝑛(𝛥′)

𝑐𝑜𝑠ℎ(𝛥′) + 𝑐𝑜𝑠(𝛥′)
 

3 - 38 

The physical validity of the porosity factor has been questioned in several publications(Ferreira, 

1994, Robert et al., 2000, Nan and Sullivan, 2003, Reatti and Kazimierczuk, 2002), however 

its precision as a correction factor has been reinforced. 

In (Ferreira, 1990, Villar, 2010), for instance, a remark was made concerning the physical 

validity of the factor, and it was proposed, if it was to be used, the application of the porosity 

factor as a compensation term also for the magnetic field , in order to eliminate the geometrical 

dependency of the skin depth introduced by Dowell. 

𝐹𝑟 = 𝛥′ [𝜍1
′ + 𝜂𝑤

2
2

3
(𝑚2 − 1)𝜍2

′ ] 

3 - 39 

Apart from the previous remark, (Ferreira, 1990, Villar, 2010) proposed another closed form 

expression for round conductors derived from the exact solution of an isolated round 

conductor(Lammeraner and Štafl, 1966, Villar, 2010) and based on the orthogonality between 

skin and proximity effects (Ferreira, 1990, Villar, 2010). In the proposed expression the skin 

effect is characterized with the exact solution of the magnetic field in an isolated round 

conductor and the proximity effect, with the exact solution of an external magnetic field in a 

round conductor. 

𝐹𝑟 =
𝛾

2
[𝜏1 − 2𝜋

4(𝑚2 − 1)

3
𝜏2] 

3 - 40 

 

with  
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𝜏1 =
𝑏𝑒𝑟(𝛾)𝑏𝑒𝑖′(𝛾) − 𝑏𝑒𝑖(𝛾)𝑏𝑒𝑟′(𝛾)

𝑏𝑒𝑟′(𝛾)2 + 𝑏𝑒𝑟𝑖′(𝛾)2
 

           3 - 41 

and  

𝜏2 =
𝑏𝑒𝑟2(𝛾)𝑏𝑒𝑟′(𝛾) + 𝑏𝑒𝑖2(𝛾)𝑏𝑒𝑖′(𝛾)

𝑏𝑒𝑟′(𝛾)2 + 𝑏𝑒𝑟𝑖′(𝛾)2
 

           3 - 42 

and  

𝛾 =
𝑑

𝛿√2
=

√2𝑟

𝛿
 

          3 - 43 

where bei and ber are Kelvin functions, i.e. real and imaginary parts, respectively, of Bessel 

functions of the first kind. In order to improve the accuracy of the expression proposed 

by(Ferreira, 1990, Reatti and Kazimierczuk, 2002) introduced the porosity factor in the equation 

as a correction term for the magnetic field, like Ferreira himself did for Dowell’s expression. 

𝐹𝑟 =
𝛾

2
[𝜏1 − 2𝜋𝜂𝑤

2 [
4(𝑚2 − 1)

3
+ 1] 𝜏2] 

            3 - 44 

The good predictions provided by Dowell’s expression and the porosity factor were pointed out 

already in (Ferreira, 1994, Villar, 2010) for tightly packed windings w > 0.7. More recently 

various papers with comparisons and validity ranges have been published (Dimitrakakis et al., 

2007, Nan and Sullivan, 2003, Robert et al., 2001, Villar, 2010). The accuracy of Dowell’s 

expression was pointed out once more for tightly packed windings, as well as the 

overestimation of Ferreira based models, see Table 3-2. The exact solution of Ferreira’s 

method is only accurate for isolated round conductors, when the round conductors are getting 

close to each other, the effect between turns in each layer is not considered and the 

representation introduced by Dowell (with its equivalent square and foil conductors) is more 

precise, and much simpler. 

Table 3.2 summarizes the study carried out in (Dimitrakakis et al., 2007, Dimitrakakis and 

Tatakis, 2008, Villar, 2010). The reduced error in Dowell’s expression usually occurs when the 

skin depth is in the order of the diameter of the conductor ( ' 1) (Nan and Sullivan, 2003, Villar, 
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2010). However, for large penetration ratios the error, as illustrated in Table 2.2, is higher 

(highest error in each range)(Villar, 2010). 

 

 

Table 3-2 Comparison of the relative percentage error of two closed form expressions and for 
different porosity factors. 

 

Based on these statements, most recent publications related to winding losses, focus on the 

improvement of Dowell’s expression with finite element tools(Dimitrakakis et al., 2007, Nan and 

Sullivan, 2003, Robert et al., 2001, Villar, 2010). They propose modified expressions with 

several correction factors or weighting parameters based on tens of finite element simulations, 

depending on turn-to-turn distance, layer-to-layer distance or edge-to-core distance and skin 

depth. On the one hand, propositions in are based on complicated look-up tables. On the other 

hand, in a polynomial expression is introduced, however the conditions in which finite element 

simulations were carried out make the expression too limited, lacking a real applicability. As a 

conclusion, it should be noted, if high-power densities are to be reached, windings will be tightly 

packed and Dowell’s expression with the corresponding porosity factor will be precise enough. 

Nevertheless, for non-conventional winding arrangements, finite element simulations should 

be used, because even if there are several winding arrangements summarized and 

characterized in, they do not cover every possible winding arrangement(Villar, 2010). 
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Figure 3-12 Loss Factor for sinusoidal currents and different number of layers(Carsten, 1986) 
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Figure 3-13  Loss Factor for square wave currents and different number of layers(Carsten, 
1986) 
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Figure 3-14  Loss Factor for Bi polar pulse currents and different number of layers(Carsten, 
1986) 
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Figure 3-15 Loss Factor for Ui polar pulse currents and different number of layers(Carsten, 

1986) 
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Figure 3-16  Loss Factor for triangular wave currents and different number of layers(Carsten, 
1986) 

 

 



Parametric Design of Magnetics for Modern Power Electronics Applications 

 
 

70 
 

 

Figure 3-17 Loss Factor for bipolar and square wave currents and different number of 
layers(Carsten, 1986) 
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Renormalizing the Loss Factor to 
𝐾𝑟

𝑚
, Plotted against the Total Winding Thickness 𝑚ℎ/𝛿 

The Normalized Parameters 𝐾𝑟 and ℎ were developed to find the effects of changing ℎ on 𝑅𝑎𝑐, 

with a fixed No. of Layers 𝑚, but for any number of turns, 𝑁.  

The effect of changing the number of Layers 𝑚 for a fixed  𝑁  is found by plotting with 

Renormalized Parameters 
𝐾𝑟

𝑚
 and 𝑚ℎ/𝛿.  

As an example; doubling the Layers 𝑚  for the same turns 𝑛 and layer ℎ doubles the Winding 

Thickness (hence 𝑚ℎ/𝛿  ), while the Winding Area is also doubled, halving 𝑅𝑑𝑐,  so 
𝐾𝑟

𝑚
 is used 

for the renormalized ac/dc Loss Factor(Carsten, 1986). 

 

 

Figure 3-18 For sine wave currents(Carsten, 1986) 
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Figure 3-19 For bipolar pulse wave currents(Carsten, 1986) 

 
Figure 3-20 For unipolar pulse wave currents(Carsten, 1986) 
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Round wires and “Litz” wires  

In transformer applications specially in the case of high-power high frequency transformer 

applications skin and proximity effects can be considerable. Thus, to handle the power density 

of medium-frequency transformers a certain effective conductor area is necessary. However, 

this area can be too wide for the frequency of the waveform due to eddy current effects. The 

use of stranded insulated and twisted wires reduces these effects. If the wire is correctly 

twisted, each strand takes each of the places in the bundle; see figure 3.21 and therefore the 

effect between strands is reduced. Moreover, the reduced surface area of each strand reduces 

the penetration ratio for the same skin depth. Conductors made up of multiple individually 

insulated strands twisted together are known as “Litz” wires. 

In “Litz” wire windings skin and proximity effects can be divided in strand and bundle-level 

effects(Sullivan, 1999) see figure 3-22. Bundle-level effects, related to currents circulating in 

paths involving multiple strands, are controlled by the correct construction of the “Litz” wire. 

Bundle-level proximity loss is controlled by simple twisting, however bundle-level skin effect 

requires more complex constructions(Sullivan, 1999, Villar, 2010). At strand level, related to 

individual strands, proximity effect dominates over skin effect in windings with high number of 

layers, and usually strand-level skin effects are negligible. Strand-level proximity losses can be 

further divided in internal and external losses. Internal proximity losses are related to the losses 

generated by the rest of the strands in the bundle, and external proximity losses express the 

losses generated from current in the rest of the bundles. 

 

 
Figure 3-21 Representation of the position variation of a strand in a “Litz” bundle(Villar, 2010). 

 

Usually, equal currents in all strands are assumed in order to calculate losses in “Litz” wire 

windings. This assumption is equivalent to assuming that the bundle level construction has 

been chosen properly to control bundle-level proximity and skin effects. Therefore, to calculate 

the total strand-level proximity-effect loss in a “Litz” winding, the whole winding is supposed to 

be composed of ns 𝑁 turns, each one carrying an equal current I/ns, where ns is the number 

of strands, 𝑁  the number of bundle-turns and finally I the current in a bundle. 
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Figure 3-22 Type of eddy currents in Litz conductors. Illustration introduced in(Sullivan, 
1999). 

 

In figure 3-24a an isolated “Litz” wire is represented, in which each strand is carrying the same 

total current, the internal proximity effect is clearly the main eddy current effect and the strand-

level skin effect is almost negligible. In figure 3-24b, in contrast, a single “Litz” wire is 

represented without a net current but within an external magnetic field, in order to illustrate the 

external proximity effect. 

In figure 3-24c the same Litz bundle is carrying a net current within an external magnetic field, 

and both effects are illustrated. 

 



Parametric Design of Magnetics for Modern Power Electronics Applications

 
            

75 
 

  

(a) Internal 𝐼 = 10 A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) External 𝐻𝑒𝑥𝑡  ≅ 1 A/mm 
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(c) Both 

 

Figure 3-23 Total current density in a single round “Litz” wire db = 4.5mm, with 37 strands of 
ds = 0.64mm and f = 20 kHz(Villar, 2010) 

Due to the orthogonality principle between proximity and skin effects, losses in Litz bundles 

can be calculated separately, an approach followed in several publications. Conduction losses 

in isolated Litz bundles, i.e. skin effect losses and internal proximity effect losses, were already 

determined in(Lammeraner and Štafl, 1966). In (Ferreira, 1992) the same approach is followed 

but instead of reducing the expression to low penetration ratios, the complete equation already 

developed in for single solid round conductors is used. And finally, in (Lotfi and Lee, 1993)the 

exact Bessel equations are used, according to (Lotfi and Lee, 1993) in order to improve 

accuracy in high-frequency applications(Villar, 2010). 

Skin Effect Losses are determined from the one-dimensional solution developed for round 

conductors(Lammeraner and Štafl, 1966), reaching in the case of an isolated strand. 

 

𝑃𝑠𝑠𝑘𝑖𝑛
= 𝑅𝑠𝑑𝑐

𝛾

4
𝐼𝑠

2𝜏1(𝛾) 

3 - 45 
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where 𝐼𝑠 represents the current in a single strand and the DC resistance of the strand 𝑅𝑠𝑑𝑐
 is 

determined from. 

 

𝑅𝑠𝑑𝑐
=

𝑙𝑠

𝜋𝜎𝑟𝑠
2 

           3 - 46 

where  𝐼𝑠  is the total length and  𝑟𝑠  the radius of a single strand. Therefore, the strand-level 

skin effect losses in a “Litz” bundle will be 

𝑃𝑠𝑠𝑘𝑖𝑛
= 𝑅𝑑𝑐

𝛾

4
𝐼2𝜏1(𝛾) =

𝑅𝑠𝑑𝑐

𝑛𝑠

𝛾

4
𝐼2𝜏1(𝛾) 

3 - 47 

because all the strands within a “Litz” bundle are in parallel. 

 

The difference between previously mentioned publications lies in the term 1( ). On the one 

hand, the expression introduced in(Ferreira, 1992, Villar, 2010) uses the equation already 

introduced in, where 

𝜏1(𝛾) =
𝑏𝑒𝑟(𝛾)𝑏𝑒𝑖′(𝛾) − 𝑏𝑒𝑖(𝛾)𝑏𝑒𝑟′(𝛾)

𝑏𝑒𝑟′(𝛾)2 + 𝑏𝑒𝑟𝑖′(𝛾)2
 

3 - 48 

On the other hand and considering the aims of the utilization of Litz wires,(Lammeraner and 

Štafl, 1966) reduces the expression to low penetration ratios reaching. 

 

𝜏1(𝛾) =
2

𝛾
+

𝛾3

96
 

3 -  49 

And finally, in(Lotfi and Lee, 1993, Villar, 2010) the exact solution for solid round conductors is 

used with modified Bessel functions of the first kind of zero and first order, 𝐼0 and 𝐼1 respectively. 

 

𝜏1(𝛾) =
1

√2
ℜ [(1 + 𝑗)

𝐼0(𝛼𝑟𝑠)

𝐼1(𝛼𝑟𝑠)
] 

3 -  50 

A comparison example is illustrated in figure 3-24, where the three expressions are evaluated 

along with a finite element simulation of a single isolated strand ds = 0.2mm. For low 

penetration ratios ( < 2) all of the expressions are accurate. However, for large penetration 
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ratios ( > 2), the error obtained with the reduced expression increases with the increase of the 

penetration ratio. 

 
Figure 3-24 Comparison of different expressions for the determination of skin effect losses in 

an isolated round conductor with ds = 0.2mm(Villar, 2010) 

 

Internal Proximity Effect Losses are also evaluated in previously mentioned publications, and 

once more they follow the same approach. Internal proximity effects are determined 

considering the field generated by the strands of the bundle at each radial position H0(r), and 

applying this field as an external transverse magnetic field to each of the strands (according to 

their geometrical position as shown in figure 3-24. The general power loss expression for single 

round conductors subjected to an external transverse magnetic field is (Lammeraner and Štafl, 

1966, Villar, 2010), 
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𝑃𝑠𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 
= −

2𝜋𝛾

𝜎
𝐻0

2(𝑟)𝜏2(𝛾) 

3 - 51 

 

The field generated by the strands in the bundle at each radial position can be obtained by 

modifying the expression for solid round wires 

𝐻0(𝑟) =
𝐼

2𝜋𝑟𝑛𝑠
(

𝑟

𝑟𝑠
)

2

𝑝𝑓 

3 - 52 

where,  

𝑃𝑓 = 𝑛𝑠 (
𝑟𝑠

𝑟𝑏
)

2

 

3 - 53 

 is the packing factor. 

 

 

 
Figure 3-25 “Litz” bundle, the radial position of each strand is considered to apply the radial 

dependent internal magnetic field(Villar, 2010) 

Rather than discrete summation of losses in each strand, the integration of internal losses per 

unit area results in 

𝑃𝑠𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 
= −

2𝜋𝛾

𝜎

𝑛𝑠𝐼2𝑙𝑠

8𝜋2𝑟𝑏
2 𝜏2(𝛾) 

3 - 3-54 
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Once more, the difference between previously mentioned developments lies in the term 2(). On 

the one hand, the expression introduced in(Ferreira, 1992, Villar, 2010) uses the equation 

already introduced in (3-44), where 

𝜏2 =
𝑏𝑒𝑟2(𝛾)𝑏𝑒𝑟′(𝛾) + 𝑏𝑒𝑖2(𝛾)𝑏𝑒𝑖′(𝛾)

𝑏𝑒𝑟′(𝛾)2 + 𝑏𝑒𝑟𝑖′(𝛾)2
 

3 - 55 

On the other hand,(Lammeraner and Štafl, 1966) reduces the expression for low penetration 

ratios reaching, 

𝜏2(𝛾) = −
𝛾3

16
 

3 - 56 

and finally, in (Lotfi and Lee, 1993) the modified Bessel functions of the first kind 

of zero and first order are used. 

𝜏2(𝛾) =
1

√2
[
ℜ(1 − 𝑗)𝐼0(𝛼𝑟𝑠)𝐼1

∗(𝛼𝑟𝑠)

|𝐼0(𝛼𝑟𝑠)|2
] 

3 - 57 
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Figure 3-26 Comparison of different expressions for the determination of internal proximity 
losses in a single isolated “Litz” bundle with d_b= 4.5mm and 37 strands of ds = 
0.64mm(Villar, 2010). 

 

 

A comparison example is illustrated in figure 3-27, along with a finite element simulation of a 

single isolated “Litz” bundle with db = 4.5mm and 37 strands of ds = 0.64mm. For low 

penetration ratios ( < 2) all the expressions are precise enough. However, for large penetration 

ratios even the most detailed of the expressions overestimates the losses. It should be noticed 

that both the strand level skin effect and the internal proximity effect are evaluated. 

In the case of internal proximity effect losses, the simplest of the expressions is accurate 

enough, large penetration ratio errors are due to the non-circular nature of the field see figure 

3-28 to figure  3-30. Therefore, the accuracy in the determination of the losses in an isolated 

strand does not improve the global prediction, due to the fact that the external magnetic field in 

each of the strands is no longer one dimensional. 
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(a) Δ =1 

 

Figure 3-27 Total current density and magnetic field lines in a single isolated “Litz” bundle 
d_b=   4.5mm, with 37 strands of d_s = 0.64mm for penetration ratio Δ=1(Villar, 2010) 

 
(b) Δ =2.5 

 

Figure 3-28 Total current density and magnetic field lines in a single isolated “Litz” bundle 
d_b=  4.5mm, with 37 strands of d_s = 0.64mm for penetration ratio Δ=2.5(Villar, 2010) 
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(c) Δ = 5 

Figure 3-29 Total current density and magnetic field lines in a single isolated “Litz” bundle 
d_b= 4.5mm, with 37 strands of d_s = 0.64mm for penetration ratio Δ=5(Villar, 2010) 

External Proximity Effect Losses are determined, from the exact solution of an isolated round 

conductor within an external field (Ferreira, 1992). Although among previously mentioned 

publications, external proximity effect losses in Litz bundles are only evaluated in(Ferreira, 

1992, Villar, 2010), an extrapolation of the other methods can also be done using each of the 

expressions for 2( ). Therefore, the external proximity effect losses in a Litz bundle within an 

external magnetic field are 

 

𝑃𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 = −
2𝜋𝛾

𝜎
𝑛𝑠𝐻𝑒

2𝜏2(𝛾) 

3 - 58 

A comparison example is illustrated in figure 3-65, where the three expressions are evaluated 

along with a finite element simulation of a single open circuited Litz bundle db = 4.5mm, with 

37 strands of ds = 0.64mm, within an external magnetic field He = 1A/mm. For low penetration 

ratios ( < 2) all the expressions are precise enough. However, for large penetration ratios, like 

in the case of skin effect losses, the reduced expression overestimates the losses. 
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Figure 3-30 Comparison of different expressions for the determination of external proximity 
losses in an open circuited Litz bundle db = 4.5mm, with 37 strands of ds = 0.64mm, within 
an external magnetic field He = 1 A/mm for different penetration ratios(Villar, 2010). 

 

In figure 3-32 to figure 3-34 the difference between several penetration ratios is illustrated for 

an open circuited Litz bundle within an external magnetic field He = 1A/mm. 



Parametric Design of Magnetics for Modern Power Electronics Applications

 
            

85 
 

 
(a) Δ = 1 

 

Figure 3-31 Total current density and magnetic field lines in an open circuited Litz bundle 

db = 4.5mm, with 37 strands of ds = 0.64mm, within an external magnetic field He = 1A/mm 

for penetration ratio 𝛥 = 1   (Villar, 2010)  
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(b) Δ =2.5 

 

Figure 3-32 Total current density and magnetic field lines in an open circuited Litz bundle 

db = 4.5mm, with 37 strands of ds = 0.64mm, within an external magnetic field He = 1A/mm 

for  penetration ratio 𝛥 (Villar, 2010)   
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(c) Δ = 5 

 

Figure 3-33 Total current density and magnetic field lines in an open circuited Litz bundle 

db = 4.5mm, with 37 strands of ds = 0.64mm, within an external magnetic field He = 1A/mm 

for  penetration ratio 𝛥 = 5 (Villar, 2010) 

  

Although the analysis carried out for external magnetic fields is accurate, the difficulty for its 

use lies in the fact that first the field within the transformer window has to be evaluated, and 

then applied in this last expression as an external magnetic field. This case is analyzed in 

various previous publications, for instance (Bartoli et al., 1996) and(Tourkhani and Viarouge, 

2001). The profile of the magnetic field within the transformer window is the same as the one 

introduced in figure. 3-33, which increases linearly in each layer and remains constant within 

the inter-layer space. In the former, (Bartoli et al., 1996), the development carried out 

in(Ferreira, 1992, Villar, 2010) is taken as a reference,  and , and two porosity factors are 

applied, like in the correction proposed for round conductors . 

𝑃𝑤 =
𝐼2

2
𝑅𝑑𝑐

𝛾

2
[

1

𝑛𝑠
𝜏1(𝛾) − 2𝜋 (

4(𝑚2 − 1)

3
+ 1) 𝑛𝑠 (𝑛1

2 + 𝑛2
2

𝑃𝑓

2𝜋𝑛𝑠
) 𝜏2(𝛾)] 

3 - 3-59 
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with 𝜏1 being the external porosity factor and 𝜏1 the internal porosity factor. 

 

𝜂1 =
𝑑𝑠

𝑡𝑏
√

𝜋

4
 

3 - 60 

 

and  

𝜂2 =
𝑑𝑠

𝑡𝑠
√

𝜋

4
 

3 - 61 

 

where 𝑡𝑏 is the distance between the centers of two adjacent “Litz” bundles and 𝑡𝑠 is 

the distance between the centers of two adjacent strands. 𝑅𝑑𝑐 refers to the DC resistance of 

the whole winding, and 𝑚  represents the number of layers in the winding. 

 

 

𝑅𝑑𝑐 =
𝑁𝑙𝑠

𝑛𝑠𝜋𝜎𝑟𝑠
2 

3 - 62 

In the latter,(Tourkhani and Viarouge, 2001, Villar, 2010), like in the previous case, Kelvin 

functions are used to determine the skin and proximity effect factors, 1( ) and2( ) respectively. 

However, in this case, depending of the geometrical position of the “Litz” bundle, the external 

field is determined in each of the strands and all the losses in all the bundles are added reaching 

the final expression for the losses in the whole winding. 

 

𝑃𝑤 =
𝐼2

2
𝑅𝑑𝑐

𝛾

2
[𝜏1(𝛾) −

𝜋2𝑛𝑠𝑃𝑓

24
(16𝑚2 − 1 +

24

𝜋2
) 𝜏2(𝛾)] 

3 - 63 
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(a) m = 1 

 

Figure 3-34 Comparison of different expressions for the determination of total Litz wire 

winding losses for different number of layers. Five Litz bundles per layer db = 0.54mm, with 

37 strands of ds = 0.2mm. m=1(Villar, 2010) 
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(b) m = 2 

 

Figure 3-35 Comparison of different expressions for the determination of total Litz wire 

winding losses for different number of layers. Five Litz bundles per layer db = 0.54mm, with 

37 strands of ds = 0.2mm. m=2(Villar, 2010) 
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(c) m = 3 

 

Figure 3-36 Comparison of different expressions for the determination of total Litz wire 

winding 

losses for different number of layers. Five Litz bundles per layer db = 0.54mm, with 37 

strands 

of ds = 0.2mm. m=3(Villar, 2010) 
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(d) m = 4 

 

Figure 3-37 Comparison of different expressions for the determination of total Litz wire 

winding 

losses for different number of layers. Five Litz bundles per layer db = 0.54mm, with 37 

strands 

of ds = 0.2mm. m=4(Villar, 2010) 

 

 

In a preliminary comparison test, a huge underestimation of was detected, which probably 

comes from a typing error in [Bartoli et al., 1996], (a ns factor is missing). A further comparison 

has been carried (after correcting the detected error) between the methods for different number 

of layers (see figures 3-35 to 3-37). 

The geometry of some of the compared examples is illustrated in figure 3-37, where the same 

four layer transformer has been used to determine one layer and two layer losses for various 

penetration ratios. In the left-hand column example (see figure 3-37a, figure 3-30c and figure 
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3-20e), the winding is interleaved, which corresponds to a one layer winding-loss estimation 

while in the right-hand column (see figure 3-30b, figure3-30d and figure 3-30f), consecutive 

layers compose the primary or the secondary of the transformer, alternatively. 

Apart from above equations, a reduced expression for low penetration ratios 

using(Lammeraner and Štafl, 1966) approximations, is introduced as mentioned below.  

 

 

𝑃𝑤 =
𝐼2

2
𝑅𝑑𝑐 {1 +

𝛾4

192
[
1

6
+

𝜋2𝑛𝑠𝑃𝑓

4
(16𝑚2 − 1 +

24

𝜋2
)]} 

  3 - 64 

 

 

 

 
Figure 3-38 Current density and magnetic field lines, Δ=1.5(Villar, 2010) 
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Figure 3-39 Current density and magnetic field lines, Δ=1.5(Villar, 2010) 

 
Figure 3-40 Current density and magnetic field lines, Δ=3(Villar, 2010) 
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Figure 3-41 Current density and magnetic field lines, Δ=3(Villar, 2010) 

 
Figure 3-42 Magnetic field through the boundary line for various Δ(Villar, 2010) 
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Figure 3-43 Magnetic field through the boundary line for various Δ(Villar, 2010) 

 

 

Four layer winding, two primary and two secondary. First column, layers are interleaved, m=1. 

Second column, consecutive layers, m=2. 
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Effects of Twisting Imperfections 

The computation of winding losses represents an essential part of the modeling process of 

inductors and transformers. Power electronic converters are usually operating at Medium-

Frequency (MF), which can be defined with the power/frequency product (usually 0.1¡1.0GHzW 

for medium-power systems). At MF, the impacts of eddy current losses cannot be neglected 

any more. Usually, eddy current losses are split up into losses due to skin and proximity effects: 

the skin effect describes the eddy currents due to the magnetic field created by the current in 

the conductor itself and the proximity effect characterizes eddy currents that originate from an 

external magnetic field. In order to obtain efficient MF inductors and transformers, the impacts 

of losses due to skin and proximity effects need to be mitigated. This is usually achieved with 

foil conductors or High-Frequency (HF) stranded conductors, e.g., “Roebel” bars or HF “litz” 

wires. In this regard, HF “litz” wires are extremely popular since they allow for low losses and 

great flexibility in the design of the magnetic component(Guillod et al., 2017a, Zhao et al., 2017, 

Leibl et al., 2016, Kieferndorf et al., 2016, Guillod et al., 2017b, Acero et al., 2006). HF “litz” 

wires are composed of multiple insulated strands, as shown in figure 3-44 Each single strand 

is subject to skin and proximity effects and thus, the single strand diameter is selected with 

regard to acceptable losses (Sullivan and Zhang, 2014b). The strands are twisted together in 

both radial and azimuthal directions(Guillod et al., 2017a, Tang and Sullivan, 2003).  
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Figure 3-44 (a) Projection and (b) 3D view of the twisting scheme (azimuthal and radial) of a 

single strand. The depicted path depends on the structure of the bundle, the pitch lengths of 

the bundles, and the used twisting scheme. (c) Packing structure of a HF “litz” wire with bundles 

and sub-bundles(Guillod et al., 2017a). 

 

The permutation in radial direction prevents eddy currents in case of an azimuthal magnetic 

field. An azimuthal field is created by the currents that are present in the considered HF “litz” 

wire itself.  The permutation in azimuthal direction suppress the oriented area spanned between 

the strands with respect to an homogeneous external field. The cancellation of the magnetic 

flux between the strands, prevents the formation of circulating eddy currents. In addition to the 

number of strands and the diameter of a single strand, the pitch (or length of lay), which is the 

spatial period length of the twisting (in longitudinal direction), denotes a third important 

parameter of a HF “litz” wire. For HF “litz” wires with a high number of strands, simultaneous 

azimuthal and radial twisting is difficult to achieve. Such HF “litz” wires are often constructed in 

a recursive manner, i.e., the total HF litz wire is composed of twisted bundles of HF “litz” wires 

and each bundle itself can again be composed of twisted bundles or single strands. In this 

thesis the first twisting level (twisting of the strands) and the last level (forming the complete 

HF “litz” wire) are called strand-level and top-level twisting, respectively. Additional twisting 

levels between the top- and the strand-level are denoted as mid-levels, cf. figure 3-44. With 

high numbers of strands and complex twisting schemes, the accurate computation of losses in 

such stranded conductors is a challenging task. Over the years, different calculation methods 

have been proposed for the calculation of the losses, which rely on analytical and/or numerical 
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calculations (Guillod et al., 2017a, Sullivan and Zhang, 2014b, Rossmanith et al., 2011, Zhang 

et al., 2014b, Meeker, 2012, Nan and Sullivan, 2009, Sullivan, 1999, Mühlethaler, 2012). 

However, it is found that the measured losses are often larger than the values computed with 

the afore mentioned methods(Guillod et al., 2017a, Zhao et al., 2017, Leibl et al., 2016, 

Rossmanith et al., 2011). Different effects can explain such deviations. The (external) magnetic 

field is inaccurately computed (Roßkopf et al., 2015, Guillod et al., 2017a). Moreover, certain 

computational methods presuppose the external magnetic field to be homogeneous across the 

cross section of the HF litz wire(Mühlethaler, 2012). The terminations of the HF “litz” wire are 

generating losses. Moreover, terminations can add an impedance mismatch between the 

strands which leads to undesired circulating currents (Leibl et al., 2016, Rossmanith et al., 

2011, Roßkopf et al., 2015).  

Due to twisting, the length of the strands is greater than the length of the HF “litz” wire(Guillod 

et al., 2017a). For typical HF “litz” wire, however, this effect is often negligible (less than 10%). 

The packing (hexagonal, square, etc.) of the strands is not homogeneous and/or not perfectly 

modeled (Meeker, 2012, Nan and Sullivan, 2009). The exact packing in a HF “litz” wire, which 

is often not clearly defined, has only a limited impact on the losses (less than 10%). A non-

integer number of pitches is used, leading to circulating currents inside the HF  “litz” wire (Zhang 

et al., 2014b, Sullivan, 1999). Alternatively, local variations (a long distances that are similar to 

the pitch length) of the external magnetic field also create additional losses (Rossmanith et al., 

2011). 

Such local variations are typically produced by the fringing fields of air gaps. An imperfect 

twisting scheme is used, leading to an inhomogeneous current distribution in the strands. This 

includes improper azimuthal and/or radial twisting (at the top-, strand-, or mid-level), poor 

choices of the ratios of the pitch lengths between twisting levels, etc. The last two effects can 

lead to significant additional losses and commonly occur in practice. In particular, commercially 

available HF “litz” wires are frequently found to be subject to imperfect twisting (Leibl et al., 

2016). Therefore, this paper analyzes the impact of the twisting scheme on the losses, which, 

per the information in public domain , has not been studied in detail in the literature. Section II 

summarizes loss computation methods for perfectly twisted HF “litz” wires. Section III analyzes 

the implications of twisting imperfections on the losses. Finally, Section IV, compares 

calculated results to experimental results, using a MF transformer that employs a HF “litz” wire 

with imperfect twisting(Guillod et al., 2017a). 
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According to these investigations the implications of imperfections in HF “litz” wires (e.g. 

number of pitches, twisting) on the losses and particularly focuses on imperfect twisting which 

is commonly observed in commercially available HF “litz” wires. A fast 2.5D PEEC solver, which 

is able to simulate HF “litz” wires with thousands of strands, has been implemented to simulate 

the current distribution among the strands and determine the losses. According to the results 

obtained from the analysis of different types of imperfect twisting schemes it is found that 

imperfect twisting, in particular of the top-level bundles, can lead to a significant increase of 

losses due to eddy currents (up to 100% increase). It is also found that imperfections may be 

tolerated at sub-bundle-levels. In this context, simple analytical expressions are derived, and 

the results are summarized in a design guideline for the construction of suitable HF “litz” wires. 

Furthermore, an increase of the losses is to be expected for windings with low number of 

pitches and/or non-homogeneous external magnetic fields. The presented method is finally 

applied to a 7.5 kHz / 65 kW MF transformer, which employs imperfectly twisted HF “litz” wires, 

for experimental verification. Both, the measured current distribution among the bundles and 

the losses, are in good agreement with the simulations. The imperfections of the HF “litz” wires 

lead to an increase of the winding losses by 52%(Guillod et al., 2017a). 

 

3.33 Losses in non-current carrying windings.  

Eddy current losses will also occur in non-current carrying conductors and shields when they 

are located in the magnetic fields generated by other windings.  Since these windings and 

schields are not conducting any net current, they cannot be directly assigned a loss resistance 

and formula similar to Dowell’s formula cannot be applied to calculate the losses.  

