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The integration of renewable energy sources into modern power systems has led to increased 
demand for efficient and compact power conversion technologies. In photovoltaic (PV) systems, 
the choice of switching devices significantly impacts the performance, size, and efficiency of dc-
dc converters. This thesis investigates the comparative performance of two widely used switching 
devices: Silicon insulated gate bipolar transistor (Si-IGBT) and Silicon carbide metal oxide 
semiconductor field effect transistor (SiC-MOSFET) in a full-bridge dc-dc converter. 
 
The primary goal is to evaluate the switching and conduction losses of these devices and assess 
their efficiencies under varying switching frequencies in a 20-kW full-bridge dc-dc converter. 
Firstly, the fundamentals of the switching devices, their losses and full-bridge dc-dc converter, 
are discussed, followed by implementation of the thermal models of both switching devices in the 
full bridge dc-dc converters in the Piecewise linear electrical circuit simulation (PLECS) environ-
ment. Further, losses in both devices and converter’s efficiencies are compared across a fre-
quency range of 20 kHz to 100 kHz.  
 
The key findings suggest that SiC-MOSFETs demonstrate consistent performance across the 
entire frequency range, maintaining stable thermal behavior, lower total losses, and higher effi-
ciency. Conversely, Si-IGBTs are thermally limited and cannot operate beyond 54 kHz due to 
their junction temperature nearing the maximum rated limit. This limitation underscores the un-
suitability of Si-IGBTs for high-frequency applications in PV systems. The findings also reveal that 
the SiC-MOSFET’s superior thermal stability and lower losses enable the use of smaller 
heatsinks, isolation transformers, and filter components, contributing to a more compact and light-
weight converter design. These design advantages are critical for space-constrained PV applica-
tions, making SiC-MOSFETs ideal for high-performance power conversion systems. 
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1. INTRODUCTION 

The world population is expanding, and the growth of global energy demand is inevitable. 

On the other side, the energy sector is one of the major sources of greenhouse gas 

emissions that has triggered a higher level of global warming [1]. Governments and 

researchers are finding multiple ways to achieve net zero emissions by 2050 [2]. Renew-

able energy production offers a viable solution to meet the growing global energy de-

mand and replace fossil fuels with clean energy production alternatives [2]. Renewable 

energy production is helping to change the fuel from hydrocarbons to eco-friendly power 

production. The recent developments of power electronic converters have played a major 

role in the establishment of clean energy systems. Various power electronic converters 

such as Buck, Boost, and Buck-boost converters are being implemented to convert 

power from one form to the other, providing a means to generate clean energy 

production, for example, electric vehicle (EV) charging stations, solar energy, and wind 

energy application. One such converter is a full-bridge dc-dc converter, which is used in 

a wide range of applications where high power and high voltage are essential [3]. 

A full-bridge dc-dc converter is used to convert a DC input voltage to the required DC 

output voltage with a capability of providing isolation and bidirectional power flow. Full-

bridge converter is generally used in high power applications above 1kW. It consists of 

four switching devices, arranged in full-bridge configuration, an isolation transformer, 

diode rectfier stage and filter at the output side.   

Metal oxide semiconductor field effect transistors (MOSFETs), are crucial for current 

control in full-bridge converters, acting as switches that regulates the flow of current 

within the circuit, thereby controlling the output voltage. Depending on the application, 

the converter can effectively convert input DC voltage to output DC voltage by controlling 

switching OFF and ON of these MOSFETs. MOSFETs are preferred semiconductor 

devices in converter circuits because of their fast switching speed and paralleling feature 

[4]. Due to their high on-state resistance, MOSFETs generate significant heat during 

operation, necessitating effective thermal management for reliable performance. [4]. 

Another switching device, utilized in full-bridge converters are Insulated gate bipolar 

transistors (IGBTs). The IGBTs are appropriate for high-power applications because they 

combine the low on-state conduction loss like bipolar junction transistors(BJTs) with the 
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large input impedance of MOSFETs [4]. IGBTs can handle higher currents and voltages. 

However, it operates at lower switching frequencies than MOSFET. IGBTs are frequently 

chosen in high-power applications because of their dependability, toughness, and 

capacity to manage high voltage and current levels [4]. They are often utilized in power 

converters for applications such as renewable energy and industrial drives. With 

continuous advancements in the last decades, Si-IGBT is a quite mature technology and 

currently dominating the power electronic industry [5]. 

The goal of this thesis is to compare the switching losses and conduction losses of Si-

IGBT and SiC-MOSFET and evaluate the suitability of both devices under different 

switching frequencies in a full-bridge converter. To achieve this goal, the limitations of 

Si-IGBT and SiC-MOSFET are investigated by comparing and analyzing their losses and 

efficiency in a full-bridge dc-dc converter. The switching devices, Si-IGBT and SiC-

MOSFET with  similar ratings, are applied to the full-bridge dc-dc converter in a grid 

connected photovoltaic  (PV)  application. Fig. 1.1 shows the structure of the solar power 

system connected to the power grid using a full-bridge dc-dc converter.  

 

Figure 1.1: Comparsion of Si-IGBT and SiC-MOSFET in full-bridge dc-dc 
converter of a PV application 
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The thesis is structured to provide a comprehensive understanding of the key elements 

in power electronics, with a particular focus on switching devices and their comparison. 

Chapter 2 presents the theory behind the switching devices (MOSFET and IGBT) and 

their losses. In addition, Chapter 2 presents details on components, operation, and anal-

ysis of a full-bridge converter. Chapter 3 describes the research method used in the 

study, while Chapter 4 presents the simulation results using the PLECS software. Finally, 

Chapter 5 summarizes the key findings.  
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2. THEORY 

2.1 Switching Devices in Power Electronics 

2.1.1 Evolution of Switching Devices 

Switching devices are the fundamental building block in power electronic converters. 

Ideally, switching devices are designed to exhibit conductive behavior in the on-state and 

insulative properties in the off-state. A critical function of a switch is to effectively break 

the current flow while maintaining voltage across it. An ideal switch has two states, ON 

and OFF. It acts as a short circuit in the ON state and an open circuit in the OFF state. 

Fig. 2.1 shows that during the intermediate states, the switch does not consume power 

when either the voltage or the current is zero. 

 

Figure 2.1: An ideal switch in OFF state, ON state with  voltage, current and 
power waveforms 

 

Switching devices in real-world applications do not achieve perfect open or closed states 

due to inherent resistance and capacitance between their terminals, leading to losses 

during both transition and conduction phases [6]. Typically, switching devices with 

minimum losses are preferred in power electronics applications. Although switching 

devices consume some power during the operation and transitions, they can still achieve 

high efficiency. 

The first power device, mercury arc rectifier was invented in the year 1900 [7]. In the next 

fifty years, more power devices were developed to control power applications, including 

magnetic amplifiers, thyratrons, grid-controlled vacuum tube rectifiers, and metal tank 
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rectifiers [7]. In 1956, Bell Labs developed the silicon controlled rectifier (SCR) also 

known as the thyristor [7].  

The revolution continued and more advanced devices such as the junction field effect 

transistor (JFET), power metal-oxide-semiconductor field-effect transistor (MOSFET), 

and insulated gate bipolar transistor (IGBT) were developed [8]. The advancement in 

device technology enhanced performance characteristics such as minimizing the losses 

and achieving  higher blocking voltage and current ratings. Entering the 21st century, the 

focus shifted towards wide bandgap (WBG) semiconductors, which represent the latest 

progress in power electronics [8]. Fig. 2.2 presents a chronological overview of the 

evolution of power devices. 

 

Figure 2.2: Timeline of the development of power semiconductor devices[8] 

 

The demand for enhanced performance in high voltage, frequency, and temperature 

applications has led to the revival of WBG devices like silicon carbide (SiC) and gallium 

nitride (GaN). Compared to traditional silicon devices, WBG materials have been 

increasingly recognized for their superior properties making them effective in power 

electronics application. The ongoing development of WBG devices is essential for 

achieving higher power efficiency and improved reliability, thereby opening up more 

promising market opportunities for modern power semiconductor applications [8]. 

Recent advancements in power converter technology have resulted in a significant 

reduction in both size and energy losses, thereby optimizing spatial requirements and 
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enhancing the overall efficiency of converters [9]. WBG  semiconductors such as SiC 

and GaN devices provide multiple advantages over conventional silicon devices in power 

electronics . These materials have made it possible to achieve much lower power losses, 

higher operating frequencies, and greater current handling capacities [9].  

2.1.2 Metal Oxide Semiconductor Field Effect Transistor (MOSFET) 

Basic Symbol and Types 

MOSFET is a three-terminal device commonly used as a switch in electronic circuits. 

MOSFET acts like a switch by varying the voltage on one terminal, the gate and changing 

the resistance between the other two terminals, the source and drain. 

Fig. 2.3 shows the symbol of MOSFETs, which can be categorized into two types: 

depletion and enhancement. In the depletion type, MOSFET behaves like a normally 

closed voltage-controlled switch. A gate-to-source voltage (VGS) equal to the defined 

threshold voltage (Vth) is required to turn off the device. Meanwhile, the enhancement 

type MOSFET acts like a normally open, voltage-controlled switch and requires a voltage 

(VGS) equal to defined voltage (Vth), to turn ON the device [10].  

 

Figure 2.3: MOSFETs Symbol [10] 

 

Fig. 2.4 shows the classification of MOSFETs into N-channel and P-channel types, 

determined by the doping characteristics of their regions.The drain and source have 

heavily doped N regions in N-channel MOSFET, and the substrate has a P-type region. 

The current flow in the device is due to negatively charged electrons. Therefore, it is 

called N-channel MOSFET. 

 
 
 



7 
 

 
 

 
Figure 2.4: Structure of MOSFETs 

 

In contrast, P-channel MOSFET has a heavy P-doped drain and source regions, 

whereas the substrate is N-type. The current flow in the P-channel MOSFET is due to 

positively charged holes. Therefore, it is called P-channel MOSFET. Table. 1  shows the 

four types of MOSFETS and their conduction states corresponding to the applied voltage 

(VGS) and defined voltage (Vth). The enhancement mode MOSFET cannot be conducted 

when voltage (VGS) is zero, however depletion mode MOSFET can turn ON. On the other 

hand, the N-channel MOSFET can be conducted when voltage (VGS) exceeds the 

positive voltage (Vth) [10]. P-channel MOSFETs can be conducted when voltage (VGS)  

is less than negative threshold voltages. Among these types, N-channel enhancement 

type MOSFETs are commonly used as a switching device in power electronic converters 

due to their lower on-state resistance and higher electron mobility [4]. 

