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Objectives 

This thesis focuses on an isolated bidirectional DC (IBDC) converter connected on 

a smart grid, especially a Dual Active Bridge (DAB) converter. The goal is to study 

this topology, size the converter and analyse the power devices. 

Methods | Experiences | Results  

A state of the art of isolated bidirectional DC (IBDC) converter has been done to 
understand and select the topology for this converter. The DAB topology has been 
selected. Its modulation scheme and how power is transferred through the 
converter have been studied. Knowing the power losses generated by power 
devices, a selection of component from the market have been made. Switching 
devices are the key point of this thesis. With an unstable market, they had to be 
selected and studied to ensure to create less losses as possible. Referring to a 
converter from a project of European Union created in the partner school, some 
analyses, as thermal analysis, have been done to define which component fit with 
the specified application. The sizing of the elements allowing the dissipation of the 
power losses have been made and a study of filters added to the converter was 
investigated to attenuate the currents and the harmonics generated before and 
after the converter. A final global analysis was done to control if the objectives of 
high-power density, galvanic isolation and high efficiency have been achieved. 
 

 

The thesis is based on this example of real converter and focuses on the power 
devices optimization. Real converter used for the project « RESOLVD » of 
European Union. 
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1  
Context 

The current energy context is constantly changing. Political decisions to reduce the carbon 

footprint of our society and particular geopolitical situations such as the war in Ukraine 

mean that supply and demand are constantly being challenged. 

In Europe, the European Commission has set up the Green Pact for Europe [1], which aims 

to find a balance between the emissions created that contribute to global warming and the 

emissions absorbed. The goal is to reduce CO2 emissions by 55% for 2030 and become 

carbon neutral for 2050 through the creation of renewable energy, more efficient 

consumers, cleaner transport, greener farms, and a circular economy. Also, a ban on the 

sale of internal combustion passenger cars is planned for 2035. This pact aims to accelerate 

the implementation of work to achieve the goals of the Paris agreements. However, each 

country will meet these targets in its own way. While Germany decides to do so while 

betting to get out of nuclear power in 2022, France builds new nuclear power plants in order 

to reduce other fossil fuels. In Spain, which is considered to be on an energy island with 

Portugal, the strategy is largely focused on the development of wind and photovoltaic 

farms. In 2021, it reached a record of 47% of renewable energy in its electricity mix, of 

which 23% comes from wind power. Switzerland, which is not directly affected by the 

European Commission's decisions, is also planning to be carbon neutral by 2050 while 

phasing out nuclear power. Despite being at the centre of Europe, a gateway for various 

imports/exports between the countries around it, this one faces the risk of an energy 

blackout in the coming winters, following disagreements with the EU. It must also find 

solutions to boost its production of renewable energy, which already accounts for 58% of 

its electricity mix in 2021. 

The stakes throughout Europe are therefore high and the time to achieve this is already 

close. Adding to this the unstable geopolitical context in Eastern Europe with the Russian 

invasion of Ukraine, the European Commission has therefore put in place the REPowerEU 

plan [2]. It is a response to the difficulties and disruption of the global energy market caused 

by this war. The goals are to save energy, produce clean energy and diversify energy 

producers. This plan is supported by financial and legal measures for the construction of 

new infrastructure and the new energy system that Europe needs. As many European 

countries are dependent on Russian gas and oil imports, the aim is to achieve carbon 

neutrality without Russian resources. 

Finally, many changes are expected, particularly in the electricity network, which was 

largely created after the Second World War. Decentralisation of producers is necessary with 

the addition of micro producers such as wind, photovoltaic or micro hydro. The grid is 

being led to change and to be constituted of sub-grids, with more consumers such as the 

expansion of electric vehicles (EVs), which must be able to be of a different nature and 

therefore meet the needs of alternating current or direct current. This new type of electricity 

network, known as the "smart grid", must also be secure and affordable so that it can be 

easily integrated into people's daily lives.   
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2  
Summary 

 

 

This thesis deals with a model of distributed energy resource conversion in a smart grid, 

represented in Figure 2.1. Power electronics can be considered as a key technology for the 

realisation of these networks, where power quality and security are the most important 

points. In fact, in order to adapt to the new producers and consumers, which are essential 

to Europe's new energy strategies, all of which are of a different nature, this type of network 

must be very flexible in the supply of energy. These distributed energies sources (DES) are 

interconnected to the grid via electronic converters. As each electrical load contains an 

electronic power circuit/converter, the total electrical energy produced and consumed is 

converted and shaped. This means that it is important that these conversions are done with 

a maximum of efficiency, knowing that the new generators do not have a very high 

efficiency due to their variable energy density depending on the conditions (wind, sun, 

etc...) compared to the traditional generation plants. Also, these converters will have to be 

particularly reliable in the future because the expansion of power electronics in the 

distribution/residential level will only increase. Its widespread use in the grid will also allow 

greater control of the grid and its stability. 

Government / Bank 

Offices / 
Companies

Homes

Factories / Suppliers

Energy supplier

Nuclear power plant /
Thermal power plant

Hydraulic power 
generation

Renewable energy

Electrical vehicle

 

Figure 2.1 : Smart grid representation 

This work focuses particularly on DC energy conversion. Indeed, photovoltaic panels, 

electric vehicles (EVs), fuel cells or batteries for local storage are some of the technologies 

that all operate on DC and contribute to the achievement of Europe's targets. These 
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emerging technologies are both producers and consumers, which creates a challenge for 

converters that must be able to transfer power in both directions. Also, galvanic isolation is 

becoming a mandatory safety feature in this type of network. It is important to note that 

smart grids can initially be installed in support of traditional grids and therefore through 

converters. They are therefore to be considered as important connection points between 

different networks and different types of energy. The criteria of primary importance are 

power density, i.e., the passage of high power in a small module, especially in the 

automotive sector, and cost effectiveness. 

As mentioned, the trend to design converters in a small volume that can transfer high power 

density dates back a long time. When designing a converter, the important points are 

minimising the volume and therefore maximising the power density. Weight minimisation 

can also be important when it comes to a vehicle to ensure lower consumption. Also, 

minimisation of losses with maximum efficiency at the lowest possible cost and high 

reliability are to be considered. The study and design of these converters must take these 

objectives into account in order to be able to offer efficient and competitive products on the 

market. 

This work is a following adaptation of the « RESOLVD project » [3], which concern the 

converter studied. Indeed, this converter has been sized and tested for specific applications 

and has been approved, but this thesis has to investigate some possibilities of 

improvements, especially in the power devices research.  
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3  
Objectives 

 

As stated earlier, this work focuses on DCDC conversion and therefore the isolated bi-

directional DCDC (IBDC) topology meets the criteria of major importance and 

requirements for the type of network in which it must operate. The focus of this work is on 

this type of converter connected to the electrical network at the distribution/residential level 

and more particularly for a back-up in case of energy shortage or stabilisation of network 

disturbances. It is therefore a question of installing a converter between a DC network and 

a battery.  

The study in this thesis is carried out only on this converter and therefore does not consider 

the nature of the network as a whole, for example the integration of filters upstream or not 

on other elements surrounding it. Therefore, the product has to adapt to any particularities 

of the DC network in which it can be installed. 

"The main objective of this thesis is to study the design of the 

topology of an IBDC and to size it to best fit in the specific 

environment described, by analysing it." 

In general, such a study that leads to the design of a converter is carried out in several stages, 

each of which defines objectives that correspond to the nature in which the converter 

evolves and also serve the main objective sought by Europe, which is to reduce global 

energy consumption. These stages are as follows: 

1. Determine the application and specifications for which the converter has to work 

2. Study the existing topologies and define which one can be adapted to the 

application 

3. Know the specific characteristics of this topology 

4. Define its modulation scheme and its components 

5. Model, size and analyse the electronic components 

6. Carry out a global analysis of the converter and compare the results with the 

objectives defined by the application 

By framing the project in this way, it is easy to observe its progress and to validate certain 

stages as they occur. 

The sizing of a converter as a whole, as regards the understanding of each equipment in a 

precise way, taking a lot of time, this thesis focuses on the power devices (semiconductors 

and their modulation) and not on the magnetic part such as the sizing of the transformer 

allowing the galvanic insulation, which are relative to the project [3]. Nevertheless, only 

filters that can be quickly dimensioned are considered.  
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4  
Application and its 

specifications 
4.1 The application 

This work investigates a particular single-phase, bi-directional DC-DC converter that 

allows power to be transferred between a distribution network at the residential level and a 

battery in a smart grid. At this level, the grid consists of different elements, several 

converters connect to a main DC high voltage line. These converters serve as interfaces 

between producers (Fuel Cell, Electrical Generators, ...) and consumers (Air conditional, 

Electrical Motors, ...). This study focuses on the bi-directional converter between the HV 

DC bus and the LV DC BUS, thus for the use of the battery in low voltage. This battery can 

have several uses. Firstly, it can be used as a back-up battery in the event of a standard 

blackout on the residential network. It can therefore take over the power source and serve 

as a back-up service to avoid a power cut for residents. A second use is to be able to charge 

the battery when the price of electricity is low and to reinject it into the grid when the price 

is higher. A final utility, which is expected to become increasingly important, is the 

potential to stabilise grid disturbances. Since electricity consumption is not linear and 

constant at all times of the day, the battery could provide for needs at critical times of the 

day. But also, given the rise of new generators such as wind turbines and photovoltaic 

panels, the disruptions they bring to the grid are large and very irregular. This battery can 

also be used to compensate for grid disturbances. The bi-directional converter is therefore 

necessary to transfer power according to the state of the grid and the electricity market. An 

application that is intended to be multiple and flexible. 
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Figure 4.1: Electrical power system architecture in which involve the converter studied  

This architecture can consider different elements of the smart grid for users and producers. This grid can be 

composed of a high voltage DC Bus, where different converters are connected to transfer energies from different 
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producer to different consumer. This smart grid is as well connected to the well-known main utility grid by a 

converter. It is as well composed of a low voltage DC Bus, which allows low batteries to be connected in. The 

converter studied for this thesis is the one which interconnected the two DC Buses. As it is possible to see, this 

converter has a galvanic isolation and need to be able to transfer energy in two directions. 

4.2 Specifications 

In order to design such a converter to fit the environment required above, the specifications 

defined by this network must be considered. The converter must therefore meet the 

following stated objectives: 

Description Symbol Value Unit 

Rated power P (= PB1 = PB2) 20 kW 

Rated power for sizing (+20%) P (= PB1 = PB2) 24 kW 

Voltage on port 1 – LV DC Bus VHF1 240 V 

Voltage on port 2 – HV DC Bus VHF2 800 V 

Transformer ratio n1 : n2 3 : 1 - 

Voltage ratio {d = (VHF2/ 

(VHF1*n1n2))} 
d 1,11 - 

Frequency fsw 40 kHz 

Table 1: Specifications of the converter 

These values have to be respected in order to achieve a converter that fits the network. In 

order to ensure the safety of the converter, 20% is added to the desired electrical transfer 

power. This allows for a slightly more robust design that guarantees operation without 

destroying the equipment during an overload. 

Some additional conditions are also necessary to achieve the objectives of the ecological 

ambitions: 

Additional requirements 

• Galvanic isolation 

• Bidirectional power flow capability 

• High conversion efficiency (η > 95 % at the nominal operating point) 

• High power density 

• Autonomous cooling 

• Semiconductors switching devices MOSFETs (SiC if possible) 

Table 2: Additional requirements necessary for the converter 

The overall mechanics of the converter are taken from the existing project that have worked 

well in this way [3]. Therefore, the choice and size of certain components, such as radiators 

and fans, are defined in advance.  
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5  
State of the art 

 

When designing a converter, the first thing to consider is which topology may be 

appropriate to meet the requirements specified in Chapter 4. Since there is a wide variety 

of topologies for single-phase, bi-directional, isolated DC-DC converters, it is complicated 

to make a complete study of each of them and their options in order to determine which one 

fits. Therefore, it is necessary to rely on the literature [4], which is based on designs that 

have already been carried out and studied, and to select some of them that should 

correspond to the desired application. 

The purpose of this chapter is to outline the different topologies of IBDC converters that 

can possibly meet the objectives outlined in the previous chapter. Section 5.1 explains the 

different Isolated Bidirectional DC Converters that exist, expressing their strengths and 

weaknesses as well as their topology. Then section 5.2 develops the choice of the converter 

based on the specifications and requirements. 

By this approach, based on already approved implementations, the following steps 

concerning the modelling of the converter topology, the electrical circuit model and its 

modulation scheme can be defined simply. 

