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Resumo 

Os semicondutores de banda-proibida larga ou semicondutores wide 

bandgap (WBGS) são vistos como o próximo passo evolutivo na engenharia eletrónica. 

Esta tecnologia de semicondutores, relativamente recente, tem grandes vantagens 

quando comparada com tecnologias tradicionais, baseadas em semicondutores de 

silício (SiS). Os WBGS podem operar a frequências de comutação muito superiores, 

permitem uma maior tensão dreno-fonte e toleram temperaturas de funcionamento 

mais elevadas. Todos estes fatores resultam num rendimento operacional superior ao 

observado em sistemas equivalentes baseados em SiS, bem como na possibilidade de 

projetar e construir sistemas mais compactos, consequência especialmente atrativa 

para uso em veículos elétricos e híbridos, conversores de potência e outras aplicações 

de alta potência. Combinada com as preocupações ambientais e de mudanças 

climáticas, a necessidade de projetar sistemas de conversão de energia cada vez mais 

eficientes conduziu a um aumento dos esforços de investigação sobre o uso de WBGS 

em conversores de energia. Quando combinados com luminárias LED de alto 

rendimento, os controladores de LEDs baseados em WBGS podem representar 

poupanças significativas nos consumos de energia em aplicações como a iluminação em 

residências, grandes escritórios, edifícios públicos, ruas, etc. 

Para melhor compreender as vantagens da aplicação de WBGS em conversores 

eletrónicos de potência, aplicados a sistemas de iluminação LED, este trabalho 

estabelece uma análise comparativa do desempenho de dois conversores electrónicos 

de potência idênticos, sendo um deles baseado em WBGS e outro baseado em SiS. 
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Conversores DC-DC; Dispositivos de banda-proibida larga; sistemas de iluminação LED. 
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Abstract 

Wide bandgap semiconductors (WBGS) are seen as the next evolution in the 

field of power electronics. This relatively recent semiconductors technology shows 

great advantages when compared with the traditional technology, based on silicon 

semiconductors (SiS). WBGS are able to operate at much higher switching frequencies, 

allow higher gate-source voltage, and tolerate higher temperatures. Altogether, these 

factors lead to much higher energy conversion efficiency, when compared to 

equivalent Si-based power conversion systems, and enable the possibility to design and 

build more compact systems, especially attractive for use in electric and hybrid 

vehicles, power converters and other high-power applications. Combined with 

environmental and climate change concerns, the compelling need to design more 

efficient power conversion systems promoted the research on the use of WBGS in power 

converters. When paired with high efficiency LED fixtures, WBG-based LED drivers can 

bring significant savings in terms of power consumption made at homes, large offices, 

public buildings, streets, and so on. 

To better assess the advantages of the utilisation of WBGS in power electronic 

converters, applied to LED lighting systems, this thesis establishes a comparative 

analysis of the performance of two similar power electronic converters: the first 

converter resorts to WBGS, while the second converter adopts SiS as the switching 

devices. 
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Chapter 1 

 
Introduction 

In a world facing an ever-increasing dependency on electronic and electric 

equipment, extensive to all sectors of activity - from industry to transportation and to 

domestic sectors, the total electric energy consumption keeps following a steady 

increment, year after year. In 2018, the global energy consumption reached 23 PWh. 

Estimates indicate this indicator will tend to increase even more, particularly thanks 

to the adoption of electric and hybrid vehicles and to the increment of electric energy 

consumption in developing countries [1]. Along with the increasing electric energy 

consumption, environmental and economic concerns have been demanding ever-

increasing energy efficiency standards, in order to comply with stringent institutional 

and government regulations. 

One of the means to achieve such demanding energy efficiency goals is 

precisely the adoption of cutting-edge technologies in the field of power electronics. 

Power conditioning is vital in many applications and also one of the domains with 

higher margin for improvements in terms of efficiency. Therefore, the study and use 

of new semiconductor technologies, capable of achieving higher figures of merit, 

recently became an attractive topic of study. It is here that the use of WBGS becomes 

of great relevance. The ability of these devices to switch at higher frequencies and 

the capability of operating at higher voltages and temperatures, when compared to 

conventional semiconductors, translates into smaller hardware structure, and a more 

compact and efficient energy conversion system. 
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Chapter 2 

 
DC energy distribution, consumption, and 
efficiency  

2.1 Historical contextualisation 

At the end of the 19th century and beginning of the 20th century, two alternative 

electricity distribution systems were available, using direct current (DC) and 

alternating current (AC). The DC system, supported by Thomas Edison, was based on a 

low voltage DC distribution grid. Due to the limitation of DC electricity distribution 

systems to low voltage levels, the high currents needed for large power installations 

would translate into large Joule losses, caused by the considerable resistance of the 

long power lines. In practice, this means that DC electricity could only be transported 

over short distances. For large cities or large industrial centres, several power plants 

would be required and installed nearby. The competing AC distribution system, 

supported by George Westinghouse and Nikola Tesla, consisted of the use of high-

voltage distribution lines carrying AC electricity. For the same power levels, the Joule 

losses induced by the resistance of the power lines would be much smaller, when 

compared to the equivalent DC distribution system. In order to transport large amounts 

of power, the AC distribution system relied on a step-up transformer, in order to 

increase the low voltage power at the output of a power plant, to be transmitted over 

long distances, with lower current and, consequently, lower Joule losses. At the end 

of the transmission line, a step-down transformer would be used to lower the voltage 

to safer and usable levels. The adoption of this system meant that a smaller number 

of high-power, high efficiency power plants would be needed. In addition, the 

generated power could be transmitted with reduced losses. At the time, the only way 

to efficiently step-up and step-down the voltage at high power levels was using 

transformers, an equipment that only operates in AC. Such fact explains why electric 

grids grew and evolved using AC until our days.
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2.2 High-Voltage Direct Current power transmission 

With the uptake of power electronics, it became possible to efficiently step up 

and step down the voltage, either at low- or high-power levels. Many high-power DC 

transmission lines are already in use across the world, with many more under 

construction. The country taking the lead in terms of high power, distance, and number 

of high-voltage direct current (HVDC) power lines is currently China, with projects like 

the Qhundong-Wannan project. This HVDC grid reaches voltages of ±1100 kV, and can 

carry a total maximum power of 12 GW, over a distance of 3400 Km [2]. 

 

2.2.1 Advantages 

Despite the higher costs of implementation and maintenance, HVDC power 

transmission presents less losses when compared to conventional AC power 

transmission. Losses caused by the skin effect and the charging and discharging of the 

cables’ parasitic inductance and capacitance, on every power cycle, can be quite 

significant, especially in underground and underwater environments, where the 

capacitance formed between the power lines and the surroundings can be extremely 

high and hard to mitigate. In HVDC power transmission, the losses induced by the skin 

effect and the cable parasitics are non-existent. This means that, for the same power 

level, cabling is smaller in diameter, on the one hand, and that the losses in 

transmission are smaller, on the other hand. HVDC power transmission also becomes 

an attractive solution to establish the connection between unsynchronised AC power 

grids or power grids with different frequencies.  

 

2.2.2 Disadvantages  

The most significant disadvantage of HVDC power transmission is still the cost 

involved in the installation and maintenance of the complex equipment required to 

establish HVDC grids. On the other hand, the reliability of the systems and the losses 

involved in the conversion of AC to DC and back to AC are additional concerns. These 

conversion losses can often be larger than the losses in transmission over short 

distances. Also, the DC current is more difficult to switch off due to the absence of 

zero crossing of the current [3].
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2.3 DC energy consumption 

Nowadays, almost every household appliance runs on DC, and most of the 

appliances that run on AC can also run on DC. From LED-based illumination to inverter-

based air conditioners and refrigerators, as well as direct-drive washing machines and 

electronic appliances, like TV’s, computers, smartphone chargers, and others, are all 

examples of DC-compatible appliances. In order to convert the AC, provided by the 

distribution grid, to DC, it is necessary to use a rectifying circuit, which has energy 

losses intrinsic to its construction. 