Table 1: Conduction states of MOSFETs 

 
MOSFET type VGS = +Vth VGS = 0  VGS = -Vth 

N-channel Enhancement ON OFF OFF 

P-channel Enhancement OFF OFF ON 

N-channel Depletion ON ON OFF 

N-channel Depletion OFF ON ON 
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Physical Structure and Operation 

MOSFET's operation depends on applying a voltage to an electrode to modulate the 

conductivity between the device's drain and source terminals. Various MOSFET types 

have been developed over time, each defined by advancements in their internal structure 

[11]. 

V-MOSFET Structure 

Fig. 2.5 shows the structure of a vertical MOSFET (V-MOSFET), which comprises an N+ 

substrate, an N-drift region, and a P-base region. Within this structure, two PN junctions 

are formed: the first junction (J1) occurs at the interface of the P-base and the N-drift 

region, and the second junction (J2) is located between the N+ source region and the P-

base. These regions and junctions play essential roles in the device's operation [11]. 

 

 

Figure 2.5: V MOSFET structure [11] 

 

A V-shaped groove is a defining feature of this MOSFET. The gate electrode, depicted 

in yellow, resides within this groove and is insulated by a non-conductive oxide material. 

Without an applied gate voltage, a positive voltage at the drain terminal causes J1 to 

become reverse-biased, effectively preventing current flow and rendering the device an 

open circuit. The N-drift region's doping concentration is a critical parameter in 
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determining the device's voltage-handling capability under these conditions. 

Furthermore, the source electrode, (shown in red), is designed to extend and short-circuit 

the J2 junction with the source terminal. This configuration suppresses the NPN parasitic 

bipolar transistor inherent in the device [11]. 

When a positive voltage is applied to the gate terminal relative to the source terminal, 

the gate induces a channel in the P-base region. This occurs by repelling positive 

charges and attracting electrons within the P-base, thus forming a conductive path for 

current to flow between the drain and source terminals. The maximum current capability 

of the device is influenced by the internal resistance of the channel, which can be 

reduced by optimizing the channel’s dimensions[11]. Despite the innovative design, V-

MOSFET encountered challenges related to reliability and manufacturing, which limited 

its widespread adoption [11]. 

VD-MOSFET Structure 

Fig. 2.6 shows the structure of the VD MOSFET, demonstrating the critical regions that 

influence the operation of the device [11]. Electrons are induced in the P-base region 

when a positive voltage is applied to the gate terminal. Simultaneously, applying a 

positive voltage at the drain terminal allows current to flow from the source terminal 

through the forward-biased junction J2 [11]. However, in terms of conventional current 

flow, the direction is opposite. 

 

Figure 2.6: VD MOSFET structure [11] 
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The channel forms in the overlapping region between the P-base and the gate. The 

induced electrons which is  the majority carrier in the N-type device, traverse the P-base 

and enter the junction field-effect transistor (JFET) region directly beneath the gate's 

central portion. The JFET region acts as a critical current flow controller by restricting the 

flow of electrons, thereby increasing the resistance of the device [11]. This resistance is 

directly influenced by the overlapping area between the gate and the P-base, requiring 

precise adjustments to the gate width for optimal performance.Furthermore, enhancing 

the doping concentration in the JFET region can effectively reduce the overall resistance. 

After crossing the JFET region, the electrons continue their path toward the drain 

terminal. A notable drawback of this structure is that the electrons are confined to a 

narrow region in the upper central area of the JFET. This confinement leads to a non-

uniform current distribution as it progresses toward the drain. Additionally, the narrow 

JFET region results in higher device resistance [11]. To address these challenges, an 

advanced trench gate structure, the U-MOSFET, was developed to improve current 

uniformity and reduce resistance [11]. 

U-MOSFET (Trench gate) Structure 

Fig. 2.7 shows the structure of U-MOSFET. Unlike VD-MOSFET, the U-MOSFET does 

not include the JFET region. Since the gate electrode directly extends into the N-drift 

region, the channel resistance is reduced which improves the device performance. 

 

Figure 2.7: U MOSFET structure [11] 
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The U-MOSFET is characterized by its compact size compared to other MOSFET 

structures [11]. Its design, which features a smaller effective channel area, contributes 

to this reduced size. This structural optimization also minimizes on-state losses, 

enhancing the overall efficiency of the device [11]. The absence of the JFET region and 

the extension of the gate into the trench region further support the U-MOSFET's 

improved current flow characteristics and reduced resistance, making it a more efficient 

alternative for power applications [11]. 

Switching Characteristics of MOSFET 

MOSFETs are widely utilized in high-frequency and medium-current applications due to 

their low drain-to-source resistance and high switching speed [12]. Fig. 2.8 presents a 

circuit configuration used to analyze the turn-on and turn-off behavior of a power 

MOSFET [11]. The circuit includes  key components such as gate drive circuit, a dc 

volatge source (VDS), load inductance and a freewheeling diode, that are critical to the 

device's operation. 

 

Figure 2.8: Schematic for device analysis [11] 

 

The gate drive circuit consists of two switches, S1 and S2, which control the gate voltage 

(VGS) applied to the MOSFET. A gate resistor (RG) is included to manage the charging 

and discharging of the gate capacitances, thereby controlling the switching speed. Two 

parasitic capacitances, the gate-to-drain capacitance (CGD) and gate-to-source 
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capacitance (CGS), are inherent to the MOSFET structure that influence the device's 

dynamic behavior during switching. 

The circuit is powered by a DC voltage source (VDS), which supplies energy to the 

inductive load. A freewheeling diode is included to provide an alternate path for the 

inductive load current (IL) during the turn-off phase of the MOSFET, ensuring continuous 

current flow. Additionally, stray inductance, caused by the MOSFET's package and bond 

wires, affects the overall performance of the circuit. For the purpose of analysis, it is 

initially assumed that the load current is in a steady state and flows through the 

freewheeling diode. 

Turn ON Characteristics of MOSFET 

Fig. 2.9 shows the time intervals associated with the turn-on process. The turn-on 

characteristics of a MOSFET can be analyzed by examining the sequence of events that 

occur when switch S1 is closed and switch S2 is open. The voltage (VGS) is applied at this 

stage, initiating current flow into the gate terminal. Initially, the capacitances, CGD and 

CGS,  are uncharged.  

 

Figure 2.9:Turn on waveforms of MOSFET [11] 
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Interval (0 to t1): Fig. 2.10 shows the circuit operating as an RC network during this 

phase, where the capacitance (CGS) charges through the voltage (VGS), resulting in an 

exponential rise in the gate current.No significant current flows through the MOSFET 

during this stage, and the voltage across the capacitance (CGD) remains constant. 

 

Figure 2.10: CGS charging from interval 0 to t1 

 

Interval (t1 to t2): As the process continues, the drain current (IL) gradually increases 

and ultimately stabilizes at the load operating point. At this stage, the current transitions 

from the freewheeling diode to the MOSFET. The gate voltage stabilizes at the plateau 

voltage, during which the gate-to-drain  or Miller capacitance (CGD) begins charging, 

marking a critical operation phase. 

Interval (t2 to t3): In this interval, the voltage (VGS) remains clamped, resulting in no 

voltage change over time (dv/dt). The gate current is diverted to charge the capacitance 

(CGD), which subsequently alters the drain voltage. This leads to decreased drain-to-

source voltage (vD) as the gating current discharges the gate-to-drain capacitor. 

Interval (t3 to t4): During the final phase, the potential difference between the gate-to-

source and the applied gate voltage causes the capacitance (CGS) to continue charging. 

The increasing gate voltage further reduces the drain-to-source resistance by increasing 

the density of negative charges in the channel. This reduction in resistance facilitates 

efficient current flow from drain to source, marking the completion of the MOSFET's turn-

on process. 

This systematic process ensures a smooth transition of the MOSFET from a non-

conducting to  conductive state, as governed by the interaction of gate voltage and 

parasitic capacitances. 

Turn OFF Characteristics of MOSFET 

Fig. 2.11 shows the sequence of intervals involved in the MOSFET turn-off process, 

illustrating the behavior of critical parameters during the transition [11]. 
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Interval (0 to t4): During this phase, switch S1 remains open, and switch S2 is closed. 

The capacitance (CGS) begins to discharge through the gate resistance (RG). The gate-

to-source circuit behaves like an RC circuit, causing voltage (VGS) to decrease 

exponentially. 

Interval (t4 to t5): In this interval, the gate-to-drain voltage reaches the plateau voltage 

(VGP), and the drain-to-source voltage (vD) begins to rise. Meanwhile, the drain-to-source 

current (iD) remains clamped at the value it held before the turn-off process commenced, 

maintaining continuous current flow. 

Interval (t5 to t6): As the process advances, the drain-to-source voltage (vD) aligns with 

the input voltage. During this phase, the device current transitions from the MOSFET to 

 

 
 

Figure 2.11: Turn off waveforms of MOSFET [11] 

 

the freewheeling diode. Simultaneously, the voltage (VGS) continues to decline until it 

reaches the threshold voltage (VTH). 
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Interval (t6 onwards): The MOSFET is completely turned off at this stage. The voltage 

(VGS) drops further from the threshold value to zero, fully turning off the device and halting 

conduction. 

This stepwise turn-off behavior ensures a controlled transition from the conductive to the 

non-conductive state, governed by the interaction of the gate capacitances and the 

external circuit elements. The progression of VGS, vD, and iD during these intervals reflects 

the careful management of energy and current flow in the MOSFET during switching. 

2.1.3 Insulated Gate Bipolar Transistor (IGBT) 

Basic Symbol and Types 

IGBT is a hybrid device combining a MOSFET and a bipolar junction transistor (BJT). 

The MOSFET, with its high current gain, serves as the driver for the BJT. The 

nomenclature Insulated Gate Bipolar Transistor derives from the insulated, non-

conductive gate and the device's BJT-like behavior. As a voltage-controlled device, the 

IGBT requires a gate voltage exceeding the threshold voltage for activation. In the ON 

state, its conduction characteristics resemble that of a BJT. In high-power high-voltage 

applications, IGBTs predominate over MOSFETs. Generally, IGBTs are used in high 

power applications such as DC/AC inverters, induction heating, switch-mode power 

supplies, and DC/DC converters [11]. 

IGBTs emerged as a successor to BJTs, addressing the limitations of low current gain 

at high voltages in BJTs, which necessitated substantial, heavy, and expensive drive 

circuitry [12]. Fig. 2.12 depicts the IGBT symbol, reflecting its operational characteristics 

[11]. The three terminals include a collector and emitter, analogous to a BJT, and a gate, 

akin to a MOSFET. The double bars at the gate terminals signify its isolated nature. 

 

Figure 2.12: IGBT symbol [11] 
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Fig. 2.13 illustrates the equivalent hybrid model of the IGBT [11], providing insight into 

its operational principles.When a positive gate voltage is applied, negative charges are 

induced in the P-type base layer. These charges migrate from the drain to the P-base 

region and then move through the N+ region toward the source terminal of the hybrid 

MOSFET. Because the source terminal is open circuit, preventing current flow, these 

negative charges are redirected toward the right-hand N+ region. The charge 

accumulation in this section of the P-base region creates the base current (IB). This base 

current activates the NPN transistor component of the IGBT, allowing current to flow from 

the collector to the emitter. 