5.1 Existing IBDC topologies 
In general, the advantages offered by bi-directional isolated DC converters, such as their 

galvanic isolation through safety transformers and their ability to transfer power flows in 

both directions, all with high power density, are well known. Their component parts are 

generally the same depending on the topology. An IBDC converter is therefore made up of 

the following parts, see Figure 5.1: 

1. Upstream and downstream filters to smooth the voltage and current to ensure a 

clean signal for the conversion. These can be achieved by using capacitors or 

inductors. 

2. DC-AC/AC-DC converter modules converting the DC signal to high frequency AC 

for the transformer. These two converters allow bi-directional power flow. They 

can be composed in different ways which will be presented below. 

3. It is possible to add HF networks allowing energy storage capacity in the HF AC 

part to modulate the switching current waveforms in order to reduce switching 

losses. These are not always necessary but may be present in case of transformer 

disturbances. They are in the form of additional capacitors or inductors. 

4. An HF transformer is necessary if the mention of galvanic isolation is required. As 

an option that is becoming more and more desired, the transformer allows the two 

parts of the converter to be isolated. Also, it can supply different voltages to the 

primary and secondary. The higher the operating frequency of the transformer, the 

smaller its size can be.  
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Figure 5.1: Different parts of an IBDC converter 
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IBDC topologies can be classified into subcategories; Single-Stage, Dual-Stage topology 

or according to the number of semiconductors. Also, a distinction is made if the converter 

is resonant or not. 

5.1.1 Dual-Stage topologies 

The Dual-Stage topology corresponds to the series connection of converters. For example, 

a PFC rectifier to rectify AC line voltage to DC voltage or vice versa, followed by a boost 

converter to increase the voltage level. This sequence allows the signal to be modelled as 

required to perform a conversion. They are generally used to cover applications requiring 

wide input and output voltage ranges. In this case, it would be necessary to add a DC-DC 

converter between the filter and the AC converter. However, the addition of a converter 

generates more power losses than a single converter. Therefore, when the objective is to 

have as little loss as possible, this topology is not the most suitable. 

5.1.2 Single-Stage topologies 

The Single-Stage topology is more efficient as long as it contains a minimum of 

components. There are different ways to create a single-stage converter. They can be 

divided into three groups, see Figure 5.2; topologies with a low number of switches, 

topologies with Double Bridge without resonant network and resonant DAB. 

 

 

 

 

 

 

 

 

5.1.2.1 Low number of switches 

The first type of topology corresponding to the Single-Stage is the one with the smallest 

number of switches. For example, bidirectional converters such as Forward or Flyback, see 

Figure 5.3, as well as other variants, contain few components and allow bidirectional power 

transfer with galvanic isolation, but this is for maximum powers of 2 [kW]. These 

topologies are therefore not suitable for high power applications. 

V1 V2
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V1 V2

 

(a) Bidirectional forward                                                (b) Bidirectional flyback 

Figure 5.3: IBDC topologies with less switches 
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Figure 5.2: Topological Single-Stage classification 
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5.1.2.2 Dual Bridge Converters without Resonant Network 

The second type of topology for the Single-Stage is the so-called Dual Bridge without 

resonant network. It can be formed by full bridges, half-bridges, or possible variations with 

passive components. 

1. The first possibility for this type of topology is Single Dual Active Bridge (DAB), 

see Figure 5.4. This is interesting for its low component count and uniform current 

distribution across the different power devices. Its operating principle is based on 

a phase shift between the input and output voltages, which allows energy transfer. 

The opportunity to operate under soft switching conditions is also an advantage of 

this type of topology. Often an inductor in series with the stray transformer inductor 

is added, or the stray transformer inductor itself is used to control the HF current. 

V1 V2

 

Figure 5.4: Dual Active Bridge (DAB) topology 

2. The second possibility is a variation of the first, Three-phase Dual Active Bridge 

(DAB), see Figure 5.5. This version allows a smaller RMS current to flow through 

the components. It is controlled by a similar single-phase shifting switching 

strategy. The disadvantage is that more components are required. 

V2

 

Figure 5.5: Three-phase Dual Active Bridge (DAB) topology 

3. The last possibility is the Bidirectional Isolated Full Bridge Converter, see Figure 

5.6. This time the high voltage bridge is controlled as a voltage source and the low 

voltage bridge is controlled as a buck converter. Indeed, the parasitic inductance of 

the transformer is reduced, and an additional inductance is added on the low voltage 

side. The RMS current in the capacitors is lower. However, the inductance in series 

with the parasitic inductance of the transformer emits voltages spikes at each 

switching period. 
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V1 V2

 

Figure 5.6: Bidirectional Isolated Full Bridge Converter 

These possibilities can be implemented with full bridges, but also with different variants 

on each bridge. The most commonly used alternatives are push-pull or half-bridge 

topologies. 

5.1.2.3 Dual Bridge Converters with Resonant Network 

Finally, the third type of topology for Single-Stage is called Dual Bridge Converters with 

Resonant Network. Topologies such as LLC or LCC are currently widely studied in the 

literature. However, due to particular restrictions on voltage spikes and short circuits, these 

converters are greatly limited. The operating modes of these converters produce very low 

switching losses, but the conduction losses are quite large and passive elements carrying 

large currents must be added. 

5.2 Topology Selection 
Of the various topologies explained in the previous section, the one chosen for the 

application specified in Chapter 4 is the Single DAB. Indeed, the low number of switches 

and passive elements makes this topology one of the most interesting. In addition, the 

possibility of reducing switching and conduction losses through its control strategy and the 

opportunity to operate in soft switching conditions make Single DAB the most suitable 

candidate for the application specified above. This topology can as well ensure the galvanic 

isolation with its transformer and the bidirectionality. 
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6  
The DAB Converter 

In this chapter, the Single DAB converter, which was identified in Chapter 5 as the most 

suitable topology for the application defined in Chapter 4, is studied. Firstly, a more precise 

study of its topology and simplified models is carried out (sections 6.2 and 6.3) in order to 

determine the various components of the converter. Then, a study of the potential losses 

created by the electronics is carried out in order to carry out the subsequent analyses (section 

6.4), and an explanation of what are the switching modes, especially the Zero Volt 

Switching (ZVS) is (section 6.5). Also, its modulation scheme is defined as well as the 

different currents flowing through the converter (section 6.6). Once all these elements are 

known and considered, the dimensioning of the components (section 6.7) and their analyses 

allow defining the converter fulfilling the objectives announced at the beginning. Finally, 

an overall analysis (section 6.8) of the converter allows to draw a conclusion on this design 

and to propose potential improvements that can be carried out. 

6.1 Software for this work 

The main software used for the analyses and simulation in this work are the followings:  

- MatLab Simulink 

- PLECS 

- Microsoft Office Excel 

6.2 Original DAB Converter 

A Dual Active Bridge (DAB) converter is composed of two active full bridges circuits made 

of active gates as semiconductors. They are separated by a high-frequency (HF) transformer 

and can have in option an additional external inductance. This converter is known to have 

a high efficiency and a high-power density. It has an ultra-fast dynamic response and the 

capability of buck-boost operation as well as bidirectional power flow. The figure below 

shows the circuit schematic of the DAB DCDC converter as it is known.  

C2C1VDC1 VDC2

iHF2iHF1

n1 : n2

S11
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S13

S14

S21

S22

S23

S24

vHF1 vHF2

Lstr + Ladd

 

Figure 6.1: DAB Converter circuit 

Then the steady-state working principle of the soft-switching DAB converter is explained 

based on this original circuit implementation, the accompanying modulation scheme and 

the applied zero voltage switching (ZVS) considerations. In this work case, it is decided to 

keep the traditional modulation strategy as the phase-shift modulation (PSM), instead of 

studying all the possible degrees of freedom available for controlling the DAB’s active 

bridges of the converter. This choice is based on the simplicity of its implementation and 

on its widespread use. 
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6.3 Lossless DAB Model 

Conform to Figure 6.1, the two active bridges implemented as full bridges of active gate-

controlled switching devices and anti-parallel freewheeling diode, produce a quasi-square 

wave voltage as sources vHF1(t) and vHF2(t), which their mean is 0V to not saturate the 

transformer. Voltage vHF1(t) is equivalent to the DC bus voltage of input, vHF1(t) = vDC1, as 

the voltage vHF2(t) is equal to the DC bus voltage of the output, vHF2(t) = vDC2. 

Generally, considering an ideal case assuming an infinite magnetizing inductance, relative 

to the weight of inductance Lm and zero transformer winding resistances as the iron losses 

Rc and the copper losses R1 and R2, all without any core less, the equivalent circuit of the 

transformer can be simplified as it is shown in Figure 6.2. The power flow possible to be 

transferred through the converter is controlled by the current of the stray inductance of the 

transformer. Frequently, an additional inductance Ladd is added in series to the stray 

transformer inductance because its critical value for the converter operation is hard to 

define. 

     

R1 Lstr1 R2

Rc

Lstr2

LmVH1 VH2

   

Lstr 

VH1 VH2

 

     (a) Equivalent transformer circuit                               (b) Equivalent simplified transformer circuit 

Figure 6.2: Transformer circuit simplification 

Lstr1 and Lstr2 are corresponding to the leakage inductances of the transformer in each side.  

𝐿𝑠𝑡𝑟 = 𝐿𝑠𝑡𝑟1 + (
𝑛1
𝑛2
)
2

∗ 𝐿𝑠𝑡𝑟2 + 𝐿𝑎𝑑𝑑 (1) 

Also, to simplify the analysis, the resonant transition duration is significantly shorter than 

the period of the quasi-square waves, letting to replace the full bridges circuits as input and 

output by ideal voltage sources vHF1 and v’HF2, as shown in Figure 6.3.  

VHF1 VHF2

Lstr iHF2iHF1

 

Figure 6.3: Lossless DAB Model 

In this configuration, all losses and parasitic elements are neglected. The two ideal voltages 

sources vHF1 and vHF2’ are represented from the primary side of the transformer. The relation 

of vHF2 and v’HF2 is represented as: 

𝑣′𝐻𝐹2(𝑡) =
𝑛1
𝑛2
∗ 𝑣𝐻𝐹2(𝑡) (2) 

The resulting lossless DAB model is depicted in Figure 6.3. Figure 6.6 shows two ways of 

modulation for the voltages 𝑣𝐻𝐹1(𝑡) and 𝑣′𝐻𝐹2(𝑡) applied on Lstr. The average DAB DC 

input current IDAB1 or the average DAB DC output current IDAB2, and thus the power energy 

transfer, are controlled by varying the phase-shift delay (angle = δ) between 𝑣𝐻𝐹1(𝑡) and 

𝑣′𝐻𝐹2(𝑡), as it is explained in the following section. This is the most common way to operate 

the DAB converter, called the phase-shift modulation (PSM).  
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6.4 Power losses 

In DAB converter different kinds of losses appear based on the topology used. Asa 

consequence of this, a couple of manners exist to boost its efficiency and can be adopted, 

in order to reduce them. DAB losses can be categorised as switching losses (PSW), iron 

losses (PIRON) and ohmic losses (POhm). Those two last categories can be grouped as 

conduction losses (PCond). Different other losses can appear as in the PCB tracks, copper 

losses or in DC link capacitors (used for filter). But the highest ones are switching and 

conduction losses. The modulation strategies’ goals are focused on minimizing those losses. 

The objective of a high-power density brings the necessity of working in high frequency 

which increase the size of passive components or reduce the size of transformer. Switching 

losses has to be minimized most as possible in a high-frequency operation mode. 

A big part of this thesis concerns the study of those power losses which brings the choices 

to do in terms of semiconductors. 
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Figure 6.4: Switching losses under hard switching conditions 

6.5 Switching modes of semiconductors 
The semiconductors in the full bridges of the converter that enable the ripple of the current 

in the primary and the redress of the current in the secondary can operate in different ways. 

Those possibilities are presented below. 

6.5.1 Hard Switching 

Hard switching occurs when a high voltage is applied across the semiconductor as the 

current increases, see Figure 6.4. The result of this is corresponding to high switching 

losses. Also, the semiconductor turns off when the current in the collector is high, which 

also causes losses. 

6.5.2 Natural switching 

Natural switching is a mode that only concerns uncontrolled semiconductors such as the 

diode. The losses generated by this switching mode are relatively very low, as a positively 

polarised diode is considered to have a voltage close to 0 [V]. 

