
Department of Science and Technology Institutionen för teknik och naturvetenskap  
Linköping University Linköpings universitet

gnipökrroN 47 106 nedewS ,gnipökrroN 47 106-ES

LiU-ITN-TEK-A-16/009--SE

High frequency dc/dc power
converter with galvanic

isolation
André Van Der Kogel

Niklas Österlund

2016-04-01



LiU-ITN-TEK-A-16/009--SE

High frequency dc/dc power
converter with galvanic

isolation
Examensarbete utfört i Elektroteknik

vid Tekniska högskolan vid
Linköpings universitet

André Van Der Kogel
Niklas Österlund

Handledare Magnus Karlsson
Examinator Adriana Serban

Norrköping 2016-04-01



Upphovsrätt

Detta dokument hålls tillgängligt på Internet – eller dess framtida ersättare –
under en längre tid från publiceringsdatum under förutsättning att inga extra-
ordinära omständigheter uppstår.

Tillgång till dokumentet innebär tillstånd för var och en att läsa, ladda ner,
skriva ut enstaka kopior för enskilt bruk och att använda det oförändrat för
ickekommersiell forskning och för undervisning. Överföring av upphovsrätten
vid en senare tidpunkt kan inte upphäva detta tillstånd. All annan användning av
dokumentet kräver upphovsmannens medgivande. För att garantera äktheten,
säkerheten och tillgängligheten finns det lösningar av teknisk och administrativ
art.

Upphovsmannens ideella rätt innefattar rätt att bli nämnd som upphovsman i
den omfattning som god sed kräver vid användning av dokumentet på ovan
beskrivna sätt samt skydd mot att dokumentet ändras eller presenteras i sådan
form eller i sådant sammanhang som är kränkande för upphovsmannens litterära
eller konstnärliga anseende eller egenart.

För ytterligare information om Linköping University Electronic Press se
förlagets hemsida http://www.ep.liu.se/

Copyright

The publishers will keep this document online on the Internet - or its possible
replacement - for a considerable time from the date of publication barring
exceptional circumstances.

The online availability of the document implies a permanent permission for
anyone to read, to download, to print out single copies for your own use and to
use it unchanged for any non-commercial research and educational purpose.
Subsequent transfers of copyright cannot revoke this permission. All other uses
of the document are conditional on the consent of the copyright owner. The
publisher has taken technical and administrative measures to assure authenticity,
security and accessibility.

According to intellectual property law the author has the right to be
mentioned when his/her work is accessed as described above and to be protected
against infringement.

For additional information about the Linköping University Electronic Press
and its procedures for publication and for assurance of document integrity,
please refer to its WWW home page: http://www.ep.liu.se/

© André Van Der Kogel, Niklas Österlund



 
i 

Abstract  
 

There is a steady demand to increase the efficiency and raise the power density of power 
converters. This trend is desired since it leads to reduced size of the converter.  
 
The purpose of this thesis is to investigate materials, topologies, core structure and then build 
a prototype to demonstrate the result. Two core materials have been compared, Fair-Rite 
material 68 and Ferroxcube 4F1. The goal was to have 50 V input and 30 V output with 80 % 
efficiency of the converter.  
  
The converter with the Fair-Rite material 68 accomplished a peak efficiency at 11 MHz with 
54 % efficiency. The core material Ferroxcube 4F1, reached an efficiency of 52 % at 7 MHz. 
These results were however with 5 V input and 3 V output. The converter had a low 
efficiency at 50 V input, which lead to ripple in the circuit. One reason for this behaviour was 
because the design of the PCB was not optimized for MHz operation. The focus of the PCB 
was that it should be easy to work with instead of achieving peak performance. Also, from the 
beginning it was decided that no PCB should be made. The focus was instead on the theory 
and simulations of the converter so no thoroughly investigation of PCB design was done.  
 
The leakage inductance of the transformer core was about 10 % of the primary inductance for 
both materials. The high leakage inductance is believed to further reduce the efficiency of the 
converter.    
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1. Introduction 
 

This thesis work has been made in the area power electronics for the company Saab at the 
department Electronic Defence Systems. Saab serves products, services and solutions from 
military defence to civil security. The DC/DC converter has been developed by the authors 
together with Saab. The authors are students from the programme Electronic Design 
Engineering at Linköping University and this thesis is the final examination of the Master 
programme. 
 

 

1.1 Background  
 
Reducing the size of converters is essential in modern electronic such as telecommunication 
equipment and portable computers. This trend is important since it leads to minimized cost 
and weight of the converter. The most common ways to reduce the size is by increasing the 
frequency, which the converter operates with. There has been a great progress in this field 
from the 1970s until today. Regarding the progress of transformers, new core materials have 
been developed. This leap has led to better performance, higher frequencies and smaller 
designs. (Lopez-Fernandez, 2013) 
 

 

1.2 Purpose  
 
The purpose of the thesis work is to investigate and demonstrate a DC/DC converter with 
galvanic separation between input and output that is suitable to integrate close to transceivers 
in AESA-radars. The DC/DC converter will operate at a frequency of 10 MHz or more with 
as high efficiency as possible. 
 
The size of the converter is important and therefore a goal will be to have a small design. By 
increasing the switching frequency, the physical size of the DC/DC converter can be reduced. 
With a reduced size, converters may be integrated close to the transceivers in the radar 
module, which increases radar performance. The problem is that the efficiency of the 
converter decreases with an increased frequency. Therefore, a combination of high frequency 
switching and high efficiency is a challenge. 
 
 

1.3 Scope  
 
Focus will lie on the efficiency and on reducing the size of the converter. The transformer is 
the most crucial part of the circuit in the view of the efficiency. Thereby the transformer will 
be an important part to optimize. Different materials of the transformer core will be 
investigated and compared with each other to select the most efficient material. Voltage 
regulation and analysis of different topologies will not be prioritized but considered. 
 
A switching frequency of 10 MHz is a requirement for this project while higher frequencies 
will be aimed at because of a desired higher power density. Efficiency will be evaluated for 
different frequencies of 5-12 MHz. 
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The electromagnetic compatibility of the converter will not be prioritized. A control circuit to 
improve the switching effectiveness will not be implemented. 
 

 

1.4 Method 
 

Initially a literature study was conducted to find a topology that could satisfy the 
specifications required. The literature study was done by reviewing articles, books and 
websites. When the topology was determined, calculations of the primary inductance, the 
secondary inductance, the capacitors and the resistors were made. Then, simulations began to 
validate the basic design of the DC/DC converter in the computer program LTspice. After 
that, the transformer was investigated to enable the decision of core shape, core size, core 
material, switching- and winding technique. Plenty of time has been spent on simulations 
where different solutions have been tried and evaluated to optimize the converter. At first, the 
simulations were made with ideal components. Then, suitable components were chosen and 
simulations with the realistic components were made. Components were ordered when the 
simulations satisfied the demands. A lot of measurements have been done on the real 
transformers. Different ways of winding the transformer and different core materials have 
been evaluated to optimize the efficiency. A simple PCB layout for testing was designed. 
Then the converter efficiency have been measured and evaluated at different frequencies. 
Documentation and writing of the report have been made continuously through the whole 
project. During the project, a close contact with our supervisors has been kept. 
 
The following software tools have been used for the project: LTspice, Altium Designer, 
Matlab, KEMET K-SIM and Microsoft Word. 
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2. Theory   
 

This chapter presents the theory behind the design of the DC/DC converter. It starts by shortly 
explaining the AESA radar system and follows with a theoretical background of different 
converter topologies. Thereafter, a theory part of the transformer is presented. Resonant 
converters and theory about important components can be read in the end of this chapter. 
 

 

2.1 AESA Radar 
 

Since the 1950s, the electronically steered array antennas or electronically scanned arrays, 
ESA, have been the established technique for surface based radars. The need for extreme 
beam agility and low radar cross section in aviation led to a transition from the mechanically 
steered antennas into the more complex ESA radars. ESA differs in two respects from the 
mechanically steered antennas. It has a fixed position on the aircraft and the beam is steered 
by controlling the phase of the transmitted and received radio waves of each element 
(Stimson, 1998). ESA and AESA radars have a large set of antennas, which are distributed in 
arrays where each radar element is a source of a spherical wave (Wirth, 2013). Another 
advantage of ESA is that the radar can scan the incoming beams in microseconds compared to 
milliseconds for a MSA (Brown, 2012). Faster scanning means that a larger volume of space 
is being scanned. It is common for an ESA to have 1000 elements or transmit/receive 
modules. For the sake of reliability, the ESA would still have a great performance if some of 
the elements would fail. Active ESA, AESA, has fewer components and is a more complex 
technique compared to ESA (Stimson, 1998).  
 
 

 

Figure 1. CAPTOR-E, the AESA radar of the Eurofighter Typhoon. 

 

In Figure 2, the basic architecture of an AESA radar is shown. The elements to the power 
amplifiers (PA), which then supplies power to the transmit/receives elements. The DC/DC 
converter is supplying the phased arrays with power.  
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Figure 2. Architecture of an AESA radar system. 

 

 

2.2 DC/DC Converter 
 

A power converter is an electrical device that converts electrical energy from one form to 
another. Depending on which forms the converting is made between, there are some 
categories that they can be divided into (Mohan, 2003, 10): 
  AC to DC  DC to AC  DC to DC  AC to AC 
 
This thesis will focus on one of this categories, DC to DC. A DC/DC converter is an electrical 
circuit that converts a voltage level to another voltage level with a direct current source. These 
converters are often used in regulated switch- mode power supplies and in dc motor drive 
applications. The input of a DC/DC converter is usually an unregulated dc voltage. The 
function of this converter is that it converts the unregulated dc to a controlled dc at a specific 
voltage level. While the converters can be used in many different applications, there are many 
different topologies with different properties. The converters are often used with an electrical 
isolation transformer in the switch dc power supply and normally used without an isolation 
transformer in dc motor drives (Mohan, 2003, 161). A block diagram for a DC/DC converter 
with galvanic separation between input and output can be seen in Figure 3. 
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Figure 3. Block diagram for the commonly used parts in a DC/DC converter. 

 

The choice of topology for DC/DC converters has historically been made with the regard to 
the desired output power level. In the order from lower- to higher power topologies are 
flyback, forward, push-pull, half-bridge and full-bridge. Many other factors also play a role 
into the selection of topology such as cost, size, electrical stress, input-voltage range and 
output noise. (Hari, 2011) 
 
The size is mainly determined by the transformer size and the number of switches. There are 
two techniques for isolated power converters to operate, single-ended (unidirectional) and 
double-ended (bidirectional) operation (Hari, 2011). Unidirectional core excitation is when 
only the positive quadrant of the BH-loop is used. Bidirectional core is when both positive 
(quadrant 1) and negative (quadrant 3) parts of the BH-loop are used (Mohan, 2003, 303-
304). See Figure 7 as an illustration of the core excitation. The physical difference is that the 
single-ended topology only uses one transformer instead of two and the double-ended 
topology has a smaller core (Hari, 2011). 
 
