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Abstract 

Silicon Carbide (SiC) based power Metal Oxide Semiconductor Field Effect Transistors 

(MOSFETs) are great candidates for high-voltage, high-frequency and high-temperature 

power switching applications because of their favorable material properties when 

compared with Silicon (Si) power MOSFETs. In this thesis, the design, characterization, 

and modeling of a power electronic converter based around SiC MOSFETs is 

investigated. The test converter circuit is designed to be general enough that it can 

represent a half bridge converter, a DC chopper circuit or an output phase of an inverter 

for flexibility in testing. A practical characterization procedure is proposed which takes a 

circuit-level approach, as opposed to a device-level approach, using only the actual power 

electronic circuit under study and no additional test circuitry. Therefore this study takes 

into account the inherent parasitic impedances associated with the test circuit and its 

influence on the SiC devices’ high-speed switching behavior. The hardware setup is 

operated at frequencies up to 200 kHz and efficiencies up to approximately 99% were 

recorded. 

Based on the characterization data and analysis, a model is constructed using MATLAB 

(a mathematical modeling software) for predicting converter and gate driver losses at 

different load currents, DC bus voltages, and operating temperatures (for both a DC-DC 

synchronous buck converter and a DC-AC three phase, two-level Voltage Source 

Inverter). Good agreements are obtained between the model outputs and experimental 

results. Possible future extensions to the work are discussed. 
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Chapter 1    

Introduction 

1.1 Evolution of Semiconductor Materials 

Power Electronics is an integral part of several systems in areas of industrial automation, 

renewable energy technology and automotive drives. Silicon has been the primary 

material used in fabrication of power semiconductor devices since their commercial 

introduction in the late 1900s. This can be attributed to the development of fabrication 

techniques that allow Si to be grown in a single crystal form with larger diameters and 

greater purity of any available semiconductor [5]. Present day power converter 

applications have brought about a pressing need for high temperature, high frequency and 

power-dense semiconductor devices. The fundamental limitations of Si based power 

devices make them unsuitable to meet these demands. Research and development in 

semiconductor physics show that wide band gap semiconductor materials including 

Silicon Carbide (SiC) and Gallium Nitride (GaN) are the solution to current and future 

needs of the power industry [3], [8]-[10]. 

1.2 Wide Band Gap Semiconductors 

Wide Band Gap (WBG) semiconductor materials, as the name suggests, have a larger 

energy gap when compared with Silicon. This translates to a host of desirable features: 

lower leakage currents with higher operating temperatures; higher breakdown field 
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strength, higher electron saturation velocity, which leads to faster turn-on and turn-off 

transitions; and higher thermal conductivity. The material properties of Si, SiC and GaN 

are summarized in Table 1-1  below. 

 

Property Si 6H-SiC GaN 

Bandgap at 300 K (eV) 1.12 2.9 3.4 
 

9.5 
 

2.5 x 107 
 

1.3 
 

     2500 
 

3.5 x 106 

Relative dielectric constant 11.8 10 

Saturated drift velocity (cm/s) 1 x 107 2.5 x 107 

Thermal conductivity (W/cm °C) 1.5 5 

Melting temperature (°C) 1415 >2200 

Breakdown electric field (V/cm) 3 x 105 4 x 106 

Table 1-1: Material Properties of Semiconductor Materials [5], [31] 

As seen from above, SiC offers a critical electric field of 4.0 × 106 V/cm – an order of 

magnitude higher than Si. This allows an increase in the blocking capability of SiC power 

devices and also allows them to be fabricated with much thinner and higher doped drift 

layers, significantly reducing the on-state resistance [11]. The high thermal conductivity 

of SiC (5 W/cm°C) enhances heat dissipation and coupled with the wide band gap energy 

(2.9 eV) allows high-temperature operation above 300 °C. All of these above advantages 

make SiC power devices an ideal substitution for Si counterparts in future high-voltage 

and high-power converter systems [34]-[37].  
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In the last couple of years, several SiC WBG devices have been commercialized [6], [7]. 