The complexity of rectifying circuits may vary, depending on the output power 

level or the type of load to which they are targeted. Currently, every single appliance 

that runs on DC has some sort of highly inefficient rectifying circuit. The energy 

consumption associated to DC-compatible appliances represents the majority of the 

overall energy consumption of an average house in the European Union. Figure 1 shows 

the final energy consumption in the residential sector, by end-use, in the European 

Union [4]. 

Figure 1: Final energy consumption in the residential sector, by end-use. 

The previous statement means that the power losses taking place due to energy 

conversion processes and the costs associated with the extra components are 

multiplied by the number of appliances that run on DC. It is, therefore, beneficial to 

consider an alternative solution, consisting of a single rectifier, that converts the AC 

coming from the grid to DC, and distributes the DC energy throughout the entire house. 

Such alternative concept results in more cost-effective appliances and a more efficient 

use of energy. Research indicates that the energy losses of a home using DC could be 

reduced by around 15% when compared to an equivalent AC-supplied home [5]. In 

addition to the aforementioned advantages, the implementation of microgeneration 

Space heating; 
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Space cooling; 
0,30%

Cooking; 5,60%

Lighting and 
appliances; 14,40%

Others end uses; 
0,90%

Water heating; 
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and energy storage systems also benefits from the adoption of DC-based energy 

distribution systems. Considering that energy is stored in batteries in the form of DC 

energy, and that the great majority of microgeneration systems are based on solar 

panels that produce DC energy, the whole architecture and interconnections between 

generation, consumption, and grid can be made in a simpler and effective manner 

when considering DC electricity distribution. One example of this statement can be 

found in [6]. 
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Chapter 3 

 
DC-DC converters 

Nowadays, the majority of the low- and medium-power electric devices, 

particularly those used at homes, and offices, run on DC. These devices have a huge 

range of nominal input voltages, and many times have different voltage rails within 

themselves. Electronic devices, in particular, may have rails of 48V, 24V, 12V, 5V, 

3.3V, 1.8V, 1.2V or 0.8V. With the exception of small-power or special applications, 

where a linear regulator or even a resistor dropper is used for a clean, noise-free 

supply, DC-DC converters are the excellence device for generating these different 

voltage rails, thanks to their high efficiency and smaller footprint, ideal for higher 

power applications. These devices offer, however, a few disadvantages. The high 

output ripple and high EMI are both a by-product of the switching nature of these 

converters. Because some loads, like audio equipment, are extremely sensitive to high 

voltage or current ripple, attention must be paid to the filtering of the input and 

output of the DC-DC converter. 

Since the emergence of power electronics, and with the establishment of a 

wider offer of power MOSFET, in the 1970s [7], DC-DC converters have been in constant 

development and improvement. These converters have seen a great reduction in size 

and also a great increment of efficiency, thanks to the improvements attained in the 

MOSFET’ technology. Smaller footprint, smaller Rdson, and reduced parasitic 

capacitances and inductances were the most remarkable advances in the technology. 

As a result, state-of-the-art DC-DC converters feature higher switching frequencies, 

higher power, smaller heatsinks and, consequently, smaller physical dimensions. 

 

3.1. Typical Topologies 

DC-DC converters can be divided into three basic categories, depending on the 

difference between the input and the output voltages. If the converter is used to raise 

the input voltage, the converter is defined as a boost converter. In turn, a buck 

converter is used to lower the input voltage. If the converter has the ability to either 
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step up or step down the input voltage, it is called a boost-buck converter. For all the 

three categories, there are multiple topologies deriving from the basic converter 

configurations. The practical interest of each topology depends on the target 

application and rated power of the converter. The following sub-section presents the 

typical circuit configurations and the working principles of the most relevant DC-DC 

converter topologies, with potential for LED lighting applications.  

3.1.1 Boost Converter 

 

Figure 2: Typical boost converter topology. 

Figure 2 represents a typical asynchronous boost converter, used to raise the 

voltage at the output. This topology consists of an inductor, a diode (generally a 

Schottky diode), a switching device, and an output filtering capacitor. This topology is 

one of the simplest and most reliable topologies of a boost converter, because of its 

reduced number of components and ease of control.  

This boost converter has the following working principle: 

• From t0 to t1, the switch S1 is turned on. The source is effectively short-

circuited through inductor L1. This current creates a magnetic field in inductor 

L1. During this period, diode D1 is reverse-biased, which means that no current 
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will flow through it. At the same time, capacitor C1 provides current to the 

load, in accordance with Figure 3. 

 

Figure 3: Boost converter current flow for the period t0<t<t1. 

 

• From t1 to t2, switch S2 is turned off. The magnetic field inside L1 collapses, 

creating an electromotive force, according to Faraday’s law, thus establishing 

a positive potential differential across the terminals of the inductor. D1 is now 

forward-biased and starts conducting current to the load and to the capacitor 

C1, charging it, as represented on Figure 4. 

 

Figure 4: Boost converter current flow for the period t1<t<t2. 

 

• From t2 to t3, the magnetic field in L1 collapses completely. Therefore, the 

potential differential across the terminals of the inductor is zero. The diode D1 

is reverse-biased again, while capacitor C1 provides current to the load, 

according to Figure 5. This period only occurs in case that the converter 

operates in discontinuous conduction mode (DCM). 
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Figure 5: Boost converter current flow for the period t2<t<t3. 

 

 

3.1.2 Buck Converter 

Figure 6 represents a typical asynchronous buck converter, used to generate an 

output voltage lower than the input voltage. Like the boost converter, the buck 

converter is based on a switching device, an inductor, a diode, and an output filtering 

capacitor. As the switching device is connected at the high-side, the driving method 

becomes more challenging. If the device is of NPN type, it is required to generate a 

gate voltage higher than the source voltage V1. Generally, a boot-strap circuit is used 

to generate a voltage higher than the drain voltage. One alternative solution consists 

of using a PNP device. Unfortunately, PNP devices tend not to be used because of their 

lower efficiency. 

 

Figure 6: Buck converter topology. 
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This buck converter has the following working principle: 

• From t0 to t1, the switch S1 in turned on, allowing the source current to flow 

through the inductor L1 and the load, as represented in Figure 7. Capacitor C1 

is also charged during this period. The diode D1 is reversed-biased. A magnetic 

field is created in L1.  

 

Figure 7: Buck converter current flow for the period t0<t<t1. 

 

• From t1 to t2, the switch S1 is turned off. The magnetic field in L1 collapses, 

creating a negative voltage between D1 and L1 which, in turn, allows current 

to flow through D1, that is now forward-biased. This current also flows through 

the load and the capacitor C1, as represented in Figure 8.    

 

Figure 8: Buck converter current flow for the period t1<t<t2. 

 

• From t2 to t3, the diode D1 is reverse-biased. No current flows through the diode 

D1 neither the inductor L1. During this period, capacitor C1 provides current to 
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the load, as represented on Figure 9. This period only occurs in case that the 

converter operates in DCM. 

 

Figure 9: Buck converter current flow for the period t2<t<t3. 

 

 

3.1.3 Boost-buck converter 

 As the name itself suggests, the boost-buck converter is a device capable of 

generating either a higher or lower output voltage. Figure 10 represents a typical 

configuration of a four-quadrant boost-buck circuit, based on four switches and an 

inductor. This device is also bi-directional, meaning that it can transfer energy from 

the source to the load, as well as from the load to the source.  

 

Figure 10: Boost-buck converter topology. 
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3.1.3.1 Boost-buck converter in buck operation mode 

The operation of the boost-buck converter in buck mode is guided by the 

following working principles: 

• From t0 to t1, the switches S1 and S3 are turned on, while switches S2 and S4 

are turned off. Current flows through inductor L1, charging the capacitor C1 

and feeding the load. This is represented in Figure 11.  