 
 

Figure 2.13: IGBT operation inside the device[11] 

 

Physical Structure and Operation 

Symmetric (non-punch through) Structure 

The symmetric IGBT type features equal forward and reverse blocking voltages and has 

fewer layers than the asymmetric structure. Typically, the symmetric IGBTs are used in 

AC applications. Fig. 2.14 shows a non-punch-through IGBT where the electric field does 

not extend throughout the lightly doped N drift region [11]. Additionally, punch-through 

IGBT structures lack the N+ buffer layer and have fewer layers than the asymmetric 

structure. 
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Figure 2.14: The symmetric (non punch through) IGBT device structure [11] 

Asymmetric (punch through) Structure 

The asymmetric IGBT (Insulated Gate Bipolar Transistor) is capable of forward blocking 

voltage while also providing faster switching speeds and lower on-state losses. A 

distinctive feature of this design is the inclusion of an "N-Buffer" layer in the drift region, 

which enhances the device's ability to withstand high forward blocking voltages while 

maintaining low on-state resistance [11]. The asymmetric structure is commonly referred 

to as the punch-through (PT) IGBT structure because the electric field extends 

throughout the lightly doped section of the N-drift region [11]. 

Fig. 2.15 illustrates the structure of a n-channel asymmetrical IGBT [11]. Although our 

focus is on the symmetrical IGBT, commonly used in DC applications, it is essential to 

acknowledge its importance in the overall context. The control electrode of an IGBT is 

referred to as the Gate, similar to a Metal-Oxide-Semiconductor (MOS) device. The 

current-carrying terminals are known as the Emitter and Collector. The typical structure 

consists of an alternating N-P-N-P arrangement, resembling that of a thyristor. In this 

design, the P-base is short-circuited with the N+ emitter, while a P+ diffusion layer is 

incorporated to allow the device to function as a transistor. 
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Figure 2.15: The asymmetric (punch through) IGBT structure [11] 

When a negative potential is applied to the collector with respect to the emitter, junction 

J1 becomes reverse-biased due to the negative potential at the collector terminal. This 

reverse bias attracts positive charge carriers in the P+ region and repels negative charge 

carriers. The displaced negative charges move towards the boundaries of the P+ region, 

forming a depletion layer as they attract negative charge carriers from the N-drift region. 

In contrast, junction J2 is forward-biased as the positive potential at the emitter interacts 

with the P+ region, while the negative voltage impacts the N-drift region. The majority of 

the applied voltage is sustained by the reverse-biased junction J1. The breakdown volt-

age of the device is influenced by the thickness of the N-drift layer and the concentration 

of minority charge carriers [11]. The voltage-blocking capability is primarily determined 

by the operation of the PNP transistor formed by junctions J1 and J2. 

When a positive potential is applied to the gate terminal in addition to the collector, an 

inversion layer develops beneath the gate electrode. This layer allows negative charge 

carriers to flow from the N+ emitter region into the N-drift region. The base current 

generated by these carriers activates the PNP transistor. This activation facilitates the 

injection of holes from the P+ collector into the N-drift region through junction J1. The 

injected holes constitutes the emitter current of the PNP transistor. 
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Consequently, the current through the device comprises both unipolar and bipolar 

components. The unipolar component is attributed to the negative MOS charges, which 

act as the base current traversing the internal MOS channel. On the other hand, the 

bipolar component arises from the movement of holes and electrons within the PNP 

structure, specifically between the emitter and collector terminals  [11]. When the gate 

voltage is reduced to zero, the collector current ceases. However, as a minority-carrier 

device, the device requires some time to clear the accumulated minority carriers within 

the N-drift region. This switching-off time can be minimized by shortening the minority 

carrier lifetime in the N-drift region [11]. 

Fig. 2.16 shows the operational characteristics of symmetric and asymmetric IGBTs. 

[11]. The blue line represents the symmetrical structure, which exhibits voltage-blocking 

capabilities when the gate is short-circuited to the emitter terminal, allowing the device 

to block bipolar voltages. Conversely, the red line corresponds to the asymmetrical 

structure, which can only block low voltages (BVR,AS). Once the gate voltage exceeds the 

threshold value, the MOS current saturates, thereby saturating the base current of the 

PNP transistor [11]. 

 

Figure 2.16: Symmetric and asymmetric IGBT characteristics[11] 

Switching Characteristics of IGBT 

Fig. 2.17 illustrates the parasitic capacitances within an IGBT, including gate-to-emitter 

capacitance (CGE), gate-to-collector capacitance (CGC), and collector-to-emitter 

capacitance(CCE), which are analogous to capacitances CGS, CGD and CDS in a MOSFET. 

The parasitic capacitances of IGBT play a critical role in determining the dynamic 
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performance of the IGBT during switching transitions [11]. The switching characteristics 

of an IGBT are similar to that of a MOSFET, with the key difference being the tailing 

effect observed during the turn-off process [12]. 

 

Figure 2.17: IGBT with parasitic capacitances [11] 

 

Figure 2.18 illustrates a buck converter circuit employing an IGBT to analyze its 

operational characteristics, particularly during switching transitions [12]. While the turn-

on behavior of the IGBT closely resembles that of a MOSFET, its turn-off characteristics 

exhibit distinct features that are crucial for understanding its performance. Figure 2.19 

presents the turn-off waveforms of the IGBT, The analysis assumes that the current is in 

a steady-state condition, allowing a focus on the dynamic aspects of the turn-off process 

and their impact on circuit operation. 

 
 
 

 
 

Figure 2.18: IGBT behavior testing circuit [12] 
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Figure 2.19: IGBT turn off characteristics [12] 

 

Interval (t0 to t1): During this interval, the DC bus voltage across the collector-emitter 

terminals of the switch increases. Even though the switch remains closed, current 

continues to flow through the device while sustaining the collector-emitter voltage ( VCE). 

Concurrently, the capacitances  CGC and CCE charge up, which results in a rise in the 

voltage across the IGBT. The duration of this phase is influenced by the characteristics 

of the gating circuit as well as the values of CGC and CCE. 

Interval (t1 to t2): In this phase, the current iA , flowing through the IGBT begins to 

diminish and is gradually transferred to the diode. The capacitance CGE starts to 

discharge, leading to the turn-off of the device. CGE and the parameters of the gating 

circuit primarily determine the length of this interval [12]. 

Interval (t2 to t3): At the beginning of this period, the current does not immediately drop 

to zero due to the presence of minority carriers within the parasitic PNP transistor of the 
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IGBT. During this period, the current is directly proportional to the minority charge stored 

within the device. The duration of the tailing current interval corresponds to the time 

needed for the recombination of the remaining stored minority charge [12]. The energy 

𝑊off, dissipated during the turn-off transition is represented by the area under the 

instantaneous power 𝑃A(𝑡), waveform.  

Unlike MOSFETs, IGBTs exhibit a "current tail" as these minority carriers are cleared 

away, resulting in an extended commutation interval. This characteristic contributes to 

increased switching losses. The magnitude of the tail current is influenced by the doping 

properties within the device, which limits its applicability for high-frequency operations 

[11]. 

2.1.4 Silicon Carbide (SiC) MOSFET 

Wide Band Gap (WBG) Devices 

The high on-state resistance of conventional silicon-based power devices sparked 

significant research efforts in the 1990s aimed at addressing these challenges. Two 

primary strategies emerged: trenching technology and the use of overlapping vertical P 

and N-type silicon regions [13]. At higher power and voltage levels, IGBTs face 

limitations, particularly in terms of high switching and conduction losses, which restrict 

their practical applications. This has created a demand for innovative technologies to 

alleviate these issues. In response, SiC technology was introduced in 1982 [13]. 

WBG devices have recently been commercialized in the realm of power transistors, 

bringing about a revolution due to their numerous advantages, such as lower on-state 

resitance and lower switching times [12]. However, they also present challenges that are 

not typically encountered with traditional silicon based devices, as will be discussed 

further in this section. The term wide bandgap refers to materials that exhibit a greater 

energy difference between the valence band and conduction band compared to silicon. 

These devices can be classified into two categories: Gallium Nitride (GaN) and Silicon 

Carbide (SiC) [13]. GaN devices are predominantly utilized for voltage levels below 600 

V [12], and will not be the primary focus of this study. In contrast, SiC devices are 

specifically designed for applications that require voltage levels exceeding 600 V [12]. 

The efficiency of MOSFET devices, which are majority carrier devices, is significantly 

impacted by the on-state resistance (Rds) [12]. The resistance of the drift region (Ron) can 

be expressed with the following equation [12]: 

𝐴𝑅on =
𝑘

µn𝜖s𝐸c
3  𝑉b

2                                                                  (1) 
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where, 𝐴 is the device area, 𝑘 is a constant that is dependent on material properties and 

processing techniques, µn denotes electron mobility, 𝑉b  is the breakdown voltage, 𝜖s 

signifies the semiconductor permittivity, and 𝐸c represents the critical electric field for 

avalanche breakdown. The right-hand side of this equation illustrates the specific on-

resistance per unit area, a crucial parameter in which WBG devices like SiC excel, 

enabling them to achieve superior performance and enhanced efficiency. 

Table. 2 illustrates the differences between WBG devices, highlighting their superior 

performance across various dimensions [12]. WBG devices, such as SiC, have a critical 

electric field (EC) that is ten times greater than that of silicon (Si) devices. This significant 

difference leads to a thousandfold reduction in the corresponding value, enabling wide 

bandgap devices to achieve an  Ron per unit area that is approximately one thousand 

times lower than that of Si devices. Moreover, the higher critical electric field also allows 

these devices to withstand considerably higher breakdown voltages. 

Table 2: A comparison of Si and WBG devices [12] 

 

In addition to the reduction in on-state resistance, the smaller device area contributes to 

further enhancements, such as lower switching losses [12]. This is due to the shorter 

distance that charge carriers must traverse within the device, which minimizes 

commutation time and subsequently reduces switching losses. Additionally, the more 

compact area results in reduced parasitic capacitance, directly improving switching 

performance. With lower parasitic capacitance, the device requires fewer charges to 

transition between states, leading to faster operation and enhanced efficiency [12]. 

However, despite these advantages, SiC devices demonstrate lower electron mobility 

(μn), which results in higher on-state resistance at lower voltage levels compared to Si 

devices [12]. Consequently, SiC devices are generally not favored for low-voltage 

applications. Nevertheless, they excel in high-temperature environments thanks to their 

superior thermal conductivity and lower thermal expansion coefficient, allowing for 

efficient operation under elevated temperatures [12]. 
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Benefits of SiC-MOSFET 

Figure 2.20 presents a comparison of the ideal specific on-resistance for the drift region 

in 4H-SiC devices versus Si, across breakdown voltages ranging from 100 V to 100 kV 

[13]. The analysis highlights a significant reduction in specific on-resistance when Si is 

replaced with 4H-SiC. 