There are different topologies that can be used for high frequency switching. The three main 
categories are switch mode, resonant and quasi-resonant. Single switch topologies are often 
used for power less than 100 W due to their low cost. There are two single-switch alternatives 
which have isolation; flyback and forward converter. The drawbacks of the isolated 
converters compared to non-isolated converters are higher cost and more difficult to design a 
converter of high performance as frequency is increased (Wittlinger, 1994). The different 
topologies that are relevant for the study of this thesis will be described in this section.  
 

 

2.2.1 Flyback Converter 
 

The flyback topology is found in lower power, low cost applications. It only requires one 
single switch and it does not need an extra inductor. The drawbacks of the topology are the 
poor transformer utilization and the extra capacitors that are needed at the input and the 
output because of the high input and output ripple currents. (Hari, 2011) 
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Figure 4. Topology of a flyback converter. 

 
2.2.1.1 Operation Modes 
 
When the switch Q1 in Figure 4 is on, the diode becomes reversed biased because of the 
winding polarities. At its turn-off state, there is energy stored in the core that causes the 
current to flow in the secondary winding through the diode. There are two modes to operate 
the flyback converter, discontinuous mode and continuous mode.  
 
Discontinuous mode results in a smaller inductor size but increases stress on the switching 
device and capacitors (McLyman, 2011, 3-4). In the discontinuous mode, all the energy that is 
stored in the core is delivered to the secondary winding. The drawbacks of discontinuous 
mode are higher peak currents in the transistor, which generate winding losses. Higher ripple 
current and ripple voltage in the input and output capacitors are additional effects of the 
discontinuous mode.  
 
In the continuous mode, energy is delivered to the secondary winding but the core will always 
store some of the energy (Mohan, 2003, 308-309). Continuous mode needs a larger 
transformator, which gives a lower peak current than discontinuous mode (McLyman, 2011, 
3-4). Another result of continuous mode is that a high current is needed when the switch is 
turned on and this could lead to increased switching losses. In which mode the converter 
operates depends on its characteristics (Mohan, 2003, 308-309). Discontinuous mode is 
further investigate since it is most relevant operation mode because of the smaller core size, 
the operation mode is described below. 
 
During Q1 on-time, in Figure 4, a fixed voltage, 撃鳥頂 across the primary inductance, 詣椎 is 
applied and the primary current, 荊椎 ramps up linearly according to 

 鳥�妊鳥痛 = 蝶匂迩−怠�妊      (1) 
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Finally the 荊椎 has ramped up to  

 荊椎 = 蝶匂迩−怠�妊 建墜津    (2) 

 
Then, the energy stored in the inductor is 
 継 = �妊�妊鉄態      (3) 

 
When transistor Q1 turns off, the magnetizing inductance forces a change of polarities on all 
the windings. The current in an inductor cannot change instantaneously and is therefore at 
turnoff transferred to the secondary side. The secondary current, 荊鎚 is  
 荊鎚 = 荊椎 �妊�濡     (4) 

 
The current in the secondary inductance, 詣鎚 is declining linearly accordingly to  
 
 鳥�濡鳥痛 = 蝶任祢禰�濡                     (5)  

 
 The power drawn from the source is 

 � = �妊�妊鉄態脹          (6) 

(Pressman, 1998,105-108) 

 

 

2.2.2 Forward Converter 
 
The forward converter is a single ended converter and it is a common topology for powers 
below 200 W. A simple description of the forward converter is that when the current flows in 
the primary side, it also flows in the secondary side and in the load. Why the forward is a 
popular topology is because of the few components and simple operation. Converters such as 
push pull, half bridge and full bridge, work more or less like a forward converter.  
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Figure 5. Topology of a forward converter. 

 
2.2.2.1 Basic Operation 
 
When the transistor of the primary side, Q怠, is on, the secondary current flows through the 
diode D態, the inductor and then to the load. During this period, the magnetizing current builds 
up in the primary side of the transformer. When Q怠 is turned off, the magnetising current 
flows through the demagnetizing winding, Nmag and diode D怠. The number of turns of the 
primary winding are the same as for Nmag. D怠 is clamped to the applied voltage, during the 
time when the transistor in on, 建墜津, the magnetizing current is being reduced. To avoid 
saturation, 建墜津 cannot exceed 50% of T.  The primary winding and the demagnetizing 
winding have to be tightly coupled, which is called bifilar coupling. This guarantees that the 
magnetizing current transfers with ease (Hari, 2011).   
 
The flyback topology was selected for this thesis. This was because of fewer components and 
that flyback is usually used for lower power applications then forward topology as is stated in 
the Chapter 3. The operation mode of the forward converter is therefore not further 
investigated. 
 
 
 

2.3 Transformer 
 
Transformers are often used to isolate one circuit from another to achieve safety requirements, 
diminish electrical noise and to transfer power between to circuits that are not connected. 
There is a proportional relation between the size of the transformer and the operating 
frequency, a higher frequency will result in a smaller transformer. In a transformer there are 
two or more mutually coupled windings with a specific number of turns that will affect the 
magnetic flux. The windings are usually wound around a core that consists of a magnetic 
material (Wölfle, 2013, 95-96). Transformers are often the heaviest and largest component in 
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the converter. A high frequency transformer of a switched mode power supply (SMPS) 
constitutes for 25 % of the volume and 30 % of the weight. With a demand of reducing the 
size of portable computers and mobile phones, it drives the development of efficient low loss 
core materials. (Lopez-Fernandez, 2013, 447) 
 
 

2.3.1 Transformer Core 
 

The core of the transformer usually consists of a magnetic material. With the use of a core in 
a transformer, the magnetic flux levels can increase and depends on the magnetic reluctance 
and the design of the core. Thus, the properties of the core material depend on the 
temperature, flux level, sample and manufacture. (Wölfle, 2013, 35-37) 
 
Cores are often designed with an air gap, either discrete or distributed throughout the whole 
core. In a gapped core, more energy can be stored. By using a gap, the inductance will be 
more stable and less depends on the magnetic properties of the core than without an air gap. 
Even the saturation of the BH characteristics takes place at a much higher value of H with an 
air gap. (Wölfle, 2013, 35-37)  
 
 

 

Figure 6. Difference between gapped and ungapped core in a BH-loop. 

Copyright Maxim Integrated Products (http://www.maximintergrated.com). Used by 
permission. 
Adding an air gap does two things, firstly it decreases the permeability of the magnetic core 
which tilts the BH-loop (Figure 6). This is important to know since the permeability must be 
known to decide the number of turns for a desired inductance. Also, the core can tolerate a 
larger amount of DC current. The second thing is that it increases the number of ampere turns 
it can tolerate before saturation. Inductance 詣, is proportional to the square of the number of 
turns. Therefore, the number of ampere turns 軽鎮  can be calculated from (7). 畦鎮直 is the 
inductance per 1000 turns. (Pressman, 1998) 
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軽鎮 = などどど√ �凋如虹    (7)  

 
A large air gap gives a low value of 畦鎮直. This results in a larger number of ampere turns at 
which saturation begins. (Pressman, 1998) 
 
Another alternative is to use an air-core. An air-core does not consists of a ferromagnetic 
material at all. The problem of an air-core is that the size becomes much larger and there will 
be more leakage flux which can result in electromagnetic interferences. On the other hand 
there will be less problems with saturation, hysteresis and eddy current losses. An air-core 
transformer can also be designed to perform at higher frequencies than a ferromagnetic core. 
(Wölfle, 2013, 35-37) 
 
The transmitted power is Ptrans, which is proportional to performance factor PF. The core loss 
and the core loss factor, Pc and CLF, are inversely proportional to the PF. The intrinsic 
properties of the material determine the value of PF and Pc. The CLF depends only on the 
geometry of the core. Therefore, it is important to select a core material with desired 
properties to optimize PF. Core losses or energy losses cause heat in the construction and 
could be problematic. There are three types of losses in the transformer: hysteresis loss, 
winding loss and eddy current losses. (Lopez-Fernandez, 2013, 447) 
 
A magnetic field stores energy and the physical distribution of the magnetic field represents 
the distribution of the energy. The magnetic field arranges itself to minimize the rate of 
energy between the electrical circuit and the field. In this way, the skin- and proximity effect 
is reduced and they are explained further in sections 2.3.7 and 2.3.8. (Dixon) 
 
Inductance is a concept to determine the amount magnetically stored energy of the circuit. 
It is undesirable to have inductance for a true transformer. However, for an inductor or 
flyback transformer it is essential with inductance in the circuit. Only a portion of the energy 
can be stored within the high permeability core material and most of the energy that is stored 
becomes losses. (Dixon) 
 
The core material can be modeled by the magnetizing inductance, which can be seen as a real 
inductor with hysteresis and saturation. Real transformers must always have a magnetizing 
inductance since they have reluctance. When the core flux density reaches Bs (Figure 7), the 
transformer saturates. This leads to a large magnetizing current which also means that the 
magnetizing inductance becomes small. The transformer windings then become short 
circuited. (Erickson, 2001) 
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2.3.2 Core Loss 
 
Core losses that include hysteresis and eddy current losses are defined by Steinmetz equation, 
where K, α and β are constants. B is the ac flux density and f is the operating frequency in (8). 
(Wölfle, 2013, 114) 

 �捗勅 = 計血底稽陳銚掴庭   [W/m3]    (8) 
 

Hysteresis is caused by changing the magnetic flux from positive to negative or vice versa. 
Depending on how much energy is needed to change the magnetic flux, there is more or less 
hysteresis loss. The phenomena is caused by the materials intrinsic properties to align or 
realign the magnetic domains (Lopez-Fernandez, 2013, 447).  
 
To clarify the relation between the magnetic flux B, permeability and the magnetizing field H 
where permeability of free space is µ0 and µr is the relative permeability see (9).  
 稽 = µ待µ追茎     (9) 

 
This relationship can be illustrated in a BH-loop which represents the hysteresis of the 
material seen in Figure 7. At high frequencies, losses in the transformer core corresponds to 
the complex permeability. This is due to the magnetization of the core is primarily done via 
magnetizing rotation instead of via magnetic domains. By applying the field ℎ =  ℎ待ω結�ωt the 
induced 決 =  決待ω結�岫ωt−δ岻 which usually lags behind by the angle δ. This angle is also known 

as the loss angle. The complex permeability can be described as µ = 長轍ℎ任 結−�δ.  It can also be 

viewed as µ = 長轍ℎ任 岫潔剣嫌δ − isinδ岻. By introducing new varibles, µ′ = 決どℎ剣 岫潔剣嫌δ岻 and µ′′ =決どℎ剣 岫嫌�券δ岻 the complex permeability can be rewritten as 

 µ = µ′ − �µ′′    (10) 
(Coey, 2009) 
 
At the origin in Figure 7, the magnetic core is not magnetic. By increasing the magnetizing 
field, H, the flux is increased until it reaches saturation. If H is then decreased down to zero, B 
does not reach zero and the core remains magnetized. The flux is called remanent flux, Br. To 
reduce B to zero, the magnetizing force changes polarity and this force is called coercive 
force, Hc. By increasing H even more the core saturates again on the negative side. The 
required magnetic force Hcs is needed to reset B to zero. (Wölfle, 2013) 
 
It is worth to observer in this thesis the transformer should operate along the dotted line 
between the origin and saturation. To clarify, the operation should be performed as close to 
the origin as possible to reduce core losses.  
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Figure 7. BH-loop or hysteresis loop. 

