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Resumen Ejecutivo 
 

El propósito de este proyecto es explicar la metodología del diseño del transformador de un 

convertidor de corriente continua de alta potencia (10kW a 50kW). El esquema a seguir para 

el diseño de dicho transformador es el siguiente: 

 

 

El ejemplo que se detalla en este documento está enfocado hacia aplicaciones aviónicas, lo 

cual añade dos nuevas restricciones al proceso de diseño. Estas son: el tamaño y peso del 

transformador y la temperatura de trabajo del mismo. La temperatura del transformador no 

debe variar demasiado ya que a la altura de trabajo hay poca presión y el coeficiente de 

convección será bajo. Lo cual implica que la capacidad del transformador para disipar calor se 

verá reducida. Si el transformador no es capaz de disipar correctamente el calor, puede 

conllevar a la rotura del mismo debido al sobrecalentamiento. Además, un exceso de calor 

puede dar lugar a la rotura de los componentes que se encuentren próximos a él. 

  

Como se ha mencionado anteriormente, al tratarse de un convertidor para aplicaciones 

aeroespaciales las dimensiones y el peso son factores importantes. Cuanto menor es el peso, 

menor será el consumo del avión por lo tanto contaminará menos y será más eficiente. Para 

reducir el tamaño de dicho convertidor, se va a intentar integrar la bobina dentro del 

transformador. Para ello se utilizará el valor de la inductancia de dispersión. En un trabajo 

anterior [5][18] se usó un núcleo nanocristalino para dicho propósito, pero a la hora de 

diseñarlo, se comprobó que el núcleo no era capaz de proporcionar el valor de la inductancia 

de dispersión requerido por esta topología (𝐿𝑑 = 7.5 − 15 µ𝐻). La incapacidad del núcleo 
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para generar dicho valor se debe a que el flujo, al pasar por la zona laminada, genera 

corrientes parásitas muy pequeñas (rojo) pero al atravesar la zona perpendicular, las corrientes 

son grandes (verde). Por lo tanto el núcleo nanocristalino laminado presenta anisotropía. 

 
Para evitar esto, para el diseño de este transformador se eligió ferrita, la cual tiene una 

resistividad muy alta, por lo que las corrientes parásitas son bajas en toda la sección del 

material. La desventaja de utilizar ferrita reside en que el valor de la inductancia de saturación 

(�̂�) es muy bajo comparado con el del nanocristalino (0.39 T y 1 T respectivamente). Como 

se verá en este trabajo, el valor de la inductancia de saturación es muy importante porque 

determina el tamaño del transformador. En este trabajo se estudiará el efecto que tiene dicho 

valor en el diseño de un transformador y si se consigue introducir la inductancia dentro del 

transformador, disminuyendo el tamaño anteriormente conseguido con el nanocristalino: 

 

 
 

Siguiendo el esquema mostrado anteriormente, se continuó con el diseño del transformador 

eligiendo la forma del núcleo y la estrategia del cableado para la topología dada. 

 

 

 

  



 

9 

 

Vin 450 V 

Vout 270 V 

Pout 45 kW 

fop 10 kHz 

 

La elección de estos parámetros influye en gran medida en el valor de la inductancia de 

dispersión, en las pérdidas en el núcleo y en el cobre. Por lo que es de vital importancia elegir 

los parámetros correctos para que se consiga el valor de la inductancia deseado, que el 

transformador no sature y que su volumen y peso sean adecuados.  

 

A la hora de calcular las pérdidas en el núcleo no sólo es importante conocer el material del 

núcleo pero también se debe conocer el comportamiento de la inducción magnética o 

densidad de flujo magnético (B). Como se verá detallado en este proyecto, para esta topología 

al ser la forma de onda triangular, se debe usar la ecuación de Steinmetz mejorada ya que 

evalúa mejor las pérdidas en el núcleo. Es importante dimensionar bien las pérdidas en el 

núcleo para que cuando se lleve a cabo la construcción del transformador este no sature y deje 

de funcionar. 

 

Se han propuesto varias configuraciones del cableado para el núcleo propuesto lo cual  

permite una mayor versatilidad a la hora de elegir el diseño más adecuado ya que tanto el 

valor de las pérdidas del cobre y de la inductancia de dispersión varían según la 

configuración. Estos valores también cambian en función del número de núcleos usado 

(variando el grosor del núcleo en la simulación) y del número de vueltas. 

 

Para las simulaciones se ha utilizado un programa de elementos finitos (Pemag) que se 

comunica con ANSYS Maxwell para conseguir el valor de la inductancia de dispersión y el 

de la resistencia de los cables. Se han utilizado el programa Pemag porque tiene en cuenta los 

efectos de alta frecuencia de los cables que son: el efecto piel, el efecto proximidad y el gap.  

 

Se han realizado simulaciones para los distintos diseños propuestos y entre los resultados 

obtenidos se ha elegido el más adecuado para la topología descrita. Para elegir dicho diseño se 

ha tenido en cuenta un valor adecuado de la inductancia de dispersión, y unas pérdidas totales 

del núcleo bajas, de tal forma que el aumento de temperatura del núcleo debido a dichas 

pérdidas no supere los 90ºC. El motivo de esta limitación en la temperatura del núcleo es 

evitar que este se sobrecaliente y pierda sus propiedades magnéticas. Además, como se ha 

mencionado anteriormente, a la hora de elegir un transformador, se ha calculado el volumen y 

el peso del mismo para asegurarse de que son apropiados para su uso en la aviación. 
 

Finalmente, cabe destacar que en este trabajo se llegó hasta el paso de “análisis de la construcción” ya 

que no se llevó a cabo la construcción del transformador. 

 

 





 

11 

 

Key Words 

 

Design methodology, leakage inductance, converter, transformer, avionic applications 

 

 

 

 

 

 

 

 

UNESCO Codes 

 

33703  Diseño de circuitos 

  

 





Design Methodology of a Transformer with an Integrated Inductor for Avionic Applications 

Carlota López Pérez-Arroyo   13 

 

Table of Contents 

1. Introduction and State of the art ........................................................................................ 23 

1.1. State of the art ............................................................................................................ 25 

2. Design Methodology ......................................................................................................... 29 

2.1.1. Power Topology analysis ................................................................................... 29 

2.1.2. Material of the core selection ............................................................................. 29 

2.1.2.1. Core loss ...................................................................................................... 29 

2.1.2.2. Permeability and resistivity ......................................................................... 30 

2.1.3. Shape of the core selection ................................................................................. 30 

2.1.3.1. Topology ..................................................................................................... 30 

2.1.3.2. Window area ............................................................................................... 30 

2.1.3.3. Configuration of the winding ...................................................................... 30 

2.1.3.4. Thermal resistance ...................................................................................... 31 

2.1.3.5. Weight of the component ............................................................................ 31 

2.1.4. Winding strategy ................................................................................................ 31 

2.1.5. FEA modelling of the magnetic component ...................................................... 31 

2.1.6. Evaluation of the results ..................................................................................... 31 

2.1.7. Critical parameters for manufacturing ............................................................... 32 

2.1.8. Electrical and thermal tests ................................................................................ 32 

3. Power converter topology ................................................................................................. 35 

3.1. Magnetic Integration .................................................................................................. 37 

3.2. Magnetizing inductance ............................................................................................. 41 

4. Application of the design methodology ............................................................................ 43 

4.1. Material Selection ...................................................................................................... 43 

4.1.1. Nanocrystalline Magnetic Materials .................................................................. 47 

4.1.1. Amorphous alloys .............................................................................................. 48 

4.1.2. Ferrites ................................................................................................................ 48 

4.1.3. Iron powder ........................................................................................................ 48 

4.1.4. Material chosen for this topology ....................................................................... 49 

4.2. Shape of the core ....................................................................................................... 49 

4.3. Configuration of core windings ................................................................................. 51 

4.3.1. Leakage inductance integration .......................................................................... 51 

4.3.1.1. Configuration 1 ........................................................................................... 51 

4.3.1.2. Configuration 2 ........................................................................................... 52 

4.3.1.3. Configuration 3 ........................................................................................... 52 

4.3.1.4. Configuration 4 ........................................................................................... 53 



Table of Contents 

14                                                   Escuela Técnica Superior de Ingenieros Industriales (UPM) 

 

4.3.1.5. Configuration 5 ........................................................................................... 54 

4.3.2. Interleaving ......................................................................................................... 54 

4.3.3. LITZ wires .......................................................................................................... 57 

4.3.4. Stacking .............................................................................................................. 58 

4.3.5. Paralleling of transformers ................................................................................. 59 

4.4. Power Losses ............................................................................................................. 59 

4.4.1. Core Losses ........................................................................................................ 59 

4.4.1.1. Hysteresis .................................................................................................... 60 

4.4.1.2. Eddy Currents ............................................................................................. 63 

4.4.1.3. Relaxation losses ......................................................................................... 64 

4.4.2. Winding losses ................................................................................................... 65 

4.4.2.1. Skin depth ................................................................................................... 66 

4.4.2.2. Proximity effect .......................................................................................... 67 

4.4.2.3. Air gap effect .............................................................................................. 68 

4.4.3. Optimum power loss .......................................................................................... 69 

4.4.4. Dissipation of the power losses .......................................................................... 71 

5. Evaluation of the electric and thermal characteristics and power losses with FEA 

simulations ............................................................................................................................... 75 

5.1. Evaluation of the electric and thermal characteristics and power losses with FEA 

simulations for a ferrite core ................................................................................................. 75 

5.2. Simulation results for AWG wires ............................................................................ 77 

5.3. Simulation results for LITZ wires ............................................................................. 81 

5.4. Influence of stacking ................................................................................................. 82 

5.5. Influence of paralleling .............................................................................................. 83 

5.6. Possible improvements .............................................................................................. 85 

6. Conclusions and future lines ............................................................................................. 89 

7. References ......................................................................................................................... 93 

8. Costs .................................................................................................................................. 95 

9. EDP ................................................................................................................................... 97 

10. GANTT ......................................................................................................................... 99 

 

 



Design Methodology of a Transformer with an Integrated Inductor for Avionic Applications 

Carlota López Pérez-Arroyo   15 

 

Enumeration of Figures 
 

Figure 1-1 Scheme of the design methodology ........................................................................ 23 
Figure 1-2 Image of the nanocrystalline transformer with the toroidal inductors ................... 24 
Figure 1-3 Comparison between a conventional aircraft system and a MEA subsystem [3] .. 26 
Figure 1-4 DC/DC converter .................................................................................................... 27 
Figure 2-1 A scheme of the design methodology .................................................................... 33 

Figure 3-1 DC/DC converter .................................................................................................... 35 
Figure 3-2 Current and voltage through the primary winding ................................................. 36 
Figure 3-3 Direction of the current in the primary and the secondary winding ....................... 37 
Figure 3-4 Voltage in the inductor ........................................................................................... 38 
Figure 3-5 Direction of the current in the right side of the converter ...................................... 39 

Figure 3-6 Fully rectified current waveform ............................................................................ 40 

Figure 3-7 Magnetizing current (blue) and voltage (green) in the primary ............................. 41 
Figure 4-1. Hysteresis loop for a soft and a hard magnetic material ....................................... 43 

Figure 4-2 Behaviour of the particles when a field is applied ................................................. 44 
Figure 4-3 Direction of the flux in a magnetic material ........................................................... 44 
Figure 4-4 Behaviour of permeability with temperature for the material 3C94 (Ferroxcube) 45 
Figure 4-5 Alignment of the particles when they reach the Curie temperature ....................... 45 

Figure 4-6 Behaviour of the hysteresis loop with temperature for 3C94 (Ferroxcube) ........... 46 
Figure 4-7 Magnetic properties of the different materials ....................................................... 47 

Figure 4-8 Production process of nanocrystalline materials [17] ............................................ 47 
Figure 4-9 Behaviour of the magnetizing current with time .................................................... 50 
Figure 4-10 U shape core (Ferroxcube) ................................................................................... 50 

Figure 4-11 Both the primary (yellow) and the secondary (red) are in the same leg (image 

with AWG6 wires). .................................................................................................................. 51 

Figure 4-12 Both the primary (yellow) and the secondary (red) are in the same leg but there is 

a big separation between them (image with AWG6 wires). .................................................... 52 

Figure 4-13 The primary (yellow) and the secondary (red) are both wrapped around the same 

leg but the primary is on top of the secondary (image with AWG6 wires). ............................ 53 

Figure 4-14 The primary (yellow) is wrapped around one leg and the secondary (red) on the 

other (image with AWG6 wires). ............................................................................................. 53 

Figure 4-15 The core is laid onto its longest side and each winding is wrapped in each leg. 