 

Figure 11: Current flow, in buck operation mode, for the period t0<t<t1. 

 

• From t1 to t2, the switch S1 is turned off, while switch S2 is turned on, to provide 

a path to sustain the current flow in the load, as shown in Figure 12. 

 

Figure 12: Current flow, in buck operation mode, for the period t1<t<t2. 

 

• From t2 to t3, all switches are turned off. Capacitor C1 provides energy to the 

load, as shown in Figure 13. This period is solely verified in case that the 

converter operates in DCM. 
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Figure 13: Current flow, in buck operation mode, for the period t2<t<t3. 

 

 

3.1.3.2 Boost-buck converter in boost operation mode 

The operation of the boost-buck converter in boost mode is guided by the 

following working principles: 

• From t0 to t1, switches S1 and S4 are turned on, allowing current to flow through 

inductor L1, thus creating a magnetic field. During this period, the capacitor C1 

will provide current to the load, according to Figure 14. 

 

Figure 14: Current flow, in boost operation mode, for the period t0<t<t1. 
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• From t1 to t2, switch S4 is turned off, while switch S3 is turned on. As the 

magnetic field inside L1 collapses, an electromotive force is established 

according to Faraday’s law, meaning that a positive potential differential will 

appear across the terminals of the inductor. Current will now flow to both the 

capacitor C1 and the load, according to Figure 15. 

Figure 15: Current flow, in boost operation mode, for the period t1<t<t2. 

 

• From t2 to t3, all the switches are turned off, allowing capacitor C1 to discharge 

through the load, according to Figure 16. This period of operation is solely valid 

for DCM operation. 

 

Figure 16: Current flow, in boost operation mode, for the period t2<t<t3. 

This configuration of the boost-buck converter also allows the bidirectional flow 

of current, depending on the commutation order of the switching devices. Converters 

based on this topology are especially useful for applications where an electromotive 

force is developed at the load and the source has the ability to receive this energy. 
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Chapter 4 

 
LED lighting systems 

4.1 LED efficiency 

In recent years, there has been a significant adoption of LED lighting 

technologies, in almost every application where light is required, ranging from 

residential lighting to public illumination and to automotive applications. Due to their 

higher brightness, higher efficiency, longer lifetime, lower profile, and the ever-

decreasing production costs, LEDs are now the trending lighting technology, having 

replaced traditional incandescent and halogen lightbulbs. The uptake of LED lighting 

is being boosted by governments’ policies and institutional regulations, as well as by 

the increasing concerns regarding energy efficiency and the environmental impact. For 

the same luminous flux, LEDs can represent between 25 % and 80 % of energy savings, 

and last for 3 to 25 times more than a conventional incandescent light bulb. For 

example, when compared to an incandescent lightbulb of 60 W, a 12 W LED light is 

able to output roughly the same amount of light and lasts 25 times more [8]. Also, LEDs 

waste less energy in the form of heat, thus enabling a longer lifetime. Unfortunately, 

LEDs also have an important drawback. Since LEDs consist of a semiconductor device, 

its maximum tolerable temperature is low, when compared to an equivalent 

incandescent lightbulb. In practice, such statement means that there are few 

applications where LEDs are not a feasible technology. The standard maximum 

tolerable temperature for an LED is around 120 degrees Celsius [9]. 

 

4.2 LED flickering and dimming 

 One of the problems of LED lighting systems is flickering, usually associated 

with poorly designed or cheaper driver systems. Flickering often arises as the result of 

the application of drivers with single-wave rectification and/or unfiltered output. 

Flickering can be visible to humans if the percent flicker is greater than 30 %, within 

the [100 120] Hz frequency range [10]. When resorting to switched-mode power 
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converters as LED drivers, one of the strategies suitable to reduce the flickering 

consists of adopting high switching frequencies.  

 LED flickering can also be noticed when low-frequency PWM is used for dimming 

the brightness of the light. Dimming refers to the technique of pulsating the current 

between zero and a specific, constant value, aiming to achieve the intended brightness 

for the LED. The brightness of the light is a result of the average current flowing 

thought the LED, whose value is directly dependent on the duty cycle of dimmed 

current. In case that dimming is considered, it is equally advantageous to opt by a 

higher dimming frequency. 

 Another approach suitable to achieve brightness control consists of linear 

dimming, attainable by means of a setting a constant current. The brightness of the 

light is changed by carefully controlling the instantaneous value of the current 

provided to the LED. Linear dimming is advantageous when compared to PWM dimming 

in applications where the LED is placed far from the driver. When PWM dimming is 

selected, parasitic inductances and capacitances of the cabling distort and decrease 

the average current and result on a significant mismatch between the set and actual 

value of the average current. 

 

4.3 RGB LED and light colour/temperature 

Recent research on the influence of different light colours, commonly referred 

to as light temperature, has proven that humans are not only more sensitive to specific 

components of the visible spectrum, but also that these spectrum components have 

different impacts on the human health and well-being. The most common example of 

application of this statement consists of the use of a “blue filter” on displays of 

computers and smartphones. This filter simply applies a reduction on the intensity of 

the light in the blue component of the visible light spectrum, which is associated with 

the stimulus of the brain. Other example of the effects of distinctive colour 

temperatures is the illumination of different rooms in houses. Typically, bedrooms 

have a light source with a hotter colour, i.e. a colour closer to yellow and red, colours 

associated with a more comfortable and relaxing environment. In contrast, the living 

rooms and kitchen tend to have a colder light source, closer to blue, creating a more 

awakening sensation [11]. 
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The benefits of changing the colour temperature based on the environment, 

the period of the day, the season of the year, and the purpose of the room or space 

that is being illuminated, has leveraged the interest on the adopting of RGB lighting 

systems that, due to the need for a more expensive and complex control system when 

compared to a typical fixed colour light system, have previously been relegated to 

small applications, like screens, projectors, and other devices used for the 

reproduction of images. By combining the red, green and blue lights, it is possible to 

create any colour of the visible spectrum as a function of the intensity percentage of 

each of the three colours, as shown on Figure 17.  

 

Figure 17: RGB colour wheel with 360 colours. Adapted from [12]. 
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Chapter 5 

 
Wide bandgap semiconductors 

5.1 Comparation between wide bandgap semiconductors (WBGS) 
and silicon semiconductors (SiS) 

The distinction between a conductor and an isolator can be made on a band 

gap basis. While an isolator typically has a band gap higher than 4 eV, a conductor 

material has a band gap of almost zero. Between these two materials, there are the 

semiconductors, materials that have properties of both isolators and conductors. That 

is where we find the SiS, the basis of modern electronic. While the traditional 

components, made of Si, have a band gap between [1 1,5] eV, the WBGS have a band 

gap within the range [2 4] eV. Gallium nitrite (GaN) and silicon carbide (SiC) materials 

appear as the most promising wide bandgap materials. The semiconductor with the 

widest bandgap, highest thermal conductivity and highest breakdown voltage is 

diamond. In the simulations and experimental tests performed for this thesis, only GaN 

MOSFETs will be approached. Table 1 represents some of the important parameters for 

GaN, Si, SiC and diamond materials. 

 

Table 1: Some semiconductors’ parameters at 300 K 

Semiconductor 
material 

Bandgap 

[eV] 

Breakdown 
field Ec 

[10^6V/cm] 

Thermal 
conductivity σT 

[W/cm] 

Coefficient of thermal 
expansion 

[ppm/K] 

Si 1,12 [13] 0.3 [14] 1,5 [14] 2,5 – 4,2 [15] 

GaN 3,44 [13] >5 [14] 1.5 [14] 3,2 -5,6 [15] 

SiC 2,36 [13] 4,0 [14] 5 [14] 4,0 – 5,8 [15] 

C (diamond) 5,46 - 5,6 
[13] 5,7 [13] 6 - 20 [13] 1,0 – 3,8 [15] 
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5.2 Advantages and disadvantages 

5.2.1 Advantages 

As a result of the larger bandgap, WBGS can operate at higher voltage levels, 

with typical breakdown voltages in the order of 15 kV [16], much higher than the 

typical SiS breakdown voltages, located between 4,5 kV and 6,5 kV [17]. In addition to 

the ability of operating at higher voltage levels, WBGS are capable of operating at 

higher switching frequencies than the typical switching frequencies used on SiS, while 

keeping a high drain-source rupture voltage [18], as well as to operate at power levels 

of tens of kilowatts. Such features are attainable thanks to the small total gate 

charge (Qg) inherent to the WBGS, which allows a faster charge and discharge of these 

capacitances, assuring that the device remains in the linear region for a short period. 