 

Figure 2.20: Si and 4H- SiC devices comparison [13] 

Table 3. highlights the differences between Si and 4H-SiC devices, with 4H-SiC being 

the most widely used crystalline structure [14]. The data reveals that the energy bandgap 

(eV) of 4H-SiC is roughly three times that of Si, enabling it to support significantly higher 

blocking voltages. Furthermore, the enhanced thermal conductivity (W/cm-K) of 4H-SiC 

allows for efficient operation at elevated temperatures, making it a more suitable choice 

for high-temperature applications compared to Si. 

Table 3: Properties of SI and 4H-SiC devices [14] 

 
Properties 4H-SiC  Si  

Egap (eV) 3.23 1.12 

Ebreakdown (V/cm) 3 - 4 x 106 3 x 105 

µe (cm2/Vs) 800 1450 

µh (cm2/Vs) 115 450 

Vsaturation (cm/s) 2 x 107 0.8 x 106 

Z 14/6 14 

εr 9.7 11.9 

E-h energy (eV) 7.6 – 8.4 3.6 

Density (g/cm3) 3.22 2.33 

Displacement E (eV) 30 - 40 13 - 15 

Thermal Conductivity (W/cm-K) 4.9 1.5 
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Figure 2.21 illustrates the performance disparities between Si and 4H-SiC devices 

across several key parameters, including breakdown voltage, on-state losses, high-

temperature operation, and switching frequency [15]. It reveals that the 4H-SiC device 

surpasses Si with its lower on-state losses, higher critical electric field (MV/cm), wider 

energy bandgap (eV), and superior thermal conductivity (W/cm-K) [15]. These 

advantages contribute to its enhanced voltage handling capability, improved 

performance at elevated temperatures, and efficient operation at higher frequencies. 

 
 

 

Figure 2.21: SiC and Si device performance comparison [15] 

 

Fig. 2.22 illustrates the efficiency comparison between a Si-IGBT module (BSM15-

GD120DN2) and a SiC-MOSFET (CNM1009D) within a seven kVA three-phase inverter 

application, both rated at 1.2 kV [13]. The graph shows that the SiC-MOSFET can 

achieve up to 2% higher efficiency compared to the Si-based IGBT module, underscoring 

the superior performance of SiC devices in terms of efficiency for high-power 

applications. 
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Figure 2.22: Si IGBT and SiC MOSFET efficiency at 1.2 kV [13] 

Challenges for SiC-MOSFET 

Although SiC devices offer significant advantages, their manufacturing and application 

present notable challenges. The fabrication process requires elevated temperatures and 

is highly sensitive to crystalline defects, which can reduce production yield [13]. 

Furthermore, the synthesis of SiC, which involves combining silicon  and carbon, adds 

complexity and cost due to the need for specialized infrastructure, as SiC is not naturally 

occurring [13]. 

In practical applications, the full potential of SiC devices is constrained by certain 

limitations. Packaging for SiC technology often cannot withstand the high operating 

temperatures generated by these devices and is generally bulky, restricting their 

performance and design flexibility [12]. Additionally, the high switching speeds of SiC 

devices lead to increased electromagnetic interference (EMI), which can degrade 

converter performance and cause disruptions to nearby equipment [12]. Overcoming 

these challenges is essential to fully exploit the superior efficiency, thermal conductivity, 

and high-voltage capabilities of SiC devices. 

2.2 Losses in Switching Devices 

Fig. 2.23 shows the voltage-current waveforms across a switching device, illustrating the 

two primary types of power losses experienced by switching devices: switching losses 

and conduction losses [16].The total loss within the device during a single switching cycle 

is the sum of these two losses. 
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Figure 2.23: Loss incurred in a MOSFET during single cycle [16] 

 

2.2.1 Conduction Losses 

During steady-state operation, when the drain current (iD) remains constant, the device 

incurs conduction losses due to its inherent on-state resistance [12]. This effect is 

observable in the middle section of the  vD-iD characteristic, situated between the 

switching transitions. 

Conduction losses occur when the device sustains a steady drain current (ID), as 

evidenced in the regions between the switching transients depicted in Fig 3.1. These 

losses can be quantified by analyzing the product of the drain-to-source voltage (vD) and 

the drain current (iD) during the conduction period [17]. The resulting energy loss during 

conduction (Econd-on) can subsequently be used to calculate the conduction loss by 

multiplying it with the switching frequency (fsw) [17]. This formulation offers a thorough 

analysis of the conduction loss mechanism, considering both the temporal and electrical 

characteristics of the switching device. The mathematical expression for calculating the 

conduction power loss (Pcond-on) is given as:  

𝑃cond−on  =  𝐸cond−on  ×  𝑓sw                                                               (2) 

2.2.2 Switching Losses 

Switching losses occur during the transitions of a device between its ON and OFF states. 

These losses can be categorized into two distinct components within a single switching 

cycle: the power loss during turn-on (PON), which represents the energy dissipated as 
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the device transitions to the ON state, and the power loss during turn-off (POFF), which 

corresponds to the energy dissipated during the transition to the OFF state. 

Fig 2.24 illustrate the variations in voltage (vD) and current (iD) across the device during 

the commutation process [18]. The overlapping voltage and current profiles result in 

energy dissipation that is dependent on their magnitudes and the duration of the 

commutation time. The power loss PON and POFF, during switching takes the shape of a 

triangular waveforms, as depicted in Fig 2.24. 

 

Figure 2.24: Switching losses in a device in a single cycle [18] 

The total switching losses (Psw) are determined based on the total commutation time, 

which is calculated using the following equations [18]: 

𝑃ON =
1

2
 × 𝑉BUS  ×  𝐼L  × (𝑡CR + 𝑡VF) × 𝑓sw                                                (3) 

𝑃OFF =
1

2
 × 𝑉BUS  ×  𝐼L  × (𝑡CF + 𝑡VR) × 𝑓sw                                                (4) 

𝑃sw = 𝑃ON + 𝑃OFF                                                                                               (5)  

Where, fsw represents the switching frequency applied to the device. VBUS and IL indicate 

the instantaneous voltage across the device and the current flowing through it, 

respectively. The variables tCR and tVF correspond to the current rise time and voltage fall 

time during the turn-on process, while tCF and tVR represent the current fall time and 

voltage rise time during the turn-off process. 
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2.3 DC-DC Full-bridge Converter 

A DC-DC converter can be designed based on several key parameters, including power, 

cost, safety, and input/output voltage [4]. For power levels below 1 kilowatt, a non 

islolated Buck converter is typically more suitable due to its efficiency and simplicity, 

while for power levels exceeding 1 kilowatt, an isolated full-bridge converter is preferred 

to accommodate the higher energy demands effectively [4]. These considerations 

ensure the selection of a converter that aligns with the specific requirements of the 

application. 

2.3.1 Operation of DC-DC Full-bridge Converter 

Fig. 2.25 shows the circuit diagram of isolated full-bridge converter with center-tapped 

isolation transformer [19]. This topology is commonly used in power conversion 

applications that require galvanic isolation and high efficiency. However, it is generally 

avoided in lower power applications due to its high component count, requiring four 

transistors and their corresponding drive circuits, despite its efficient transformer 

utilization and compact transformer size [12]. 

 

 

Figure 2.25: DC-DC Isolated full bridge converter [19] 

 

The primary side consists of four switches, Q1, Q2, Q3, and Q4, arranged in a full-bridge 

configuration. These switches are driven by a gating signal that alternates between pairs 

(Q1 and Q4) and (Q2 and Q3) to control the polarity of the voltage applied across the 

primary winding of the transformer. The transformer is designed with a center-tapped 

secondary winding, which facilitates rectification and ensures a unipolar output voltage 

while providing isolation between the primary and secondary sides. On the secondary 
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side, diodes D1 and D2 act as rectifiers. Depending on the switching state of the primary-

side transistors, these diodes alternately conduct, allowing current to flow through the 

load and maintaining a positive output voltage. 

Additionally, the inductor and capacitor on the output side serve as a low-pass filter, 

smoothing the rectified voltage to deliver a stable DC output. This topology is particularly 

suitable for applications that require high power density and precise control of input-

output voltage conversion, including renewable energy systems and industrial power 

supplies [4]. 

Figure 2.26 illustrates the gating signals for switches Q1, Q2, Q3, and Q4. In practical 

circuits, it is critical to ensure that two switches within the same leg are not turned on 

simultaneously to avoid short-circuiting. This is implemented by dead time (TD). When 

Q1 and Q4 are turned on, the voltage across the transformer's primary winding (Vp) is 

positive, and this voltage is modified by the winding transfer ratio (N2/N1), resulting in 

voltage at the secondary side (Vs). The diode D1 behaves as a closed switch, while D2 

remains open, resulting in a positive voltage appearing at the input of the output filter. 

Conversely, when Q2 and Q3 are active, Vp becomes negative and is similarly scaled by 

the winding transfer ratio. In this case, D2 operates as a closed switch, while D1 remains 

open, maintaining a positive voltage at the output filter's input. 

 

 

Figure 2.26: Gating signals for switches Q1,Q2,Q3 and Q4 
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Fig. 2.27 presents the primary winding voltage, the secondary winding voltage, and the 

inductor current [20]. The voltage across the secondary winding (Vs) is unipolar and 

symmetric. In contrast, the primary winding voltage (Vp) exhibits a bipolar nature, 

resulting in opposite polarities between the primary and secondary windings [20]. This 

behavior ensures proper operation and voltage transformation within the circuit. 

 

Figure 2.27: Waveforms of primary and secondary winding currents and output  
filter inductor current [20] 

The required duty cycle for achieving the intended output voltage is determined by the 

relationship that connects the input voltage (𝑉𝐼𝑁), duty cycle (𝐷), transformer turns ratio 

(N2/N1)and output voltage (𝑉𝑂𝑈𝑇), where N1 and N2 represent the primary and secondary 

windings of the isolation transformer, respectively.The switching cycle comprises four 

distinct stages: 

1. When Q1 and Q4 are ON (𝑡on1): The terminals of the H-bridge apply VIN across the 

transformer. The differential voltage across the transformer leads to the following 

inductor voltage loop equation: 

𝑉L_q1q4   =  (
𝑁2

𝑁1
) ×  𝑉IN  − 𝑉OUT                                                              (6) 

2. During Time (𝑡off1): Both Q1 and Q3 are ON, and Q4 is turned off. The current 

commutates through Q1 and  Q3. The voltage loop for the inductor is given as: 
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𝑉L_toff1  =  − 𝑉OUT                                                                                  (7) 

3. When Q2 and Q3 are ON (𝑡on2): The H-bridge applies 𝑉IN in the opposite polarity 

across the transformer. The inductor voltage loop for this condition is: 

𝑉L_q2q3  =  (
𝑁2

𝑁1
) ×  𝑉IN  −  𝑉OUT                                                         (8) 

4. During Time (𝑡off2): Both Q2 and Q4 are ON, and Q3 is turned off. The current 

commutates through Q4 and Q2. The voltage loop for the inductor is given becomes: 

𝑉L_toff2  =  − 𝑉OUT                                                                                  (9) 

In a steady state, the inductor voltage must satisfy the volt-second balance condition. 