The primary winding (yellow) on one leg and the secondary (red) is around the other leg 

(AWG6 wires). ......................................................................................................................... 54 

Figure 4-16 Configuration 1 with interleaving of the primary (yellow) and the secondary (red) 

windings (image with LITZ 362x0.2 wires) ............................................................................ 54 

Figure 4-17 Behaviour of the magnetic field in the transformer (LITZ 362 strands, 0.2 mm) 55 

Figure 4-18 Behaviour of the magnetic field with interleaving (LITZ 362 strands, 0.2 mm) . 55 

Figure 4-19 Behaviour of the flux for configuration 1 LITZ wire of 362 strands of 0.2 mm 

with no interleaving (image form Maxwell) ............................................................................ 56 
Figure 4-20 Behaviour of the flux for configuration 1 LITZ wire of 362 strands of 0.2 mm 

with interleaving (image form Maxwell) ................................................................................. 57 
Figure 4-21 Section of a LITZ wire ......................................................................................... 58 

Figure 4-22 Evolution of a wire in different sections of the LITZ wire .................................. 58 
Figure 4-23 A scheme of how the transformer would be connected ....................................... 59 
Figure 4-24 Behaviour of core loss with temperature for the material 3C94 (Ferroxcube) ..... 60 
Figure 4-25 Representation of the hysteresis losses ................................................................. 60 



Enumeration of Figures 

16                                                   Escuela Técnica Superior de Ingenieros Industriales (UPM) 

 

Figure 4-26 Power loss as a function of peak flux density at different frequencies for the 

ferrite 3C94 (Ferroxcube) ......................................................................................................... 61 
Figure 4-27 Illustration of how eddy currents are formed ....................................................... 63 
Figure 4-28 Illustration showing the eddy currents in a laminated core .................................. 64 

Figure 4-29 Eddy current in the direction perpendicular to the lamination ............................. 64 
Figure 4-30 Hysteresis loop ..................................................................................................... 64 
Figure 4-31 Fourier decomposition of the current wave .......................................................... 65 
Figure 4-32 Harmonic decomposition of a triangular wave (MATLAB) ................................ 66 
Figure 4-33 Skin effect in a conductor ..................................................................................... 66 

Figure 4-34 Conductors carrying current in the same direction............................................... 67 
Figure 4-35 Conductors carrying current in the opposite direction ......................................... 68 
Figure 4-36 Configuration of the current inside a wire (image of Maxwell) ........................... 68 
Figure 4-37 Visualizing the reluctance as a circuit [2] ............................................................ 69 
Figure 4-38 Behaviour of the flux when the core has gap ....................................................... 69 

Figure 4-39 Power loss for configuration 4 with AWG6 wires with 4 stacks and 4 parllels ... 70 
Figure 4-40 Behaviour of the Rth with constant conditions ..................................................... 72 

Figure 4-41 Radiator used to dissipate heat ............................................................................. 73 
Figure 5-1 Behaviour of the flux density ................................................................................. 78 
Figure 5-2 Behaviour of the magnetic field and the current in each configuration ................. 80 
Figure 5-3 Tendency of the core and copper loss with increasing number of cores 

(Configuration 1, LITZ wires with interleaving) ..................................................................... 82 
Figure 5-4 Tendency of the core and copper loss with increasing number of parallels 

(Configuration 1, LITZ wires with interleaving) ..................................................................... 83 
Figure 5-5 UU-shape core placed like an E-shape core ........................................................... 86 
Figure 6-1 A scheme of the design methodology .................................................................... 89 

Figure 6-2 Nanocrystalline core with I-cores made out of ferrite (grey)[9] ............................ 91 

 



Design Methodology of a Transformer with an Integrated Inductor for Avionic Applications 

Carlota López Pérez-Arroyo   17 

 

Enumeration of Tables 

 

Table 3-1 Topology of the transformer .................................................................................... 35 
Table 5-1 Comparison of the Ferroxcube materials ................................................................. 75 
Table 5-2 Comparison of the EPCOS/TDK materials ............................................................. 76 
Table 5-3 Comparison of the Magnetics materials .................................................................. 76 
Table 5-4 Comparison between N87 and 3C94 ....................................................................... 77 

Table 5-5 Copper loss and leakage inductance depending on the configuration obtained with 

Pemag ....................................................................................................................................... 77 
Table 5-6 Copper loss and leakage inductance with interleaving depending on the 

configuration obtained with Pemag .......................................................................................... 81 
Table 5-7 Copper loss and leakage inductance depending on the configuration obtained with 

Pemag (LITZ wires 362 strands of 0.2 mm) ............................................................................ 81 

Table 5-8 Copper loss and leakage inductance for LITZ wires with interleaving obtained with 

Pemag ....................................................................................................................................... 82 

Table 5-9 Results due to the increasing number of cores for configuration 1 LITZ wires with 

interleaving (estimated values) ................................................................................................. 83 
Table 5-10 Results due to the increasing number of parallels for configuration 1 LITZ wires 

with interleaving (estimated values) ........................................................................................ 84 

Table 5-11 Optimum results for LITZ wire obtained with Pemag .......................................... 85 
Table 5-12 Results for the UU- shape core placed like an E-shape core ................................. 86 

Table 6-1 Topology of the transformer .................................................................................... 89 
Table 6-2 Comparison of the results obtained for the nanocrystalline core and the ferrite core

 .................................................................................................................................................. 90 

 





Design Methodology of a Transformer with an Integrated Inductor for Avionic Applications 

Carlota López Pérez-Arroyo   19 

 

Acronyms 

 

MEA  More Electrical Aircraft 

AC  Alternating Current 

DC  Direct Current 

iGSE  improved General Steinmetz Equation 

FEA  Finite Element Analysis 

 

 





Design Methodology of a Transformer with an Integrated Inductor for Avionic Applications 

Carlota López Pérez-Arroyo   21 

 

Abbreviations 
 

Aef  effective area of the core 

𝐴𝐿   inductance factor 

B  flux density 

ΔB  change in flux density 

�̂�  the peak flux density 

C  capacitance 

d  duty cycle 

dl  vector length showing the loop of the eddy currents 

dS  area of the loop formed by the eddy currents 

f  frequency 

fop  operating frequency of the transformer 

H  magnetic field 

𝑖   current  

𝑖 ̅  average current  

𝑖𝑐   current going through the capacitor 

𝑖𝐿   current going through the inductor 

𝑖𝑚𝑎𝑔   magnetising current 

Ip  current through the primary winding 

Ipeak  peak current 

𝑖𝑅   current through the load 

Irms  root-mean squared current 

Is  current through the secondary winding 

J  electrical current density vector 

k  parameter dependent on the material, used for Steinmetz Equation 

L  inductance 

ℓ𝑒𝑓   effective length of the magnetic field 

ℓ𝑔𝑎𝑝   length of the gap 

Lmag  magnetizing inductance 

n  correlation between the number of turns in the primary and in the secondary  

N  number of turns 

Nmin  minimum number of turns 

Np  number of turns in the primary winding  

Nparallel  number of cores in parallel 

Ns  number of turns in the secondary winding 

Nstack  number of stacks 

P  power 

P̅   average power 

Pcu  copper loss 

Pfe  core loss 

PmaxTemp maximum power loss in order to avoid the overheat of the transformer 

Pout  power going out of the converter 

Ptot  total power losses 

𝑃𝑣   power loss per unit of volume 

T  period 

ΔT  change in temperature 

ℛ   reluctance  



Abbreviations 

22                                                   Escuela Técnica Superior de Ingenieros Industriales (UPM) 

 

ℛ𝑐   reluctance of the core 

ℛ𝑔   reluctance of the gap 

Rac  AC resistance 

RacNmin  AC resistance for the minimum number of turns 

Rth  thermal resistance 

𝑣   voltage 

V  voltage 

Vcu  volume of copper 

𝑉𝑒𝑓   effective volume of the core 

Vfe  volume of the core 

Vin  voltage going in the converter 

vL  voltage of the inductance 

Vout  voltage going out of the converter 

Vp  voltage in the primary winding 

Vs  voltage in the secondary winding 

Vtot  total volume of the transformer 

W  hysteresis loss 

Wcu  weight of the copper wires 

Wfe  weight of the core 

Wtot  total weight of the transformer 

𝛼   parameter dependent on the material, used for Steinmetz Equation 

𝛽   parameter dependent on the material, used for Steinmetz Equation 

𝛿   skin depth  

μ   permeability 

𝜇𝑟   relative permeability  

𝜇𝑜  permeability of vacuum  

𝜌𝑐𝑢   resistivity of copper 

𝜙   magnetic flux 

ɸ  diameter



Design Methodology of a Transformer with an Integrated Inductor for Avionic Applications 

Carlota López Pérez-Arroyo   23 

 

1. Introduction and State of the 

art 
 

The purpose of this project is to establish the design methodology of a transformer of a 

DC/DC converter for high power demand. First, each step is going to be explained in order to 

obtain a general idea of the important aspects of each part (section 2). A scheme of the steps 

that should be followed in order to obtain the magnetic component can be seen below:  

 
Figure 1-1 Scheme of the design methodology 

 

An example of how to proceed with this methodology is given by the design of a transformer 

of a DC/DC converter for avionic applications. The fact that this transformer is for avionic 

applications adds two more limitations to the design: it should have a small size and weight 

and it the working temperature of the transformer should not increase vastly. A small 

transformer normally means that the weight is also small; therefore the fuel consumption of 

the aircraft would be less thus polluting less. The need to control the working temperature 

comes from the fact that at the operating altitudes of the aircraft, the convection coefficient 

value is smaller due to the low atmosphere. This means that the transformer is less able to 

dissipate heat. Therefore it is important to test whether or not the transformer is able to not 

increase its temperature by more than 90ºC. 

 

Furthermore, in this particular design, the transformer is designed with an integrated inductor. 

In this work it will be examined whether or not by using ferrite, the leakage inductance value 

of the transformer would be enough to reduce the size of the transformer-inductor. The size 
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would be compared with that obtained in a previous work by the use of nanocrystalline 

materials [5][18]. 

 

 
Figure 1-2 Image of the nanocrystalline transformer with the toroidal inductors 

 

The benefit of using nanocrystalline materials is that the peak flux density is greater than that 

obtained for ferrites. This means that the overall size of the transformer would be less, as the 

minimum number of turns would be less. This can be observed by equation (4.5). A lower 

size of the transformer normally leads to a more light-weighted design. This means that the 

consumption of the aircraft would be less, which means that it will be more efficient and 

pollute less.  

 

Also, the six toroidal inductors are made out of iron powder, which is a type of material that is 

specially used when manufacturing inductors. This means that each component is made out of 

the best materials for that specific use. This leads to a more efficient way of using the 

materials.  

 

Despite all the advantages listed above, the nanocrystalline transformer was anisotropic 

because it suffered more from eddy currents in the perpendicular direction of the lamination 

(Figure 4-29). This is the reason why the ferrite core was used to design this particular 

transformer. Ferrites have high resistivity which means that the metallic core opposes better 

the eddy currents. This would lead to a lower value of the power losses.  

 

In order to obtain the results to calculate the power losses, the different steps of the scheme 

shown in Figure 1-1 were followed explaining in detail the advantages and disadvantages of 

each choice.  Even though the “critical parameters for manufacturing” and the “electrical and 

thermal tests” are explained in section 2, they were not done for this particular transformer. 

The reason for this is that the transformer was not manufactured; therefore the electrical and 

the thermal tests were not performed.  

 

All the values calculated in this work were obtained by the use of Finite Element Analysis 

programs. This means that the values obtained once the transformer is manufactured, may be 
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higher than those obtained analytically. This is the reason why, it is better to choose the more 

conservative design. This means, the design that allows a slight increase of the power losses 

and the leakage inductance value and still satisfies with the conditions imposed. 

 

1.1. State of the art 
 

As an example of how to apply the design methodology, in this project the design of a 

transformer of a DC/DC converter that will be used for aircraft applications is explained in 

detail. The More Electrical Aircraft (MEA) philosophy focuses on substituting the 

mechanical, hydraulic and pneumatic equipment by partially or completely electrical systems. 

Adopting the MEA philosophy [3] brings numerous benefits such as a more efficient 

performance of the aircraft and a reduced operating and maintenance costs. In addition, the 

legislation regarding the climate change requires a drastic change of the entire aircraft system 

in order to make if less pollutant.  

 

The different methods in which the aircraft generates power are: 

 

 Mechanical power which is obtained from the engine by the movement of a shaft and 

distributed to a gearbox to drive lubrication pumps, fuel pumps, hydraulic pumps and 

electrical generators.  

 Pneumatic power which is extracted by a bleeding compressor and it is used to drive 

turbine motors for the engine start systems, the wing anti-acing system and 

Environmental Control Systems. 

 Electrical power and hydraulic power are used in order to drive the subsystems such as 

the flight control actuators, landing gear brakes, lighting, utility actuators, etc… 

 

The interaction of the three systems mentioned above reduces the efficiency of the aircraft. 

So, by adopting the MEA philosophy several benefits can be obtained. Due to the fact that 

mechanical power consists on a moving shaft, it generates more power losses due to the 

friction that the movement creates. Pneumatic and hydraulic systems can have leaks which 

they could not only lead to the deterioration of the system, increasing the costs; but also, it 

could cause the malfunction of the aircraft. Furthermore, the fluid leaked for instance oil, 

could pollute the environment. In addition, hydraulic systems have high installation and 

running costs. 

 

Therefore, electrical systems tend to be more reliable than the rest of the systems. A 

comparison between a conventional aircraft subsystem and a MEA subsystem is shown 

below: 



Introduction 

26                                                   Escuela Técnica Superior de Ingenieros Industriales (UPM) 

 

 
Figure 1-3 Comparison between a conventional aircraft system and a MEA subsystem [3] 

 

As it can be observed above, by introducing a MEA subsystem the aircraft becomes lighter 

and the overall costs decreases as electrical systems require less maintenance. Despite what 

happens in the other systems, due to the fact that electrical power systems are static, they 

don’t have friction losses and they don’t wear off, so they tend to have a higher lifespan. In 

addition, electrical systems are more reliable and efficient which in turn means less fuel 

consumption.  

 

In order to introduce a MEA subsystem, the electrical system should be able to generate high 

power in order to satisfy the demand of power from the components of the aircraft. It should 

also satisfy the following requirements:  

 

 It should be light-weighted in order to have less fuel consumption 

 It should have a small size. Components that transmit high power normally are large 

due to the need of large wires to transmit the high values of the current. 

 It should not stop functioning under abnormal conditions such as high temperature and 

low maintenance. 

 

As a result of its many benefits, there has been an increasing tendency to introduce MEA 

subsystems for communication, surveillance, radars, cooling, landing gear and actuator 

systems. There are two types of electric power configuration systems based on two voltage 

levels depending on whether the application is Alternating Current (AC) or Direct Current 

(DC). In this particular project DC voltage is used.  

 

Due to the high demand of electric power, a new bus voltage of 270V, usually referred as 

HVDC is starting to be included in new designs in substitution of the old 28V bus 

architectures 
[4]

. The 270V voltage level is normally used for military aircrafts. The main 

benefit of using this high voltage is that the currents are decreased by a factor of 10, which 

leads to a decrease of the wire section in the DC/DC converter thus reducing the weight and 

volume of the copper needed, leading to a more compact component and to a decrease in the 

fuel consumption. 
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The electrical power would be transmitted using a DC/DC converter. This DC/DC converter 

is part of a bigger system to supply electric power to the aircraft’s loads. An AC/DC rectifier 

in cascade with this converter is rectifying the AC power given by the generator close to the 

turbine. The rectifier is typically providing an intermediate bus voltage of 400V to 800V 

which depends on the topology chosen. The DC/DC converter has to step down this voltage to 

270V and also add isolation for safety issues. With the need of isolation in the converter, the 

topologies chosen are full-bridge derived to take full advantage of the magnetic excursion of 

the core. These topologies have the best efficiency in this range of high power (10kW – 

50kW) 

 

The main objective of this project is to design and optimize a transformer for a 45kW full-

bridge converter. The transformer provides galvanic isolation to the converter, satisfying the 

safety requirements of the aircraft system. The transformer can also help with the step down 

of the voltage by using different number of turn’s ratio. In this particular designed, the ratio of 

the number of turns is 1:1, the 270V are obtained due to the fall in voltage of the inductor 

placed in series with the transformer. This can be seen in the image below:   

 
Figure 1-4 DC/DC converter 

 

As it was mentioned before, the electric power systems have to be light-weighted. In order to 

achieve a more compact design, the approach of this work would be to design a transformer 

with an integrated inductor, thus reducing the components of the converter. To do so, instead 

of using the inductor labelled in Figure 1-4 as “Ld”, the leakage inductance would be used. By 

reducing the components it is hoped that the volume and weight of the converter would 

decrease. 
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2. Design Methodology 
 

When designing electromagnetic components a series of steps should be followed, these 

would be explained below in order of importance. The cost would not be taken into 

consideration in each section, as obviously, when choosing between materials with similar 

properties, the cheapest one should be chosen. 