GaN WBG devices are nearing commercial readiness, with professional samples already 

available [3], [8]–[10].Figure 1-1 shows the commercialization of SiC devices in the 

power market over the last few years.  

Measurement of WBG device parameters has been widely considered by researchers, for 

example [1], [9]–[13]. The potential impact of these devices in power electronic circuits 

has also been widely considered, such as in [1], [4], [12]–[15] where it has been shown 

that WBG devices can lead to more compact and efficient power electronic converter 

designs as a direct result of their material properties.  

1.3 Power MOSFET  

MOSFETs are commonly used in high frequency applications due to their superior 

switching performance over BJT, IGBT, thyristor, etc [5]. They need lower gate drive 

power, and they have faster switching time, no secondary breakdown, stable gain and 

response time over a wide temperature range. Several power MOSFET structures have 

been explored since the 1970s. Most power MOSFETs have a vertical structure with 

source and drain on opposite sides of the wafer in order to support higher current and 

voltage. The first high-voltage power MOSFET structure was developed by using a V-

Infineon 
& 

Cree 

 
SemiSouth 

Cree 
& 

Rohm 

 
GeneSiC 

 
Fairchild 

SiC Diode SiC JFET SiC MOSFET   SiC SJT   SiC BJT 

2001 2008 2011 2013 2014 Figure 1-1: SiC Power Devices Evolution 
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groove (V-MOSFET) etching process during the 1970s. Then, during the late 1980s, the 

technology for etching trenches in silicon became available and this process was adopted 

by the power semiconductor industry to develop the trench-gate or U-MOSFET structure. 

Another widely used structure is the vertical D-MOSFET, which uses a double-diffusion 

process [19]. This work utilizes SiC-based power D-MOSFETs as the primary switching 

power device (test device details to be discussed in Chapter 2). This section summarizes 

the D-MOSFET structure for better understanding of the device under consideration. 

 A cross-section of the basic cell structure for the D-MOSFET structure is illustrated in 

Figure 1-2. The device is fabricated by starting with an N-type epitaxial layer grown on a 

heavily doped N+ substrate. The channel is formed by the difference in lateral extension 

of the P-base and N+ source regions produced by their diffusion cycles. Both regions are 

self-aligned to the left and right of the gate region during ion-implantation to introduce 

the respective dopants. A refractory gate electrode, such as polysilicon, is required to 

allow diffusion of the dopants under the gate electrode at elevated temperatures. 

 

 

Figure 1-2: D-MOSFET Structure 
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Without the application of a gate bias, a high voltage can be supported in the D-MOSFET 

structure when a positive bias is applied to the drain. In this case, junction J1 formed 

between the P-Base region and the N-drift region becomes reverse biased. The voltage is 

supported mainly within the lightly doped N-drift region. Drain current flow in the D-

MOSFET structure is induced by the application of a positive bias to the gate electrode. 

This produces an inversion layer at the surface of the P-base region under the gate 

electrode. This inversion layer channel provides a path for transport of electrons from the 

source to the drain when a positive drain voltage is applied. 

After transport from the source region through the channel, the electrons enter the N-drift 

region at the upper surface of the device structure. They are then transported through a 

relatively narrow JFET region located between the adjacent P-base regions within the D-

MOSFET structure. The constriction of the current flow through the JFET region 

substantially increases the internal resistance of the D-MOSFET structure. A careful 

optimization of the gate width is required, in order to minimize the internal resistance for 

this structure. [19] 

1.4 Thesis Objectives 

This MS thesis project aims to develop a simplified and accurate circuit model for power 

electronic circuits (specifically a DC-DC synchronous buck converter and a DC-AC three 

phase, two-level VSI) incorporating SiC MOSFETs that can be used for real world 

simulations. In a switching power converter application, an increase in the switching 

speed and power level of the converter causes the parasitic impedances of the 

interconnections and the circuit layout to affect the efficiency and waveforms of the 
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system. This thesis will investigate device characteristics taking into consideration the 

circuit parasitic impedances and its effect on device behavior and circuit operation.  