6.5.3 Soft Switching 

The Soft Switching mode reduces switching losses, transformer leakage inductance losses 

and diode recovery losses. It is possible to classify this mode as ZCS (Zero Current 

Switching) and ZVS (Zero Voltage Switching). This switching method increases the 

efficiency of the converter at high frequencies. 
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6.5.3.1 Zero Current Switching (ZCS) 

What is called Zero Current Switching is the way the semiconductor switches when the 

device current is very low, see Figure 6.5, (a). The turn-on switching takes place when the 

voltage is almost at zero in order to have the smallest possible overlap, then the current 

starts to increase. This increasing current is delayed by the action of the parasitic inductance 

of the transformer. During the turning-off the switching takes place when the current 

changes direction. The product of the semiconductor voltage and current is low, and 

therefore the switching losses are also low. 

6.5.3.2 Zero Voltage Switching (ZVS) 

What is called Zero Voltage Switching is the way the semiconductor switches when the 

device voltage is very low, see Figure 6.5, (a). Switching takes place when the drain voltage 

goes to zero during the turn-on phase and then the current in the collector starts to increase. 

During the turn-off the increase of the drain voltage is slowed down so that it has a 

minimum overlap with the drain current. Thus, the product of the semiconductor voltage 

and current is low, and therefore the switching losses are also low. 

Turn on Turn off

P
o

w
e

r 
lo

ss
e

s

VDS ID

  

Turn on Turn off

P
o

w
e

r 
lo

ss
e

s

VDS
ID

 

(a) Switching losses under ZCS conditions     (b) Switching losses under ZVS conditions 

Figure 6.5: Switching losses under soft switching conditions 
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6.6 Phase shift modulation 

The phase shift modulation (PSM) is the operating process which allows power flow to be 

transferred through the converter. It exists different phase shifting modulation possible, as 

the Single-Phase Shift (SPS) modulation, Dual Phase Shift (DPS) modulation and the Triple 

Phase Shift (TPS) modulation. The differences are due to the possible level of freedom. The 

SPS modulation is the simplest one, considering it is controlled by one simple shifting 

angle. Moreover, it is the most spread in the market for converters for its easy control. 

Nevertheless, it has the least degree of freedom which allow less opportunities to decrease 

the losses by control. Detailed explanation of the differences and possibilities of each one 

is addressed on [4]. 

Although the SPS it does not have the greatest freedom of study, it is the modulation chosen 

for this work. Considering the goal of this work especially on the analysis of the power 

devices losses and not on its best modulation scheme generating the least losses possible. 

During the SPS modulation, 𝑣𝐻𝐹1(𝑡) and 𝑣′𝐻𝐹2(𝑡) are modulated with a duty-cycle of 50% 

(i.e., τ1 = τ2 = π radians (rad)). This means that each voltage source is positive (vHF1 = VDC1) 

during a half period (Ts/2) and negative (vHF1 = -VDC1) during the other half one. It is 

working the same on the other side. The switching period is defined as Ts = 2π.  
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Figure 6.6: SPS modulations     

a) SPS modulation mode positive power flow                            b) SPS modulation mode negative power flow 

Hard switching operation                                                              Soft switching operation 

Single Phase Shift modulation means, as it is said in its name, a single shift with a single 

angle. There are different possibilities depending on the angle, see Figure 6.6, presented 

as example here below: 

(a) Mode 1+ δ >= 0  Positive power flow 

(b) Mode 1- δ <= 0  Negative power flow 

As it is shown in the Figure 6.6, these two modes are acting differently on the current which 

is passing through the inductance. It is important to know that the condition when there is 

the maximum power transferred through the converter is when the angle δ is the half of the 

half period, i.e., Ts/4. 

Also, the waveforms showing the signal is periodic during the half of period, if we take in 

account it is inverted during the second half period. Therefore, it is possible to size the 
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converter by getting focused on the half period. According to the Figure 6.6, two main time 

intervals are interesting: 

 

 

INT1: 

stleg11 = 1    {s11 on, s12 off}   stleg11 = 0    {s13 off, s14 on} 

 

stleg21 = 0    {s21 off, s22 on}   stleg21 = 1    {s23 on, s24 off} 

 

INT2: 

stleg11 = 1    {s11 on, s12 off}   stleg11 = 0    {s13 off, s14 on} 

 

stleg21 = 1    {s21 on, s22 off}   stleg21 = 0    {s23 off, s24 on} 

Table 3: State of switching devices during INT1 and INT2 

The inductances from the transformer being unknown, even usually it is rare that 

constructors give these values in datasheet, it is interesting to understand what total 

inductance Lstr is necessary for this converter with the specifications given in Chapter 4. As 

well, understanding how work the converter with this modulation scheme and what are the 

results depending on different variables. 

6.6.1 Equations of Inductor Current, Angle and Power 

transfer 

In a previous time, it is important to understand the different voltage sources, and also the 

inductor voltage and the inductor current are repeating every half-cycle in changing their 

signs. According to the time intervals it has been shown previously, it is possible to define 

the current passing through the inductance, seen from one bridge as: 

0 < 𝜗 < 𝛿 : 

𝑖𝐿1𝑠𝑡𝑟 = 𝑖𝐿(𝛿) =  𝑖𝐿(0) +

𝑛1
𝑛2
∗ 𝑉𝐷𝐶1 + 𝑉𝐷𝐶2

𝜔𝐿
𝜗 (3) 

𝛿 < 𝜗 < 𝜋 : 

𝑖𝐿1𝑠𝑡𝑟 =  −𝑖𝐿(0)  =  −(𝑖𝐿(𝛿) +

𝑛1
𝑛2
∗ 𝑉𝐷𝐶1 − 𝑉𝐷𝐶2

𝜔𝐿
(𝜗 − 𝛿)) (4) 

𝑖𝐿(0) =

𝑛1
𝑛2
∗ 𝑉𝐷𝐶1(𝑑(𝜋 − 2𝛿) + 𝜋)

2𝜔𝐿
(5) 

𝑖𝐿(𝛿) =

𝑛1
𝑛2
∗ 𝑉𝐷𝐶1(2𝛿 − 𝜋 + 𝑑𝜋)

2𝜔𝐿
(6) 

 

With this current knowledge it is possible to describe the power equation which define the 

parameter necessary for the sizing of this converter. The expression of the power is known 

as: 

𝑃 = 𝑓( 𝛿)= ∫
1
𝜋

𝜋

0
 𝑉𝐻𝐹𝐼𝐻𝐹 (7) 

After transformations including the equations of the different variables, the result of the 

expression is given like: 
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𝑃𝐵1 = 

𝑛1
𝑛2
∗ 𝑉

𝐷𝐶1

𝑇𝑠
∫ 𝑖1(𝑡)𝑑𝑡
(𝑘+1)𝑇𝑠

𝑘𝑇𝑠

(8)  

= 

𝑛1
𝑛2
∗ 𝑉𝐷𝐶1

𝑇𝑠

(

 
 
 
 ∫ (

𝑛1
𝑛2
∗ 𝑉

𝐷𝐶1

+ 𝑉𝐷𝐶2

𝜔𝐿
𝜗 +

𝑛1
𝑛2
∗ 𝑉𝐷𝐶1(𝑑(𝜋 − 2𝛿) + 𝜋)

2𝜔𝐿
) 𝑑𝜗

𝛿

0

+

∫ (

𝑛1
𝑛2
∗ 𝑉

𝐷𝐶1

−  𝑉𝐷𝐶2

𝜔𝐿
(𝜗 − 𝛿) +

𝑛1
𝑛2
∗ 𝑉

𝐷𝐶1

(2𝛿 − 𝜋 + 𝑑𝜋)

2𝜔𝐿
) 𝑑𝜗

𝜋

𝛿 )

 
 
 
 

 

Or in P.U: 

𝑃𝐵1𝑃.𝑈. = 

𝑛1
𝑛2

𝑇𝑠
∫ 𝑖1(𝑡)𝑑𝑡
(
𝑘+1

𝜋
)𝑇𝑠

𝑘𝑇𝑠

𝜋

(9)  

= 

𝑛1
𝑛2

𝑇𝑠
(∫ ((

𝑛1

𝑛2
+ 𝑑) 𝜗 +

𝑛1
𝑛2
∗ (𝑑(𝜋 − 2𝛿) + 𝜋)

2
) 𝑑𝜗

𝛿

𝜋

0

+∫ ((
𝑛1

𝑛2
− 𝑑) (𝜗 − 𝛿) +

𝑛1
𝑛2
∗ (2𝛿 − 𝜋 + 𝑑𝜋)

2
) 𝑑𝜗

1

𝛿

𝜋

)  

 

From this expression it is possible to isolate the δ to understand how the angle works for a 

specific power: 

  𝛿 = 
𝜋 (𝑉𝐷𝐶2𝑛2 +  2√(

𝑉𝐷𝐶1
2𝑑2𝑛1

2

2
−
𝑉𝐷𝐶1𝑉𝐷𝐶2𝑑𝑛1𝑛2

2
+
𝑉𝐷𝐶2

2𝑛2
2

4
− 2𝑓𝑠𝑤𝐿𝑃𝐵1𝑑𝑛1𝑛2

2𝑉𝐷𝐶1𝑑𝑛1
(10)

 

       

Or in P.U: 

𝛿𝑃.𝑈. = 
𝜋 (𝑑𝑛2 +√−

𝑑 ∗ (4𝑃𝑛1𝑛2 − 2𝜋𝑑𝑛1
2 − 𝜋𝑑𝑛2

2 + 2𝜋𝑑𝑛1𝑛2)
𝜋

2𝑑𝑛1
(11)

 

 

The power can be expressed from the second bridge as well. The conditions of the two-time 

intervals must be taken in consideration, because for the second one the sign changes in the 

first part of the equation: 

 

𝑃𝐵2𝑃.𝑈. = 

𝑛1
𝑛2
∗ 𝑑

𝑇𝑠

(

 
 
 
 
 ∫ −((

𝑛1

𝑛2
+ 𝑑) 𝜗 +

𝑛1
𝑛2
∗ (𝑑(𝜋 − 2𝛿) + 𝜋)

2
) 𝑑𝜗

𝛿

𝜋

0

+∫ ((
𝑛1

𝑛2
− 𝑑) (𝜗 − 𝛿) +

𝑛1
𝑛2
∗ (2𝛿 − 𝜋 + 𝑑𝜋)

2
) 𝑑𝜗

1

𝛿

𝜋 )

 
 
 
 
 

(12)  

 

In a second hand, the current passing through the inductance can be evaluated as: 

𝐼𝐿𝑠𝑡𝑟𝑟𝑚𝑠 = √
1

𝜋
∫ (𝐼𝐿(𝜗))

2
𝑑𝜗

𝜋

0

 =  √
1

𝜋
(∫ 𝑖𝐿1𝐼𝑁𝑇1𝑑𝜗 + ∫ 𝑖𝐿1𝐼𝑁𝑇2𝑑𝜗

𝜋

𝛿

𝛿

0

) (13) 

𝐼𝐿𝑠𝑡𝑟𝑟𝑚𝑠
=  

√
  
  
  
  
  
  
  

1

𝜋

(

 
 
 
 

∫

(

𝑛1

𝑛2
∗ 𝑉

𝐷𝐶1

+ 𝑉𝐷𝐶2

𝜔𝐿
𝜗 +

𝑛1

𝑛2
∗ 𝑉𝐷𝐶1(𝑑(𝜋 − 2𝛿) + 𝜋)

2𝜔𝐿
) 𝑑𝜗

+∫ (

𝑛1

𝑛2
∗ 𝑉

𝐷𝐶1

− 𝑉𝐷𝐶2

𝜔𝐿
(𝜗 − 𝛿) +

𝑛1

𝑛2
∗ 𝑉𝐷𝐶1(2𝛿 − 𝜋 + 𝑑𝜋)

2𝜔𝐿
) 𝑑𝜗

𝜋

𝛿

𝛿

0

)
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These equations allow to set up the converter as wanted in defining some variables and then 

control if the results correspond to what it is calculated. From those equation it is possible 

to understand that the angle giving the maximum power transfer possible is at Ts/4 which 

that it corresponds to: 

δ = 2π/4 =  1,57 [rad]    or    0,5 [p. u. ] 

With this angle it is possible to define the value of the necessary total inductance Lstr by 

taking the transformed equation of power viewed from the first bridge: 

  𝐿𝑠𝑡𝑟 = 

𝑉𝐷𝐶1𝑛1

(

 
 

𝛿2 (
𝑉𝐷𝐶1𝑛1
𝑛2

+ 𝑉𝐷𝐶2)

4𝜋𝑓
𝑠𝑤

−
(𝛿𝑉𝐷𝐶1𝑛1(𝜋 − 𝛿(𝜋 − 2𝛿)))

4𝜋𝑓
𝑠𝑤
𝑛2

+

((𝜋 − 𝛿)(𝑉𝐷𝐶1𝑛1 − 𝜋𝑉𝐷𝐶2𝑛2 + 𝛿𝑉𝐷𝐶2𝑛2 + 𝜋𝛿𝑉𝐷𝐶1𝑛1))
4𝜋𝑓

𝑠𝑤
𝑛2 )

 
 

𝜋𝑃𝐵1𝑛2
(14)

 

 

The value of the inductance considering the 20% of power added for security is given as: 

 

  𝐿𝑠𝑡𝑟 = 74,93 [𝜇𝐻] 

 

In the meantime, the value of RMS current through the inductance is given as: 

 

𝐼𝐿𝑠𝑡𝑟𝑟𝑚𝑠
= 40,21 𝐴 

 

6.6.2 Modulation waveforms analysis 

In modelling the converter on software, it is possible to see the waveforms of the current 

𝐼𝐿𝑠𝑡𝑟(𝑡)  and the voltages 𝑣𝐻𝐹1(𝑡) and 𝑣′𝐻𝐹2(𝑡) to analyse if the theory matches with reality. 