 

2.1.1. Power Topology analysis 
 

The first step is to determine the parameters of the transformer in order to know the value of 

the current that it’s going to flow through. If the working values of the transformer, such as 

the current or the voltage, are not given then the first step is to find out these values as well as 

the shapes of the waveforms. A scheme of how to find these values was given in the chapter 

3. The value of the current is important because it is used in order to calculate the copper 

power losses. This can be seen in equation (4.16). The waveform of the flux density is 

important because it determines which equation has to be used in order to find the core losses 

[6]. 

 

2.1.2. Material of the core selection 
 

The material and the shape of the core are deeply related on one another. Even though the 

material is going to be explained first, it is not chosen until the shape of the material is 

selected. Therefore they have to be picked simultaneously.  

 

The first step is to choose the type of the material of the core, choosing between ferrites, 

amorphous alloys, nanocrystalline or iron powder. This material should be chosen bearing in 

mind the topology and the application of the transformer. Once the type of the material is 

chosen, a comparison between the materials that the different companies, such as Ferroxcube, 

Magnetics, EPCOS/TDK, offer has to be made. In order to choose the best material for the 

design several aspects have to be examined. They will be explained in order of importance. 

 

2.1.2.1. Core loss 
 

The material specification sheet of each material has to be examined, and the k, 𝛽, 𝛼 

parameters have to be extrapolated from the graphs of “specific power loss as a function of 

peak flux density” like the one in Figure 4-26. Once these parameters are obtained, regardless 

of the waveform of the flux density, Steinmetz equation (4.8) is used to estimate the core 

losses. As it was explained above, it is not precise if the waveform is non-sinusoidal but this 

formula is simpler than the iGSE 
[6]

 (4.9) and it provides a first approximation that can help in 

order to discriminate the materials with high power losses. In order to compare the materials 

the same frequency and peak flux density have to be used. 

 

Once the material is chosen, the correct equation for the core losses has to be used.  
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2.1.2.2. Permeability and resistivity 
 

If the core losses of the materials are similar, other factors that can help to choose the desired 

material are the permeability and the resistivity. High permeability means that more flux 

would be concentrated in the core so in turn it would lead to a lower value of the leakage flux. 

 

Due to the metallic nature of the cores they conduct electricity thus the need for high 

resistivity in order to avoid the flow of current. So, high resistivity means that the core 

opposes the flow of current, so the eddy currents would be less. 

 

2.1.3. Shape of the core selection 
 

Once the core losses are calculated the shape of the core is looked at. As it was said before, at 

this point the best material has not been chosen although the type might have been selected 

(for instance ferrite). Not all the cores are available in all the materials that the company has. 

This is the reason why both process are related to one another. The best material has to be 

chosen within the ones that are offered for that particular core. The reason why the material is 

chosen first is that there are different shapes of the core for the different types of materials 

(that means, for ferrites, nanocrystalline…). Furthermore, if an intermediate size core is 

needed, there are normally a range of materials available. In this note, it is easier to have the 

hysteresis loss calculated beforehand, in order to discard shapes due to the high power losses.  

 

In order to choose the best core for the design there are several things that should be taken 

into consideration. 

 

2.1.3.1. Topology 
 

The shape of the core depends on the topology of the transformer. When working with high 

values of current, the core has to be big in order to avoid saturation. The biggest cores are 

normally the U-Shape and the E-shape. If the transformer is not working with high current 

values, there is more flexibility when choosing the core. The size of the core is important 

when calculating the minimum number of turns, as it depends on the effective area (4.5), the 

higher the core, the lower the minimum number of turns. 

 

2.1.3.2. Window area 
 

Another factor that should be taken into consideration when choosing the core is the window 

area. The winding area is 40-50% of the area of the window. The minimum number of turns 

should be calculated using (4.5) and the area that these wires occupy should be calculated in 

order to see whether they fit into the window of the core or not. Therefore, if a high number 

of turns is needed then the biggest cores are needed.  

 

2.1.3.3. Configuration of the winding 
 

As it will be seen in section 4.3, sometimes is of interest to have the possibility of having 

different configurations of the winding in the core as to obtain the lowest power losses, the 
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leakage inductance wanted, the minimum number of cores, the minimum volume of the 

copper and so on. More configurations of the winding can be obtained with “simple-shape” 

cores. 

 

2.1.3.4. Thermal resistance 
 

The thermal resistance helps determine the working temperature of the core, and the 

maximum power losses that it can sustain in order to avoid overheating. In the following 

sections a more detail explanation of how this value is obtained for this particular transformer 

would be explained in detail.   

 

2.1.3.5. Weight of the component 
 

The bigger the core, the higher the effective volume thus the higher the hysteresis losses; as it 

can be seen in equation (5.14). Also, the bigger the core, the more it weights. Therefore it is 

not always beneficial to choose the biggest core even though it decreases the minimum 

number of turns (5.5). For instance, in this particular line of work (avionic applications) high 

weight is not beneficial as the components should be as light-weighted as possible. 

 

2.1.4. Winding strategy 
 

Once the material and the shape of the core are selected the wires are looked at. The skin 

depth has to be calculated, using equation (5.17). This equation determines the maximum 

diameter that can be used in order to avoid this effect. If the maximum diameter is small, 

Φ < 2𝑚𝑚, they tend to break easily, so normally is better to work with LITZ wires because 

they are easier to handle. LITZ wires are wires that are made out of twisted wires of a smaller 

diameter. Furthermore, if the transformer is working at high frequency, the high frequency 

effects have to be taken into consideration. In this case, normally it is better to work with 

LITZ wires as you can avoid these effects.  

 

2.1.5. FEA modelling of the magnetic component 
 

The core chosen is simulated using a FEA program called Pemag and ANSYS Maxwell in 

order to obtain the AC resistance values. If the size of the core, material or wire chosen is not 

in the library of the program it can be introduced manually, so they are flexible. 

 

Several simulations are performed varying both the configuration of the winding, the number 

of turns and the number of stacks. Also, simulations with interleaving of the winding and 

without may also be done with these programs. The results of these simulations are used to 

calculate the copper losses and to obtain the leakage inductance. Obviously, the results 

obtained by the program will not be those found in real life as the program assumes that the 

wires are wrapped perfectly around the legs of the core.  

 

2.1.6. Evaluation of the results 
 

The total power losses and the optimum number of turns that satisfies all the conditions 

imposed by the transformer, such as a power loss that doesn’t lead to overheating or a certain 
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leakage value, would be calculated for all the designs. The best configuration for the design 

has to be chosen from the results obtained. If the value of the resistance was estimated, like it 

is done in the equation (5.20), a simulation for the best design for the optimum number of 

turns should be made to ensure the results obtained.  

 

2.1.7. Critical parameters for manufacturing 
 

When making the transformer, it is essential to specify in detail how the transformer should 

be made. This regards the position of the wires, the number of turns in each winding, if there 

is interleaving and the length of the gap. Another factor that should be mentioned is the 

insulation of the transformer. There are four types of insulating materials: transformer oil, cast 

resin, insulating paper and press board.  

 

The oil not only provides insulation but can also act as a coolant helping with the heat transfer 

through convection. This kind of insulation is only used for big transformers. Another option 

is making cast resin transformers. By introducing the transformer in a resin bath, the 

transformer tends to vibrate less, improving mechanical stress. In addition, the decrease in the 

vibration of the transformer means that the particles aren’t colliding so much with each other 

thus reducing the noise made by the transformer. Furthermore, by introducing the resin in the 

transformer means that any air trapped inside will be filled with the resin, improving the heat 

transfer through conduction. 

 

Normally, the copper wires are wrapped with electrical insulation papers which are made out 

of cellulose which is a good insulator. The thickness of this insulation depends on the voltage 

of the topology. Finally the press board system of insulation which are synthetic resin bonded 

paper used in voltage stressed zones. 

 

2.1.8. Electrical and thermal tests 
 

It is recommended to test the transformer before connecting it to the rest of the circuit, in 

order to find out the real power losses and see whether the transformer can withhold the rise 

in temperature caused by them.  

 

Furthermore, the “hot zones” of the transformer should be investigated in order to choose a 

system that would ensure the maximum dissipation of the heat of the transformer and to avoid 

placing components that could deteriorate rapidly with heat.  

 

If the transformer does not present good results in the tests done, it should be redesigned until 

they are satisfied. So the whole process would be repeated indefinitely. A scheme of the steps 

explained is shown below: 
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Figure 2-1 A scheme of the design methodology 
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3. Power converter topology 
 

This transformer will be used in a DC/DC converter for high power applications. So the 

design of the transformer has to be such as to satisfy the power requirements that the different 

components of the aircraft might need. In order to do so, the following electrical 

specifications must be followed: 

 

Vin 450 V 

Vout 270 V 

Pout 45 kW 

fop 10 kHz 
Table 3-1 Topology of the transformer 
 

The converter can be divided into 3 main sections, the transistor bridge, the transformer and 

the diode bridge. In this document the behaviour of the transformer is going to be explained in 

more detail but first a further look on the rest of the parts has to be done. To represent the load 

of the converter a resistance was connected in parallel with the capacitor but the actual 

converter would have different components. 

 
Figure 3-1 DC/DC converter 
 

A full-bridge is connected to the primary winding of the transformer instead of a half-bridge 

because it can provide more voltage than a half-bridge, whose load only receives half of the 

entrance voltage. The reason for using a transistor bridge instead of connecting the source 

directly into the transformer is that the transistor bridge can help dissipate heat and that the 

voltage that the transformer sees and thus its current waveform can be controlled. By 

changing the frequency of commutation of the transistors and the duty cycle, which is the 

time that the transistor is working, the current behaves differently. This means that the 

waveform is dependent on the frequency of commutation and with the duty cycle.  

 

Only two transistors are working each time, by doing so, the different components in the 

transistor bridge work as follow:  
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 S1 and S4 closed: the voltage in the primary winding is Vp = 450V. As the current 

going to the secondary winding is positive, diodes D5 and D8 are conducting the 

current towards the load. 

 S1 and D3 closed: the voltage in the primary winding is Vp = 0V as they are short-

circuiting the primary winding. In the figures shown below this configuration is kept 

enough time in order to achieve an current of 0A. This zone is often referred as the 

“waiting zone”. 

 S2 and S3 closed: the voltage in the primary winding is Vp = -450V as the current now 

flows in the opposite direction which means that diodes D6 and D7 are starting to 

conduct. 

 S2 and D4 closed: the voltage in the primary winding is Vp = 0V as they are short-

circuiting the primary winding. Another waiting zone is obtained. After this period, 

the sequence is repeated. 

 

The effect that has the voltage on the current can be seen more clearly in the graphs below 

where the current through the secondary winding and the voltage through the primary can be 

seen.  

 

 
Figure 3-2 Current and voltage through the primary winding 
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In this topology, as the correlation between the number of turns in the primary and the 

number of turns in the secondary is 𝑛 = 1 
[5][18]

 and the voltage of the transformer satisfies 

that: 
𝑉𝑝

𝑁𝑝
=
𝑉𝑠
𝑁𝑠

 

(3.1) 

Where 

 Vp is the voltage of the primary 

 Vs is the voltage of the secondary 

 Np is the number of turns in the primary 

 Ns is the number of turns in the secondary 

 

It can be deduced that the voltage through the primary winding is the same as that of the 

secondary. The same can be said about the current of the primary and the secondary. If the 

references of the current are as follow:  

 
Figure 3-3 Direction of the current in the primary and the secondary winding 

 

Then the current satisfies the following equation: 

𝑁𝑝𝐼𝑝 − 𝑁𝑠𝐼𝑠 = 0 

(3.2) 

Where 

 Ip is the current going through the primary 

 Is is the current going through the secondary 

 

Therefore the current through the primary would be the same as that of the secondary. This is 

only true for this particular case in which the correlation between the number of turns is equal 

to one. 

 

3.1. Magnetic Integration 
 

In order to obtain the maximum value of the inductance labelled in Figure 3-1 as “Ld”, the 

calculations have to be done without any “waiting zone”. Nevertheless, the working scheme 

of the transistor bridge remains the same. The variation in the voltage in the primary winding 

implies that the voltage in the inductor varies accordingly.  

𝑉𝐿 = 𝑉𝑠 − 𝑉𝑜𝑢𝑡 
  (3.3) 

Where  

 VL is the voltage of the inductor 

  

Ip Is 
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Bearing in mind that the following calculations are being made without any “waiting zone” 

and that, as it was mentioned before, in this case 𝑉𝑝 = 𝑉𝑠 the voltage in the inductor can be 

represented by: 

 
Figure 3-4 Voltage in the inductor 
 

In order to obtain the value of the inductance, the formula of an inductor has to be used:  

𝑣 = 𝐿
𝑑𝑖

𝑑𝑡
 

      (3.4) 

As it can be observed in the figure above, the voltage remains constant for discrete periods of 

time, so in order to acquire the inductance the previous formula can be used in a discrete 

matter. 

𝑣 = 𝐿
Δ𝑖

Δ𝑡
 

(3.5) 

So by rearranging the equation above: 

𝐿𝑑 = 𝑣
𝑑𝑇

𝐼𝑝𝑒𝑎𝑘
 

(3.6) 

Where 

 d is the duty cycle 

 Ipeak is the maximum current that can be obtained 

 

In order to obtain the value of Ipeak the diode bridge, connected to the secondary winding of 

the transformer, has to be examined. The diode bridge makes sure that the current that goes 

towards the load is positive regardless of the direction of the secondary current in the 

transformer. Therefore, both the voltage and the current on the load are always positive.  