As (Mohan, 2013, 745) states, “The area inside the BH-loop represents the work done on the 
material by the applied field”. The work or energy, is then dissipated in the material which 
increases the temperature of the magnetic material. Hysteresis loss increases with increased 
operating frequency and ac flux density in all core materials. Therefore, a small area of the 
BH-loop is desired when designing a transformer. (Mohan, 2013, 745)  
 

 

Figure 8. An illustration of how eddy currents are generated. 

Changing the electric or magnetic field that passes through a conductor, eddy currents are 
induced in the core material. When the current flows inside the core, it generates heat.  
 
Ohmic resistance of the inductor causes winding losses. The ohmic resistance depends on 
factors such as frequency and wire size. (Lopez-Fernandez, 2013, 447) 
The equation for the winding loss is (Wölfle, 2013, 114): �頂通 = 銚捗鉄喋尿尼猫鉄       (11) 

 
The winding loss is inversely proportional to the frequency and flux density squared. The 
total core loss combined with the winding loss can be described as: 
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 � =  銚捗鉄喋尿尼猫鉄 + 計血底稽陳銚掴庭       (12) 

 
 

2.3.3 Core Materials  
 
Materials that are used for low loss inductors, switching regulator, flyback transformers and 
other applications:  
  Iron powder (Fe)  MPP (Molybdenum permalloy powder)  High flux (Ni-Fe)  Sendust or Kool Mµ (Fe-Si-Al)  Ferrite (Metal with iron oxide) 
 
There are two types of iron powder cores, carbonyl iron and hydrogen reduced iron. Carbonyl 
have lower core losses and a high Q factor. Iron powder cores have a permeability from 1-100 
and are generally the most cost effective of the powder cores. MPP powder cores have 
different permeabilities reaching from 26 to 550. The drawback of MPP is that they have the 
highest manufacturing cost. High flux cores have permeabilities from 14 to 160 and Sendust 
cores have permeabilit ies from 60-125.  
 
The choice of powder core depends on following factors: 
  DC bias current through the inductor.  Operating temperature and temperature rise.  Size constraints and mounting method.  Cost of the core.  Electrical stability of the core with temperature changes. 
 
MPP has the lowest core loss and best temperature stability compared to the other materials. It 
also has good inductance stability under DC bias and AC conditions, high resistivity, low 
hysteresis and low eddy current losses. Even though MPP cores are the most expensive, they 
are the most desirable for transformers of the iron powder materials. (Lopez-Fernandez, 2013, 
451-457) 
 
Another material used for high frequency power transformers is soft magnetic ferrite. Ferrites 
can be objectively compared with the use of performance factor, PF. It is defined as the 
product of frequency and flux density and is often plotted against the frequency. A material 
with a higher PF is suitable for higher power transmission under the same core shape and heat 
dissipation compared to a material with a lower PF. Therefore, it is possible to reduce the core 
size with equal power capacity by increasing the PF.  Usually permeability for ferrites ranges 
between 800 to 3000. (Lucke, 2012, 430-444) 
 
Ferrite cores are made of a homogenous ceramic structure combined with metals like 
manganese, zinc, nickel, magnesium together with iron oxide. The advantage of ferrites is that 
they have a high resistivity, low eddy current losses and high permeability. These properties 
make ferrites ideal for high frequency transformers operating from 10 kHz to 50 MHz.  
Examples of popular materials are MnZn and NiZn. One difference is that MnZn have a 
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higher permeability than NiZn ferrites. NiZn can operate from 2 MHz to several hundred 
megahertz compared to MnZn which only operates under 5 MHz. Regarding the frequency, 
the NiZn ferrite is a possible choice of the transformer core material for this thesis. 
(Magnetics, Learn more about ferrite cores) Table 1 is taken from chapter 20 in 
Transformers: analysis, design and measurement and compares different core materials 
considering core loss, permeability, relative cost and temperature stability. A core with low 
loss is wanted. Materials that are interesting for this thesis are therefore ferrite and MPP, 
which have the lowest core loss. 
 

Table 1: A comparison between different core materials. 
 

 
 
 
 
 
 
 
 
Table 2 is taken from chapter 19 in Transformers: analysis, design and measurement  and as 
can be viewed, iron powder and NiZn can operate above 10 MHz. The material with the 
lowest core losses would be preferred. By comparing the NiZn ferrite and iron powder in the 
table above, the NiZn ferrite has the lowest loss and iron powder core the highest loss. The 
NiZn ferrite is therefore the preferred core material of this thesis. 
 

Table 2:  A comparison between different core materials. 

Material Initial 
permeablility 

 Saturation Flux 
Density 

PF Resistiviy 
(ohm cm) 

Operating 
Frequency 

Fe 250 2.2 - 10*10^6 50 - 1000 Hz 
Permealloy 
Powder 

14 - 550 0.3 3000 -
12000 

1 10 kHz - 1 MHz 

High flux 
Powder 

13 - 160 1.5 - - 10 kHz - 1 MHz 

Iron Powder 5 - 80 1 - 100*10^3 100 kHz - 100 
MHz 

MnZn Ferrite 750 - 20000 0.3 - 0.55 6000 -
55000 

10 - 100 10 kHz - 3 MHz 

NiZn ferrite 10 - 2300 0.3 - 0.5 20000 -
70000 

10^6 1- 100 MHz 

 

 

2.3.4 Core Structure 
 

Transformer cores are made in a lot of different shapes because of the demands on different 
properties of the core. This chapter presents some the different shapes of a transformer core. 
 
2.3.4.1 Planar Core 
 
Planar transformers differ from conventional magnetic devices. In conventional magnetic 
devices the windings are helical while in the planar transformers the windings lie on a flat 
surface and are extended outward from the core, often within a PCB (Dixon). Transformers 

Core 
Material 

Core loss Permeability vs DC 
Bias  

Relavtive 
Cost 

Temperature 
stability 

MPP lowest better  high best 
High flux  low best medium better 
Sendust medium good low  good 
Iron Powder highest poor lowest poor 
Ferrite lowest poor low poor 
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that are built with a planar magnetic core usually have some benefits compared with 
conventional magnetic cores: 
  Low profile  The windings tend to be more accurate and consistent which results in a magnetic 

design with highly controllable and expectable characteristic parameters. In wire-
wound components the characteristic parameters can differ due to the difficulty to 
control the winding layout.  Because of a bigger surface area the thermal performance is improved which results in 
increased power density and enable higher operating frequencies.  Smaller winding area 

 
One negative aspect of planar magnetics is the lack of accurate analytical models for typical 
structures which are more established when it comes to conventional magnetics (Dixon) 
(Wölfle, 2013, 247-248). 
 
 
2.3.4.2 Toroid Core 
 
By using a toroidal core the size and weight can be reduced by 20 to 50 % compared to other 
cores. Toroidal transformers have often an efficiency from 90 to 95% while the most common 
E-I core have less than 90 % efficiency. The core loss is about 10 to 20 % of the transformer 
loss compared to other cores, which often have 50 % core loss. The efficiency is also high due 
to the uniform cross sectional area of the toroid. However, they can be difficult and expensive 
to wind. (Magnetics, Ferrite materials: Ferrite toroids) (AMGIS) 
 
 

2.3.4.3 Other Core Shapes 
 

Ferrite E cores and pot cores offer the advantages of decreased cost and low core losses at 
high frequencies. For switching regulators, power materials are recommended because of 
their temperature and DC bias characteristics. By adding air gaps to these ferrite shapes, the 
cores can be used efficiently while avoiding saturation (Magnetics, Inductor design with 
magnetics ferrite cores). E cores are less expensive than pot cores. They have a bobbin 
winding and are easy to assemble. E cores do not have self-shielding. (Magnetics, Learn more 
about ferrite shapes) 
 
The advantages of a pot core are the self-shielding, space efficiency, good temperature 
stability, high Q and low losses (Magnetics, Ferrite pot cores). Q factor is a way of measuring 
the how pure the reactance is of a component. It is the ratio between how much energy is 
stored and how much energy that is dissipated by the component (Agilent technologies). A 
pot core is often used under 125 W since it is not good when it comes to handling larger 
current and voltages (Pressman, 1998). 
EE cores are the most commonly used core. It can operate from less than 5 W to 10 kW. 
Since the coil is not completely surrounded by ferrite it produces a EMI field. The incomplete 
surrounding by ferrite of the coil also results in that air can flow through which cools the core. 
(Pressman, 1998) 
 
RM core is essentially of a pot core with a wider notch cut out of the ferrite. It is easier to 
increase the winding diameter with the wider notch, which makes it able to handle high 
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power. Thanks to the larger ferrite notch, it results in a lower temperature rise. At the same 
time by having the core not completely surrounded by ferrite, a greater EMI-field will be 
produced than from a pot core. (Pressman, 1998) 
 
LP cores are constructed for low profile transformers. They minimize the leakage inductance 
thanks to a long center leg. (Pressman, 1998) 

 
EFD cores are the economical and flat standard design. They have great space utilization for 
transformers and inductors. (Magnetics, Learn more about ferrite shapes) 
 
ETD core are optimized for power transformer efficiency. They are the economical choice for 
constructing transformers and have a minimal winding resistance. (Magnetics, Learn more 
about ferrite shapes) 

 
 

2.3.5 Windings 
 

To get as little current loss as possible in a winding, the thickness of a conductor should be 
less or the same as the skin depth. The problem is that the skin depth decreases with a higher 
operating frequency. Therefore, the current losses will be large at high operating frequencies. 
The thickness of the conductor does not only depend on the skin depth but rather also with the 
number of layers in the winding. For any given frequency there is an optimum conductor 
thickness to minimize the conductor loss. (Mohan, 2003, 773-774) 
 
The current losses will be large at high frequencies due to large dc resistance in the conductor. 
Therefore, it is necessary to reduce the dc resistance without increasing the eddy current 
losses. To achieve this, a solution is to use Litz wires. A Litz wire consists of many wires that 
is twisted or woven. While the wires are twisted, the induced voltage in one half-twist section 
of a wire will be opposite in the next half-twist section of the same wire. This results in a 
large reduction of eddy currents. It is important that all the wires that are bundled, are 
electrically insulated from each other. The thickness of a Litz wire can be much larger than an 
individual wire. The drawback of the Litz wire is that it is much more expensive than an 
individual wire and that the fill factor is only about 0.3. The copper fill factor 倦寵通 is the ratio 
of the total copper area to the winding window area. (Mohan, 2003, 773-774) 
 

 

2.3.6 Winding Techniques 
 
Single layer of winding is the best choice for toroidal inductors. The parasitic capacitance is 
kept low and it behaves closer to an ideal component (Roeber, 2005). An ideal toroid leaves 
30 degrees between the ends of the windings (Demaw, 1996). This is supposed to minimize 
stray capacitance. (LCB-systems) 
 