 

 

Figure 6.7: Waveforms from the converter sized for the specific application 

 

In this case, the power without the additional 20% is setting to see what should be expected 

in a real waveform on the converter. The signal captured is looking like expected for the 

application.  
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6.7 Sizing of components 

Once the operating mode and the situation in which the converter has to operate are known, 

the components can be sized. In this part, the aim is to find the components that generate 

the least possible losses and that are the most efficient. In addition, first it is question of 

finding components on the market that can be used in the well-known application of the 

converter, and then analysing their behaviour (section 6.7.1). Component analysis consist 

in grouping components that do the necessary work and ensuring that they generate the 

least possible losses. Most of the losses are thermal. This is why an overall thermal analysis 

of the system is important to design the equipment so that it produces as little heat as 

possible and dissipates it as much as possible (section 6.7.2). Finally, a discussion of the 

choice of the component is made to ensure the analysis (section 6.7.3). 

 

6.7.1 Necessary components 

Several components are needed to build this DAB converter. Semiconductors are used for 

the two bridges. A transformer is needed to provide the required galvanic isolation. Passive 

elements must also be dimensioned to make the converter filters. Then, elements allowing 

the evaluation of losses such as heatsinks, and fans are essential to the converter. The study 

of the control electronics of the semiconductors is not part of this thesis, but it is necessary 

to dedicate some space to it. Furthermore, the surface area required by the latter is relatively 

small, which has little influence on the final volume of the converter. 

Semiconductors

Fans

Capacitors (LC Filter)

HeatsinksTransformer

Inductors (LC Filter)

 

Figure 6.8: 3D schematic of the converter 

 

The following sections describe the methods for sizing the components. For reasons of 

initial specification, the sizing of radiators and fans is done first. 
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6.7.1.1 Heatsinks and Fans 

As stated in the description of the application, the mechanical part of the heatsinks and fans 

are based on projects that have already been carried out with satisfactory results for these 

elements. Therefore, the suppliers and starting characteristics of these components are 

known: 

 

Object Brand Model Specification 

Heatsink Guasch RG42080L24/110RM Length = 110mm 

Fins = 24 

Fan Sanyo Denki 9G0824G101 Parallel 

Table 4: Heatsinks and Fans manufacturer choice 

Knowing the models of the components, the objective of the design is to find the thermal 

resistance values for them. These data are necessary for the correct modelling of the 

converter for the loss analysis. It is important to mention that it is desired that the fans are 

positioned in parallel, in order to have a higher air flow. Also, two heatsinks are to be 

provided, one under each full semiconductor bridge. 

The goal of sizing the fans and the heatsink which will allow to evacuate the thermal losses 

produced by the semiconductors, is to combine them to see the thermal resistance it is 

possible to get and then analyse it to define if the heat evacuation is sufficient. With the 

specification curves given in the datasheet, it is possible to compare them to get the thermal 

resistance (RthH-A). 

6.7.1.1.1 Sizing of Heatsinks and Fans 

Firstly, the characteristic curves given by the radiator manufacturer should be noted, Figure 

6.9. The Heat Sink Specific Heat curve is given in [Pa] and the Heat Sink Density curve is 

given in [K/W], which correspond to thermal resistance values [22][23]. 

 

 

Figure 6.9: Specifications of heatsink 

 

Next, the characteristic curve in [Pa] for one fan should also be recorded, Figure 6.10. From 

this curve it is possible to deduce the curve for the use of two fans. Indeed, depending on 

the position of them, the result is not the same. Two fans in series give a higher pressure, 
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while two fans in parallel give a higher airflow. The latter is required in order to have a 

larger air volume to cool the radiators. 

 

 

Figure 6.10: Specifications of fan 

The objective is to obtain the thermal resistance value resulting from the fan/radiator 

combination. To find this value, the curves must be superimposed in order to compare them. 

Where the curves for Heatsink Specific Heat and Double Fan Parallel intersect, this is the 

pressure value for the simultaneous use of both elements. This pressure is equal to 

approximately 336 [Pa] for an air flow of 0,00325 [m3/s]. It is then possible to define the 

thermal resistance value for this given air flow. Moving up the Heat Sink Density curve, 

the thermal resistance value is given as 1,32 [K/W] when using both components. 

 

 

Figure 6.11: Specifications graphs of fans and heatsink necessary to evacuate the heat of the semiconductor 

However, it is important to note that this thermal resistance value is only suitable for one 

radiator fin. Depending on the supplier, the value for one fin should be divided by the 

number of fins in the radiator. 

𝑅𝑡ℎ𝐻−𝐴 = 
𝑅𝑡ℎ𝑓𝑖𝑛

𝑛𝑓𝑖𝑛𝑠
(14) 

The number of fins is available in the model’s name: RG42080L24/110RM, i.e., 24 fins for 

this type of radiator. The final thermal resistance of the radiator when using two fans in 

parallel is defined as follows: 
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The thermal resistance is defined as 1,32 [K/W] 

[K/W]. 
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𝑅𝑡ℎ𝐻−𝐴 = 
1,32

24
= 0,055 [

𝐾

𝑊
] (15) 

 

This thermal resistance should therefore be considered in the converter model for the overall 

thermal analysis of the converter. 

 

6.7.1.2 Semiconductors 

The choice of semiconductors is important, because for a specific application some are 

more suitable than others. That is why the study of different components corresponding to 

certain basic characteristics that match with the converter must be simulated in order to 

retain only those that allow an optimal application. 

Knowing the current semiconductor market, which is in crisis, it is necessary to be able to 

find good components at not too exorbitant prices and especially that are in stock or can be 

delivered in a not too long time. These criteria have become essential in the development 

of all power electronic equipment. The dependence on the US for semiconductor design 

and China for production, which are not on good terms at the moment, makes Europe 

vulnerable in terms of its competitiveness in the electronics market. Nevertheless, Europe 

is waking up and starting to fund more and more the semiconductor development and 

production market, which heralds a brighter future for the research of new technologies 

dependent on this sector. 

 

6.7.1.2.1 Sizing of the semiconductors 

The sizing of the semiconductors for this converter synchronises market products with the 

application in which the converter is to be used. Firstly, research is carried out to find a 

range of semiconductors that match the characteristics required of them. These choices are 

made according to the criteria described below. Once several components have been 

selected, they are analysed, and the choice is made at the end when all the data can be 

compared. 

The semiconductors required for the design of this converter are MOSFETs with 

antiparallel DIODES. In order to integrate them into the system, they must be able to meet 

the following characteristics and choices: 

 

Primary 

Package Vds [V] Ids [A] 

TO-247 240 + (30%) = 312 83,33 

Secondary 

Package Vds [V] Ids [A] 

TO-247 800 + (30%) = 1040 25  

 

The following criteria depend on what is available on the market (data base July 2022). As 

said before, the choice is very limited. In order to choose for each bridge which 

semiconductors are suitable, a selection of several available MOSFETs is made to analyse 

them and thus determine which ones are suitable for this converter [7] to [15]. 
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The preselection is made on the basis of: 

- Possible DC current in the drain  

- Possible power dissipation  

- Turn-On switching losses  

- Turn-Off switching losses  

- Available stock  

- Factory turnaround time  

- Price per unit 

These first criteria allow to see the capabilities of each selected semiconductor and to 

compare them with each other. Depending on the availability of the market, which was 

extremely variable throughout the thesis, three semiconductors were selected for Bridge 1 

and six for Bridge 2, see Table 5. 

 
Brand - Model 

  

Technology Vds [V] Id [A] 
Rds(on) 

[mΩ] 
 

F
ir

st
 B

ri
d

g
e 

 

Microchip - MSC015SMA070B SiC 700 140 19 
 

Infineon - 

IPW60R017C7XKSA1 
Si 600 109 17 

 

IXYS - IXTK120N65X2 Si 650 120 23 
 

   
  

 

S
ec

o
n

d
 B

ri
d

g
e
 

ONSEMI - NTHL020N120SC1 

  

SiC 1200 103 28 
 

Wolfspeed - C3M0016120D SiC 1200 115 22,3 
 

Microchip - MSC017SMA120B SiC 1200 113 22 
 

Wolfspeed - C3M0021120D SiC 1200 100 28,8 
 

Microchip - MSC025SMA120B SiC 1200 103 31 
 

UnitedSiC - UF3SC120016K3S SiC 1200 107 21 
 

Table 5: Semiconductors preselection 

According to the criteria mentioned above, it is possible to compare them and to get a first 

idea of which semiconductors are the most complete in all aspects. In the following charts, 

the maximum values in each category are based on all manufacturer data and therefore on 

maximum values that can be reached for some semiconductors. The percentage scales are 

therefore intended for comparison between semiconductors and not to define values for the 

whole market. 
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6.7.1.2.1.1 First Bridge Preselection 

 

 

Figure 6.12: Radar graphic for preselection of semiconductors in first bridge 

 

Figure 6.13: Global characteristics result for the semiconductor preselection of the first bridge 

For the first bridge, these three semiconductors were selected and compared with their own 

characteristics. The first two obviously have more interesting characteristics. Although the 

one designed by Microchip is equipped with SiC technology, which is more recent than the 

one of Infineon, their electronic characteristics are relatively similar at first sight. The 

differences lie in the logistical basis of the suppliers, who have different stocks and lead 

times. 
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6.7.1.2.1.2 Second Bridge Preselection 

 

 

Figure 6.14: Radar graphic for preselection of semiconductors in second bridge 

 

Figure 6.15: Global characteristics result for the semiconductor preselection of the second bridge 

For the second bridge, these six semiconductors were selected and also compared with their 

own characteristics. It seems that all of them are more or less equal in terms of possible DC 

current in the drain, power dissipation and turn-off switching losses. The differences appear 

especially in the Turn-On switching losses and the logistic part, which differs for each 

supplier. 
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On this first analysis, some components can be defined as more suitable for the converter. 

However, what is important is that the semiconductors are able to produce the required 

function, but above all with as little loss as possible. For this reason, the thermal analysis 

for each preselected model is imperative to determine which ones can be considered for the 

converter. 

6.7.1.3 Insulator 

The insulator is a necessary element because the metallized part of the semiconductor in 

contact with the heatsink is polarized with the positive voltage of the MOSFET. To not 

electrify the heatsink, which would cause a problem, an insulator film must be glued 

between the components, allowing only the heat flow to pass through but electrically 

isolating the two parts. In order to be able to thermally analyse the model with all the 

components, it is important to be able to dimension this film and especially its thermal 

resistance, which must be integrated into the thermal model. 

6.7.1.3.1 Sizing of the insulator 

The choice of insulator is based on existing products on the market [17]. The Bergquist 

Company offers such a product. The data for the insulator film is given for a semiconductor 

model with a TO-220 packageTo find its thermal resistance, it is necessary to adapt these 

data for the semiconductor model of the converter, i.e., with the "TO-247" package. Only 

the dimensions change between these two models and thus the surface area. The film 

thickness remains the same. 