 

One of the specifications is the power going out of the transformer, which means the power 

that the load absorbs. This power can be calculated using the following formula 

450-270=180 

0-270=-270 

-450+270=-180 

0+270=270 
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𝑃 = ∫𝑣(𝑡)𝑖(𝑡) 𝑑𝑡 

(3.7) 

This equation gives the power consumed in a particular instant of time. In this case, as the 

power consumed is constant, it means that 

𝑃 = �̅� 
(3.8) 

Where  

 �̅� represents the mean power  

 

Therefore, the following formula can be used: 

𝑃 =
1

𝑇
∫𝑣(𝑡)𝑖(𝑡) 𝑑𝑡 

(3.9) 

Where 

 T is the period of the waveform 

 

To ensure that the voltage going out of the converter is constant a big capacitance has to be 

inserted in the converter. This can be explained from the formula of a capacitor: 

𝑖 = 𝐶
𝑑𝑣

𝑑𝑡
 

(3.10) 

If the terms of the equation are rearranged it can be seen that if the value of the capacitance is 

big, the ripple effect in the voltage is very small so the ripple can be regarded as being 

negligible. Therefore the voltage in the load can be assumed to be constant. 
𝑑𝑣

𝑑𝑡
=
𝑖

𝐶
≈ 0 

(3.11) 

If the voltage is constant that term can be moved outside the integration of the equation (3.9) 

leaving the following: 

𝑃 = 𝑣
1

𝑇
∫ 𝑖(𝑡) 𝑑𝑡 = 𝑣𝑖�̅� 

(3.12) 

Where 

 𝑖�̅� is the mean current going through the load 

 

By substituting all the values, the mean current for this particular topology can be obtained 

which is 𝑖�̅�  = 166.67𝐴. To calculate the current going through the inductor, a closer look to 

the circuit has to be made: 

 
Figure 3-5 Direction of the current in the right side of the converter 

 

𝑖𝐿 = 𝑖𝑐 + 𝑖𝑅 
(3.13) 

Where 

𝑖𝐿 𝑖𝑅 

𝑖𝑐 
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 𝑖𝐿 is the current in the inductor 

 𝑖𝑐 is the current in the capacitor 

 𝑖𝑅 is the current in the load 

 

In permanent regime: 

𝑖�̅� = 𝑖�̅� + 𝑖�̅� = 𝑖�̅�  
(3.14) 

This happens because the current of the capacitor oscillates around zero, so its average value 

is zero. This means that the mean value of the current in the inductor is that of the resistance. 

Therefore, from the diode bridge the following fully rectified waveform is acquired:  

 
Figure 3-6 Fully rectified current waveform 
 

In order to calculate the 𝐼𝑝𝑒𝑎𝑘 the following equations are used: 

𝐼𝑝𝑒𝑎𝑘 = 𝑖̅ +
Δ𝑖

2
  

𝐼𝑜 = 𝑖̅ −
Δ𝑖

2
  

(3.15) 

Taking into consideration that 𝐼𝑜 = 0𝐴 and by using equation (3.15) it can be concluded that 

𝐼𝑝𝑒𝑎𝑘 = 333.33𝐴. Once this value is found, it is substituted into equation (3.6) and the 

maximum inductance value, in this case 𝐿𝑑 = 16.22µ𝐻, is obtained.  

 

This is not the value that the inductance will have; it will vary between 7.5-15 µH because 

some waiting zone is wanted. Having a waiting zone provides several benefits to the 

converter. To start with, it allows for soft switching, this means that when the transistors 

switch from on to off there is no current going through them. This leads to no switching losses 

in these components, so the converter would have less power losses. Also, due to this soft 

switching, there is less electromagnetic noise. Finally, a waiting zone usually allows a better 

control of the system. 

 

The values Ipeak, Io, v, T remain constant, but the Ld is a parameter that can be varied and as a 

result of this value the duty cycle would change accordingly. This can be seen by rearranging 

equation (3.6).  

 

 

𝑖 ̅

Ipeak 

Io 
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3.2. Magnetizing inductance 
 

The magnetizing inductance depends on the number of turns of the winding and in the 

material that is being used to design the transformer. This can be expressed as: 

𝐿𝑚𝑎𝑔 =
𝑁p
2

ℛ
 

(3.16) 

Where  

ℛ is the reluctance of the core  

 

The reluctance measures how the material opposes the formation of a magnetic flux within it 

and therefore is dependent on the shape and the material of the core. The material used to 

design the core has to be chosen in order to provide the lowest hysteresis loss. This will be 

explained in more detail in the following chapters.  

 

The waveforms of the voltage and the current of the Lmag are the following: 

 
Figure 3-7 Magnetizing current (blue) and voltage (green) in the primary 
 

Lmag is calculated when the material is chosen. Once this value is known, the imag can be 

acquired using equation (3.6).  

 

-Imag 

Imag 
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4. Application of the design 

methodology 
 

In this chapter an example of how to choose form the different materials, shapes and 

configuration of the windings will be given. The transformer of a DC/DC converter for 

avionic applications will be designed. This transformer has another particularity which is that 

it will integrate the inductor, by doing this it is hoped that the overall volume and weight of 

the transformer would be decreased.  

 

4.1. Material Selection  
 

In this section the different materials that could be used to make the core of the transformer 

will be discussed. When deciding the type of material, two things should be taken into 

consideration: low power loss and high permeability. 

 

Soft magnetic materials are chosen because when a magnetic field is applied they easily 

change their alignment 
[10]

. This results in a low coercivity force and a narrow hysteresis loop. 

The coercivity measures the magnetic field needed to reduce the magnetization to zero after 

the material has reached saturation. The low coercivity means that the material has low 

resistance in becoming demagnetized.  

 

The hysteresis loop represents the core losses of a magnetic material. As it can be seen in the 

figure below, soft magnetic materials have a small area, so the hysteresis power loss per cycle 

would be smaller than that of a hard magnetic material.  

 
Figure 4-1. Hysteresis loop for a soft and a hard magnetic material 

 

The shape of this graph is due to the random orientation of the particles in the material. When 

a magnetic field is applied in a certain direction, the particles that differ a lot from that 

alignment have more inertia. This means that they need more time to redirect themselves in 

the direction being imposed by the magnetic field. 
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Figure 4-2 Behaviour of the particles when a field is applied 

 

So, soft magnetic materials are used in order to obtain the least power loss as hard magnetic 

materials have a much higher coercivity force, so the hysteresis loop has a bigger area. Power 

losses have to be low because the higher they are, the higher the temperature of the core and 

the wires which could lead to the melting of the insulation of the wires or of nearby 

components. This could cause the malfunction or the damage of the transformer.   

 

Furthermore, the permeability of a material represents the strength in which the magnetic field 

is attracted towards the material. Therefore a high permeability of the core allows for more 

magnetic flux to be concentrate in the magnetic material thus leading to lower eddy currents. 

The flux that doesn’t concentrate on the core and travels through the air is called the leakage 

flux.  

 
Figure 4-3 Direction of the flux in a magnetic material 

 

The more the leakage flux lines there are, the bigger the leakage inductance.  

 

Another factor that should be taken into consideration is that permeability varies with 

temperature. Each material has a different behaviour with temperature. An example of this 

can be given by the ferrite 3C94 from the company Ferroxcube: 
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Figure 4-4 Behaviour of permeability with temperature for the material 3C94 (Ferroxcube) 

 

As the temperature of the core increases, the permeability increases. The blue dot on the graph 

(~210 º𝐶) corresponds to the Curie temperature of this particular material. The Curie 

temperature is the temperature at which the magnetic materials lose their magnetic properties, 

causing a drastic drop of the permeability of the material. The particles inside the material 

acquire a random alignment becoming demagnetised. So they would be disposed in such a 

way that the particles repel each other giving an overall magnetic field of zero. In order regain 

the magnetism of the material, a magnetic field has to be applied. 

 
Figure 4-5 Alignment of the particles when they reach the Curie temperature 

 

Obviously, the particles would not be rearranged so perfectly, they would have a random 

alignment, but this figure helps to visualize how the particles cancel each other out.  

 

In order to avoid demagnetization due to overheat; the thermal resistance can be used in order 

to calculate the maximum power loss that the transformer can have as to avoid this 

temperature threshold.  

∆𝑇 = 𝑅𝑡ℎ𝑃 
(4.1) 

Where 

∆T is the change in temperature of the transformer 

Rth is the thermal resistance  

 

The thermal resistance measures the opposition of a material to heat flow. It is a parameter 

that changes with the material and shape of the core 
[15]

. In order to minimise the rise in 

temperature of the core a good dissipation system should be installed in the transformer. This 
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would decrease the chance of the transformer to become overheat or malfunction due to a rise 

in temperature. 

 

Finally, it can be deduce that due to the fact that permeability changes with temperature the 

hysteresis loop will change with it.  

 
Figure 4-6 Behaviour of the hysteresis loop with temperature for 3C94 (Ferroxcube) 

 

It the figure above, it can be seen that the hysteresis loop decreases with increasing 

temperature. To understand this concept the core of the transformer has to be visualized as an 

object composed by small nuclei which have electrons spinning in the orbit. As the 

temperature of the core increases, the distance between the nucleus and the electrons 

increases, resulting in a decrease in the influence between each other as the electrons have to 

travel a longer path and this leads to a decrease in the magnetic properties 
[16]

.  

 

On the one hand, the core losses will be less than those obtained with lower temperatures. But 

on the other hand, the peak flux density �̂� is much less and this affects the minimum size of 

the core. The variation of the flux density is inversely proportional to the minimum number of 

turns that the core should have, so the lower the �̂�, the higher the number of turns needed and 

thus the bigger the transformer. 

 

The soft magnetic materials that fall this category are: ferrites, nanocrystalline, amorphous 

alloys and iron powder.  
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Figure 4-7 Magnetic properties of the different materials 

 

4.1.1. Nanocrystalline Magnetic Materials  
 

Iron-based nanocrystalline materials are formed by a two-phase structure consisting of an 

“ultrafine” phase of FeSi inserted in an amorphous minority phase [1]. 

 

They have low heat dissipation and a high saturation flux density of 1.2-1.5T. This high value 

is due to its small grain size. Normally, the coercivity increases with decreasing grain size 

until the grains reach the size of 20nm. Nanocrystallines are made by grains smaller than that 

limit thus, the good magnetic properties. To obtain this small structure a rapid solidification 

technology is used. [1] 

 
Figure 4-8 Production process of nanocrystalline materials [17] 
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They have low magnetostriction which means that they don’t deform much when a magnetic 

field is applied. The high induction will lead to a smaller volume of the magnetic components. 

They have an electrical resistance of 1.2 µΩm which is in the order of magnitude of that 

obtained with the amorphous alloys. It consists on pouring the material into a moving casting 

wheel where it is cooled and laminated at the same time. [1] 

 

4.1.1. Amorphous alloys
 
 

 

Amorphous metals are alloys that consist of iron and other magnetic or transition metals such 

as cobalt, nickel, boron, silicon niobium and manganese. Atoms in these materials are in 

complete disorder, no crystalline order lies within the structure. This is what it gives it their 

magnetic properties as well as others. They are made through methods that imply quick 

cooling. They can be produced by extremely rapid cooling (method explained for 

nanocrystalline materials), physical vapour deposition, solid-state reaction, ion irradiation and 

mechanical alloying. [1] 

 

Their hysteresis loop is practically linear, which means that they have low coercivity. They 

have a saturation induction of 0.7-1.8T and an electrical resistance between 1.2-2.0 µΩm 

which means that their eddy currents are low. These properties are what make amorphous 

alloys suitable to build high efficiency transformer. Despite this, they are not adequate when 

working with high current because they have relatively low magnetisation 
[8]

. For this 

particular topology they are not suitable as high current is used. 
 

 

4.1.2. Ferrites 
 

Ferrites are a type of ceramic compound composed of iron oxide (Fe2O3) combined with 

another metallic element. Ferrites are divided in soft and hard ferrites depending on their 

coercivity. As it was mentioned before, in this work there would be an inclination towards 

“soft ferrites” due to their low coercivity. Ferrites are made by heating a mixture pressed into 

a mold. [1] 

 

The main characteristic of NiZn ferrites is that they have high resistivity, 10
4
 -10

6
 Ωm. Eddy 

current losses are inversely proportional to the resistivity, so they would have the least eddy 

current losses of all the materials explained before. Although they have high permeability, 

they have the lowest saturation (0.25-0.45T), which means that the volume of the transformer 

would be greater than that obtained by the rest of the materials mentioned. 

 

4.1.3. Iron powder 
 

They consist of small iron particles electrically isolated from each other by resin which also 

limits the temperature. It is obtained from iron with low carbon content by electrolysis [1]. 

 

They have a high saturation induction in the range 1-1.3 T. The permeability has a range of 1-

200 H m
-1

, which is not suitable for the topology described above. These low values are used 

for inductors. [1] 
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4.1.4. Material chosen for this topology 
 

Normally, nanocrystalline is used to design this type of topology due to the high peak flux 

density value which decreases the minimum number of turns (equation (4.5)). But a previous 

work with this material [5] showed that the inductor labelled in Figure 3-1 as “Ld” could not 

be acquire by the leakage inductance of the transformer, which is the purpose of this work. 

 

Instead, the material chosen to design this transformer was ferrite. Although it possesses the 

lowest saturation induction of all of the three materials, which in turn would mean that the 

size of the core would be biggest, it has the highest resistivity values. This means that the 

transformer would be less affected by eddy currents which cause heat in the transformer and a 

tendency to increase the power loss.  

 

4.2. Shape of the core 
 

As it was mentioned before, due to the low flux density values, the cores’ size would have to 

be big.  

𝑣 = 𝑁𝑝
𝑑𝜙

𝑑𝑡
 

(4.2) 

Where 

 ɸ is the magnetic flux of the core 

 

As it was explained before, due to the fact that the voltage remains constant for discrete 

periods of time, the equation (4.2) can be written in a discrete manner.  

𝑣 = 𝑁𝑝
Δ𝜙

Δ𝑡
 

(4.3) 

Another way of expressing the change in the magnetic flux is by using the following 

equation: 

Δ𝜙 = Δ𝐵𝐴𝑒𝑓 

(4.4) 

Where 

 Δ𝐵is the change in the flux density 

 𝐴𝑒𝑓 is the effective area of the core of the transformer 

 

By substituting equation (4.4) in equation (4.3), the variation of the core size with the flux 

density can be illustrated. 

∆𝐵 =
𝑉𝑑

𝑁𝑝𝐴𝑒𝑓𝑓
 

(4.5) 

The minimum number of turns depends on the flux density and the effective area of the core 

which can be modified by increasing the stacking of the core. Saturation of the transformer 

should be avoided because once it is reached the current stops behaving linearly; this can be 

seen in the Figure 4-9.  
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Figure 4-9 Behaviour of the magnetizing current with time 

 

If the transformer reaches the saturation point, the current does not remain constant (blue line) 

when zero volts are applied and keeps on increasing (orange line). The reason for this is that 

when the flux density reaches the peak value, the permeability is constant. The inductance 

behaves as if there were a short circuit which leads to the peaks of current seen in the graph. 