An alternative approach developed by Perry uses a similar derivation to calculate the losses in 

a conductive layer ( In W / Area ) based on the thickness layer ( In skin depths ) and the intensity 

of the H- Field on each surface, but the results are then not transformer to an effective 

resistance as done by Dowell’s   

 These formulas were then extended to non - sinusoidal currents by Vandelack & Ziogas. This 

more general approach can be used to calculate losses in non-current carrying windings and 

shields as well as those in non-optimum winding portions and for arbitrary layer thicknesses 

with a winding(Carsten, 1986).   

 

 



Parametric Design of Magnetics for Modern Power Electronics Applications

 
            

101 
 

3.4 Experimental results 

As discussed so far in this thesis the effect of the skin effect and the proximity effect become 

significant as the frequency of the excitation waveform goes high.  The effect of this was 

practically tested in two applications. 

3.41 Inductor applications 

The inductors tested were subjected to a considerably larger low frequency current and a high 

frequency ripple component of considerable amplitudes. These had a construction with a foil 

winding as seen in the following figures. 

 

 

Figure 3-45 layers copper foil of thickness 0.7mm separated by interleaving insulation of 
0.125mm 
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Figure 3-46 Temperature rises under the excitation of a waveform containing significant 
higher order harmonics. 

The above product was subjected to a current waveform of approximately 50A/50Hz, 11A 

/20kHz and 3A/40kHz. The temperature rise under this condition is shown in figure 3-47.  This 

indicates that the presence of high frequency components in the excitation waveform has 

resulted in extra losses causing additional temperature rise in the windings which is in line with 

the indications given by the theoretical predictions.   

 

 

 

 

 

 

 

 

 

 

Tine in seconds  

Temperature in o C 
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 3.42 transformer applications 

  

 

Figure 3-47 Foil wound HF transformer. 

 A similar test conducted on a high frequency transformer with foil winding but with secondary 

winding being sandwiched between two parts of the primary winding.   As it could be seen in 

the below graph this also shows a significantly higher temperature rise compared to a 50Hz 

current going through the same Cu foils. However, in this case the build-up of extra losses has 

become less (relative to the number of foil layers) due to the opposite directional flow of current 

in the secondary windings that are sandwiched. 

 

 

Figure 3-48 Temperature rise under the excitation of a wave form containing significant 

higher order harmonics. 

Tine in seconds  

Temperature in o C 
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3.43 High Frequency Transformer 50kW, 50kHz 

The transformer is designed to handle a power of 50kW at a square wave excitation of 50kHz. 

The transformer was designed with a primary to secondary turns ratio of 1:2 with a single 

secondary.    

 

Figure 3-49 Schematic of the 50 kHz, 50kW transformer 

Conductor selection and winding losses estimations.   

Transformer windings suffer from skin and proximity effects. The current distribution within a 

conductor depends on its current, the surrounding currents, the type of conductor, the geometry 

of the winding and finally the frequency of the waveform. Thus, the determination of conductor 

losses is not always an easy task. If winding configuration is simple enough, like foil or coaxial 

conductors, the resolution of one-dimensional field equations (Maxwell Equations) is usually 

sufficient to estimate losses. However, in complex winding arrangements magnetic field 

distribution, and therefore current density distribution are highly two dimensional and analytical 

solutions may become too complex to be solved and usually require finite element resolutions 

[9]. The option of Litz wires and foil conductors were considered for this application. The level 

of power and the frequency of the current in this particular application make the foil conductors 

a more attractive choice compared to Litz wires or thin profile conductors. However, the foil 

conductors carrying high frequency currents result in prominent occurrence of proximity effect 

as the author pointed out in previous publications. A quick explanation of the increased loses 

due to the proximity effect in foil windings and its sensitivity to the increase of frequency can 

be seen from the illustrations below(Villar, 2010, Nabhani et al., 2014).   

In a transformer with a conventional winding structure build-up of the magnetic field and thereby 

increase in the current density occurs as described in the figure 3-36.(Erickson and 
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Maksimovic, 2001) If a transformer with m number of layers in each winding is considered the 

increase in the copper losses can be described by the factor  

𝐹𝑟 = 𝛥 [𝜍1 +
2

3
(𝑚2 − 1)𝜍2] 

 3 - 65 

where, skin effect factor 

𝜍1 =
𝑠𝑖𝑛ℎ(2𝛥) + 𝑠𝑖𝑛(2𝛥)

𝑐𝑜𝑠ℎ(2𝛥) − 𝑐𝑜𝑠(2𝛥)
 

 3 - 66 

and proximity effect factor   

𝜍2 =
𝑠𝑖𝑛ℎ(𝛥) − 𝑠𝑖𝑛(𝛥)

𝑐𝑜𝑠ℎ(𝛥) + 𝑐𝑜𝑠(𝛥)
 

 3 - 67 

𝛥 =
𝑑𝑤

𝛿
 

3 - 68 

𝛿 = √2/𝜔𝜇𝜎 

3 - 2 

 

with conductor thickness,   the angular frequency of the current, µ  permeability and  σ 

conductivity. 
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Figure 3-50 MMF Diagram for a conventional wound transformer with m number of layers 

 

 

Figure 3-51 MMF Diagram for a sandwich wound transformer with m number of layers 

As it could be seen from the above formula the increase in the losses in foil windings becomes 

considerably high as the number of foil layers increases. A technique commonly used to 

minimize this effect is the use of sandwich windings. Author has explained this outcome based 

on a previous research on a 10 kHz application(Nabhani et al., 2014). Figure 3-51 also explains 

the MMF pattern of a sandwich wound transformer. However the increase in the losses at 
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50kHz become significant which demands the need of a further reduction of losses due to skin 

and proximity effects. As a solution for this in this 50kHz, 50kW transformer a fully interleaved 

primary and secondary winding was introduced. In the selected construction it was possible to 

use the bifilar winding technique for the achievement of the perfect interleaving. The change in 

the MMF pattern with this winding arrangement can be seen in figure 3-52 (Erickson and 

Maksimovic, 2001).  

 

Figure 3-52 MMF Diagram for the fully interleaved winding transformer with number of layers 

3.44 High Frequency Inductor 8.5µH at 300A, 50kHz 

The approach discussed under above was possible for the transformers as it is a dual winding 

component. This approach of minimizing skin effect and the proximity effect is not possible for 

the inductor applications. In this application the simple approach of maintaining distance 

between the layers was considered figure 3-54. This provides the means for the reduction of 

losses due to proximity effect. Further this gives an additional cooling surface for the product. 

A sample was built up and tested on the 50kHz application. 
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 Prototype development and testing   

 

Figure 3-53 Ferrite HF transformer (50kW,50kHz) 

 

Figure 3-54 Inductor (8.5uH@ 300A, 50kHz) 

A 50kHz transformer with the ferrite grade 3C97 was developed, figure 3-53. Bifilar winding 

technique discussed in this paper was used. The sample comfortably met the standard testing 
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as per standards including the high voltage test between the primary and the secondary. The 

heat sink rating was purposely made higher as an addition precaution for avoiding excessive 

temperatures under the full load conditions. Similarly the inductor was manufactured, figure 3-

55.  The measured inductance was well within the acceptable tolerance level. Prototypes were 

tested on a 50kW,50kHz   converter application.  

 

Figure 3-55 Testing arrangement 

Due to the difficulty of making accurate loss measurements at 50kHz the temperature rise 

measurements were made. The temperature rise of each component can be seen in Figure 3-

56 There were certain difficulties in arriving at the full power of 50kW in the testing set up. It 

was identified that certain improvements have to be made in the arrangement in order to arrive 

at the full power of 50kW at 50kHz. However the testing arrangement was sufficient to make 

reasonable judgements of the magnetics component performance.   
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Figure 3-56 Load test temperature rise vs time 

3.45 Development of a 100kW, 20 kHz Nanocrystalline Core Transformer 

for DC / DC Converter Applications  

In order to achieve a high degree of miniaturization, designers move into significantly high 

operating (switching) frequencies and high power levels in the development of modern high 

power converters and inverters. There is also a clear trend that the requirement of achieving 

high power levels in a single module will increase alongside the operating frequencies used in 

these applications. 

Applications like traction, ship and basically any mobile platform with a converter on board 

require light weight and compact converters to exploit the space available on board more 

effectively. They often require galvanic isolation for safety and other reasons. Therefore, high 

power high frequency transformers which offer galvanic isolation and a small volume are of 

increased importance(Pavlovsky et al., 2005). In addition to the galvanic isolation magnetic 

components including transformers and inductors perform functions of harmonics filtering, 

energy storage and parameter matching for power stages as well as control circuitries in a 
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power converter. They often determine the converter size (Shen et al., 2008a, Lotfi and 

Wilkowski, 2001). It has been a long-held view that with a continuous increase in operating 

and/or switching frequency a continuous decrease in physical size of magnetics would follow. 

However the heat removal surface of the magnetic components decreases as a result of the 

higher density design; on the other hand, core and winding loss densities increase 

correspondingly. Therefore attention needs to be paid to magnetic material selection and 

associated core loss calculations, especially for high frequency high density magnetics and 

power converter design(Shen et al., 2008a).  

In the initial stages of this research  the advantages and disadvantages of Ferrite and 

Nanocrystalline materials as a core material for high frequency high power transformers were 

presented. Further mitigation techniques of conductor loses at high power high frequencies 

with novel winding techniques were presented based on developments such as 40kW,20kHz 

and 50kW , 50kHz transformers. 

Going forward with the findings of these studies an approach was made to achieve 100kW 

single module transformer that operates at 20kHz, which is used in a DC /DC converter 

application. 

In the selection of suitable core material for this task several Ferrite grades and Nanocrystalline 

materials were evaluated with modern approaches of estimating core losses in each type under 

non sinusoidal excitations of high frequencies. The advantages of Nanocrystalline at 20kHz 

applications reduce to some extent at 50kHz.  The challenges of mitigating high frequency 

conductor losses at these high current levels are explained. A novel winding technique that 

mitigates the high frequency losses and constructional challenges of this technique are 

explained. 

 Two design options are presented with a Nanocrystalline core for natural convection cooling 

applications and water plate mounting applications. Housings with specially engineered exterior 

are used for the natural convection cooling applications and one with specially engineered 

interior is used in water cooled mounting application.   

 

Transformer Construction  

The transformer is designed to handle a power of 100kW at a square wave excitation of 20kHz. 

The transformer was designed with two parallel operating secondary windings each handling a 

power of 50kW. 
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Figure 3-57 Schematic of the 100kHz, 20kW transformer 

  

 

Transformer core selection and turns calculation  

The advantage of having a high saturation flux density of Nanocrystalline material was 

considered. Based on the material properties of Ferrite and Nanocrystalline materials optimal 

operating flux densities for each material were decided based on the operating frequency of 20 

kHz. The Faraday’s law with appropriate constants for rectangular wave excitation is used to 

decide on the primary turns. 

Transformer core loss estimation    

An improved calculation method of core losses for non-sinusoidal waveforms based on recent 

publications (Venkatachalam et al., 2002, Herbert, 2008) and (Shen et al., 2008a) was carried 

out. Modified and generalized versions of Steinmetz equations and a simplified graphical 

method discussed in these publications were used in loss estimations. The core material 

selection is discussed in the chapter 4 of this thesis  

Conductor selection and winding loss mitigation.       

The option of “Litz” wires and foil conductors were considered. The application under 

consideration handles a power of 100kW. The suitability of “Litz” wires including rectangular 

cross-section braided “Litz” wires were considered. However, the initial calculations carried out 

including poor filling factor of “Litz” wires showed that the foil windings are more suitable for 
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this application. The increased conductor losses at high frequencies as explained in previous 

publications  were considered and the significance such increased losses at the high-power 

level of interest were considered. 

Two approaches to the windings that minimize the high frequency effect on conductor losses 

were considered. These approaches to transformer windings make the influence of proximity 

effect has on conductor losses frequency independent. A mathematical explanation on this 

concept was presented in the previous publications. Sandwich primary and secondary windings 

is one of these approaches. The second approach is a specially prepared foil arrangement as 

described in the diagram below. This second approach also provides the flexibility of adjusting 

the leakage inductance between primary and secondary windings as required by the rest of the 

parameters in the converter circuit. The mathematical    

explanation of the controllability of leakage inductance and the mitigation of conductor losses 

are beyond the scope of this paper and will be presented in a future publication.  

 

 

Figure 3-58 Novel winding technique that mitigates the conductor losses 
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Figure 3-59 Temperature rise with a standard housing 

 

Based on these results it could be concluded that in order to achieve the power of 100kW in 

the given volume a modified interior housing has to be used. After a further investigation on the 

thermal model of the arrangement the interior construction of the transformer housing was 

modified to effective transfer heat from the hotspots of the transformer towards the water-

cooled plate. After these improvements to the housing construction, it could be observed that 

more than hour of operation at full power of 100kW was necessary for the transformer 

temperature to reach 80 Degrees. Further it could be seen that the temperature rise gradient 

was reducing significantly at this time.  
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Figure 3-60 Temperature rise with modified interior housing 
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3.5 Winding arrangement that enables the handling of high 

frequency large currents in high frequency magnetics. 

Patented new winding arrangement by the researcher which has already become a game 

changer in the industry.  

 Patent No: WO2019234453A1 Winding arrangement for an electrical transformer 

A coil of electrically conductive material is provided, the coil comprising a first and second 

section, the first section having a first plurality of turns and the second section having a second 

plurality of turns. Both the first plurality of turns and the second plurality of turns are arranged 

around a winding axis of the coil. The first plurality of turns are smaller than the second plurality 

of turns such that when viewed along the winding axis of the coil the first plurality of turns fit 

within the second plurality of turns. When viewed perpendicular to the winding axis of the coil 

the first and second sections are adjacent. 

 

One of the major difficulties in constructing single module high frequency high power magnetics 

is the difficulty of handling high frequency currents in a compact structure.  The nature of the 

magnetic component construction requires the current carrying conductors to be placed in 

close proximity to each other. This makes it impossible to avoid one current carrying conductor 

getting immersed in the magnetic field of neighboring conductor(s). This gives the rise to the 

phenomena known as the ‘proximity effect’.  

The design of modern high power high frequency converters requires handling currents such 

as 250A at 20kHz.  There is a physical limitation of having sufficiently thin conductors with a 

lesser number of layers to accommodate the flow of such high currents. Further there is a 

machining limitation in doing windings of conductors with such unusual aspect ratios. 

 The proposed winding configuration will provide the facility to position the conductors carrying 

current in opposite directions to be placed in close proximity to each other. This mitigates the 

proximity effect and lowers the high frequency losses significantly. Further this arrangement 

eliminates the requirement of having to form the windings of conductors with extreme aspect 

ratios.  This basically eliminates the manufacturing limitations of the high frequency high current 

windings 

Interleaved foil windings were used in the old constructions. This has a number of machining 

difficulties and limits the power that can be achieved in a single unit. Larger overlapping area 
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in this construction increases the intertwining capacitance and the amount of insulation material 

required. This also obstructs the flow of heat making it difficult to achieve high power densities.   

The proposed construction in this patent makes it possible to achieve high power levels at high 

frequencies. This also eliminates the manufacturing difficulties of constructions that mitigate 

high frequency losses.  

This construction makes it possible to construct high power transformers operating at much 

higher frequencies than it was possible with conventional constructions. Further it improves the 

heat flow between windings allowing compact designs with high power densities. 

This arrangement eliminates the frequency dependence of the power level that can be achieved 

in a single module construction.  

 Eventually this winding arrangement makes the magnetics designs more prepared for the 

future developments in the power electronics industry. 

This increase in the perimeter after half the number of turns makes the resistance of the two 

windings the same and the amount of magnetic flux enclosed by each of the windings the same, 

thus the impedance of the each windings the same. This makes it possible to connect these 

two windings in parallel and increase the current carrying capacity. 

This approached is never used in high frequency transformers or planar transformers. This 

makes it possible to use the advantages of planar construction and to make single module 

transformers of much higher power levels than otherwise could be achieved. 

This concept can be extended to be used in transformers of operating frequencies as high as 

200kHz and power levels up to several MW. 

This arrangement provides considerable advantages in the development of medium frequency 

transformers.   
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Figure 3-61 the way winding is seen after the assembly of two parts. 

 

Figure 3-62 The two (identical) constituent wining parts of the winding arrangement with the 
darker colour showing the part of the wining with smaller periphery 
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Figure 3-63 Isometric views of the windings 

 

 

 

Figure 3-64 Insertion of the two pieces to form the final winding. 
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Figure 3-65 Example winding arrangement for a 100kW transformer 

The above winding is only a half of the complete winding; two of such windings  stacked as 

shown below make the complete winding.   
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Figure 3-66 Example winding arrangement for a 100kW transformer side view  

 

3.6 Discussion 

The modern developments such as SiC MOSFETs have considerably low switching losses 

compared to Silicon MOSFETs and IGBTs. These offer a considerable advantage over 

conventional silicon devices. These also make it possible to operate at 2 to 5 times higher 

switching frequencies compared to their conventional counter parts. As the frequency goes 

high the magnetics components in the power electronics systems become more and more 

compact. Magnetics components being usually the bulkiest components in a power electronics 

system and in most of the situations also the most expensive component, it is of high interest 

of many developers to move in this direction. 

However, with the increase of operating frequency accurate approaches have to be taken in 

the design of magnetic components. Otherwise, these can become high loss-making 

components in the system generating excessive heat and causing thermal runway of the 

complete system. Therefore, is it especially important that the magnetics designers for power 

electronics applications look into the fundamental theories that govern the electromagnetics 

behavior in the context of very high frequency levels of interest. In this study which is another 

step of a series of related research works a detailed investigation was made into magnetic 
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components to be used in 50kHz high power application going down to Maxwell Equation level 

analysis. Based on the theoretical findings new constructional techniques were developed to 

address the challenges of reducing losses, making the product compact and to reduce the 

weight.  

The test results observed on the sample testing was very much encouraging and was 

reasonably in line with the theoretical predictions. The High frequency transformer shows a 

considerably low temperature rise and also a considerably low rate of temperature rise. This 

stands to confirm that the predicted drop in the losses due to interleaved winding has avoided 

a significant rise of conductor losses at high frequencies. However, when the system reaches 

the full power the temperature rise of the high frequency transformer can go further high. 

However, the calculations carried out based on the testing completed it can be concluded that 

the product will not research the temperature limit of the insulation class. Furthermore, it can 

be seen that the rating of the heat sinks of the enclosure can be brought down giving the 

opportunity to further reduce the overall size of the product.  

The technique used in the air cored inductor also showed some positive results. However, the 

need was identified to develop the mathematical model giving the optimum separation of the 

winding layers based on the frequency and the power it is supposed to handle.  

Transformers and inductors in the electrical systems are responsible for approximately one 

third of the total network losses. These losses can be considered as power utility cots, costs to 

society and cost to the environment itself(Guillod et al., 2017b). Further with the development 

of power electronic techniques, pulse-width modulated (PWM) inverters are widely used to 

control electrical machines, to feed transformers and to interface renewable energy 

systems(Leibl et al., 2016). The output voltages of PWM inverters contain high frequency 

harmonics. The presence of these harmonics increases the total losses in the system. 

Also, in the future DC electric power systems, high power DC –DC converters will play a major 

role as they will substitute today’s bulky 50/60Hz transformers. The medium frequency 

transformers operating in the range of 4 kHz is a key component of DC-to-DC converters. They 

serve the purpose of isolation and voltage step up/ step down function (Acero et al., 2006). The 

power ratings of these medium frequency transformers easily reach the level of 1 MW. As they 

operate at a reasonably high frequency for high power applications (4kHz) the importance of 

considering the effects addressed in this paper become vital.        

In depth understanding of the behavior of magnetic components in different applications such 

as the ones discussed above requires a clear awareness of the fundamental physical laws that 

govern the operation of them. Maxwell’s equations give a comprehensive mathematical 
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representation to physical laws governing the magnetic behavior.  This mathematical approach 

lays the foundation for the analysis of phenomena like eddy current effect in the windings and 

in the core materials, proximity effects in the windings etc.  Because of the level of complexity,  

that is present  in modern magnetic applications, it is important that magnetic designers carry 

out detailed analysis on the behavior of magnetic components. Such consideration can save a 

significant amount of materials and saving of energy especially in the case of high power 

applications. The facts addressed in this paper needs to be extended further when it come to 

the application area of litz wires. In litz wire windings, skin and proximity effects needs to be 

further divided in top strand level and bundle level effects(Kieferndorf et al., 2016).     

In this paper the attention is given to the evaluation of winding losses with the increased higher 

order harmonic presence. The necessity of expanding the model to assess the combined effect 

of several supper-imposed harmonics was identified. Considering the sum of losses of 

individual harmonic components would not give the right estimation, i.e. at the microscopic level 

the materials should be seeing only the combined effect of all the present harmonics.  The 

materials are not subject to each present harmonic separately. Thus the resultant loses may 

be higher or lower than the sum of individual effects. A detail investigation on this aspect was   

carried out.    
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3.7 Summary    

Rapid developments in the semiconductor technology and the power electronics industry 

enable the development of power supplies and power converters of significantly higher power 

levels. Considerably low switching losses of developments like SiC MOSFETs make it possible 

to operate at 2 to 5 times higher switching frequencies compared to their conventional counter 

parts. As the frequency goes high the magnetic components in such system become more and 

more compact. The magnetics components are usually the bulkiest components in a power 

electronics system and in most of the situations also the most expensive component, therefor 

it is of high interest of many designers to develop systems that operate at high frequencies. 

The achievement of a high-power levels in a single module at high frequencies is next challenge 

faced by the developers of systems for high power applications. Most often the maximum power 

achievable with a single module is determined by the magnetic components. As a result, it 

could be seen that constraints in the development of magnetic components make a significant 

influence to the miniaturization of the power electronics system. Further it is reasonably 

accurate to state the magnetics components have a great impact on determining the power 

level and the operating frequencies of power electronics applications. 

In the sections 3.1 to 3.33  theoretical explanation is given for the significant increase of losses 

in conductors of magnetic components which are excited by waveforms containing high 

frequency components of considerable magnitudes. Analytical estimation is also made for 

simplified practical cases. The theoretically looked at situations were tested on actual samples 

in the sections 3.4. The increase in the number of layers of conductors gives a considerable 

increase in conductor loses due to current density increases (multi-layer build up). This effect 

becomes significant as the frequency increases. The sandwiching of the windings in the case 

of HF transformer showed a contribution towards the reduction of the losses increase.  As 

discussed in the thesis, the current research was focused on the use of analytical evaluations 

to more complicated and also more practical situations. Due to the significance of this 

phenomenon in the design of modern magnetic components it is worthwhile to carry out a 

numerical analysis to be able to address practical situations;  

The research discussed in thesis was carried out with the intention of achieving compact, high 

power, high frequency transformers that are capable of handling power levels in excess of 

100kW. 

At high power levels the winding design becomes very important for the mitigation of high 

frequency losses. Two winding constructions are discussed in this paper. The novel method 
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proposed with folded foils showed very good performance in mitigating the high frequency 

conductor losses. Further it gives the possibility of controlling the leakage inductance between 

the primary and secondary windings by adjusting the level of overlap. The disadvantage 

observed in this method was the time consumed for the proper insulation process. Through 

several insulating techniques were considered the amount of time savings archived was not 

sufficient to adopt this method in mass production. Therefor further research is necessary to 

improve the production process for the successful implementation of this technique. 

The second method proposed with sandwich winding could be seen as a good compromise on 

the performance and the amount of labor consumption.     

The tests carried out with a standard enclosure showed that the amount of heat transferred to 

the cooled plate was not sufficient to maintain the host spot temperature below the desirable 

level. However, the desirable conditions could be archived with an enclosure with correctly 

engineered interior. 

It could be concluded that with the appropriate material selection, winding techniques and with 

the thermal management techniques the construction of a 100 kW high frequency transformer 

could be archived. The product showed very stable performance and presented a very compact 

construction giving a volume to power density of over 18 W/cm2 or weight to density of over 

6.5kW/kg. This was a considerable reduction in the size and volume against the conventional 

ferrite construction considered. 

Further tests studies carried out showed the possibility of achieving even higher powers such 

as 150 kW or even 200 kW in a single high frequency transformer operating at a frequency 

range of 20 kHz to 30 kHz with a compact construction is possible in a similar compact 

structure. In parallel with the industry demand  the research was continued towards these 

power levels. 

As a result of these continued work a winding arrangement that enables the handling of high 

frequency large currents in high frequency magnetics could be arrived at. Details of this was 

discussed in this chapter under the section 3.5. this method is now patented and considered 

as a game changer as this technology very much eliminates the practical difficulties in achieving 

high power levels even up to MW range at frequencies as high as 50 kHz.               
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Chapter 4 Core losses estimation of high-power 

high frequency magnetics    

In 1892, even before the microscopic magnetization process was defined, Charles Proteus 

Steinmetz (Steinmetz, 1892, Villar, 2010) introduced an expression for the characterization of 

magnetic loss density. From the analysis of various loss curves, Steinmetz ended up with this 

expression. 

𝑃𝑠 = 𝜂𝐵𝑚
𝑏  

 4 -1 

where  𝜂 and 𝑏 are determined by the material characteristic, and 𝐵𝑚 is the peak induction 

value in a bidirectional magnetization case. Nowadays, a more general expression is widely 

used in the design of magnetic power devices, like transformers, electric machines or inductors. 

𝑃𝑠 = 𝐾𝑓𝑎𝐵𝑚
𝑏  

                  
4 - 2 

where 𝐾  and 𝑎 and 𝑏 are determined by the material characteristic, and 𝑓 is the frequency of 

the sinusoidal waveform. As well as the Steinmetz equation, a usual proceeding to analyze 

core loss in more detail is to break it up into three separate terms: static hysteresis loss 𝑃ℎ, 

classic eddy current loss  𝑃𝑒, and excess eddy current or anomalous loss 𝑃𝑎. Therefore, it is 

assumed that three different physical effects are contributing to magnetization losses. It should 

be noted that this procedure is mainly applied in the characterization of electric machines. 

𝑃𝑠 = 𝑃ℎ + 𝑃𝑒 + 𝑃𝑎 

           4 -3 

Another usual procedure to get magnetization losses is the determination of the hysteresis 

model. The static hysteresis model is usually used in combination with the loss separation 

approach, while more complex models have been proposed lately which consider the dynamic 

behavior of the magnetic material. Most of the hysteresis models can be sorted out in two model 

categories, the Jiles-Atherton model (Jiles et al., 1992)and the Preisach model(Preisach, 1935, 

Villar, 2010), although also other simplified models can be found in the literature. However, in 

order to understand the variety of characterization methodologies a short description of the 

hysteresis will be introduced (Villar, 2010). 
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4.1 Magnetic Hysteresis 

The phenomenon exhibited by a system, often a ferromagnetic material, in which the reaction 

of the system to changes is dependent upon its past reactions to change. Magnetization 

process can be divided into several steps. In the demagnetized state, all domains cancel each 

other resulting in a zero magnetic field. When an external magnetic field is applied, the 

magnetic domains change from an initial reversible magnetization state, to an irreversible one. 

In this state, the domain walls are first displaced and then rotated in another reversible state, 

and finally a saturation state is reached where all domains are aligned. Depending on the 

magnetization processes and the history of the material, the magnetic characteristic describes 

different curves, i.e. different types of hysteresis behaviors, some of them are illustrated in 

figure 4-1. The major loop is the magnetization curve when the applied field is high enough to 

force the material into saturation, closing the loop at the tips. Every loop inside the major loop 

is defined as a minor loop, these loops can be asymmetric or symmetric with respect to the 

origin. In the case of transformer cores, the magnetization is always symmetric like the minor 

loops illustrated in figure 4-. The initial magnetization curve is the transition of the magnetization 

induction from the initial condition of zero flux to the tip of the major loop. 

 

 
Figure 4-1Types of hysteresis loops and magnetization curves. 
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4.11Hysteresis Models 

As presented before, there are two main hysteresis models currently applied in circuit 

simulation or finite element analysis, the Jiles-Atherton (Jiles and Atherton, 1984) model and 

the Preisach (Preisach, 1935) model. In addition, the simplicity of the Chan-Vladirimescu (Chan 

et al., 1991) model, makes it an attractive solution to be used with core materials where the 

steady-state magnetization processes are symmetrical and the hysteresis loop is longitudinal. 

The main characteristics of the three methods are briefly introduced in the following section. 

Jiles-Atherton Model 

 

The model of Jiles and Atherton (Jiles and Atherton, 1984) was developed between 1983-1986 

and separates the hysteresis loop on the reversible magnetization Mrev, or anhysteretic curve, 

and the irreversible one Mirr, or the equivalent loss energy. 

 

𝑀 = 𝑀𝑟𝑒𝑤 + 𝑀𝑖𝑟𝑟 

 4 - 4 

 

 
Figure 4-2 Anhysteretic curve and mayor loop(Villar, 2010). 
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The anhysteretic curve, illustrated in figure 4-2, is characterized by a modified Langevin 

function. 

 

𝑀𝑎𝑛 = 𝑀𝑠 [𝑐𝑜𝑡ℎ (
𝐻𝑒

𝐴
) −

𝐴

𝐻𝑒
] 

 4 - 5 

 

where  𝐴 Anhysteretic curve and mayor loop. Anhysteretic curve and mayor loop modifies the 

curvature of the function and He 𝐻𝑒 is the effective applied field,  

 

with   

𝐻𝑒 = 𝐻 + 𝑀 

 4 - 6 

 

𝐻 and  𝑀 representing the iteration between domains. The expression of the irreversible 

magnetization is obtained from a lumped model of the losses determined from the domain wall 

displacement. 

 

𝑀𝑖𝑟𝑟

𝑑𝐻
=

𝑀𝑎𝑛 − 𝑀

𝛿𝑘
µ − 𝛼(𝑀𝑎𝑛 − 𝑀)

 

4 - 7 

where  𝑘 represents the energy dissipation and is the direction of the applied field (+1 for 

positive and -1 for negative slope). And finally, the total magnetization rate is obtained from the 

relative ratio, given by c, between the reversible and the irreversible magnetizations. 

 

𝑑𝑀

𝑑𝐻
=

1

1 + 𝑐

𝑀𝑎𝑛 − 𝑀

𝛿𝑘
µ − 𝛼(𝑀𝑎𝑛 − 𝑀)

+
𝑐

1 + 𝑐

𝑑𝑀𝑎𝑛

𝑑𝐻
 

4 - 8 

One of the difficulties with the Jiles-Atherton model is the extraction of model parameters, 

already pointed out in (Jiles et al., 1992). The algorithm requires nine experimentally measured 

parameters. (1) The coercivity Hc, (2) the remanence Br, (3) the initial susceptibility 0 in 2, (4) 

the initial anhysteretic susceptibility 0 an, (5) the differential susceptibility at the coercive point 

0 Hc , (6) the differential susceptibility at remanence 0 Br and (7)(8) the maximum 

magnetization points (Hmax ,Mmax) on the loop tip, as well as (9) the differential susceptibility 

of the initial magnetization curve at the same point, 0 max. The algorithm yields to the five 
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previously mentioned model parameters, Ms, a, k, , and c. The model parameters are extracted 

from the initial magnetization curve, the major loop and the anhysteretic curve, which can be 

determined from the major hysteresis loop. 

Preisach Model 

The model of Ferenc Preisach (Preisach, 1935) has survived to more than 60 years of scientific 

analysis and competition with other models that have been forgotten. The original Preisach 

model, or the classical Preisach model, was forgotten until the Russian mathematician 

Krasnoselskii came across the model and understood the general mathematical 

idea(Mayergoyz, 1986), introducing the algebraic theory of the model. From the work carried 

out by Krasnoselskii, Issak D. Mayergoyz introduced and analyzed the properties of the model, 

as well as the required experimental data for its characterization. One of the greater 

controversies around the Preisach model is its phenomenological character. Even if the model 

does not have any relationship with the physical processes occurring in the magnetization 

process of magnetic materials, it reproduces the hysteresis curve and the field history with a 

great reliability. Nevertheless, it does not explain what happens in the material. The Preisach 

method uses a finite number of bistable units which consider the previous state of the material 

as well as its future evolution, see figure 4-3.  