TO-220 (50 psi)   

Surf. Max. 0,263 [in2] Surf. Min. 0,242 [in2] 

TO-220 Thermal Perf. [°C/W] 0,0010'' 0,92 

Thermal Impedance [°C-in2/W] 0,12 

    

TO-247 (50 psi)   

Surf. Max. 0,501 [in2] Surf. Min. 0,466 [in2] 

TO-220 Thermal Perf. [°C/W] 0,0010'' 0,48 

Thermal Impedance [°C-in2/W] 0,12 

Table 6: Insulators specifications depending on the package 

According to the supplier's data, the thermal resistance for the "TO-247" package can be 

deduced as below. This data must then be included in the thermal analysis. 

𝑅𝑡ℎ𝐶−𝐻 = 0,48 [
𝐾

𝑊
] (16) 
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6.7.1.4 LC Filter 

The objective in developing a converter, although its application is defined, is that it can 

adapt to the network in which it is placed. This is why, not knowing if this network is very 

disturbed, a converter is equipped by default with upstream and downstream filters 

guaranteeing a clean signal in the conversion unit. 

V1

L0

L0

C0

 

Figure 6.16: Added filter on primary side (IN) 

Two inductances with the value of L0 are sized as one inductance total L and one capacitor 

C0 are the necessary components. 

 

6.7.1.4.1 Sizing of LC filter 

Thus, LC filters are sized to match the converter via the second order transfer function as 

follows: 

𝐺𝑝(𝑠) =  
𝐼𝑂𝑈𝑇
𝐼𝐶

=
1

𝐿𝐶𝑠2 + 1
(17) 

Since the inverter operates at a frequency of 40 [kHz], the current on the DC In and Out 

buses ripples at twice the frequency, i.e., 80 [kHz]. 

|𝐺𝑝|𝑓→80𝑘𝐻𝑧 =
1

|𝐿𝐶(𝑗𝑤)2 + 1|
(18) 

On the input bus, connected to the battery, the current is about 170 [A]. In order to limit the 

current on the battery, an attenuation of 100x is recommended and thus a charge/discharge 

current of 1,7 [A].   

𝐼𝑂𝑈𝑇
𝐼𝐶

= 0,01 (19) 

To size the two components of the filter, it is necessary to define one of the two and then 

find the value of the second. For this application with high currents, there are few choices 

of inductances. Therefore, these are defined first. The supplier "VISHAY" produces 

inductances that can evolve under high current constraints. The choice of inductances 

(paralleled for each bus) [18][19], knowing that the current value at the output bus is about 

60 [A], is defined as follows: 
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BUS 
BUS’es 

current [A] 

Heat Rating Current 

DC Typ. [A] 

L0 INDUCT. 

[μH] 

L INDUCT. 

TOTAL [μH] 

IN 167,80 154,00 0,68 1,34 

OUT 55,90 96,00 3,30 6,60 

Table 7: Initial inductances choice 

The capacitors can therefore be defined according to the inductances that have been chosen. 

𝐼𝑂𝑈𝑇
𝐼𝐶

=
1

|𝐿𝑐ℎ𝑜𝑜𝑠𝑒𝑑𝐶(2𝜋80𝑘𝐻𝑧)
2 + 1|

  →  𝐶 =

𝐼𝐶
𝐼𝑂𝑈𝑇

− 1

4 ∗ 𝐿𝑐ℎ𝑜𝑜𝑠𝑒𝑑 ∗ (80𝑘𝐻𝑧)
2 ∗ 𝜋2

(20) 

 

BUS C0 CAPACITOR [nF] 

IN 292,40 

OUT 59,40 

Table 8: Initial capacitors choice 

With the values of capacitors defined above, a software simulation can be realized, in order 

to ensure the attenuation is made correctly. The waveforms compared before and after the 

filter in both bridges are represented below : 

 

Figure 6.17: Comparison of waveforms before and after the filer 

The result of the simulation shows a problem of resonance with the values of the capacitors 

chosen before. The filter does not work as it should be. To understand what is happening, 

the transfer function is represented in a bode diagram, see Figure 6.18, to demonstrate the 

cause of this issue.  
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Figure 6.18: Bode diagram of transfer function of the filter in primary side (IN) 

Indeed, for some frequencies, there is a possibility the filter plays a role of excitement 

instead of attenuation. In the case of the sizing of this filter, a frequency of 80 [kHz] is used. 

This frequency, firstly, is situated on the let of the resonant peak, which means it is not 

attenuated. Secondly, the multiple of this frequency, as harmonics, can be situated in the 

peak, which is the case at the frequency 240 [kHz]. This is the reason why the filter makes 

an opposite effect of what it has to do.  

Considering, the inductances fixed, the value of the capacitor has to been increased, to move 

the frequency used on the right of the resonant peak, to ensure the filter does not excite the 

system. 

To have an attenuation of 100x the filter as to be at -40 [dB] at 80 [kHz]. After some tries, 

the new values of the capacitors are given as: 

BUS C0 CAPACITOR [μF] 

IN 295,00 

OUT 60,00 

Table 9: Choice of capacitors for attenuation of 100x 
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These values give new bode diagrams which guarantees the filter effect on the system. 

 

Figure 6.19: Bode diagram of transfer function of the filter in primary side with new value of capacitor 

 

Figure 6.20: Bode diagram of transfer function of filter in secondary side (OUT) with new value of capacitor 

However, depending on the mechanical part already defined by the existing project this 

thesis is based on [ref], the place available for the capacitors is reduced. The components 

chosen for this application are explained in the choice section 6.7.3.4 based on this previous 

study. 

6.7.1.5 Transformer 

The transformer is referred on the project described formerly. It is necessary for the galvanic 

isolation. Its stray inductance has been explained in previous section and its ratio is equal 
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to 3:1. No more information about its sizing are given in this work, some information is 

available in [3]. 

6.7.2 Thermal Analysis 

The purpose of the thermal analysis is to observe the power losses emitted by the electronic 

components that dissipate as heat through the whole converter. This helps to determine 

whether the choice of components is correct and to ensure that such a converter does not 

destroy itself when put into operation. 

This thermal analysis is performed with the PLECS modelling tool. 

6.7.2.1 Analogy between thermal and electrical systems 

An analogy is possible to be made between thermal and electrical systems [24]. Each layer 

composing the assembly of the semiconductor on its heat evacuation components can be 

represented by a resistor. The goal is to do an analysis of the thermal behaviour of the 

electronic of the converter to see if the sizing of the component evacuates enough heat. By 

doing it in this way, the heat is represented by the current (Q = i), the temperature at one 

point as the voltage (T = V) and the conduction resistance as an electrical resistor (Θ or Rth 

= R).  

 

 

 

 

 

 

 

 

6.7.2.2 Structure of the model 

The structure below, represent the thermal resistances for each component of one bridge. 

The simulation is based on this structure for the analysis. 

+
-
+
-

Rth1J-C Rth2J-C Rth3J-C Rth4J-C

Rth1C-H Rth2C-H Rth3C-H Rth4C-H

RthH-A

S1 S2 S3 S4

Total Heat 
Flow

+
-W

Tamb 
= 45°C

 

Figure 6.22: Structure of one bridge for thermal analysis 

RthJ-Case

RthC-H

RthH-A

+
-

TCase

THeatsink

TJunction

TAmbient

Plosses = Pcond+Psw

Figure 6.21: Thermal analogy with electrical system 

 



45 

Bachelor’s Thesis – Nathan Sierro 

Switching and conduction losses are created by the semiconductors and are dissipated in 

the different thermal resistance of junction, insulator, and heatsink/fans. 

6.7.2.3 Settings of the semiconductors  

The thermal analysis of semiconductors is important because it allows to justify or not the 

trends of the pre-selection made before. To analyse these elements, it is necessary to be able 

to model various important concepts : 

- Turn-On Switching Losses 

- Turn-Off Switching Losses 

- Conduction Losses 

These three parameters are an integral part of the semiconductor and must be modelled for 

the MOSFET and for the DIODE component. These data come directly from the suppliers' 

datasheets. On the other hand, the switching loss parameters can be defined in two ways, 

by equations or by graphical data provided by the manufacturer [7] to [15]. Turn-On 

Switching Losses parameter for MOSFET. 

Graphic 

The Turn-On Switching Losses can be defined graphically from the manufacturer's 

datasheet and their values can be integrated into a lookup table for modelling the 

component. 

 

Figure 6.23 : Graphic of Turn-On Switching Losses lookup table for the semiconductor « Microchip – 

MSC015SMA070B » 

Equation 

The second possibility is to use an equation that approximates the switching losses [16]. 

This method is still based on data provided by the datasheet. 

𝐸𝑜𝑛 ≅
𝑉𝑑𝑐𝐼𝑜𝑢𝑡
2

(
𝑄𝐺𝑆2 + 𝑄𝐺𝐷
𝑉𝑑𝑟𝑣 − 𝑉𝐺𝑆𝑝𝑙

𝑅𝑔,𝑡𝑜𝑡) + 𝑉𝑑𝑐𝑄𝑟𝑟 (21) 

 

6.7.2.3.1 Turn-Off Switching Losses parameter for MOSFET 

Graphic 

Turn-Off Switching Losses can also be defined graphically from the manufacturer's 

datasheet. 
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Figure 6.24 : Graphic of Turn-Off Switching Losses lookup table for the semiconductor « Microchip – 

MSC015SMA070B » 

 

Equation 

The equation for Turn-Off Switching Losses is defined as follows: 

 

𝐸𝑜𝑓𝑓 ≅
𝑉𝑑𝑐𝐼𝑜𝑢𝑡
2

(
𝑄𝐺𝑆2 + 𝑄𝐺𝐷
𝑉𝑑𝑟𝑣 − 𝑉𝐺𝑆𝑝𝑙

𝑅𝑔,𝑡𝑜𝑡) (22) 

 

It is important to note that suppliers only provide data for semiconductors with SiC 

technology. The use of the equation is therefore mandatory for the modelling of Si 

technology components. 

 

6.7.2.3.2 Turn-Off Switching Losses parameter for DIODE 

For the diode, only the Turn-Off Switching Losses are considered for its modelling. These 

can only be represented by an equation given as : 

 

𝐸𝑟𝑟 ≅
𝑉𝑑𝑐𝑄𝑟𝑟
4

(23) 

 

The values of the variables can be found in the component datasheet. 

 

6.7.2.3.3 Conduction Losses parameter for MOSFET 

Graphic 

Conduction losses are the last losses to be modelled for each component. The data 

concerning them are available in the manufacturers' datasheets. They can be integrated 

graphically into a lookup table as for switching losses. They are available for all 

technologies, whether SiC or Si. 
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Figure 6.25: Graphic of Conduction Losses lookup table for the MOSFET « Microchip – MSC015SMA070B » 

 

Equation 

They can also be defined with the following equation: 

 

𝑃𝑐𝑜𝑛𝑑 = 𝑉𝑄0𝐼𝑄,𝑎𝑣𝑔 + 𝑅𝑄𝐼
2
𝑄,𝑟𝑚𝑠 (24) 

 

Since the value of VQ0 is equal to 0 [V] for a current of 0 [A], see Figure 6.25, the equation 

can be simplified as : 

𝑃𝑐𝑜𝑛𝑑 = 𝑅𝑄𝐼
2
𝑄,𝑟𝑚𝑠 (25) 

 

For reasons of accuracy, when graphical data is available from the manufacturers, this 

method is chosen to model the components. 

 

6.7.2.3.4 Conduction Losses parameter for DIODE 

In the same way as for the MOSFET, the conduction losses for the DIODE can be 

graphically integrated into a lookup table. 

 

Figure 6.26: Graphic of Conduction Losses lookup table for the DIODE « Microchip – MSC015SMA070B » 

They can be defined by the same equation as for the MOSFET. Since VQ0 is not equal to 0 

[V] for a current of 0 [A], see Figure 6.26, the full equation can be used. 
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6.7.2.4 Analysis of the semiconductors of the selection 

The analysis of the selected semiconductors is carried out according to the structure 

presented above, but is performed several times, to cover all the components of the 

selection. It is done for each semiconductor in order to be able to compare them in the same 

way as the pre-selection was done. In order to ensure safety for the sizing and knowing that 

the environment in which the components evolve is hot, the ambient test temperature is 

raised to 45°C. This allows a margin of choice to be made in selecting semiconductors that 

are certain to work for the specified application. 

This analysis is based on different results that must be compared to define the ideal 

components. These results correspond to measurement points such as: 

- Semiconductor’s junction temperature 

- Heatsink’s temperature 

- MOSFET’s conduction losses 

- DIODE’s conduction losses 

- MOSFET’s switching losses 

- DIODE’s switching losses 

- Heat flow through the converter 

These measurements allow the clear identification of the semiconductor and thus the 

possibility to compare it with others. It is important to note that the heatsink should not 

exceed 65 [°C] and the semiconductor units should not exceed 100 [°C]. 