 

In order to avoid reaching the peak flux density, the minimum number of turns was calculated 

using 70% of the �̂� value of the material. As the change in the flux density can be expressed 

as: 

Δ𝐵 = 2�̂� 
(4.6) 

The biggest cores are the U-shape and the E-shape. To achieve the lowest hysteresis loss, the 

number of turns has to be high; this would be seen in the core loss section. So in order to 

foster the most cables, the area of the window has to be big. Bearing in mind that only 40-

50% of the window can be fully filled due to the sharp edges of the transformer that lead to an 

inconsistency in the winding, the space occupied by the insulation of the cables; the core with 

the biggest window area has to be chosen.  

 

For this particular topology, the core needed would be the UU126/182/20 whose dimensions 

are shown in the figure below.  

 
Figure 4-10 U shape core (Ferroxcube) 
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Another reason why this type of core was chosen is that it allows several winding 

configuration, as it will be seen in the next section. 

 

4.3. Configuration of core windings  
 

The advantage of using UU cores is that it allows for several winding configurations. This is 

beneficial because several configurations can be tried in order to obtain the optimum power 

loss. Furthermore, the benefits of stacking and placing the cores in parallel would be 

discussed.  

 

4.3.1. Leakage inductance integration 
 

As it was mentioned in section 4.1, the more the leakage flux lines, the bigger the leakage 

inductance value. The leakage flux lines are the magnetic field lines that travel through the 

air, instead of concentrating on the core of the transformer. Therefore, the leakage inductance 

is a value that depends mainly on the geometry and position of the wires. Its value varies by a 

small amount with the type of the material, as some materials facilitate the concentration of 

magnetic field lines in the core by having a high permeability value. 

 

The purpose of this work is to introduce the inductor labelled in Figure 3-1 as “Ld” inside the 

transformer. This would be done by the leakage inductance. So, in this case, we want some 

leakage inductance as to reduce the size of the transformer-inductor. In order to achieve the 

value wanted for this particular topology, the correct configuration of wires should be chosen. 

 

4.3.1.1. Configuration 1 
 

The first configuration consists on having both the primary and the secondary winding 

wrapped around the same leg. 

 
Figure 4-11 Both the primary (yellow) and the secondary (red) are in the same leg (image with AWG6 

wires). 
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This configuration optimises the window area of the core as the more cables in parallel in the 

window of the transformer, the lower the resistance value. The downside is that all the wires 

are held in one leg of the core, so the resistance in the secondary winding is higher than that 

of the primary as the coils are longer.  

 

4.3.1.2. Configuration 2 
 

In this case, the primary and the secondary are also wrapped around the same leg but more air 

is left between them.  

 
Figure 4-12 Both the primary (yellow) and the secondary (red) are in the same leg but there is a big 

separation between them (image with AWG6 wires). 

 

The window is not optimised, as there are fewer wires in the window, so the resistance value 

would be higher than that obtained in the previous case. But, by allowing the secondary and 

the primary to be further apart, the leakage inductance is bigger. This means that less flux 

concentrates on the secondary winding so there is more magnetic energy in the air.  

 

4.3.1.3. Configuration 3 
 

In this case, the secondary winding is placed underneath the primary and they are both 

wrapped around the same led.  
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Figure 4-13 The primary (yellow) and the secondary (red) are both wrapped around the same leg but the 

primary is on top of the secondary (image with AWG6 wires). 

 

Due to the fact that the secondary winding is placed underneath the primary, they both have 

the same length, so they will both have the same resistance. But as the width of the core is 

smaller than the height, fewer wires can be inserted in the window, so we can introduce fewer 

parallels.  

 

4.3.1.4. Configuration 4 
 

In this case, each winding is wrapped around different legs.  

 
Figure 4-14 The primary (yellow) is wrapped around one leg and the secondary (red) on the other (image 

with AWG6 wires). 

 

The length of the primary and the secondary wires would be the same therefore the resistance 

would be the same.  
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4.3.1.5. Configuration 5 
 

In this case, the transformer is placed horizontally (it lies onto its longest side). The primary 

and the secondary winding are wrapped around different legs.  

 
Figure 4-15 The core is laid onto its longest side and each winding is wrapped in each leg. The primary 

winding (yellow) on one leg and the secondary (red) is around the other leg (AWG6 wires). 

 

The wires that can be placed in the window are fewer than those in the previous 

configuration, because the width is smaller than the height. So less parallel windings can fit in 

the core.  

 

4.3.2. Interleaving 
 

This method consists on wrapping the windings by mixing the primary and the secondary 

winding together, so they would be closer together. Therefore the configurations above can all 

be designed with interleaving, an example of this is shown below. 

 

 
Figure 4-16 Configuration 1 with interleaving of the primary (yellow) and the secondary (red) windings 

(image with LITZ 362x0.2 wires) 
 

By having the primary and the secondary winding closer together the leakage inductance 

would decrease because there is more common flux. This means that there is more magnetic 



Design Methodology of a Transformer with an Integrated Inductor for Avionic Applications 

Carlota López Pérez-Arroyo   55 

 

flux going through the transformer than going through the air. If there is no interleaving, the 

magnetic field in the primary keeps increasing until the secondary winding is reached. At this 

point, due to the fact that the current in the secondary winding flows in opposite direction, the 

magnetic field from the primary winding starts to cancel out. When the air is reached, the 

magnetic field remains constant. This can be seen below: 

 
Figure 4-17 Behaviour of the magnetic field in the transformer (LITZ 362 strands, 0.2 mm) 

 

By interleaving the winding, the maximum magnetic field is less than that obtained with no 

interleaving, therefore the leakage flux decreases. This is due to the fact that the secondary 

winding cancels the field created by the primary sooner, so it doesn’t accumulate.  

 
Figure 4-18 Behaviour of the magnetic field with interleaving (LITZ 362 strands, 0.2 mm) 

 

Due to the fact that there is a higher value of the magnetic field affecting a greater number of 

windings, there is more leakage inductance when there is no interleaving. In this topology, 

𝑛 = 1 so the contribution of the magnetic field of the primary would be the same as the one of 

the secondary. If it differs then the number of turns would be different in the primary and in 

the secondary, leading to a variation in the contribution of each winding to the magnetic field. 
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The variation of the strength in the magnetic field can be seen more clearly in the figures 

below. The first figure shows the behaviour of the magnetic field using a LITZ wire of 362 

strands of 0.2 mm for configuration 1 with no interleaving. The second figure shows the 

magnetic field using LITZ wire of 362 strands of 0.2 mm for configuration 1 with 

interleaving. 

 
Figure 4-19 Behaviour of the flux for configuration 1 LITZ wire of 362 strands of 0.2 mm with no 

interleaving (image form Maxwell) 

 



Design Methodology of a Transformer with an Integrated Inductor for Avionic Applications 

Carlota López Pérez-Arroyo   57 

 

 
Figure 4-20 Behaviour of the flux for configuration 1 LITZ wire of 362 strands of 0.2 mm with 

interleaving (image form Maxwell) 

 

As it can be seen in the both figures, the magnetic field is higher in the inner corners of the 

core; this is because in the centre, the magnetic domain is supported by the rest of the atoms. 

This means that the atoms adjacent help each other to maintain that direction. In the edges 

there is less support, so they would require more energy in order to acquire the direction 

wanted 
[16]

.  

 

In Figure 4-20, the magnetic field between the wires is less than that of Figure 4-19 (the 

values of the magnetic field in each part are given by the colour scheme on the left side of the 

image). Therefore the leakage inductance with interleaving would be less than that obtained 

with no interleaving as more magnetic fields would be cancelled. 

 

Another reason why interleaving is beneficial is that it reduces the proximity effects. This will 

be seen in more detail in the winding losses section.  

 

4.3.3. LITZ wires 
 

Another way to reduce the copper losses is to use LITZ wires which is a wire made up of 

wires with a smaller diameter. A group of wires of small diameter are twisted together and at 

the same time these groups of wires are twisted together to form the wire.  
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Figure 4-21 Section of a LITZ wire 
 

The wires are braided in such a way that each time the wire is in a different position. This can 

be observed in the following figure where the purple dot represents the position of that 

particular wire in different sections of the LITZ wire. 

 
Figure 4-22 Evolution of a wire in different sections of the LITZ wire 
 

In the figure above, the position of that particular wire can be seen in different sections of the 

LITZ wire. So it not only changes position within the group of wires of smaller diameter but it 

also changes position with respect to the other wires. 

 

This arrangement of the wires contributes to a lower value of the skin depth as all the current 

won’t be concentrated on the surface. All the section of the cable would have current. This is 

one of the advantages with respect to the AWG wires. 

 

In order to compare the results of the LITZ wire with those of the AWG wire (solid wire), the 

section of the LITZ wire should have the same size as the one of the AWG wire. 

 

4.3.4. Stacking 
  

This method consists on placing cores on top of each other. By increasing the number of 

cores, the effective area of the core increases resulting in a decrease in the minimum number 

of turns needed. This can be seen in equation (4.5). By reducing the minimum number of 

turns more wires are capable to fit the window area, so there would be more parallels 

resulting in a lower resistance value. By placing cores on top of each other, the height of the 

transformer would increase, so it would occupy more. Also, stacking reduces the capability of 

the transformer to dissipate heat. This would be seen in more detail further on. 

 

Even though the copper losses decrease due to the fact that we can introduce more wires in 

the window, the core losses increase because the minimum number of turns decreases. This 

can be seen in equation (4.5), as the minimum number of wires decreases, the flux increases 
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accordingly. As the flux increases, the core losses will increase too; this can be seen in 

equation (4.13). 

 

4.3.5. Paralleling of transformers  
 

Another way of reducing the copper losses is by placing the cores in parallel to each other. By 

doing this, the resistance would be divided by the number of parallels that there are.  

 
Figure 4-23 A scheme of how the transformer would be connected 
 

The downside of this configuration is that the area that the transformer would occupy would 

be much greater than that of a transformer with stacking. But despite this, the greater the area 

of the transformer, the more heat it can dissipate. 

 

4.4. Power Losses 
 

The losses of the transformer are divided into core losses and copper losses. They will be 

explained in more detail below. 

 

4.4.1. Core Losses 
 

There are three basic components that influence the core losses, these are: the hysteresis 

losses, the eddy-currents losses and the relaxation losses. In this section all three of them 

would be discussed in detail. 

 

The core losses have a parabolic behaviour with respect to temperature. An example of this 

can be given by the ferrite 3C94 from the company Ferroxcube. 
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Figure 4-24 Behaviour of core loss with temperature for the material 3C94 (Ferroxcube) 

 

As it can be seen in this figure, once the transformer reaches a certain threshold temperature, 

the core losses keep on increasing: the higher the temperature, the higher the core loss which 

would lead to an increase of the temperature and so on. Therefore this threshold must be 

found to assure that the transformer is working on the left side of it. This is beneficial because 

on the left side of this point, as the temperature increases, the core loss decreases so the 

temperature of the core will indeed decrease. The behaviour of each material with temperature 

is different so it is important to make sure that the material that it is chosen satisfies this 

condition. 

 

4.4.1.1. Hysteresis 
 

As it was mentioned before, the hysteresis losses are due to the shape of the hysteresis loop, 

where the area represents the losses. 

 
Figure 4-25 Representation of the hysteresis losses 

 

The hysteresis losses depend on the characterisation of the hysteresis loop, therefore they vary 

with the type material. They can be expressed as:  
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𝑊 = 𝐴𝑒𝑓ℓ𝑒𝑓∫ 𝐻𝑑𝐵
𝐵𝑚𝑎𝑥

0

 

                               (4.7) 

Where  

ℓ𝑒𝑓 is the effective length of the magnetic path 

 W is the hysteresis loss 

 

Although the equation (4.7) represents the exact hysteresis loss, it is complicated to calculate 

the losses from that equation. This is the reason why the most used equation to calculate these 

losses is the Steinmetz equation:  

 

𝑃𝑣 = 𝑘𝑓
𝛼�̂�𝛽 

(4.8) 

Where 

 k, 𝛽, 𝛼 are material parameters 

 f is the frequency of the core 

 Pv represents the power loss per unit volume 

 

Every material behaves differently with frequency and with the peak flux density, so in order 

to obtain the values of k, 𝛽, 𝛼 the material datasheet has to be looked at. It should be pointed 

out that as these parameters are extrapolated from the following figure, in order to make the 

least error in the calculation, values close to the functioning value of the transformer should 

be chosen.  

 

 
Figure 4-26 Power loss as a function of peak flux density at different frequencies for the ferrite 3C94 

(Ferroxcube) 

 

As it was expressed before in equation (4.5), an increase in the minimum number of turns 

leads to a decrease in the peak-to-peak flux density (ΔB) which in turn leads to a lower power 

loss value. 

 

Steinmetz equation is only suitable for sinusoidal flux waveforms, when working with other 

type of waveforms it provides limitations. This means that the values obtained with this 
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formula when the waveform is non-sinusoidal are not exact 
[6]

. To avoid these limitations, due 

to the fact that the transformers’ flux waveform is triangular, the hysteresis loss was 

calculated using the “Improved Generalized Steinmetz Equation” (iGSE): 

𝑃𝑣 =
1

𝑇
∫𝑘𝑖 |

𝑑𝐵

𝑑𝑡
|
∝

Δ𝐵𝛽−𝛼𝑑𝑡 

𝑘𝑖 =
𝑘

2𝜋𝛼−1 ∫ |cos 𝜃|𝛼2𝛽−𝛼𝑑𝜃
2𝜋

0

 

(4.9) 

Where  

 k, 𝛽, 𝛼 are the same values found in the previous approximation 
𝑑𝐵

𝑑𝑡
 represents the loss due to domain wall motion. The variation of the inclination of 

the hysteresis loop is non-linear. 

