
 
 

  



 
 

  



 
 

Sammanfattning 
 

Sedan 2002 har avdelningen för elektricitetslära vid Uppsala universitet drivit 

Lysekilprojektet. Inom projektet har ett antal vågkraftverk installerats i havet sydväst om 

Lysekil. 

Syftet med detta arbete är att designa, bygga och testa en DC-DC omvandlare, vilken senare 

kommer användas som en nödvändig del vid nätanslutningen av ett vågkraftverk.  

Eftersom ett vågkraftverk inte genererar el med konstant frekvens går det inte att använda 

en växellåda. Istället likriktas strömmen och, om det är flera vågkraftverk, läggs ihop med de 

andra vågkraftverken innan det växelriktas och transformeras upp till rätt spänningsnivå, för 

att slutligen anslutas till elnätet [1]. 

Den konstruerade DC-DC omvandlaren är en omvandlare av typen ” inverterande buck-

boost”, det vill säga en omvndlare som både kan sänka och höja spänningen, och inverterar 

polerna på utgången. Även fast spänningen i normalfall endast kommer höjas så visade 

simuleringarna att  verkningsgraden och kostnaden för komponenter inte skiljde mycket 

mellan en ”boost”-och ”buck-boost” omvandlare, därmed övervägde flexibiliteten att även 

kunna sänka spänningen om detta skulle behövas. 

I projektet ingår även en mindre del till att konstruera en likriktarbrygga, men eftersom det 

svåraste momentet i projektet är DC-DC omvandlaren kommer störst focus ligga där.  
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1. Introduction 

1.1 Project description 
 

The goal with this project is to design, build and test a DC-DC converter which will be used 

to, normally, boost the voltage from around ±200 volt to ±400 volt.  The two output voltage 

levels +400 and -400 should be balanced in magnitude at any operating condition. Therefore 

are the output regulated with two P-regulators to keep the voltage constant and at the same 

level. 

Before the voltage gets boosted and regulated, it first has to be rectified. This is done by a 

passive 3-phase diode bridge. 

 

Figure 1 Simplified schematic, from generator to grid 

This project is focusing the diode rectifier and DC-DC converter part.   

Since the DC-DC converter is operating at high voltage, all the sensors has to be galvanically 

isolated. This is not just made in order to protect the low level electronic from voltage spikes 

and high currents. It is also a safety measure to prevent injury to people, that may be caused 

by electric shocks. 

The whole system will also be fully electrically isolated with acrylic glass and metal boxes to 

protect so anyone can’t touch any high voltage part. 
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1.2 Background 
 

The world has seen the impact of nuclear power production during the hazards in Japan 

mars 2011. Beside that, impending energy crisis, global warming and increasing oil prices are 

some of the major reason to think of more sustainable sources for electric power 

generation. 

Wave energy converter is such an alternative, but it has some disadvantages like higher 

offshore construction costs, corrosive seawater exposure or interference with shipping lanes 

[2]. 

This thesis is focusing the problem with the grid connection that causes a higher cost than 

other types of electric power generation such as nuclear or hydro power, where the grid 

connection is easier. 

In conventional power plants such as hydro, nuclear and certain types of wind turbines, only 

one transformer is needed to connect the generator to the grid. This is because these plants 

use a rotating generator that generates electricity with constant amplitude and frequency. 

But as the wave power plant generates electricity with a linear generator, output voltage will 

vary both in amplitude and frequency [3]. Therefore , it needs to be rectified and then 

inverted again before it can be connected to the grid. 

 

Figure 2 Output voltage from a wave energy converter in Lysekil [1] 

By rectifying and smooth out the voltage can a DC link be achieved. And by connecting 

several wave converters in parallel, the power at the DC-link becomes higher and 

smoother[2]. This is due to the peeks will come more randomly. 
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2. Theory 

2.1 Linear DC-DC converters 
 

By letting a transistor operate in active region, it can work as a variable resistor.  A control 

signal will regulate the base or gate which will result in a different output voltage. The 

relationship between control signal and the output voltage will be linear, thus the name. 

Since the transistor is acting like a resistor, the power loss due to heating in the transistor is 

the current times the voltage dropped across the transistor. Which means that linear DC-DC 

converters are very inefficient, the efficiency is usually around 30-60% [4]. Another 

disadvantage with linear DC-DC converters is that it is only possible to drop the voltage to 

the output. 

Linear converters are however often used in low power applications where the power loss is 

negligible. It is commonly used as low power DC supply for laboratory applications, where a 

stable, easy to control and error free power supply is required. 