As with the pre-selection of components, the following graphs are also made with 

qualitative percentage scales. This is for comparative purposes only and has nothing to do 

with the quality of the components, which in some cases may be more suitable for other 

applications. All the measures are available in the Appendix A. 

6.7.2.4.1 Measurement of the First Bridge 

For the first bridge, the three pre-selected semiconductors are modelled according to their 

datasheet to be measured in the thermal structure of the converter. As said before, the 

components with "Si" technology cannot be modelled graphically due to lack of 

information from the manufacturers. Two of the three possible components for the first 

bridge are made with this technology and therefore the analysis is done with equation 

modelling. 

The first set of measurements gives the following data: 

 

Figure 6.27: Radar graphic of measurements results of first bridge with equation’s method 
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Higher are the values of these parameters, worse it is for the converter. This is why the max. 
value presented are equal to 0% and lower the values are, closer to 100% they go. 
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The table below shows the junction temperatures for a unit and the radiator which are 

represented on the radar graph above. 

 Microchip - 

MSC015SMA070B 

Infineon -      

IPW60R017C7XKSA1 
IXYS - IXTK120N65X2 

Junction 

Temperature [°C] 
176,20 158,30 161,30 

Heat Sink 

Temperature [°C] 
75,90 71,50 77,70 

Table 10: Temperatures measured on the first bridge with equation’s method 

It is clear that the assembly with these components in this analysis is really not good and 

the safety temperatures are not respected at all. A modification of the assembly must be 

made to use these components. In order to reduce the losses through the power devices, one 

possibility is to create a bridge with semiconductors in parallel. This allows the current on 

each element to be divided and reduces the power losses. The diagram below shows the 

necessary arrangement: 

V2

S11 S11'

S12 S12'

S13 S13'

S14 S14'

S21 S23

S22 S24

 

Figure 6.28: Final DAB circuit with first bridge including power devices in parallel 
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A second analysis is then performed with the new bridge assembly and the series of 

measurements gives the following data: 

 

Figure 6.29: Radar graphic of measurements results of first bridge with equation’s method and 

semiconductors in parallel 

 

 Microchip - 

MSC015SMA070B 

Infineon - 

IPW60R017C7XKSA1 

IXYS - 

IXTK120N65X2 

Junction 

Temperature [°C] 
82,10 81,20 81,20 

Heat Sink 

Temperature [°C] 
58,80 58,60 60,90 

Table 11: Temperatures measured on the first bridge with equation method and semiconductors in parallel 

The change to the bridge assembly shows a radical change in the measurements. The safety 

temperatures are respected and the results for each semiconductor are much better. Clearly, 

the three semiconductors are quite equal, and this data can be used for the final choice of 

components. 
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Higher are the values of these parameters, worse it is for the converter. This is why the max.
value presented are equal to 0% and lower the values are, closer to 100% they go.
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A last series of measurements can be done on this first bridge concerning the semiconductor 

of the manufacturer "Microchip". Indeed, being made with the "SiC" technology, the 

possibility of measuring its graphic model can be interesting. 

 

Figure 6.30: Radar graphic of measurements results of Microchip - MSC015SMA070B in different cases 

 Not in parallel 

with formula 

Not in parallel 

with graphic 

Parallel with 

formula 

Parallel with 

graphic 

Junction 

Temperature [°C] 
176,20 176,90 82,10 94,55 

Heat Sink 

Temperature [°C] 
75,90 82,60 58,80 63,50 

Table 12: Temperatures measured on Microchip - MSC015SMA070B in different cases 

By comparing the first component with its different modelling possibilities, a first 

observation can be made. The change to parallel connection really improves the 

temperatures. Secondly, the equation might tend to be light on the switching losses on the 

MOSFET. The reality of the manufacturer's measurements gives fewer good values for this 

notion. Nevertheless, this concept is not verifiable with the other two components. The 

choice of the appropriate semiconductor for this first bridge must then be made in 

consideration of the elements of the preselection. 

 

6.7.2.4.2 Measurement of the Second Bridge 

For the first bridge, the three pre-selected semiconductors are modelized according to their 

datasheet in order to be measured in the thermal structure of the converter. As said before, 

the components with "Si" technology cannot be modelized graphically due to lack of 

information from the manufacturers. Two of the three possible components for the first 

bridge are made with this technology and therefore the analysis is done with equation 

modelling. 

For the second bridge, the six semiconductors of the preselection are also modelized from 

their datasheet and then measured according to the established thermal structure. On the 

other hand, as they are all made of "SiC" technology, for which the manufacturers provide 

the parameters concerning switching losses, they are modelled first with the equation, then 

graphically. This process allows the two methods to be compared and conclusions to be 

drawn. 
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Higher are the values of these parameters, worse it is for the converter. This is why the max.
value presented are equal to 0% and lower the values are, closer to 100% they go.
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The first series of measurements with the selection of semiconductors modelled by equation 

gives the following data: 

 

Figure 6.31: Radar graphic of measurements results of second bridge with equation’s method 

The graph above shows that the different components are relatively similar. The notable 

differences are in the modelling of the conduction losses, which are visibly worse for the 

semiconductor of the manufacturer "ONSEMI" and the second one of "Wolfspeed". The 

test measurements with the second modelling method can be interesting to be analysed to 

compare the different components. 
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Higher are the values of these parameters, worse it is for the converter. This is why the max. 
value presented are equal to 0% and lower the values are, closer to 100% they go.
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The second series of measurements is made with the graphic modelling of the components 

for their losses and gives the following comparison results: 

 

Figure 6.32: Radar graphic of measurements results of second bridge with graphic’s method 

This series shows more diverse differences between the individual semiconductors than the 

previous method. The device from the manufacturer "UnitedSic" maintains its values rather 

well with both methods. In contrast, the other devices have worse results with the second 

method. Also, two important points are that all components below 50% for the junction 

temperature, are above 95 [°C], and those below 50% for the heatsink temperature, are 

above 60 [°C]. These differences are highlighted when deciding on the components and the 

favourable method will be defined for the final choice.   
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Higher are the values of these parameters, worse it is for the converter. This is why the max. 
value presented are equal to 0% and lower the values are, closer to 100% they go.
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6.7.3 Choice of the components 

The choice of components is based on the studies realised in the previous sections. Some 

of the components are already defined from the start and have been used to size the other 

elements needed for the converter. 

6.7.3.1 Heatsink 

As described above, the radiator is already defined from the beginning. It is the model 

"RG42080L24/110RM" from the supplier "Guasch". In the case of this converter, one 

heatsinks per bridge is required. Therefore, two similar heatsinks are required to build the 

converter. The price for this model of heatsink is 63,00 [€] which means a total of 126,00 

[€]. 

 

Figure 6.33: Picture of potential heatsink from Guash used on the converter 

 

 

6.7.3.2 Fans 

The fans are also defined from the start. This is the "9G0824G101" model from the supplier 

"Sanyo Denki". They are placed in parallel after a heat sink. This means that two fans are 

required for each heat sink, making a total of four for the inverter. The unit price of this fan 

is around 28,00 [€] which means a total of 122,00 [€].  

 

 

Figure 6.34: Picture of fans from Sanyo Denko used on the converter 

 

The interesting thing about their location is that if the transformer and other elements are 

placed on the opposite side, they also receive the air flow and can be cooled. 
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Figure 6.35: Air flow passing through the converter 

The blue arrows showed on the Figure 6.35, represent the air flow created by fans which 

crossed the converter. All the components are not studied to be refreshed, but this 

mechanical environment allowing this way for the air flow is based on the project [3]. 

6.7.3.3 Choice of the insulator 

The choice of insulator has already been made in the sizing part of its thermal resistor. It is 

based on one product of the manufacturer “Berguist” who provide this type of insulator 

film [17]. The cost of this product, useful for more than one semiconductor is around 115,00 

[€]. 

 

Figure 6.36: Image of the insulator film from Berguist 

6.7.3.4 Choice of the component for the LC filter 

The necessary components for the LC filter have been described in the section 6.7.1.4. The 

inductances [18][19] for these two filters have been fixed at the beginning and correspond 

to : 

BUS Brand Model L0 IND. [μH] Unit price [€] 

IN Vishay IHXL1500VZEBR68M5A 2 x 0,68 = 1,34 32,86 

OUT Vishay IHXL1500VZEB3R3M5A 2 x 3,30 = 6,60 33,63 

Table 13: Inductances manufacturer for LC filter 
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Figure 6.37: Inductance type from Vishay manufacturer for the LC filter 

 

The capacitors have sized for the attenuation wanted. But as it has been said, the place 

available in the converter mechanic for the capacitors is reduced. Based on [3] the space 

presented let the place for a maximum of six capacitors with the package measurements 

maximum as 43 [mm] x 21,5 [mm]. 

After research of components available on market, which accept the limit of voltage for 

both bridges as 300 [V] for the first one and 900 [V] for the second one, with the maximum 

capacitance possible in order to attenuate the most possible the current, the selected ones 

are: 

BUS Brand Model C0 CAPA. [μF] Unit price [€] 

IN Kyocera AVX FFB54H0276KJC 6 x 27 = 162 15,80 

OUT Vishay MKP1848612094P4 6 x 12 = 72 11,83 

Table 14: Capacitors manufacturers for LC filter 

The bode diagrams given with these new values are represented below, Figure 6.38 and 

Figure 6.39: 

 

Figure 6.38: Bode diagram with CIN = 162 [uF] 
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With this value for the capacitor CIN, the attenuation maximal possible to have, is around 

53,7x. The current passing through the battery would be around 3,12 [A]. 

 

Figure 6.39: Bode diagram with COUT = 72 [uF] 

In the second bridge, the attenuation will be around 118x with the value of  COUT, giving a 

current  around 470 [mA]. 

Then, an analysis of the waveforms comparing the before and after the filter shows a real 

attenuation  without the resonant problem. It means the filter is applied as wanted and 

reduce the DC current in both sides of the converter with big attenuations. 

 

 

Figure 6.40: Comparison of waveforms before and after the filer with final capacitors choice 

A deeper analysis can be made with a FFP representation of the harmonics. As said 

previously, the multiple of the frequency used for the filter were excited. By changing the 

value of the capacitors in order filter the signal the most possible and avoiding the excitation 

peak there is with this model of filter, the following harmonics of the frequency have been 

attenuated as well. The Figure 6.41 shows those attenuations on the harmonics. 
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Figure 6.41: FFP graphic of harmonics attenuations 

As visible, all harmonics are attenuated in a high factor. A control of the attenuation’s 

factors can be made with this graphic of the simulated filters. The graphic above represents 

the filter in the primary, and by taking the values measured before 𝐼𝑉 and after 𝐼𝑚 

attenuation in the first harmonic, the factor of attenuation can be calculated as: 

𝜇1 = 
𝐼𝑚1
𝐼𝑉1

= 
116,66

2,13
= 54,76𝑥 (26) 

𝜇2 = 
𝐼𝑚2
𝐼𝑉2

= 
41,08

0,33
= 124,48𝑥 (27) 

The factors of attenuation are quite similar to the one expected before. 

6.7.3.5 Choice of the semiconductors 

The choice of semiconductors is designed to fulfil the required objectives. That means, 

being able to provide work with the least amount of losses to guarantee the notions of power 

density and high conversion efficiency. Based on the thermal analyses performed for each 

pre-selected semiconductor, the choice is based on a series of criteria. 

- Low switching losses 

- Low conductions losses 

- Maximal junction temperature up to 100 [°C] 

- Maximal heatsink temperature up to 65 [°C] 

- Supplier stock big enough 

- Low semiconductor unit price 

These criteria therefore include the pre-selection, especially from a logistical point of view, 

and consider the elements measured during the modelling which clarify certain elements of 

the pre-selection such as the different losses. 

As the temperatures are proportional to the total losses, the loss criteria do not need to be 

considered twice. As well, as the radiator temperature is also proportional to the junction 

temperature, the criteria resulting from the thermal analyses can be grouped under one 

criterion such as the junction temperature. The choice of components is therefore made by 

comparing all the semiconductors with the logistics criteria and the temperature criterion. 

However, the weight given to each factor is not the same. The technical criterion of 

temperature is much more important than the other two, as it is an element that does not 

vary over time and is directly related to the efficiency of the converter. Therefore, subjective 

weights are put on each category; a weight of 5 for the junction temperature, a weight of 2 

for the component stock, being important for the development of the converter, and a weight 

of 1 for the component price.  
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The final comparison of the components according to the criteria is therefore as follows: 

 

Table 15: Final comparison with equation's method 

The first comparison above demonstrates the results obtained with the equation-modelled 

semiconductors, Table 15.  