A ferrite core with discrete gap should always have the windings directly over the gap. 
Otherwise a stray flux will increase drastically and propagate outside the device. Instead the 
stray flux should be kept inside the gap. The problem if this is neglected is that energy is also 
stored in the external stray field. The energy in the external flux field can be as high as the 
energy stored in the gap. This increases the inductance of the transformer which probably is 
larger then the design had anticipated. The external stored energy is hard to calculate which 
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leads to an uncertain total inductance. The result of the extra inductance is that the core will 
saturate earlier. If the winding is instead placed over the gap the magnetic force between the 
two core halves is close to zero. The external stray flux is kept small which leads to that the 
core will work as predicted. (Texas instruments, 2001) 
 
 

2.3.7 Skin Effect 
  
As was said earlier, eddy currents are induced in a material by changes of an electric or 
magnetic field. The eddy currents have the direction such that the secondary magnetic fields 
are created to oppose the primary magnetic field (Mohan, 2003, 748- 749). These leads to that 
some of the current in the middle of the conductor is cancelled while the current near the 
surface of the conductor is increased (Wölfle, 2013, 160- 161). The total magnetic field in the 
core decrease exponentially with the distance. The distance is called skin depth. If the cross-
sectional area of the core is large compared to the skin depth, there is a small amount of 
magnetic flux inside the core. Then the core will provide a higher reluctance part for the 
applied magnetic field (Mohan, 2003, 748- 749). The skin effect increases radically when the 
frequency is raised. (Dixon, 2003) 
 
 

2.3.8 Proximity Effect 
 
The proximity effect can be explained as when the distribution of one layer of a wire affects 
the distribution in a layer of another wire (Wölfle, 2013, 163-165). It is called proximity 
effect because eddy currents in a winding layer are produced by the eddy currents in another 
winding in proximity to the first winding layer (Mohan, 2003, 771-773).  
 
With another winding in proximity, the field intensity is not uniform around the conductor 
surface, thus a high frequency current flow will not be uniform. If a round wire is in 
proximity to another wire with a current flowing in the opposite direction, the total field 
between the two wires will be the sum of the two wires field. On the outside of the two sides 
the magnetic field will be opposed and thereby cancel each other out. This leads to a much 
bigger field intensity at the wire surfaces facing each other than the outside surfaces. The high 
frequency current flow will be drawn to the side where the field intensity is greatest which 
results in that there is a high current flow on one side of the wire and almost no current on the 
other side of the wire. This pattern arranges itself so as to minimize the energy utilized, hence 
the inductance is minimized. The inductance will be smaller if the wires are closer together 
(Dixon, 2003).  
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2.3.9 Leakage Inductance 
 

In an ideal transformer the primary and the secondary circuit are linked with the same flux. 
This flux is called common flux. In practice there is always some flux that links only one 
winding. This flux is called leakage flux (Wölfle, 2013, 105-107). Leakage flux leads to 
leakage inductance, which can cause overvoltage in power switches in the turn-off, then 
causing the need of the insertion of a snubber circuit. The leakage inductance can be seen as a 
property of one winding relative another. There are several topologies that are sensitive to 
leakage inductances (Mohan, 2003, 779-780). 
 

 

Figure 9. Leakage inductance. 

 
The mutual inductance, M can be calculated with the formula: 
 警 = √詣怠詣態     (13) 
 

The leakage inductance for the primary and the secondary winding can be calculated with 
 詣鎮怠 = 詣怠怠 − �迭�鉄 警    (14) 

 詣鎮態 = 詣態態 − �鉄�迭 警    (15) 

 
where 詣怠怠 and 詣態態 are the self-inductances of coil 1 and coil 2 respectively (Wölfle, 2013, 
105-107). 
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2.3.10 Snubber Circuit 
 

During turn off, the leakage inductance in the transformer can result in high voltage peaks. 
The high voltage peaks over the transistor can result in avalanche breakdown. To avoid the 
high peak voltages, a snubber circuit can be implemented over the primary winding of the 
transformer. A snubber circuit is commonly made in two different ways. One way is to use a 
RCD-clamp that clamps the voltage level but it also slows down the slew rate of the 
transistor. Another way is to use a Zener diode clamp that consists of a diode and a high 
voltage Zener diode. The voltage spikes are cut by the Zener diode and eventually the leakage 
energy is dissipated in the Zener diode. The advantage of this snubber circuit is that it only 
clamps when the combined voltage over the resistor and the high voltage peaks is higher than 
the breakdown voltage of the Zener diode. (Saliva, 2013) 
 
 

2.4 Resonant Converter 
 
Early power converters were heavy and operated with a low frequency. To improve their 
performance, the frequency of the power converters was increased, which made their size and 
weight only a fraction of what it used to be. The next step of the evolution of power 
converters were the resonant converters, which offers benefits in size, cost and performance. 
The drawback is that the system becomes more complex. (Mammano, 2001) 
 
A resonant converter utilizes a resonant LC circuit and work more or less the same way while 
transferring power. First a square pulse of voltage or current is generated by the switch and 
this pulse is applied to the resonant circuit. Energy will then circulate in the resonant circuit 
and some or all energy is being transferred to the output. Even though this seems simple, this 
can be done in a large variety of ways which enables many operating modes. (Mammano, 
2001) 
 
When the frequency increases, parasitic capacitance, leakage inductance, switching loss, EMI 
and RFI becomes a growing problem. With a resonant circuit, switches can be operated either 
at zero current or zero voltage. This reduces stress levels in the switches and minimizes 
harmonics caused by the higher frequencies. (Mammano, 2001) 
 
Resonant switches consists of a switching device combined with for example a capacitor and 
an inductor. The following questions are relevant to consider when designing a resonant 
converter and is taken from the article “Resonant mode converter topologies”. (Mammano, 
2001) 
  Is the load in series or in parallel with the resonant circuit? 

  Is the control system a fixed or variable frequency type? 
  Does current/voltage in the resonant circuit flow continuously or is it equal to 

zero for some portion of the switching cycle? 
  Is the switching designed for zero current or zero voltage activation? 
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 Does the energy in the resonant circuit flow in only one direction or is there a full 
cycle before it returns to stop at zero? 
 
 

2.4.1 Resonant Converter Operation 
 
The choice of zero current or zero voltage switching, is determined by which problem is 
considered to be the most important, the parasitic inductance of the load or the capacitance of 
the switch. Zero voltage switching is suitable for very high frequency operation since rapid 
charging and discharging of the transistor capacitance could generate a considerable power 
loss. (Mammano, 2001) 
 
 

2.4.2 ZVS-MRC 
 
The Zero-Voltage-Switching Multi Resonant Converter method is known for reducing 
switching loss and absorbing parasitic capacitance effectively. The control is simple 
compared to other soft switching methods. ZVS-MRC can operate with very high frequency 
since it can reduce switching loss. This can minimize the quantity of resonance which results 
in fewer components used.  The disadvantage of ZVS-MRC is due to that the voltage stress is 
four to five times the input voltage on the main switching device. By using a clamp mode 
ZVS-MRC the voltage can be suppressed two to three times of the input voltage. (Woo, 1996) 
 
 
2.5 Transisor Material 
 
A comparison between MOSFET and enhancement-mode GaN (eGaN) FET power losses, 
show that the on-resistance are equal for a buck converter. The big difference is the switching 
losses, which the eGaN is about three times as efficient as the MOSFET. This leads to that the 
eGaN has about half the total power loss compared to the MOSFET (Lidow, 2012). Figure 10 
below shows the different losses for different parts of the MOSFET and eGaN transistors. 
 

 

Figure 10. Comparison between the power loss of eGan FET and MOSFET. 
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The GaN also has an extra advantage, high mobility of electrons. For given on-resistance and 
breakdown voltage the GaN transistor has a smaller size than the MOSFET. GaN FET is a 
very low charge device. Therefore, it is possible switching hundreds of volts in nanoseconds 
giving the transistor megahertz capability. The most important switching parameter is gate-
drain capacitance, CGD. Due to the lateral structure an extremely low CGD is achieved, which 
results in fast switching. (Lidow, 2012) 
 
Even when using DC/DC converter operating in 1.2 MHz with ZVS, GaN only had 44 % of 
the total power loss compared to Si. GaN also improves efficiency for all load conditions. If 
hard switching, when no capacitors and inductors are added to smooth the gate voltage, is 
applied, the eGaN FET power loss is about 67 % of the state of the art Si device. This makes 
GaN the obvious choice off material compared to Si. (Reusch, 2015) 
 

 

2.6 Pulsed Load 
 
From the AESA radar, RF pulses are repeatedly transmitted to propagate in free space 
towards a target. Then the RF pulses are reflected on the target and absorbed by the receiver. 
When the pulse is absorbed by the receiver, a pulsed load on the power supply will appear. 
This pulsed load has a negative affect on the performance and can be harmful to other 
systems. To get rid of these varying current loads, passive filters on the output and input can 
be implemented. (Glenting, 2013) 

 
 

2.7 Capacitors 
 
Ceramic capacitors have very low ESR which is crucial to reduce the ripple voltage 
amplitude. They should be placed close to the input of the regulator to be efficient. If the 
capacitors have low inductance in the capacitor, current path increase the impedance which 
make the capacitors less useful. Worth noting is that large bulk capacitors do not reduce ripple 
voltage. Aluminium electrolytics and tantalums have a too high ESR to reduce ripple 
effectively.  Input ripple voltage can cause ripple current to flow through bulk capacitors 
which can lead to large power losses in the ESR parasitics. The rms current must therefore be 
reduced by ceramic capacitors. (Arrigo, 2006) 
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3 Design  
 

The main goals are to design a small DC/DC-converter with high efficiency. A motivation for  
techniques and components are given below.  
 

 

3.1 Calculations of the DC/DC Converter 
 

This chapter presents some necessary calculations that were used when designing the DC/DC 
converter.  
 
The following specifications were set for the converter: 
  D = 0.5  Vout = 50 V  V in = 30 V 

  撃墜通痛 = �認帖怠−帖 撃�津    (16) 

 軽追 = �濡賑迩�妊認�     (17) 

 
With Nr equal to 3/5 this mean that the primary side has 5 turns and secondary 3 turns which 
is evaluated in Chapter 3.6.3. The input and output current with a lossless system were given 
by: 
 
 ��津 = 撃�津荊�津     (18) 
 �墜通痛 = 撃墜通痛荊墜通痛    (19) 
 
 
Input current Iin = 0.12 A and Iout = 0.2 A. The peak current on the primary side were given by  
 荊椎勅銚賃 = ね ∗ 荊�津    (20) 
 
Which results in Ipeak = 0.8 A. 
 
For a converter with 80% efficiency and considering 
 
 荊�津岫max岻 = �任祢禰岫悼ax岻��韮岫悼i投岻�    (21) 

 
It results Iinmax was 0.155 A. 
 