 

2.2 Switched DC-DC converters 
 

Switched DC-DC converters are only letting the transistor operate in either open or closed 

state. When the transistor operates in open state, it holds the voltage across it, but the 

current through it will be almost zero. When the transistor operates in closed state, it allows 

the circuit current to flow through it, but the voltage across it will be almost zero. In both 

these cases, the power loss can be found according to the formula,       , be zero since 

one of the variables always is zero. This means that the converter theoretically can have up 

to 100% efficiency. 

Periodic turning ON and OFF of a transistor, with a fixed frequency and varying ON time, can 

vary the average value of the output voltage of a DC power supply. The ratio of ON time to 

period is called Duty ratio and it can act as the main control variable. The duty cycle is 

calculated as   
   

 
. 

2.2.1 Step-down (buck) converter  

 

A step-down converter produces a lower average output voltage than the input. The 

relationship between input voltage and the output is: 
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Figure 3 Schematic and current flow [6] 

 

Figure 3 shows how the current flows in both states. The inductor will store energy when the 

current flow through it, in closed state. When the transistor opens, the current continues to 

flow, because of stored energy in the inductor. If the current through the inductor never 

drops to zero, the converter works in continuous-conduction mode. If it drops to zero, the 

converter work in discontinuous-conduction mode[4].  

The biggest power losses are caused by resistance in the inductor and the capacitor which 

will cause heat. A practical transistor switch will have conduction and switching losses. 

2.2.2 Step-up (boost) converter 

 

A step-up converter produces a higher voltage on the output than the input, as the name 

implies.  

 

Figure 4 Schematic and current flow [7] 
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The inductor will store energy when the transistor is closed, and release it when the 

transistor opens. The reason why the inductor releases its energy when the transistor is 

open is because of Lenz’s law [5]; An induced electromotive force (emf) always gives rise to a 

current whose magnetic field opposes the original change in magnetic flux. 

The relationship between the input and output voltage is      
 

   
    theoretically. 

However, the output voltage will practically drop to zero when D is too big, due to losses in 

the circuit. 

2.2.3 Buck-boost converter 

 

The buck-boost converter can both step-up and step-down the voltage.  One kind of buck-

boost converter is to cascade a step-down and a step-up converter. Another kind is the 

inverting topology.  

 

Figure 5 Schematic and current flow of the inverting topology [8] 

The relationship between the input and output voltage can be seen as a step-down 

converter followed by a step-up converter, thus        
 

   
   . This relationship can 

also be confirmed by assuming that the energy in the inductor that is received during the 

closed state have to leave the inductor in the open state. For example if the duty cycle is 

66%, the energy have to leave the inductor double as fast as it receives the energy and thus 

a double output voltage is achieved. 

When the switch is on, the increase of inductor current is:        ∫
   

 

  

 
     

      

 
 .  a 

bigger inductance,  , will lead to a smaller current through the inductor. Since the energy in 

the inductor is;  
    

 

 
 , the increased energy stored in the inductor in the closed state is 

therefore:    
 (
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2.3 Regulation 
 

By changing the duty cycle, will the output voltage be affected. All regulators calculates an 

error value as the difference between the measured process variable and a desired setpoint. 

And then tries to minimize the error by varying duty ratio accordingly. There are different 

types of regulations such as two-step, multi-step, proportional, integral and derivative 

regulators. They can also be combined together such as the very common PID (proportional, 

integral, derivative) regulator. 

2.3.1 P regulation  

 

P (proportional) regulation will be the only needed regulation for this project. The 

proportional regulation is calculated as a constant times the error value:  

 ( )   ( ( )   ( )), or in discrete terms:  (  )   ( (  )   (  ))           

Where  ( ) is the control signal,   is a constant,  ( ) is the desired setpoint,  ( ) is the 

actual value and   is the sampling interval.  
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3. Design procedure 
 

3.1 Early simulations 
 

The first step in the design procedure is to simulate which topology is suitable for the 

application. As the converter has to boost the voltage, there are three alternatives available. 

The first is a boost converter, the second is the buck-boost converter and the third is a boost 

converter followed by a buck converter. 

The simulations were done in OrCAD PSPICE. PSPICE is one of the most commonly used 

simulation program for electronics. It has been used in this thesis because it is easy to use 

and was available at the start of this thesis.  But unfortunately, the transistors- and diode 

model used in the simulations is not the same as in the design, since it was not available. The 

model used has been given the same properties but there can still be some variations. 

3.1.1 Cascaded Boost & Buck Converter 

 

Because this topology incorporates two DC-DC converters butted together, there are twice 

the losses associated with just a single converter and it therefore invariably provides poor 

efficiency. 