 

To calculate the change in flux density, the relation of the flux density with the magnetising 

current is used. The magnetising current is given by: 

𝐻 =
𝑁p𝑖𝑚𝑎𝑔(𝑡)

ℓ𝑒𝑓
 

(4.10) 

Where 

 H is the magnetic field 

 

If this equation is combined with: 

𝐵 = 𝜇𝐻 

𝜇 = 𝜇𝑟𝜇𝑜 
(4.11) 

Where 

 μ is the permeability 

 𝜇𝑟 is the relative permeability. This is the permeability of a particular material 

 𝜇𝑜 = 4𝜋 𝑥 10−7 is the permeability in vacuum  

 

If equation (4.10) is combined with equation (4.11), it can be observed that the flux density is 

proportional to the magnetising current; therefore the waveform would be proportional to that 

in Figure 3-7. Due to the shape of the waveform, the changing flux can be calculated in 

discrete form, so it would have the following behaviour: 

𝑑𝐵

𝑑𝑡
=

{
 
 

 
 

∆𝐵

𝑑1𝑇
, 0 < 𝑡 < 𝑑1𝑇

0,   𝑑1 < 𝑡 <
𝑇

2
−∆𝐵

𝑑1𝑇
,   
𝑇

2
< 𝑡 < (0.5 + 𝑑1)𝑇

0,   (0.5 + 𝑑1)𝑇 < 𝑡 < 𝑇

 

(4.12) 

∆B is obtained from equation (4.5). If (4.12) is substituted into (4.9) and integrated, the final 

equation to calculate the hysteresis loss is the following: 

𝑃𝑣 = 2𝑘𝑖
Δ𝐵

(𝑑1𝑇)𝛼

𝛼

∆𝐵𝛽−𝛼𝑑1 

(4.13) 

In order to obtain the total core loss, this value is multiplied by the effective volume of the 

core, 𝑉𝑒𝑓. 
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𝑃𝑓𝑒 = 𝑃𝑣𝑉𝑒𝑓 

(4.14) 

It would appear as if in the parts where the flux density remains constant, the power losses are 

zero, but as it is expressed in [6] this is not technically true. When carrying out the 

calculations of the core loss experimentally, it was observed that at the beginning of the zero 

voltage section, losses still occurred. In the paper mentioned, they hypothesized that this 

could be due to relaxation processes. This would be discussed further on in that section.  

 

By using the iGSE a more accurate approximation of the losses of the core is achieved. The 

core losses using Steinmetz equation were between 15-34% less than those obtained with the 

iGSE. As the leakage inductance decreases, the error committed in the equation increases. 

This is due to the fact that as the leakage inductance decreases, so it does the duty cycle which 

means that the change in flux density increases (4.5). The Steinmetz equation does not take 

into consideration the duty cycle so it remains unvaried whereas the iGSE does, thus leading 

to an increase in the difference between them. The difference is considerate and when 

designing a transformer is better to stay with the more conservative value. This is because if 

the power losses turn out to be less than those calculated, the core would be prepared to 

withstand them. But if the core was designed to withhold a lower value it will saturate and 

cease to work properly. 

 

It can be concluded that in order to obtain the least hysteresis loss, not only the number of 

turns has to be high but also the duty cycle. 

 

4.4.1.2. Eddy Currents 
 

Eddy currents, also known as Foucault currents, are loops of electrical current created in 

transformers trying to oppose the magnetic field inside the core. These currents appear due to 

the conductive nature of the core material; they generate additional losses in the core and are 

attenuated by high resistivity materials like ferrites. 

 
Figure 4-27 Illustration of how eddy currents are formed 

 

So as it can be seen in the image above, when a magnetic field or flux enters the transformer, 

electrical current loops are created perpendicular to this field. The magnitude of this current is 

proportional to the strength of the magnetic field, the rate of change of flux and the area of the 

loop. The bigger they are, the greater the eddy currents are. This can be expressed in the 

following equation:   

∮𝐻𝑑𝑙 = ∫𝐽𝑑𝑆 

(4.15)                                           

Where 

 dl is the vector length showing the loop of the eddy current 

 J is the electrical current density vector  

 dS is the area of the loop formed by the eddy current 
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Therefore the eddy current losses are dependent on the material conductivity and the shape of 

the core. Eddy current losses are undesirable because they tend to rise the temperature of the 

core which reduces the efficiency of the transformer. There are two ways of reducing the eddy 

currents: laminated cores and high resistance materials. As it was mentioned before, the high 

resistance is one of the reasons why ferrites were chosen for this particular transformer. 

Figure 4-28 Illustration showing the eddy currents in a laminated core 
 

Using a laminated core tends to decrease the length of the loops thus reducing the eddy 

current losses. However, the loops in the perpendicular direction as that seen in the Figure 

4-28 are greater (green lines). 

 
Figure 4-29 Eddy current in the direction perpendicular to the lamination 

 

Therefore, by using a laminated core the material has anisotropic behaviour.  

 

4.4.1.3. Relaxation losses  
 

These losses occur when the material reaches the peak flux density in the hysteresis loop. 

 
Figure 4-30 Hysteresis loop 

 

�̂� 

−�̂� 
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Even though it might seem as once the peak flux density is reached the flux doesn’t changes 

with increasing magnetic field, in reality it does. It varies for a small period of time and this is 

what it is referred as relaxation losses. They describe the tendency of the system to reach the 

new thermal equilibrium by rearranging the particles of the magnet in order to achieve a state 

of lower energy. Therefore a residual energy loss will still occur when the density flux is 

constant. [6] 

 

These losses are not taken into consideration when calculating the core losses because they 

are calculated experimentally. So in theory, the losses obtained in the transformer would be 

higher than those calculated by the methods mentioned above but the increase in the power 

loss is minimal so the error committed is not high. [6] 

 

 

 

4.4.2. Winding losses 
 

To calculate the copper losses only the first three harmonics of the Fourier decomposition of 

the triangular current wave are taken into consideration. This is because, as the frequency 

increased the contribution of each harmonic decreased drastically. 

 
Figure 4-31 Fourier decomposition of the current wave 

 

As it can be seen in the figure above, after the fifth harmonic the contribution of each current 

is small, so we can consider them negligible. This leads to the following copper loss equation: 

𝑃𝑐𝑢 = 𝑅𝑎𝑐1𝐼𝑟𝑚𝑠1
2 + 𝑅𝑎𝑐3𝐼𝑟𝑚𝑠3

2 + 𝑅𝑎𝑐5𝐼𝑟𝑚𝑠5
2  

(4.16) 

Where 

 Rac is the AC resistance 

 Irms is the root-mean squared current  

 

The value of the resistance is calculated with the program Pemag as it takes into consideration 

the high frequency effects that will be explained below.  

 

The current of the transformer has a behaviour that can be seen in Figure 3-2. Any repeating 

non-sinusoidal wave can be made up from various sine or cosine waves with different 
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amplitudes and frequencies 
[14]

. The current wave has a “triangular” behaviour which is 

equivalent to the sum of a sine wave at that particular frequency and the sum of its odd-

multiple frequency sine wave with decreasing amplitude. Only the odd harmonics are used in 

the reconstruction of the triangular wave because the triangular wave has odd symmetry. 

 
Figure 4-32 Harmonic decomposition of a triangular wave (MATLAB) 
 

In the figure above, on the left it can be seen the reconstruction of the current going in the 

transformer (Figure 3-2) using the first and third harmonic and on the right the reconstruction 

is made up to the fifth harmonic. By increasing the number of odd harmonics used in the 

reconstruction of the wave, a more precise reconstruction of the original wave is achieved.  

 

So the root-mean square current is calculated from the Fourier decomposition of the current 

wave Figure 3-2. By varying the leakage inductance of the  

 

The leakage inductance should be of 7.5 - 15 µH, this value is important because it determines 

the value of the duty cycle. The lower the leakage inductance, the lower the duty cycle, 

therefore the minimum number of turns decreases, so the copper losses will decrease. This is 

expressed in equation (4.5). Decreasing the duty cycle also leads to a decrease in the root 

mean square current. This means that the higher the inductance, the lower the effects of the 

third and fifth harmonic of the current in the copper losses. 

 

4.4.2.1. Skin depth 
 

Normally, current tends to concentrate on the outside on the surface of the wire and 

practically no current goes through the centre.  

 
Figure 4-33 Skin effect in a conductor 
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The skin depth is the maximum radius of the copper wire that can be used to avoid this effect. 

To calculate this parameter, the following equation was chosen: 

𝛿 = √
𝜌𝑐𝑢
𝜋𝜇𝑓

 

(4.17) 

Where: 

 𝜌𝑐𝑢 is the resistivity of copper.  

 

Copper has a resistivity value of 𝜌 = 1.678x10
-8

 Ω m and a relative permeability of µr= 

0.999991 H/m which is approximately the permeability of air (𝜇𝑟 = 1 H/m) which means 

that copper doesn’t have magnetic properties. The maximum frequency used is that of the 

fifth harmonic 𝑓 = 50𝑘𝐻𝑧, so this value has to be used in order to obtain the radius of the 

wire that can be used in order to avoid the skin depth.  

 

By substituting all these values in equation (4.17) the desired parameter is obtained 
[12]

, 

𝛿 = 291.5634 µm. This means that to avoid the skin depth effect the maximum wire that can 

be used should have a diameter of Φ = 583.1268 𝜇𝑚.  

 

This means that in order to avoid skin depth the maximum diameter of the wire should be of 

0.583 mm. So at least, the AWG23 should be used, which has a diameter of Φ = 0.5733𝑚𝑚. 

These small wires are hard to handle because they break easily and a lot of parallels would be 

needed in order to fill the window of the transformer. This is another reason why LITZ wires 

are used, as they are made up of small diameter wires which form a bigger cable which is 

easier to handle.  

 

4.4.2.2. Proximity effect 
 

Current flowing through a wire creates a magnetic field which alters the configuration of the 

current inside the wire. On the one hand, if the conductors are carrying current in the same 

direction, the current in each wire repels, so it concentrates on the furthest point.  

 
Figure 4-34 Conductors carrying current in the same direction 

 

If, on the other hand, the wires carry current in the opposite direction, the current concentrates 

on the closest point, so the wires attract each other. 



Application of the design methodology 

68                                                   Escuela Técnica Superior de Ingenieros Industriales (UPM) 

 

 
Figure 4-35 Conductors carrying current in the opposite direction 

 

One of the main side effects of not using the correct diameter of the wire is that the wire may 

have current flowing in opposite directions. This means that the overall current that the wire 

would be carrying would be less than what it is supposed to. 

 
Figure 4-36 Configuration of the current inside a wire (image of Maxwell) 

 

The image above is obtained from the FEA program ANSYS Maxwell. The wire is 

represented as a hexagon because the mesh that this program uses is made out of triangles. 

Depending on the accuracy needed the triangles of the mesh become smaller resulting in a 

more defined circled-shape wire. 

 

4.4.2.3. Air gap effect 
 

To understand this concept the reluctance of both the core and the air gap should be 

considered.  

                                                       

ℛ =
ℓ𝑒𝑓

µ𝐴𝑒𝑓
 

(4.18)  

The behaviour of the reluctance is similar as that of the resistance on an electrical current.  
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Figure 4-37 Visualizing the reluctance as a circuit [2] 

 

The value of the reluctance of the gap is much bigger than that of the core as the permeability 

of the air is smaller than that of the core. The flux in this circuit is smaller than that obtained 

in one with no gap. The smaller the flux, the smaller the flux density, this is given by equation 

(4.4). Due to the high impedance of the air gap, the flux lines around the air gap are as 

follow:
[13]

 

 
Figure 4-38 Behaviour of the flux when the core has gap  

 

This variation of the direction of the flux increases the area in which the flux travels through 

thus reducing the air reluctance. The main function of this gap is to store energy avoiding the 

saturation of the core. The gap also increases the leakage inductance of the transformer as 

there is more flux going through the air. In the design of this transformer, the air gap is not 

taken into consideration. 

 

4.4.3. Optimum power loss 
 

In order to obtain the optimum number of turns in which the power losses are the lowest, the 

core and copper loss graph would be drawn. 
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Figure 4-39 Power loss for configuration 4 with AWG6 wires with 4 stacks and 4 parllels 

 

In this graph the tendency of the copper losses (dark blue line) and the core losses (red line) 

can be seen more clearly. From equation (4.1), the maximum power loss that the transformer 

can withstand in order not to reach a variation of temperature of over 90ºC can be calculated. 

This value is represented by the light blue line in the graph above. The value of the Rth varies 

with the volume of the core, for a UU shape, 𝑅𝑡ℎ = 2.6 𝐾/𝑊 
[15]

. It was assumed that this 

value varies with the number of stacks as is shown in the equation below:  

𝑅𝑡ℎ =
2.6

𝑁𝑠𝑡𝑎𝑐𝑘
 

(4.19) 

Where 

 Nstack is the number of stacks 

 

It can be deduced that by increasing the number of stacks, the transformer can allow higher 

power losses as it will be able to withstand higher temperatures due to the larger area of 

dissipation that it will have. In Figure 4-39 this condition is not satisfied as the total power 

losses (green line) are on top. Finally, the minimum number of turns calculated by using the 

formula (4.5) is shown by the purple line. In order to the transformer to work properly, all 

conditions must be satisfied. 

 

In order to avoid unnecessary simulations, due to the time taken by the program Pemag in 

each simulation, an approximate way of calculating the variation of the resistance was used. 

In the page 547 from the Fundamentals of Power Electronics 
[2]

 it is seen that the resistance 

has a quadratic relation with the number of turns. So the behaviour of the resistance with the 

number of turns was approximated to be the following: 

𝑅𝑎𝑐 = 𝑅𝑎𝑐𝑁𝑚𝑖𝑛
𝑁2

𝑁𝑚𝑖𝑛
2  

(4.20) 

Where 

 RacNmin is the resistance calculated by the program for minimum number of turns. 
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 N is the new value of the number of turns  

 Nmin is the minimum number of turns 

 

In the case of the core losses, the variation of the power with the number of turns is not 

quadratic. If equation (4.5) is substituted into equation (4.13) the behaviour of power with the 

number of turns is obtained. This behaviour is the following: 

𝑃𝑣 = 2𝑘𝑖𝑑1
1−𝛼+𝛽

𝑓𝛼−𝛽
𝑉𝛽

𝑁𝑚𝑖𝑛
𝛽
𝐴𝛽

 

(4.21) 

The core loss is inversely proportional to 𝑁𝑚𝑖𝑛
𝛽

 where 𝛽 is a factor that depends on the 

material of the core and the conditions in which the core works. For ferrites 𝛽 = 2 − 3, so the 

core losses do not behave inversely to the copper losses. In order to obtain the optimum 

minimum number of turns, the value of the flux that minimises the equation (4.22) has to be 

found 
[2]

. 