Also, a smaller electromagnetic interference (EMI) can be expected, due to the 

excellent switching and reverse recovery characteristics of WBGS.  

To compare the performance of MOSFETs employing distinctive semiconductor 

materials, the Rdson characteristic value, observed for a given voltage, is typically 

adopted as metric of choice. This is one of the most defining characteristics of WBGS, 

being the WBGS Rdson value lower than the Rdson value of traditional SiS, for a given 

breakdown voltage. In addition, WBGs have a higher thermal conductivity, better 

switching (higher dV/dt) and reverse recovery characteristics [19]. All these 

characteristics mean that less waste heat is produced, not only when the device is in 

the saturation region, but also when it is in the linear region. Therefore, a smaller heat 

dissipation solution is required for the application of these semiconductors, specially 

at high power levels, resulting in a more efficient device. 

Since the thermal energy of electrons in the valence band increases with 

temperature, they can begin to move to the conduction band, resulting in an 

uncontrolled conduction, possibly leading to a thermal runaway situation. For WBGS, 

the temperature at which this phenomenon happens is located at around 900 ºC, far 

from the typical limit of 150 ºC for Si based devices [19]. Therefore, WBGS can tolerate 

much higher temperatures than SiS [20], without suffering permanent damages [21] or 

degradation on their performance, even though a more realistic maximum operating 

temperature is limited by the package material where the die is encapsulated [22].  

Added to the fact that the thermal coefficient of expansion is better suited to 

today’s ceramic-based packs [13], the thermo-mechanical stress of WBGS will be 

smaller than a comparable solution based on SiS. The operating temperature of WBGS 
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also has lower impact in the forward and reverse characteristics, translating into a 

more reliable device, for a broad temperature operating range.  

 

5.2.2 Disadvantages 

 As WBGS are a relative recent semiconductor technology, there are still a few 

hurdles to overcome in what concerns their use, even though the recent interest for 

these devices has led to an increase in research and development, specially of SiC and 

GaN MOSFETs. 

 One of the greatest disadvantages of WBGS is the still very high cost of the 

technology [19]. The initial cost could overbalance the benefits of higher efficiency 

and the money saved in the long term. But with the increase in demand and subsequent 

increase in production, it is expected for the cost of manufacturing to go down, thus 

making these technologies more affordable and attractive. Another important 

disadvantage of WBGS is the low processing yield caused by defects, for SiC technology, 

and processing problems, for GaN and diamond technologies [19]. There are also the 

problems caused by the lack of proper high-temperature packaging techniques, that is 

currently limiting the maximum operating temperature of these semiconductors. Also, 

the higher ratio of the electron-to-hole mobility makes WBGS undesirable for use in 

bipolar devices [13]. 

 

5.3 Applications 

 Taking in consideration the ability of WBGS to operate at high voltages, high 

power levels, and high temperatures, WBGS are considered suitable for high power, 

high voltage, compact applications. Applications like battery chargers, power 

inverters, and power converters can benefit from the use of these switching devices, 

resulting in high efficiency and reduced weight, since the need for heat dissipation is 

minimal. On the other hand, the possibility to switch the device at higher frequencies 

can reduce the size of the passive components of the circuit.  

 Candidate applications range from electric and hybrid vehicles systems, like 

battery chargers, motor driver modules, and electric car charging stations, to 

renewable energy applications, like high-power maximum power point trackers and 
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bidirectional grid inverters. Figure 18 shows the frequency and power range of the 

different types of semiconductor technologies. 

 

Figure 18: Power and frequency range of operation of the semiconductor technologies. Adapted 

from [23] 
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Chapter 6 

 
Single LED, constant current synchronous buck 
converter 

6.1 Description  

In order to perform the comparison tests among the two semiconductor 

technologies, a simple constant current synchronous buck converter circuit was 

considered as the LED driver. The circuit, represented in Figure 19, is first 

implemented in simulation environment, using the Simulink software. This circuit was 

then built to be used in practical laboratory tests. 

 

Figure 19: Representation of the synchronous buck converter considered in the study. 

The circuit consists on a constant voltage source V1, an inductor L1, a 

capacitor C1, and two switching devices, labelled as Q1 and Q2. Both switching devices 

are driven by an individual gate driver, labelled as U1 and U2, controlled by the block 

labelled as Control1. The inductance of the driver’ inductor is computed using 

equation 6.1, where Vin and Vout refer to the input and the output voltages, 

respectively, f is the main switching frequency, Iout is the output nominal current, and 

r denotes the current ripple ratio. 

 𝐿𝐿 =
(𝑉𝑉𝑖𝑖𝑖𝑖 − 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜) × 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜
𝑉𝑉𝑖𝑖𝑖𝑖  × 𝑓𝑓 × 𝑟𝑟 × 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜

    (6.1) 
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The value chosen for r is 0.3, meaning the maximum peak-to-peak input current 

ripple is equal to 30 % of the output nominal current. 

To measure the input current and the current flowing through the LED, current 

sensors were employed. Similarly, voltage sensors were used to measure the voltage 

at the converter input and at the terminals of the LED. The LED device consists of a 

single COB LED, composed of a combination of series and parallel LED chips, with a 

total power of approximately 100 W and a nominal forward voltage of 32 V, at 3 A. The 

luminous flux is 110 lm/W and the colour temperature is specified at a warm white 

(between 3000 and 3200 K). 

Note that the electric circuit represented as the blue lined components are 

part of Simscape library, while the black lined components are part of Simulink library. 

In order to interconnect both libraries, special blocks denoted “PS S” were employed 

to establish the interface among the distinctive components.   

 

6.2 Theory of operation 

6.2.1 Controller  

The implemented controller, represented in Figure 20, is based on a hysteresis 

PWM control method with 8 bit resolution, where the control constant 0 corresponds 

to 0 % duty cycle and the control constant 254 corresponds to 100 % duty cycle. The 

controller relies on the LED current reading as the feedback signal. 

 

Figure 20: Controller for the single LED synchronous buck converter. 
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The controller is composed of a PWM generator, highlighted by the red 

rectangle, an over-voltage/current protection, highlighted by the green rectangle, and 

a low side and dead-time generator.  

The PWM generator works by first calculating the error, that is, the difference 

between the current set value and the current read value. If the error is positive, the 

current read value is lower than the set value. Therefore, the controller increases the 

control constant by 1, which translates into an increment of the duty cycle by 2,55 %. 

On the other hand, if the error is negative, the current read value is higher than the 

set value. So, the controller decreases the control constant by 1, which translates into 

a decrement of the duty cycle by 2,55 %. The control constant is limited to a maximum 

of 242, which corresponds to approximately 95 % duty cycle. This condition is 

considered in order to avoid continuous conduction through the high-side switching 

device. Also, the rate of change of the control variable is limited, in order to avoid 

significant overshoots and undesired oscillations. The duty cycle value is then used to 

generate a PWM signal, that is fed to the over-voltage/current protection. Also, an 

ON/OFF command is used, to either turn ON or OFF the buck converter. 

The over-voltage/current protection is used to protect the controller and LED 

in case of failure of any of the components of the system. If either the voltage at the 

LED terminals or the input current exceed the maximum established values, the 

controller shuts down the converter. In that case, a RESET signal must be applied in 

order to restart the operation of the controller.    