Susceptibility, relationship between magnetization M and magnetic field 𝐻,  

 

𝑋 =
𝑀

𝐻
 

  4 - 9 

.The combination of these finite number of bistable units (, ), describes the evolution of the 

magnetic material. If Hsat represents the saturation magnetic field and Bsat the corresponding 

saturation induction of the material, when the applied field is H > Hsat, all bistable units are 

positive and the induction is B = Bsat. However, if the applied field is H < −Hsat, all bistable 

units are negative and the induction is B = −Bsat. Therefore, these bistable units must satisfy   

< Hsat and  > −Hsat, and as the hysteresis phenomena is dissipative, then  > . These three 

conditions define the Preisach plane illustrated in figure 4-3 
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Figure 4-3 Figure 4.3 Preisach bistable unit and Preisach plane, or triangle. (a) Bistable unit. 
(b) Initial magnetization, H_0 (c) Increasing field, H_0 -  H_1   (d) Decreasing field, H_1 -  H_2 

 

In the initial magnetization state, zero magnetization, the number of positive and negative 

bistable units must be the same (S+ = S−), which is easily represented on the Preisach plane 

by distributing equally the bistable units within the triangle using the  = −  symmetry line (see 

Fig.4.3b). When the applied field is increased H+, the corresponding   axis bistable units are 

switched to their positive state (see Fig. 2.27c, S+ > S−). On the contrary, if the field is reduced 
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H−, the corresponding  axis bistable units are switched to their negative state (see Fig. 2.27d, 

S+ < S−). The calculation of the net magnetization is the integration of the positive and negative 

bistable units. A specific magnetic material is characterized with a distribution function μ( , ), 

known as Preisach function or weighting function, that describes the weighting values of each 

bistable unit in the Preisach plane. The main difficulty with the Preisach model lies on the 

determination of this density function. The Preisach distribution function can be implemented 

using an Everett integral (Mayergoyz, 1986, Villar, 2010), which requires several experimental 

first order reversal curves for its correct characterization. Another way of getting the density 

function lies on the supposition that the distribution function describes a specific pattern, like a 

Lorentzian(Bertotti, 1992) or Gaussian function (Della Torre and Vajda, 1994). The simplest of 

the procedures to determine the distribution function is described in(Hui and Zhu, 1995) where 

only the mayor loop is required. 

Chan-Vladimirescu Model 

The Chan-Vladimirescu model(Chan et al., 1991) employs only manufacturer supplied data like 

the coercitivity Hc, the maximum magnetic induction Bs and its corresponding magnetic field 

Hs as well as the remanence Br. The magnetic characteristic is described with two hyperbolic 

curves. The upper branch of the loop, or the downward part of the loop (Hs ) −Hs), is given by: 

 

𝐵 + (𝐻) = 𝐵𝑠

𝐻 + 𝐻𝑐

|𝐻 − 𝐻𝑐| + 𝐻𝑐 (
𝐵𝑠
𝐵𝑟

− 1)
 

4 -10 

 

The lower branch of the loop, or the upward part of the loop (−Hs ) Hs), is given by: 

 

𝐵 − (𝐻) = 𝐵𝑠

𝐻 − 𝐻𝑐

|𝐻 − 𝐻𝑐| + 𝐻𝑐 (
𝐵𝑠
𝐵𝑟

− 1)
 

4 - 11 
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Figure 4-4 Chan-Vladimirescu model with initial magnetization curve, mayor loop and minor 
symmetrical loops(Chan et al., 1991) 

. 

The initial magnetization curve is deduced from the average value of the upper and lower 

branches. 

𝐵𝑚𝑎𝑔(𝐻) =
𝐵 + (𝐻) + 𝐵 − (𝐻)

2
 

    4 - 12 

In order to characterize the minor loops of the material, the upper branch is reduced by a Bd 

magnetization induction value, while the lower branch is increased by the same value. 

 

Upper Branch  

𝐵(𝐻) = 𝐵 + (𝐻) − 𝐵𝑑 

   4 - 13 

Lower Branch 

𝐵(𝐻) = 𝐵 − (𝐻) + 𝐵𝑑 

   4 - 14 

The intersection of the upper and lower branches of the minor loop will lie on the magnetization 

curve Bmag = H. These intersection points are just the extreme points of the minor loop, and 
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the difference between the upper or lower mayor branches and the magnetization curve in 

those extreme points will determine the Bd magnetization induction value. 

 

Loss Separation Approach 

Traditionally core loss has been divided up into two terms: hysteresis loss Ph and eddy current 

loss Pe . 

𝑃𝑣 = 𝑃ℎ + 𝑃𝑒 

 4 - 15 

where 

𝑃ℎ = 𝑘ℎ𝑓𝐵𝑚
𝑏  

 4 - 16 

 

and  

𝑃𝑒 = 𝑘𝑒𝑓2𝐵𝑚
𝑏  

4 - 4-17 

However, the traditional two term method assumed that the magnetization process was 

perfectly homogeneous in space, which was latter on proven to be incorrect. Although there 

were already some theories about the anomalous behavior of magnetic materials, Bertotti 

(Bertotti, 1986) introduced a physical explanation of this excess phenomena and a generally 

approved expression. According to Bertotti, the excess in dynamic loss is a consequence of 

domain wall motion. 

 

𝑃𝑠 = 𝑃ℎ + 𝑃𝑒 + 𝑃𝑎 

  4 - 18 

with 

 

𝑃𝑎 = 𝑘𝑎𝑓1.5𝐵𝑚
1.5 

4 - 19 

Pa is referred to as the excess or anomalous loss and ka is related to the material cross-

sectional area A, conductivity and a parameter which describes the material microstructure o, 

as well as a numerical constant G. 

 

𝑘𝑎 = 8√𝜎𝐺𝐴𝜂0 

4 - 20 
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Excess eddy current loss calculation is not straightforward. Manufacturers do not supply 

information about the microstructure of the material, so curve fitting is necessary to get the 

parameter ka related to excess loss. Classical eddy current loss expression Pe derives from 

Maxwell equations. The time average eddy current loss, per unit volume, is determined by 

getting a widely used expression. 

 

𝑃𝑒 =
𝜋2𝑑2

6𝜌
𝑓2𝐵𝑚

2  

4 - 21 

From the average eddy current loss expression, the constant ke related with the loss separation 

approached is established. 

𝑘𝑒 =
𝜋2𝑑2

6𝜌
 

 4 - 22 

Usually for the characterization of hysteresis loss the primitive expression of the Steinmetz 

equation, without frequency parameter, is used. 

 

𝑃ℎ = 𝐾𝑓𝐵𝑚
𝑏  

4 - 23 

 

If the parameters b and K of the primitive Steinmetz equation are not provided by the 

manufacturer a curve fitting is necessary. As well as the Steinmetz primitive equation, the 

primitive hysteresis models (static models) are used in some cases. 

Time Domain, General Expression 

The expressions introduced up to now are only valid for sinusoidal excitation cases, therefore, 

so as to get magnetic losses for a more general case, a time domain expression has been 

developed(Lin et al., 2004, Roshen, 2007). This new general expression has to be consistent 

with the sinusoidal expression in the frequency domain. On the one hand, in the case of excess 

loss, an expression that will fit correctly with the sinusoidal expression is. 

 

 

𝑃𝑎(𝑡) = 𝑘2 (
𝑑𝐵(𝑡)

𝑑𝑡
)

1.5

 

 4 -24 
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The time average value of a sinusoidal flux density for this new expression is equated to the 

sinusoidal frequency domain expression. 

𝑃𝑎 = 𝑘2

1

𝑇
∫ (

𝑑𝐵(𝑡)

𝑑𝑡
)

1.5𝑇

0

 

4 - 25 

𝑑𝑡 = 𝑘𝑎𝑓1.5𝐵𝑚
1.5 

4 - 26 

 

From where the new constant parameters will be defined, 

 

𝑘2 =
𝑘𝑒

√2𝜋 ∫ 𝑐𝑜𝑠(𝛳)1.5𝑑𝛳
2𝜋

0

 

 4 - 27 

On the other hand, in the case of classical eddy current loss, a similar procedure is applied to 

get the time domain expression. 

 

𝑃𝑒 = 𝑘1

1

𝑇
∫ (

𝑑𝐵(𝑡)

𝑑𝑡
)

2𝑇

0

 

4 - 28 

 

𝑑𝑡 = 𝑘𝑎𝑓2𝐵𝑚
2  

4 - 29 

from where, 

𝑘1 =
𝑘𝑒

2𝜋2
 

4 - 4-30 

 

 

Regarding hysteresis loss, the equivalent elliptical loop introduced by Lin (Lin et al., 2004) is 

used. Magnetic loss density is defined as, 

 

𝑃ℎ =
1

𝑇
∫ 𝐻(𝑡)

𝑑𝐵(𝑡)

𝑑𝑡

𝑇

0

𝑑𝑡 

    4 - 31 
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The hysteresis loop can be decomposed in two components; a reversible component, and a 

irreversible component related to the hysteresis loss. Consequently, the instantaneous 

hysteresis loss will be, 

 

𝑃ℎ(𝑡) = 𝐻𝑖𝑟𝑟(𝑡)
𝑑𝐵(𝑡)

𝑑𝑡
 

 4 - 32 

 

 

 

 
Figure 4-5 Figure 4.5 Magnetic characteristic BH loop. 
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Figure 4-6 Magnetic characteristic and equivalent elliptical loop  

 

 

The irreversible component of the magnetic loop describes an ellipse see figure 4-6 that can 

be defined as, 

 

𝐵 = 𝐵𝑚𝑠𝑖𝑛(𝛳) 

4 - 33 

𝐻𝑖𝑟𝑟 = 𝐻𝑚𝑐𝑜𝑠(𝛳) 

4 - 34 

Equating the surface of the elliptical loop for a sinusoidal excitation case, 

 

𝑃ℎ = 𝐻𝑚𝐵𝑚2𝜋
1

𝑇
∫ 𝑐𝑜

𝑇

0

𝑠2(2𝜋𝑓𝑡)𝑑𝑡 

4 - 35 

𝑃ℎ = 𝐻𝑚𝐵𝑚𝜋𝑓 

4 - 36 

with the time-average hysteresis loss for sinusoidal excitation kh f Bm b, the representation for 

Hm is obtained, and consequently Hirr. 
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𝐻𝑖𝑟𝑟 = ±
1

𝐶𝑏
𝑘ℎ|𝐵𝑚𝑐𝑜𝑠(𝛳)|𝑏−1 

4 - 37 

finally, the instantaneous hysteresis loss expression will be, 

 

𝑃ℎ(𝑡) = ±
1

𝐶𝑏
𝑘ℎ|𝐵𝑚𝑐𝑜𝑠(𝛳)|𝑏−1 (

𝑑𝐵(𝑡)

𝑑𝑡
) 

4 - 38 

where, 

𝐶𝑏 = 4 ∫ 𝑐𝑜

𝜋
2⁄

0

𝑠𝑏(𝛳)𝑑𝛳 

Taking into account the developments carried out for each of the loss terms, the time domain 

general expression for the loss separation approach is reached, 

 

𝑃𝑠 = 𝑘0

1

𝑇
∫ .

𝑇

0

|𝐵𝑚𝑐𝑜𝑠(𝛳)|𝛽−1 (
𝑑𝐵(𝑡)

𝑑𝑡
) 𝑑𝑡 + 𝑘1

1

𝑇
∫ (

𝑑𝐵(𝑡)

𝑑𝑡
)

2

𝑑𝑡 + 𝑘2

1

𝑇
∫ (

𝑑𝐵(𝑡)

𝑑𝑡
)

1.5

𝑑𝑡
𝑇

0

𝑇

0
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where, 

𝑘0 = ±
𝑘ℎ

4 ∫ 𝑐𝑜
𝜋

2⁄

0
𝑠𝑏(𝛳)𝑑𝛳

 

4 - 40 

𝑘1 =
𝑘𝑒

2𝜋2
 

4 -  41 

 

𝑘2 = ±
𝑘𝑎

√2𝜋 ∫ 𝑐𝑜
2𝜋

0
𝑠(𝛳)1.5𝑑𝛳

 

4 -  42 

 

This three-part expression is usually used in the characterization of electric machines, where 

the magnetic parts are made of rolled steel and the determination of classical eddy current 

effects are straightforward. 
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4.2 Empirical Methods, 

4.21 Steinmetz Equation  

Another major group of core-loss calculation methods is based on empirical measurement 

observations. One of the advantages of these methods is that they are easy to use, especially 

to designers who do not have much expertise on magnetism. Lacking of physical bases, 

empirical methods are usually applicable to particular material and operating conditions. Loss 

in the magnetic material is often predicted using a power law equation: 

𝑃𝑠 = 𝐾𝑓𝑎𝐵𝑚
𝑏  

  4 -  43 

where 𝐵𝑚 is the peak flux density value of the ac waveform (if the flux density waveform has 

no time average). 𝐾, 𝑎  and 𝑏  are determined by the material characteristic and usually obtained 

from the manufacturer’s datasheet. For different magnetic materials, different values are used. 

The Steinmetz equation is basically a curve fitting of measured core-loss density under 

sinusoidal magnetization waveform. Therefore, it can be extracted from the manufacturers 

data, and without knowing the detailed material characteristics. The empirical Steinmetz 

equation  has proven to be the most useful tool for the calculation of magnetization losses. It 

requires only three parameters, which are usually provided by the manufacturer. For sinusoidal 

flux waveform it provides a high accuracy and is quite simple to use. However, the original 

Steinmetz equation (OSE) and the corresponding set of parameters fail to represent correctly 

losses for non-sinusoidal waveforms. There is no direct and clear way to extend the Steinmetz 

equation to arbitrary operating waveforms, like in the case of the loss separation approach. 

Intuitively, it has been tried to apply a Fourier transform to any arbitrary waveform to obtain a 

series of sine waves, applying the Steinmetz equation to each frequency component. However, 

the summation of calculated losses of each frequency is not the total core loss, because there 

is no orthogonality between different orders of harmonics. Furthermore, it is not universally 

appropriate to apply the Fourier transform to a magnetic component (Reinert et al., 2001), 

which is non-linear inherently. Lately, derivations of the Steinmetz equation have been 

published to deal with non-sinusoidal waveforms, where general time dependent compact 

expressions have been developed. The Modified Steinmetz Equation (MSE), the Improved 

Generalized Steinmetz Equation (IGSE) or the Natural Steinmetz Extension (NSE), the 

Waveform-coefficient Steinmetz Equation (WcSE) and the Equivalent Elliptical Loop (EEL) 
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have been proposed to extend the original Steinmetz equation to non-sinusoidal applications, 

using only the Steinmetz parameters provided by the manufacturer. 

 

4.22 Modified Steinmetz Equation 

 

According to(Reinert et al., 2001), the macroscopic magnetization rate dM/dt is directly related 

to the core losses. The task is then to replace the frequency from the Steinmetz equation with 

the physical loss parameter dM/dt which is proportional to the rate of change of magnetic 

induction, dB/dt. This method introduces an equivalent frequency which is related to the 

magnetization rate. Based on physical understanding that loss depends on 
𝑑𝐵(𝑡)

𝑑𝑡
,(Reinert et al., 

2001) averages 
𝑑𝐵(𝑡)

𝑑𝑡
 over a flux excursion to get: 

 

〈
𝑑𝐵(𝑡)

𝑑𝑡
〉 =

1

𝛥𝐵
∫ (

𝑑𝐵(𝑡)

𝑑𝑡
)

2

𝑑𝑡
𝑇

0

 

 4 - 44 

Where B is the peak-to-peak flux amplitude and T is the period of the flux waveform. From the 

averaged magnetization rate an equivalent frequency 𝑓𝑒𝑞 can be calculated using the 

normalization constant 2/B 2: 

𝑓𝑒𝑞 =
2

𝛥𝐵2𝜋2
∫ (

𝑑𝐵(𝑡)

𝑑𝑡
)

2

𝑑𝑡
𝑇

0

 

4 -  45 

Developing the theory, and supposing that the magnetization is repeated with a period of Tr = 

1/fr, (Reinert et al., 2001) states that the power losses can be described with: 

 

𝑃𝑠 = (𝐾𝑓𝑒𝑞
𝑎−1𝐵𝑚

𝑏 )𝑓𝑟 

 4 -  46 

 

 

 

 

 

 



Parametric Design of Magnetics for Modern Power Electronics Applications

 
            

143 
 

4.23 Improved Generalized Steinmetz Equation (IGSE) 

 

The improved generalized Steinmetz equation (IGSE) (Venkatachalam et al., 2002) and the 

natural Steinmetz extension (NSE)(den Bossche et al., 2004), although they have different 

names , they use the same expression to characterize core losses in case of a non-sinusoidal 

excitation. They both stem from the generalized Steinmetz equation (GSE) (Li et al., 2001). 

The generalized Steinmetz equation is developed from a general hypothesis for instantaneous 

core loss, which assumes that magnetic loss depends on the rate of change of the magnetic 

flux density and its instantaneous value(Lancarotte and Penteado, 2001). 

𝑃𝑠(𝑡) = 𝑃𝑑 (
𝑑𝐵(𝑡)

𝑑𝑡
, 𝐵(𝑡)) 

    4 - 47 

The work carried out in this publication analyzes the behavior of FeSi steel sheets under 

different magnetization rates 
𝑑𝐵(𝑡)

𝑑𝑡
  and induction levels 𝐵(𝑡). According to(Lancarotte and 

Penteado, 2001) , finding an expression depending on this two variables would lead to the 

definition of magnetic losses for all type of waveforms. A careful analysis of the work introduced 

in this article has to be done, because the term "average dissipated power" can lead to 

erroneous conclusions. Those waveforms which have the same magnetization rates and 

induction levels, will describe the same characteristic curve and will have the same average 

dissipated power. This fact can be verified in figure 4-10. The core of a FeSi transformer has 

been excited with three different waveforms, see figure 4-7, each of them with the same 

maximum voltage, which will consequently lead to the same rate of change of the magnetic flux 

density see figure 4-9. Moreover, the voltages have been applied with different frequencies and 

different duty cycles to reach the same maximum flux density. Due to the zero-voltage period 

on the 50Hz wave and the 100Hz wave see figure 4-7, the BH loop presents a slight difference 

in comparison to the 200Hz wave (see figure 4-10. During the zero voltage period, some of the 

energy is lost and consequently the area of the loop gets a bit wider. As mentioned before, the 

term dissipated power can be misunderstood. The conclusion to this test is that the energy (the 

area of the loop), is the same. However, the power will increase linearly because this loop has 

to be multiply with the waveform frequency. Based on this fact the proposed generalized 

Steinmetz equation (GSE) will look like, 
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𝑃𝑠 =
1

𝑇
∫ 𝑘1

𝑇

0

|
𝑑𝐵(𝑡)

𝑑𝑡
|

𝑎

|𝐵(𝑡)|𝑏−𝑎𝑑𝑡 

4 - 48 

 

However, according to (Venkatachalam et al., 2002), the dependence of the instantaneous loss 

on the instantaneous parameters only, is a potential problem, which is solved in the proposed 

Improved Generalized Steinmetz Equation (IGSE). The Natural Steinmetz Extension (NSE) 

(den Bossche et al., 2004) is introduced some time later, and although it looks a bit different in 

a first sight, actually it uses the same expression. 

 

Measurements carried out in a FeSi transformer in order to verify the magnetic induction slope 

dependency. 

 

 
Figure 4-7 Excitation voltage. 
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Figure 4-8 Magnetizing current. 

 
Figure 4-9 Magnetic induction. 
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Figure 4-10 BH loop 

𝑃𝑠 =
1

𝑇
∫ 𝑘𝑖

𝑇

0

|
𝑑𝐵(𝑡)

𝑑𝑡
|

𝑎

(𝛥𝐵)𝑏−𝑎𝑑𝑡 
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where, 

𝑘𝑖 =
𝐾

(2𝜋)𝑎−1 ∫ |𝑐𝑜𝑠(𝛳)|𝑎2𝜋

0
2𝑏−𝑎𝑑𝛳

 

 4 - 50 

which is determined equating the loss expression for a sinusoidal excitation case with the 

Steinmetz equation. 

 

𝑃𝑠 =
1

2𝜋
𝑘𝑖(2𝜋𝑓)𝑎𝐵𝑚

𝑏 ∫ .
2𝜋

0

|𝑐𝑜𝑠(𝛳)|𝑎2𝑏−𝑎𝑑𝛳 

4 - 51 

 

𝑃𝑠 = 𝐾𝑓𝑎𝐵𝑚
𝑏  

4 - 52 
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4.24 Equivalent Elliptical Loop (EEL) 

 

Apart from the expression proposed for the time dependent hysteresis loss introduced in the 

previous section, (Lin et al., 2004) proposes a modified Steinmtez equation based on the same 

development. The only difference lies in the frequency exponent of the Steinmtez equation that 

is introduced in this case: 

 

𝑃𝑠(𝑡) = |𝐶| |
𝑑𝐵(𝑡)

𝑑𝑡
|

𝑎

 

    4 - 53 

Where 

 

𝐶 = ±
1

𝐶𝑎𝑏
𝐾|𝐵𝑚𝑐𝑜𝑠(𝛳)|𝑏−𝑎 

              4 - 54 

 

and  

 

𝐶𝑎𝑏 =
2

𝜋
(2𝜋)𝑎 ∫ 𝑐𝑜𝑠𝑏(𝛳)𝑑𝛳

𝜋/2

0

 

                                                                                                                          4 - 55 

 

4.25 Waveform coefficient Steinmetz Equation (WcSE) 

 

In (Shen, 2006) another concept is used to modify the Steinmetz equation, the waveform 

coefficient concept which correlates the Steinmetz equation with non-sinusoidal waveforms. 

This approach attempts to correlate the non-sinusoidal waveforms to the sinusoidal one with 

the same peak flux density, through calculating the "area" of the flux waveform. First of all, for 

the sinusoidal flux waveform, the integral of the half cycle is derived. 

 

𝑊𝑠𝑖𝑛 =
1

𝑇𝐵𝑚
∫ 𝐵𝑚𝑠𝑖𝑛(𝜔𝑡)𝑑𝑡 =

2

𝜋

𝑇/2

0

 

                                                                                                                        4 - 56 
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Similarly, for example in the case of a rectangular voltage waveform and thereby a triangular 

flux waveform, the "area" of the triangular waveform is found for the same maximum flux 

density(Villar, 2010), 

 

𝑊𝑠𝑞 =
4

𝑇𝐵𝑚
∫ (

4𝐵𝑚

𝑇
𝑡) 𝑑𝑡 =

1

2

𝑇/4

0

 

4 - 57 

From which the flux waveform coefficient, FWC, of the square voltage waveform (triangular flux 

waveform) can be defined as: 

 

𝐹𝑊𝐶𝑠𝑞 =
𝑊𝑠𝑞

𝑊𝑠𝑖𝑛
=

𝜋

4
 

                                                                                                                      4 - 58 

So, according to(Shen, 2006), the core loss can be obtained from 

 

𝑃𝑠 = 𝐹𝑊𝐶𝑠𝑞𝑓𝑎𝐵𝑚
𝑏  

                                                                                                                     4 - 59 
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4.3 Magnetic material introduction 

It is  always expected that there could be a kind of “perfect” magnetic material with low loss, 

high saturation density, and high permeability. It can be used as cores of high frequency 

transformers, which will have a small size and a high efficiency. In reality, there is no such a 

“perfect” material existing, so  a suitable material has to be selected  for a particular application. 

This should be based on the understanding and characterization of different soft magnetic 

materials. Typical magnetic materials for high frequency transformers are explored in this 

chapter, and the nanocrystalline material is selected due to its superior loss and saturation 

characteristics. Magnetic materials have been so extensively used in a diverse range of 

applications, that the advancement and optimal utilization of magnetic materials would 

significantly improve  the lives. Magnetic materials are classified in terms of their magnetic 

properties and their uses. If a material is easily magnetized and demagnetized then it is referred 

to as a soft magnetic material, whereas if it is difficult to demagnetize then it is referred to as a 

hard (or permanent) magnetic material. Materials in between hard and soft are almost 

exclusively used as recording media and have no other general term to describe them(Shen, 

2006, Fish, 1990).  

 

Table 4-1 Development of magnetism 

 
The earliest observations of magnetism can be traced back to the Greek philosopher Thales in 

the 6th Century B.C (Shen, 2006, Meyer, 1971). However, it was not until 1600 that the modern 
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understanding of magnetism began (Feldtkeller, 1984). The following table is a  brief list out 

scientists and milestone events significantly influencing the evolution history of magnetic 

material (Shen, 2006, Overshott, 1991). Transformers and inductors, as energy transmission 

and storage elements in power electronic converters, usually utilize soft magnetic materials as 

cores. The soft magnetic material cores perform the crucial task of concentrating and shaping 

magnetic flux. Power electronics designers need to be familiar with the properties ofdifferent 

kinds of soft magnetic materials, and should be able to choose suitable materials 

to fulfill specification for certain applications (McLyman, 2018). 

“Most of pure elements in the periodic table are either diamagnetic or paramagnetic at room 

temperature. Since they present very small magnetism under the influence of an applied field, 

they normally are termed as non-magnetic (Shen, 2006). Another type of magnetism is called 

anti-ferro-magnetism, and the only pure element presenting this characteristic is Cr in natural 

environment. Fe, Co, and Ni are called ferro-magnetics, because very high levels of magnetism 

can be observed if  a field is applied to these materials. Actually, pure single element 

ferromagnetic materials are seldom seen as magnets or cores in practical applications, and 

alloys composed of these elements and other ingredients are more widely used. Therefore, all 

of these alloys are also categorized as ferro-magnetics. The last type of magnetic material is 

classified as ferrimagnetic. Although they cannot be observed in any pure element, they can 

be found in compounds, such as the mixed oxides, known as ferrites (Albers‐Schoenberg, 

1958). In general ferri-magnetics exhibit better loss performance but lower saturation flux 

density, compared with ferro-magnetics. Therefore, material researchers are trying to improve 

both types of materials, such as, ferrites, amorphous, and silicon steel. Meanwhile, the efforts 

to discover new materials are ongoing. Characteristics of typical ferrites and amorphous will be 

discussed in the next section. As a new magnetic material, nanocrystalline material will be 

characterized, and the advantages and disadvantages will be summarized. Among all 

electrical, magnetic, and mechanical properties, the following characteristics of soft magnetics 

are of interests and can help us to select a suitable one for certain application: 

• Core loss density (specific core loss) in W/kg (W/cm3); 

• Saturation flux density in Tesla; 

• Relative permeability; 

• Temperature characteristics. 
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4.31 Characteristics of conventional ferri- and ferro-materials 

One decade ago, ferrites and amorphous were the only choices for high-frequency 

applications, due to their relatively low core loss density. These will be examined in detail from 

a high-frequency operation perspective. 

4.32 Ferrites 

Since the 1950’s, ferrite materials have been developed for high-frequency applications 

because of their high electrical resistivity and low eddy current losses. The breadth of 

application of ferrites in electronic circuitry continues to grow. The wide range of possible 

geometries, the continuing improvements in the material characteristics and their relative cost-

effectiveness make ferrite components the choice for both conventional and innovative 

applications(Albers‐Schoenberg, 1958, Shen, 2006). 

Ferrite is a class of ceramic material with a cubic crystalline structure; the chemical formula 

MOFe2O3, where Fe2O3 is iron oxide and MO refers to a combination of two or more divalent 

metal (i.e. Zinc, Nickel, Manganese and Copper) oxides. The addition of such metal oxides in 

various amounts allows the creation of many different materials whose properties can be 

tailored for a variety of uses. Ferrite components are pressed from a powdered precursor and 

then sintered (fired) in a kiln. The mechanical and electromagnetic properties of the ferrite are 

heavily affected by the sintering process which is time-temperature-atmosphere dependent. 

The typical properties of MnZn and NiZn ferrites, according to data from Ferroxcube (previous 

Philips), are listed in Table 4-2 The saturation flux density ranges from 0.3~0.5 Tesla normally, 

and permeability varies from thousands to several tens of thousands. Typically, NiZn ferrites 

have lower saturation flux density and better loss performance, compared to the MnZn ones. 

Therefore, NiZn ferrites have been used for ultra-high frequency applications. 

 

Table 4-2 Ferrites typical properties at 25ºC(Shen, 2006) 

Grade / 
Category 

 
𝐵𝑠𝑎𝑡(𝑇) 

 
µ𝑖 

 
ρ (Ωm) 

 
𝑇𝑐( 𝐶.

𝑜 ) 
Thermal conductivity 
(W/(mK))  

3F3   (MnZn) 0.45 2000 2 220 3.5 to 5 

3C94(MnZn) 0.45 2300 5 220 3.5 to 5 

3F45 (MnZn) 0.5 900 10 300 3.5 to 5 

4B1  (NiZn) 0.35 250 103 250 3.5 to 5 

4F1  (NiZn) 0.35 80 103 260 3.5 to 5 
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As the operating frequency increases, the core loss density of ferrites will increase as shown 

in figure 4-11, and permeability will reduce as shown in figure 4-12. These two effects must be 

considered for high-frequency transformer designs, since both of them could cause the 

designed transformer failure Ferroxcube, “Data sheets - Soft ferrite products and accessories”. 

 

 
Figure 4-11  Ferrite 3F3 core loss density at 25 ºC [65] 

 

 

Flux density (T) 

 
Figure 4-12  Ferrite 3F3 complex permeability as a function of frequency 
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The operating temperature of the ferrite should be below the Curie temperature where the 

magnetic material loses magnetic characteristics suddenly. Normally, the maximum continuous 

operating temperature of ferrites is below 125 ºC. The development of high temperature ferrite 

(300 ºC) has gained interests(Spyker et al., 2004), since the high temperature semiconductor 

devices like SiC was introduced. Within the specified temperature range, temperature 

dependency of ferrite characteristics concerns designers. Figure 4-13 shows the saturation flux 

density, initial permeability and core loss density variations of ferrite 3F3 under different 

temperatures. 

 

 
Figure 4-13 Ferrite 3F3 B/H curve 
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Figure 4-14 Ferrite 3F3 initial permeability as the function of temperature  

 

 

 
Figure 4-15 Ferrite 3F3 loss density as the function of temperature  
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The reduction of saturation flux density under higher temperature would consequently result in 

more margins for a particular design. The permeability variation can cause an inductance 

change, which will affect the circuit operation. The more sophisticated issue is the loss variation 

along the temperature. The design would be an iteration process indeed, since the losses have 

to be calculated  under an assumed temperature, and then calculate temperature induced by 

the amount of loss obtained, and so on. Therefore, all the above-mentioned temperature 

dependent issues of ferrites actually inherently limit the feasibility of ferrites of high-frequency 

high density applications. 

 

4.33 Amorphous metals 

Ferrites have quite low losses at high frequency, but at the sacrifice of saturation flux density. 

Ferromagnetic materials were too lossy to be used for application above tens kilohertz, until 

the advent of rapid solidification technology (RST) in 1970s. Amorphous metals produced by 

RST have markedly improved properties. By quenching the alloy melt at rates of the order 106 

K/s, the nucleation and growth of crystals are suppressed. The result is a solid ensemble of 

atoms that may justly be termed an amorphous metal or metallic glass. Amorphous metals 

have higher. 

concentration of magnetic species than ferrites, promoting high saturation. They also exhibit 

lower coercivity due to the absence of metallurgical defects related to crystalline structure, have 

a higher electrical resistivity which requires thinner gauge tape for the higher frequency, if they 

are compared with conventional ferromagnetic crystalline materials(Overshott, 1979). 

The typical properties of Fe-based and Co-based amorphous metals, according to data from 

Metglas (previous Allied Signals), are listed in Table 4-3. The saturation flux density ranges 

from 0.5~1.8 Tesla normally, and permeability varies from tens to hundreds of thousands 

Metglas, “Data sheets – Magnetic alloy”. 

 

Table 4-3 Amorphous material typical properties at 25ºC 

Grade / Category  
𝐵𝑠𝑎𝑡(𝑇) 

 
µ𝑖 

 
ρ (Ωm) 

 
𝑇𝑐( 𝐶.

𝑜 ) 
Thermal conductivity 
(W/(mK))  

2605CO(Fe(Co)) 1.8    400 000 1.23x10-6 415 9 

2605S-3A(Fe(Cr)) 1.41      35 000 1.38x10-6 358 9 

2826MB(FeNi) 0.88    800 000 1.38x10-6 353 - 

2705M (Co) 0.77    600 000 1.36x10-6 365 9 

2714M (Co) 0.57 1 000 000 1.42x10-6 225 - 
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As shown in figure 4 -16, Fe-based amorphous material (Metglas 2605SA1) exhibits a higher 

loss density than Co-based amorphous (Metglas 2705M), which is similar to MnZn ferrite 3F3. 

Similar to ferrites, permeability of amorphous materials will reduce as frequency increases, 

shown in figure 4-11. 

 

 
Figure 4-16 Typical Fe- and Co-based amorphous materials core loss density at 25 ºC  

 

 

 
Figure 4-17 Amorphous 2605-3A and 2714A impedance permeability as a function of frequency 
[69] 
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The maximum allowed continuous operating temperatures of amorphous magnetic cores are 

determined mainly by insulation materials, which are applied between amorphous material 

layers. Amorphous metals also have temperature dependent characteristics to which a 

designer must pay respects. Since amorphous materials have a much higher permeability than 

ferrites,  The temperature dependency can be suppressed by introducing air gaps into the 

magnetic loop. 