The primary objective is to build a MATLAB-based model of a working SiC power 

electronic converter, which can be used to simulate the operation of the same with 

accuracy. A highly general SiC-based converter is designed and used as a test circuit. The 

test circuit is then subjected to a characterization procedure over a wide range of 

operating conditions that allows for device and circuit parameters to be studied and their 

dependencies extracted for constructing the circuit model.  The model is then designed to 

predict power loss and thermal behavior of the test circuit in question. Finally, the 

model’s output data is validated against experimental results at various operating points.  

1.5 Thesis Organization  

Based on the above objectives, the thesis is thus organized as follows: 

Chapter 2 describes the idea behind the SiC based test converter design along with a 

detailed description of the components used in the design and their selection procedure. 

Chapter 3 expands on the converter model delving into details of the modeling procedure 

for power and gate drive circuits. Chapter 4 presents an extensive characterization 

procedure conducted on the test converter. Based on the characterization data different 

device parameters required by the model are extracted and presented. In Chapter 5 the 

model results are validated with comparisons to actual hardware test data. It also 

summarizes the research work and provides suggestions on future improvements to this 

work.  
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Chapter 2  

Test Converter 

2.1 Introduction 

Power electronics circuits involving WBG devices need to take into consideration the 

effects of parasitic inductances in the power device as well as the circuit layout. Specific 

importance needs to be attributed to switching conditions where device voltage 

overshoots can be a concern, as well as EMI considerations. This chapter describes the 

test converter circuit, design considerations and delves into a detailed discussion of the 

selection procedure of circuit elements: power device and gate drive components [28]. 

Incorporating SiC technology into power electronics systems allows for combination of 

fast switching speed of Si MOSFETs with the low conduction loss of Si IGBTs at 

blocking voltages of 1200V and higher. The key to making use of these advantages, 

especially the faster switching speed, requires paying careful attention to system and 

device parasitics; specifically stray inductances. The effects of parasitic impedances can 

include voltage and current overshoots and ringing. These parasitics have always existed 

and are a natural consequence of the device physics and packaging involved. However, 

the combination of high voltage, high current and increased switching speed of SiC 

MOSFETs requires careful consideration of the circuit layout to reduce the effects of 

these parasitics. Another important design consideration is to keep in mind that faster 
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switching speed at high voltages and currents give rise to higher dV/dt and dI/dt device 

stresses [28]. 

2.2 Power Circuit 

During the design phase of this project, the following SiC power MOSFETs, with similar 

device ratings, were commercially available: 

1. Rohm Semiconductors SCH2080KE 

2. Cree CMF20120D 

The following table (Table 2-1) shows the device ratings for both devices: 

Parameter 
Rohm 

SCH2080KE 

Cree 

CMF20120D 

𝑅!",!"  (𝑚Ω)  80 80 

𝑉!""  (𝑉) 1200 1200 

𝐼!  (𝐴) at 25℃ 40 42 

𝑇!   (℃) 175 135 

𝑉!""  (𝑉) -6/22 -5/25 

Integrated with SiC SBD Yes No 

𝑄!!   (𝑛𝐶) 60 (SiC SBD) 142 (SiC body PiN) 

Package TO-247 TO-247 

Table 2-1: Device Rating Comparison [6],[7] 

Like other power MOSFETs, the SiC devices also have an intrinsic body diode. The body 

diode is a SiC PiN diode that has an on-state voltage drop much higher when compared to 
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a Si MOSFET’s body diode. Use of this diode is not recommended due to its high 

forward drop. An external SiC Schottky diode is suggested, to bypass the intrinsic body 

diode of the SiC MOSFET [27].  

From Table 2-1 above, it is concluded that the SCH2080KE [7], manufactured by Rohm 

Semiconductors is a suitable option for the test converter due to its co-packaged SiC 

Schottky Body Diode (SBD) within the TO-247 package. This allows for a more compact 

circuit design. It is important to note that the manufacturer recommends a negative gate 

bias for faster turn-off.  