The low side and dead-time generator is used to generate a signal to control 

the low side switching device and the dead time between the high-side and low-side 

signals, a period of time where both high- and low-side signals are at low level, as 

represented on Figure 21.  

 

Figure 21: Dead time between high- and low-side devices. 

The application of dead-time between the two gating signals is done so as to 

avoid shoot through, that is, to avoid having both switching devices turned on at the 
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same time, creating a short-circuit between the voltage source V1 and ground. The 

shoot through phenomenon may happen because the switching devices do not turn ON 

or OFF instantaneously. For the simulation, the defined dead time was the lowest time 

possible, meaning a 20 μs dead time. 

 

6.3.2 Converter operation principles and power losses 

The following description of the operation principles of the circuit uses a 

simplified schematic representation of the converter. Considering the circuit operation 

in steady-state mode, the current flow is as following: 

• From t0 to t1, the switching device Q1 is turned ON and Q2 is turned OFF, 

allowing current to flow through the inductor L1 and the LED. During this 

period, the capacitor C1 is charged. This period of operation is represented in 

Figure 22. 

 

Figure 22: Current flow for the period t0<t<t1. 

As current flows through L1, a magnetic field is established, opposing to the 

sudden changes in the current. This behaviour effectively decreases the peak current 

at the input. 

During this period of operation, the power losses are assigned to the on-

resistance of the high-side switching device, computed by equation 6.2, and the ohmic 

resistance of the inductor, given by the equation 6.5. 
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 𝑃𝑃𝑄𝑄_𝐻𝐻 = 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅_𝑄𝑄_𝐻𝐻
2 × 𝑅𝑅𝐷𝐷𝐷𝐷(𝑜𝑜𝑜𝑜)𝐻𝐻    (6.2) 

where RDS(on)H is the on-time drain-to-source resistance of the high-side switching 

device, and 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅_𝑄𝑄_ℎ
2  is the RMS value of the switch current, computed by equation 6.3: 

 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅_𝑄𝑄_𝐻𝐻
2 =

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜
𝑉𝑉𝑖𝑖𝑖𝑖

× �𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜2 +
Δ𝐼𝐼2

12
 �      (6.3) 

where Iout denotes the output current and ΔI is the maximum current ripple. If the low 

impact of the current ripple on the power losses is neglected, equation 6.2 can be 

simplified into equation 6.4: 

 𝑃𝑃𝑄𝑄_𝐻𝐻 =
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜
𝑉𝑉𝑖𝑖𝑖𝑖

× 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜2 × 𝑅𝑅𝐷𝐷𝐷𝐷(𝑜𝑜𝑜𝑜)𝐻𝐻    (6.4) 

The power dissipated by the inductor as a result of its ohmic resistance are 

computed by using equation 6.5: 

 𝑃𝑃𝐿𝐿 = 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅_𝐿𝐿
2 × 𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷   (6.5) 

where RDCR is the inductor DC resistance and IRMS_L
2 is the inductor RMS current, given 

by equation 6.6: 

 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅_𝐿𝐿
2 = 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜2 +

Δ𝐼𝐼2

12
     (6.6) 

If the low impact of the current ripple to the inductor power losses is neglected, 

equation 6.5 can be simplified into equation 6.7: 

 𝑃𝑃𝐿𝐿 = 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜2 × 𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷    (6.7) 

 

• From t1 to t2, both Q1 and Q2 are turned OFF, to avoid shoot through. The 

magnetic field inside L1 collapses, creating an electromotive force which, in 

turn, promotes a current flow through D2, as represented in Figure 23. The 

capacitor C1 discharges, providing energy to the LED. Note that this period must 

be as short as possible.  
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Figure 23: Current flow for the period t1<t<t2. 

During this period of operation, the power dissipated in the converter is equal 

to the power dissipated by the inductor, given by equation 6.7, and the power 

dissipated by the diode, given by equation 6.8: 

 𝑃𝑃𝐷𝐷 = 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅_𝑄𝑄_𝐿𝐿
2 × 𝑉𝑉𝐹𝐹𝐹𝐹      (6.8) 

where 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅_𝑄𝑄_𝑙𝑙
2  is the RMS value of the diode current and VFM is the diode forward 

voltage. Considering that this period of operation of the converter is quite short, the 

power dissipation taking place during this period can be neglected.   

 

• From t2 to t3, switch Q2 is turned ON, so that current flows through the switch 

instead of the diode. Therefore, a path with lower losses is established, as 

shown in Figure 24. Also during this period, the capacitor keeps providing 

energy to the LED. 
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Figure 24: Current flow taking place during the period t2<t<t3. 

During this period, the power dissipated in the converter can be computed as 

the sum of the power dissipated by the inductor and the power dissipated by the low-

side switching device. The latter is given by the equation 6.9: 

 𝑃𝑃𝑄𝑄_𝐿𝐿 = 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅_𝑄𝑄_𝐿𝐿
2 × 𝑅𝑅𝐷𝐷𝐷𝐷(𝑜𝑜𝑜𝑜)𝐿𝐿 (6.9) 

where 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅_𝑄𝑄_1
2  can be computed by equation 6.10: 

 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅_𝑄𝑄_𝐿𝐿
2 = �1 −

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜
𝑉𝑉𝑖𝑖𝑖𝑖

� × �𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜2 +
Δ𝐼𝐼2

12
 � (6.10) 

If the value of current ripple is neglected, equation 6.9 can be re-written as 

equation 6.11: 

 𝑃𝑃𝑄𝑄_𝐿𝐿 = �1−
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜
𝑉𝑉𝑖𝑖𝑖𝑖

�× 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜2  × 𝑅𝑅𝐷𝐷𝐷𝐷(𝑜𝑜𝑜𝑜)𝐿𝐿 (6.11) 

 

• From t3 to t4, both Q1 and Q2 will be turned OFF, as shown in Figure 25, to avoid 

the shoot through phenomenon. This condition of operation will only be 

observed if the converter operates in DCM. If this current is not equal to zero, 

then the current flow will be as shown in Figure 22. 
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Figure 25: Current flow taking place during the period t3<t<t4. 

 

Based on the previous analysis of the converter operation, it is possible to 

estimate the total power losses. Equation 6.12 can be used to express the total power 

dissipated in the converter: 

 𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑃𝑃𝑄𝑄_𝐻𝐻 + 𝑃𝑃𝑄𝑄_𝐿𝐿 + 𝑃𝑃𝐿𝐿 (6.12) 

Resulting in equation 6.13: 

 𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜2 ×  �
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜
𝑉𝑉𝑖𝑖𝑖𝑖

× �𝑅𝑅𝐷𝐷𝐷𝐷(𝑜𝑜𝑜𝑜)𝐻𝐻 − 𝑅𝑅𝐷𝐷𝐷𝐷(𝑜𝑜𝑜𝑜)𝐿𝐿� + 𝑅𝑅𝐷𝐷𝐷𝐷(𝑜𝑜𝑜𝑜)𝐿𝐿�  × 𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷 (6.13) 
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Chapter 7 

 
Simulation results 

In this chapter, the simulation of the circuit will be described and the results 

analysed. The circuit was simulated using the software Simulink, while the software 

MATLAB was used to automate the process of running simulations for the distinctive 

values of LED current and converter switching frequency, and to retrieve and compile 

the data of the simulations. The simulations were run in parallel, resorting to the 

parallel computing toolbox, in order to speed up the simulations. Each simulation has 

a duration of 2 seconds and a discrete, fixed time step of 20 μs. The simulations were 

performed for both Si IGBTs and GaN transistors, using different PWM frequencies and 

output currents. The PWM frequency range from 2 kHz to 18 kHz, in 2 kHz increments. 

For each frequency, current values ranging from 100 mA to 3100 mA, in 200mA 

increments, were simulated, resulting in a total of 144 simulations for each 

semiconductor technology. The simulation parameters for the Si IGBTs are described 

in Table 2, and are based on the technical features of the SK integrated intelligent 

Power PACK 3-phase bridge SKiiP 132 GD power module. Meanwhile, the parameters 

for the GaN transistors are described in Table 3, and are based on the technical 

features of the GS66508B E-mode GaN transistor. 