 

4.34 Supermalloy 

One of the early major applications of magnetic devices was the use of transformers in electrical 

power distribution and telecommunications. In the realm of power distribution, power transfer 

efficiency is a critical factor. Some ferromagnetic materials lose energy to heat from the physical 

expansion and contraction of the material, which caused by the magnetic field. This 

phenomenon, when a material changes physical dimension by an applied magnetic field, is 

called magnetostriction. A nickel-iron alloy (Ni81Fe19) is found to have essentially zero 

magnetostriction and is widely used as a transformer core material. Permalloy is the common 

name for approximately 80-20 nickel-iron alloys, and the name appears to have been coined 

(or trademarked) by Westinghouse in approximately 1910(Chin, 1971). 

Supermalloy has an improved loss characteristic over Permalloy materials, which target a 

higher operating frequency. It is manufactured to develop the ultimate in high initial permeability 

and low losses. Initial permeability ranges from 40,000 to 100,000 while the coercive force is 

about 1/3 that of Permalloy. Supermalloy is very useful in ultra-sensitive transformers, 

especially pulse transformers, and ultra-sensitive magnetic amplifiers where low loss is 

mandatory. The composition of Supermalloy is 79%Ni- 15%Fe-5%Mo. The type thickness of 

the raw material normally in 0.0005”~0.004”, and strip wound cores with case or encapsulation 

or cut cores can be prepared for the final use. The basic magnetic characteristics are listed in 

Table 4-4, for Supermalloy. 

Table 4-4 Supermalloy material typical properties at 25ºC(Villar, 2010)  

Grade / 
Category 

 
𝐵𝑠𝑎𝑡(𝑇) 

 
µ𝑖 

 
ρ (Ωm) 

 
𝑇𝑐( 𝐶.

𝑜 ) 
Density  
(kg/m3)  

Supermalloy 0.66 to 0.75 20 000 0.57x10-6     430  8.72 x 103 
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The core loss density of the Supermalloy is plotted in figure 4-18, according to the data from 

Magnetic Metals Magnetic Metals, “Data sheets: NAM – Wound magnetics”. 

 

 
Figure 4-18 Loss density of Supermalloy  

 

4.35 Characteristics of nanocrystalline materials 

 

In 1988, Yoshizawa, etc, (YOSHIZAWA) introduced a new class of iron based alloys, named 

nanocrystalline, which exhibit superior soft magnetic behavior. Another group of Japanese 

scientists also found a similar type of magnetic material in 1991 (Suzuki et al., 1991). The 

properties were a unique combination of the low losses, high permeability and near zero 

magnetostriction. Compared with all previously known soft magnetic materials, nanocrystalline 

type materials have higher products of relative permeability and saturation flux density, as in 

figure 4-19 The higher the value of the product is the smaller 

size and lighter weight of magnetic components will be used for certain applications. Certainly, 

good high frequency behavior, low losses and the good thermal stability are also, important 

factors to affect the component density. 
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Figure 4-19 Typical initial permeability and saturation flux density for soft magnetic 
materials(Petzold, 2002) 

 

“The fact that an extremely fine-grained structure leads to good magnetic properties actually 

came as a surprise, since for conventional crystalline magnetic materials the coercivity 

increases with decreasing grain size, as illustrated in figure 4-20 Yet excellent soft magnetic 

properties are re-established when the grain size is below about 20 nm.” Somehow, the 

nanocrystalline materials are thought fit the blank between the amorphous and crystalline 

materials(Herzer, 1997). 
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Figure 4-20 The relation between coercivity and grain size of different ferromagnetic materials 

 

Typical and so-far optimal nanocrystalline material composition is Fe-Si-B-Nb-Cu, which is also 

adopted by two major commercial nanocrystalline materials, Hitachi Finemet® 

Fe73.5Si13.5B9Nb3Cu1 and Vaccumschmelze Vitroperm® Fe73.5Si15.5B7Nb3Cu1. 

“Nanocrystalline materials are prepared based on amorphous precursors, and the 

nanocrystalline state is achieved by annealing at a temperature typically between 500 and 600 

ºC; this leads to primary crystallization. The resulting microstructure is characterized by 

randomly oriented, ultra-fine grains of Fe-Si with a typical grain size 10-15 nm embedded in a 

residual amorphous matrix which occupies about 20-30% of the volume and separates the 

crystallites at a distance of about 1-2 nm. These features are the basis for the excellent soft 

magnetic properties indicated by high values of initial permeability of about 105 and 

correspondingly low coercivity of less than 1A/m.” (Herzer, 1997) The concerned properties of 

nanocrystalline materials are characterized in the following section, based on the material 

Finemet® from Hitachi. 
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Nanocrystalline cores such as Finemet from HitachiMetals  and Vitroperm from 

Vaccumschmelze are attractive for high-frequency high-power applications. They offer a high 

saturation flux density of over 1 T, and low hysteresis losses that are comparable with figures 

from some ferrites in the 20-100 kHz frequency range. Typical applications include inductors 

and transformers for multi-kW DC-DC converters. These cores are wound from a thin (18 μm) 

metallic ribbon, each layer of the ribbon being insulated from the stack by a thin coating of 

epoxy. The cores therefore have a finely laminated structure and are typically available as C-

cores. Whilst the hysteresis loss behavior of the cores has been thoroughly characterized 

(Bertotti, 1988) including the effects of non-sinusoidal excitation and DC bias, the phenomenon 

of gap losses is less well understood.  
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4.4 Comparison of Performances of Amorphous and 

Nanocrystalline 

Amorphous and nanocrystalline alloys show attractive magnetic properties and can be the 

excellent choice to develop the cores of high-frequency high-power transformers used in high-

power density renewable power generation systems. However, the electromagnetic design of 

high-frequency power transformers is a multi-physics problem and thereby affects the system 

efficiency and cost. In this paper, four high frequency transformers are optimally designed with 

amorphous and nanocrystalline alloy-based cores and electromagnetic performances are 

evaluated by finite element method. The results are analyzed and found their huge potentiality 

for future smart grid applications(Liu et al., 2014). 

With the growing demand of high-power density power conversion systems, the high-frequency 

high-power transformers have attracted significant attention in recent years(Islam et al., 2013a, 

Islam et al., 2014). Operated with a higher frequency, the volume of a magnetic core can be 

minimized. When the power capacity increases, however, advanced soft magnetic materials of 

high permeability, high saturation flux densities, and low core losses, such as amorphous and 

nanocrystalline alloys can be the excellent choice. Metglas amorphous alloys 2605S3A and 

2605SA1 are excellent magnetic materials with maximum flux densities of 1.41 T and 1.56 T, 

and the core losses are 120 W/kg and 650W/kg, respectively at 100 kHz sinusoidal excitation 

of 0.2 T, 25 oC. The Hitachi magnetic alloys FT-3H and FT-3M are iron-based nanocrystalline 

alloys with saturation inductions of 1.23 T and 1.23 T, and the core losses are 80 W/kg and 40 

W/kg, respectively at 100 kHz sinusoidal excitation of 0.2 T, 25 oC. The main parameters of 

these four materials are summarized in Table I. Several papers have proposed the application 

of amorphous and nanocrystalline alloys to design high frequency transformers (Rabiul Islam 

et al., 2014, Islam et al., 2013b, Shen et al., 2008b), but none of them well focused on their 

electromagnetic performance comparison, especially in designing multiple secondary winding 

high-frequency transformers. In this paper, four multi-winding high-frequency transformers with 

amorphous and nanocrystalline alloy-based cores are optimally designed by finite element 

method. Transformer parameters are calculated, and electromagnetic performances are 

compared to choice suitable core materials for high-power high-frequency transformers. 

 

Table 4-5 Parameters of soft magnetic materials 

 

Material 

Amorphous Nanocrystaline 

2605SA1 2605S3A FT-3H FT-3M 
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Saturation flux density (T) 1.56 1.41 1.23 1.23 

Core loss (at 0.2 T, 20 oC and 

100kHz) (W/kg)  

  

650 

 

120  

 

80 

 

40 

Thichness (µm) 25 18 18 18 

Magnetosriction (ppm) 27 20 <1 <1 

Curie temparature (oC)  395 358 570 570 

 

The amorphous alloy can reach higher flux density than nanocrystalline material, while 

nanocrystalline transformer has lower specific core losses, higher efficiency and smaller 

volume. The optimal core material of amorphous alloys transformer is 2605SA1, while the 

optimal core material of nanocrystalline alloys transformer is FT-3H. Above all, the 

nanocrystalline transformer has lower noise level than amorphous transformer. 
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4.5 Gap Losses 

These losses occur within the core near the air gap in the magnetic circuit and arise due to the 

fringing flux around the air gap. The fringe field creates a component of flux, Bn, which is normal 

to the surface of the ribbon laminations, figure 4-15, causing eddy currents and losses within 

the laminations. The effect can be particularly significant in some high-current, high-frequency 

DC inductors and increases with air gap length(Wang et al., 2016, Fukunaga et al., 1989, 

Fukunaga et al., 1990). Accurate prediction of these losses is therefore crucial for an optimum 

design. One approach to mitigate the effect is to place multiple smaller air gaps in the magnetic 

circuit, however this may be difficult to manufacture and the multiple cuts can degrade the 

characteristics of the core(Shen et al., 2008a, Rylko et al., 2011). This paper makes a 

contribution to the understanding and calculation of gap losses in nanocrystalline cores under 

high-frequency operating conditions. Finite element (FE) modelling is used to examine the 

distribution and magnitude of the gap loss in a Finemet C-core. A sensitivity study is undertaken 

using the simulation model to investigate the effects of the inductor design parameters, such 

as air gap length, frequency, flux density and core lamination width, on the total gap loss. 

Assuming the gap loss is a power function of these parameters, a convenient design-oriented 

expression is derived for estimating gap loss at high frequency. Validation is provided by 

temperature measurements on a 300 A, 60 kHz inductor for a 30 kHz, 25 kW dual-interleaved 

DC-DC converter. The established gap loss calculation method is first reviewed, and then the 

inductor component is introduced followed by the details of the FE modelling. 

4.51 Calculation of gap losses  

The prediction of gap losses typically uses an empirical formula, that was originally proposed 

by Lee in 1947 for steel laminated cores operating at power line frequencies(Lee, 1988). 

𝑃𝑔 = 𝐺𝑙𝑔𝐷𝑓𝐵𝑚
2  

4 - 60 

where 𝑃𝑔 is the gap loss in Watts, 𝑙𝑔 and 𝐷 are the total gap length and lamination width in mm 

respectively, 𝐵𝑚 is the peak 
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Figure 4-21Schematic diagram of in-plane eddy currents in one half of a cut core with air gaps 

 

induction in the core in T with frequency f in kHz, and the term 𝐺 is a numerical constant. In the 

second edition of this book (Lee, 1988) (1955) Lee proposed a change to (1) whereby the 

frequency term was raised to the power of 0.5 and also the lamination thickness and 

permeability were included, however in subsequent publications in the 1970s (Lee and 

Stephans, 1972, Lee and Stephens, 1973) he concluded that the original formulation was most 

accurate. This was based on testing both stamped laminations. 

cores and strip wound cores of silicon steel at frequencies of 60 Hz and 400 Hz. 

Lamination/Strip thicknesses of 0.36 mm, 0.15 mm, and 51 μm were used. Furthermore, 

different values were proposed for the constant G for various configurations of windings and 

air gaps, for example G = 0.388 for single cut C-cores with two coils. Above equation is 

generally used to predict gap losses in high frequency inductor cores. The equation appears in 

McLyman’s Transformer and Inductor Design Handbook (McLyman, 2017), and it is used in 

the DC Reactor Core Design Tool from Metglas. However, some concern has been expressed 

over the accuracy of the above equation for high frequency inductors using amorphous metal 

cores, suggesting the losses are likely to be much lower than predicted(Rylko et al., 2011). 

Other work has also suggested that the air gap fringing flux makes little contribution to the 

increased loss in cut nanocrystalline cores (Shen et al., 2008a). 

A 3D electromagnetic FE model has been developed to predict the gap loss distribution in finely 

laminated nanocrystalline inductor cores operating at high frequencies. The losses were seen 

to be highly localised on the edges of the core in the region of the air gap with loss densities 

approaching 1 W/mm3 in the design example. Depending on the design parameters the gap 

loss can be a major part of the total inductor losses and accurate prediction is therefore 
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important for optimised designs and to prevent localised overheating. Based on the FE analysis 

an updated approximation formula has been proposed for the estimation of gap losses in 

nanocrystalline cores. Since current-driven Biot-Savart conductors were used for the windings, 

the shielding effect of the winding on the gap fringe field is neglected. Therefore, the results 

are applicable to inductors where the windings are spaced away from the core by approximately 

the gap length per leg. If the windings were closer to the core, the fringe field and gap loss 

would be reduced, but at the expense of increased winding loss. The FE model has been 

validated by measurements on a 5.1 μH, 300 A, DC inductor operating with 60 kHz ripple in a 

30 kHz DC-DC converter. Since the FE model assumes single frequency sinusoidal excitation, 

the total gap loss was determined by adding the losses due to the first three harmonics using 

the approximation formula. The predicted overall losses matched closely with measurements, 

and furthermore the measured core temperature distribution corresponded closely with 

predictions from a 3D FE thermal model. 

The updated gap loss approximation formula is considered to provide a sound basis for the 

design and optimisation of nanocrystalline core, high current DC inductors operating at 

frequencies up to around 100-200 kHz. The updated formula shows that the gap losses 

increase with strip width D to the power 1.65 as opposed to linearly in the established design 

equation. This suggests that a narrower strip width and a thicker core, having the same cross-

sectional area may be beneficial in reducing gap losses. 

 

 

 

 

 

 

 

 

 

 



Parametric Design of Magnetics for Modern Power Electronics Applications

 
            

167 
 

4.6 Performance Comparison of Nanocrystalline Material with 

Ferrite in a 40kW 20kHz Application 

In this study the performance of Nanocrystalline material in comparison with ferrite is evaluated 

for a high frequency high power transformer core application. The major advantage of 

Nanocrystalline material over ferrite is its ability to go for higher design flux densities. However, 

this is limited with increased losses occurring with the increase of operating frequency. The 

situation is studied for a 40kW, 20 kHz application. Samples of both versions are developed, 

and a performance evaluation is made on the application. Based on the practical outcome a 

comparison is made in terms of power density per physical parameters such as weight and 

volume. The cost and manufacturability were also evaluated. 

As it was discussed before the transformers in electrical systems are responsible approximately 

to one third of total network losses. These losses are accounted as power quality costs, costs 

to society and to the environment itself (Picanço et al., 2008) and with the development of 

power electronics techniques, pulse-width modulated inverters (PWM) are widely used to 

control electrical machines, to feed transformers and to interface renewable energy systems. 

Also in the future DC electric power systems, high power DC –DC converters will play a major 

role as they will substitute today’s bulky 50/60 Hz transformers (Pollock et al., 2003, Nabhani 

et al., 2014). 

The main purpose of high frequency operation of such power electronics circuits is to reduce 

the physical size and cost. The implication being that the losses and efficiency become of 

paramount importance because of the need to remove heat from the small surfaces(Dixon, 

1988). High frequency transformers in such a power electronics circuits constitute a major 

proportion of the weight and losses. Thus, there is a rapid increase in the industry demand for 

the best optimization of high frequency transformers. The importance of looking into all the 

options of optimization become furthermore significant with the increase of amount of power 

handled.   

In this paper the design optimization of a 40kW High frequency transformer operating at 20kHz 

application is discussed. The losses in the core as well as in the windings are analyzed. 

Theoretical explanations on the principles used in optimizing the core and winding losses are 

discussed.  Attention is given to make a comparison on the performance of Nanocrystalline 

core and ferrite core. The design approach discussed below is used to arrive at optimal designs 

with each core material.    
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4.61 Transformer Design  

 

Transformer Construction   

 

A single phase high frequency transformer was designed to handle a power of 40kW. The 

transformer is to be fed from an inverter bridge and is subjected to a square wave excitation. 

The transformer was designed with two parallel operating secondaries each handling a power 

of 20kW. Each secondary is supposed to feed a full bridge rectifier. The basic schematic 

diagram of the transformer can be represented as in the figure 4-22 

 

 
Figure 4-22 Schematic of the high frequency 40kW transformer 

Transformer core selection and turns calculation.   

 

The basic interest of this study was to see the advantages and disadvantages different core 

materials provide in the application of high power high frequency transformer applications and 

thereby to arrive at best magnetic solutions for the developing high power high frequency field. 

A rage of high frequency core materials present in the market including several grades of ferrite, 

such as 3C90, 3C93 and 3C97, three versions of nanocrystalline materials ANTAINAO, 

FINEMET,VAC, Amorphous materials and high silicon steel e.g. 6.5% Si JFE steel were 

considered. Based on an initial study on the properties of each material it was decided to 

consider the ferrite grade 3C90 and two versions of nanocrystarline for the construction of cores 

for the development of samples for the phase one of the study where a power level of about 

40kW is considered. It is intended to consider some other materials mentioned above for 

subsequent evaluations.        
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Based on the material properties of selected Ferrite version 3C90 and Nanocrystalline 

materials and based on the core losses calculated as explained in the next section the optimal 

operating flux densities for each material were decided. The advantage having a high saturation 

flux density of nanoctrytalline was utilized, However higher losses compared to ferrite avoids 

going in to much higher flux densities. The Faraday’s law with appropriate constants for 

rectangular wave excitation was used to decide on the primary turns. Secondary turns were 

decide based on the target voltages of the output voltage  

 

Transformer core loss estimation    

Most commonly used formula for the calculation of core material losses is the one given below 

which is known as Steinmetz equation. 

𝑃𝑣(𝑡) = 𝑘𝑓𝛼𝐵̂𝛽 

 4 - 61 

where 𝐵  is the peak flux amplitude, 𝑃𝑣 is the time average power losses per unit volume, 𝑓 and  

is the frequency of sinusoidal excitation and  𝛼 and 𝛽  are constants calculated based on curve 

fitting. Similar equation without the frequency component was introduced by Steinmetz back in 

1892 therefor this is known Steinmetz equation. However, this equation as well as the data 

provided by the core materials manufactures so far are only    based on sinusoidal excitation 

(Venkatachalam et al., 2002) 

The form of excitation coming into the product under discussion is a square one and the losses 

differ from a sinusoidal excitation. A detail explanation on losses under non sinusoidal 

excitations was discussed and experimentally proven mathematical model was presented in 

IEEE Workshop on “Computers in Power Electronics” in June 2002 under the topic of "Accurate 

Prediction of Ferrire Core Loss with Nonsinusoidal Waveforms Using Only Steinmetz 

Parameters", by Venkatachalam, C.R. Sullivan, T.Abdallah and H.Tacca.  

However for the simplicity of application the simplified version of this model expressed below 

(Venkatachalam et al., 2002) which does not require numerical integration was used for the 

estimation of losses.   

  

𝑃𝑣 = 𝑘𝑖(𝛥𝐵)𝛽−𝛼/𝑇 ∑|𝑉𝑗/(𝑁𝐴𝑐)|
𝛼

(𝛥𝑡𝑗)

𝑗

 

 4 - 62 

Where 𝑁  is the number of turns, 𝐴𝑐 is the core cross-sectional area, 𝐵  is the peak to peak flux 

of the loop under consideration and  



Parametric Design of Magnetics for Modern Power Electronics Applications 

 
 

170 
 

 

𝑘𝑖 = 𝑘/(2𝛽+1𝜋𝛼−1 [0.2761 +
1.7061

𝛼 + 1.354
]) 

4 - 63 

 

The predicted losses were also considered as a fact in deciding the optimum flux density for a 

particular core material.  

The use of this equation gives a reasonable indication of the losses at the initial design stage. 

Further based on the detailed study described in(Shen et al., 2008a) it was possible to get an 

estimation of the losses that would be generated in Nanocrystalline material in the application 

of interest 

 
Figure 4-23  Loss densities of Nanocrystalline Material at different frequencies, based 

on(Shen et al., 2008a) 

The values obtained in these calculations suggested that the Ferrite 3C90 or the latest 

development 3C97 stand to be more suitable in this application. Thus at the initial study it was 

decided to produce the sample with the Ferrite 3C97. The winding losses estimations described 

in the below section and the manufacturing conditions suggested that UU construction would 

give the best advantage in this application. Though the Nanocrystalline option was set aside at 

this stage it was decided to reinvestigate possibilities further size and weight reductions using 

different Nanocrystalline grades after the successful completion of the phase 1 of the project.  
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 Conductor selection and winding losses estimations.      

 

The selection of optimum conductor type and arrangement are crucial in the case of high power 

high frequency magnetic designs. A careful consideration of the skin effect and the proximity 

effect needs to be made to arrive at an optimal selection of the conductors in order to avoid the 

generation of excessive losses and thereby high temperature rises or even in certain cases 

thermal runway conditions. These situation is discussed in in detail in Chapter 3 of this thesis 

the winding loss calculation 

The physical constructions of the nonocrystalline core make the Litz wire the The option of Litz 

wires and foil conductors are discussed. Advantages and disadvantages of each with respect 

to construction and losses are discussed. The increased conductor losses at high frequencies 

are discussed. Theoretical aspects of approaches taken to minimise the skin effect and the 

proximity effect, such as minimising the number of winding layers and sandwiching of windings 

carrying currents of opposite directions are explained.  

Control of leakage inductance    

 

Two novel methods were used to achieve the required higher leakage inductance that will 

improve the smooth functioning of the overall circuit. Both these methods give the flexibility of 

controlling the leakage inductance over a considerable range enabling the meeting of the 

desirable leakage inductance levels of many invertor /converters manufactures. The theoretical 

explanation of this aspect goes beyond the intended scope of this paper and will be discussed 

in a subsequent paper.  

 

Prototype development and testing   
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Figure 4-24 Nanocrystalline HF transformer (40kW) 

 

 
Figure 4-25  Ferrite HF transformer (40kW) 
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Figure 4-26 Thermal images of 40kW transformer top view 

 

 

 
Figure 4-27 Thermal images of 40kW transformer side view 
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Above two samples were developed and tested in a converter application operating at 20kHz. 

The temperature rises of each of the products under a load of 40kW could be seen as in the 

pictures above. The comparison is discussed in the end of the chapter summery   

The test results observed in the discussed high frequency high power application for 

Nanocrystalline, and Ferrite was very much encouraging and was reasonably in line with the 

theoretical predictions. In this study nanocrystalline transformer was designed at an 

approximately three times higher flux density compared to the ferrite one. The temperature rise 

of the cores under the 20kHz excitation was at a reasonable level and Nanocrystalline version 

showed only a slight increase in the rate of temperature rise compared to Ferrite version. This 

proves that the estimation made based on theoretical calculations for the suitable operating 

flux density for nanocrystalline was reasonable. Further no considerable audible noise was 

observed in either of the products. This could be partly due to the fact that the significant part 

of any noise generated goes over the human audible rage.  

The weight of the nanocrystalline version deigned under these criteria was approximately 6kg 

compared to approximately 15kg of the ferrite version. However large mass and the wider 

radiating area of the ferrite version give the advantage of reduced overall temperature rise at 

the condition of thermal equilibrium. In order to account for this fact, it is required that a winding 

wire with a wider cross section is used for the nanocrystalline version. This results in increase 

in the weight of the nanocrystalline version slightly reducing the weight ratio advantage over 

ferrite. Further all the disadvantages of a thicker conductor in high frequency applications 

discussed in the paper need to be considered in increasing the conductor cross section of 

nanocrystalline version.  

The arrangement used for the control of leakage inductance showed positive results however 

the temperature rise in the supplementary core parts were slightly higher than what was 

theoretically predicted. The explanation of this and the theoretical aspects of this concept go 

beyond the scope of this paper and will be discussed in a chapter 6 of this thesis.  

Based on the results obtained in this study it could be concluded that a considerable reduction 

in the weight and size could be reached by the use of nanocrystalline material as a core for a 

high-power high frequency transformer and it is intended to construct a 200kW transformer 

operating at 20kHz as the next step of the study. However, it should also be noted that the cost 

of each version highly depends on various commercial aspects.     
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4.7 Development of High Frequency Transformer 50kW, 50kHz 

& High Frequency Inductor 8.5µH at 300A, 50kHz 

In this section the optimum design of high power high frequency magnetics is discussed based 

on a 50kW application operating at 50 kHz. An in depth theoretical explanation on minimizing 

the losses at high frequency is discussed. Further how this approach will make it possible to 

develop a new generation of magnetics that enable power electronics designers to go for 

significantly high operating frequencies is discussed. The challenge of handling high 

temperature rise due to high power density of such high power high frequency magnetics is 

addressed in this paper with a practical solution for that. The theoretical findings are verified 

based on a set of prototypes developed for a 50kW DC DC converter operating at 50kHz. 

Energy efficiency, low noise, reduced mass and dimensions are becoming more and more vital 

factors in designing magnetics for all kinds of modern power electronics applications such as 

rolling stock, renewable energy and similar applications. In order to achieve a high degree of 

miniaturization, designers move into significantly high operating (switching) frequencies in the 

development of modern high-power converters and inverters. There is also a clear trend that 

the operating frequencies used in these applications will continue to increase. 

Applications like traction, ship and basically any mobile platform with a converter on board 

require lightweight and compact converters to exploit the space available on board more 

effectively. They often require galvanic isolation for safety or other reasons. Therefore, high 

power high frequency transformers which offer galvanic isolation and a small volume are of 

increased importance(Pavlovsky et al., 2005). In addition to the galvanic isolation magnetic 

components including transformers and inductors perform functions of harmonics filtering, 

energy storage, level shifting, current sensing and parameter matching for power stages as 

well as control circuitries in a power converter. They often determine the converter size (Shen 

et al., 2008a, Lotfi and Wilkowski, 2001). It has been a long held view that with a continuous 

increase in operating and /or switching frequency a continuous decrease in physical size of 

magnetics would follow. However, the heat removal surface of the magnetic components 

decreases as a result of the higher density design; on the other hand, core and winding loss 

densities increase correspondingly. Therefore attention needs to be paid to magnetic material 

selection and associated core loss calculations, especially for high frequency high density 

magnetics and power converter design(Pavlovsky et al., 2005).   

The selection of suitable core material out of several Ferrite grades and Nanocrystalline 

materials is discussed in this paper with modern approaches of estimating core losses in each 
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type under non sinusoidal excitations of high frequencies such as 50kHz. The advantages of 

Nanocrystalline that  was discussed in  for 20kHz applications reduce to some extent at this 

50kHz application. The effects that high frequency currents such as 50kHz square and 

triangular waveforms have on conductor losses are explained. A novel winding technique that 

brings down the significance of proximity effect at high frequencies in transformer windings is 

presented in this paper. Several core material options such as Ferrite and Air cored inductor 

are discussed for the series inductor of converters operating in the range of 50kHz. Further a 

method of minimizing high frequency conductor losses of inductor windings carrying 50kHz 

currents of significant amplitudes is presented.  

A novel cooling technique for these compact magnetics with high power densities is discussed. 

A set of prototypes were developed based on the theoretical findings and tested on a DC/DC 

converter. Verification of theoretical findings based on practical observations is carried out. 

 

4.71 High Frequency Transformer 50kW, 50kHz 

Transformer Construction   

 

The transformer is designed to handle a power of 50kW at a square wave excitation of 50kHz. 

The transformer was design with a primary to secondary turns ratio of 1:2 with a single 

secondary.    

 

 
Figure 4-28 Schematic of the 50 kHz, 50kW transformer 

 



Parametric Design of Magnetics for Modern Power Electronics Applications

 
            

177 
 

Transformer core selection and turns calculation   

 

Based on the material properties of Ferrite and Nanocrystalline materials optimal operating flux 

densities for each material were decided based on the operating frequency of 50 kHz. The 

advantage having a high saturation flux density of about 1.1T in Nanoctrystalline compared to 

about 300mT in Ferrite was considered. However higher losses in Nanocrystalline compared 

to ferrite avoids going in to much higher flux densities  at 50kHz in comparison with 20kHz or 

similar applications. However, the potential advantage of Nanocrystalline against new Ferrite 

grade 3C97 at this frequency was considered. The Faraday’s law with appropriate constants 

for rectangular wave excitation is used to decide on the primary turns.  

 

Transformer core loss estimation    

       

An improved calculation method of core losses for non-sinusoidal waveforms based on recent 

publications(Venkatachalam et al., 2002), (Herbert, 2008) and (Shen et al., 2008a) was carried 

out. Modified and generalized versions of Steinmetz equations and a simplified graphical 

method discussed in these publications were used in loss estimations. Simplified equation for 

core loss estimation using Steinmetz parameters of the material, based on (Venkatachalam et 

al., 2002).   

 

𝑃𝑣 = 𝑘𝑖(𝛥𝐵)𝛽−𝛼/𝑇 ∑|𝑉𝑗/(𝑁𝐴𝑐)|
𝛼

(𝛥𝑡𝑗)

𝑗
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  where  

𝑘𝑖 = 𝑘/[2𝛽+1𝜋𝛼−1 [0.2761 +
1.7061

𝛼 + 1.354
]] 

4 - 65 

and where  𝑁  is the number of turns, 𝐴𝑐 is the core cross-sectional area, 𝐵 is the peak-to-peak 

flux of the loop under consideration.  

The use of this equation gives a reasonable indication of the losses at the initial design stage. 

Further based on the detailed study described in (Shen et al., 2008a) it was possible to get an 

estimation of the losses that would be generated in Nanocrystalline material in the application 

of interest.  
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Figure 4-29 Loss densities of nanocrystalline material at different frequencies, based on(Shen 

et al., 2008a) 

The values obtained in these calculations suggested that the Ferrite 3C90 or the latest 

development 3C97 stand to be more suitable in this application. Thus at the initial study it was 

decided to produce the sample with the Ferrite 3C97. The winding losses estimations described 

in the below section and the manufacturing conditions suggested that UU construction would 

give the best advantage in this application. Though the Nanocrystalline option was set aside at 

this stage it was decided to reinvestigate possibilities further size and weight reductions using 

different Nanocrystalline grades after the successful completion of the phase 1 of the project.  

 

 Conductor selection and winding losses estimations.   

 

As discussed in the Chapter 3 of this thesis transformer windings suffer from skin and proximity 

effects. The current distribution within a conductor depends on its current, the surrounding 

currents, the type of conductor, the geometry of the winding and finally the frequency of the 

waveform. Thus, the determination of conductor losses is not always an easy task. If winding 

configuration is simple enough, like foil or coaxial conductors, the resolution of one dimensional 

field equations (Maxwell Equations) is usually sufficient to estimate losses. However in complex 
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winding arrangements magnetic field distribution, and therefore current density distribution are 

highly two dimensional and analytical solutions may become too complex to be solved and 

usually require finite element resolutions(Villar, 2010).   

The option of Litz wires and foil conductors were considered for this application. The level of 

power and the frequency of the current in this particular application make the foil conductors a 

more attractive choice compared Litz wires or thin profile conductors. However the foil 

conductors carrying high frequency currents results in prominent occurrence of proximity effect 

as it was pointed out in previously. . A quick explanation of the increased loses due to the 

proximity effect in foil windings and its sensitiveness to the increase of frequency can be seen 

from the below illustrations. The details of this was discussed in the Chapter 3 of this thesis.       

A sample was built up and the testing was carried out on a 50kHz application. 

 

 

 

 

 

 4.72 High Frequency Inductor 8.5µH at 300A, 50kHz 

Inductor core selection 

 

The DC/DC converter topology used in this development requires an inductor with above listed 

parameters. The high current value and its high frequency makes the use of high saturation 

magnetization level core materials such as Amorphous, 6.5% Si steel and even Nanocrystalline 

not very suitable for this application. The losses at this frequency require the design flux levels 

to be brought down very low values making the use of these materials non-economical. Ferrite 

options give reasonable losses. However the requirement of operating around 250mT to 

300mT makes the ferrite design bulky. Thus an air core option was considered. The air core 

obviously gives the advantage of eliminating the core losses. However this requires use of 

higher number of turns in achieving the required inductance. The larger number of layers of a 

conductor carrying high frequency high current results in significantly high conductor losses as 

discussed earlier in this paper. Below discussed approach is used to minimise the increase of 

conductor losses.    
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Effective heat removal of high-density magnetics 

 

With the increase in the operating frequency and with the use of loss minimization techniques 

discussed so far the high frequency high power magnetics can be made highly compact. These 

products become so compact thus their cooling surfaces are not large enough to keep the 

temperature rises at acceptable levels under natural cooling conditions. It is not always 

preferable to have forced air cooling. Water cooling techniques are not practical in many 

applications. In the case of the 50kW, 50kHz transformer it was decided to use an enclosure 

with heat sink similar walls providing several times higher cooling area figure 4-30 This makes 

the heat removal more efficient. Based on practical observations this method becomes very 

much compulsory for operating frequencies over 50kHz for high power ferrite transformers with 

compact designs. In the case of high power Nanocrystalline transformers the requirement 

comes as the operating frequency exceeds approximately 20kHz due to the high compactness 

in such designs.   