Thus, the time-averaged inductor voltage over a full switching cycle (𝑇s) is zero: 

(𝑉Lq1q4
𝑡on1  + 𝑉Ltoff1

𝑡off1 +  𝑉Lq2q3
𝑡on2  +  𝑉Ltoff2

 𝑡off2)  ×
1

𝑇s
 = 0                 (10) 

For symmetrical transformer operation, the following conditions hold: 

𝑡on1  =  𝑡on2  =  𝑡on                                                                                          (11) 

𝑡off1  =  𝑡off2  =  𝑡off                                                                                         (12) 

Substituting (11) and (12)  into (10): 

𝑡on  ×  (𝑉Lq1q4
 +  𝑉Lq2q3

)  +  𝑡off  ×  (𝑉Ltoff1
 +  𝑉Ltoff2

)  =  0                                      (13) 

Replacing the respective inductor voltages from (6) – (9) into (13): 

𝑡on  ×  [2 ∗  ((
𝑁2

𝑁1
) ×  𝑉IN −  𝑉OUT)] + 𝑡off  ×  (−2 ×  𝑉OUT )  = 0                          (14) 

Simplifying further: 

𝑡on  ×  [((
𝑁2

𝑁1
) ×  𝑉IN −  𝑉OUT)] =  𝑡off  ×  𝑉OUT                                                                (15) 

𝑡on  ×  (
𝑁2

𝑁1
) ×  𝑉IN −  𝑡on  × 𝑉OUT =  𝑡off  ×  𝑉OUT                                                             (16) 

𝑡on  ×  (
𝑁2

𝑁1
) ×  𝑉IN −  𝑡on  × 𝑉OUT =  𝑡off  ×  𝑉OUT                                                              (17) 

𝑡on  ×  (
𝑁2

𝑁1
) ×  𝑉IN =  𝑡off  ×  𝑉OUT +  𝑡on  × 𝑉OUT                                                            (18) 

𝑡on  × (
𝑁2

𝑁1
) ×  𝑉IN =  (𝑡off  +  𝑡on) ×  𝑉OUT                                                                         (19) 
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𝑡on  ×  (
𝑁2

𝑁1
) × 𝑉IN =  𝑇s × 𝑉OUT                                                                  (20) 

Dividing (20) through by 𝑇s,   

𝑉OUT =  
𝑡on

𝑇s
 × ((

𝑁2

𝑁1
) ×  𝑉IN)                                                                (21) 

and substituting 
𝑡on

𝑇s
 =  2𝐷 (duty cycle) because a positive voltage of a duty cycle is 

applied two times each switching cycle: 

𝑉OUT =  2 × 𝐷 × ((
𝑁2

𝑁1
) ×  𝑉IN)                                                          (22) 

From (22), it is evident that the maximum duty cycle (D) is limited to 0.5. This limitation 

arises because the switching waveforms at the H-bridge terminals must remain 

symmetric to ensure proper transformer reset. If the duty cycle exceeds 0.5, symmetry 

is lost, leading to transformer saturation and improper operation [12]. 

2.3.2 Filter Inductor and Capacitor 

The following derivation determines the value of an inductor used as a filter, as detailed 

in [12]. The voltage across the inductor during the "on" period of switching cycle is 

expressed as: 

𝑉L_on = 𝐿 ×
∆𝑖L

∆𝑡on
                                                                               (23) 

where 𝑉L_on represents the voltage across the inductor during this period, ∆𝑖L denotes 

the peak-to-peak ripple current through the inductor, and 𝛥𝑡on is the duration of the "on" 

interval in a single switching cycle (Ts). 

Rearranging  (23) to solve for the inductance L yields, 

𝐿 = 𝑉L_on ×
∆𝑡on

∆𝑖L
                                                                                 (24) 

Where, 𝛥𝑡on can be written in terms of duty cycle (D) in (24) as, 

𝐿 = 𝑉L_on ×
𝐷 × 𝑇s

∆𝑖L
                                                                              (25) 

By substituting the expression for 𝑉L_on from (6) into (25), we obtain: 

𝐿 = [(
𝑁2

𝑁1
) ×  𝑉IN  −  𝑉OUT]  ×

𝐷 × 𝑇s

∆𝑖L
                                                     (26) 
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where 𝑉𝐼𝑁 and 𝑉𝑂𝑈𝑇 are the input and output voltages of the converter, respectively, and 

𝑁2

𝑁1
 denotes the turns ratio of the transformer. Rearranging the terms for clarity leads to 

the final expression for the inductance as: 

𝐿 =
𝐷 × 𝑇s

∆𝑖L
[((

𝑁2

𝑁1
) ×  𝑉IN) −  𝑉OUT]                                                    (27) 

This derivation provides a systematic approach to calculating the filter inductance 

required to maintain the desired ripple current (∆𝑖L) in the inductor, given the specified 

circuit parameters such as the duty cycle, switching period, transformer turns ratio, and 

input and output voltages. 

Fig. 2.28 shows the current waveform of the filter capacitor over a half cycle, which is 

used to determine the appropriate value of the capacitor [12]. To find the appropriate 

capacitance, we begin by examining the charge ∆𝑄, required to raise the voltage across 

the capacitor from its minimum to maximum value, corresponding to the peak-to-peak 

voltage , ∆𝑣. This relationship can be expressed mathematically as follows: 

∆𝑄 = 𝐶∆𝑣                                                                               (28) 

 

Figure 2.28: Filter capacitor waveforms [12] 

Where, 𝐶 represents the filter capacitance and ∆𝑣 denotes the peak-to-peak voltage 

variation across the capacitor. 
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The charge ∆𝑄 can also be defined in terms of the capacitor current waveform 𝑖C. 

Specifically, ∆𝑄 corresponds to the area under the current waveform 𝑖𝐶 for the capacitor 

over the time interval (Ts/4). The upper triangle of the waveform is used for this 

calculation, and the charge ∆𝑄 can be expressed as follows: 

∆𝑄 = ∫ 𝑖C𝑑𝑡  = 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑢𝑝𝑝𝑒𝑟 𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒 𝑖𝑛 𝑖C 𝑤𝑎𝑣𝑒𝑓𝑜𝑟𝑚 𝑖𝑛 𝐹𝑖𝑔. 2.28 
𝑡2

𝑡1

      (29) 

The area under the triangular portion of the current waveform is calculated geometrically 

as: 

∆𝑄 =
1

2
×

∆𝑖L

2
×

𝑇s

4
=  

∆𝑖L𝑇s

16
                                                             (30) 

Where ∆𝑖L is the peak-to-peak ripple current through the inductor and 𝑇s is the switching 

period.Substituting ∆𝑄 relationships from (28) into (30) : 

𝐶∆𝑣 =  
∆𝑖L𝑇s

16
                                                                                (31)  

Rearranging this equation to solve for the filter capacitance yields: 

𝐶 =  
∆𝑖L𝑇s

16∆𝑣
                                                                                      (32) 

The formula in (32) approximates the filter capacitance required to achieve a specified 

peak-to-peak voltage ripple in the output voltage of a full-bridge converter.  
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3.  RESEARCH METHODOLOGY  

In this thesis, two separate models of a 20-kW full-bridge dc-dc converter were 

developed using the PLECS simulation platform to evaluate the performance of Si IGBT 

and SiC-MOSFET. One model incorporates the Si-IGBT Infineon IKW50N120CH7 [21], 

while the other uses the SiC-MOSFET Wolfspeed C3M0016120K as the primary 

switching device [22]. Fig. 3.1 shows the Si-IGBT based full-bridge dc-dc converter for 

reference. The complete schematics for both models are provided in Appendix-A. 

 

Figure 3.1: Si IGBT based dc-dc full-bridge converter 

Both models were designed to operate as isolated dc-dc converters under identical input 

and output conditions, facilitating a detailed and fair comparison of the two technologies. 

The primary objective is to calculate the conduction and switching losses of the selected 

devices and evaluate the converter's overall efficiency at four distinct switching 

frequencies: 20 kHz, 50 kHz, 75 kHz, and 100 kHz. The thermal models of the Si-IGBT 

and SiC-MOSFET were integrated into the PLECS environment, enabling accurate 

estimation of losses based on manufacturer-provided data. 

This methodological approach systematically varies the switching frequency to analyze 

the losses and efficiency of the converters, providing insights into the suitability of Si-

IGBTs and SiC-MOSFETs for high-efficiency power conversion. By examining the 

operational advantages and limitations of each technology, this study contributes to 

understanding their applications in the full-bridge dc-dc converters. 

3.1 DC-DC Full-bridge Converter Specification 

Table 4 provides the design specifications for the two models, which were designed to 

operate as 20-kW full-bridge dc-dc converters in PLECS software. The selected 

parameters ensure consistent operating conditions to evaluate the performance of Si-

IGBT and SiC-MOSFET based full-bridge dc-dc converters. Each model includes 
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identical specifications, with an input voltage of 550 VDC and an output voltage of 60 

VDC.  

Table 4: DC-DC full-bridge converter specifications 

Output Power (Pout) 20kW 

Input Voltage (Vin) 550 VDC 

Output Voltage (Vout) 60 VDC 

Transformer primary turns (N1) 100 

Transformer Secondary turns (N2) 21.8182 

Filter Capacitor (C) 34.722 µF 

Filter Inductor (L) 112.5 µH 

Output voltage ripple(Vripple) 1% of Vout at fsw = 20kHz 

Output current ripple  (Iripple) 2% of Iout at fsw = 20kHz 

 

Ripple levels were maintained within 1% for the output voltage and 2% for the output 

current. The filter values are calculated for the lowest switching frequency of 20 kHz 

using (27) and (32), discussed in the 2.3.2. These calculations are derived in MATLAB 

code which is attached in Appendix-B.  

Fig. 3.2 presents the simulation waveforms that illustrate the operation of the full-bridge 

dc-dc converter. It involves two active states, and two transformer reset states within 

each switching cycle. During the active states, complementary switches on opposite legs 

of the full bridge are turned on. For instance, as shown in the gate signal waveforms of 

IGBT1 and IGBT4 in Fig. 3.2, when these switches are active, the primary winding of the 

transformer is driven with +Vdc. 