Table 2: Simulation parameters of the Si IGBTs. 

Symbol Parameter Value Unit 

Ices Zero gate voltage collector current (Vce = 1200 V) 0.4 mA 

Vge(th) Gate-emitter threshold voltage 1.38 V 

Vce(sat) Collector-emitter saturation voltage (Ice = 125 A, Vge = 2.55 V) 3.05 V 

Tamb Environment temperature 25 ºC 

Cies Input capacitance 110.4 nF 

Cres Reverse transfer capacitance 2.7 nF 
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Table 3: Simulation parameters of the GaN transistors. 

Symbol Parameter Value Unit 

Rds(on) Drain-source ON resistance (Ids = 9 A, Vgs = 6 V) 0.05 Ω 

Vth Gate-source threshold voltage 1.7 V 

Tamb Environment temperature 25 ºC 

Cies Input capacitance 260 pF 

Crss Reverse transfer capacitance 65 pF 

Table 4 compiles data about the performance of the buck converter in terms 

of efficiency, for each switching frequency and LED current level, obtained for the 

synchronous buck converter based on Si devices. Figure 25 depicts the data provided 

in Table 4, resorting to a graphical representation. 

Table 4: Simulation efficiency of the buck converter based on Si devices. 

I\f 2kHz 4kHz 6kHz 8kHz 10kHz 12kHz 14kHz 16kHz 18kHz 

100 69,95% 67,32% 68,36% 69,41% 77,69% 72,00% 71,35% 74,13% 71,53% 

300 85,77% 86,74% 87,44% 87,63% 87,16% 87,50% 87,10% 87,25% 87,19% 

500 90,57% 91,22% 91,03% 90,75% 90,46% 90,88% 90,87% 91,09% 91,00% 

700 92,84% 92,66% 92,48% 92,21% 92,15% 92,34% 92,38% 92,59% 92,53% 

900 94,09% 93,92% 93,80% 93,67% 93,27% 93,78% 93,82% 93,95% 93,90% 

1100 94,56% 94,50% 94,38% 94,35% 93,27% 94,32% 94,34% 94,51% 94,39% 

1300 94,88% 94,79% 94,68% 94,67% 93,27% 94,61% 94,56% 94,78% 94,62% 

1500 95,14% 95,09% 95,01% 94,97% 93,27% 94,82% 94,78% 94,94% 94,83% 

1700 95,40% 95,38% 95,31% 95,29% 93,27% 94,96% 94,99% 95,11% 95,01% 

1900 95,70% 95,68% 95,61% 95,58% 93,27% 95,14% 95,13% 95,27% 95,18% 

2100 95,74% 95,74% 95,68% 95,64% 93,27% 95,30% 95,30% 95,41% 95,32% 

2300 95,81% 95,78% 95,75% 95,70% 93,27% 95,48% 95,44% 95,53% 95,48% 

2500 95,87% 95,86% 95,80% 95,79% 93,27% 95,62% 95,61% 95,66% 95,65% 

2700 95,95% 95,94% 95,90% 95,86% 93,27% 95,76% 95,78% 95,77% 95,75% 

2900 96,00% 95,99% 95,97% 95,89% 93,27% 95,86% 95,85% 95,87% 95,85% 

3100 96,02% 95,99% 95,96% 95,91% 93,27% 95,90% 95,91% 95,92% 95,91% 
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Table 5 compiles data about the performance of the buck converter in terms 

of efficiency, for each switching frequency and LED current level, obtained for the 

synchronous buck converter based on GaN devices. Figure 26 depicts the data provided 

in Table 5, resorting to a graphical representation. 
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Figure 26: Simulation efficiency of the buck converter based on Si devices. 
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Table 5: Simulation efficiency of the buck converter based on GaN devices.  

I\f 2kHz 4kHz 6kHz 8kHz 10kHz 12kHz 14kHz 16kHz 18kHz 

100 84,27% 79,84% 76,97% 74,73% 78,52% 73,61% 74,20% 76,61% 74,37% 

300 90,09% 87,26% 88,74% 88,98% 90,41% 89,39% 88,82% 88,34% 88,58% 

500 91,95% 92,09% 92,09% 92,11% 92,80% 92,26% 92,20% 92,24% 92,17% 

700 93,59% 93,53% 93,51% 93,46% 93,83% 93,58% 93,61% 93,60% 93,62% 

900 94,40% 94,45% 94,45% 94,42% 94,25% 94,57% 94,61% 94,55% 94,57% 

1100 95,19% 95,24% 95,26% 95,26% 94,68% 95,21% 95,21% 95,26% 95,20% 

1300 95,46% 95,47% 95,49% 95,49% 94,68% 95,36% 95,38% 95,44% 95,37% 

1500 95,72% 95,71% 95,73% 95,74% 94,68% 95,49% 95,50% 95,61% 95,50% 

1700 95,95% 95,98% 95,99% 95,98% 94,68% 95,62% 95,60% 95,71% 95,66% 

1900 96,19% 96,21% 96,24% 96,23% 94,68% 95,78% 95,76% 95,85% 95,80% 

2100 96,29% 96,32% 96,32% 96,34% 94,68% 95,92% 95,93% 95,95% 95,94% 

2300 96,33% 96,34% 96,35% 96,37% 94,68% 96,06% 96,03% 96,09% 96,07% 

2500 96,36% 96,38% 96,39% 96,38% 94,68% 96,21% 96,21% 96,20% 96,20% 

2700 96,45% 96,45% 96,46% 96,45% 94,68% 96,36% 96,36% 96,35% 96,35% 

2900 96,49% 96,50% 96,50% 96,47% 94,68% 96,41% 96,39% 96,38% 96,39% 

3100 96,48% 96,50% 96,49% 96,43% 94,68% 96,43% 96,42% 96,42% 96,43% 

 

To better evaluate the difference between the Si and the GaN technologies in 

terms of performance, the difference between the efficiency of both systems was 

computed. The results of such exercise are represented in Table 6 and Figure 27.  
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Figure 27: Simulation efficiency of the buck converter based on GaN devices.  
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Table 6: GaN vs Si efficiency difference.  

I\f 2kHz 4kHz 6kHz 8kHz 10kHz 12kHz 14kHz 16kHz 18kHz 

100 14,33% 12,52% 8,61% 5,32% 0,83% 1,61% 2,86% 2,49% 2,84% 

300 4,32% 0,51% 1,30% 1,35% 3,25% 1,89% 1,72% 1,08% 1,38% 

500 1,38% 0,87% 1,06% 1,36% 2,35% 1,39% 1,32% 1,15% 1,17% 

700 0,74% 0,87% 1,03% 1,25% 1,68% 1,24% 1,24% 1,00% 1,09% 

900 0,32% 0,54% 0,65% 0,74% 0,98% 0,78% 0,79% 0,60% 0,67% 

1100 0,63% 0,74% 0,88% 0,91% 1,42% 0,89% 0,86% 0,75% 0,80% 

1300 0,58% 0,68% 0,80% 0,82% 1,42% 0,76% 0,83% 0,66% 0,76% 

1500 0,57% 0,61% 0,72% 0,77% 1,42% 0,67% 0,72% 0,66% 0,67% 

1700 0,56% 0,60% 0,68% 0,69% 1,42% 0,66% 0,61% 0,60% 0,64% 

1900 0,49% 0,53% 0,63% 0,65% 1,42% 0,63% 0,63% 0,58% 0,62% 

2100 0,55% 0,58% 0,63% 0,70% 1,42% 0,62% 0,63% 0,54% 0,62% 

2300 0,52% 0,56% 0,61% 0,66% 1,42% 0,58% 0,58% 0,56% 0,59% 

2500 0,50% 0,53% 0,59% 0,59% 1,42% 0,59% 0,60% 0,54% 0,55% 

2700 0,49% 0,52% 0,56% 0,59% 1,42% 0,61% 0,58% 0,58% 0,60% 

2900 0,48% 0,51% 0,54% 0,58% 1,42% 0,56% 0,54% 0,51% 0,55% 

3100 0,46% 0,50% 0,53% 0,52% 1,42% 0,53% 0,51% 0,51% 0,52% 
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Figure 28: GaN vs Si efficiency difference. 
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Chapter 8 