For the first bridge, the differences are mainly in the stock criterion. This is why the 

semiconductor of the manufacturer "Infineon" makes the difference. In terms of 

temperature, all three are relatively similar and the price is higher for the SiC technology. 

Nevertheless, the choice is not necessarily made on the basis of the indicative comparison 

percentage at the bottom of the table. The technology criterion can be added to the 

reflection. Indeed, at first glance, the semiconductor with the highest percentage should be 

chosen. However, given that the technology used for the second bridge is "SiC" and for the 

sake of simplifying the control of the semiconductor, which could be carried out in the same 

way on both bridges, the semiconductor of the manufacturer "Microchip" is more 

interesting. Especially since the technical results regarding losses are the same and the stock 

is sufficient for the realization of this converter. 

For the second bridge, the results are relatively similar for each of the semiconductors listed, 

as the temperature, the most important weight in the comparison, is relatively similar. 

Again, the stock favours a semiconductor, especially the first one from the manufacturer 

"Wolfspeed". In order to refine the choice, the second modelling method has the power to 

vary the results greatly. 

 

Table 16: Final comparison with graphic's method 

The second comparison, above, demonstrates the results with the graphical modelling 

method, Table 16. 
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For the first bridge, only the semiconductor made with "SiC" technology gives a result. 

This is why the final choice of component type for the first bridge is based on the first 

comparison and not on this one, which does not give a comparison between each 

component. 

For the second bridge, the results are more diverse. Four components can already be 

excluded from the final choice, as they exceed the prescribed safety limits in terms of 

temperature. The choice is therefore between the last two semiconductors in the table, i.e., 

between the second from the manufacturer "Microchip" and the one from "UnitedSiC". The 

technical criteria will take precedence over the logistical criteria, which are more favourable 

to the first. However, the temperature margin in relation to the limit is greater and the 

indication that the power losses are lower in the second semiconductor favours the second 

in the final choice. 

6.7.3.5.1 Final choice of semiconductors 

In all these comparisons of results, the choice of the second modelling method, the graphical 

one, should generally take precedence over the final decision. The reason is that the data 

given by the manufacturers is measured in the laboratory and gives a more accurate result 

when modelling. On the other hand, when manufacturers do not provide this information, 

the equation method is used to get as close as possible to the reality of the component. 

According to the results, the formula gives a result quite similar to the manufacturer's data, 

but in other cases large differences are observed. It would therefore be interesting to study 

this equation more precisely in order to optimise it. 

In the current case of the study, the components of the first bridge have to be defined by the 

analytical method. As described in the comparison of the results with this method, the 

choice gives an advantage to the component made with the "SiC" technology, i.e., the 

component of the manufacturer "Microchip" whose model is "MSC015SMA070B". This 

choice allows a globalization of the technology for the power devices on the whole 

converter. As it is a double parallel circuit, to reduce costs, this first bridge needs eight 

semiconductors at a price of 36,80 [€]. A total price of 294,40 [€] for the realisation of this 

first bridge. 

The final choice for the components of the second bridge is based on the other, more precise 

method, which gives reason to the semiconductor of the manufacturer "UnitedSiC" whose 

model is "UF3SC120016K3S". The simple assembly is sufficient for this second bridge, 

and only four components are needed at a price of 52,99 [€]. A total price of 211,96 [€] for 

the realisation of the second bridge. 
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6.8 Global analysis of the development 
The purpose of the overall analysis of the converter is to define whether all the elements fit 

together so that the converter can evolve in the specified application. In addition, once all 

the components have been chosen and sized, it is important to check that the objectives 

requested at the outset are achieved. As a reminder, the converter is added to a smart grid 

which consists directly in being a tool to achieve the European strategies in terms of energy 

use. This means that if the objective is to waste as little as possible, it is necessary to be 

able to develop efficient equipment from the outset. In addition to the specific objectives of 

the environment in which the converter operates, which have been used for the 

dimensioning of the components, a series of additional conditions have to be analysed on 

the converter. 

• Galvanic isolation 

• Bidirectional power flow capability 

• High conversion efficiency (η > 95 % at the nominal operating point) 

• High power density 

• Autonomous cooling 

If galvanic isolation is already guaranteed by the integration of a transformer in the heart of 

the converter, if bidirectionality is possible by the chosen Dual Active Bridge topology and 

if autonomous cooling is ensured by the previously dimensioned radiators and fans, its high 

conversion efficiency and its high-power density are two notions that still need to be 

verified. 

6.8.1 Efficiency of the converter 

The efficiency of the inverter is an important requirement. The higher the efficiency, the 

more efficient it is. Each time elements are added to the network to transform the energy, 

losses occur. The objective is to develop tools that have a minimal impact on the network. 

This is why this notion of efficiency must be calculated to validate the converter. The 

efficiency equation is as follows: 

𝜂 =
𝑃𝑜𝑢𝑡 − 𝑃𝑡ℎ

𝑃𝑖𝑛
(28) 

The electrical powers at the input and at the output are relatively the same because it is 

transferred through the converter. To calculate the efficiency of this converter, the power 

devices losses simulated generate a total heat flow dissipated in the two heatsinks. These 

heat flows, which represent almost the total of the power losses of this converter, have to 

be subtracted to the output power. Indeed, some other losses generated by the magnetic 

field of transformer and some other components not especially studied in this work should 

be considered as well. But the main power losses of this converter are generated by the 

studied field of this work and can be considered as all the power losses. Then the efficiency 

is calculated by comparing the input power with output power reduced by the power losses 

described. 

Pin [W] Pout [W] Pth1 [W] Pth2 [W] Pth [W] 

19902,60 19902,00 340,25 127,42 467,47 

Table 17: Powers measured on the simulation 

𝜂 =
19902,00 − 467,47

19902,60
= 97,65 [%] (29) 
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The efficiency of this converter is validating the objectives given at the beginning of the 

work in being more than 95%. This converter is optimized to have the least losses possible 

and complete the goals of high efficiency. 

6.8.2 Space taken for the converter 

Based on the project [3], the converter size enters in a rack of 360x230x200 [mm]. This 

rack can be slipped into a special cupboard. This size is relatively small for the power it 

can be transferred. Its volume can be calculated as: 

𝑉 = 360 ∗ 230 ∗ 200 = 16,56 [𝑑𝑚3] (30) 

This volume is useful to define the power density of the converter. 

 

Table 18: Picture of the converter used for the project RESOLVD 

6.8.3 Results of the power density 

The power density is relative to the quantity of power which can possibly be transferred 

through the converter in specified volume. It is interesting that converter is as small as 

possible, and a high quantity of power can pass through. This power density can be 

estimated as: 

𝑃𝑑 =
19,90 − 0,47

16,56
= 1,17 [

𝑘𝑊

𝑑𝑚3
] (31) 

This power density in this converter is not the best possible for a converter. Indeed, 

nowadays, converters can reach density 30 times bigger than this (31). Depending on the 

use this criterion is really important, for example in EVs. However more the power density 

is important, more the price of the converter increase. For the application of this converter, 

it is possible place this in a cupboard in a building dedicated for this purpose. The power 

density is then not an imperative point. 
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6.8.4 Budget for components studied 

In order to represent how much could be the material cost of the component studied, 

especially for the DAB topology and the filters, of this work, this table below represents 

the prices of all components choose to realize this converter. 

Component Unit price [€] Total price [€] 

MOSFETs first bridge 36,80 294,40 

MOSFETs second bridge 52,99 211,96 

Insulator 115,14 115,14 

Heatsinks 63,00 126,00 

Fans 28,13 112,52 

Inductances IN LC filter 32,86 65,72 

Inductances OUT LC filter 33,63 67,26 

Capacitor IN LC filter 15,80 15,80 

Capacitor OUT LC filter 11,83 11,83 

 TOTAL : 1020,63 

Table 19: Budget for components studied 

The price was one of the criteria to choose the component, this proposal of component 

corresponds to the most efficient one studied with the lowest price possible. At the moment 

of the thesis stocks are available for these components (data base July 2022) but the market 

is evolving quick, and quantity of these products could vary. 
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7  

Methodology 
 

The methodology of this thesis is based on a structure of scientific research. This structure 

answers to the goals presented in Chapter 3. It consists of understanding these objectives 

and the application where this work has to been applied, and then prepare a planning of 

work supposed to complete the research which as to be investigated. Then the work 

structure is separated on two big blocks which consist in make a state of the art of the subject 

to understand the environment of the work and next realize the research, analyses, and 

control of the work, to finally propose a sizing corresponding to the demand. 

7.1 Gantt planning 

An initial Gantt planning has been made in order to complete the supposed work that has 

to be done. On the base of this planning, research have been carried out and then software 

analyses have been made to simulate the studied models and start a sizing of the converter. 

During the work, the planning has varied depending on the new research or importance on 

some subjects which have been necessary to be made before others.  

The Gantt corresponding to this thesis is available in Appendix B. 

7.2 Hypothetic budget  

Considering this thesis as an engineering project a hypothetic budget can be made to see 

what could cost such a work. Indeed, the conditions in which this project has been done are 

particularly good if considering the state of student for using some software benefiting of 

special versions which make the cost lower. This hypothetic budget would consider this 

work made by an engineer in a company without student advantages. Furthermore, this 

work is especially made on software and the hardware part to create the converter is not 

started. A last point, this thesis has been made in Spain, the price of an engineer student is 

therefore relative to the Spanish market. 

In order to sum the total amount necessary to represent this project, the costs have been 

divided in different categories (hardware, electricity, licenses, and labor). 

7.2.1 Hardware 

During this work, a personal computer (PC) has been used, a Microsoft Surface Book 2. In 

terms of money, the personal computer is about 2200 [€]. It is the only computer used for 

this work so the total amount for hardware is: 

𝐻𝑎𝑟𝑑𝑤𝑎𝑟𝑒 = 𝑃𝐶 = 2200,00 [€] (32) 

7.2.2 Electricity 

A personal laptop as described before, in terms of electricity, consume around 80 [W]. 

Considering the computer has been running the total duration of the project, around 600 [h] 

the total amount for electricity use, with a price of 0,25 [€/kWh], is: 

 

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 = 𝑁𝐻𝑜𝑢𝑟𝑠 ∗ 𝑃𝑜𝑤𝑒𝑟 ∗= 80𝑊 ∗ 600ℎ ∗
0,25€

kWh
=  12,00 [€] (32) 
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7.2.3 Licenses 

Different software has been used during this thesis. Especially, MatLab Simulink, PLECS 

and Microsoft Office Excel. MatLab license is around 840 [€/year]. PLECS has an offer for 

its annual license at 1300 [€/year]. Microsoft Office Excel has an offer of 7 [€/month]. 

Considering this project spread on different moths, the yearly cost for licenses is choose. 

𝑀𝑎𝑡𝐿𝑎𝑏 = 840€ 𝑦𝑒𝑎𝑟⁄ ∗  1 year = 840,00 [€] (33) 

 

𝑃𝐿𝐸𝐶𝑆 = 1300€ 𝑦𝑒𝑎𝑟⁄ ∗  1 year = 1300,00 [€] (34) 

 

𝐸𝑥𝑐𝑒𝑙 = 7€ 𝑚𝑜𝑛𝑡ℎ⁄ ∗  12 months = 84,00 [€] (35) 

 

𝐿𝑖𝑐𝑒𝑛𝑠𝑒𝑠 = 𝑀𝑎𝑡𝐿𝑎𝑏 + 𝑃𝐿𝐸𝐶𝑆 + 𝐸𝑠𝑐𝑒𝑙 = 840 + 1300 + 84 = 2224,00 [€] (36) 

7.2.4 Labor 

It is important to take into consideration the hours the engineer student has spent, with a 

price per hour fixed at 40 [[€/h]. 

𝐸𝑛𝑔𝑖𝑛𝑒𝑒𝑟 𝑆𝑡𝑢𝑑𝑒𝑛𝑡 = 40€ ℎ⁄ ∗  600 h = 24′000,00 [€] (37) 

7.2.5 Total cost 

The total cost of this hypothetic budget adds up all the previous cost and define the cost of 

this project. 