Conversely, when switches IGBT2 and IGBT3 are turned on, the primary winding 

experiences −Vdc. The change in voltage across the transformer primary from +Vdc to 

−Vdc is evident in the Vpri waveform, where the voltage alternates between +550 V and 

−550 V. After each active state, a transformer reset state is introduced to reset the core 

flux and prevent saturation. In the first reset state, the upper two switches (IGBT1 and 

IGBT3) are turned on, and the transformer primary voltage drops to zero, as shown in 

the flat portions of the Vpri waveform. Similarly, the lower switches (IGBT2 and IGBT4) 

are turned on in the second reset state, maintaining the primary voltage at zero. The 

reset states are necessary for maintaining proper transformer operation. Between 

transitions, a dead time of 1µs is implemented to prevent shoot-through conditions within 

the bridge legs, ensuring safe operation. 
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Figure 3.2: Simulation waveforms of 20-kW full bridge dc-dc converter 

The rectifier diodes (D5 and D6) rectify the alternating voltage into DC at the secondary 

side. This is evident in the Vrect waveform in Fig. 3.2, where the rectified voltage 

corresponds to the positive polarity of the primary-side voltage. The filter inductor and 

capacitor further smooth the rectified voltage to achieve a steady output voltage. The Vout 

waveform in Fig. 3.2 confirms that the output voltage remains stable at 60 VDC, with 

ripple levels well within the specified 1%. The load current (Iload) is also consistent, with 

ripple levels maintained within 2%, as indicated by the bounds in the Iload waveform. 

This setup facilitates the evaluation of switching and conduction losses across varying 

switching frequencies while ensuring that the output voltage and current remain within 

specified bounds. For fair comparison, same parameters were applied in the full-bridge 

dc-dc converter having two different transistors: Si-IGBT and SiC-MOSFET. 

Assumptions: 

The following assumptions are made during the modelling and simulation of both full-

bridge dc-dc converters to ensure a focused and consistent analysis of the switching 
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device performance. These assumptions simplify the simulation setup while maintaining 

the validity of the results. 

Ideal Circuit Components: All passive circuit elements, such as the isolation 

transformer, filter inductor, filter capacitor, and rectifier diodes, are considered ideal. This 

assumption eliminates additional losses in the circuit, ensuring that the calculated 

efficiency and losses are based solely on the switching devices. 

Thermal Management: The heatsink temperature for all switching devices is fixed at 

25°C to provide consistent thermal boundary conditions and allow for a fair comparison 

between the Si-IGBT and SiC-MOSFET models. The thermal models of the devices 

included in PLECS are used to calculate junction temperatures and losses during the 

simulation dynamically. 

Switching Parameters: The turn-on gate resistance (Rgon) and turn-off gate resistance 

(Rgoff) of 8Ω are selected for both devices to ensure a uniform evaluation of switching 

characteristics. The dead time between switching transitions is 1µs to prevent shoot-

through in the full-bridge legs. 

Fixed Resistive Load: A resistive load of 0.18 Ω is used at the output to achieve a power 

output of 20-kW at the nominal voltage of 60 VDC. This fixed load ensures consistent 

testing conditions for evaluating the performance of the Si-IGBT- and SiC-MOSFET 

based full-bridge dc-dc converters. 

The assumptions allow the study to focus exclusively on the intrinsic performance of the 

switching devices, ensuring that the calculated losses and efficiency are not influenced 

by external factors or non-idealities in passive components. 

3.2 Switching Devices Selection 

In order to compare the performance of Si-IGBTs and SiC-MOSFETs, it is necessary to 

carefully select representative devices with comparable voltage, current, and thermal 

ratings. The Infineon IKW50N120CH7 Si-IGBT and the Wolfspeed C3M0016120K SiC-

MOSFET were selected as the switching devices. For a fair comparison, both devices 

with similar voltage ratings but slightly differing current ratings were chosen as per the 

availability of simulation models. The devices were selected based on their availability 

and suitability for high-power conversion applications, considering their datasheet 

specifications and practical considerations. 

Table 5 shows the critical parameters of both devices, which were analyzed for 

compliance with the converter's operational requirements, including voltage, current, and 



40 
 

thermal limits. The Infineon IKW50N120CH7 is a 1200 V  Si-IGBT that offers reliable 

operation in medium- to high- power applications [22]. With a continuous collector current 

rating of 86 A at a case temperature (TC) of 25°C and 73 A at TC of 100 °C, it is well-

suited for handling the load currents in the 20-kW converter. Its pulsed current capacity 

(ICpulse) of 200 A further ensures the ability to manage short-term overloads and transient 

conditions. The device is packaged in a TO-247 case, which supports efficient heat 

dissipation and simplifies integration into converter designs. Moreover, the maximum 

junction temperature (Tj) rating of 175°C is typical for modern high-power IGBTs, making 

it suitable for the thermal stresses encountered in a full-bridge dc-dc converter.  

Table 5: Switching devices parameters 

Switching devices Si-IGBT  SiC-MOSFET  

Manufacturer Infineon Wolfspeed 

Part. No. IKW50N120CH7 C3M0016120K 

Vce / Vds 1200 V 1200 V 

IC / ID 
86A at Tc = 25 C 
73A at Tc = 100 C 

115A at Tc = 25 C 
85 at Tc = 100 C 

Icpulse 200 A 250A 

Package TO-247 TO-247 

Turn on delay time (tdon) 39 ns 34 ns 

Rise time (tr) 27ns 33 ns 

Fall time (tf) 41 ns 13 ns 

Turn off delay time (tdoff) 319 ns 65 ns 

 

The Wolfspeed C3M0016120K is a SiC-MOSFET designed for high-frequency and high-

efficiency power applications [23]. Like the IGBT, it features a blocking voltage of 1200 

V, ensuring compatibility with the input voltage of 550 V used in the converter. The SiC- 

MOSFET offers higher current handling capabilities, with a continuous drain current 

rating of 115 A at TC of 25 °C and 85 A at TC of 100 °C. Additionally, it has a pulsed drain 

current capacity of 250 A, exceeding the IGBT's pulsed current rating. Like the IGBT, it 

is also housed in a TO-247 package, allowing for straightforward thermal management 

and mechanical compatibility. This device also exhibits a maximum junction temperature 

rating of 175°C, which makes it directly comparable to the chosen Si-IGBT. 

The maximum voltage rating of 1200 V for both devices ensures safe operation under a 

550 VDC input, with an adequate margin for transient conditions. Current ratings were 

examined to confirm compatibility with the converter's load, with the IGBT providing a 

continuous current rating of 86 A at 25°C and a pulsed current capacity of 200 A, while 

the SiC-MOSFET supports 115A continuous and 250A pulsed current. 
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3.3 Piecewise Linear Electrical Circuit Simulation (PLECS) Imple-

mentation 

PLECS is a specialized software tool designed to rapidly and accurately simulate power 

electronic circuits and systems. It offers a comprehensive environment for modelling 

power devices, control systems, thermal dynamics, and other relevant phenomena. Its 

piecewise linear electrical circuit solver allows efficient transient and steady-state 

simulation, advantageous for iterative design and comparative analysis of semiconductor 

switches [23,24]. PLECS also provides integrated thermal simulation blocks, enabling 

designers to evaluate junction temperatures, device losses, and efficiency in a single 

platform [23]. 

Controller and PWM Generation 

Fig. 3.3 illustrates the control strategy for the dc-dc full-bridge converter, which is 

implemented using a proportional-integral (PI) controller and a custom pulse-width 

modulation (PWM) scheme.The controller regulates the output voltage by adjusting the 

duty cycle of the switches, while the PWM scheme ensures proper operation of the 

converter. 

A PI controller maintains the desired output voltage of 60 V. The feedback signal, 

representing the measured output voltage, is compared to the reference voltage to 

generate an error signal. With proportional gain (𝐾p = 0.1) and integral gain (𝐾i = 100), 

the PI controller processes the error signal to determine the required duty cycle. This 

duty cycle serves as the primary control input for the PWM generation block. 

 

 

Figure 3.3: Controller and PWM generation in PLECS 
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The PWM signals are generated using a C-script block in PLECS, which provides precise 

timing for the operation of the four switches in the full-bridge dc-dc converter. The C-

script block calculates the gating signals based on the duty cycle, dead time, and 

switching frequency. The switching pattern ensures that complementary switches on 

opposite legs operate together during the active states while the upper or lower switches 

conduct during the transformer reset states. The operation facilitates efficient power 

transfer and prevents transformer saturation. The detailed code used for the generation 

of PWM signals is provided in Appendix-C for reference. 

The controller and PWM generation block are rigorously tested in the simulation 

environment to ensure stable operation across all tested switching frequencies (20 kHz, 

50 kHz, 75 kHz, and 100 kHz). The implemented scheme effectively regulates the output 

voltage. It maintains steady-state operation for desired switching frequencies, providing 

a reliable foundation for comparing the performance of the Si IGBT and SiC MOSFET 

devices. 

Switching Devices Losses Calculation: 

One primary advantage of PLECS is its advanced approach for calculating the losses in 

the switching devices. Many software tools require manual implementation of device 

equations or approximate macros for conduction and switching energy. In contrast, 

PLECS offers manufacturer-verified thermal models and interpolation/extrapolation 

algorithms that automatically calculate device losses based on look-up tables derived 

from datasheet waveforms. 

Switching and conduction losses are intrinsic to the operation of non-ideal power-

switching devices. Switching losses occur during the on-off and off-on transitions of the 

switching devices, primarily due to the overlap of voltage and current when the device 

transitions through its linear region. Conduction losses, on the other hand, occur during 

the on-state operation of the device in the ohmic region or during the dead time of the 

transistors. For this thesis, a switch loss calculator block is implemented in PLECS for 

thermal models of Si-IGBT and the SiC-MOSFET to evaluate and compare losses in a 

full-bridge dc-dc converter. 

The conduction losses (𝑃cond−on) can be approximated as [23]: 

𝑃cond−on  =  
1

𝑇sw

 [∫ 𝑉dt

𝑇dt

0

. 𝑖on𝑑𝑡 +  ∫ 𝑉on

𝑇sw

𝑇dt

. 𝑖on𝑑𝑡]                                                    (33) 

Where 𝑇dt represents the switch dead time, and 𝑉dt denotes the voltage drop across the 

transistor during the dead time. 𝑉on, refers to the voltage drop when the switch operates 

in the ohmic region, and 𝑖on represents the current flowing through the switch during this 
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period. Switching losses (𝑃sw) are computed by averaging the energy dissipated during 

the turn-on and turn-off transitions over the switching cycle given in (34) [23]: 

𝑃sw  =  
1

𝑛𝑇sw

 ∑ [𝐸oni
(𝑣block , 𝑖on, 𝑇j) + 𝐸offi

(𝑣block, 𝑖on, 𝑇j)]                              (34)

𝑖=𝑛𝑇sw

𝑖=1

 

where 𝐸on and 𝐸off, are the energy the power switch dissipates at the off-on and on-off 

transitions, respectively. 𝐸on and 𝐸off are functions of the power switch blocking voltage 

(𝑣block), the on-state current (𝑖on) and the junction temperature (𝑇j). 𝑇sw is the switching 

period and, 𝑛 is the number of periods to average. For improved accuracy and visibility 

in loss calculations, the simulation employs an averaging time of 0.1sec to measure 

switching and conduction losses. 