 

Experimental results 

Following the simulations developed on Simulink, the same LED lighting system 

was constructed and tested in a laboratorial environment, as shown in Figure 29. The 

control part of the buck converter, as well as the acquisition of data was developed 

using DSpace hardware. The interface between hardware and the user, shown in Figure 

30, was implemented using ControlDesk software. Regarding the switching devices, an 

IGBT SK integrated intelligent Power PACK 3-phase bridge SKiiP 132 GD power module 

(for the Si devices) and the GS66508B E-mode GaN transistor (for the GaN devices) 

were adopted in the experiments. Note that, for both cases, the switching devices 

were accompanied by a driver, which means that only a TTL control signal was 

necessary. 

The voltage source used consisted on a 3-phase autotransformer, connected to 

a 3-phase rectifier. In other to smooth the rectifier output voltage, a 3.3mF smoothing 

capacitor was used. The autotransformer was regulated as to obtain approximately 

50 V output, at no-load situation. To protect the circuit against faults, a 6 A slow-burn 

Figure 29: Experimental setup. 
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fuse was connected between the buck converter and the ground of the voltage source. 

A circuit breaker was also used between the autotransformer and the grid. The LED 

was mounted in a heatsink with a 12 W PWM speed-controlled cooling fan. The 

measurement of current was performed using non-contact current probes, and the 

voltage was measured resorting to galvanically-isolated voltage probes.  

The buck converter output was smoothed using a 400 V 2.2 mF electrolytic 

capacitor. In order to obtain a 5 mH inductor, two 10 mH inductors were connected in 

parallel. 

 The graphical interface was used to set the reference of the converter output 

current, maximum shut-down input current and output voltage level, PWM frequency, 

and probes offset. The interface was also used to display and monitor, in real time, 

the waveforms of the current, voltage, and power, at both the input and output. The 

ON/OFF and protection RESET commands were also controlled through the graphical 

interface. 

The experiments were performed after a warm-up time, allowing all the system 

to reach a full steady-state condition. The temperature of the LED heatsink was 

maintained below 40 ºC. 

Figure 30: Graphical interface developed in ControlDesk platform. 
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Table 7 shows the efficiency levels of the buck converter based on Si devices, 

for each frequency and current level, measured in each experimental scenario. 

Figure 31 depicts the data provided in Table 7, resorting to a graphical representation. 

Table 7: Experimental efficiency of the buck converter based on Si devices. 

I\f 2kHz 4kHz 6kHz 8kHz 10kHz 12kHz 14kHz 16kHz 18kHz 

100 80,81% 67,74% 70,72% 77,39% 66,57% 79,64% 75,10% 75,57% 76,75% 

300 87,95% 85,54% 86,76% 90,16% 84,55% 91,43% 88,27% 88,38% 89,49% 

500 91,73% 90,27% 91,09% 93,04% 88,46% 93,63% 91,84% 92,14% 92,17% 

700 93,78% 92,42% 92,41% 93,51% 90,57% 94,88% 93,55% 93,48% 93,99% 

900 94,14% 93,32% 93,63% 95,11% 91,62% 95,67% 94,45% 94,80% 94,86% 

1100 95,13% 94,06% 94,83% 94,94% 92,39% 95,75% 95,35% 95,48% 95,12% 

1300 95,19% 94,97% 95,24% 95,79% 91,84% 95,46% 96,09% 95,64% 95,08% 

1500 94,76% 95,10% 94,58% 95,79% 92,88% 96,21% 95,54% 96,21% 95,65% 

1700 95,18% 95,03% 94,98% 96,29% 93,06% 96,07% 95,24% 97,07% 95,28% 

1900 95,96% 95,48% 94,80% 96,08% 91,76% 95,10% 95,98% 96,01% 95,64% 

2100 95,58% 95,43% 95,63% 95,94% 92,91% 96,03% 95,90% 95,94% 95,84% 

2300 95,53% 95,49% 95,79% 95,88% 92,79% 95,96% 95,87% 96,09% 95,93% 

2500 95,47% 95,50% 95,87% 95,88% 93,06% 95,86% 95,61% 96,03% 96,59% 

2700 94,97% 95,45% 95,68% 96,28% 93,05% 96,61% 95,50% 95,42% 95,72% 

2900 96,15% 95,44% 95,91% 95,78% 92,87% 96,14% 95,74% 95,73% 96,15% 

3100 95,85% 95,90% 96,21% 95,73% 92,95% 95,86% 95,91% 96,20% 96,22% 

 

 

Figure 31: Experimental efficiency of the buck converter based on Si devices. 
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Table 8 shows the efficiency levels of the buck converter based on GaN devices, 

for each frequency and current level, measured in each experimental scenario. 

Figure 32 depicts the data provided in Table 8, resorting to a graphical representation. 

Table 8: Experimental efficiency of the buck converter based on GaN devices. 

I\f 2kHz 4kHz 6kHz 8kHz 10kHz 12kHz 14kHz 16kHz 18kHz 

100 71,89% 71,97% 74,35% 79,09% 78,61% 83,10% 78,57% 83,23% 82,76% 

300 88,96% 89,27% 90,26% 92,54% 89,82% 93,40% 92,20% 94,56% 93,93% 

500 93,33% 93,50% 94,16% 95,16% 93,64% 95,87% 95,53% 96,34% 96,44% 

700 95,23% 95,23% 95,83% 96,50% 95,44% 97,19% 97,25% 97,27% 96,98% 

900 96,35% 96,25% 96,75% 97,25% 96,35% 97,72% 97,05% 98,29% 97,35% 

1100 96,81% 96,80% 97,17% 97,58% 97,11% 98,19% 97,36% 97,99% 97,54% 

1300 97,00% 97,21% 97,30% 97,89% 97,12% 98,12% 97,75% 98,14% 97,44% 

1500 97,45% 97,32% 97,59% 97,91% 97,50% 98,23% 98,07% 97,71% 98,32% 

1700 97,55% 97,64% 97,90% 98,07% 97,62% 98,19% 97,89% 97,88% 97,97% 

1900 97,70% 97,67% 97,70% 98,14% 97,79% 98,39% 97,84% 98,26% 98,17% 

2100 97,80% 97,50% 97,85% 98,24% 97,88% 98,27% 97,74% 97,45% 97,74% 

2300 97,83% 97,74% 97,87% 98,08% 97,77% 98,14% 97,95% 97,81% 98,23% 

2500 97,79% 97,77% 97,83% 98,14% 97,83% 98,11% 97,49% 97,56% 97,95% 

2700 97,83% 97,79% 97,79% 98,05% 97,41% 97,93% 97,71% 97,87% 97,74% 

2900 97,48% 97,76% 97,78% 98,05% 97,84% 98,11% 97,49% 97,74% 97,91% 

3100 97,76% 97,73% 97,79% 98,02% 97,80% 98,03% 97,63% 97,18% 97,71% 
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Figure 32: Experimental efficiency of the buck converter based on GaN devices. 
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To better evaluate the difference between the Si and the GaN technologies in 

terms of performance, the difference between the efficiency of both systems was 

computed. The results of such exercise are represented inTable 9: GaN vs Si efficiency 

difference. Table 9 and Figure 33.  

Table 9: GaN vs Si efficiency difference.  