 

Prototype development and testing   

 

 

 
 

 

Figure 4-30 Ferrite HF transformer (50kW,50kHz) 
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Figure 4-31 Inductor (8.5uH@ 300A, 50kHz) 

A 50kHz transformer with the ferrite grade 3C97 was developed, figure 4-31. Bifilar winding 

technique discussed in this paper was used. The sample comfortably met the standard testing 

as per standards including the high voltage test between the primary and the secondary. The 

heat sink rating was purposely made higher as an addition precaution for avoiding excessive 

temperatures under the full load conditions. Similarly the inductor was manufactured, Figure 

9.The measured inductance was well within the acceptable tolerance level. Prototypes were 

tested on a 50kW,50kHz   converter application.  
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Figure 4-32 Load test temperature rise vs time 

As discussed in the chapter 3 due to the difficulty of making accurate loss measurements at 

50kHz the temperature rise measurements were made. The temperature rise of the each 

component can be seen in the figure 4-32 There were certain difficulties in arriving at the full 

power of 50kW in the testing set up. It was identified that certain improvements have to be 

made in the arrangement in order to arrive at the full power of 50kW at 50kHz. However, the 

testing arrangement was sufficient to make reasonable judgements of the magnetics 

component performance.  

  

Discussion   

 

The modern developments such as SiC MOSFETs have considerably low switching losses 

compared to Silicon MOSFETs and IGBTs. These offer a considerable advantage over 

conventional silicon devices. These also make it possible to operate at 2 to 5 times higher 

switching frequencies compared to their conventional counter parts. As the frequency goes 

high the magnetics components in the power electronics systems become more and more 

compact. Magnetics components being usually the bulkiest components in a power electronics 

system and in most of the situations also the most expensive component, it is of high interest 

of many developers to move in this direction.  
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However, with the increase of operating frequency accurate approaches must be taken in the 

design of magnetic components. Otherwise, these can become high loss-making components 

in the system generating excessive heat and causing thermal runway of the complete system. 

Therefor is it especially important that the magnetics designers for power electronics 

applications look into the fundamental theories that govern the electromagnetics behavior in 

the context of very high frequency levels of interest. In this study which is another step of a 

series of related research works a detailed investigation was made into magnetic components 

to be used in 50kHz high power application going down to Maxwell Equation level analysis. 

Based on the theoretical findings new constructional techniques were developed to address 

the challenges of reducing losses, making the product compact and to reduce the weight.  

The test results observed on the sample testing was very much encouraging and was 

reasonably in line with the theoretical predictions. The High frequency transformer shows a 

considerably low temperature rise and a considerably low rate of temperature rise. This stand 

to confirm that that the predicted drop in the losses due to interleaved winding has avoided a 

significant rise of conductor losses at high frequencies. However, when the system reaches the 

full power the temperature rise of the high frequency transformer can go further high. However, 

the calculations carried out based on the testing completed it can be concluded that the product 

will not research temperature limit of the insulation class. Furthermore, it can be seen that the 

rating of the heat sinks of the enclosure can be brought down giving the opportunity to further 

reduce the overall size of the product.  

The technique used in the air cored inductor also showed some positive results. However, the 

need was identified to develop the mathematical model giving the optimum separation of the 

winding layers based on the frequency and the power it is supposed to handle.  
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4.8 Development of a 100kW, 20 kHz Nanocrystalline Core 

Transformer for DC / DC Converter Applications 

 

Achievement of high-power levels in a single module inverter/converter application always has 

number of advantages. However, high frequency magnetic components most often become 

the limiting factor in the achievement of such high-power levels in a single module. In this paper 

the achievement of 100kW in 20kHz transformer is discussed. This development is an 

extension of a series of developments carried out with high frequency, high power transformers 

of power and frequency levels such as 40kW, 20kHz and 50kW, 50kHz. The advantages and 

disadvantages of Ferrite and Nanocrystalline core materials at this power levels are discussed 

and the choice of Nanocrystalline core is explained. Further naval winding technique that 

mitigates high frequency conductor losses is presented in this section with a theoretical 

explanation on its advantages. 

In order to achieve a high degree of miniaturization, designers move into significantly high 

operating (switching) frequencies and high-power levels in the development of modern high 

power converters and inverters. There is also a clear trend that the requirement of achieving 

high power levels in a single module will increase alongside the operating frequencies used in 

these applications. 

Applications like traction, ship and basically any mobile platform with a converter on board 

require light weight and compact converters to exploit the space available on board more 

effectively. They often require galvanic isolation for safety and other reasons. Therefore high 

power high frequency transformers which offer galvanic isolation and a small volume are of 

increased importance(Pavlovsky et al., 2005). In addition to the galvanic isolation magnetic 

components including transformers and inductors perform functions of harmonics filtering, 

energy storage and parameter matching for power stages as well as control circuitries in a 

power converter. They often determine the converter size (Shen et al., 2008a, Lotfi and 

Wilkowski, 2001). It has been a long-held view that with a continuous increase in operating 

and/or switching frequency a continuous decrease in physical size of magnetics would follow. 

However, the heat removal surface of the magnetic components decreases as a result of the 

higher density design; on the other hand, core and winding loss densities increase 

correspondingly. Therefore, attention needs to be paid to magnetic material selection and 

associated core loss calculations, especially for high frequency high density magnetics and 

power converter design (Shen et al., 2008a).   
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In the initial stages of this research  the advantages and disadvantages of Ferrite and 

Nanocrystalline materials as a core material for high frequency high power transformers were 

presented. Further mitigation techniques of conductor loses at high power high frequencies 

with novel winding techniques were presented based on developments such as 40kW,20kHz 

and 50kW , 50kHz transformers.  

Going forward with the findings of these studies an approach was made to achieve 100kW 

single module transformer that operates at 20kHz, which is used in a DC /DC converter 

application. 

In the selection of suitable core material for this task several Ferrite grades and Nanocrystalline 

materials were evaluated with modern approaches of estimating core losses in each type under 

non sinusoidal excitations of high frequencies. The advantages of Nanocrystalline at 20kHz 

applications reduce to some extent at 50kHz.  The challenges of mitigating high frequency 

conductor losses at these high current levels are explained. A novel winding technique that 

mitigates the high frequency losses and constructional challenges of this technique are 

explained.  

 Two design options are presented with a Nanocrystalline core for natural convection cooling 

applications and water plate mounting applications. Housings with specially engineered exterior 

are used for the natural convection cooling applications and one with specially engineered 

interior is used in water cooled mounting application.   

 

   4.81 Transformer Design  

 

Transformer Construction   

The transformer is designed to handle a power of 100kW at a square wave excitation of 20kHz. 

The transformer was designed with two parallel operating secondary windings each handling a 

power of 50kW.  
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Figure 4-33 Schematic of the 100kHz, 20kW transformer 

 Transformer core selection and turns calculation   

 

The advantage of having a high saturation flux density of Nanocrystalline material was 

considered. Based on the material properties of Ferrite and Nanocrystalline materials optimal 

operating flux densities for each material were decided based on the operating frequency of 20 

kHz. The Faraday’s law with appropriate constants for rectangular wave excitation is used to 

decide on the primary turns.  

 

Transformer core loss estimation    

 

An improved calculation method of core losses for non-sinusoidal waveforms based on recent 

publications (Venkatachalam et al., 2002, Herbert, 2008) and (Shen et al., 2008a) was carried 

out. Modified and generalized versions of Steinmetz equations and a simplified graphical 

method discussed in these publications were used in loss estimations.  

Simplified equation for core loss estimation using Steinmetz parameters of the material, based 

on(Venkatachalam et al., 2002).   

𝑃𝑣 = 𝑘𝑖(𝛥𝐵)𝛽−𝛼/𝑇 ∑|𝑉𝑗/(𝑁𝐴𝑐)|
𝛼

(𝛥𝑡𝑗)

𝑗

 

                       4 - 66 

 

 

   

where, 
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𝑘𝑖 = 𝑘/[2𝛽+1𝜋𝛼−1 [0.2761 +
1.7061

𝛼 + 1.354
]] 

4 - 67 

 is the 𝑁 number of turns, 𝐴𝑐 is the core cross-sectional area, 𝐵 is the peak to peak flux of the 

loop under consideration.  

 

Conductor selection and winding loss mitigation.       

 

The option of Litz wires and foil conductors were considered. The application under 

consideration handles a power of 100kW. The suitability of Litz wires including rectangular 

cross-section braided Litz wires were considered. However, the initial calculations carried out 

including poor filling factor of Litz wires showed that the foil windings are more suitable for this 

application. The increased conductor losses at high frequencies  were considered and the 

significance such increased losses at the high-power level of interest were considered. The 

details of the conductor selection were presented in the Chapter 3 of this thesis. 

 

Effective heat removal of high-density magnetics 

 Construction for the natural convection cooling  

Even though a high level of minimization of losses achieved with the appropriate operating flux 

levels and winding techniques in this 100kW transformer the high level of miniaturization 

archived results in considerably high power density. This makes it challenging to maintain the 

temperature rise under convection conditions.       

The surface area of the product or the enclosure is not sufficient for the effective removal of 

heat under natural convection.  
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Figure 4-34 Housing construction for the natural convection cooling 

Therefore, an enclosure made from heatsinks as shown in the figure 4-34 considered as a 

method of heat removal. 

   

Construction for the water-cooled plate mounting   

 

Alternative approach considered for the effective heat removal is the use of water-cooling 

arrangement of the end product for the cooling of magnetic components. Under this the high 

frequency transformer will be mounted on a water-cooled plate as shown in the diagram below.     

 

 

 
Figure 4-35 Transformer mounted in water cooled plate. 
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In order to effectively remove the heat generated in the inner parts of the core heat pipe and 

heat sheet options were considered. However, the fact that the heat has to be transferred 

towards the bottom direction and the short operation life of heat sheets such as 16 years in 

continuous operation made the use of them non suitable for the application. Therefor an 

enclosure with specially engineered interior was used.    

 

Prototype development and testing   

 

After taking the above discussed factors into consideration a 100kW,20kHz transformer was 

constructed. A winding arrangement as discussed in 2.1.3 was also constructed. However, it 

was realised that time required for the new winding arrangement was approximately 30% higher 

than the sandwiched winding arrangement. The new winding arrangement provides the 

advantage of controlling the leakage inductance between the primary and the secondary 

winding. Also when duly constructed it provides a slightly better packing factor and improved 

performance by minimizing proximity effect. However due to the extra production time needed 

it was identified more research is necessary in production technique point of view for the 

winding arrangement to be commercially attractive.         

 

 
Figure 4-36 100kW, 20Hz HF transformer 
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A prototype with the secondly mentioned sandwich winding was also contracted as shown in 

the above diagram. This was tested on a 100kW DC/DC converter. As the initial step the 

transformer was tested was tested inside a standard housing without any interior modifications. 

A power of approximately 100kW was archived.  Under these conditions as it can be seen in 

the figure 4-35 below transformer temperature reached of 80 degrees in less than 20minitues 

time.   

 

 

 

 
Figure 4-37 Temperature rise with a standard housing 

Based on these results it was clear that in order to achieve the power of 100kW in the given 

volume a modified interior housing has to be used. After a further investigation on the thermal 

model of the arrangement the interior construction of the transformer housing was modified to 

effective transfer heat from the hotspots of the transformer towards the water-cooled plate. 

After these improvements to the housing construction, it could be observed that more than hour 

of operation at full power of 100kW was necessary for the transformer temperature to reach 80 

Degrees. Further it could be seen that the temperature rise gradient was reducing significantly 

at this time.  
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Figure 4-38 Temperature rise with modified interior housing 

A father improvement of the situation and achievement of thermal stability below 90 oC could 

be observed when the modified interior housing was potted.        
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4.9 Comparison of core constructions  

 

It is not useful to carry out the selection of the core construction purely on the minimization of 

the core losses, an appropriate compromise must be made based on conductor losses and the 

overall thermal management of the unit. This is a further area that the parametric approach of 

arriving at different solutions gives a particularly good advantage in the optimization of the 

design for a particular application.  

A calculation sheet was developed which compares the designs for permutations of core 

constructions such a s EI, UL with the conductor options such as “Litz” wires, foils, flat copper 

options etc.  

As part of the commercialization of the findings researcher has already gone to the level of 

writing an algorithm to automate the such parametric calculation possibilities though it is outside 

of the scope of this study.     

The patents applied relevant to this section has a close link to the thermal management of the 

products there for those are discussed under the Chapter 5 of this thesis. 

 

 
Figure 4-39 Deign template with which a set of parametric solutions can be achieved 
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Discussion  

 

Rapid developments in the semiconductor technology and the power electronics industry 

enable the development of power supplies and power converters of significantly higher power 

levels. Considerably low switching losses of developments like SiC MOSFETs make it possible 

to operate at 2 to 5 times higher switching frequencies compared to their conventional counter 

parts. As the frequency goes high the magnetic components in such system become more and 

more compact. The magnetics components are usually the bulkiest components in a power 

electronics system and in most of the situations also the most expensive component, therefor 

it is of high interest of many designers to develop systems that operate at high frequencies.  

The achievement of a high-power levels in a single module at high frequencies is next challenge 

faced by the developers of systems for high power applications. Most often the maximum power 

achievable with a single module is determined by the magnetic components. As a result it could 

be seen that constraints in the development of magnetic components make a significant 

influence to the miniaturization of the power electronics system. Further it is reasonably 

accurate to state the magnetics components have a great impact on determining the power 

level and the operating frequencies of power electronics applications.  

The research discussed in the paper was carried out with the intention of achieving compact, 

high power, high frequency transformers that are capable of handling power levels in excess 

of 100 kW.  

These studies and a serious of the previous developments carried out  have identified the 

advantages of using the materials such as Nanocrystalline for high power applications and for 

operating frequency levels in the range of 20 kHz to 30 kHz. With the appropriate thermal 

management approaches and designing at optimal operating flux levels Nanocrystalline core 

gives a considerable volume and weight advantage over the ferrites.  

At high power levels the winding design becomes very important for the mitigation of high 

frequency losses. Two winding constructions are discussed in this paper. The novel method 

proposed with folded foils showed very good performance in mitigating the high frequency 

conductor losses. Further it gives the possibility of controlling the leakage inductance between 

the primary and secondary windings by adjusting the level of overlap. The disadvantage 

observed in this method was the time consumed for the proper insulation process. Through 

several insulating techniques were considered the amount of time savings archived was not 

sufficient to adopt this method in mass production. Therefor further research is necessary to 

improve the production process for the successful implementation of this technique.  
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The second method proposed with sandwich winding could be seen as a good compromise on 

the performance and the amount of labor consumption.     

The tests carried out with a standard enclosure showed that the amount of heat transferred to 

the cooled plate was not sufficient to maintain the host spot temperature below the desirable 

level. However, the desirable conditions could be archived with an enclosure with correctly 

engineered interior.  

It could be concluded that with the appropriate material selection, winding techniques and with 

the thermal management techniques the construction of a 100kW high frequency transformer 

could be archived. The product showed very stable performance and presented a very compact 

construction giving a volume to power density of over 18W/cm2 or weight to density of over 

6.5kW/kg. This was a considerable reduction in the size and volume against the conventional 

ferrite construction considered.  

Further tests studies carried out showed the possibility of achieving even higher powers such 

as 150kW or even 200kW in a single high frequency transformer operating at a frequency range 

of 20kHz to 30kHz with a compact construction is possible in a similar compact structure. In 

parallel with the industry demand it was intended to continue the research towards these power 

levels as part of future work.                
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4.10 Summary  

A detail study was carried out on the losses occurring in the magnetic core of transformers. 

Several theoretical and empirical methods developed by various industry leading researchers 

were discussed in the sections 1 to 4 of the chapter 4. In the section 5 of the chapter 4 an 

explanation was given on the potential gap losses in magnetics core. From chapter 4.6 to 4.9 

the studies carried out by the researcher are presented. This includes comparison of magnetic 

materials such as Nanocrystalline and ferrite to understand the ideal application areas for those 

materials. Further the studies carried out in this section includes different core constructions 

topologies, construction arrangements etc.  

The test results observed in the study under the section 4.6 discussed high frequency high 

power application for Nanocrystalline and Ferrite was very much encouraging and was 

reasonably in line with the theoretical predictions. In this study nanocrystalline transformer was 

designed at an approximately three times higher flux density compared to the ferrite one. The 

temperature rise of the cores under the 20kHz excitation was at a reasonable level and 

Nanocrystalline version showed only a slight increase in the rate of temperature rise compared 

to Ferrite version. This proves that the estimation made based on theoretical calculations for 

the suitable operating flux density for nanocrystalline was reasonable. Further no considerable 

audible noise was observed in either of the products. This could be partly due to the fact that 

the significant part of any noise generated goes over the human audible rage.  

The weight of the nanocrystalline version deigned under these criteria was approximately 6kg 

compared to approximately 15kg of the ferrite version. However large mass and the wider 

radiating area of the ferrite version give the advantage of reduced overall temperature rise at 

the condition of thermal equilibrium. In order to account for this fact it is required that a winding 

wire with a wider cross section is used for the nanocrystalline version. This results in increase 

in the weight of the nanocrystalline version slightly reducing the weight ratio advantage over 

ferrite. Further all the disadvantages of a thicker conductor in high frequency applications 

discussed in the paper need to be considered in increasing the conductor cross section of 

nanocrystalline version.  

Based on the results obtained in this study it could be concluded that a considerable reduction 

in the weight and size could be reached by the use of nanocrystalline material as a core for a 

high-power high frequency transformer and it was intended to construct a 200kW transformer 

operating at 20kHz as the next step of the study. However, it should also be noted that the cost 

of each version highly depends on various commercial aspects.    
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In thesection section the optimum design of high power high frequency magnetics is discussed 

based on a 50kW application operating at 50 kHz. An in depth theoretical explanation on 

minimizing the losses at high frequency is discussed 

In the section 4.8 of this thesis the achievement of 100kW in 20kHz transformer is 

discussed. This development is an extension of a series of developments carried out with 

high frequency, high power transformers of power and frequency levels such as 40kW, 

20kHz and 50kW, 50kHz. The advantages and disadvantages of Ferrite and 

Nanocrystalline core materials at this power levels are discussed and the choice of 

Nanocrystalline core is explained.  

The results of these studies are discussed in detail in the chapter.  The patented constructions 

developed that are also relevant to the core less management is discussed in the chapter 5 as 

that relates to the thermal management of the overall product as well.  
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Chapter 5   

 

 

Thermal Management of High-Power High 

Frequency Magnetics  
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Chapter 5 Thermal management of High-power 

High Frequency Magnetics  

Although hot spot temperature is a performance parameter (Pierce, 1996),to be met by the 

manufacturer, there are currently no test methods or requirements that this parameter be 

measured on production or prototype transformers. This seems extremely peculiar since it is 

the fundamental parameter determining the life of the equipment and the thermal evaluation 

standards give test methods for determining the rated hot spot temperature of an insulation 

system. Most manufacturers of dry type transformers simply add 30 C to the average 

temperature rise (calculated using empirical equations) and claim this is "per the standards", 

although the IEEE standards do not state that this is permissible practice. IEEE standard 

(37.12.01-1989 requires that both average winding temperature rise and hot spot temperature 

are limits to be met at rated kVA The difference between these two limits is 30 'C but the 30 "C 

does not appear as a separate number. Many dry-type transformer manufacturers would like 

users to believe that the subject of dry type hot spot temperatures is a mysterious subject. They 

would like you to believe that almost nothing is known on this subject with no published papers, 

etc. They also claim that the hot spot temperature is difficult to measure and that since there is 

no IEEE test method, they are under no obligation to conduct testing, etc. They also convey 

the impression that temperatures in transformer windings are somewhat uniform and the 30 ' 

C allowance is for localized heating at a spot which cannot be predicted. They also try to give 

the impression that the 30 'C allowance was adopted in standards as a maximum number and 

that it is usually less that this value. Some even claim that most manufacturers take steps to 

see that the allowance is always less than 30 "C in their designs. ANSIHEEE Standard 1 

supports these arguments by stating that the hot spot allowance value is arbitrary, difficult to 

determine, and depends on many factors, such as size and design of the equipment. The hot 

spot is simply the highest temperature in the transformer windings. It is a naturally occurring 

phenomena due to the generation of losses and the dissipation of those losses by the heat 

transfer mechanisms. All transformers have a hot spot since at some place in the winding the 

temperature is the highest. Many commercial computer programs are advertised to predict 

temperatures in equipment. Readers of magazines such as Muchine Design or Design News 

in which these programs are described would naturally expect manufacturers to have the 

capability to calculate the maximum temperature in the transformer windings. Similarly readers 

of magazines such as the IEEE Specfrutn would naturally expect manufacturers to have the 
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ability to calculate the eddy loss distribution within the windings. With modem computer 

technology it should be possible to predict the hot spot temperature. Dry type transformers 

have unique heat transfer characteristics which are not well known. For this reason,  a 

proprietary 3-D program for heat transfer calculations in dry type windings was developed. The 

program was refined by tests on windings and prototype transformers with embedded 

thermocouples. 

There have been extensive investigations of liquid filled transformer heat transfer phenomena 

with many published papers. Some companies have chosen not to publish their test results and 

computer calculation methods and expertise depends on the manufacturer. Harold Moore, a 

consultant, recently reported that information submitted by manufacturers of large transformers 

during design reviews show that some have detailed computer analysis of the thermal design 

but others calculate the hot spot simply by adding 15 'C to the average temperature rise. An 

accurate electromagnetic and thermal analysis is essential for transformers designed for non-

sinusoidal load currents. An example of this type analysis for liquid immersed transformers is 

given by the paper of Preiningerova, Kahoon, and Doiezel(Preiningerova et al., 1983, Karsai 

et al., 1987)and in the book by Karsai, Kerenyi, and Kiss (Karsai et al., 1987). Heating due to 

harmonic currents may also occur in utility transformers(Dugan and Mcdermott, 2002). 

5.1 Thermal Investigations for Dry Type Transformers  

 

History of the 30 'C Allowance 

 

Based on the 1944 experimental works of Stewart and Whitman(Stewart and Whitman, 1944)  

and Satterlee (Satterlee, 1944), NEE standards used a hottest spot allowance of 30 * C for 80 

' C average temperature rise. The conclusion of Stewart and Whitman from 1944, that the ratio 

of hottest spot temperature rise to average temperature rise was constant, appears to have 

been forgotten in present industry standards for ventilated dry type transformers. The 30 ' C 

hottest spot temperature allowance established in 1944 for 80 ' C average temperature rise 

was approximately correct. At that time average kVA ratings were less than the present. The 

150 'C average winding temperature rise for the 220 'C insulation temperature class was 

extended to ventilated units initially in NEMA Standards and later in IEEE standards and the 

30 'C hottest spot allowance incorrectly retained. The 1989 LEEE standard used a constant 30 

'C hottest spot allowance for all insulation temperature classes and all size transformers. The 
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IEC standard uses a variable hottest spot allowance from 5 "C to 30 'C. B. Recent Hot Spot 

Investigations-Dry Type Transformers  following tests on dry type transformer windings and 

prototypes have beed carried out and the results have been shared with the industry (Pierce, 

1996): 

1. 2000 kVA cast resin transformer, 300 imbedded thermocouples, 22 test runs. 

2. Six thermal test coils of different duct sizes, 142-171 thermocouples, 97 test runs for 

fundamental heat transfer data. 

3. 2 500 kVA prototype with disc high voltage windings and embedded thermocouples. 

4. 2 500 kVA prototype with sheet conductor low voltage winding containing embedded 

thermocouples. 

The above investigations represent the most comprehensive investigation of dry type 

transformer heat transfer since that of Stewart and Whitman (Stewart and Whitman, 1944) 50 

years ago. Stewart and Whitman  were the only investigator to determine the effect of core loss 

on the hot spot temperature by conducting comparative loading back and short circuit heat run 

tests. The  Stewart and Whitman discovered that the ratio of hot spot rise to average rise was 

essentially constant for a given winding and depended on duct size and winding height. C. Hot 

Spot Temperature of Cast Resin Transformers  

The author's test data by Stewart and Whitman indicated a ratio of hot spot rise to average rise 

of 1.20 to 1.25 for the cast resin transformer design tested. This is lower than the ratio of 1.4 to 

1.5 for large ventilated dry type transformers due to the extremely large cooling duct sizes and 

the large amount of winding surface area available for radiation heat loss. Cast resin designs 

with smaller internal cooling ducts would be expected to have hot spot ratios similar to 

ventilated dry type transformers. 

 

Hot Spot Temperatures of Ventilated Dry Type Transformers 

 

 Stewart and Whitman discovered that there is a large thermal gradient from the bottom to the 

top of the windings of large (above 500 kVA) dry type transformer". This gradient is dependent 

on the height (length) of the winding. IEEE standards utilize a constant 30 'C allowance between 

the hot spot temperature rise and the average temperature rise. To meet hot spot temperature 

rise limits requires that the average temperature rise be reduced below guarantees because 

the difference between hot spot and average temperature rise may be more than 30 'C. The 

recent data indicated that the hot spot increment may be up to 60 'C on large transformers 

(generally above 500 kVA). A comparison of the Stewart and Whitman  test results with the 
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IEEE assumed temperature gradient for a typical winding is shown in Fig.5.1 Changes in IEEE 

standards to more accurately reflect the relationship between average temperature rise and 

hot spot rise in large (above 500 kVA) dry type transformers has been proposed. An IEEE 

Working Group has been formed to review these proposals for a future revision of (37.12.01 

Table 4A. It will be difficult to reconcile the divergent opinions on this subject and most 

manufacturers are unwilling to change IEEE standards since it increases their transformer 

cost(Institute, 1989). 

 

 
Figure 5-1Comparison of test data with IEEE standards 

 

Example calculations for ventilated dry type transformers  

A dry type transformer was required rated AA-T-60-300-13800-950 with a harmonic 

current content equivalent to a k-Factor of 13. Loss data was as follows: 

Resistive losses LV 7650 watts  

Resistive losses HV 15 446 watts 

Eddy Loss LV 326 watts 
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Eddy Loss HV 225 watts 

Stray Loss 1 744 watts 

For this transformer the high voltage winding had a higher hot spot temperature even 

though the eddy loss was lower than the low voltage winding. The low voltage winding 

used a sheet conductor which provided good heat conduction from the high eddy loss 

region. The electromagnetic analysis indicated a eddy loss of 1.46 % of the ohmic loss 

for the high voltage winding. The three-dimensional mathematical model [W] developed 

to predict hot spot temperatures in ventilated dry type transformers allows for eddy loss 

variation throughout the winding. The computer program was used to perform a 

sensitivity analysis of the relationship of eddy loss magnitude and distribution on the 

average and hot spot temperature rises. The distribution of the eddy loss for two cases 

is described in Table 5.1 

The analysis was performed with the calculated average eddy loss of 1.46 percent of the 

ohmic loss for K-factors of 1 and 13.A calculation was performed with a slightly higher 

eddy loss of 2 % to show the effect of the uncertainty on the hot spot rise and average 

rise. The results are summarized in Table I1 and the temperature distribution for eddy 

loss distribution case number 2 is shown in Fig.5.2 The sensitivity analysis indicates that 

the hot spot temperature rise is influenced considerably more than average winding rise 

by changes in eddy loss magnitude and location. Test methods which simply increase 

sinusoidal current to give the same losses will give approximately the same average 

temperature rise but hot spot temperatures may vary considerably. 

 

Distribution  Description  

Case 1 Eddy loss was distributed throughout the 

winding and the eddy loss at the top and 

bottom five per cent of the winding was 

four times the average eddy loss 

distribution. 

 

 Case 2 All the eddy loss was assumed to be at 

the top and bottom five percent of the 

winding 

Table 5-1 Eddy loss distribution 

Table 5-2 Calculated temperature rise variation with eddy loss magnitude and distribution 
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K-factor  Dist. Case  EL % Ave. rise oC  Hot spot rise o C  

1 1 1.46 80.2 128.1 

1 1 2.00 80.5 128.7 

1 2 1.46 80.2 129.7 

13 1 18.98* 89.0 151.9 

13 2 26.00** 92.3 160.7 

13 2 18.98* 87.5 176.9 

*1.46 x 13 = 18.98           **2.0 x 13 = 26.0  

 

Figure 5-2 Effect of harmonic losses on temperature rise. 
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5.2 Hot spot investigations for liquid filled transformers.   

In the decade of the 1990's the technology focus in the transformer industry was on thermal 

performance and load ability. Many transformers undergo planned overloading by electric 

utilities to maximize the return on the investment in this expensive equipment. As reported 

recently by W. J. McNutt(McNutt, 1992), "all load ability decisions are based on hottest 

conductor temperature, but that parameter is never measured during a thermal test, and some 

manufacturers never actually calculate what it would be for rated loading. 

The thermal equations provided in the loading guide are recognized to be grossly inaccurate 

for some cooling modes and not precisely correct for others". Since the loading guide equations 

were first proposed in1945, many papers and trade press articles have been written on 

transformer loading using these equations. It is generally stated that the equations are 

conservative without giving test data to substantiate this statement. The equations have been 

incorporated into computer programs by consultants and utilities. Until recently little research 

has been performed on measurements of hot spot temperatures in windings of full-size 

transformers during transient loading. Thermal research has centered on computer modeling 

of steady state performance with tests on model windings to obtain data to validate the models. 

The purpose of these studies was to predict thermal performance more accurately at nameplate 

ratings to minimize the manufacturer's cost. Transformer manufacturers have investigated 

liquid filled transformer heat transfer phenomena for over a hundred years with many published 

papers. Many of the design equations are based on proprietary test data obtained by many 

researchers. The  recently reported  investigation on a full-size test winding with embedded 

thermocouples to investigate transient loading on the hot spot temperature. The tests indicated 

that the industry loading guides were not valid for all modes of cooling and all loading 

conditions. During overloads there is a time lag between the top oil temperature rise in the tank 

and the oil rise in the winding cooling ducts. Thermal tests were also performed on a 5 600 kVA 

prototype transformer at various loads to compare the hot spot temperature with oil and silicone 

fluids. The test data was used to refine an analytical computer program to calculate hot spot 

temperature(Pierce, 1992b, Pierce, 1992a). 

Modem computer technology now permits more refined calculations of loading capability. An 

improved system of equations was developed (Pierce, 1992a) for inclusion in the next loading 

guide IEEE Guide for loading Mineral Oil Immersed Transformers. The improved system of 

loading equations is based on the fluid flow conditions occurring in the transformer during 

transient conditions. The equations and computer program also incorporated an improved 
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method of calculation for variable load cycles and variable ambient temperatures. The 

properties of the low flammability fluids polydimethylsiloxane (silicone) and high temperature 

hydrocarbon (hthc) were also incorporated into the improved loading equations. 

In the 1980s direct measurement of winding hot spot using fiber optic detectors became 

feasible. In the 1990's thermal research is moving into studies of overload performance using 

these fiber optic hot spot detectors. Due to the high cost and poor reliability of the fiber optic 

devices their use appears to be primarily as a research tool to measure hot spot during factory 

thermal tests on transformers and for use on selected units to obtain dynamic loading data 

under actual field conditions. Due to the poor reliability, redundant probes must be used. 

Experience such as that reported in a recent Doble paper by Troisi (Troisi, 1992) indicates that 

even with extreme care in installation, about 25 to 33 percent of the probes can be expected to 

fail due to damage. Reported data  indicated that the location of the hot spot is difficult to 

determine. A recent survey reported that two to eight sensors would be adequate if placed in 

the winding where the higher temperature is expected but for prototype transformers it was 

estimated that twenty to thirty sensors would be required. 

Example calculation for liquid filled transformer  

An oil immersed transformer rated OA-T-60-3600 kVA-22000Y-575 was designed for a secified 

harmonic current content. After installation actual harmonic currents were measured and the 

current spectrum supplied to the manufacturer with a request to check the temperature rises. 