In PLECS, the thermal models provided by the device manufacturers are used to 

calculate switching and conduction losses. These thermal descriptions consist of look-

up tables generated from the device manufacturer’s data. The tables provide values for 

energy losses Eon and Eoff, and conduction voltage drop (Von), over a range of blocking 

voltages, currents, and junction temperatures. For instance, the thermal model of the 

SiC-MOSFET used in this study includes look-up tables for turn-on energy loss, turn-off 

energy loss, and conduction losses, as shown in Fig. 3.4 and 3.5, respectively. These 

tables show the energy loss for various values of Vblock, ion, and Tj. The turn-on and turn-

off energy loss curves and the conduction voltage drop are interpolated using the 

simulation data generated for the converter. 

 

 

 

Figure 3.4. Turn on and turn off energy loss curves in PLECS as  a function of 
Vblock (V), Ion(A) and Tj (°C) 
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Figure 3.5: Lookup table for conduction loss curve as a function of a function 
of von (V), ion(A) and Tj (°C)  

In cases where the operating point of the device falls between two data points in the 

look-up table, PLECS uses linear interpolation to estimate the losses. For example, 

suppose the switching device operates at a blocking voltage and current not directly 

specified in the look-up table. In that case, the PLECS software interpolates the 

corresponding energy loss values. Additionally, correction formulas are applied to refine 

the look-up table values. For instance, the C3M0016120K has the refined equations for 

Eon and Eoff as follows: 

𝐸on(𝑣, 𝑖, 𝑅gon, 𝑅goff)  =
(127 × 𝑅gon + 122.3)

127 ∗ 2.5 + 122.3
× 𝐸 ×   10−6                                (35) 

 

𝐸off (𝑣, 𝑖, 𝑅gon, 𝑅goff) =
(107.2 × 𝑅gon + 310.1)

127 × 2.5 + 122.3
× 𝐸 ×  10−6                              (36) 

 

The equations (35) and (36) ,refine Eon and Eoff's values based on the selected gate 

resistances Rgon and Rgoff. For both the Si-IGBT and SiC-MOSFET, the gate resistances 

Rgon and Rgoff are chosen to be 8Ω to ensure a fair comparison between the two 

technologies. The thermal chain of the devices, included in the PLECS thermal 

description of model, is used to calculate the junction temperature (Tj). This thermal chain 

models the heat transfer from the device junction to the case and updates Tj, cycle-by-

cycle based on the simulated losses. The total switching and conduction losses for all 

four devices in the full-bridge converter are computed by summing the individual losses.  
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Efficiency Calculation: 

In PLECS, the power device losses are not directly integrated into the electrical network. 

Instead, they are calculated separately using the software's thermal models, which 

operate parallel to the electrical network [25]. This approach allows for a detailed analysis 

of the power devices' switching and conduction losses. 

This study employs a post-processing method to determine the converter's efficiency. 

The total losses in the switches are first calculated using the switch loss calculator block 

in PLECS. Simultaneously, the converter's input power (𝑃in) and output power (𝑃out) are 

measured directly from the electrical network in the simulation. 

The converter's efficiency (η) is calculated using the relationship: 

𝜂 =
𝑃out

𝑃in

=
𝑃out − 𝑃losses

𝑃in

                                                                          (37) 

In this calculation, 𝑃losses represents the total losses in the switches, including switching 

and conduction losses. Since other circuit components, such as the transformer core, 

filter inductor, and diodes, are assumed to be ideal in the simulation, their losses are 

neglected. As a result, the efficiency metric derived in this study is solely based on the 

losses in the switching devices. 

Simulation Time and Data Extraction 

After setting up the converter and thermal blocks, the simulation is run for 0.5 seconds 

to reach a steady-state operation. This duration captures stable switching cycles at each 

tested switching frequency. Once the simulation is complete, PLECS logs the conduction 

losses, switching losses, and device junction temperature over time. The output power 

is similarly recorded. These data points are then used to evaluate the performance at 

each frequency. 

By repeating the simulation under the same circuit and load conditions with Si-IGBTs 

and SiC-MOSFETs, it becomes possible to compare their respective conduction losses, 

switching losses, and thermal profiles at different switching frequencies (20 kHz, 50 kHz, 

75 kHz, and 100 kHz). Along with the loss data, the junction temperature (Tj) of the 

devices was continuously monitored throughout the simulation to assess the thermal 

behavior under varying switching frequencies. Subsequently, the resulting dataset is 

analyzed to draw conclusions regarding device suitability for the target solar PV 

application. 
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4. SIMULATION RESULTS 

This chapter presents the results obtained from the simulation of the 20-kW full-bridge 

dc-dc converter models implemented using Si-IGBT (Infineon IKW50N120CH7) and SiC-

MOSFET (Wolfspeed C3M0016120K) devices. The analysis focuses on four key as-

pects: conduction losses, switching losses, total losses, and efficiency, as influenced by 

varying switching frequencies ranging from 20 kHz to 100 kHz. 

Due to thermal limitations, the simulation for the Si-IGBT based model is restricted to a 

maximum switching frequency of 54 kHz. At this switching frequency, the junction tem-

perature (Tj ) of the Si-IGBT reached 173°C, which is close to its maximum rated limit of 

175°C. Conversely, the SiC-MOSFET-based model was simulated up to 100 kHz, where 

its junction temperature peaked at 90°C, remaining well within its thermal limits. The 

results are analyzed individually in subsequent sections, with accompanying graphs il-

lustrating the observed trends. 

4.1 Conduction Losses Comparison 

Fig. 4.1 shows the measurement of the conduction losses of the Si-IGBTs and SiC-

MOSFETs across the selected switching frequencies. The measurement graph 

highlights distinct trends in the conduction losses for both devices. The conduction losses 

exhibit a steeper trend for the Si-IGBT as the switching frequency increases. 

 

Figure 4.1: Conduction losses in Si-IGBTs and SiC-MOSFETs 
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The Si-IGBT’s conduction losses increase from 152.2 W at 20 kHz to 161.9 W at 54 kHz. 

This trend suggests that the Si-IGBT's conduction characteristics result in a more 

significant rise in conduction losses and Tj as the frequency increases. The SiC-

MOSFET shows a less steep and consistent rise in conduction losses across the 

frequency range. Starting at 109.6 W at 20 kHz, the losses steadily rise to 123.3 W at 

100 kHz. This gradual trend shows that SiC-MOSFET maintains stable conduction 

performance, even as the switching frequency increases. This stability is due to its 

inherently lower on-state resistance and reduced junction temperature. 

Fig. 4.2 displays a bar chart of the measured conduction losses at 20 kHz and 54 kHz, 

demonstrating that the SiC-MOSFET consistently achieves lower conduction losses than 

the Si-IGBT. At 20 kHz, the conduction losses for the SiC-MOSFET are approximately 

28% lower than those of the Si-IGBT. At 54 kHz, the SiC-MOSFET achieves about 29% 

lower conduction losses than the Si-IGBT. These results highlight the SiC-MOSFET’s 

superior conduction efficiency, particularly in scenarios requiring operation over a wide 

range of switching frequencies. 

 

Figure 4.2: Conduction losses comparison bar chart 
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the different trends in switching losses for both devices. Switching losses in the Si-IGBT-

based converter increased significantly with frequency.  

 

Figure 4.3: Switching losses in Si-IGBTs and SiC-MOSFETs 

At 20 kHz, the switching losses were 238.7 W. These losses increased significantly to 

695.1 W at 50 kHz and 757.8 W at 54 kHz. This trend highlights the limitations of Si-

IGBTs, where slower switching speeds lead to higher energy dissipation. For the SiC-

MOSFETs, switching losses exhibited a more controlled rise over the frequency range. 

At 20 kHz, the switching losses were recorded at 82.1 W, increasing to 230.1 W at 54 

kHz and 451.3 W at 100 kHz. The relatively lower losses are due to the faster switching 

capability and reduced transition times of the SiC-MOSFET, which minimize the overlap 

of voltage and current during switching events. 

Fig. 4.4 presents a bar chart comparing the measured switching losses at 20 kHz and 

54 kHz, illustrating the superior performance of the SiC MOSFET over the Si IGBT across 

the selected frequencies. At 20 kHz, the SiC-MOSFET exhibits switching losses that are 

approximately 65.6% lower than those of the Si-IGBT, and at 54 kHz, the reduction is 

even more pronounced at 69.6%. These findings highlight the superior suitability of SiC-

MOSFETs for high-frequency applications, where switching losses dominate total device 

losses. 
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Figure 4.4: Switching losses comparison bar chart 

4.3 Total Losses Comparison 

Fig. 4.5 shows the total losses in the Si-IGBTs and SiC-MOSFETs across the selected 

switching frequencies. The total losses in the Si-IGBT -based converter rapidly increase 

as the switching frequency rises. At 20 kHz, the total losses were measured at 391 W. 

This value escalated to 856 W at 50 kHz and peaked at 920 W at 54 kHz, mainly driven 

by the sharp rise in switching losses. 

 

Figure 4.5: Total losses in Si-IGBTs and SiC-MOSFETs 
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In the SiC-MOSFETs, total losses followed a more moderate trajectory. Starting at 192 

W at 20 kHz, the total losses increased to 345 W at 54 kHz and reached 575 W at 100 

kHz. This more controlled increase is attributed to the inherently lower switching and 

conduction losses of the SiC-MOSFET. 

Fig. 4.6 shows a bar chart that compares the total losses at 20 kHz and 54 kHz, 

demonstrating that the SiC-MOSFET consistently achieves significantly lower total 

losses across the selected frequency range. At 20 kHz, the total losses for the SiC-

MOSFETs are approximately 50.9% lower than those of the Si-IGBTs. Similarly, at 54 

kHz, the total losses of the SiC-MOSFETs are about 62.5% lower than those of the Si-

IGBTs, reflecting the significant energy efficiency benefits of SiC-MOSFETs, particularly 

at higher frequencies. 