𝑃𝑡𝑜𝑡 = 𝑃𝑓𝑒 + 𝑃𝑐𝑢 

(4.22) 
𝑑𝑃𝑡𝑜𝑡
𝑑(Δ𝐵)

=
𝑑𝑃𝑓𝑒

𝑑(Δ𝐵)
+
𝑑𝑃𝑐𝑢
𝑑(Δ𝐵)

= 0 

(4.23) 

So the optimum condition would be the case where: 
𝑑𝑃𝑓𝑒

𝑑(Δ𝐵)
= −

𝑑𝑃𝑐𝑢
𝑑(Δ𝐵)

 

(4.24) 

Due to the fact that 𝑃𝑓𝑒 ≠ 𝑃𝑐𝑢 the point at which both graphs cross is not necessary the 

optimum point of the transformer. It can be seen in the Figure 4-39 that 𝑁𝑚𝑖𝑛 = 12 that the 

point where both lines cross is at 𝑁 = 13 and the optimum number of turns is at 𝑁 = 14. The 

minimum number of turns does not correspond to the optimum number of turns, in some 

cases the minimum number of turns has to be used because the optimum number of turns is 

on the left of that value, so it is not feasible. The value for the number of turns where both 

lines cross and the optimum number of turns are close together because even though the core 

losses and the copper losses have the number of turns powered by different factors, the 

difference between them is less than 1. So the difference in both readings does not lead to a 

substantial difference in the optimum number of turns.  

 

Finally, it can be concluded that as it can be seen in Figure 4-39 the optimum number of turns 

is reached in a point where both power losses equilibrate. 

 

4.4.4. Dissipation of the power losses 
 

To avoid the malfunction of the transformer or of the nearby components due to overheat it is 

of essence that the components don’t reach a certain temperature, imposed by equation (4.1), 

and that they are able to dissipate the heat correctly. The behaviour of the thermal resistance is 

not constant, it not only depends on the material and shape of the core but it also depends on 

the dissipation method of the device.  
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Figure 4-40 Behaviour of the Rth with constant conditions 

 

There are three ways of dissipating heat:  

 Conduction is the heat transfer through a solid due to the presence of a heat gradient.  

 Convection is the heat transfer by the movement of fluids. There are two types, natural 

or forced convection in which a fluid, such as air is forced through the device. Forced 

convection leads to a greater heat transfer, so the component will cool sooner. 

 Radiation is the heat transfer that takes place in the form of electromagnetic waves 

which are emitted by the object. 

 

As it will be seen in the section of Simulations, stacking leads to a better solution of the 

power losses than placing the cores in parallel, but it results in a worst dissipation of the 

losses. This is due to the fact that even though the power that the transformer can withstand in 

order to avoid overheat is greater with stacking, equation (4.19), as each core heats it 

contributes to the rise in temperature of the core adjacent to it. Also when the cores are placed 

in parallel there is a greater surface area in contact with the air, therefore there is more heat 

transfer due to convection and radiation.  

 

Furthermore, if the transformers are placed on top of a radiator or any kind of component that 

could help it dissipate heat, there would be more heat transfer due to conduction. However, 

this component cannot be in contact with the core of the transformer. They have to be 

electrically isolated otherwise the metallic dissipater would interact with the core changing its 

behaviour.   

 

As well as increasing the heat transfer through conduction, the fins of the radiator increase the 

surface area in contact with air, resulting in an increase of the convection heat transfer. Again, 

stacking would mean that all the cores are on top of the radiator, so the surface area in contact 

with the radiator would be the same whereas if the cores are placed in parallel the surface area 

in contact with the radiator is much greater. This would lead to a higher dissipation due to 

conduction. 

𝑅𝑡ℎ 
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Figure 4-41 Radiator used to dissipate heat 
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5. Evaluation of the electric and 

thermal characteristics and power 

losses with FEA simulations 
In this section, the simulations that were made for the topology Table 3-1 are going to be 

discussed in order to obtain the desired design.  

 

5.1. Evaluation of the electric and thermal 

characteristics and power losses with FEA 

simulations for a ferrite core 
 

As it was mentioned before, the core is made out of ferrite, in order to choose the best 

material for the core, the core losses were calculated. Ferroxcube, EPCOS/TDK and 

Magnetics materials were compared. These materials were compared with the same number 

of turns, flux density and duty cycle using both Steinmetz equation and iGSE, equations (4.8) 

and (4.9) respectively. As it can be observed in all three tables (Table 5-1, Table 5-2, Table 

5-3), the percentage error committed using Steinmetz equation varies depending on the 

material. 

 

 

μ  

[H m
-1

] 

(25ºC)  

ρ  

[Ω m] 

(25ºC) 

�̂� 

[T] 
α β k 

𝑷𝒗 

[kW/m
3
] 

ki  

𝑷𝒗 

[kW/m
3
] 

Steinmetz 

mejorada 

%  

3C90 2300 5 0.3 1.2224 2.5892 21.004 72.121 1.44261 77.921496 7.444 

3C94 2300 5 0.35 1.3685 2.737 4.7059 51.943 0.25644 58.816506 11.69 

3C96 2000 5 - 1.4037 3.419 8.2314 55.278 0.27092 63.279213 12.64 

3C98 2500 8 - 2.0294 2.7381 0.0013 6.3074 3.8E-05 8.5841486 26.52 

3C91 3000 5 - 1.5 2.9554 2.2076 62.893 0.09186 74.122166 15.15 

3C93 1800 5 - 1.3422 3.2362 15.996 75.975 0.63132 85.322554 10.96 

3C95 3000 5 0.4 2.0294 3.3219 0.0045 10.811 8.9E-05 14.713289 26.52 

3C97 3000 5 - 2.0294 2.9495 0.0024 9.0278 6.1E-05 12.28651 26.52 

3C92 1500 5 - 1.3349 3.184 12.443 58.842 0.51251 65.929685 10.75 

3R1 800 1000 - 1.1825 1.4876 26.777 239.85 4.08611 255.70765 6.203 
Table 5-1 Comparison of the Ferroxcube materials 
 

By comparing the iGSE results, the materials more suited for the design of the transformer 

seem to be the 3C98, 3C95, 3C97. Despite these results, Ferroxcube does not design the core 

described before (UU 126/182/20) of these materials, so the material 3C94 has to be used 

instead (marked in yellow). This material is the next one that had the lowest core loss and that 

was available for that core. 
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μ  

[H m
-1

] 

(25ºC)  

ρ  

[Ω m] 

(25ºC) 

�̂� 

[T] 
α β k 

𝑷𝒗 

[kW/m
3
] 

ki  

𝑷𝒗 

[kW/m
3
] 

Steinmetz 

mejorada 

%  

N87 2200 10 0.39 1.4322 2.737 1.8836 37.383 0.09695 43.16844 13.4 

PE22 1800 3 0.41 1.1974 2.5146 25.487 76.049 1.88406 81.485281 6.671 

PE90 2200 6 0.43 1.454 2.5394 1.3429 41.328 0.07772 48.040898 13.97 

PC40 2300 6.5 0.38 1.263 2.7095 14.452 62.4 0.8813 68.323642 8.669 
Table 5-2 Comparison of the EPCOS/TDK materials 
 

The Table 5-2 shows the results of the EPCOS/TDK materials in which the most suitable 

material that was available for that particular core size is marked in yellow. 

 

 

μ  

[H m
-1

] 

(25ºC)  

ρ  

[Ω m] 

(25ºC) 

�̂�  

[T] 
α β k 

𝑷𝒗 

[kW/m
3
] 

ki  

𝑷𝒗 

[kW/m
3
] 

Steinmetz 

mejorada 

%  

R 2300 5 - 1.3684 2.2892 2.2895 43.288 0.17019 49.014959 11.68 

P 2500 5 - 1.4959 2.4244 0.8482 44.099 0.05119 51.909395 15.05 

F 3000 5 - 1.1258 2.279 38.995 79.904 3.61052 83.557294 4.373 

T 3000 5 - 1.8569 2.737 0.0128 12.647 0.00044 16.466854 23.2 
Table 5-3 Comparison of the Magnetics materials 
 

The table above shows the results of the Magnetics materials in which the material with the 

least power loss is shown in yellow. This company doesn’t manufacturer UU cores and are 

specialised in smaller cores. So the Magnetics materials are discarded. 

 

N87 has 26.6% less core loss than the 3C94 material; it also has higher resistivity which 

means that the eddy current losses would be lower. Furthermore, the N87 has a �̂�  = 390 𝑚𝑇, 

whereas the 3C94 has a �̂�  = 350 𝑚𝑇 which means that the minimum number of turns for the 

N87 would be lower than that of the 3C94. Although the difference between the number of 

turns is of 1 which means that both cores would have the same number of parallels.  

 

The permeability of the N87 at 100ºC is 𝜇 = 3500 𝐻 𝑚−1 whereas for the 3C94 is 𝜇 =
4500 𝐻 𝑚−1. In order to obtain a higher leakage inductance, low permeability is preferable. 

Finally, the volume of the UU 126/182/20 for N87 materials is 𝑉𝑒𝑓 = 269000 𝑚𝑚
3 whereas 

for 3C94 is 𝑉𝑒𝑓 = 268800 𝑚𝑚3. So if these values are multiplied by their respective 

volumes, the core losses for the 3C94 and the N87 would be 𝑃𝑓𝑒 = 1.58𝑊 and 𝑃𝑓𝑒 = 1.16𝑊  

respectively so the difference between them is not substantial.  

 

In order to choose one of the materials, a simulation with each material was made. The 

simulation was done for the configuration 4 with LITZ wires of 362 strands of 0.2 mm. This 

particular design was chosen because, as it will be seen further on, it gives one of the best 

properties. 
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 N87 3C94 

Ptot [W] 821.383 823.956 

Ld [µH] 455.503 455.492 
Table 5-4 Comparison between N87 and 3C94 

 

As it can be seen, both materials have similar results. As it will be seen in the sections below, 

the power losses do not present a lot of problems. The limitations are imposed when trying to 

achieve the range of values for the leakage inductance. As the N87 has a higher leakage 

inductance value, the ferrite 3C94 from the company Ferroxcube is chosen instead. 

 

5.2. Simulation results for AWG wires 
 

Solid wires suffer from high frequency effects, so they tend to have higher resistance values. 

In order observe the difference between using a LITZ wire and an AWG wire, the surface area 

of the AWG wire has to be the same as that of the LITZ wire. As it was seen in the section 

4.4.2.1, the maximum diameter of the wire had to be Φ = 583.1268 𝜇𝑚. The LITZ wire with 

362 strands and 0.2mm in diameter was chosen because it satisfies that condition. The 

effective surface area of this wire is calculated as shown: 

𝐴 =
362𝜋Φ2

4
 

(5.1) 

The AWG wire that satisfies this condition is the AWG6. In order to compare the results 

obtained, the simulations were made filling the window area completely and they were made 

using the same number of turns, 𝑁 = 50. The simulations with this wire for all the 

configurations explained in section ¡Error! No se encuentra el origen de la referencia.  

gave the following results:  

 

 Configuration 

1 

Configuration 

2 

Configuration 

3 

Configuration 

4 

Configuration 

5 

Pcu 

[W] 
78496.999 61635.392 103893.9 65013.13 77957.101 

Ld 

[µH] 
120.87 126.406 190.853 385.55 429.182 

Table 5-5 Copper loss and leakage inductance depending on the configuration obtained with Pemag 
 

As it can be seen in the table above, configuration 3 is the one that has the worst power losses. 

The configurations which present the highest leakage values are configuration 4 and 5, 

although these values exceed the range that was mentioned before for the leakage inductance. 

The behaviour of the flux density is the same for all the cores. As it is seen in the figure 

below, there is a decrease in the flux density from the inner to the outer side of the core due to 

an increase in the magnetic path length 
[7]

. 
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Figure 5-1 Behaviour of the flux density 

 

In the figure below, the magnetic field lines are drawn. As it was mentioned before, the 

magnetic field increases inside the LITZ wire due to the air.   
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Figure 5-2 Behaviour of the magnetic field and the current in each configuration 

 

Both the leakage inductance value and the power loss are too high for what the transformer 

can hold, so more designs have to be examined.  

 

The best results were those obtained with configuration 2 and configuration 4. Only 

simulations for the configuration 4 were made because, as it is seen in the table below, 

configuration 4 doesn’t satisfy the range of values imposed by the leakage inductance. 

Configuration 2 had a lower leakage inductance value without interleaving than configuration 

4, so the value won’t vary much from that obtained for configuration 4. 
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 Configuration 

1 

Configuration 

2 

Configuration 

3 

Configuration 

4 

Configuration 

5 

Pcu 

[W] 
- - - 24325.746 - 

Ld 

[µH] 
- - - 0.6105 - 

Table 5-6 Copper loss and leakage inductance with interleaving depending on the configuration obtained 

with Pemag 
 

On the one hand, interleaving reduces the value of the AC resistance. This can be seen in the 

configuration 4 where the copper losses have decreased by 62.58% this is due to the fact that 

interleaving reduces the proximity effect. But on the other hand, it reduces the leakage 

inductance by 99.84%. Therefore, when trying to introduce the inductor labelled as “Ld” in 

Figure 3-1 inside the transformer, AWG6 wires with interleaving should not be used. 

 

5.3. Simulation results for LITZ wires 
 

As it was mentioned before, the AWG6 was chosen so that the results could be compared 

with the LITZ wire with 362 strands of 0.2mm. The results of using this type of wire are 

going to be seen bellow. As before, the simulations are made for the core with 50 turns and 

filling completely the window area of the transformer. 

 

 
Configuration 

1 

Configuration 

2 

Configuration 

3 

Configuration 

4 

Configuration 

5 

Pcu 

[W] 
1262.6548 1264.0348 1070.541 816.7142 1057.314 

Ld 

[µH] 
142.381 175.865 253.955 455.492 532.882 

Table 5-7 Copper loss and leakage inductance depending on the configuration obtained with Pemag 

(LITZ wires 362 strands of 0.2 mm) 
 

If these results are compared with the ones obtained with AWG6, it can be seen that the 

copper losses are decreased by 98-99% and the leakage inductance increases by 15-25%. The 

leakage inductance increases in the LITZ wires with respect to the AWG wires because LITZ 

wires are made from twisted wires. Therefore, as well as copper inside them, they have air. So 

there is more magnetic field lines going through the air. Despite what can be seen in Table 

5-6, in this case the power losses are more constant. They difference between them goes from 

1-35% whereas in Table 5-6 the difference was from 5-68.9%. Even though the copper losses 

have decreased, they still don’t satisfy the requirements of the transformer.  