In this work, the simple power electronic circuit shown in Figure 2-1 is designed and 

constructed. This circuit is general enough that it could represent a half-bridge converter, 

one output phase of a two-level inverter, or a part of a multilevel inverter. This allows 

flexibility in circuit configuration (for example, stacking several test circuits on bus bars) 

for future testing. 

 

Figure 2-1: Test Converter Schematic 

q1

q2 Vout

+

−

Vbus

+

−
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For a robust power circuit design, the layout planning should begin during initial system 

block diagram phase. This leads to a systematic and intelligent partitioning of various 

system blocks. A good layout adds little or no additional parasitics to that already 

existing within the power device. The test circuit is designed and laid out bearing these 

considerations in mind. In order to achieve fast switching with minimum oscillations, the 

gate drive connections need to minimize parasitic inductances: this requires the gate 

driver to be located as close as possible to the MOSFET gate [27]. For this reason, the 

MOSFETs along with their gate drive circuit are laid out on a single PCB. The back pad 

of the SCH2080KE is electrically connected to its Drain terminal. An electrically 

isolating Sil-Pad is placed between the switch and the heat sink to prevent physical 

contact. The Sil-Pad has good thermal properties to facilitate heat transfer. 

The converter PCB is designed with four layers having distinct signal ground polygons 

separated by an earth ground plane for shielding. A 2.2µF capacitor is placed across the 

DC bus in close proximity to both MOSFETs to provide relief during transient states. In 

addition to this, the test set-up uses an external DC bus capacitor bank of six 75µF film 

capacitors in parallel. Each of these capacitors has a low Equivalent Series Inductance 

(ESL) of 38 nH and Equivalent Series Resistance (ESR) of 2.1 mΩ. This arrangement 

keeps the power losses occurring in the capacitor bank negligible, which allows for the 

same to be overlooked while developing the MATLAB loss model. The converter and the 

external capacitor bank are mounted on bus bars to minimize the DC bus inductance, as 

shown in Figure 2-2.[2]  
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Figure 2-2: Test Converter Hardware Setup 

2.3 Gate Driver Design  

The gate drive requirements of a SiC MOSFET is much more demanding when compared 

to a Si MOSFET. The lower carrier mobility in SiC, in spite of their lower drift layer 

resistance, means that their channel resistance is higher. For this reason, the higher the 

gate voltage, VGS, the lower the on-resistance, 𝑅!",!". Resistance becomes progressively 

saturated, as VGS gets higher than 20V. A typical Si MOSFET gate driver uses a 

MOSFET gate turn-on voltage of ∼ +10 V and turn-off voltage of 0 V [5], whereas best 

practice for SiC devices typically requires a gate turn-on voltage in the range of 15 − 22 

V and a turn-off voltage of approximately −5 V to minimize the switching and 

conduction losses. [7] recommends driving the SiC SCH2080KE with a VGS set to 18V 

DC bus 
capacitor 

Output Port 

Positive DC 
Busbar 

MOSFET with 
heatsink 

RTD 
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for turn on and -5V for turn off. Unfortunately, the commercial availability of gate-

drivers that can supply these voltages is extremely limited. 

The design for the gate driver used in this project is based on [20], where a low-side 

MOSFET gate driver [21] with a wide input voltage range is supplied by isolated DC-DC 

converters biased by the MOSFET source voltage, see Figure 2-3. These converters are 

inexpensive with an isolation voltage rating of 5.2kV and also have very low isolation 

capacitance.  The logic input is isolated using an opto-isolator. With this connection 

scheme, VCC determines the gate pulse positive voltage and −VEE determines the negative 

gate pulse voltage. The −VEE node is used as the ground reference for the gate driver and 

a digital isolator for the gate signals. The gate supply voltage values were chosen as the 

manufacturer-recommended values. Operation of the gate driver is as follows: a high-

going (3.3V) pulse is applied to the opto-isolator and causes the gate terminal to go high. 

The intent of this circuit is to afford the maximum flexibility in operation. Therefore, 

unregulated DC-DC converters were used so that the output gate pulse positive and 

negative voltage levels can be adjusted at ground level [20]. 