At rated load and 60 Hz. the tested losses were: 

No Load 4072 watts 

PR 27 821 watts 

Stray and eddy loss 4 060 watts 

Total loss 35 953 watts 

Temperature rises above ambient were: 

HV Ave. Rise 48.1 'C 

LV Ave. Rise 47.6 'C 

Top Oil Rise 47.2 'C 

Hot Spot rise 55.3 'C 

A calculation using the harmonic current distribution gave; 
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Engineering analysis indicated the division of the eddy and stray loss to be; 

eddy loss 316watts 

stray loss 3 744 watts 

With the harmonic load currents the losses are; 

No Load 4 072 watts 

I* 27 821 watts 

eddy loss 6.28 x 316 = 1 984 watts 

stray loss 1.62 x 3 744 = 6 065 watts 

Total loss 44 014 watts 

As indicated by equations in the IEEE Loading Guide “IEEE Guide for loading Mineral Oil 

Immersed Transformers” , for the OA cooling mode, the top oil rise is proportional to the losses 

to the .8 exponent and may be estimated for the harmonic losses from the test data at rated 

load and losses as shown below: 

𝑇𝑂𝑅 = [
44 014

35 953
]

0.8

47.2 = 55.5 𝐶.
0  

The maximum per unit eddy loss occurred in the high voltage winding and was calculated to 

be 2.0 per cent of the ohmic loss. Assuming that the maximum eddy loss at the hot spot region 

to be four times the average eddy loss would give an eddy loss of 8.0 per cent of the ohmic 

loss density at the hot spot location. The hot spot rise over top oil can be calculated as, 

𝐻𝑆 𝑂𝑉𝐸𝑅 𝑇𝑂 = [
1 + (6.28)(0.08)

1 + 0.08
]

0.8

(55.3 − 47.2) = 10.5 𝐶.
0  

 

The hot spot rise over ambient = 55.5 + 10.5 = 66.0 'C. 

This is less than the permissible hot spot rise of 80 "C 
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5.3 Temperature Rise for High Frequency Transformer under 

Forced-air Convection 

Transformer design plays an important role in high-frequency switch mode power supply 

design. The most important limiting factors for high frequency transformer design are the core 

saturation and temperature rise induced by core losses and winding losses. The temperature 

rise is dependent on its surface area, cooling environment and power losses. To verify that 

temperature does not exceed material specification and can meet safety requirements, an 

estimation of power losses and temperature rise becomes an important design step during its 

preliminary design process. In the conventional design process, the power losses and 

temperature rise of the transformer are often ignored in preliminary design. This is because the 

power losses are too complicated to calculate and the evaluation tool for temperature rise is 

not available to get an accurate result. The skin effect describes that current distribution within 

the conductor and can be found by solution of Maxwell’s equations. For high frequency sine 

wave current, the result is that the current density is greatest at the surface of the conductor. 

The current density is an exponentially decaying function of distance into the conductor. The 

current crowds near the surface of the conductor, the center of the conductor is not utilized, 

and the effective conductor cross-section area is reduced.  

However, the skin effect alone is not sufficient to explain the increased high frequency winding 

losses observed in multiple-layer windings. The proximity effect illustrates that the externally 

applied magnetic field, which is built by the multiple-layer windings will induce eddy currents to 

flow in a conductor, and thereby induce loss in adjacent conductors. To avoid the skin effect 

and proximity in the winding, the copper foil and Litz wire are generally used to replace the 

round wire. The copper foil with a width equal to the core window width is often applied for low 

voltage, high current windings with few turns and large conductor area. The thickness of copper 

foil can be similar to or smaller than skin depth to reduce the eddy current losses. Litz wire is 

another means of increasing the conductor area while maintaining low skin effect and proximity 

effect. Tens, hundreds or more strands of small-gauge insulated round wire are bundled 

together, and externally connected in parallel. For Litz wire, it is assumed that the individual 

wires of the strands are interleaved and twisted along the entire divided conductor. This 

ensures that the current will divide equally among the separate strands, and can greatly 

decrease the loss induced by skin effects and proximity effect. In the past years, some 

analytical models for winding losses with solid conductor windings have been studied 
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(Dowell, 1966, Vandelac and Ziogas, 1988, Tourkhani and Viarouge, 2001, Carsten, 1986). 

The first analytical model, which has been proposed by Dowell (Dowell, 1966), is restricted to 

foil conductor windings. Then, Vandelac (Vandelac and Ziogas, 1988), which arrange the 

winding geometry, have been proposed for extending the analytical model of foil conductor 

winding to round wire windings. However, this will be too pessimistic the winding loss of round 

wire(Tourkhani and Viarouge, 2001). For the round wire and Litz wire study, in (Carsten, 1986), 

the 1D solution of foil conductor is applied to round Litz wire winding, providing that a foil 

conductor is equivalent to a stack of thinner foils. In(Tourkhani and Viarouge, 2001) an analytic 

model of winding for Litz wire is derivedbased on the linear distribution of the leakage field 

across the winding layers. In(Vandelac and Ziogas, 1988) and (Tourkhani and Viarouge, 2001), 

the analytic models can be applied to calculate the multiple layer winding loss of foil conductor 

and Litz wire, respectively. However, these two models are starting with zero magneto-motive 

forces (MMF) boundary conditions. In most application, there may be multiple outputs for 

converter design and this will result in multiple secondary windings, not only single secondary 

winding in transformer. 

In considering eliminating the proximity effect, the winding strategies may select interleaving or 

partially interleaving. All of these designs will cause the winding model starting with non-zero 

magneto-motive boundary conditions. The high frequency winding losses for multiple-layer 

copper foil and Litz wire windings with MMF boundary conditions has been studied in (Chang 

et al., 2010). 

To extend results based on(Chang et al., 2010), this paper develops analytical models of 

winding losses for multiple-layer copper foil and Litz wire windings with MMF boundary 

conditions. 

In these two models, geometric parameters of conductor and distribution of magneto-motive 

forces are considered in the formulation of the winding losses equation. Then, the thickness of 

copper foil and strand diameter of Litz wire is considered to obtain the minimum winding losses. 

Because of the skin effect and proximity effect, the winding losses in high frequency transformer 

are significantly in excess of the dc loss. In this study, analytical models of winding losses for 

multiple-layer copper foil and Litz wire windings with MMF boundary conditions are derived, 

respectively. In these two models, geometric parameters of conductor and distribution of 

magneto-motive forces are considered in the formulation of the winding losses equation. 

Comparing with the FEM simulation result, it shows that these two models have good accuracy. 

Then, the thickness of copper foil and strand diameter of Litz wire is discussed to obtain the 

minimum winding losses. It reveals that the characteristic of Litz wire is similar to copper foil. 
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As the duty cycles decrease or the MMF boundary condition increase in positive tendency, the 

proximity effect will increase. Hence decreasing the thickness of copper foil or strand diameter 

can eliminate the proximity effect and reduce the winding losses. 

 

5.4 Numerical Analysis of Winding Temperature Field for Dry 

Type Transformer 

Because the insulating media in dry type transformers are mainly epoxy resin and air, the dry 

type transformer has the advantages of safety and environmental protection. But its heat 

performance is not so good as that of an oil-immersed type transformer. Hot pot temperature 

is the principal reason for affecting transformer life span(Susa and Nordman, 2009). 

Nevertheless, the demand in performance and economy cannot be met by testing or traditional 

design methods of hot spot temperature now. Under the case of both transformer capacity and 

failure problems caused by local overheating increasingly, numerical analysis on temperature 

field distribution of windings is very important for dry type transformer design and its reliable 

operation(Pradhan and Ramu, 2003, Jing et al., 2012). 

Based on the analysis of winding structure features for a 2500kVA dry type transformer, a 

reasonably simplified model of winding temperature field is established. Then, the winding 

temperature field is calculated by using FVM and validation of hot pot temperature is confirmed 

by comparison of both calculating and testing results. Some useful distribution rules are 

analyzed for dry type transformer design (Jing et al., 2012) 

5.41 The simplified model and boundary conditions  

The analyzed dry type transformer is three phase, two winding structure with many layer 

cylinders along radial direction and its low voltage (LV) winding with foil conductor is divided 

into four layers, its high voltage (HV) winding with ordinary wire being divided into two layers. 

They have cool air way with epoxy resin material between the core and windings, and the layers 

of windings (WANG et al., 2010, Swift et al., 2001). 

A. The Simplification and Assumption of The Model On the bases of analyzing structure and 

performance for a 2500kVA dry type transformer, the main simplifies and assumptions are the 

following when winding temperature field is calculated(Jing et al., 2012) 

● Assuming that temperature distribution of transformer windings along circumferential 

direction had no gradient change. Then, steady temperature field can be approximately 
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calculated by using axial symmetry FVM and the simplified model composed of a half along 

center plane of a phase is shown in figure 5-3, according to the structure symmetry of three 

phase transformer windings and cores(Jing et al., 2012). 

● Heat sources are produced by the losses of both core and windings respectively. According 

to the loss distribution, heat source in core is approximately uniform, and heat source in 

windings is divided into some subregions along their axial height of every layer (in figure 5-3 

each layer LV is divided into seven subregions and each layer HV is ten subregions), because 

of uneven eddy current losses in two ends of windings. and the windings losses or heat sources 

vary with itself temperature. The effects of the clamp and tie-plate are ignored. 

● The boundaries of air fluid are far enough from the core and the windings. 

● When the heating and cooling achieve to a thermal balance in the operation process of dry 

type transformer, the temperatures of both winding and air fluid don't vary with time. 

● The density, specific heat, thermal conductivity of both solid material and air in dry type 

transformer and ambient temperature are constant. The dynamic viscosity of air fluid is 

constant. 

 

 

Figure 5-3 The simplified model 
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Heating and Cooling Analysis of Dry-Type Transformers 

The heat source analysis: Heat sources in dry type transformers are mainly the core and 

windings. The heat sources in the HV and LV windings are mainly composed of two parts of 

loss, the one being the DC resistance loss and the other being winding eddy current loss 

caused by the leakage flux. The distribution of the former is uniform and that of the latter is 

uneven. The total loss of two parts is called as load loss of dry type transformer. Because the 

resistivity of winding conductor varies with the temperature, the loss of winding is a function of 

temperature and the heat source is nonlinear, represented generally by using loss value of 120 

degrees. According to the loss distribution characteristic, the heat source in core is 

approximately uniform and equivalent heating object. The heat sources in the windings are 

composed of the losses of some subregions and every part is regarded as uniform and 

equivalent heating object. Then, heat source density of every heating object can be obtained 

by the following formulae: 

𝑞𝑣 =
𝑃

𝑉
 

 5 - 3 

Where, 𝑞𝑣 is heat source density of the transformer core or winding subregions(w/m3); 𝑃 is the 

loss of of heating source (w);  𝑉 is the volume of heating source(m3). For the insulating part, it 

is setted to qv =0. 2) The heating and cooling analysis: The ways of heating and cooling in dry-

type transformers have heat conduction, convection, and radiation. The inner heat quantity of 

both transformer core and winding is transferred to the outer surfaces which are in contact with 

air by heat conduction from the hottest point, so there is a temperature difference between the 

outer surface of heating object and air fluid. Then, the outer surface heat quantity of heating 

object is transferred to surrounding air by convection and radiation. The cooling of windings 

has a great relation to the structure of winding surface and the status of surface fluid when the 

transformer is operating. Because the temperature, fluid velocity and roughness of winding 

surface along its axial height is not same, so is the heat transfer coefficient along axial height 

of winding. In this paper, the heat transfer coefficient of the winding surface not to be constant 

is set by automatic coupling way of both fluid and solid using temperature field software solver. 

The heat transfer coefficient determined by this coupling way varies with the change of both air 

temperature and velocity, thus, the calculation results are more accurate. 
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The Governing Equation and Boundary Condition 

1) The governing equation and boundary condition: By the above assumption and 

simplification, thermal conduction equation of the steady-state temperature field in transformer 

winding is as follows(Jing et al., 2012, Wang and Tao, 2008): 

𝜕 𝑡.
2

𝜕𝑟2
+

1

𝑟

𝜕𝑡

𝜕𝑟
+

𝜕 𝑡.
2

𝜕𝑧2
+

𝑞𝑣

𝜆
= 0 

    5 - 4 

where,  𝑡 is temperature (°C);  𝜆 is thermal conductivity of the material (w/m-k). 

The air fluid boundaries of upper, down, and right in figure 5-3 are all first type condition (t 

equals environmental temperature) and its left boundary is second type condition depending 

on core loss density. The internal boundaries with convective and radiative heat transfer are 

the third kind of boundary condition and can be obtained by the following formulae: 

−𝜆 (
𝜕𝑡

𝜕𝑛
)

𝑤
= ℎ(𝑡𝑤 − 𝑡𝑓) 

  5 - 5 

Where, 𝑛 is the vertical direction，ℎ  is the integrated heat transfer coefficient ，𝑡𝑤  is the 

temperature of solid object wall，𝑡𝑓 is the air medium temperature of the surrounding fluid. 

2) Initializing the boundaries and setting material properties: According to the ambient 

temperature and air velocity at hot spot temperature testing, the three boundaries temperature 

of upper (air outlet), down (air inlet) and right (air fluid) in figure 5-3 is 15.0（°C ）,and velocity 

of fluid inlet is 0. 15( m / s) . The relative pressure stress of fluid outlet is 0. 

3) Setting material properties: The density of air fluid is 1.225(kg/m3); The viscosity coefficient 

is 1.7894e-05 (kg/m- s) ; The thermal conductivity and specific heat of air is 0.1242(w/m-k), 

1006.43(J/kg - k) respectively. The density, the specific heat and thermal conductivity of 

winding conductor is 2719( kg/m3), 900(J/kg - k) , 287(w/m-k) respectively. The density, specific 

heat and thermal conductivity of the insulating resin is 980(kg/m3), 1400(J/kg - k) and 0.25(w/m-

k) respectively.(Wang and Tao, 2008, Zhang and Li, 2004)  
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5.5 Effective heat removal of high-density magnetics 

5.51 Construction for the natural convection cooling 

Even though a high level of minimization of losses achieved with the appropriate operating flux 

levels and winding techniques in this 100kW transformer the high level of miniaturization 

archived results in considerably high-power density. This makes it challenging to maintain the 

temperature rise under convection conditions.    

The surface area of the product or the enclosure is not sufficient for the effective removal of 

heat under natural convection.  

 

 
Figure 5-4 Housing construction for the natural convection cooling 

 

Therefor an enclosure made from heatsinks as shown in the figure 5-4 considered as a method 

of heat removal. 

5.52 water cooled plate mounting   

Alternative approach considered for the effective heat removal is the use of water-cooling 

arrangement of the end product for the cooling of magnetic components. Under this the high 

frequency transformer will be mounted on water cooled plate as shown in the diagram below.     
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Figure 5-5 Transformer mounted in water cooled plate. 

In order to effectively remove the heat generated in the inner parts of the core heat pipe and 

heat sheet options were considered. However, the fact that the heat must be transferred 

towards the bottom direction and the short operation life of heat sheets such as 16 years in 

continuous operation made the use of them non suitable for the application. Therefore, an 

enclosure with specially engineered interior was used.    

After taking the above discussed factors into consideration a 100kW,20kHz transformer was 

constructed. A winding arrangement as discussed in 2.1.3 was also constructed.  

 

 

 

 

 

 

 

 

 

Figure 5-6 100kW, 20Hz HF transformer 
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The research discussed in the this section  was carried out with the intention of achieving 

compact, high power, high frequency transformers that are capable of handling power levels in 

excess of 100kW. These studies and a serious of the previous developments carried out have 

identified the advantages of using the materials such as Nanocrystalline for high power 

applications and for operating frequency levels in the range of 20kHz to 30kHz. With the 

appropriate thermal management approaches and designing at optimal operating flux levels 

Nanocrystalline core gives a considerable volume and weight advantage over the ferrites. At 

high power levels the winding design becomes very important for the mitigation of high 

frequency losses. Two winding constructions are discussed in this paper. The novel method 

proposed with folded foils showed very good performance in mitigating the high frequency 

conductor losses. Further it gives the possibility of controlling the leakage inductance between 

the primary and secondary windings by adjusting the level of overlap. The disadvantage 

observed in this method was the time consumed for the proper insulation figure 5-8. 

Temperature rise with modified interior housing Temperature in oC. Time in s  Through several 

insulating techniques were considered the amount of time savings archived was not sufficient 

to adopt this method in mass production. Therefor further research is necessary to improve the 

production process for the successful implementation of this technique. The second method 

proposed with sandwich winding could be seen as a good compromise on the performance and 

the amount of labor consumption. The tests carried out with a standard enclosure showed that 

the amount of heat transferred to the cooled plate was not sufficient to maintain the host spot 

temperature below the desirable level. However the desirable conditions could be archived with 

an enclosure with correctly engineered interior. It could be could be concluded that with the 

appropriate material selection, winding techniques and with the thermal management 

techniques the construction of a 100kW high frequency transformer could be archived. The 

product showed very stable performance and presented a very compact construction giving a 

volume to power density of over 18W/cm2 or weight to density of over 6.5kW/kg. This was a 

considerable reduction in the size and volume against the conventional ferrite construction 

considered. Further tests studies carried out showed the possibility of achieving even higher 

powers such as 150kW or even 200kW in a single high frequency transformer operating at a 

frequency range of 20kHz to 30kHz with a compact construction is possible in a similar compact 

structure. In parallel with the industry demand  it was  intended to continue the research towards 

these power levels as part of future work 
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5.6 Estimation of Temperature Rise in MVA Range Dry-Type 

Transformers and Practical Verification Based on Simulated 

Loading 

Dry-type transformer becomes the preferable choice in many applications due to its 

construction specific advantages over oil-cooled transformers. However, they inherent low 

thermal conductivity giving the rise to high operating temperatures. The temperature rise of a 

transformer is an important factor deciding its safe operation and the useful life span. With the 

increase of the power rating of the transformers the amount of heat generated during its 

operation increases. Thus the construction of large dray type transformers requires a details 

understanding of their thermal behavior. In this paper the development of a 1.2MVA single 

phase dry-type transformer is discussed. The constructed product was tested for a 1.2MVA 

loading condition base on simulated loading method. Practical vales are compared with the 

theoretical predictions.         

Transformer, as an important part of the transmission and distribution system, plays an 

important role in the safe operation of power grids(Ning and Ding, 2012). In comparison with 

the oil-cooled transformer, dry-type transformer shows a good performance in fireproof 

performance, mechanical properties, die-electric strength, anti-short-circuit ability, heat 

resistance etc. Further, the feature of less pollution and convenient installation make it widely 

used. However, the low thermal conductivity of the dray-type transformer makes its operating 

temperature higher than the oil-type/oil-cooled transformers. This directly influences the 

performance and the service life of dry-type transformers (Ding and Ning, 2012).The 

temperature rise is an important indicator of the safe operation of dry-type transformers. The 

excessive temperature is a main factor that shortens the service life of dry-type 

transformers(Ding and Ning, 2012). Further, the modern applications often require high power 

transmissions which inevitably require a greater capacity and larger size. This increased the 

single capacity of a transformer causes higher losses, the resulting local overheating problems, 

inconvenience due to larger size and costs. Therefore, it is necessary to make a good thermal 

design in order to manufacture compact size and efficient transformers (Li et al., 2013b).     

The study discussed in the papers is based on a 1.2MVA single phase transformer developed 

for a laboratory application. This transformer is to be used in a partial accelerator arrangement 

in a research facility in the United Kingdom. The requirement of handling a power of 1.2MVA 

in single phase itself made the design of the transformer outstanding. Further, the proper 

operation of the unit over a long period was a vital factor due to the nature of the application. 
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Therefor a detail study of the thermal model was carried out in arriving at the suitable design 

that gives the required compact size and reasonable temperature rise that ensures a long-life 

operation.  

The developed product was subjected to a load test to evaluate the accuracy of the theoretically 

predicted temperature. It is generally not practical to carry out a full load test of a MVA range 

transformer under laboratory conditions. This situation is well identified in the transformer 

standard BS EN 60076-11(Power Transformers Dry-Type Transformers) and a simulated 

loading method is defined for the load tests of larger transformers.  

Even under the simulated loading conditions the transformer is supposed to be loaded with a 

power exceeding 85kVA. It is a quite challenging task to obtain a single-phase power of 85kVA 

in practice. Therefore, a test transformer was developed with the open delta vector 

configuration. This transformer was used as a phase conversion transformer for converting the 

three-phase power into a single-phase power so that the single phase 1.2MVA transformer can 

be loaded.   

The temperature rise obtained from this simulated loading method is compared with the 

theoretically predicted values.  

 

5.61 Theoretical background  

Thermal Modeling   

 

The temperature rise of the transformer components is caused by all of the device electrical 

losses, which are the no-load and load losses. It is known that the thermal behavior within the 

electromagnetic device is composed by conduction, convection (also known as heat advection) 

and radiation (Arjona et al., 2014, Lu et al., 2003).   

The transformer can be considered to have a geometrically symmetric structure. Therefor a 

simplified model can be established. One of the limbs in a three-phase transformer can be 

taken as the main research object in calculation. In the case of a single-phase transformer with 

a high power rating similar to the product discussed in this paper where the UI construction is 

used (UI construction is suitable for single phase transformers with much lower power rating 

than the one discussed in this paper) one of the two limbs can be considered as the main 

research object (Gao et al., 2012). The construction of the limb of a transformer similar to the 
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one investigated is illustrated in the Fig. 1. This simplified construction is very much useful in 

the thermal analysis especially in the analysis of the thermal field distribution.        

 

 
Figure 5-7 Simplified diagram of a transformer coil structure . 1. Si-Steel core, 2. Primary 

winding to core insulation barrier, 3. Primary winding  4. Primary winding to Secondary winding 

insulation barrier,  5. Secondary winding; note:  Depending on the design specific conditions 

designers use air ducts in between any of the above layers 

 

 

The transformer coil construction described in figure 5-8 can be illustrated with the three 

dimensional model developed for the evaluation of the overall construction as shown in the 

figure 5-9 The exposure of the Si-steel core and the windings to the environment can be seen 

in this figure.   
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Figure 5-8 Three-dimensional model of the 1.2MVA transformer 

 

 

When the transformer is in operation, part of the electromagnetic energy is transferred into heat 

energy, i.e., the transformer generates energy loss in the windings and other components, 

which is converted to heat. One part of the heat increases the transformer temperature and the 

other part distribute to the sounding medium. The heat generating elements can be roughly 

divided into two parts which are the windings and the Si-steel core of the transformer (Ding and 

Ning, 2012).      

Transformer core temperature rise 

 

In a dry-type transformer as shown in the figure 5-9 Si-steel core is one of the heating elements 

and these losses that generates the heat are called core losses, iron losses or no-load losses 

of the transformer. These no-load losses refer to the hysteresis loss and eddy current loss. The 
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two losses are associated with Si-steel sheet material, magnetic density values and have a 

great relationship with the silicon sheet processing. 

The heat dissipation area of the core can be divided into the exposed part and non-exposed 

part. The exposed area includes the upper surface of the iron yoke; figure 5-9, the side surfaces 

of the upper and lower iron yokes and vertical outer surfaces coming out of the windings. Non 

exposed area includes sides of the air ducts in the core and the surface of the iron core column, 

which is surrounded by the winding or insulation, and so on. The thermal load of the transformer 

core can be expressed as follows (Ding and Ning, 2012).   

 

 𝑞𝑐 =
𝑃𝑐

𝜎𝑎+𝑘𝑑𝜎𝑏
 

 5 - 6 

where  

𝑘𝑑 = 0.56√𝑎1.6/𝐻
4

 

 5 - 7 

𝑞𝑐; A core of the effective surface load (W/m2), 

𝑃𝑐; The core loss (W), 

𝜎𝑎; Exposed area, (m2)  

𝜎𝑏; Non-exposed area (m2) 

𝑎; Width of the air duct (mm) 

𝐻; The average height of the core  

 

 Now the engineering practice is the most commonly used empirical algorithm of core 

temperature rise calculation, which to a certain extent can satisfy the need of engineering(Ning 

and Ding, 2012, Lu et al., 2003). The empirical coefficients are generally different for the 

different core materials and structures . In the calculation of average temperature rise for a  

core made of stacked silicon steel sheets, the empirical coefficients k, n take the values of 

0.36,0.8.  Thus the core temperature rise model is as follows(Ning and Ding, 2012). 

𝜏𝑐 = 0.36𝑞𝑐
0.8 = 0.36(

𝑃𝑐

𝑆𝑐
)0.8 

5 - 8 

where  

𝜏𝑐; The core temperature rise (oC), 

𝑞𝑐; A core of the effective surface load (W/m2 ), 

𝑃𝑐; The core loss (W), 
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𝑆𝑐; The core and the effective radiating area (m2), 

 

The core loss 𝑃𝑐 mainly consists of two parts: the hysteresis loss 𝑃ℎ and the eddy current loss 

𝑃𝑒  

𝑃ℎ = 𝜂𝑓𝐵𝑚𝑎𝑥
1.6 𝑉 x10−3 

5 - 9 

 

𝑃𝑒 = 𝜂𝑑2𝑓2𝐵𝑚𝑎𝑥
1.6 𝑉 x10−3 

5 - 10 

𝑃𝑐 = 𝑃ℎ + 𝑃𝑒 

5 - 11 

where  

𝜂; The coefficient of the hysteresis of the core material, 

𝑓;Is the frequency (Hz), 

𝐵𝑚𝑎𝑥;  The maximum flux density (T), 

 

The temperature rise of the transformer windings  

 

The dry-type transformer windings are the main components of heat generating elements(Ding 

and Ning, 2012). The heat of the primary winding and the secondary windings are mainly 

caused by the respective load losses. The load loss includes the basic loss and additional loss. 

The basic loss refers to the winding DC resistance component of the conductor loss. DC 

resistance loss is the main reason leading to the winding temperature, so during normal 

engineering practice, only DC resistance loss is considered in computing (Ning and Ding, 2012, 

Lu et al., 2003). However, based on  previous research work in this particular study additional 

factor of 5% was added to account the additional AC losses due to the presence of winding 

eddy current losses.         

Winding temperature rise calculation model and the core temperature rise calculation model 

use the same principle, just with different values of empirical coefficients. The winding 

temperature rise calculation is as follows (Ning and Ding, 2012). 

  

𝜏𝑤 = 𝑘𝑞𝑤
𝑛 = 𝑘(𝑃𝑤/𝑆𝑤)𝑛 

5 - 12 

where 

𝜏𝑤; The winding temperature rise (oC), 
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𝑞𝑤; The winding surface load (W/m2), 

𝑆𝑤; The effective winding cooling area (m2), 

 

The calculation process for the winding loss is as follows: 

 

𝑃𝑤 = 𝑃𝑘𝛽2 = 𝑃𝑘(
𝑆𝑗𝑠

𝑆𝑒
)2 

 

where  

𝑃𝑘; The transformer short circuit active power (kW), 

𝑆𝑗𝑠; The transformer computational load (kVA), 

𝑆𝑒; The rated capacity of the transformer (kVA), 

 

𝑘 and 𝑛 are empirical coefficients and they are related to the winding process and the materials. 

For low voltage windings, when all surfaces are in contact with the inner air ways generally 

K=0.66 For windings with subsection cylindrical windings, which is vertical air duct therefor 

there two axial radiating surfaces where K becomes 0.46(Ding and Ning, 2012). 

The values of K and n are also calculated based on the historical test results of the Carroll & 

Meynell Transformers Ltd.  

   

5.62 Product construction  

 

The 1.2MVA single phase transformer was designed constructed as per requested specific per 

turn induction ratio.  It was required to maintain specific voltages in the primary side of the 

transformer and the secondary side of the transformer as described in the transformer 

schematic diagram in the Fig. 3, which made the selection of the number of turns and the size 

of the core restrictive to some extent.     

The transformer was constructed utilizing the ‘UI’ type core construction. Given the size of the 

transformer it was decided to base the core area profile on a step system of cross-sections to 

give a cylindrical coil construction. The material chosen for the coil former was a silicone coated 

glass mat that is wound to the required thickness. This material meets the Class H insulation 

system requirement.  
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Figure 5-9 Transformer schematic diagram 

The conductors consisted of multiple sections of rectangular copper strips were bunched 

together to obtain the acceptable current density. In deciding the appropriate conductor cross-

section, the temperature rise was estimated as explained in the section II C and a certain 

iterative approach was used to arrive at the most suitable conductor cross-section. In order to 

avoid issues of circulating currents between the inner and outer strips of the conductor bunch 

being generated a single transposition of the wires in the middle of the coils was used; the 

optimum number of transpositions for the size of the transformer was decided based on a detail 

study on the construction explanation of which goes beyond the scope of this paper.  This 

transposition balances the total lengths and winding areas to within a ± 1% tolerance for all 

conductors. This balances the individual resistances and inductances of the windings which 

reduces any additional heat generated due to circulating currents. The drawing in the figure 5-

10 illustrates the construction of the coil.  
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Figure 5-10Construction of one of the two coils 

 

The core material and the operating flux density was decided based on the amount of heat 

generated due to core losses described in above equation. Based on the calculated 

temperature rise as explained in section II B an iterative approach was made to decide on the 

optimum design flux density for the application. Though the transformer was constructed with 

a class H insulation system it was decided to limit the temperature rise to the vales of a class 

F system. This was to ensure the expected long-life operation of the transformer and to account 

for any potential over load possibilities due to the nature of the application in the particle 

accelerator laboratory setup where the transformer intended to be used.         

 

5.63 Experimental procedure    

 

Simulated loading method    

It was decided to carry out a load test on the constructed transformer. One of the objectives 

was to get a verification of the theoretically predicted values of the temperature rise. The 

second objective was to subject the transformer to the full load condition and to stress it for the 
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design thermal condition as a certain quality assurance step before it goes through the 

expensive installation in the laboratory.  

Carrying of a load test on a MVA range transformer is not very much practical in a laboratory 

set up due to the amount of power involved. This situation is addressed in the standard 

BSEN60076-11 where a simulated load test is defined. 

In the simulated load test method temperature rise is established combining the short-circuit 

(load loss-winding losses) and open circuit test (no-load loss – core losses). The winding short 

circuit test is carried out with a rated current of 1160A in the primary and 670A in the secondary. 

The windings were loaded under this condition until the steady state of the transformer core 

and the windings was researched. The temperature rise is measured based on the resistance 

method. The testing arrangement is shown in the figure 5-12 

 

 
Figure 5-11 1.2MVA transformer testing arrangement 

The open circuit test was carried out by loading the primary of the open circuit transformer with 

a voltage of 960V at the rated frequency of 50Hz. Test was continued until the stead state 

condition of the windings and the magnetic core was achieved. The total winding temperature 

that would be researched at a power of 1.2MVA is then calculated as per the formula given 

below [BSEN 60076-11].  
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∆𝜃𝑐
1 = ∆𝜃𝑐 [1 + (

Δ𝜃𝑒

Δ𝜃𝑐
)

1
𝑘1

]

𝑘1

 

5 - 13 

 

where  

∆𝜃𝑐
1; is the total winding temperature, 

∆𝜃𝑐;is the winding temperature rise at the short circuit test,  

 Δ𝜃𝑒; is the individual winding temperature rise at the open circuit test, 

𝑘1; =0.8 for natural air cooling and 0.9 for forced air cooling. 

 

Supply of high single-phase power     

 

Even though the load test was carried out based on the simulated loading method due to the 

high-power rating of the transformer required supply power level for the load test comes to 

about 85kVA. Since the product under discussion is a single-phase transformer this power has 

to be obtained in one phase. Obtaining a power of 85kVA in a single phase was a considerable 

challenge in making the testing setup. In order to achieve this 90kVA open delta phase 

conversion transformer was constructed. Figure 5-12.    

   
Figure 5-12 90kVA open delta phase conversion transformer 
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This is a transformer constructed with a three phase 3UI type core only with two windings. The 

center limb of the core is left open without a winding on it. However elimination of the center 

limb is not possible for the operation of the magnetic circuit. The primary is supplied with a 

three phase supply with an open delta arrangement and the two secondary windings are 

connected in series to form the required single phase supply. By the use of this transformer the 

required single phase power of about 85kVA was obtained.  

Load testing process     

With the use of the above open delta phase conversion transformer the core of the 1.2MVA 

transformer was loaded as explained in the section IV A. The temperature was recorded over 

a period of 25 hours. As the temperature of the core had reached the level of its rise per hour 

is below one 0C the core test was stopped at this stage.  The measured temperature values 

were corrected for the ambient temperature variations.   

Immediately after the above no-lad test the short circuit test was started as explained in section 

IV A. When the secondary winding was lorded to the rated current of 670A primary voltage of 

about 76V could be seen indicating a power of approximately 88kVA. This also shows a short 

circuit impedance of about 7.9% in the 1.2MVA transformer which is well over the 5% minimum 

requirement for a transformer of this power range as per BSEN 60076. The short circuit test 

was also carried out for a period of approximately 24 hours and the measured temperature was 

corrected for the ambient temperature variations. Here again it could be seen that after about 

24 hour period the rise in the windings were coming below one degree per hour. Further based 

on the plotted graphs and extrapolated lines of best fit it could be seen that the temperature of 

the windings had researched well over 95% of the steady state conditions.  