There is also a high number of external components required - inductors and decoupling 

capacitors, as well as the compensation networks required for each of the two controllers. 

These components use up valuable circuit board area and add to the cost associated with 

this function. Also two IGBT-drivers would be needed. Therefore this topology was decided 

not to be used. 

 

3.1.2 Boost converter 

 

This topology showed to have no better results than the buck-boost converter. One of the 

big problems with the buck-boost converter, that the current through the inductor is very 

high, was also showing up in the simulations of this topology. And the fact that this topology 

only can boost the input voltage did that this topology was decided not to be used. 

But still one should have in mind that this topology has some advantages. One is that if the 

switch or control signal would fail, the current would still keep going through the inductor 

and diode to the load. 
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3.2 Inverted buck-boost converter 
 

The inverting topology showed to suit best for this project. Since the output is going to be 

+400V, neutral, - 400V is this converter designed with symmetrical push-pull operation.  

3.2.1 Basic currents and voltages 

 

The first thing to do was to setup the schematic with the two similar links, one to regulate 
the upper voltage (+400V), and one to regulate the lower voltage (-400V).  This simulation 
was done to simply verify that the circuit operates as a buck-boost converter should, which it 
also did.

 
Figure 6 Voltage and current through the buck boost converter 

By measuring the current in the common center line can one find out if the load on the 

outputs are in equilibrium, or if the voltage of any of the outputs is too low. The upper image 

in figure 6 shows that both the load and the voltage is balanced. If the transistors is turned 

on with the same frequency and phase, the current through the center line (R3) will always 

be zero, regardless of time. This can be demonstrated mathematically by mesh analysis. If 

the frequency and/or phase is different for the transistors, is the current through the 

common center line going to vary, but the average will still indicate whether, and if so, which 

of the outputs are unbalanced since it is the pulse width that matters. 

In the lower image in figure 6, the voltage is balanced, but not the load. Since the upper 

transistor has a larger duty cycle, the current through the upper inductor is going to be 

larger than the lower loop. This means that it will provide a current contribution "to the left" 
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in the common center line which is also measured. (R3) f that is larger than the current 

contribution "to the right" from the bottom loop. The total current is thus left. Note that the 

current is a medium cut. 

3.2.2 Transient state 

 

Since this DC-DC converters will be used for grid connection, it requires high reliability. At 

startup, it must meet maximum power without voltage spikes or overshooting currents 

occur. One problem when the DC-DC converter starts at full power is that the capacitor 

banks on the outputs are empty, this will result in a  big charging current at the turn-on 

moment, which in turn will trigger a very big current through the inductor and the transistor.  

In order not to risk any components, this charging current is going to be limited. It needs to 

be limited until the capacitors are fully charged.

 

Figure 7 Transient state 

One way to reduce the overshooting current is to start from a low duty cycle, since the 

increased current each period, through the inductor is;        
      

 
, does it show that a 

low in-voltage, a short period time and/or a low duty cycle will lower the inductor current. 

When the capacitor is fully charged after some milliseconds, the duty cycle will slowly be 

increased to the desired setpoint.  
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3.2.3 Powerloss in IGBT 

 

From the theory, the power loss in the transistor can theoretically go down to 0% of the 

total power. But for such a case, one has to assume that the switch is never working in active 

state, but only in open or closed state. The problem with this assumption is that a transistor 

can never go from open to closed state without passing the active state, because there is 

always some time delay between open and closed state. This means it is always going to be 

some powerloss in the IGBT. For example, if the voltage across the transistor is 200 volt and 

the current through it is 10 ampere, there is a 2kW powerloss in it for some time. This will 

heat up the IGBT and cause the efficiency to drop. 

One way to get around this spike is to phase shift the current and voltage. This is done by 

mounting a snubber circuit in parallel with the IGBT (between the collector and emitter). 

 

Figure 8 Switching losses in the IGBT 

A snubber circuit usually contains a capacitor, a diode and a resistor. The capacitor will be 

charged through the diode, and discharged through the resistor. Many combinations have 

been tested and right now there is a snubber without a diode mounted on the IGBT. A diode 

is not needed but a snubber without a diode can cause ringing in currents and voltages in 

the converter. It has been some ringing discovered in the inductor and diode when the 

converter works in discontinuous-conduction mode, but since the ringing is not overshooting 

isn’t that a problem.  
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3.2.4 Spikes and ringing 

 

The snubber circuit does not only have the job to phase-shift the voltage and current in the 

IGBT, in order to reduce the powerloss in the IGBT. But the snubber also has the job to 

reduce voltage and current spikes which can destroy the converter. The spikes mainly occur 

when the converter works in continuous-conduction mode. One theory why this spikes occur 

is due to a slow diode. Because when the magnetic energy stored in the inductor releases, it 

will create a current through the diode, but if the diode is slow and gives rise to a resistance, 

the inductor will compensate this by creating a bigger voltage and thus a bigger current. 