𝑇𝑜𝑡𝑎𝑙𝐶𝑜𝑠𝑡 = 𝐻𝑎𝑟𝑑𝑤𝑎𝑟𝑒 + 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 + 𝐿𝑖𝑐𝑒𝑛𝑠𝑒𝑠 + 𝐿𝑎𝑏𝑜𝑟 (38) 

𝑇𝑜𝑡𝑎𝑙𝐶𝑜𝑠𝑡 = 2200,00 + 12,00 + 2224,00 + 24000,00 = 28′436,00 [€] (39) 
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8  
Conclusions 

 

In this thesis an investigation is carried out, based on an existing project [3], in order to be 

able to adapt an isolated bi-directional DC converter (IBDC) for a specific application that 

has been defined in chapter 4. Thus, the requirements for this converter, which concerns 

the charging and discharging of a battery in a smart grid, have to be fulfilled. The main 

objective is defined as the study of the design of different topologies of IBDCs, its 

dimensioning and analysis. A special focus is put on the research and analysis of losses in 

the different power devices, with the aim to optimise the existing project converter in this 

respect. The main focus is on the semiconductors, which are a source of losses for the 

converter. These elements, being necessary for the realisation of converters, are part of a 

particularly unstable market at the moment and therefore require an adaptation of the design 

method of the conversion electronics, directly linked to the various suppliers of the market. 

This thesis is divided into different chapters that structure the work and the method used 

for the study of this converter. The following sections outline the results of these chapters. 

8.1 Chapter 4 : Application and its specifications 
This chapter introduces the environment in which the converter should evolve. Indeed, this 

converter is a rework of an existing project [3], but can be found in different environments. 

In addition, the converter under study is intended to be the conversion device that allows a 

power transfer between an HV DC Bus and an LV DC Bus to which a battery is connected. 

This battery allows to be a back-up element in case of power failure and also a stabilisation 

element of network disturbances. 

Next, environmental specifications are given, in terms of the desired transfer power (20 

[kW]) and the voltage level of the buses. Also, additional conditions are described as 

necessary for an IBDC, such as galvanic isolation, high power density or high efficiency. 

This chapter sets the scene for the following study to be able to meet these requirements. 

The following decisions on the design of components for this converter are based on this 

chapter. 

8.2 Chapter 5 : State of the Art 
The aim of this chapter is to present some existing IBDC topologies that could be used for 

the realisation of the converter related to the previously presented application. Dual-Stage 

(2-S) and Single-Stage (1-S) topologies are presented, based on [4].The (1-S) topology is 

preferred to the (2-S) because it has a single converter for power transfer. Several sub-

topologies of the (1-S) are presented and categorized into three groups: low number of 

switches, Dual Bridge without resonant network and Resonant DAB. Each group is 

described with different circuit examples. The category with the lowest number of switches 

includes circuits such as flyback and forward. The Dual Bridge without resonant network 

includes circuit topologies such as Dual Active Bridge (DAB) and different variations. The 

last category contains circuits such as LLC or LCC.  

From this comparison of different topologies, a choice for the converter to be implemented 

has to be made. The category with the lowest number of switches is suitable for applications 

up to 2 [kW] but cannot be chosen for the desired application with a power transfer of 20 

[kW]. The last category is relatively limited due to restrictions on voltage peaks and short 
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circuits. The choice should therefore be made in the category of Dual Bridges without 

resonant networks. The Dual Active Bridge (DAB) is chosen in this category because of its 

low component count and the possibility of soft switching. 

8.3 Chapter 6 : The DAB converter 

This chapter is the most important one of the works. It is divided into different steps:  

- The study of the topology of the DAB converter 

- The study of the simplified lossless model 

- The study of the different losses generated by the power switching devices 

- Study of the switching modes 

- Definition of the converter modulation 

- Sizing of the components 

- Overall analysis of the converter 

The first four steps include a global study of the converter and define the basis on which 

the following steps are carried out. In particular, the identification of the different losses, 

such as the most important ones like switching losses and conduction losses are taken into 

account for the optimisation of the sizing of the power components. 

The modulation scheme of the converter is defined as Single-Phase Shift Modulation for 

its simplicity of control based on a single-phase shift angle. As the aim of the project is to 

optimise the switching devices, more complex modulations to reduce the losses of the 

converter are not required to be studied. Also, the value of the leakage inductance required 

for this modulation is defined, as well as the current flowing through it. 

The sizing of the components is based on the environment described by the previous choices 

and studies. The components studied in this work are the semiconductors allowing the 

switches for the modulation, the components necessary for the dissipation of losses and the 

components allowing the implementation of filters. A first selection of components is made 

according to market availability. A selection of semiconductors compares different 

technical characteristics, such as loss potential, and logistical characteristics, such as price, 

stock, and lead time. This comparison gives an advantage to some over others. In order to 

validate this selection, a simulation analysis is conducted. To simulate these components, a 

model of each of them has to be made. This modelling requires an understanding of the loss 

concepts previously studied in order to create models corresponding to the components 

described by the suppliers.  

The thermal analysis of semiconductors is the main focus of this thesis. A series of 

commercially available semiconductors are analysed with models performed analytically 

and graphically according to the manufacturers' data. Differences are noticed and are the 

subject of potential future work to be studied. Semiconductors are finally chosen to fulfil 

the function required for this converter. The choices are made on the base of the lowest 

losses emitted, which means a low temperature measured at the semiconductor, the 

available stock in the market and a relatively low price of the component. 

The analysis in which they have been studied also takes into account all the devices needed 

to dissipate these losses such as radiators, fans, or other elements. 

An additional study of the inverter filters is carried out to ensure lower current upstream 

and downstream of the inverter. An attenuation of the harmonics generated by the converter 

is achieved by adding these filters. 

A list of the result of choices made for all the component studied is established after all 

analyses. It is made on the basis of comparison between the first selection and the results 

of the thermal analysis. 

Finally, a global analysis of the converter is carried out, checking if the objectives presented 

at the beginning are reached and also defining the cost of the components studied during 

this chapter. 
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8.4 Chapter 7 : Methodology 
This chapter presents the methodology used for this thesis. It presents the Gantt plan defined 

for this work. Also, a hypothetical budget is presented to have a financial point of view of 

what such a study represents. 

8.5 Future work 

Various future works can be carried out based on this thesis. For example, the study of the 

use of this type of converter in this kind of application with backup battery for just-in-time 

consumption. In other words, to have a network that is full of parasitic production elements 

(wind turbines, solar panels) being extremely disturbed and that is continuously stabilised 

by this device which is very fast. It should also be examined whether such a just-in-time 

solution would make it possible to reduce the quantity of batteries, which are larger and 

intended purely for storage. Knowing the ecological impact that these batteries have on the 

environment, it would be interesting to define which solution would reduce it the most. 

A second study that can be carried out as a result of this thesis concerns the modelling of 

semiconductors, more specifically with SiC technology. During this work a difference was 

perceived between analytical modelling by equation and graphical modelling based on 

manufacturers' data. It would be interesting to optimise the analytical modelling to define 

an equation that is as close as possible to the globality of the semiconductors offered on the 

market. It is certain that the equations used for the modelling of this work are not complete 

for SiC technology. 

8.6 Overall conclusion 
This overall conclusion of the presented thesis is that Dual Active Bridge (DAB) converter 

is suitable for the realization of Isolated Bidirectional DC converter in the application of 

conversion organ between a HV DC Bus of smart grid and LV DC Bus used for a back-up 

battery. It fulfil the converter requirements, as galvanic isolation or bidirectionality, which 

are related to a transfer power of 20 [kW]. 

This work ends with interesting results for the optimisation of power devices. Indeed, they 

depend mostly on the state of the actual market but have completed the objectives given at 

the beginning. The way to classify which components are adapted for the application, in 

doing a first selection from manufacturers’ data and then in doing simulation’s analyses, to 

finally combine each other in a global comparison, allows a best selection. Especially when 

the market is unstable, as it is during the thesis, developments need to continue depending 

on what is available from manufacturer. 

In a personal point of view, this subject was a first try in the development of such converter. 

Many things were new and have been well understood with the studies investigated on this 

topology of Dual Active Bridge. The possibility of additional knowledge is wide, knowing 

the different modulation possible with this topology. Power losses can be reduced much 

more with different aspects not evaluated in this thesis and this means further works are 

possible in this topic. 
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Appendix A 
Measures of software simulation of semiconductors: 

  
First Bridge 

  

Second Bridge 

Tamb = 

45 [°C] 
  

Microchip - 

MSC015SMA070B 

Infineon - 

IPW60R017C7XKSA1 

IXYS - 

IXTK120N65X2 

ONSEMI - 

NTHL020N120SC1 

Wolfspeed - 

C3M0016120D 

Microchip - 

MSC017SMA120B 

Wolfspeed - 

C3M0021120D 

Microchip - 

MSC025SMA120B 

UnitedSiC - 

UF3SC120016K3S 

N
o

t 
in
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a

r
a

ll
el

 

W
it

h
 e

q
u

a
ti

o
n

 

Junction Temperature [°C] 176,16 158,32 161,30 59,80 57,70 57,70 60,90 56,80 56,40 

Heat Sink Temperature [°C] 75,90 71,50 77,70 49,50 48,50 48,52 49,40 48,40 48,10 

MOSFET Conduction Loss [W] 135,30 117,70 145,90 17,70 15,95 15,95 19,90 14,60 14,20 

DIODE Conduction Loss [W] 7,16 3,60 3,60 2,90 0,00 0,07 0,24 0,89 0,05 

MOSFET Switching Loss [W] 4,00E-04 6,00E-04 9,00E-04 3,00E-04 6,40E-04 2,50E-04 9,80E-04 3,30E-04 4,00E-04 

DIODE Switching Loss [W] 2,60E-05 4,00E-04 6,00E-04 3,30E-06 1,00E-05 7,60E-06 1,80E-05 1,20E-05 6,70E-06 

Heat Flow [W] 563,00 477,00 592,30 82,50 63,70 64,00 80,60 62,00 57,25 

N
o

t 
in

 p
a

r
a

ll
el

 

W
it

h
 g

r
a

p
h

ic
 

Junction Temperature [°C] 176,90  -  - 

  

182,10 114,40 178,66 131,00 87,10 74,10 

Heat Sink Temperature [°C] 82,60  -  - 76,40 64,16 81,88 68,70 56,80 51,98 

MOSFET Conduction Loss [W] 135,30  -  - 17,80 15,96 15,95 19,90 14,60 14,20 

DIODE Conduction Loss [W] 7,20  -  - 2,60 0,00 0,07 0,25 0,86 0,06 

MOSFET Switching Loss [W] 29,40  -  - 121,80 71,13 151,60 88,50 38,00 17,54 

DIODE Switching Loss [W] 2,60E-05  -  - 4,00E-01 1,00E-05 7,60E-06 1,28E-05 1,20E-05 6,70E-06 

Heat Flow [W] 682,70  -  - 571,20 348,40 670,00 431,80 214,00 126,90 

In
 p

a
r
a
ll

e
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W
it

h
 e

q
u

a
ti

o
n

 

Junction Temperature [°C] 82,10 81,20 81,20 

  

 -  -  -  -  -  - 

Heat Sink Temperature [°C] 58,80 58,60 60,90  -  -  -  -  -  - 

MOSFET Conduction Loss [W] 31,40 30,70 35,60  -  -  -  -  -  - 

DIODE Conduction Loss [W] 0,68 0,81 0,75  -  -  -  -  -  - 

MOSFET Switching Loss [W] 2,00E-04 4,00E-04 5,50E-04  -  -  -  -  -  - 

DIODE Switching Loss [W] 1,30E-05 4,00E-04 6,40E-04  -  -  -  -  -  - 

Heat Flow [W] 252,80 247,20 288,40  -  -  -  -  -  - 

In
 p

a
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a
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e
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W
it
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 g

r
a

p
h

ic
 

Junction Temperature [°C] 94,55  -  - 

  

 -  -  -  -  -  - 

Heat Sink Temperature [°C] 63,46  -  -  -  -  -  -  -  - 

MOSFET Conduction Loss [W] 31,43  -  -  -  -  -  -  -  - 

DIODE Conduction Loss [W] 0,68  -  -  -  -  -  -  -  - 

MOSFET Switching Loss [W] 10,90  -  -  -  -  -  -  -  - 

DIODE Switching Loss [W] 1,32E-05  -  -  -  -  -  -  -  - 

Heat Flow [W] 335,64  -  -  -  -  -  -  -  - 
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Appendix B 
 

Gantt planning of the project: 

 

 


	cbf57453-cc2f-420e-9e0e-da0f070834f3.pdf
	Signature ou visa / Unterschrift oder Visum