In addition to recording the measured temperature the resistance of each winding was recoded. 

As per the definition in BSEN 60076 the temperature of each section of the coils were 

calculated based on the resistance method.  

 

Discussion   

The temperature rise of the core obtained during the no-load test is shown in the Table 5-3. 

Based on the equations (3), (4), and (5) and with the data obtained from the core material 

manufactures the core loss was calculated which amounted to approximately 958W. The 

estimated temperature rise of the core based on the equation (2) and the calculated core loss 

value was 75.52 0C. The measured value on the experiment was 66 0C. It could be seen that 

the predated value of the core temperature was slightly higher than measured value. However, 
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considering the overall practical assumptions made during the calculation process level of 

accuracy researched can be considered as very satisfactory.          

 

  

 
Figure 5-13 Temperature rise of the core at the open circuit test 

 

The measured temperature rise of outer surface of the coils were as shown in the figure 5 -14 
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Figure 5-14 Temperature rise of the windings at the open circuit test 

 

 

The values obtained for the temperature rise of the windings based on resistance method is 

shown in table 5-3  

Table 5-3 Calculated temperature rise of coils based on resistance method 

COIL  
CALCULATED TEMPARATURE RISE IN °C RESISTANCE 

METHOD  

 PRIM LEFT COIL  95.6 

      PRIM RIGHT COIL  104.5 

SEC LEFT COIL  93.8 

 SEC RIGHT COIL  110.1 

 

 

The above temperature values were extrapolated based on the simulated load test formula; 

this gives the temperature rise of the windings as shown in the table 5-4 

 

Table 5-4 The temperature rise of coils based on simulated load test method 

COIL  
TEMPARATURE RISE OF THE COILS AS PER SIMULATED 

LOAD TEST METHOD °C 
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 PRIM LEFT 

COIL  110.7 

PRIM RIGHT 

COIL  112.5 

SEC LEFT COIL  96.4 

SEC RIGHT COIL  112.18 

The calculated temperature rise of the windings at the design stage based on the above 

equation and with the parameters adjusted based on experience at Carroll & Maynell 

Transformers Ltd was 102.40C.  

As far as the prediction of the winding temperature rise is concern the actual values show about 

100C higher value than the predicted vales. It could be assumed that this is due to additional 

eddy current loess happening in the windings with high thickness. Though an additional 

provision of 5% loses was added to the conductor loses it might be required to look into this 

correction factor in more detail in the case of large transformer with thick winding conductors 

where the possibility of increased eddy current losses is present. It was  intended to investigate 

this factor in the future research work.       

Summery  

The theoretical predictions made for the temperature rise in both the core and windings in the 

1.2MVA transformer showed reasonably accurate when compared with the actual values 

obtained based on the simulated loading method. There is a certain deviation amounting up to 

about +/- 100C for the 1.2MVA transformer investigated. These could be due to potential errors 

in estimating the total winding losses, core losses and due to the limitations in the thermal 

models. This level of verified accuracy gives reasonable confidence in finalizing the designs of 

transformers of this power range. However, authors intend to make further improvements to 

the thermal models to arrive at a better accuracy specially taking the eddy current losses in the 

windings into account.         

This work was carried out based on a product developed for a leading research facility in the 

United kingdom. The product was designed, manufactured and tested at the manufacturing 

facility of Carroll and Meynell Transformers Ltd in Stockton on Tees, United Kingdom. The 

research work was carried out under the supervision of Professor F. Nabhani of the Teesside 

University, United Kingdom.  Science thanks are expressed to Mr. Mike Meynell, the Managing 

Director of the Carroll & Meynell Transformers Ltd, its management and the staff for financing 

and providing the opportunity to carry out the study. Further,  Kapila Warnakulasuriya 

expresses science thanks to Professor F. Nabhani and the Teesside University for the 

continuous guidance in the research activities.  
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5.7 Novel thermal management approaches for high power 

density transformers. 

Patent internal no P82227.GB01(M20-02249)  

 

This application relates to thermal management of an electromagnetic device such as a 

transformer, and in particular to an electromagnetic device and a core assembly suitable for an 

electromagnetic device. 

 

The detailed analysis of core and conductor losses makes it possible to achieve the 

theoretically minimum level of high frequency conductor losses in high power high frequency 

transformers. However, as the demand for power levels increase the need for very high power 

levels in a compact structure is required. This results in a very high power / loess densities in 

high power high frequency transformers. Therefor effective removal of heat from such 

transformers make the products operating at a much lower temperature rise  for a given size 

and make it possible to further miniaturize the high power high frequency transformers. The 

disk nature of windings patented under WO2019234453A1 (Winding arrangement for an 

electrical transformer) also facilitates the improved thermal management approaches. 

● Efficient removal of heat from the center and interior of the magnetic core 

● Reduction of the hot spot temperature of the core 

 Reduction of heat generated in the core getting transferred to the windings and increasing the 

winding temperature.  

 Efficient removal of heat from the winding utilizing a further advantage of windings patented 

under WO2019234453A1 (Winding arrangement for an electrical transformer).  

This type of cooling channel approach has not been used in the conventional high frequency 

transformer constructions. Thus the core and the dimensions have been increased as per the 

results of the thermal models to maintain a reasonable temperature rise of the unit. 

 As it is found during the prior art search a cooling channel in the middle of the core has been 

used in the case of power transformer with an EE core assembly. In this innovation EE cores 

are not used and an assembly of UU cores are used thus it is physically a different construction.  

Further The use of cooling channels in between the core blocks as seen in the below pictures 

is not used in the prior arts. However, the introduction of those cooling channels improves 

the effectiveness of the thermal management system significantly.      
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Aluminum cooling channels provide a path for the heat generated in the core to flow in to the 

radiation surfaces. Aluminum channels can be changed to Copper channels for space critical 

applications for the further improvement of the efficacy. This path has a heat conductivity of 

over 50times than that of the core material if Aluminum is used as the cooling channel material 

and nearly 100 times if Copper is used.  

 
Figure 5-15 Aluminum cooling channel arrangement 

 

Aluminum cooling channels placed in the right orientation to have no effect to the magnetic 

circuit. This reduces the hot spot temperature of the transformers by more than 20 degrees.  

These cooling channels provide the low thermal resistance path for the heat generated in the 

windings to flow to the radiation surfaces. This is an arrangement that can also be used in 

combination with windings patented under WO2019234453A1 (Winding arrangement for an 

electrical transformer) which further utilizes the advantages of those windings.   

This concept can be used in any high-power high frequency transformers that are constructed 

with a UU core assembly that provides a middle separation in magnetic path parallel to the flow 

of the direction of the flow of the magnetic flux. 

Further improvements to the heat conduction path and improvements to heat ration surfaces 

as seen below can be done as illustrated in the diagrams below.  
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Figure 5-16 improvements to the heat conduction paths and improvements to heat ration 
surfaces. 
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5.8 Novel approach to extract heat from the windings of 

transformers with high isolation requirements. 

Patent internal no P82228.GB01 (M20-02413) 

The invention relates to a winding assembly for a transformer, and a transformer device 

including the winding assembly, and to the thermal management of transformer windings. 

 “Cast resin” is used in the transformers as a dielectric material especially in the case of high 

voltage transformers where the isolation requirement between the input and the output circuits 

is high.  The isolation requirement is such transformers usually rage from several tens of kV to 

several hundreds of kV. 

● The thick layers of cast resign material used to maintain the isolation requirement 

creates a barrier for the heat flow from the windings. Therefore this method is usually 

suitable for transformers with reasonably low winding loss densities.      

● As a result cast resin material is not often used in high frequency or medium frequency 

transformer windings where the losses density is considerably high. 

● The cooling channel approach proposed in this innovation provides a method to 

extract the heat generated in the windings in a very efficient manner without 

degrading dielectric strength between the input and output windings. 

● This opens up the possibility of achieving very high isolation levels between the 

windings of high frequency transformers.   

The cast resign is not often used to maintain the isolation requirement in high frequency 

transformers. Conventional paper insulation is typically used in maintaining the isolation 

requirements of high frequency transformers. This has limited the level of isolation that can be 

achieved in high power high frequency transformers. 

 The proposed innovation eliminates this limitation in the industry.       
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Figure 5-17 Aluminum cooling channel arrangement with radiators 

Separated cooling channels are used in input and output windings as shown above; a gap is 

maintained to avoid the situation of having a shorted turn.  

The separation of these two cooling channel systems are maintained all the way out to the 

radiating surfaces as shown in the below picture with the use of two colors.  

 

Figure 5-18 Aluminum cooling channel arrangement with radiators 

 

As it can be seen in the picture the proposed construction allows maintaining the required 

distance through insulation all the way up to the radiation surfaces. Therefore, this approach 
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makes it possible to extract the heat out of the windings without degrading the isolation 

properties of the transformer.    

Once the cast resin process is complete the product will look as shown in the below picture. 

  

 

 

Figure 5-19 Cast resign high voltage medium frequency winding. 
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5.9 Summary  

Theoretical aspects of transformer thermal management is discussed in the sections 5.1 to 5.5 

of this chapeter. This includes the theoritical aspects of thermal invetigation of dry type 

transformers, calculations for ventilated dry type transformers ,  hot spot investigations for liquid 

filled transformers, temperature hise for high Frequency transformer under Forced-air 

convection etc  

From the sections 5.6 to 5.8 the studies carried out under based on 100 kW transformer with 

novel method of effective heat removal, thermal managet of larger transformer structions are 

discussed  The theoretical predictions made for the temperature rise in both the core and 

windings in the 1.2MVA transformer showed reasonably accurate when compared with the 

actual values obtained based on the simulated loading method. There is a certain deviation 

amounting up to about +/- 100C for the 1.2MVA transformer investigated. These could be due 

to potential errors in estimating the total winding losses, core losses and due to the limitations 

in the thermal models. This level of verified accuracy gives reasonable confidence in finalizing 

the designs of transformers of this power range. However,  it is intended to make further 

improvements to the thermal models to arrive at a better accuracy specially taking the eddy 

current losses in the windings into account.         

The thermal management approches introduced during the research which are now patented   

are discssed towards the end of chapter 5.  Novel approach to extract heat from the windings 

of transformers with high isolation requirements are also discussed. The section 5.7 explains 

the method introduced in this study which has proven very effective. Further the patented 

approach discussed in section 5.8 under “The novel approach to extract heat from the windings 

of transformers with high isolation requirements” is particularly suitable for high voltage high 

frequency transformers which require high insulation requirements.    
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Chapter 6 Inductance, impedance, leakage 

inductance  

 

Leakage inductance is an inductive element in a transformer that results from the imperfect 

magnetic linking of one winding to another. Leakage inductance plays a critical role in the 

switching-mode power supply design. It makes the switching current at the device vary at a 

slower rate and increases the commutation time between output diodes. Moreover, the stored 

energy in the leakage inductance leads to voltage spikes in the switches. Consequently, it 

creates electromagnetic interference problems, increases switching losses, and reduces power 

efficiency (Ouyang et al., 2014, Choi et al., 2012, Chen and Kumar, 2014, Muhammad and Lu, 

2013, Stadler and Albach, 2006, Biela and Kolar, 2004).  

Today’s new technology pushes the switching frequency into the megahertz range in order to 

minimize the size of the inductive components, making the switching loss more severe. 

Therefore, an accurate prediction of leakage inductance at high frequency is needed, to 

implement an optimized design. The accurate prediction of leakage inductance at high 

frequency is also critical for resonant converters because a well-matched resonant frequency 

is often required(Fu et al., 2010, Jung, 2012). Many publications contain excellent analysis and 

calculations for leakage inductance in the conventional and planar transformers(Dowell, 1966, 

De León et al., 2013). However, these papers rarely consider the high-frequency effects due 

to the skin effect and the proximity effect. Most of the conclusions assume that the current is 

homogeneously distributed within the conductors, and thus, the leakage inductance calculation 

is frequency independent. 

Several aspects of the operation of power-electronic circuits with transformers are significantly. 

influenced by the leakage inductance of the respective transformer. For instance, it concerns 

power transfer capability of the circuit and power semiconductor stress parameters. The 

tendency to higher switching frequencies of power-electronic apparatuses results in an 

increasing relevance of low transformer leakage inductance values. Mostly, the so-called 

interleaving of windings (i.e., the fragmentation of the primary and the secondary windings into 

a certain number of sub-windings and alternate interleaving of primary and secondary sub-

windings) is used to meet this requirement. Using an appropriate approximation method, it is 

possible to determine the leakage inductance of a transformer already in the design phase on 

the basis of predicted geometry parameters. Thus, circuit simulation can be used to shorten 

the development process of power-electronic apparatuses. Formulas which are given in 
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literature generally rely on an approximation method for leakage inductance determination 

which has been established by Rogowski (Ouyang et al., 2014, Choi et al., 2012). It is based 

on the consideration of the energy of the leakage magnetic ¯eld and applies to a transformer 

design with windings arranged on the same leg. The basic formula of this method is 

𝐿𝐿  = 𝜇0𝑁.
2𝑙𝑚𝑐𝜆𝑘𝜎 

6 - 1 

with  𝐿𝐿   leakage inductance, 𝜇0 absolute permeability, 𝑁  number of turns of the winding to 

which the leakage inductance refers, 𝑙𝑚𝑐 mean length per turn for whole arrangement of 

windings, 𝜆 relative leakage conductance (depending on geometry parameters and on the 

degree of interleaving of windings), k¾ | Rogowski factor (also depending on geometry 

parameters). 

The formulas which can be found in contemporary technical literature mostly represent simpli- 

fied variants of the mentioned basic formula. Usually the Rogowski factor (whose value is nearly 

1 in most arrangements) is omitted and the formula describing the relative leakage conductance 

is included in the main formula. Often, constant factors like absolute permeability and numerical 

values are merged into one coefficient, so that the physical background of the formula is not 

recognizable anymore, e.g., in(Chen and Kumar, 2014). In some cases, different formulas are 

given for a transformer design without interleaving of windings and for transformer 

arrangements with interleaving of windings, e.g., in (Muhammad and Lu, 2013). 

The degree of interleaving is considered in literature by the number of the couples of sub-

windings (Stadler and Albach, 2006, Biela and Kolar, 2004) or by the number of interfaces 

(insulating interspaces) between the single sub-windings of an arrangement of windings(Fu et 

al., 2010, Jung, 2012). Furthermore, the aim to present a universal formula which is valid for 

transformer versions with concentric and with pie windings arrangements often causes some 

confusion. It also results from the diversity of terms which are used for the dimensions of 

windings (e.g., breadth, width, traverse, build, height, length) comparing the formulas and their 

descriptions which are given in different books and papers. 
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6.1 Theoretical Estimation and Practical Verification of the 

Impedance and Leakage Inductance of MVA Range Single 

Phase Transformers  

Theoretical estimation of Impedance and leakage inductance of transformers is a challenge 

that design engineers in the transformer manufacturing industry often face. Both these 

parameters depend on the physical construction and the geometry of the transformer. The 

accurate prediction of values becomes more and more difficult as the physical size of the 

transformer increases. This is due to the increased significance of the construction and the 

geometry of the product on these parameters. Further, the maneuvering of construction and 

geometry targeting specific values of impedance is difficult due to the lack of predictability. In 

this paper a mathematical approach is used to estimate the impedance and leakage inductance 

of a large single phase MVA range transformer. The effects of the coil geometry, cooling 

channels, the transposition of the parallel wound conductors etc. are addressed in this 

mathematical approach. Verification of the theoretically estimated values is made based on 

measurements on actual transformers. The testing carried out on a single-phase 1.2MVA 

transformer, which is of a considerably large power rating for a single-phase transformer is 

used to compare the theoretical predictions and realization of values in actual manufacturing. 

A transformer which is mainly composed of windings and core parts is a static electrical device 

that transfers energy from one circuit to another by mutual magnetic coupling. The transformer 

is ideal if the magnetic coupling is perfect, and the energy transfer is lossless. For a transformer 

to be ideal, 1) the resistance of the windings must be zero and thereby no losses in the 

windings. 2) The magnetic coupling must be perfect or in other terms the coupling factor must 

be 1 thereby giving no leakage inductance in the transformer. 3)The permeability and the 

resistivity of the core material must be infinite giving no energy stored or no losses situation in 

the core (Niemela et al., 1989). However, the winding resistance is inherent in the transformer. 

Further leakage of flux from the common path is inevitable even in a perfectly layered winding 

arrangement which gives the rise to an imperfect coupling.  Since the invention of the 

transformer considerable theoretical and empirical research have been carried out by scientists 

and engineers to estimate and optimize the losses in transformers.      

Transformer modelling however is a broad topic and models are widely used for simulation of 

transient behaviors. An accurate representation of every transient situation requires a model 

valid for a wide frequency rage. This is exceedingly difficult and, in most cases, not feasible. 
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Transformer models can be developed to be accurate for a specific range of 

frequencies(Chiesa, 2010).  

Transformer models have been developed using different approaches depending on the 

simulation or evaluation requirement. Transformer models based on magnetic circuits, models 

based an equivalent electric circuit and models based on hybrid approaches are some 

examples for those. Furthermore, these models have been extended to high frequency 

evaluations.  The most commonly used transformer model for low frequency evaluation can be 

represented as shown in the Figure 6-1.  Where R1, R2 represent the winding resistance, X1 

and X2 leakage reactance in primary and secondary, R0 is the core or iron losses 

representation, X0 is the Magnetizing reactance, E1 and E2 are the Electromotive (EMF) of 

primary and the secondary, V1 and V2 are the primary and secondary voltages of the 

transformer and I1, I2, I0, Iw, and Iu,   represent the primary, secondary, core loss, eddy current 

and magnetising components of the currents.  

 

Figure 6-1 Equivalent Circuit of a Transformer 

Power transformer and its limitation caused by internal losses or voltage drops are important 

aspects in all applications of power transformers. This is true in the case of mains frequency 

operated transformers and even more relevant in medium or high –frequency transformers. 

Copper losses are influenced by the cross section and (because of the skin and proximity effect 

with influences of the frequency and the field distribution) also by the arrangement of the 

windings. Imperfect magnetic coupling occurring in each real transformer is expressed by the 

term ‘leakage’ and represented by leakage inductances in equivalent circuits of the 

transformers (Doebbelin et al., 2009). The performance of a transformer can be calculated from 

its equivalent circuits(Dowell, 1966). In the case of existing transformers, leakage inductance 

can be determined by measurements. However, more often it is necessary to predict leakage 

induct of a transformer in design phase, especially if the circuit simulation is intended. This can 
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be done applying certain approximation methods in which the geometry parameters of the 

transformers are used to calculate its leakage inductance. Which approximation method has to 

be applied depends on the given arrangement of windings. 

In this study theoretical estimation of transformer impedance and leakage inductance is made 

for a 1.2MVA transformer. Theoretically arrived at values are then compared with the measured 

values of the actual transformer.  

6.11 Leakage Inductance Calculation 

The leakage inductance of a transformer represents the field that leaks from the core and 

returns through the air, not linking both windings and causing imperfect coupling. This effect is 

modeled by a series leakage inductance in the primary (X1 in the Figure 1)  as well as in the 

secondary (X2 in the figure 6-1of a transformer (Niemela et al., 1989). If the couple of coils 

whose leakage inductance is to be calculated are on the same leg of the transformer, method 

of Rogowski and the method of Petrov can be used considering certain further 

aspects(Doebbelin et al., 2009). This is the situation that can be commonly seen in the shell 

type transformer constructions e.g. figure 6-1a.  

 

Figure 6-2 a) Shell type transformer construction b) Core type transformer construction 

In the case of high power single phase (e.g. MVA range) transformers core type construction 

become inevitably become advantageous over the shell type construction. Therefor the 

1.2MVA single phase transformer discussed in this paper was constructed as a core type 

transformer.  In this construction where the coils are arranged on different legs of the 

transformer leakage inductance can be calculated based on an approximation method 

developed by Lebedev. A basic assumption of this method is that the leakage field can be 
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considered to consist of three leakage flux components (Doebbelin et al., 2009). This is 

illustrated in Fig 6.3 bellow based on (Doebbelin et al., 2009, Doebbelin et al., 2008).  

 

Figure 6-3 Components of leakage flux of a core - type transformer 

 

Calculation Method 

Taking the field configuration in to account the windings N1 and N2 are replaced by the 

equivalent winding N1-2 and a notional winding Nn is added to the transformer.as explained in 

(Doebbelin et al., 2008, Lebedev, 1958) the leakage inductance can be calculated as the sum 

of the three parts:  

𝐿𝐿 = 𝐿𝐿 𝑖𝑛 + 𝐿𝐿 𝑦 + 𝐿𝐿 𝑒𝑞 

6 - 2 

The parts are the inner leakage inductance related to the leakage inductance component 

belonging to the section of the transformer of the windings which is located within the core 

window and the leakage flux which occurs in the region. This leakage inductance component 

shall be calculated according to the method of Rogowski using,  

𝐿𝐿 𝑖𝑛 = 𝜇0. 𝑤1
2. 𝑑𝑐 . 𝜆. 𝑘𝜎 

   6 - 3 

With w1-number of turns of the primary winding to which the leakage inductance refers , λ 

relative leakage conductance and Rogowski factor to be determined 

The leakage inductance component which is related to the yoke leakage flux can be calculated 

according to 
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𝐿𝐿𝑦 = 𝜇0. 𝑤1
2. 𝑔𝑦 

6 - 4 

The specific yoke conductivity g_y varies with the width and the height of the core.  

The leakage inductance of the equivalent transformer L_(L eq) needs to be determined. To 

enable the calculation of this leakage inductance component, the notional winding Nn is 

subdivided into sections N3 , N4 and N5 and section N4 is divided into two equal partitions 

which are assigned to N3 and N5   respectively.  Based on the method of mean geometric 

distances (Doebbelin et al., 2008) this leakage inductance component can be calculated 

according to  

𝐿𝐿𝑒𝑞 =
𝜇0

𝜋
. 𝑤1

2. 𝑙𝑚𝑛/(1−2). (1.1 + log ℎ𝑐/ 𝑏 + 2𝑎1−2) 

6 - 5 

where 

𝑙𝑚𝑛/(1−2) =
1

2
. (𝑙𝑚𝑛 + 𝑙𝑚(1−2)) 

6 - 6 

 mean length per turn to be calculated considering the geometry of the winding Nn and the 

equivalent winding N1-2  representing the average of their mean length per tern values 𝑙𝑚𝑛  

and  𝑙𝑚(1−2) 

To predict the total leakage inductance of a transformer with interleaved windings , the leakage 

inductance values of the different couples of coils have to be calculated (by means of the 

method of Rogowski or Petrov if both coils are located on the same leg, by means of method 

of Lebedev if the coils are located on different legs of the transformer).Then the leakage 

inductance values of these couples of coils have to be merged in to the total leakage inductance 

of the transformer using specific formulas which are related to the respective combination of 

the coils of the transformer. In a transformer design with two primary and two secondary coils 

(connected in series in each case), the total leakage inductance can be calculated according 

to below equation(Doebbelin et al., 2008).  

With  𝑤𝑥𝑥 number of turns of the respective coil, 𝑤𝑟𝑒𝑓 with reference number of turns to which 

the single leakage inductance values 𝐿𝐿𝑥𝑥.𝑦𝑦 of certain couples of coils Nxx  and Nyy  

𝐿𝑙,𝑡𝑜𝑡𝑎𝑙 =
𝑤1

2

𝑤𝑟𝑒𝑓
2 . (

𝑤11. 𝑤21

𝑤1. 𝑤2

. 𝐿𝐿11.21 +
𝑤12. 𝑤21

𝑤1. 𝑤2

. 𝐿𝐿12.21 +
𝑤11. 𝑤22

𝑤1. 𝑤2

. 𝐿𝐿11.22 +
𝑤12. 𝑤22

𝑤1. 𝑤2

. 𝐿𝐿12.22

−
𝑤11. 𝑤22

𝑤1
2 . 𝐿𝐿11.12 −

𝑤12. 𝑤22

𝑤1
2 . 𝐿𝐿21.22) 

6 - 7 
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Evaluation based on Dowell’s Equations. 

 

If a two winding transformer is considered based on Dowell’s and later Dauhajre works the 

following equation can be arrived at [152] for a configuration similar to the figure 6-1  

𝑙 = 2𝜋𝜇0𝑁1
2

1

𝑏
⌈ℎ1 (

𝑟0

3
+

ℎ1

4
) + 𝛿 (𝑟0 + ℎ1 +

𝛿

2
) + ℎ2 (

𝑟0 + ℎ1 + 𝛿

3
+

ℎ2

12
)⌉ 

6 - 8 

In order to evaluate the difference in the two-transformer construction a theoretical calculation 

of inductance based on this equation was carried out. In this method in order to compensate 

the difference in the construction the leakage inductance of the individual coils were calculated 

and the total was arrived at assuming that each leakage inductance  operate as parallel to each 

other. This assumption is understood to be reasonable as two primary coils are connected in 

series in this particular transformer design. A further assumption was made that the mutual 

dependence of the leakage inductance was minimum. The validity this second assumption 

needs to be further verified theoretically. However, the measurements made after the 

transformer construction implied that this assumption was reasonable.    

6.12 Short Circuit Impedance Calculation  

Short circuit Impedance is an important parameter of power transformer performance 

indicators. The value of short circuit impedance can influence the efficiency, cost, voltage 

regulation, mechanical strength and short circuit current of a transformer, so the deviation 

between measured value and the estimated value is very significant(Li et al., 2013b). 

3D Model  

Various researchers have established 3D FEM models for the evaluation of the short circuit 

impedances. These have been done mainly for multi MVA range large transmission type 

transformers for example the reference(Li et al., 2013a) explains a 3D model for an 88MVA 

transformer. The transformer under the discussion of this paper is a single phase 1.2MVA one. 

Therefor it was decided to carry out a simplified calculation method for the estimation of short 

circuit impedance. This was based on the leakage inductance estimations carries out under the 

above sections.   However,  it was intend to carry out a 3D simulation for this transformer as a 

future work and to verify the values against obtained practical data. 
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 Calculation Method. 

 In a multi winding transformer, there is one short circuit or leakage impedance for each 

possible pair of windings, totaling 𝐾(𝐾 − 1)/2 impedances for a transformer having 𝐾 windings. 

The short circuit impedance, 𝒁(𝑗𝑘) is the impedance seen at the terminals of winding 𝑗 during 

short circuit test (𝑗𝑘), wher winding 𝑗  is excited is excited at an angular frequency ω , winding 

𝑘 is short circuited, and remaining windings are open circuited(Niemela et al., 1989). 

𝒁(𝑗𝑘) = 𝑅(𝑗𝑘) + 𝑗𝜔𝐿(𝑗𝑘) = (
𝑁𝑗

𝑁𝑘
)2𝒁(𝑘𝑗) 

 6 - 9 

The core loss is assumed to be negligible. The magnetizing inductance of the core is neglected 

as it is assumed to be much larger than the leakage inductance. With the aid of the design 

calculations and the 3D drawings produced the actual length of the Cu windings and thereby 

the DC resistance of the windings could be estimated with a god degree of accuracy.  With 

these data the short circuit impedance and the and thereby the impedance voltage and it as a 

percentage of the nominal voltage is calculated. 

6.13 Experimental Results  

Transformer construction. 

A single phase transformer with a power rating 1.2MVA was constructed. The Figure 4 below 

shows the schematic diagram of the transformer. In order to address demands of the 

application UI construction with a step core arrangement was used. The selected construction 

provides several other constructional and cost advantages which go outside the subject area 

of this paper.    
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Figure 6-4The schematic of the developed 1.2MVA transformer 

 

6.14 Practical measurements  

Figure 6-5 shows the constructed 1.2MVA transformer and the measuring set up made for the 

leakage inductance and the impedance measurements. The impedance voltage was measured 

with the secondary winding short-circuited and letting a current equal to the rated current 

through the primary. Inductance values were measured on the primary side when the 

secondary coil is short circuited with the use of an LRC meter.    

 

Figure 6-5 Constructed 1.2MVA single phase transformer and the testing set up 
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Figure 6-6 Leakage Inductance  Measured  and Estimated 

 

 

Figure 6-7 Short Circuit Impedance,  Measured  and Estimated 

 

Measured leakage inductance value was tabulated together with the theoretically calculated 

values figure 6-6 .  Based on the voltages measured as described above the percentage 

impedance was calculated. This was tabulated with the theoretically calculated vales as shown 

in the figure 6-7  

6.15 Discussion 

The requirement of single-phase transformers with a power rating in MVA range is not very 

much common in the industry. However, in special situations such as research laboratory 

applications it is somewhat common that large single-phase transformers are used. When the 
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requirement for such a transformer arise, it is very useful if the leakage inductance as well as 

the impedance values can be estimated with a good degree of accuracy prior to the actual 

production of the unit. Further the ability of such a prediction gives the designers the facility to 

alter the construction parameters to achieve the desired leakage inductance and impedance 

values. 

Through a reasonable amount of work have been carried out by various researchers most of 

those works have been carried out based on small single-phase transformers or exceptionally 

large three phase transformers. These include certain Finite Element Methods discussed in the 

references (Xie et al., 2007, Bala and Morega) and (Doebbelin et al., 2008).  It has been  

identified that there is a certain lack of research or at least a lack of verification of the existing 

theories on actual MVA range single phase transformers. Further the existing developments 

do not necessarily cover different winding configurations that may be used in such 

constructions. In this study several available estimation methods were considered, and it was 

decided to proceed with the two methods discussed in section 2 and 3. Neither of the methods 

fully covers the situation discussed in this study. So certain assumptions and extensions were 

necessary to arrive at quantifiable figures. As it could be seen in the graphs in figure 6-6 and 

figure 6-7 the estimations made prior to any physical construction have shown accuracy in the 

range of 20% or even 15%. 

The parameters, leakage inductance and the short circuit impedance of a transformer (certainly 

these parameters are very closely linked) depend on the physical construction of the product 

to a great extent. As a result arriving at a higher degree of accuracy in predicting them based 

on purely on a computational method is quite challenging. Further certain additional 

phenomena such as the effect of the high frequency components in the excitation waveforms 

and extra eddy current losses in the windings especially with the increase of the high frequency 

content would result in actual values deviating from to the estimated values. However in this 

study a higher level emphasis was not given on the effect of high frequency harmonics due to 

the available information on the nature of the application. If the application demands the product 

to work under high frequency harmonic content the modes discussed need to be extended to 

get a better accuracy in the results.          

Theoretical estimations made for the leakage inductance and the short circuit impedance of the 

1.2MVA single phase transformers discussed in this paper showed an accuracy level in the 

range of 20% and 15%. Due to the nature of these parameters arriving at a prediction with this 

level of accuracy can be considered as reasonable as it is  acceptable for  industry applications. 

However if a better degree of accuracy level is needed it is required to address the effect of 
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high frequency content, eddy current losses  proximity effect etc. Further a Finite Element 

Analysis could also provide a better accuracy in the prediction. Though the level of analysis 

carried out has met the requirements of the present study the it is intended to extend the 

discussed models to accommodate high frequency content in the excitation waveforms and 

different winding configurations. Further it is also intended to adjust the mathematical models 

to accommodate partial interleaving conditions, fractional layer winding situation etc. These  

discussed  later publications.      
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6.2 Optimization of 12 and 18 pulse rectifier systems by the 

selection of optimum parameters for magnetics 

In this study an approach is made to arrive at optimum designs for 12 and 18pluse rectifier 

systems by defining the optimum parameters and configurations of magnetics. The approach 

is based on the definition of the parameters for magnetics considering the system impact on 

actual magnetics designs and the performance of the system with the set parameters of 

magnetic components. The several possible situations of unbalanced supply are also 

considered and optimum magnetic parameters to minimize the effect of the supply imbalance 

are discussed. Based on a series of simulations which were verified by practical testing a 

quantitative explanation of the size of the magnetics against the quality of the output and 

robustness to supply imbalances is presented. This explanation gives a measure on the degree 

of compromise that can be made on magnetics and the quality of the output. Situations where 

the magnetic designs are made larger or the requirement of using special magnetic materials 

that make the magnetic components more expensive are also discussed.  

As technology grows, the study of power systems has shifted its direction to power electronics 

to produce the most efficient energy conversion(Hernadi and Anwari, 2008). Large harmonics, 

poor power factor and high total harmonic distortion (THD) in the utility interface are common 

problems when nonlinear loads such as adjustable speed drives. Power supplies, induction 

heating systems, UPS systems and aircraft converter systems are connected to the electric 

utility(Choi et al., 1996). In most power electronics applications, diode rectifiers are commonly 

used in the front end of power converter as an interface with the electrical utility. The nonlinear 

operation of the diode bridge rectifiers causes highly distorted input current. The non-sinusoidal 

shape of the input current drawn by the rectifiers causes a number of problems in the sensitive 

electronic equipment (Anandpara et al., 2014). Several methods have been proposed for 

harmonics reduction in utility line currents. A conventional 12-pulse diode bridge rectifier results 

in 5th & 7th harmonics cancellation in utility line current. Many multi-pulse converters have 

been introduced to achieve clean power such as 12-pulse 18-pulse & 24-pulse systems. These 

multi-pulse converters are formed by combination of 6-pulse converters & isolation 

transformer(Lee et al., 1999).  