The calculated value of Vds = 100V was obtained considering (22).  
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撃鳥鎚 = �妊認��濡賑迩 撃墜通痛 + 撃�津   (22) 

 
This meant that a transistor with a Vds greater than 100 V should be used. (McLyman, 2011) 
 
 

3.2 Topology  
 
The flyback topology has many advantages compared to the other converter topologies. 
Fewer parts and simpler design makes the converter cheaper and easier to implement changes 
on, which are good for a commercial product. By having fewer parts and lower switching 
losses since only one transistor is used, the objective to achieve a high efficiency and reduced 
size is accomplished. Because of the suitability for low power, the flyback would be a good 
choice.  
 
 

3.3 Operation Mode  
 
The choice of which mode to run the converter in, is not obvious. Discontinuous mode was 
chosen since it reduces the inductor size, which is good for a small design. 
 
 

3.4 Transistor 
 
The investigation of different materials lead to the choice of GaN over conventional silicon, 
as the material for the transistor. Gallium nitride transistors have many advantages over 
silicon transistors. They have higher permeability, which results in smaller and more efficient 
transistors. The total losses compared to silicon, is about the half, which is a great leap in 
efficiency. This achieves two of the main goals. Different transistors of enhancement mode 
type or simply eGaN were available on the market. The most suitable transistors are 
compared in Table 3. 
 
Table 3. Comparison between the chosen transistor parameters. 

Manufacturer Model Vds (V) Cin (pF) Cout (pF) Rds (mΩ) Id (A) 
Efficient Power 
Conversion 
Corporation 

EPC2034 
 

200  940 530 10 31 

Efficient Power 
Conversion 
Corporation 

EPC8003 
 

100 38 18 300 2.7 

GaN Systems 
Inc 

GS66502B  
 

650 64 16 220 7 

   
The EPC2034 was first considered since the drain source voltage, Vds was high and the drain 
source resistance, Rds was low. From simulations it could be seen that this transistor had to 
high capacitance to handle 10 MHz operation frequency and was therefore changed to the 
EPC8003. This transistor has lower Cin and Cout, which made it able to switch faster. Instead 
Rds was increased, but since the circuit handles low power, this was thought to be of less 
concern. However, the transistor should be able to handle a Vds of 150 V according to 
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simulations which is not real case as the limit of Vds is 100 V. A transistor that has high Vds 
and low capacitance was the GS66502B. With a Vds of 650 V it can handle the Vds and still 
switch fast.  
 
 

3.5 Schottky Diodes 
 

The diode ST Microelectronics STPS40SM120CR was used during the simulations. 
According to its Spice model, the junction capacitance is equal to 2 nF. This seemed a bit too 
high for the application and another Schottky diode, ON Semiconductor SB01-15C, was 
found and considered with a capacitance of 7 pF at 1 MHz with a reverse voltage, Vr of 10 V. 
The capacitance at 10 MHz is unknown from its datasheet. The problem with SB01-15C is 
that there were no Spice models for LTspice. Therefore, the model of STPS40SM120CR 
capacitance was reduced down to 7 pF to hopefully give a more realistic behaviour of SB01-
15C. The reverse recovery time for this diode is only 10 ns. 
 
When introducing the Schottky models to the circuit they added ripple to the currents 
compared to the ideal diodes. The ripple current is especially noticeable at the primary 
winding, where the whole uploading phase is oscillating. 

 
 

3.6 Transformer 
 

 A lot of focus of this thesis have been on optimizing the transformer. Transformers in 
switching power supply are an important factor for a successful operation. When designing 
the transformer factors like material of the core, structure of the core, windings and structure 
of the windings were investigated. 
 
 

3.6.1 Material 
 

The first step of designing the transformer is to design the core of the transformer. The most 
critical aspect of deciding the material of the core is in this case the switching frequency. 
Magnetic core materials that has good efficiency and is able to work in high frequencies are 
not overwhelming many. The most suitable material for the frequency of 10 MHz is the 
nickel-zinc material. Thereby the nickel-zinc material was chosen as material for the 
transformer core. The specific material that was chosen is the material 4F1 from Ferroxcube 
consisting of a nickel-zinc ferrite for use in power and general purpose transformers 
optimized for frequencies of 4-10 MHz (Ferroxcube, 2008). A similar material, material 68 
from Fair-rite, also consisting of a nickel-zinc ferrite, was also tested and compared to the 
material 4F1 from Ferroxcube. This material is intended for broadband transformers, antennas 
and high frequency, high Q inductor applications up to 100 MHz. (Fair-rite, 2015) 
 
According to the study “Magnetic-Core and Air-Core Inductors on Silicon: A Performance 
Comparison up to 100 MHz” it is concluded that magnetic cores are more efficiency than air 
cores for a frequency up to 100 MHz. By laminating the magnetic core, an efficiency of 98 % 
can be achieved with the magnetic core with three laminations between 70-100 MHz. 
Therefore, a design of an air core has not been made.  
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3.6.2 Core Structure 
 

The different possible structures of the cores are many and all have different properties. The 
choice of structure has been strongly dependent of what is available on the market. At first, a 
planar design was considered. This was due to the high power density and thermal 
performance. These factors are important to keep the design as small as possible. To construct 
a planar transformer a PCB had to be designed. While a PCB- design was not included in the 
thesis from the beginning, other alternatives were considered. A main goal is to have as high 
efficiency as possible in the transformer. Thereby, assuming that the windings are wound 
properly, the most suitable structure of the material nickel-zinc was a toroidal. Another 
advantage of the toroid shape was that it is easier to design and to construct. The toroidal 
structure also has high power density and great efficiency which are essential for creating a 
small DC/DC converter. 
 
The next step was to calculate the size of the core. The size of the core was optimized for the 
material 4F1 from Ferroxcube. While the Ferroxcube core dimensions were the same as the 
Fair-rite core dimensions, the electrical properties can be assumed to be the same for both. 
The electrical properties of the core can be seen in table 4. 畦� is the inductance factor, 畦勅 is 
the effective cross-sectional area and 撃勅 is the effective core volume.  
 
Table 4. Electrical properties of material 68 from Fair-rite. 

Electrical properties �� 岫仔�岻 7.7 �� 岫�仕匝岻 0.37 �� 岫�仕惣岻 2.7 
 
 
The power loss in the transformer core, �捗勅, was estimated to 0.25 W. The power loss per 
volume, �蝶, was calculated with (23). By estimating the power loss per volume in the 
transformer core, a value of 稽頂墜追勅 could be evaluated by looking in the datasheet for the 
material 4F1 from Ferroxcube and see what value of 稽頂墜追勅 that corresponds to the value �蝶 at 
a frequency of 10 MHz. With 稽頂墜追勅, the primary turns could be calculated.  
 �蝶 = �肉賑蝶賑     (23) 

 撃椎追�岫陳銚掴岻 = 軽椎追�畦頂�稽頂墜追勅   (24) 
   
In this case, when considering a toroidal shape, 畦頂 = 畦勅. From Ferroxcube, a toroidal shape 
with the size 畦頂, that corresponded to the value of 畦頂 that was needed to get the desired value 
of 軽椎追�, was found. The power loss  �蝶 is also depending on the size of the core while it is the 
power loss per volume. Therefore, different sizes of the toroidal was tested to get a value of 
the effective volume, 撃勅, that corresponded to the value of 撃勅 that would lead to the desired 
value of 軽椎追�. (Ferroxcube, 2008) With a size 撃勅 = に.ば 潔兼戴, (23) gives �蝶 = ひに.のひ 倦激/兼戴 
which corresponds to 稽頂墜追勅 = ね 兼劇.  (24) gives 軽椎追� = 5.37 turns, where � = に�血, 血 = 10 
MHz and 撃椎追�岫陳銚掴岻 = のど 撃. The same size of the core was used for the material 68 from Fair-
rite. The difference between the two materials can be seen in Figure 11. At 10 MHz, the 
imaginary permeability, µ′′, for both materials is zero and the real permeability, µ′, is 85 for 
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the Ferroxcube material and 15 for the Fair-rite material. In Figure 12, some of the different 
parameters used for the design are illustrated. 
 

 

Figure 11. Complex permeability vs frequency for the material from Fair-rite and the material from 
Ferroxcube. 

 

 

Figure 12. Different core parameters and where they are found. 

 

To increase the reluctance, an air gap was implemented in the transformer core. Because of 
easier calculations and easier construction of the core, the air gap was chosen to be discrete 
instead of distributed. To calculate the size of the air gap, 健直, (25) was used. 拳� is the energy 
handling capability, B is the magnetic flux density and 畦勅 is the effective cross-sectional area 
of the transformer core. 
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健直 = 態µ轍栂�喋鉄凋賑     (25) 

 
The following steps were followed to get the value of the air gap. It starts by calculating the 
output power of the transformer with (26). 
 �墜通痛岫兼欠捲岻 = 荊墜岫撃墜 + 撃鳥岻   (26) 
 
where 荊墜 is the output current, 撃墜 is the output voltage and 撃鳥 is the diode voltage. 荊墜 = ど.に 撃, 撃墜 =  ぬど 撃 and 撃鳥 = な 撃. �墜通痛岫兼欠捲岻 was calculated to 
 �墜通痛岫兼欠捲岻 = ど.に岫ぬど + な岻 = は.に 激    

 
The maximum power in, ��津岫兼欠捲岻 can be calculated from �墜通痛岫兼欠捲岻 where the efficiency � = ど.ぱ. 

 ��津岫兼欠捲岻 = �任祢禰岫陳銚掴岻� = 滞.態待.腿 = ば.ばの 激   (27) 

 
From ��津岫兼欠捲岻, the equivalent resistance ��津岫結圏岻 can be calculated with (28) where the 
maximum input voltage 撃�津岫陳�津岻 in this case is 50 V. 
 ��津岫結圏岻 = 蝶�韮岫尿�韮岻鉄��韮岫尿尼猫岻 = 泰待鉄胎.胎泰 = ぬにぬ �   (28) 

 
The primary inductance can then be calculated with the following equation, where the period 
time 劇 = など−胎s and the duty cycle 経陳銚掴 = ど.の. 

 詣椎 = ��韮岫勅槌岻脹帖尿尼猫鉄態 = 戴態戴∗怠待−店∗待.泰鉄態 = ね.どね ∗ など−滞 ≈ ね µ茎  (29) 

 
With the known 詣椎, 詣鎚 could be calculated with (30).  
 詣鎚 = 詣椎 (�濡�妊)態 = ね ∗ など−滞 ∗ 岾戴泰峇態 = な.ねね µ茎  (30) 

 
The primary peak current 荊椎追�岫陳銚掴岻 was calculated with (31) where the time when the switch 
is on, 建墜津 = ど.の ∗ など−胎 嫌.   
 荊椎追�岫陳銚掴岻 = 態∗�任祢禰岫悼ax岻∗脹痛任韮蝶�韮岫悼i投岻∗� = ど.はに 畦   (31) 

 拳� is the energy handling capability and is calculated with (32). (McLyman, 2011, chapter 
19) 
 拳� = �妊�妊認�岫尿尼猫岻鉄態 = 替∗怠待−展∗待.滞態鉄態 = 7.69*など−胎 J  (32) 

   畦勅 is the effective area of the core and then the air gap 健直 is calculated with  
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健直 = 態∗替�∗怠待−店∗胎.滞苔∗怠待−店岫滞∗怠待−典岻鉄∗待.戴胎∗怠待−填 = ど.どどなねねひ 兼 ≈ な.ねの 兼兼   

   
 

3.6.3 Windings 
 

To get the ratio of 5:3 of the input and output voltage, the selected primary turns was 軽椎追� = 5 
and the selected secondary turns was 軽鎚勅頂 = 3. The simplest way is to choose as few turns as 
possible and this also reduces copper losses. 
 