 

Figure 2-3: Gate Driver Schematic 

+

−
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+

−

VEE
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COM
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The internal gate resistance of the MOSFET is dependent on the sheet resistance of gate 

electrode material and chip size. Other things being equal, the internal gate resistance is 

inversely proportional to the chip size: the smaller the chip, the higher the gate resistance. 

At the same rating, SiC-MOSFET die is smaller than Si die. Therefore, SiC-MOSFETs 

tend to have lower junction capacitances but higher gate resistance. The internal gate 

resistance of the SCH2080KE is approximately 6.3Ω. The total resistance in the gate 

circuit is a combination of the internal and external gate resistors. Switching time is 

severely dependent on the external gate resistance (𝑅!). In order to implement fast 

switching operation, it is recommended to use low external gate resistor of several ohms 

while monitoring surge conditions. The external gate resistance yielding the lowest 

switching energy while suppressing the ringing in the signal to stay within the 

recommended 𝑉!" range of the device is selected. In this section, the steps involved in 

choosing the optimal external gate resistance for the SiC MOSFETs will be shown. 

In an attempt to determine optimal 𝑅! , the gate turn-on and turn-off waveforms are 

monitored for different values of 𝑅!  (0Ω, 2Ω, 5.11Ω, 8.66Ω, 13.3Ω, 20Ω). The 

waveforms are captured using a Tektronix DPO7054 digital oscilloscope and plotted 

using MATLAB. The test converter circuit is operated as a synchronous buck converter 

(see Figure 2-4 below) for each value of 𝑅!  with the following operating conditions: 

Parameter Set Point 

DC Bus Voltage 𝑉!"# (V) 200 

Input Inductance 𝐿!" (mH) 3 
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Input DC Bus Capacitance 𝐶!" (µF) 450 

Load Resistance 𝑅!"#$ (Ω) 10 

Load Inductance 𝐿!"#$ (mH) 43 

Switching Frequency 𝑓!" (kHz) 100 

Fixed Duty Cycle 𝐷 (%) 50 

Table 2-2: Test Setup Operating Conditions 

 

Figure 2-4: Synchronous Buck Converter Test Setup  

With all operating conditions being the same, the channel losses are recorded using a 

power analyzer and analyzed for all values of 𝑅! . The following plots help in choosing 

the optimal value of 𝑅! . It is important to note that the absolute maximum 𝑉!" rating for 

the SCH2080KE is +22V/-6V. Care should be taken to make sure that this driving signal 

does not exceed these limits. This becomes a crucial factor in the selection process. 



 

 15 

 

 
Figure 2-5: 𝑉!" Turn-On for Various Values of  𝑅!  

 

Figure 2-6: 𝑉!" Turn-Off for Various Values of  𝑅!  
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When no external gate resistor was added, the SCH2080KE experienced noticeable 

ringing in both gate turn-on and turn-off waveforms (Figure 2-5 and Figure 2-6). As 

expected the total loss in the circuit increases with higher values of 𝑅!  (see Figure 2-7). 

The plots show that 𝑅!  = 8.66Ω is the smallest resistance at which the 𝑉!" limits were 

observed. Thus this was chosen as the optimal value of external gate resistance. 

 

Figure 2-7: Variation of Channel Losses with 𝑅!  

2.4 Conclusion 

This Chapter presented important design considerations for SiC based power electronics 

circuits. The test converter circuit was discussed including the power circuit and the 

auxiliary gate drive circuit. Selection processes for power device and gate resistance were 

covered.  
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Chapter 3  

Converter Model 

3.1 Introduction 

Power loss is an important issue that must be considered in performance evaluation and 

cooling method design of power electronic systems. Many loss drivers exist within these 

systems. The operating conditions such as switch voltage, current, switching frequency 

and temperatures have significant impacts on component losses. These impacts are 

nonlinear which makes it quite complex to analyze the combined influence of several 

varied loss drivers on the system losses. Therefore, analysis of the system losses in multi-

domain is time-consuming and not straightforward. This Chapter presents a simplified 

approach to modeling the losses in the test converter circuit. 