Multi-pulse rectifier systems contain a front-end poly phase transformer. When it is required to 

achieve galvanic isolation, this must be made as an isolation transformer, otherwise a poly 

phase auto transformer can be used which gives significant advantage on the size of the 

transformer. This point is described in the system with actual design details.  
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Two or three of three phase rectifier bridges depending on 12 pulse or 18 pulse system are 

connected via an inter-phase balancing reactor. Improper selection of inductance value for the 

interface transformer can result in unnecessarily larger unit or a unit that is subjected to higher 

order harmonics. Therefore, considering the actual magnetic design in deciding the values of 

inter phase reactors give an additional dimension for the optimization of multi pulse rectifier 

systems.   

A series of simulations were carried out with different inter phase transformer reactance values 

and respective magnetic designs were carried out based on the inductance value and the 

waveform that these magnetic components are subjected at those particular values of 

inductance.  

Simulation results were verified with a practical prototype built and the conclusions are 

presented in this paper. Further the effect of an unbalanced three phase input is evaluated for 

the different interphase reactance values considered above and the results were verified with 

the prototype built up.             

   

6.21 Magnetics selection   

 Poly phase transformer selection.  

 

Isolation transformer vs Auto transformer   

 

It is required to use an isolation transformer if the system requires galvanic isolation. However, 

depending on the input output voltage ratio an auto transformer can give a significant weight 

and size advantage.  
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Figure 6-8 Isolation and Auto polyphase transformer 

 

Delta vs Star transformer  

 

Another consideration in designing a 12pulse system is the section between the delta and 

star confirmation.  

 

 
Figure 6-9 Vector diagram for Delta and Star Auto polyphase transformers 

 

The selection of an Auto Delta transformer can result in over 35% smaller transformer 

compared to the selection of an Auto Star transformer. Below table makes a comparison of the 

sizes of an auto Delta 12 pulse transformer and an auto star 12pulse transformer based on 

actual designs carried out.  
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Table 6-1 Weight Comparison of Delta and Star Transformers in 12 Pulse Rectifications 

 

It could be seen from the above table that the weight advantage of the star configuration 

become significant as the power increases.  

 

Interphase transformer for 12 pulse system  

 

In order to active the high power requirements the parallel operation the two six pulse rectifier 

converter systems that form the 12 pulses is required. In this parallel operation of two systems 

which have waveforms with a phase displacement of 300 proper care has to be taken to 

address any voltage variations. These voltage variations can result in one of the consisting 6 

pulse systems getting overloaded causing them to the thermal runway situations and other 

failures. This situation can be effectively addressed by the use of interphase rectifiers which ae 

also called as interphase transformer.  

Transformer weight(kg)  / power 10kVA 50kVA 500kVA 

Auto Delta  Transformer  33.5 105 615 

Auto Star Transformer   45 163 990 

Percentage  saving in weight in 

Delta Configuration   

25.5% 35.5% 37.8%  
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Figure 6-10 Parallel connection of two 6 pulse converters with the use of one and two 

interphase reactors 

 

As shown in the above figure 6-10 this can be archived with a use of one or two interphase 

reactor arrangements.      

Interphase transformer for 18 pulse system  

 

18 pulse systems are also used in many applications such as heating, air conditioning etc. 

These systems are achieved by the parallel or series connection of three 6 pulse converter 

systems. In the series configuration three, six-pulse systems having a third of the output DC 

voltage are connected in series. The series connection does not have the issues associated 

with current sharing and a requirement of having an interspace reactor. However, this has the 

disadvantage of the requirement of having high current capability rectifier systems. 18pulse 

systems with parallel connected 6pulse rectifier systems require appropriate interphase 

reactors and these can be connected in a number of configurations. 

 

6.22 Simulations 

During the study, a number of simulations were carried out for different conditions of the supply 

voltages. Balanced and unbalanced supply voltages are considered and the performances of 

the system under these conditions are evaluated for different interface reactor values. The 

changes in the interphase current waveform under different interphase reactor vales were 
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studied and impact of these current on the actual magnetic design of such interphase reactors 

were investigated.  

 
Figure 6-11 Simulation arrangement 

 

Simulations of a balanced three-phase input  

 

Simulations were carried with the inter phase reactor values of 50 µH, 200 µH and 800 µH with 

a balanced three phase input. The harmonic content of the inter phase reactor currents were 

studied.      
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Figure 6-12 Simulation results with a 50µH interphase reactor 

 

 

Figure 6-13  Simulation results with a 200µH interphase reactor 
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Figure 6-14 Simulation results with an 800µH interphase reactor 

 

Figure 6-15 Simulation results with a 50µH interphase reactor with unbalanced input 

Simulations of an unbalanced three-phase input  

 

The performance of the system was evaluated with the interphase reactor values of 50µH, 

200µH, 600µH and 800µH when the three phase input is unbalanced. The harmonic content of 

the inter phase reactor currents were studied.  
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Figure 6-16 Simulation results with a 200µH interphase reactor with unbalanced input 

 

Figure 6-17 Simulation results with a 600µH interphase reactor with unbalanced input 
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Figure 6-18 Simulation results with an 800µH interphase reactor with unbalanced input 

6.23 Prototype development and testing   

After the detailed analysis of the situation with the use of simulation tools two prototype 

interphase reactors were built. These were constructed such that the inductance of each inter 

phase reactor can be adjusted to the values of 50µH, 200µH, 600µH and 800µH by adjusting 

the air gap thickness in the magnetic path. These were developed to be suitable for a 2kW 

12pulse rectifier system. In designing the interphase reactors appropriate selection of magnetic 

materials were made based on their exciting waveforms through simulations. As it could be 

seen from the waveforms and their Fourier spectrums the presence of the higher order 

harmonic currents content was not extremely high. Therefor the requirement of using high 

performance magnetic core materials was not identified.  

However, attention was given to the increase in the physical size and the weight of the 

interphase reactors with the increased values of their inductance in contrary to contribution 

given by the high inductance for the reduction of harmonic content.   

The 12pulse rectifier system was tested with these interphase reactors for each of the above-

mentioned inductance values with a balanced three phase input voltage. Same tests were 

carried out for the system with a three-phase input supply of unbalanced conditions. The phase 

imbalance conditions were achieved with the use of a three-phase variable transformer. 

Obtained results were recorded and compared with the simulated results.  
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Figure 6-19 Prototype and testing arrangement 

6.24 Discussion  

Magnetic components play a vital role in any power electronic system. Usually, they become 

the bulkiest components in a system and on most occasions they become a major contributor 

for the cost of the system. This study was carried out with the intention identifying the optimum 

parameters for the magnetic components used in the multi pulse rectifier systems such as 12 

pulse and 18 pulse systems. In the case of designing multi-pulse rectifier systems, it is a 

common practice in the industry to finalize the parameters for magnetic components based on 

the desirable output conditions and with a rough understanding of the physical size based on 

equivalent power rating.  

In this study an approach is made to add an additional dimension for the multi-pulse system 

optimization by taking the actual magnetic designs, rather than the just the equivalent power 

approach in defining the parameters for the vital magnetic components such as interphase 

reactors. A series of simulations were carried out and the current waveforms through the inter 

phase reactor was analyzed. The test results obtained on a 2 kW 12 pulse rectifier system 

showed the simulation results were very much in line the actual values obtained for the current 

waveforms.  

The considered 2 kW 12pulse system showed reasonable performance in the simulation as 

well as in the actual testing even with a 50µH inductance inter phase reactor. Actual magnetic 
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design showed a weight less than a 1kg in such an inter phase reactor. However, when the 

unbalanced supply situation was considered it could be seen that 100Hz and 600Hz 

components of the current wave form increases. Though an actual magnetic design of a 

considerably small size can be active even with this increased harmonic content especially in 

high power application it is advisable to increase the inductance and reduce the harmonic 

content which enables a reduction in high frequency losses in magnetic components.  

The increase the inductance up to about 200 µH resulted in a further reduction in the harmonic 

content of the current and this situation could be seen both in the simulation and the actual 

measurements. This results in an actual component size of about little over 2 kg for the system 

under consideration. Further increase of the interphase reactor values up to 600 µH and 800 

µH resulted in a considerable drop in the 600Hz and higher harmonic content. However, 

increase of actual size of the interphase reactor makes it less attractive to increase the 

inductance values to this level.  

Based on the series of testing and simulations carried out it could be concluded that an optimum 

value of inductance can be achieved for a system and it is advisable to do in by taking the 

actual designs of magnetic components. A smaller value that may still give the required total 

harmonic distortion can result in a higher high frequency content in the inter phase rector 

current making it more loss making and larger value will result in a much bigger component 

size. For the considered example of 2 kW 12 pulse rectifier, it could be seen that the best 

compromise is archived little over 200 µH level considering both system performance and 

actual magnetic designs.  

The requirement of continuing the study for several other configurations of 12 and 18 pulse 

system and for several power levels and arrive at table of optimum interphase reactor values 

that gives the best system performance and optimum magnetic components designs were 

identified and it is expected to carry out this as part of future research work.            
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6.3 Summary  

 

Several aspects of the operation of power-electronic circuits with transformers are significantly. 

influenced by the leakage inductance of the respective transformer. In this section a study on   

This aspect is discussed in detail in this chapter based on large constructions. Theoretical 

estimations made for the leakage inductance and the short circuit impedance of the 1.2MVA 

single phase transformers discussed in this paper showed an accuracy level in the range of 

20% and 15%. Due to the nature of these parameters arriving at a prediction with this level of 

accuracy can be considered as reasonable as it is acceptable forindustry  applications. 

However if a better degree of accuracy level is needed it is required to address the effect of 

high frequency content, eddy current losses  proximity effect etc. Further a Finite Element 

Analysis could also provide a better accuracy in the prediction. 

Further the optimization of magnetics for  12 and 18pluse rectifier systems  are discussed 

here. This is done by defining the optimum parameters and configurations of magnetics. 

The approach is based on the definition of the parameters for magnetics considering the 

system impact on actual magnetics designs and the performance of the system with the 

set parameters of magnetic components. The several possible situations of unbalanced 

supply are also considered and optimum magnetic parameters to minimize the effect of the 

supply imbalance are discussed. Based on a series of simulations which were verified by 

practical testing a quantitative explanation of the size of the magnetics against the quality 

of the output and robustness to supply imbalances is presented. This explanation gives a 

measure on the degree of compromise that can be made on magnetics and the quality of 

the output. Situations where the magnetic designs are made larger or the requirement of 

using special magnetic materials that make the magnetic components more expensive are 

also discussed.  

Based on the series of testing and simulations carried out on 12 and 18pluse rectifier systems  

it was concluded that an optimum value of inductance can be achieved for a system and it is 

advisable to do in by taking the actual designs of magnetic components. A smaller value that 

may still give the required total harmonic distortion can result in a higher high frequency content 

in the inter phase rector current making it more loss making and larger value will result in a 

much bigger component size. For the considered example of 2 kW 12 pulse rectifier, it could 

be seen that the best compromise is archived little over 200 µH level considering both system 

performance and actual magnetic designs.  
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Chapter 7 Summary  

7.1 Evolution of magnetics 

Magnetism is one of the most amazing phenomena that mankind has ever discovered. Though 

magnetism was first discovered over 2500 years ago and went through a great level of 

discoveries and understandings over the last two centuries, However, some phenomena such 

as Faraday's paradox that indicate some of the fundamental laws which are the basis for the 

operation of practical magnetic components may predict incorrect results are left open. Most 

electronics engineers even today do not attempt to understand the basic principles of 

magnetics due to its theortical and complicated nature. The innovation and developments in 

the electronics industry took place at a very rapid face during the last several decades. This 

includes the developments that took place in the power conversion technologies, 

communication technologies, the technologies related to the miniaturization of consumer 

electronic products, developments in technologies related to the internet of things (IOT) etc. In 

this context one could reasonably argue that the deployment of magnetic components has not 

happen at a competitive rate to that of electronics or semiconductor devices. As a result of this 

magnetic components still remain as the bulkiest components in an electronics system. In most 

of the cases they also remain to be the most expensive single component in an electronics 

system. It is generally believed in the industry that no considerable change in the magnetic 

components is possible as they are first level components which are very close to the physics 

of magnetism and to make a significant change in the nature of them would require shaking the 

basic laws of physics.  Through this situation is explained in such ways and it has its own 

arguments the magnetics designers are put under pressure to come up with smarter solutions 

for magnetics in power electronics applications.   

The main limitation for achieving both high frequency and high current in many of today's 

DC/DC converters is the magnetic components design. The magnetic is typically the largest 

component in converters, and at high frequencies it becomes increasingly difficult to have high 

current output and remain competitive with the size of silicon(Li et al., 2010).Magnetic 

components, namely inductors and transformers, are necessary for most commercial power 

electronic circuits such as DC/DC converters. Often the magnetic components represent some 

of the largest and most expensive parts in these circuits. With the continual push to shrink the 

size and cost of commercial electronic devices, numerous research efforts over the past 

decade have focused on new materials and manufacturing techniques to help address these 
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limitations. Examples range from low profile magnetic cores with conventional wire wound 

technology; to integrating planar transformers and embedded passives into the substrate of a 

printed circuit board (PCB)(Roesler et al., 2010). These efforts in the magnetic research have 

been able to take magnetic components through several generations which brought up several 

advantages to the industry including considerable size, weight, and cost savings of electronics 

systems.      

7.1 Evolution of magnetics in power electronics applications    

7.11 Wire wound components.    

 

Wire wound magnetic components existed for number of decades if not for centuries since the 

first invention of the transformer. Despite the   limitations associated with such conventional 

wire wound magnetic components they still constituent a very large percentage of magnetic 

components produced in the world. They are associated with number of limitations due to the 

nature of construction. These can be seen in the point of view of production engineering as well 

as in the point of view of the device performance. The considerable amount of production time 

needed in wire wound components and the very limited possibility of automation of the 

complete production process drive the price of wire wound components high. Further these 

require the introduction of foil insulation materials in order to maintain the dielectric strength 

between the parts of the components requiring isolation. This is also a contributor for the 

increase in the production time and the cost.  

Further in the applications of high frequency operations the inevitable presence of skin effect 

and the proximity effect causes additional winding losses. Numerous efforts have been carried 

out by magnetics researchers including advanced theoretical analyses and computer 

simulations in order to explain these situations and to mitigate the losses due to them. These 

aspects have been discussed in detail in some of the previous publications.   

Further a number of steps have been taken for the improvement of the insulation properties of 

magnet wires. These include developments such as multiple insulated wires as well as more 

novel developments such as fully insulated wires (FIW).         

The other disadvantage in the wire wound components is the requirement of having to provide 

sufficient winding window for the wires themselves and for the winding tools or machinery in 

the case of toroidal and similar constructions. This makes it inevitable to have a large core. 

Having a large core in a magnetic component means that a large amount of magnetic material 
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has to be magnetized and demagnetized in every cycle of operation. This results in increased 

core losses in the magnetic component. As a result of the research work carried out on 

magnetic materials over a large period of time significant improvements have been achieved 

in the case of the performance of the magnetic core materials. 

 

 

 

 

Figure 7-1 Core loss density of different magnetic material (Li et al., 2010) 
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Figure 7-2 Integrated converter with different magnetic material (Li et al., 2010) 

The figure 7-1 above provides useful information on the core loess performance of magnetic 

materials in high frequency applications. As it can be seen in the above figure the latest 

developments such as granular film materials provide considerably low core losses even under 

high frequency magnetic excitations. However, as it can be seen in the figure 7-2 limitations 

still exist in the achieving high power level with these magnetic materials.  

Nevertheless, because of the advantages of these developments in the core materials as well 

as magnetic wire properties it is unlikely that the wire wound magnetic components will become 

completely obsolete even for the application in miniaturized electronics systems. However the 

other technologies such as planar magnetics have already taken over some of the wire would 

component applications.  

 

7.12 Planar magnetic components    

The momentum toward high efficiency, high frequency, and high-power density in power 

supplies limited the wide use of conventional wire-wound magnetic component structures. For 

instance, winding loss is significantly increased due to the eddy current effect in conventional 
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round conductors particularly at frequencies above 100 kHz. Moreover, wire-wound magnetic 

components have resisted the trend toward integration and planarization. Planar magnetic 

components intrinsically provide lower profiles than conventional wire-wound components, 

aiding the miniaturization of power converters (Ouyang and Andersen, 2013). 

 
Figure 7-3 Comparison of thermal behavior between conventional core and planar core 

(Ouyang and Andersen, 2013) 

 

The advantages that planar magnetics brought in to the magnetic component optimization are 

the reasons for them to take the place of some of the wire wound components.  

The construction of planar magnetics in its nature provides a high frequency friendly 

performance. That is the nature of the planar construction itself beings the laws of physics 

related to magnetism in line to provide a basis for the mitigation of high frequency losses 

commonly known as skin effect and proximity effect in the industry. The theoretical aspects of 

these have been discussed in depth.    
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In addition to the provision of low conductor losses the planar magnetics provides a far better 

control over the parasitic effects in the components. This helps to maintain the consistent 

performance in mass production.  

Further as it is illustrated in the figure 7-2 the planar construction provides better thermal 

performance.  

The major disadvantage spoken about the planar magnetics is the cost of them in comparison 

with the conventional wire wound counterparts. However, with the amount of research put on 

to these type of magnetics it is expected for the price of these to go down considerably in the 

near future. Therefor it is expected that planar magnetics with take over a further share of wire 

wound magnetic components. 

         

7.13 .PCB Integrated magnetics   

 

Many low-power applications require miniaturized, flat components. This can be done by 

scaling down conventional wire wound/planar components using mechanical fabrication 

methods like powder blasted E cores in combination with flex circuit windings or the total 

integration of both the winding and magnetic core [164]. 

As the demand for flat and ultra-flat power converters increased during the last couple of 

decades more and more research efforts have been put in to the development of highly 

compact and flat systems. Magnetics components being the major barrier in achieving 

electronics systems of such flatness many companies and researches looked in to the 

possibility of arriving at flat magnetic components.     

The idea of PCB integration of magnetics provided a revolutionary solution for this.  Several 

magnetic integration technologies are used in the development of PCB integrated magnetics.     

The PCB embedded magnetic components achieved using these technologies provide a level 

of constancy and control over the variations of parasitic effects to a level that cannot be 

achieved by any of the previously discussed generations of magnetic components.  

Further these provide the basis for the highest level of automation in the fabrication of them 

resulting more cost saving options.  

The applications can already be seen in the areas of up to several MHz range switching 

frequencies and power levels in the range of 500W.          
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7.14 Magnetics on silicon     

Future applications such as magnetics in Internet of Things (IoT) applications as well as modern 

application in ultra-flat mobile consumer electronics applications require ultra-thin and ultra-

small magnetics components. The demand of these has become considerably high in the last 

few years and it is expected to have a high commercial need for them in the near future.  In 

order to achieve such requirements magnetics integrated to packaging or on chip magnetics 

are being introduced as the next generation of magnetics. The developments in this branch of 

magnetics drive the construction of magnetic components  to a completely new phase.    

In addition to providing several advantages that PCB integrated magnetics or Planar magnetics 

provide the magnetics on silicon is becoming a technology that enables several branches of 

electronics applications. This also includes the applications related to the internet of things, 

micro level energy harvesting, development of self-sufficient electronics with inbuilt energy 

harvesting and converter systems etc.  

It isexpected to present detail fact on these technologies in the future publications.    

 

7.15 Ultra-high-power magnetics in excess of 100kW  

As it was discussed in the previous section the since the invention of the first magnetic 

components they have gone through several generations. Through it could be seen that the 

field of magnetics did not go significant evolution until couple of decades at present they are 

evolving at a much rapid rate. The developments discussed in this paper have contributed to 

these to a considerable extent. Those are developments have been welcome by the electronics 

industry.       

However, with the development of semiconductor devices such as SiC MOSFETs high power 

DC DC convertors with power levels in excess of 100kW are attempted in the today’s industry. 

Most of the techniques discussed in the new generations of magnetics still inherent the 

limitations developing efficient magnetics for this power levels and for the operating 

frequencies. Thus certain integration of several technologies and manufacturing techniques 

are required for the development of such magnetics components. In the   continuous research 

in magnetic developments,  magnetics components for ultra-high power levels such as 50kW, 

50kHZ DC DC converters and to a 100kW, 20kHz DC DC converters have been developed.   

In the development of such magnetic components the advantages of several techniques 

discussed above were combined to achieve these power levels in the required compact sizes. 
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These techniques are used to mitigate the high conductor losses happening at high 

frequencies.   

 

 

7.2 Contributions of the research     

7.21 Challenges that magnetics industry faced at the beginning of the 

research.   

Rapid developments in the semiconductor technology and the power electronics industry 

enable the development of power supplies and power converters of significantly higher power 

levels. Considerably low switching losses of developments like SiC MOSFETs make it possible 

to operate at 2 to 5 times higher switching frequencies compared to their conventional counter 

parts. As the frequency goes high the magnetic components in such system become more and 

more compact. The magnetic components are usually the bulkiest components in a power 

electronics system and in most of the situations also the most expensive component, therefor 

it is of high interest of many designers to develop systems that operate at high frequencies. 

The achievement of a high-power levels in a single module at high frequencies is next challenge 

faced by the developers of systems for high power applications. Most often the maximum power 

achievable with a single module is determined by the magnetic components. As a result, it 

could be seen that constraints in the development of magnetic components make a significant 

influence to the miniaturization of the power electronics system. Further it is reasonably 

accurate to state the magnetics components have a great impact on determining the power 

level and the operating frequencies of power electronics applications. 

The design of magnteic compoments that meets the requirements of the modern applications 

face several major challenges as discussed in this thesis. These chanllages made most of the 

magnetic designs not possible at certain power levels at certain frequencies. These are mainly  

1.) Mitigation of excessive conductor losses genarated in the conductors carrying high 

frequency high currents.  

2.) Mainitaing a core losses at the minimum possible level.  

3.) Thermal management of the magnetic compoments and effetive remoavl of heat 

genarted. 

4.) Evaluating multiple possible solutions for a particular application  
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5.) Control of other parameters such as leakage inductance, impedance, interwinding 

capacitance etc 

7.22 Overcoming the challenges in mitigating conductor losses  

In the chapter 3 of thesis a detail theoretical explanation is given for the significant increase of 

losses in conductors of magnetic components which are excited by waveforms containing high 

frequency components of considerable magnitudes. Analytical estimation is also made for 

simplified practical cases. The theoretically looked at situations were tested by the construction 

of series of high power high frequency transformers as discussed in the section 3.4 of the 

chapter 3.  

At high power levels the winding design becomes very important for the mitigation of high 

frequency losses. Two winding constructions are discussed in the chapter 3.4 of this thesis. 

The novel method proposed with folded foils showed very good performance in mitigating the 

high frequency conductor losses. Further it gave the possibility of controlling the leakage 

inductance between the primary and secondary windings by adjusting the level of overlap. The 

disadvantage observed in this method was the time consumed for the proper insulation 

process. Through several insulating techniques were considered the amount of time savings 

archived was not sufficient to adopt this method in mass production for pratical applications. 

Therefor further research is necessary to improve the production process for the successful 

implementation of this technique. 

The second method proposed with sandwich winding could be seen as a good compromise on 

the performance and the amount of labor consumption.     

As a result of these continued work the it was possible to arrive at a winding arrangement that 

enables the handling of high frequency large currents in high frequency magnetics. Details of 

this was discussed in this chapter under the section 3.5. This method is now patented and 

considered as a game changer as this technology very much eliminates the practical difficulties 

in achieving high power levels even up to MW range at frequencies as high as 50 kHz.        

Several actual designs have already been manufcature using this method up to 200 kW of 

power operating at 30 to 50 kHz operating frequency. Further designs are made up to 2000 kW 

( 2 MW ) operating at 20 kHz which was not possible at all at the time of the start of the reasearh.  

Further drivations of this applroch has been namde giving the possibility of applyind thid 

technology for high power high frequency high voltage transformers.  
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7.23 Minimization of core losses and the secletion of appropreae core 

material  

A detail study was carried out on the losses occurring in the magnetic core of transformers. 

Several theoretical and empirical methods developed by various industry leading researchers 

were discussed in the sections 1 to 4 of the chapter 4. In the section 5 of the chapter 4 an 

explanation was given on the potential gap losses in magnetics core. From the sections 4.6 to 

4.9 in the chapter 4 the studies carried out by the researcher are presented. This includes 

comparison of magnetic materials such as Nanocrystalline and ferrite to understand the ideal 

application areas for those materials. Further the studies carried out in this section includes 

different core constructions topologies, construction arrangements etc.  

In thesection section the optimum design of high power high frequency magnetics is also 

discussed based on a 50kW application operating at 50 kHz. 

In the section 4.8 of this thesis the achievement of 100kW in 20kHz transformer is 

discussed. This development is an extension of a series of developments carried out with 

high frequency, high power transformers of power and frequency levels such as 40kW, 

20kHz and 50kW, 50kHz. The advantages and disadvantages of Ferrite and 

Nanocrystalline core materials at this power levels are discussed and the choice of 

Nanocrystalline core is explained.  

These studies and a serious of the previous developments carried out by the researcher have 

identified the advantages of using the materials such as Nanocrystalline for high power 

applications and for operating frequency levels in the range of 20 kHz to 30 kHz. With the 

appropriate thermal management approaches and designing at optimal operating flux levels 

Nanocrystalline core gives a considerable volume and weight advantage over the ferrites. 

The results of these studies are discussed in the chapter 4. The patented constructions 

developed that are also relevant to the core less management is discussed in the chapter 5 as 

that relates to the thermal management of the overall product as well.  
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7.24 Thermal management of high power high frequency magnetic 

components  

Theoretical aspects of transformer thermal management is discussed in the sections 5.1 to 5.5 

of this chapeter. This includes the theoritical aspects of thermal invetigation of dry type 

transformers, calculations for ventilated dry type transformers ,  hot spot investigations for liquid 

filled transformers, temperature rise for high Frequency transformer under Forced-air 

convection etc  

From the sections 5.6 to 5.8 the studies carried out based on 100 kW transformer with novel 

method of effective heat removal, thermal managet of large transformer structures are 

discussed.    

As discussed in the chapter 3 and 4 the detailed analysis of core and conductor losses made 

it possible to achieve the theoretically minimum level of high frequency conductor losses in high 

power high frequency transformers. However, as the demand for power levels increase the 

need for very high power levels in a compact structure is required. This results in a very high 

power and loess densities in high power high frequency transformers. Therefor effective 

removal of heat from such transformers make the products operating at a much lower 

temperature rise  for a given size and make it possible to further miniaturize the high power 

high frequency transformers. Thermal management approches developed and patented during 

the study are discssed in the section 5.7. These proved the provide very effectime way of 

extrating the heate geated in teh transformers.   

Further the patented approach discussed in section 5.8 under novel approach to extract heat 

from the windings of transformers with high isolation requirements is particularly suitable for 

high voltage high frequency transformers which require tough insulation requirements.    

 

7.25 Leakage inductance and other parameters that influence the system 

optimization.   

Several aspects of the operation of power-electronic circuits with transformers are significantly 

influenced by the leakage inductance of the respective transformer. In the chapter 6 of this 

thesis a detail study on this aspect is discussed based on large constructions. Theoretical 

estimations made for the leakage inductance and the short circuit impedance of the 1.2MVA 

single phase transformers discussed in this paper showed an accuracy level in the range of 

20% and 15%. Due to the nature of these parameters arriving at a prediction with this level of 
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accuracy can be considered as reasonable. as it is acceptable for industry  applications. 

However if a better degree of accuracy level is needed it is required to address the effect of 

high frequency content, eddy current losses  proximity effect etc. Further a Finite Element 

Analysis could also provide a better accuracy in the prediction. 

Further the optimization of magnetics for  12 and 18pluse rectifier systems  are discussed in 

the chapter 6. This is done by defining the optimum parameters and configurations of 

magnetics. The approach is based on the definition of the parameters for magnetics 

considering the system impact on actual magnetics designs and the performance of the 

system with the set parameters of magnetic components. The several possible situations 

of unbalanced supply are also considered and optimum magnetic parameters to minimize 

the effect of the supply imbalance are discussed. Based on a series of simulations which 

were verified by practical testing a quantitative explanation of the size of the magnetics 

against the quality of the output and robustness to supply imbalances is presented. This 

explanation gives a measure on the degree of compromise that can be made on magnetics 

and the quality of the output. Situations where the magnetic designs are made larger or the 

requirement of using special magnetic materials that make the magnetic components more 

expensive are also discussed.  

Based on the series of testing and simulations carried out on 12 and 18pluse rectifier systems  

it was concluded that an optimum value of inductance can be achieved for a system and it is 

advisable to do in by taking the actual designs of magnetic components. A smaller value that 

may still give the required total harmonic distortion can result in a higher high frequency content 

in the inter phase rector current making it more loss making and larger value will result in a 

much bigger component size. For the considered example of 2 kW 12 pulse rectifier, it could 

be seen that the best compromise is archived little over 200 µH level considering both system 

performance and actual magnetic designs.  
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7.26 Parametric design approach  

 

The details of the large number of design parameters that have to be taken into consideration 

in arriving at the optimum design of a magnetic component was discussed in the chapter 2 of 

this thesis. It is rarely the case that the values of all the parameters or at least the suitable 

range of values for all these parameters are known at the time of the start of the design. In 

certain applications depending on the level of circuit simulations carried out by the application 

engineers the ideal values for certain parameters are known. In certain other applications the 

application engineers and system designers would like to have practically achievable 

parameters of the magnetic components for them to use as an input for the electronics system 

design.  

In each section of the research discussed in different chapters the focus was on eliminating or 

reducing the impact key limitations experienced in magnetic designs. However, when it comes 

to the final design of magnetic products it is not just one solution exist that will satisfy the input 

criteria.  Therefor the concept of parametric design was taken as a concept that governs the 

overall research, which enables the multiple possible solutions for a particular application. This 

approach benefits industry giving an additional dimension for the system optimization.      

The manual tools that facilitate the generation of parametric designs solutions are discussed in 

the chapter two of this thesis. These have enabled the design of engineering samples 

discussed in different chapters in this thesis.  

The possibility of providing multiple solutions by the adjustment of design as well as input 

parameters is a feature very welcome by the system designers.   

As a future work that goes beyond the scope of this study the researcher intended to develop 

a software program based on the development made during this research which will make it 

possible automatically generate multiple design solutions. 

Though it was out of the scope of the PhD and was seen as a part of future works out of the 

interest of the researcher an algorithm has laready been developed to automate the magnetic 

design process which the researcher expects to commercialize in the near future. This will in 

several minitures ganate thousands of design solution solutions for a particular application. 

These designs will be optimised based on different cretria defined by the designer of the 

appliaction. For example, otimization can be based on maximizing the efficiency, minimizaing 

the weight, minimizaing cost, nimimizaing the space etc.   
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 7.27 Magnetics are no longer the barrier for the development of power electronics.  

 

This research was aimed at facing this change by carrying out a comprehensive study that 

extents to the analysis fundamental principles behind these limitations. At the end of this 

research work it became possible to eliminate the barriers of achieving high power levels and 

to make the power level that can be achieved in a transformer almost independent from the 

operating frequency. The use of a combimation of several patented technologies developed 

during this study which are explaed in this thesis made it possible possible arivve at design of 

transformers with power levels as high as 2.5 MW operating at frequencies over 50 kHz.  

      

 
Figure 7-4 Change in power level  that can be achieved at a given frequency before and after 

the research -Kapila Warnakulasuriya own charts 

      

The achievement of this condition has made a transformation of the magnetics industry and 

the commercialization  has already started. The path to achievement condition is discussed in  

this thesis. This study does not limit at the level of giving a single solution for a particular 

application, but also it goes to the extent of providing a whole set of parametric solutions that 

would fulfill the requirements of a particular application. An aexmple of the multiple solution is 

explanined in chapter 2.  
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7.3 Future work  

The study has made it possible to achieve power levels at high frequencies far beyond the 

industry requirements at present. Therefor it is suggested to focus on areas such as 

incorporating further adjustable leakage inductance, which will be an attractive aspect for many 

modern power electronics applications. Another area of research interest is the accurate 

prediction and reduction of inter winding capacitance of high-power high frequency 

transformers.    

Carrying out research on new core materials is another area of high use for the future of the 

magnetics industry.   
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