When choosing wires, there are a lot of alternatives available. The chosen alternative was a 
Litz wire. Because of the frequency of 10 MHz a distinguishable decrease of the dc resistance 
could be expected. When determining the size of the Litz wire a simplified method was used. 
Since the Litz wire largely cancel out the intercepted flux, the calculation of the size of the 
conductor was done with eddy currents neglected. The cross-sectional areas of primary and 
secondary conductors were calculated with (33) and (34).  
 畦寵通,椎追� = 賃�祢凋葱態�妊認�    (33) 

 畦寵通,鎚勅頂 = 賃�祢凋葱態�濡賑迩    (34) 

 畦栂 is the effective cross-sectional area for the windings. The total copper area will be less 
than the area 畦栂. In our case a circular Litz wire was used. The round shape of the conductor 
results in that the copper does not completely fill the window while there will be a lot of 
empty space. If the total winding area is filled with round conductors the ratio of the total 
conductor area and the window area will be π/4. The ratio of the total copper area to the 
winding area will be much smaller while the Litz wire is insulated and each of the wire in the 
bundle is insulated. The factor that explains the ratio is called fill factor and is normally 0.3 
for a Litz wire. The copper fill factor 倦寵通 is defined by (35). (Mohan, 2003, 752) 
 倦寵通 = �凋�祢凋葱     (35) 

 
In (33) and (34) the winding area 畦栂, is assumed to be covered with wires throughout the 
whole core surface. When using few turns around the core, far from the whole winding area 
of the core will be covered with wires. To get a reasonable value of  畦寵通,椎追� and 畦寵通,鎚勅頂 an 
modulation of the fill factor must be done and the fill factor can in this case be expected to be 
much lower than 0.3. Thereby the cross-sectional area of the conductors will be smaller 
(Mohan, 2003, 768-769). An approximation of 倦寵通畦栂 was done. With 倦寵通畦栂 ≈ な.の  兼兼態 a 
reasonable value of the cross-sectional area of the wires were calculated with (33) and (34). 
 畦寵通,椎追� = な.の 兼兼態に ∗ の = ど.なの 兼兼態 

 
and 
  畦寵通,鎚勅頂 = な.の 兼兼態に ∗ ぬ = ど.にの  兼兼態 

 



 
29 

The wires at the market that had a cross-sectional areas that were closest to the calculated 
values was 0.12  兼兼態 for the primary winding and 0.24  兼兼態 for the secondary winding. An 
important thing regarding the size of the windings is the ratio between the sizes which with 
the chosen Litz wires corresponds to the calculated ratio. 
 

 

3.6.4 Winding Structure 
 

When considering a toroidal core, the structure of the windings play a significant role. The 
possible ways to arrange the windings are many and therefore it is important to be critical 
when winding the core. 
 
The windings were spread all over the core to minimize the stray capacitance. A space with 
no windings was left over the gap. The primary wire was wound next to the core. The 
secondary wire was wound over the primary wire. The primary and the secondary wire were 
wound as tight together as possible. 
 
 

3.7 Snubber circuit 
 

When designing the snubber circuit an estimation of how much power loss that could be 
afforded in the snubber circuit and still be able to accomplish the goal of 80 % efficiency was 
made. A reasonable power loss was estimated to 0.6 W for the snubber circuit and is 7.7 % of 
the input power. The total impedance in the snubber can then be calculated with (36) where 戟�津 = のど 撃.  
 |傑| = 腸�韮鉄�如任濡濡 濡韮祢弐弐賑認 = 泰待鉄待.滞 = などひはね ≈ ねなはば Ω  (36) 

  
Then, the distribution of the impedance in the resistor and the capacitor was derived with 
(37). Reasonable values for R and C were evaluated with simulations to get enough damping 
of the voltage spikes over the transistor. The evaluated values were � = の 倦� and 系 =に.はの 喧繋.  
 |傑| = 怠√岾迭�峇鉄+岫態�捗寵岻鉄 =  怠√岾 迭天轍轍轍峇鉄+岫態�∗怠待店∗態.滞泰∗怠待−迭鉄岻鉄 = ぬぱねに Ω  (37) 

 
 
Here it can be seen that the evaluated values for the resistor and the capacitor were close to 
the expected total impedance in the snubber circuit. 

 
 
3.8 Input and output capacitors 
 

The minimum input capacitance can be calculated with (38). D is assumed to be 0.5, Vpmax 
= 75 mV and 血鎚栂 = 10000 kHz.  
 系陳�津 = �任祢禰∗帖∗岫怠−帖岻∗怠待待待捗濡葱∗蝶妊岫尿尼猫岻  [µF]  (38) 
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This would give the smallest possible capacitance for the specifications which is Cmin = 66 
nF. (Arrigo, 2006)  
 
The minimum output capacitance can be calculated with (39). 軽頂椎 is a constant which 
correlates that the regulation of the converter which usually is between 10 to 20. Regulation is 
not done in this thesis which might imply that it will only give a hint of what amount of 
capacitance that is needed.  
 系墜通痛_陳�津 = �任祢禰∗�迩妊捗濡葱∗蝶任祢禰_認�妊妊如賑    (39) 

 
With Iout = 0.2 A, Ncp = 10 and Vout_ripple = 0.25 V gives Cout_min = 800 nF (Saliva, 
2013).  
 

The capacitors used in this thesis work were placed in parallel on the input and output as close 
to the transistor as possible to reduce ripple at different frequencies. By observing the input 
and output, certain ripple frequencies could be observed. To find a proper capacitance to 
match the ripple, KEMET K-SIM tool was used. To further improve the ripple minimization 
more of the same size capacitance were added in parallel. In Table 5 all capacitance values for 
the input and output can be seen. Higher values on the capacitators were chosen compared 
with the calculated values, since the ripple was a greater than anticipated.  
 

Table 5. Input and Output Capacitances. 

Amount Input 
Capacitances
  

Amount Output 
Capacitances 

3 180 nF 
 

1 3.3 µF 
 

1 2.2 nF 
 

1 330 nF 
 

1 1.8 nF 
 

1 120 nF 
 

  1 5.6 nF 
  4 220 pF 
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4. Simulations 
 

 All the simulations of the DC/DC converter can be seen in this chapter. The simulations were 
first done with ideal components, and than simulated with more realistic components. A FFT 
analysis was conducted in the end of this chapter.  
 
 

4.1 Ideal switch  
 
An ideal switch was first implemented to verify the theory and calculations that had prior 
been made. 
 

 

Figure 13. Schematic of the DC/DC converter with an ideal switch at 10 MHz. 

In order to simulate the leakage inductance in the transformer, an inductor on the primary side 
in series with the transformer was implemented. When the leakage inductance was added, it 
was necessary to add a snubber circuit in parallel with the transformer. In Figure 13, L3 
represents the leakage inductance while R1 and C1 represents the snubber circuit. 
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Figure 14. Simulations of the converter with an ideal switch. 

Since all the components are ideal, the result is as expected. Vds is equal to 100 V which was 
the same as the calculated value. The secondary inductance in the simulations differs a bit 
from the calculated value of 詣鎚 = な.ねね µH. To get the right conversion between input voltage 
and output voltage, the secondary inductance was set to 1.85 µH. The output is between 30.8 
and 32.4 V, which is also close to the desired output voltage of 30 V. The efficiency of the 
circuit in Figure 13 is 89.8 %.  
 
 

4.2 EPC2034  
 

 
Figure 15. Schematic of the DC/DC converter with EPC2034 at 3.33 MHz. 
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Figure 16. Converter with EPC2034 with operating frequency of 3.33 MHz. 

 

To be able to handle the desired 140 V in Vds the transistor EPC2034 was selected. This 
transistor can handle up to 200 Vds which seemed adequate. However, the simulations did not 
perform as expected at 10 MHz. The transistor did not switch as fast as was needed. This can 
be seen by looking at the green line in the graph. When the switch turns on the current in the 
primary winding L1 does not drop instantly. This was probably because of a too large output 
capacitance of 530 pF on the EPC2034. This lead us to change the transistor to a faster 
transistor, the EPC8003. The efficiency of the circuit in Figure 15 is 56.8 % and indicated that 
a faster transistor would be preferable.  
 
 

4.3 EPC8003 
 

 

Figure 17. DC/DC Converter with EPC8003 at 10 MHz. 
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Figure 18. Simulation of the DC/DC Converter with EPC8003 at 10 MHz. 

 
The second transistor that was tested was EPC8003 and has an output capacitance of 18 pF. It 
is important to have as low capacitance as possible since it generates losses with each 
switching cycle. The transistor is able to switch fast with a low capacitance which is essential. 
The drawback of EPC8003 is that the Vds is limited to 100 V. This would imply that this 
transistor is not really suitable for handling voltages up to 140 V. The efficiency of the circuit 
in Figure 17 reached 87%. 
 
It can be concluded that by adding a transistor leads to oscillations in the circuit. However, 
there seems to be a problem with the transistors. Either it is to slow or the maximum Vds that 
the transistor can handle is too low. Simulations made with 40 V input voltage was tried but 
this did not achieve a Vds below 100 V. 
 
 

4.4 GS66502B  
 

The third transistor that was tested was Gansystems GS66502B and has a Vds = 650 V and an 
output capacitance of 16 pF.  
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 Figure 19. DC/DC Converter with GS66502B at 10 MHz. 

The result of the simulations with this transistor is quite close to the results with the transistor 
EPC8003 but the Vds and current oscillate less. The output voltage is higher but this can be 
adjusted with a lower load. The efficiency of this circuit is 94 %. The circuit is the same as in 
Figure 17 except for that the transistor in this circuit is GS66502B. 
 
 
4.5 GS66502B with Schottky Diodes 
 

 

Figure 20. The DC/DC converter with both a transistor and Schottky diodes. 

The model STPS40SM120CR is a Schottky diode. The diode that was wanted for the 
simulation was SB01-15C. It can be hard to compare components to each other since different 
manufacturers does not compare the same properties at the same voltages, frequencies etc. It 
has a capacitance of 7 pF at 1 MHz at Vr equal to 10V. The capacitance at Vr equal to 100V is 
3 pF. Since 3 pF is lower then the 150 pF for STPS40SM120CR at Vr = 100V, it was thought 
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that this diode could be an improvement. Therefore, the capacitance of the STPS40SM120CR 
was reduced, to get closer to capacitance of SB01-15C.  
 
The efficiency of this system was 77.6 %. This would mean that to reach an efficiency of 80% 
is not likely, since we do not have a realistic model of the transformer and RCL-components 
in the circuit.  
 