I\f 2kHz 4kHz 6kHz 8kHz 10kHz 12kHz 14kHz 16kHz 18kHz 

100 1,07% 4,23% 3,63% 1,70% 2,04% 3,46% 3,47% 7,66% 6,02% 

300 1,02% 3,73% 3,50% 2,38% 5,26% 1,97% 3,92% 6,18% 4,44% 

500 1,60% 3,23% 3,06% 2,11% 5,18% 2,23% 3,69% 4,19% 4,28% 

700 1,45% 2,80% 3,41% 2,99% 4,87% 2,31% 3,70% 3,80% 2,99% 

900 2,21% 2,93% 3,12% 2,14% 4,73% 2,05% 2,60% 3,49% 2,49% 

1100 1,69% 2,74% 2,34% 2,64% 4,72% 2,43% 2,02% 2,51% 2,42% 

1300 1,80% 2,24% 2,06% 2,10% 5,28% 2,66% 1,66% 2,51% 2,36% 

1500 2,69% 2,23% 3,01% 2,12% 4,62% 2,03% 2,53% 1,51% 2,67% 

1700 2,37% 2,61% 2,92% 1,78% 4,57% 2,12% 2,65% 0,82% 2,68% 

1900 1,74% 2,19% 2,90% 2,06% 6,03% 3,30% 1,86% 2,26% 2,53% 

2100 2,22% 2,08% 2,22% 2,30% 4,97% 2,24% 1,84% 1,51% 1,90% 

2300 2,30% 2,25% 2,07% 2,20% 4,98% 2,19% 2,08% 1,72% 2,30% 

2500 2,31% 2,27% 1,96% 2,26% 4,77% 2,24% 1,88% 1,54% 1,36% 

2700 2,86% 2,33% 2,10% 1,77% 4,36% 1,33% 2,22% 2,45% 2,02% 

2900 1,32% 2,32% 1,87% 2,27% 4,97% 1,96% 1,75% 2,01% 1,76% 

3100 1,91% 1,83% 1,58% 2,29% 4,84% 2,17% 1,72% 0,98% 1,48% 
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Figure 33: GaN vs Si efficiency difference. 
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Chapter 9 

 
RGB LED Driver 

RGB LED lighting systems is another interesting application of WBGS within the 

domain of LED lighting, since a fast-, high-power switching device technology would 

be profitable for the total efficiency of the lighting system and the improvement of 

colour rendering. The proposed high-frequency RGB LED driver is used to power a Red, 

a Green and a Blue string, being each of those strings composed of 8 LEDs connected 

in parallel. 

The controller for the proposed RGB driver, depicted in Figure 34 is based on 

the controller adopted for the single-channel LED lighting system, detailed in chapter 

6. In this controller, a hysteresis control method was included, in order to individually 

control each one of the colour channels. 

The simulations were developed using GaN transistors, considering the 

parameters defined in chapter 6, and then using Si MOSFETs, considering the 

parameters expressed in Table 10. 

Table 10: Si MOSFET parameters. 

Symbol Parameter Value Unit 
Rds(on) Drain-source ON resistance (Ids = 6 A, Vgs = 10 V) 0.044 Ω 
Vth Gate-source threshold voltage 1.7 V 
Tamb Environment temperature 25 ºC 
Ciss Input capacitance 1960 pF 
Crss Reverse transfer capacitance 40 pF 
Coss Output capacitance 250 pF 

 

The same MOSFETs were used in the commutation of each colour channel, for both 

GaN and Si simulations. 

 For each of the two semiconductor technologies, simulations employ a time 

step of 1 μs, with a duration of 1 s. The main PWM frequency was set to 500 kHz, while 

the hysteresis control update frequency, related to the period of time assigned to each 

colour channel, was set to 10 kHz. 
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 Simulations show an efficiency of around 64,62 % for the Si-based controller, 

while the GaN-based controller achieves an efficiency of around 69,19 %. Therefore, 

the GaN-based RGB LED driver brings an efficiency improvement of 4,57 %. This 

efficiency difference can be linked to the influence of the parasitic capacitances in 

the switching losses, as the frequency increases. At the switching frequency range 

under consideration in this study, the lower parasitic capacitances of GaN translate 

into a higher slew rate and, consequently, a shorter period in the ohmic region.
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Chapter 10 

 
Conclusions and suggestions for future work 

10.1 Conclusions  

 Based on the data obtained from the simulations, it is possible to observe that, 

as the output current increases, so does the efficiency, for both Si and GaN 

technologies. The logarithmic incremental trend of the efficiency is expected because, 

at low output power, the losses in the inductor and switching devices represent the 

major part of the input power. Thus, the efficiency suffers a noticeable depreciation 

for low output power, regardless of the selected semiconductor technology. Also, the 

effect of the switching frequency observed on the efficiency is negligible, for both 

technologies. Such behaviour might be explained by the relatively short range of 

switching frequencies adopted in the study, which translates into an almost null impact 

on the switching devices and a small impact on the inductor sizing. 

From the simulation results compiled in Table 6 and Figure 27, it is perceived 

that the GaN-based LED drivers are more efficient than the Si-based ones, for every 

frequency and output current level. Apart the scenarios of very low power, where the 

measurements may be accompanied by some error, the GaN transistors demonstrate 

improvements in efficiency within the [0,5 2] % range, when compared to the Si-based 

LED driver solution.   

Referring to the data obtained in the experimental tests, it is concluded that 

the GaN transistors are more efficient, regardless of the tested frequencies and output 

currents. The difference in efficiency becomes slightly more prominent at output 

currents lower than 1100 mA. It is also possible to see a slight deviation from the values 

obtained from the simulation. This deviation between simulation and experimental 

results can be related to the introduction of parasitic inductances and capacitances 

inherent to the experimental setup but, more importantly, due to the fact that some 

parameters used in the simulations, such as the parasitic capacitances and driver dead-

time, were selected based on worst case scenario values, resulting in slightly higher 

power losses and a marginally smaller efficiency in the simulations.      
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To complement the efficiency analysis, a simple evaluation of the price and 

volume of the components was also developed. for the exact same DC-DC converter 

topology and output power level, taking in consideration the frequency limitations of 

each system and choosing available of-the-shelf components. Data was compiled in 

Table 11. 

 

Table 11: Si- vs GaN-based LED driver cost and volume. 

 REFERENCE PRICE [€] VOLUME [mm3] 

Si 
Switching device IRGP4062DPBF 5,58 1636,78 

Driver IR2104 1,46 35 

Inductor AIUR-04-103J 0,43 2531,2 

TOTAL: 7,47 4202,98 

GaN 
Switching device GS66508B 34,2 67,59 

Driver ADuM4121 5,04 121,84 

Inductor DENO-25-0001 4,1 230 

TOTAL: 43,34 419,43 

GaN transistors are not only more efficient, but also enable the selection of 

smaller components, making the converter more than 10 times smaller. The drawback 

for this is their higher cost, around 6 times more expensive than the Si-based 

converter.  

 

10.2 Suggestions for future work 

Considering the acquisition cost of the switching devices and the required 

components, the use of WBGS in power converters is a feasible option for high-power 

applications, for applications where high-frequency commutation is used in order to 

obtain lower output ripple, or in applications where higher frequencies allow the 

design of power electronic converters with smaller passive components and, therefore, 

a smaller product. If the higher penetration of WBGS and the large-scale production 

cuts prices down, the WBGS will become a very attractive option to replace SiS. For 

LED lighting applications, WBGS are, therefore, an interesting option for high-power 

lighting applications, like offices or factory lighting, or even public street lighting.  

Also, in order to accurately test high-frequency switching systems based on 

GaN, a dedicated controller or fast acquisition ADC would enhance the quality of the 
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results, so that it would be possible to test the GaN transistors at frequencies higher 

than 1 MHz, a region of operation suitable to fully exploit the advantages of GaN in 

terms of lower parasitic capacitances. 

Finally, a careful evaluation of the temperature and power dissipation could 

provide information deemed useful to evaluate the possibility of developing a lighting 

system with smaller footprint. 
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