 

Figure 4.6: Total losses comparison bar chart 

4.4 Efficiency Comparison 

Fig. 4.7 shows the efficiencies of Si-IGBTs and SiC-MOSFETs based full-bridge dc-dc 

converters across the selected switching frequencies. The efficiency of the Si-IGBT-

based dc-dc converter decreases significantly as the switching frequency increases. At 

20 kHz, the efficiency is 98.05%, reflecting relatively low losses at this frequency. How-

ever, as the frequency rises, efficiency drops to 95.72% at 50 kHz and 95.4% at 54 kHz. 
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The significant drop is mainly due to the rapid rise in switching losses, which dominate 

overall power dissipation at higher frequencies. 

 

Figure 4.7: Efficiencies of full-bridge dc-dc converters 
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energy-saving potential of SiC-MOSFETs in high-frequency applications. 
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Figure 4.8: Efficiencies comparison bar chart 
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5. CONCLUSION 

The primary goal of this thesis was to compare the switching and conduction losses of 

Si-IGBT and SiC-MOSFET and assess their suitability for operation under varying 

switching frequencies in a full-bridge dc-dc converter. With comparable ratings, both de-

vices were integrated into a 20-kW full-bridge dc-dc converter designed for photovoltaic 

(PV) applications. The research focused on analyzing the operational behavior of these 

devices, comparing their switching and conduction losses, and evaluating the converter's 

efficiencies based on each device. This comprehensive comparison aimed to identify the 

advantages and limitations of each technology and provide insights into their suitability 

for high-frequency and high-power dc-dc converters. 

The findings from the simulations revealed significant differences in the performance of 

Si-IGBT and SiC-MOSFET devices. The SiC-MOSFET exhibited consistent performance 

across the entire frequency range from 20 kHz to 100 kHz, maintaining stable thermal 

behavior, lower total losses and higher converter’s efficiency. In contrast, the Si-IGBT 

was thermally constrained and could not operate beyond 54 kHz as its junction temper-

ature approached the limit of 173°C. This limitation makes the Si-IGBT unsuitable for 

high-frequency applications, particularly in PV systems where higher switching frequen-

cies are often required to optimize performance and reduce component sizes. 

The SiC-MOSFET showed better thermal stability and lower losses at higher switching 

frequencies and that can enable smaller heatsink, isolation transformer, and filter com-

ponents. The size reduction directly contributes to a more compact and lightweight con-

verter design, critical in space-constrained PV applications. The SiC-MOSFET’s ability 

to operate efficiently at elevated frequencies ensures its suitability for such high-perfor-

mance applications, offering an ideal solution for future PV systems. 

In conclusion, the study highlights the significant advantages of SiC-MOSFETs over Si-

IGBTs in terms of efficiency, thermal stability, and operational reliability across a wide 

frequency range. SiC-MOSFETs are particularly well-suited for PV applications where 

high switching frequencies are essential for optimizing performance and reducing system 

size. These findings underscore the importance of selecting the appropriate semicon-

ductor technology for achieving efficient, reliable, and compact power conversion in mod-

ern PV systems.  
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While the study provided valuable insights into the performance of these devices, it was 

based on several simplifying assumptions. Gate drives, isolation transformers, and rec-

tifier diodes were modeled as ideal components, excluding their potential non-idealities 

and associated losses. Additionally, passive component losses and parasitic effects 

were not included in the analysis. These assumptions simplified the modeling process 

but may not fully reflect real-world conditions. Future research could address these limi-

tations by incorporating non-idealities in the gate drive circuits, transformers, and rectifier 

diodes. This would provide a more realistic assessment of device performance. Optimiz-

ing the sizing of capacitors and transformers for SiC-MOSFET-based converters could 

also be a key area for future research that can lead to more efficient and compact pho-

tovoltaic systems with improved dynamic performance. 
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APPENDIX B 

 

Filter Inductor and Filter Capacitor calculation 

The MATLAB program determines the filter inductor and capacitor value needed for the 

full-bridge converter according to the design parameters of 2% pk-pk ripple in inductor 

current and 1 % pk-pk ripple in the output voltage. These calculations involve basic con-

cepts such as input voltage and output voltage, load resistance, switching frequency, 

turns ratio and duty cycle. These values ensure the inductor current and capacitor volt-

ages are within the expected bounds. The MATLAB code used for these computations 

is appended below: 

Code 

1.  clc                         % Clear the command window 
2.  clear                       % Clear all variables in the workspace 
3.   
4.  P = 20*1e3;                 % Output power in watts (20 kW) 
5.  V_Input = 550;              % Input voltage in volts (550 VDC) 
6.  V_Output = 60;              % Output voltage in volts (60 VDC) 
7.   
8.  N1 = 100;                   % Primary turns of the transformer 
9.   
10. F_s_Low = 20*1e3;           % Switching frequency in Hz (20 kHz) 
11. T_sw = 1/F_s_Low;           % Switching period in seconds 
12. ILOAD = P / V_Output;       % Load current in amperes 
13. R = V_Output / ILOAD;       % Load resistance in ohms 
14. Delta_I = 0.02 * ILOAD;   % Peak-to-peak current ripple (2% of IL) 
15. Delta_V = 0.01 * V_Output;% Peak-to-peak voltage ripple (1% of Vo) 
16.  
17. D = 0.25;                   % Duty cycle (25%) 
18.  
19. % Calculate transformer turns ratio 
20. Turns_Ratio = V_Output / (2 * V_Input * D);  
21. N2 = N1 * Turns_Ratio;      % Secondary turns of the transformer 
22.  
23. % Calculate filter inductor (L) in henries 
24. L = (D * T_sw / Delta_I) * (N2 / N1 * V_Input - V_Output); 
25.  
26. % Calculate filter capacitor (C) in farads 
27. C = Delta_I * T_sw / (16 * Delta_V); 
28.  
29. % Verify output voltage calculation 
30. V_Output1 = 2 * D * Turns_Ratio * V_Input;  
31.  
32. % Display the calculated results 
33. disp('Calculated Values:'); 
34. disp(['Filter Inductor (L): ', num2str(L), ' H']); % Display inductor value 
35. disp(['Filter Capacitor (C): ', num2str(C), ' F']);%Display capacitor value 
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APPENDIX C 

PWM generation in C-script block PLECS 

The C-script code generates precise PWM signals to control the switching of a full-bridge 

dc-dc converter in PLECS environment. It calculates the gating signals based on the duty 

cycle, switching frequency, and dead time. The script divides each switching period into 

eight states, corresponding to four active and four dead time intervals of the converter’s 

switches for full-bridge dc-dc converter. The switching logic ensures proper timing and 

prevents the simultaneous conduction of complementary switches, thus avoiding poten-

tial short circuits. 

Code 

1.   
2.  #include <math.h>     
3.   
4.  // Define inputs: Duty cycle, switching frequency, and dead time 
5.  #define Duty InputSignal(0,0)   
6.  #define freq InputSignal(0,1)  
7.  #define DeadTime InputSignal(0,2)  
8.   
9.  // Declare the switching period variable 
10. double T_s;                 
11.  
12. // Calculate the switching period based on frequency 
13. T_s = 1 / freq;           
14.  
15. // Calculate local time within the switching period 
16. double local_time = fmod(CurrentTime, T_s); 
17.  
18. // Define the duration of State 1 based on duty cycle and dead time 
19. double state_1_duration = Duty * T_s - DeadTime;          
20.  
21. // Define the duration of State 2 based on duty cycle and dead time 
22. double state_2_duration = (1 - 2 * Duty) * 0.5 * T_s - DeadTime;  
23.  
24. // Define the duration of State 3 based on duty cycle and dead time 
25. double state_3_duration = Duty * T_s - DeadTime;          
26.  
27. // Define the duration of State 4 based on duty cycle and dead time 
28. double state_4_duration = (1 - 2 * Duty) * 0.5 * T_s - DeadTime;  
29.  
30. // Define the duration of the dead time 
31. double dead_time_duration = DeadTime;                    
32.  
33. // Determine the current state based on the local time 
34. if (local_time < state_1_duration)  
35. { 
36.     // State 1: Switches active in State 1 
37.     OutputSignal(0,0) = 1;   
38.     OutputSignal(0,1) = 0; 
39.     OutputSignal(0,2) = 0;   
40.     OutputSignal(0,3) = 1; 
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41. } 
42. else if (local_time < state_1_duration + dead_time_duration)  
43. { 
44.     // Dead time after State 1: Complementary switches off 
45.     OutputSignal(0,0) = 1;   
46.     OutputSignal(0,1) = 0; 
47.     OutputSignal(0,2) = 0;   
48.     OutputSignal(0,3) = 0; 
49. } 
50. else if (local_time < state_1_duration + dead_time_duration + state_2_du-
ration)  
51. { 
52.     // State 2: Switches active in State 2 
53.     OutputSignal(0,0) = 1;   
54.     OutputSignal(0,1) = 0; 
55.     OutputSignal(0,2) = 1;   
56.     OutputSignal(0,3) = 0; 
57. } 
58. else if (local_time < state_1_duration + dead_time_duration  
59.            + state_2_duration + dead_time_duration)  
60. { 
61.     // Dead time after State 2: Complementary switches off 
62.     OutputSignal(0,0) = 0;   
63.     OutputSignal(0,1) = 0; 
64.     OutputSignal(0,2) = 1;   
65.     OutputSignal(0,3) = 0; 
66. } 
67. else if (local_time < state_1_duration + dead_time_duration  
68.            + state_2_duration + dead_time_duration + state_3_duration)  
69. { 
70.     // State 3: Switches active in State 3 
71.     OutputSignal(0,0) = 0;   
72.     OutputSignal(0,1) = 1; 
73.     OutputSignal(0,2) = 1;   
74.     OutputSignal(0,3) = 0; 
75. } 
76. else if (local_time < state_1_duration + dead_time_duration  
77.            + state_2_duration + dead_time_duration + state_3_duration  
78.            + dead_time_duration)  
79. { 
80.     // Dead time after State 3: Complementary switches off 
81.     OutputSignal(0,0) = 0;   
82.     OutputSignal(0,1) = 1; 
83.     OutputSignal(0,2) = 0;   
84.     OutputSignal(0,3) = 0; 
85. } 
86. else if (local_time < state_1_duration + dead_time_duration  
87.            + state_2_duration + dead_time_duration + state_3_duration  
88.            + dead_time_duration + state_4_duration)  
89. { 
90.     // State 4: Switches active in State 4 
91.     OutputSignal(0,0) = 0;   
92.     OutputSignal(0,1) = 1; 
93.     OutputSignal(0,2) = 0;   
94.     OutputSignal(0,3) = 1; 
95. } 
96. else if (local_time < T_s)  
97. { 
98.     // Final dead time at the end of the switching cycle 
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99.     OutputSignal(0,0) = 0;   
100.    OutputSignal(0,1) = 0; 
101.    OutputSignal(0,2) = 0;   
102.    OutputSignal(0,3) = 1; 
103.  
104. } 