 

So if interleaving is applied, the following results are obtained for configuration 1 and 4: 

 

 

 
Configuration 

1 

Configuration 

2 

Configuration 

3 

Configuration 

4 

Configuration 

5 

Pcu 

[W] 
1065.229 - - 981.8059 - 

Ld 

[µH] 
1.428 - - 1.3305 - 



Evaluation of the electric and thermal characteristics and power losses with FEA simulations 

82                                                   Escuela Técnica Superior de Ingenieros Industriales (UPM) 

 

Table 5-8 Copper loss and leakage inductance for LITZ wires with interleaving obtained with Pemag 
 

The decrease in the copper loss in configuration 1 is due to the fact that the wires of the 

primary and the secondary winding are the same length. The decrease is not substantial 

(15.6%) but the leakage inductance decreases dramatically (99%). This is because the 

secondary and the primary winding are closer together, therefore they have more common 

flux thus the leakage inductance decreases. As it can be seen in the table above, the leakage 

inductance does not satisfy the requirements, so if this configuration is chosen, an inductor 

should be added in order to reach the 7.5 – 15 µH.  

 

The copper losses decrease more in the case of AWG6 wire when interleaving the wires 

because LITZ wires suffer less from the high frequency effects.  

 

5.4. Influence of stacking 
 

Stacking reduces the minimum number of turns, by doing this the copper and the core losses 

tend to equilibrate. As it was seen in Figure 4-39 the point where the copper losses equal the 

core losses tends to be the optimum losses of the core. In the figure below it can be seen that 

the contribution of the copper losses decreases with stacking whereas the core losses increase, 

but there is no change in the contribution when the number of cores increases from 3 to 4. 

However, this does not mean that the copper losses with 3 stacks are the same as that with 4 

stacks. As it is seen in the Table 5-9, they do vary. 

 

 

 
Figure 5-3 Tendency of the core and copper loss with increasing number of cores (Configuration 1, LITZ 

wires with interleaving) 

 

The variation of the losses and the leakage inductance for the LITZ wire with interleaving is 

shown below. 

Pcu 
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96% 

Pcore 
[W] 
4% 
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Pcu 
[W] 
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Pcore 
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Stack 3 

Pcu 
[W] 
56% 

Pcore 
[W] 
44% 

Stack 4 
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 Nstacks 

 
1 2 3 4 

Pcu [W] 320,7263 92,11847 40,61369 7,9369 

Pfe [W] 11,74515 20,90738 31,36106 6,272063 

Ptot [W] 332,47145 113,02585 71,97475 14,208963 

Nopt 23 12 8 12 

Ld [µH] 1,428 0,378553 0,146741 0,1298 
Table 5-9 Results due to the increasing number of cores for configuration 1 LITZ wires with interleaving 

(estimated values) 
 

It can be observed that the rate at which the copper losses decrease is not the same as the rate 

at which the core losses increase. The reason why the core losses decrease when there are 4 

cores is that in that case the optimum number of turns is reached whereas in the other cases 

the optimum number of turns was lower than the minimum number of turns, so it is not 

feasible. As the copper losses decrease, so it does the leakage inductance. This will be used in 

order to obtain the desired value. 

 

5.5. Influence of paralleling 
 

Increasing the number of cores in parallel has a similar effect as that of stacking, as the core 

losses increase whereas the copper losses decrease.  

 

 
Figure 5-4 Tendency of the core and copper loss with increasing number of parallels (Configuration 1, 

LITZ wires with interleaving) 
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Nparallel Nstack x Nparallel 

 
1 2 3 4 2x2 

Pcu [W] 320,7263 160,3631 106,9088 80,18157 54,05563 

Pcore [W] 11,74515 23,4903 35,23545 46,98061 33,58812 

Ptot [W] 332,47145 183,8534 142,14425 127,16218 87,64375 

Nopt 23 23 23 23 13 

Ld [µH] 1,428 0,714 0,476 0,357 0,189277 
Table 5-10 Results due to the increasing number of parallels for configuration 1 LITZ wires with 

interleaving (estimated values) 
 

As it happened before, the contribution of the copper and the core losses tends to equilibrate; 

the copper losses decrease whereas the core losses increase. The increase and the decrease are 

by the number of parallels in the component. As it can be seen in the table, by combining both 

techniques (2 stacks and 2 parallels) the power losses decrease and the optimum number of 

turns can be obtained. On the one hand, stacking reduces more the power losses than placing 

the cores in parallel but on the other hand, it also reduces more the leakage inductance value. 

A combination of both techniques would be of essence when trying to get the correct value of 

the inductance. 

 

From the tables above, it can be concluded that the only way of introducing the inductor the 

transformer is if AWG6 or LITZ wire without interleaving are used. When using the AWG6 

wires, the number of cores needed to obtain a low value for the power losses lead to a low 

value of the leakage inductance which didn’t satisfy the value of the leakage inductance. So, 

the AWG6 wires were discarded due to the high weight, power losses and the incapacity to 

obtain the value of the leakage inductance. So only the LITZ wires are able to acquire the 

value wanted at a low total power loss. 

 

The designs that satisfy these conditions for the LITZ wire are shown below:  

 

 
Configuration 

1 

Configuration 

2 

Configuration 

3 

Configuration 

4 

Configuration 

5 

Pcu 

[W] 
87.007 125.797 44.660 44.350 75.728 

Pcore 

[W] 
6.410 16.710 33.598 48.843 47.889 

Ptot 

[W] 
93.417 142.507 78.258 93.192 123.617 

Nstacks 4 5 6 6 6 

Nparallel 1 1 1 1 1 

Nº 

cores 
4 5 6 6 6 

Nopt 12 10 8 8 8 

Ld 

[µH] 
7.569 10.822 12.837 12.884 14.909 

Vcu [L] 1.216 0.646 1.554 1.373 1.524 

Vfe [L] 1.075 1.344 1.613 1.613 1.613 

Vtot 

[L] 
2.291 1.990 3.167 2.986 3.137 

Wcu 10.891 5.789 13.927 12.300 13.654 
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[kg] 

Wcore 

[kg] 
5.161 6.451 7.741 7.741 7.741 

Wtot 

[kg] 
16.052 12.240 21.669 20.041 21.395 

Table 5-11 Optimum results for LITZ wire obtained with Pemag 

 

The power losses in LITZ wires are lower than those for the AWG6 wires. Due to the fact that 

the LITZ wires have a higher leakage inductance value, more cores were needed in order to 

reach the acceptable range. It should be noted that the high number of cores is caused by the 

specification of the value of the leakage inductance, as the power losses specifications were 

achieved with lower number of cores. 

 

 

The value obtained for the leakage inductance is high which means that there is more room to 

manoeuvre in order to obtain a more precise value for the inductance.   

 

From Table 5-11, configurations 3, 4 and 5 can be discarded due to the high number of cores 

and weight of the transformers. It can be concluded that configurations 1 and 2 present the 

best conditions and either one of the transformers could be used in avionic systems. On the 

one hand, configuration 2 is lighter than configuration 1 because it has less winding, as a 

result of this, the power losses are the highest of all the configurations but it still satisfies all 

the conditions imposed by this topology. On the other hand, configuration 1 has less number 

of cores and power losses but the weight is higher due to the winding. In addition, it has the 

lowest leakage inductance of all.  

 

It should also be pointed out that in all five configurations the optimum number of turns was 

not obtained. The minimum number of turns was limited by the leakage inductance values. 

The results observed in Table 5-11 were obtained for the minimum number of cores that 

satisfies the leakage inductance range. 

 

Even though, the results on Table 5-11 were obtained using Pemag, the real power losses 

(once the transformer is operating) would be much higher. The leakage inductance value 

might also increase as the results obtained with Pemag are not exact. 

 

5.6. Possible improvements 
 

If two UU-shape cores are placed adjacent to each other, forming an E-shape core and only 

two legs are used then, by changing the gap of the other leg of the core, the leakage flux could 

be controlled [8]. In the image below, the left and the central leg are used to wrap the 

windings and the right leg would be used to vary the gap of the transformer. 
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Figure 5-5 UU-shape core placed like an E-shape core 

 

The simulation was made with interleaving. The main purpose of trying this particular design 

was to see if the leakage value could be obtained with less number of cores. Simulations were 

made with and without gap. In order to calculate the gap necessary that the core would need, 

the following equation was used: 

𝐿 =
𝑁𝑝
2

ℛ
 

(5.1) 

Another way of expressing the inductance is by the inductance factor 

𝐿 = 𝐴𝐿𝑁𝑝
2 

(5.2) 

Where 

 𝐴𝐿 is the inductance factor 

 

If these two equations are combined then: 

𝐴𝐿 =
1

ℛ
 

(5.3) 

When calculating the maximum value of the gap, the reluctance of the core is considered 

negligible. This is done because normally the reluctance of the air is much greater than that of 

the core. Bearing this in mind, the length of the gap was calculated, ℓ𝑔𝑎𝑝 = 0.214𝑚𝑚. 
 

The results of the simulations with and without gap for the core described in Figure 5-5 using 

LITZ wire with interleaving are shown in the table below. These simulations were done for 50 

turns. 

 

 Without gap With gap 

Ptot [W] 1119.114 1111.925 

Ld [µH] 1.6275 1.6423 
Table 5-12 Results for the UU- shape core placed like an E-shape core 
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The power losses are similar to those obtained for the transformer with LITZ wires Table 5-8. 

The value of the leakage inductance has increased by 14-24% but it is still outside the 

imposed range. Therefore this design is not suitable for these particular specifications.  
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6. Conclusions and future lines 
 

In this work the design methodology for a transformer was proposed. The steps to be followed 

can be shown in the following scheme: 

 
Figure 6-1 A scheme of the design methodology 

 

In this work, only up to the evaluation of the results was done as the transformer was not 

manufactured. This scheme was used to design a transformer of a DC/DC converter for high 

power applications. The topology of this transformer was the following: 

 

Vin 450 V 

Vout 270 V 

Pout 45 kW 

fop 10 kHz 
Table 6-1 Topology of the transformer 
 

This particular DC/DC converter will be used for avionic applications. This imposes two 

more limitations to the design as it should be light-weighted and small. It is hoped to reduce 

the weight and size of the converter by using the leakage inductance value of the transformer. 

Furthermore, the temperature of the transformer should not be too high because at those 

altitudes, the dissipation of heat is more difficult.  

 

The transformer of this work was made out of ferrite which has a lower peak induction value 

(�̂�) than nanocrystallines. This means that the minimum number of turns for ferrite materials 
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would be much higher than those obtained with nanocrystalline, so the volume of the 

transformer would be higher as well as the weight.  

 

As it was explained in this work, this ferrite core could be designed with AWG6 wires or with 

LITZ wires. However, the AWG6 wires were discarded due to the high number of cores 

needed in order to obtain a low value for the power losses. So instead LITZ wires were used 

as it allowed for a lower number of cores. 

 

As it can be observed in Table 5-11, the best results, in terms of lowest power losses and 

weight, were those given by configuration 1. As it was mentioned before, due to the fact that 

Pemag doesn’t consider human errors when calculating the values of the transformer 

(inconsistency in the winging), the results obtained in the table might vary with those 

obtained once the transformer is made. This is the reason why configuration 1 is the most 

conservative. As the other configurations have high leakage inductance values and maybe 

when they are made, they outrange the values imposed, 𝐿𝑑 = 7.5 − 15 µ𝐻.   

 

Although the designs proposed satisfy the specifications imposed for this particular topology, 

a high number of cores were needed. Making the volume of the transformer obtained higher 

than that obtained in the previous work [5][18].  

 

 Wtot [kg] Vtot [L] Ptot [W] Ld [µH] 

Nanocrystalline 

core 
4 1.456 250 4 

Ferrite core 16.052 2.291 93.417 7.569 
Table 6-2 Comparison of the results obtained for the nanocrystalline core and the ferrite core 

 

As it can be seen in the table above, the ferrite core has better power losses and leakage 

inductance value than the nanocrystalline core but in avionic applications the weight and the 

volume are very important factors. Bearing in mind that the transformer is part of a 

component of a DC/DC converter, the weight and volume obtained with ferrite are too high 

for this particular application. In order to obtain a more promising solution for this particular 

topology, another design is going to be proposed in the section below. 

 

As it can be seen in Table 6-2, nanocrystalline presents a better behaviour than ferrite. This is 

because the peak induction value for nanocrystalline is between 1-1.3T whereas for ferrite it is 

0.390 T. As it was mentioned before, the high peak induction value reduces the size of the 

core. T the hysteresis cycle for nanocrystalline materials is very narrow so the core losses 

would be low. Furthermore, in the design of the transformer explained in [5][18] the extra 

inductors added as to reach the inductance value wanted were made from iron powder. Iron 

powder is a better solution when designing inductors. So, a more efficient selection of the 

material is done. 

 

Despite all of this, the nanocrystalline material was not able to produce the leakage inductance 

value wanted. The nanocrystalline core was laminated, which means that the eddy currents in 

one direction were low whereas in the perpendicular direction, they were high. This can be 

seen by Figure 4-29, in which the flux perpendicular to the laminated section had more eddy 

currents, making the material anisotropic. Ferrite, however, has high resistivity, which means 

that there is no need to laminate the core, because due to the high impedance there are less 

eddy currents. 
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The proposed alternative 
[9]

 is to help the nanocrystalline core in the areas mentioned before, 

were the eddy currents are high, by placing blocks of ferrite to help with the flux density. It is 

hoped that the leakage inductance value obtained with this design would be high enough as to 

satisfy the specification without the need of extra inductors like they were needed in [5][18]. 

 
Figure 6-2 Nanocrystalline core with I-cores made out of ferrite (grey)[9] 

 

This solution might improve the leakage inductance value but by doing so, the winding area is 

decreased. This means that the copper losses would be higher, so more cores would be needed 

to reduce the power losses. This means that the overall weight of the transformer might be 

higher than that obtained in [5][18]. In order to verify whether this design gives better results 

FEA modelling and test should be carried out. 
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8. Costs 
 

Personnel 

Equipment 

cost (€/h) 

Salary 

(€/year) 

Cost of 

personnel 

(€/h) Hours (h) Total (€) 

Industrial Engineer (>10 

years of experience) 0,125 35000 19,44 40 782,78 

Industrial Engineer (<10 

years of experience) 1,236 25000 13,89 90 1361,25 

Industrial Engineer (no 

previous experience) 4,014 19000 10,56 360 5245 

        
Total cost of 

the project (€) 7389,03 

 

The equipment cost gathers all the finite elements programs that were used in the design of 

this particular transformer. These costs are listed below: 

Additional Data   

Computer (€) 900 

Amortization of the computer (years) 4 

ANSYS Pemag/Maxwell license (€/year) 5000 

Matlab license (€/year) 2000 

Working hours per year (h/year) 1800 
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