 

Figure 21. DC/DC converter with Schottky diodes.  

At a first glance of the graph can be seen that the I(L1) and I(L2) is oscillating quite much. 
The output is oscillating even more and the output must be dealt with to reach a reasonable 
DC level.  
 
Further simulations suggest that a by increasing C2 to 260 nF, the output ripple can be 
lowered to 99 mV. The efficiency was expected to decrease due to a larger capacitance but 
instead increased to 78 %.  
 
Another problem is that the output voltage is closer to 40 V than 30 V. To regulate this, the 
inductance of L2 was decreased to 0.81 µH from previously 1.85 µH. The voltage now 
reaches down to 30 V and has an output ripple voltage of 78.1 mV. How about the efficiency?  
According to LTspice the efficiency is 76.8%. Both the schematic and simulation are below. 
 



 
37 

 
Figure 22. Schematic of the DC/DC converter with reduced L2. 

 

 
Figure 23. Simulation of a reduced inductance L2. 

It seems like this converter can reach several of the goals that have been agreed. The 
efficiency for this model is quite high and the output voltage have a low ripple, which is close 
to 30 V. 
 
 

4.6 FFT analysis  
   
A FFT analysis was conducted in LTspice to evaluate frequency components of the output.  
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Figure 24. FFT of the DC/DC converter with the circuit of Figure 20.  

 
 

 

Figure 25. FFT of the DC/DC converter with the circuit of Figure 22.  

 
As can be seen above, there is a peak at 10 MHz, which repeats itself every 10 MHz. A larger 
capacitance has reduced the frequency ripple. This was an expected result. Why the FFT 
curve is rather high in the lower frequencies is uncertain to this point. Future improvement 
could include minimizing the effect of these frequencies. 
 
Many frequencies are included in the output signal. Ideally, the gain of those above DC level 
should be as close to zero as possible. These frequency components add ripple to the output.  
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Figure 26. FFT looking at the 10 MHz component. 

 
As can be seen in the graph, there is a peak at 10 MHz, which is the switching frequency 
component. The gain of the 10 MHz component is -36 dBV, which is equivalent to 84 dBµV. 
That is higher than the previous thesis work where it had a goal of 51 dBµV. This extra ripple 
might be because of the flyback topology. It can be reduced by increasing the filter 
capacitance. 
 

5. Experimental 
 

The first step of the experimental was to measure the voltage conversion of the transformer to 
be able to evaluate the core material but also the windings. Inductances of the transformer 
materials were then measured to show the difference between the calculated value and the 
actual value. Later, the efficiency of the converter with different cores are presented. An FFT-
analysis has been made which is compared to the simulated FFT.  
 

There are many ways to arrange the set up for the measurements. Different set ups can lead to 
different results due to error margins in the measurement equipment and approximations of 
the reading of the measurement equipment. The arrangements and the used measurement 
equipment is described in detail in this chapter. 

 

 

5.1 Transformer In- and Output Voltage Measurements 
 
To test the voltage conversion of the transformer, a square wave signal 5 V peak to peak was 
generated by the signal generator Hewlett Packard 33120A. The source impedance and the 
load impedance were matched to maximize the power transfer. A load of 50 Ω was used 
while the signal generator has a built-in resistance of 50 Ω. The voltage over the load was 
then measured with the probe Lecroy CATII and Hewlett Packard 06054 Oscilloscope. 

 
Transformer cores from two different manufacturers were tested: Fair-rite and Ferroxcube. 
Two different number of turns were tested for each core. One core from each manufacturer 
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had five turns of the primary wire and three turns of the secondary wire. The other core from 
each manufacture had ten turns of the primary wire and six turns of the secondary wire.  
 
 

5.2 Inductance Measurements 
 
The transformer was tested when biased with a voltage of 2 V peak to peak square wave 
generated from Hewlett Packard 33120A with a frequency of 10 kHz. To measure the primary 
inductance (40) was used. 
 撃 = 詣 ∗ 鳥�鳥痛    (40) 

 
The current derivative, di/dt, was measured with the current probe Lecroy AP015 and the 
oscilloscope Lecroy HD06054. To get an exact result as possible the transformer was directly 
connected to the signal generator without any cables. Thereby the inductances in the cables 
were not needed to take into consideration. Another thing that possibly could disturb the 
measuring was the current probe. While there were no cables between the signal generator 
and the transformer the current probe had to be connected close to the transformer, which 
could lead to an increased inductance in the transformer because of transferred 
electromagnetic energy from the current probe. 
 

5.3 Voltage Ripple Measurements 
 
When measuring the ripple of the input and the output of the transformer, the voltage probe 
Lecroy CATII was used. The oscilloscope that was used during this measurements was 
Teledyne Lecroy HDO6054. The cables from the power source were twisted to reduce the 
electromagnetic interference from external sources. 
 
 

5.4 Efficiency Measurements 
 
The efficiency was evaluated by measuring the voltage and the current at the input and at the 
output of the converter. The voltage was measured with the voltage probe Lecroy CATII and 
current was measured with the current probe Lecroy AP015. The used oscilloscope during 
this measurement was Teledyne Lecroy HDO6054. 
 
 

5.5 FFT Measurements 
 
The FFT analysis was made by measuring the output voltage on the DC/DC converter with 
the probe Lecroy CATII and than use the spectrum analyser mode on the oscilloscope 
Teledyne Lecroy HDO6054. 
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6. Results and Discussion 
 
This chapter presents the results of the measurements. The inductances and the efficiency of 
the transformer are shown. The efficiency, the output voltage ripple and the FFT- analysis of 
the DC/DC converter are also presented. All the results are discussed and compared to the 
performed calculations and simulations.  
 
 

6.1 Transformer In- and Output Voltage  
 
From Figure 27 it can be seen that the core of the material 4F1 from Ferroxcube has a voltage 
conversion that is closest to the calculated conversion with the ratio of 5:3. At a switching 
frequency of 10 MHz to 15 MHz, the conversion was the same for both the transformer with 5 
turns on the primary side and the transformer with 10 turns of the primary side. From 5 MHz 
up to 10 MHz, the Ferroxcube transformer with 10 turns on the primary side has the same 
ratio as from 10 MHz to 15 MHz while the Ferroxcube transformer with five turns on the 
primary side has conversion that differs more from the calculated conversion. The transformer 
with the core material from Ferroxcube and 10 turns on the primary side and 6 turns on the 
secondary side is the most suitable transformer when considering the voltage conversion 
while the converter will be tested even for lower frequencies than 10 MHz.  

 

Figure 27. Output voltage of the different transformers with an input voltage of 5 Vpp. 

 

 

6.2 Core Inductance 
 

With five turns on the primary wire and three turns on the secondary wire, the primary 
inductance was measured to 1.5 µH. While the primary inductance was calculated to 4 µH the 
measured value differed from the calculated. To further increase the inductance of Lp the 
number of turns were increased from 5 to 10 and the secondary turns from 3 to 6 by using 
(30). Now, the number of turns have the right proportion with this modification. The result 
was that the primary inductance was not increased.  
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Table 6. Inductance measurement for Fair-rite material 68. 

Primary 
turns 

Secondary 
turns 

Primary Inductance 
(µH) 

Secondary 
inductance (µH) 

Leakage inductance( 
µH) 

5 3 1.5 0.75 0.75 
10 6 1.5 0.75 0.67 

 
The same test was conducted with the material from Ferroxcube 4F1.  
 
Table 7. Inductance measurements for Ferroxcube material 4F1. 

Primary turns Secondary turns Primary 
inductance (µH) 

Secondary 
inductance 
(µH)  

Leakage 
inductance 
(µH) 

5 3 0.67 0.6 0.75 
10 6 5.0 2.5 0.42 

 
From Table 6 and 7, it can be seen that the transformer with the core material 4F1 with ten 
primary turns and six secondary turns was the value closest corresponding value to the 
calculated value of the inductance. The leakage inductance was never calculated due to a lack 
of variables and can therefore not be compared.  
 
With five turns on the primary side and three on the secondary side, the leakage inductance is 
about equal to the primary inductance. The leakage inductance reached 10% of the primary 
inductance with ten turns on the primary side and six turns on the secondary side, which is 
considered as a high leakage. The simulations were made with a reasonable assumption of a 
leakage inductance of 0.1 µH, which is about one fourth of the measured leakage inductance. 
This high leakage inductance will affect the properties of the converter. The values of the 
resistor and the capacitor in the snubber circuit needs to be changed in order to be optimized 
for the converter due to the higher leakage inductance than what was expected.  
 
It was tested to wind each side of the transformer with a bifilar coupling but this increased the 
leakage inductance, which was unexpected. Therefore, it was wound on the entire core 
instead. The leakage inductance should be kept as low as possible and under 1% of the 
magnetizing inductance if possible (Ridley). 
 
The size of the transformer might be a problem. The transformer was designed to have as high 
efficiency as possible when operated in MHz frequencies. If the core was smaller the leakage 
would perhaps be less but at the same time the core loss would increase.  
 
 

6.3 Input and Output Voltage Ripple 
 
Figure 28 shows the result when a input voltage of 5 V and the switching frequency was 5 
MHz. With Ferroxcube 4F1, this gave 2.8 V on the output which is close to 3 V. However, 
the ripple voltage was 1.7 V which is far too high. This can be viewed in Figure 28.  
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Figure 28. Output of the DC/DC converter. 

Some improvements were made on the converter: 
  Changed to a load with lower inductance  Tantalum capacitors were changed to ceramic capacitors  Input capacitors were put closer to the transistor 
 
Input capacitors were integrated into the design and have the values of those in Table 5. 
Measuring the converter with an input voltage of 5 V gave the following result.  
 

 

Figure 29. Output of the DC/DC converter with improvements. 

The reached output voltage is 2.5 V at the output of the DC/DC converter. The desired output 
voltage of 3 V was not achieved. The measured voltage ripple in Figure 29 was 102 mV. The 
voltage ripple will increase as the input voltage increases, which indicates that operating with 
an input level of 50 V will not give the desired result.  
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6.4 Efficiency of the DC/DC Converter 
 

The power was first calculated with  
 ��津 = 戟�津 ∗ 荊�津    (41) 
 
and 
 �墜通痛 = 戟墜通痛 ∗ 荊墜通痛    (42) 

 
 

Then efficiency measurements were conducted with the following equation 
    

 � = �任祢禰��韮      (43) 

 
This does not take the phase difference between the input current and input voltage into 
consideration. The efficiency was first measured in this way. The reactive power is therefore 
not included in this test. A reason is that ideally, the phase on the load should be resistive and 
in this case, it is not. 
 
             Tabell 8. Efficiency of the DC/DC converter with Ferroxcube 4F1 core, with 5 V input. 

 
 
 
 
 
 
 
 
 
 

In Table 8, the result of the DC/DC converter with the transformer material Ferroxcube 4F1 
can be seen. The windings were 10 on the primary and 6 on the secondary. The input voltage 
was 5 V. 
 