 

Figure 9 Spikes mainly occur at turn off state. Orange - IGBT voltage, green - inductor voltage, blue - inductor current 
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3.3 The final design 
 

This is how the final design looked like before the project was ended. The two transistors 

and diodes used were of the type "SKM75GB12T4". Each package contains two transistors 

and two diodes, so one diode and one transistor of each package were used in every link (Z1 

and D1 respectively Z2 and D2 in figure 6 - figure 8). This transistor and diode can carry up to 

75 ampere in forward current and hold up to 1200 volt across it before it breaks.  

The capacitor in this design got 17mF which is a lot more than the 3mF used in the 

simulations, the reason why the 3mF capacitor got replaced by a 17mF is due to the 17mF 

capacitor will stabilize the voltage much better. However this will result in a much longer 

charging time. But the trick to use a smaller duty cycle when the capacitor is charging is still 

the same. It will just take a little bit longer time. 

The IGBT driver card  

 

Figure 10 Final design 
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4. Measurements 
 

Two different types of measurements were done. 

 Amplification test 

 Efficiency test 

It was also supposed to be regulating tests done but unfortunately time was too short. These 

tests will instead be made later and therefore not be included in this thesis.  

4.1 Amplification test 
 

The first test which was done was to measure the amplification, dependent on duty cycle 

and load. This test is done to give a rough idea if the circuit will work or if something is 

faulty. 

This test was done on one of the two identical parts. It was done without a snubber 

capacitor mounted over the switch.  There was also no air gap in the core, in the inductor. 

These settings will affect the properties on the converter.   

 

Figure 11 Measurement setup 

The input voltage was 5.6 volt, this value was the lowest voltage possible to get from the 

source which was a variable transformer, connected to a 3-phase 400V outlet. The load was 

varied from 630 ohm down to 16 ohm and the pulse width was varied from 1µs up to 30µs 

with a period of 33µs. This in terms of duty cycle will give the range from 0.03 up to 0.91. 

The square pulse was given by a function generator and the load was a 630-0 ohm variable 
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resistor, except the 16 ohm load was a fixed power resistor.

 

 

This result was expected. The output voltage will drop if the duty cycle gets less, this is pretty 

obvious. But the fact that the output voltage will drop if the load gets bigger (smaller in 

terms of ohm) isn't that obvious.  

 

T 

When the duty cycle increases, the inductor will be provided more energy. The increased 

energy in the inductor will carry a larger current when the transistor opens. This means that 

a higher output voltage is achieved, thus a greater amplification.  

Figure 14 Amplification as function of duty cycle 

Figure 12 Amplification dependent on load and duty cycle. The plot is done in matlab. 
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This result showed to be almost ideal at smaller loads, the amplification will follow the curve 

from the theory part;        
 

   
   . 

 

Note that the amplification in these figures is in absolute value. The output voltage is, in fact, 

inverted relative to the input voltage. When the load gets bigger does the current through 

the load also get bigger. This in turn will by the formula for power;        give raise to 

more losses because of resistance in the inductor and capacitor. The diode will also make 

some losses due the increase of current. But since the diode does not have a resistance, it 

will instead have a constant voltage drop,    ,of around 1 volt in this diode. So the power 

loss in the diode will be:                  

Figure 14 Amplification as function of load 
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4.2 Efficiency test 
 

This test is a very basic test and will provide interesting information about the converter. The 

efficiency is calculated as output power divided by input power;    
         

       
.

 

Figure 15 Measurement setup 

The setup was almost the same as the amplification test and with the same upper and lower 

limits on duty cycle and load. But this test was done with a different voltage source which 

had current limitation. By using a DC voltage source instead of rectifying a 3-phase voltage 

could capacitors, used to smooth the voltage, be eliminated. Big capacitors got no current 

limitation and can therefore destroy components in the circuit. Another safety action was to 

mount varistors over both the diode and the transistor to prevent voltage spikes. The input 

voltage was also lowered to 5.0 volt. 

But there was still no snubber capacitor and still no airgap in the inductor, because this could 

affect the result and therefore not be compared to the amplification test. And one should 

also have in mind that both the voltage and current is measured with multimeters. 