The efficiency of the converter is low. The reason for this can depend on the following 
factors. The card is too large which leads to a contribution of inductance from various 
conduction paths. The added inductance generates larger ripple voltage which become losses. 
The leakage inductance is also large which results in low efficiency. A large leakage 
inductance also leads to larger voltage spikes that have to be dealt with via a snubber circuit, 
which affect the performance. 
 
In Table 8, the measurement is conducted on the DC/DC converter together with a 
transformer with the transformer material Fair-rite Material 68. The windings were 10 on the 
primary and 6 on the secondary. The input voltage was 5 V. 
 
    

Freq (MHz) Pin (W) Pout (W) Efficiency (%) 
5 0.500 0.180 36 
6 0.130 0.063 48 
7 0.120 0.062 52 
8 0.130 0.066 51 
9 0.130 0.064 49 
10 0.120 0.052 43 
11 0.110 0.049 45 
12 0.110 0.040 36 
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Table 9. Efficiency of the DC/DC converter with Fair-rite Material 68 with 5 V input. 

Freq (MHz) Pin (W) Pout (W) Efficiency (%) 
5 0.360 0.077 21 
6 0.240 0.069 29 
7 0.180 0.071 39 
8 0.155 0.064 41 
9 0.125 0.058 46 
10 0.110 0.056 51 
11 0.090 0.049 54 
12 0.095 0.044 46 

 
 
The conclusion is that the efficiency of the Fair-rite core is higher then the Ferroxcube core. 
The measured efficiency is though quite equal for the both materials and the differences can 
likely depend on error margin of the measuring or an more or less optimal design of the 
DC/DC converter. 
 
In Table 10 and 11, it can be seen that the efficiency decreased when the input voltage level 
was raised. The efficiency of the converter decreased with approximately 20 % when the 
input voltage level was increased from 5 V to 10 V. The efficiency was almost the same with 
an input voltage level of 10 V as for an input level of 15 V. When the input voltage was 
further increased, the efficiency decreases. 
 
As the input voltage was increased, the ratio of the conversion was changed. At 5 V input, the 
ratio was about 2:1. When measuring at 10 V input and 15 V input, the ratio was about 3:1. 
When the input voltage was increased to 20 V, the ratio was approximately 4:1. It can be seen 
that the converter behaved in the same way for 10 V as for 15 V. 
 

Table 10. Efficiency of the DC/DC converter with Ferroxcube 4F1 with 10 V input. 

Freq (MHz) Pin (W) Pout (W) Efficiency (%) 
5 0.420 0.120 28 
6 0.401 0.110 27 
7 0.400 0.115 29 
8 0.401 0.116 29 
9 0.395 0.116 29 
10 0.390 0.119 31 
11 0.383 0.113 29 
12 0.398 0.101 25 

 
 

Table 11. Efficiency of the DC/DC converter with Ferroxcube 4F1 with 15 V input. 

Freq (MHz) Pin (W) Pout (W) Efficiency (%) 
5 0.778 0.230 30 
6 0.703 0.219 31 
7 0.734 0.222 30 
8 0.719 0.221 31 
9 0.704 0.228 32 
10 0.719 0.232 32 
11 0.704 0.222 32 
12 0.720 0.200 28 
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                Table 12. Efficiency of the DC/DC converter with Ferroxcube 4F1 with 20 V input. 

Freq (MHz) Pin (W) Pout (W) Efficiency (%) 
5 1.250 0.295 24 
6 1.111 0.235 21 
7 1.131 0.285 25 
8 1.128 0.277 25 
9 1.090 0.286 26 
10 1.102 0.246 22 
11 1.089 0.280 26 
12 1.110 0.268 24 

 

 
6.5 FFT analysis 
 

A FFT measurement was conducted and is evaluated in this chapter. In the picture below each 
decade is corresponds to 20 dBµV/div on the y-axis and 20 MHz/div on the x-axis. 
 

 

Figure 30. FFT of the DC/DC converter with Ferroxcube 4F1 at 5 MHz. 

It can be seen that from 5-50 MHz the peaks are declining. The reason for this is likely that 
the signal generator is generating a square wave with good quality at these low frequencies. 
At 80-100 MHz there is a noticeable resonance within the circuit. A possible reason for this is 
a too large design that introduce additional inductance which resonate at these frequencies. At 
5 MHz the peak is about 75 dBµV.  
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Figure 31. FFT of the DC/DC converter with Ferroxcube 4F1 at 10 MHz. 

There is no clear decline in the peaks above 10 MHz which might suggest that the signal from 
the signal generator might not provide a proper square wave. The peak at 10 MHz is about 65 
dBµV but the peaks after does not seem to fade. Again, there is an obvious resonance in the 
circuit at the same interval as before. 
 
By comparing the simulated FFT to the measured FFT, it can be seen that the simulated 
behaves as thought by decreasing in signal intensity while reaching higher frequencies. The 
measured result did not behave as was thought. This was because of the oscillations at the 
frequency of 70 MHz and above dominated the frequency spectra.  
 
 

6.6 Reflections 
 
The toroidal transformer is not electrically small with its 3 cm in diameter. By reducing the 
core size, the efficiency will be reduced. If a smaller toroid can be used, it would lead to a 
smaller design and probably a lower price for the customer. Though the main goal was to 
construct a high efficiency transformer core. 
 
Since discontinuous mode will generate more ripple voltage than continuous mode, perhaps 
the converter should have operated with continuous mode. Ripple has been a problem for the 
converter and the added capacitances could not filter out as much as was desired. By adding 
additional capacitators did not necessarily improve the filtering. This was likely because of 
the large PCB. 
 
A planar core was considered in the beginning of the project due to the highest power density 
of the core structures. Since a PCB needs to be designed to implement a planar core, another 
core was selected. This was due to PCB construction can be time consuming. The toroidal 
structure was selected because of the high efficiency and simple layout compared to other 
cores. The winding could also be wound in different ways, which seemed as a good feature.  
A PCB was constructed in the end since GS66502B was a surface mounted transistor. It was 
hard to find a transistor which managed the high Vds needed. 
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The transistor that was selected first was EPC2034 which had a Vds of 200V. This transistor 
managed the Vds limit but did not work as planned for 10 MHz since it had a rather large 
input- and output capacitance. Instead the EPC8003 was chosen with a lower capacitance but 
at the same time, it is limited to a maximum 撃鳥鎚 of 100 Vds. It was time consuming to find a 
replacement for EPC8003 but GS66502B was later found and the Vds problem was solved. 
 
Zero voltage switching was a wanted feature of the system but not necessary. While waiting 
for the transformer core to be delivered, simulation on the topic began. It was hard to find 
controllers and drivers to manage the high frequency. Therefore, we began designing a 
voltage controlled oscillator and an error amplifier since this could regulate the transistor 
according to some sources. The result was that the input to the transistor did not receive a 
proper signal for regulation. A proper driver circuit had then to be implemented instead. 
Though other tasks were prioritized.  
 
While the transformer was designed from scratch there has been hard to find data to evaluate 
the specifications for the transformer. Sometimes big approximations have been which could 
have been affecting the accuracy of the properties. Often we could not apply the theory 
directly when designing the core material. For example, α and β from Steinmetz equation and 
Al - value were not given from the manufacturers, which lead to extra work when deciding 
transformer parameters. 
 
Materials were not taken into consideration when calculating the gap. The gap should 
perhaps be customized depending on which material is used.  
 
The simulated model of the transformer was ideal except for an added leakage inductance. In 
reality there are a lot of parasitic elements in the transformer that will make them differ from 
their ideal characteristics. Winding capacitances can be added to make a more realistic 
simulation model.   
 
The parasitic elements plays a great role when it comes to MHz operation. A reason to why 
the losses were so large is likely because of the parasitic elements in the winding but also in 
the circuit.   
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7. Conclusions  
 

The goal for the DC/DC converter was to be able to convert 50 V to 30 V with an efficiency 
of 80 %. However, the measurements were conducted at 5 V input and 3 V output. This was 
due to that the ripple voltage became too large at higher voltages, which reduced the 
efficiency. The converter achieved a result of 51 % efficiency at 10 MHz with the Fair-rite 68 
core material. Some components had legs which also increased the inductance of the circuit. 
If all components were surface mounted, placed closer to each other it would likely improve 
the efficiency and also reduce ripple voltage.  
 

The size of the toroid core was optimized mainly with the respect to the efficiency of the core 
material. This led to a core size that was large. With the large size of the transformer core 
other factors can be a problem. One important factor that had to be taken into bigger 
consideration when designing the transformer was the practical aspect of the transformer 
winding. Because of the large size of the transformer it was hard to have the windings tightly 
coupled and be consistent for every turn of the winding. The consequence of this was a high 
leakage inductance.  
 
As a final conclusion of this thesis it can be said that the DC/DC converter worked properly in 
theory. When it came to reality, the built prototype of the DC/DC converter could not achieve 
the wanted voltage level because of the big impact of the parasitic elements that were 
dominating at the relatively high operating frequency. 
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8. Future Work 
 
Future work of this project would result in a more efficient converter and a smaller design 
then what was achieved. These are some of the things that can be improved. 
 
The most important improvement should be to decrease the size of the PCB design. By 
minimizing the design of the conductor’s path, it can lead less inductance in the system, 
which is important at MHz frequencies.  
 
The size of the toroid can be minimized since it might be too large. A reduction of the size 
could minimize the parasitic elements in the transformer and it would be easier to have the 
windings tight. 
 
Because of the difficulty of winding a toroid core it would in our case probably be better to 
choose a core shape where the windings are more compact on the core. A planar transformer 
has the highest power density which would decrease the size and increase the power density 
of the DC/DC converter and could be a preferable choice. 
 
A more realistic simulation of the transformer can be done in the future. There are several 
software programmes where it is possible to simulate electromagnetic fields and do more 
electromagnetic analyses which could be profitable for the transformer design. A more 
realistic simulation of the converter can even be evaluated in LTSpice. 
 
A future work could be to realize a converter topology with zero voltage switching. A choice 
of ZVS- MRC would be an improvement of the efficiency. 
 
Since the focus of this thesis has been on studying and optimizing the transformer, there is 
some improvements of the DC/DC converter that must be done before the converter would be 
able to work in real applications. One improvement can be that the simulations and the 
measurements can be done with pulsed loads in order to see how the converter behaves. Also, 
a regulator and a driver circuit can be investigated and implemented.  
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Appendix 
 

A. Laboratory Equipment 
 

Table 13. Equipment used during measurements. 

Type Manufacturer Model 
Signal generator Hewlett Packard 33120A 
Oscilloscope Teledyne Lecroy HDO6054 
Oscilloscope Hewlett Packard 06054 
Power supply Powerbox B703DT 
Power supply Powerbox 3100 
LCR-meter Hewlett Packard 4332a 
Voltmeter Fluke 87 
Current probe Lecroy AP015 
Voltage probe Lecroy CATII 
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B. PCB layout 
 

 

Figure 32. PCB layout of the converter.  
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C. Picture of the DC/DC converter 
 

 

Figure 33. The DC/DC converter with added in- and output filters. 