Multimeters cannot measure big changes over short time periods and will therefore take the 

mean value if a signal has ripple or other kind of noise.

 

Figure 16 Efficiency dependent on load and duty cycle, 30kHz control signal 
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The efficiency showed to be worst, 0.1248, at 1/33 duty cycle with 16 ohm load. And it 

showed to be best, 0.6985, at 25/33 with a load of 200 ohm. This result was a bit confusing 

at the beginning. How could the efficiency be better even when the amplification was lower? 

The answer to this question is most likely that the diode will "eat" a big percentage of the 

voltage at lower duty cycles, because the losses in the diode always will be         

whatever the voltage over the load is. 

This theory was also confirmed when the input voltage was increased, which led to an 

increase of efficiency. And since the input voltage will never drop so low, won’t this be the 

biggest difficulty to increase the efficiency. 

Figure 16 shows that the efficiency will increase up to 25/33 duty cycle and then start to 

drop when it gets bigger. This efficiency drop is probably a cause of the increased current in 

the circuit, which will give power losses because of resistance in the inductor and capacitor.  

Another property that can affect the efficiency is the frequency of the control signal. At 

higher frequency’s there is a chance that the inductor isn’t fully discharged, especially if the 

diode is slow. With longer period times, the chance is higher that the inductor will be fully 

discharged at the end. 

 

Figure 17 Efficiency dependent on load and duty cycle, 15kHz control signal 

The efficiency showed up to be better so this theory may be correct. 
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6. Discussion and conclusions  
 

This thesis has focused the problem with the grid connection that causes a higher cost than 

other types of electric power generation such as nuclear or hydro power, where the grid 

connection is easier. If this problem can be avoided or be minimized, wave energy 

conversion will be given an even greater opportunity to be established as an alternative 

energy source. 

It has been similar studies published at the department of electricity. In 2009, Alexander 

Perup published his thesis "Study of a grid-connected wave power plant - synchronization to 

the grid" where he uses a variable transformer and the inverter to regulate the output 

voltage [9]. Unfortunately, the full text of this report has not been available and therefore, it 

has not been any results available. But the option to use a variable transformer instead of a 

DC-DC converter to regulate the output voltage seems interesting and should be considered 

as an alternative solution.  

6.1 Mesurements 
 

There could have been several more measurements done on this DC-DC converter. For 

example efficiency test with different air gaps in the inductor, and a snubber capacitor 

mounted over the transistor and diode. Another test which could have been done is to test 

how far the input voltage can go before voltage spikes and currents starts to reach the 

maximum limits. But since there is a time limit could only a couple of these tests have been 

made.  

The efficiency measurement showed that the efficiency was between 12-70% with a mean 

around 50%. Since one want to have the powerloss to be as low as possible, 50% powerloss 

in every step from the generator to the grid will result in a very small total efficiency and 

thus not economic sustainable. One of the most important properties is thus to keep the 

efficiency high. 

The conclusion from the efficiency measurement is that power losses will mainly occur in the 

diode at lower voltage levels. And mainly occur due to internal resistance in components at 

higher voltage and current levels. The main reason that the efficiency will drop is probably 

due to saturation in the inductor, so in order to increase efficiency, the greatest focus will be 

to improve the inductor so it can carry bigger currents without saturation. 

There will be future work done with this converter and many parts in this converter are 

probably going to be changed or replaced. But this thesis has given a start point for the work 

with the rectifier and DC-DC converter part. 
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6.2 Future work 

 

Since this converter will be supplied from a wave energy converter, it is going to work with 

high voltage and currents.  Therefore must accurate measurements be done in order to 

discover voltage and current spikes which have to be avoided. This is very important as one 

single spike can destroy the whole system. One way to avoid spikes is to mount snubber 

circuits in parallel with the transistor and diode. Another way to reduce disorders in the 

converter, cables has to be short and twisted if it is possible. All signal cables will be twisted 

and shielded.  

The entire system will be screened in both safety, but also to reduce interference. Since the 

electrical interference in the drive circuit will result in noisy signals in the converter, it is very 

important to ensure that the driver circuit is free from interference. 

Also the programming part is planned to be done in Labview in order to regulate the outputs 

with P or PI regulation for fast and accurate regulation.  
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7. Appendix 
 

The following figures are original data from the two tests done. 

 

Figure 18 Original data from amplification test 
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Figure 19 Original data from efficiency test, 30kHz control signal. 
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Figure 19 Original data from efficiency test, 15kHz control signal 
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