The component losses and system losses could be defined as a function of many 

variables: operating points (DC bus voltage 𝑉!"#, output voltage 𝑉!, switching frequency 

𝑓!" and load current 𝐼!), designed circuit parameters (e.g. parasitics inherent to the test 

circuit, external gate resistance and other circuit elements) and heat sink temperature 

𝑇!"#$. The outputs of the loss model include the component losses, system losses and 

even the heat sink temperature of semiconductors if needed. 

A model to predict the converter’s overall performance as well as losses in the individual 

components is now described. The model is based off of parameters that can be readily 

measured using the converter test circuit and standard power electronic laboratory 
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equipment. The model provides the user the option to choose between two end circuit 

configurations:  

i. A synchronous buck converter  

ii. A three phase, two-level voltage source inverter (VSI)  

The modeling process can easily be extended to other situations, such as modeling 

multiple phase oscillating output voltage and currents for a multi-level inverter. A 

procedure for obtaining the required model parameters is explained in Chapter 4. The 

input to this model is information about the circuit’s operating point: DC bus voltage 

𝑉!"#, output voltage 𝑉!, output current 𝐼!, switching frequency 𝑓!", ambient temperature 

𝑇!"#$%&', fundamental frequency 𝑓!"#$ and phase peak voltage 𝑉!! (last two parameters 

are used as inputs to the VSI model).  

3.2 Modeling Approach 

The model is able to simulate the actual circuit hardware and predict losses in power and 

gate drive components. This section establishes modeling relationships and procedures 

for both power and gate drive circuitry. 

3.2.1 Converter Efficiency  

The overall converter efficiency is defined by (Equation 3-1), where 𝑃!"# is the total 

output power, 𝑃!"## is the total power lost in the converter, and 𝑃!"#,! is the loss in a 

single device (this includes gate drive components and power switches) within the circuit.  
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𝜂 =   𝑃!"# (𝑃!"# + 𝑃!"##) 
(Equation 3-1) 

𝑃!"## =    𝑃!"#,!
!

 (Equation 3-2) 

3.2.2 MOSFET Losses  

The losses in each switch consist of the conduction loss and the switching loss (Equation 

3-3), where 𝑃!"#$%& is the total loss in a switch, D is the switch duty ratio, 𝑡! is dead-

time between the on-states of the complementary switches, 𝑅!",!" is the on-state 

resistance, 𝑓! is a polynomial function modeling the switching loss dependence on heat 

sink temperature, 𝑓! is a polynomial function modeling the switching loss dependence on 

load current, both of which are measured in the characterization procedure (discussed in 

detail in Chapter 4), and are found to be of the form (Equation 4-2)(Equation 4-3) 

respectively, and 𝑉!" is the voltage across the switch post turn-off. Note that the status of 

the anti-parallel diode determines 𝑉!". For example, in the case of a synchronous buck 

converter, 𝑉!" = 𝑉!"# for the top switch and 𝑉!" = 0 for the bottom switch. In the case of 

a VSI, 𝑉!" = 𝑉!"# for both the top and the bottom switches. 

𝑃!"#$%& = 𝑃!"#$ + 𝑃!" (Equation 3-3) 

𝑃!"#$ = 𝑃!"#$,!"# + 𝑃!"#$,!"# (Equation 3-4) 

𝑃!"#$,!"# = (𝐷 − 𝑡!𝑓!")𝑅!",!"𝐼!! (Equation 3-5) 
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𝑃!"#$,!"# = (1− 𝐷 − 𝑡!𝑓!")𝑅!",!"𝐼!! (Equation 3-6) 

𝑃!" = 𝑓!(𝐼!)𝑓!(𝑇!"#$)𝑓!"𝑉!" (Equation 3-7) 

Note that the conduction losses in the anti-parallel diode have been neglected in these 

expressions. This is because at all operating points considered; these losses are negligible 

compared to the losses associated with 𝑅!",!".  

The conduction losses (see (Equation 3-4), (Equation 3-5) and (Equation 3-6)) of the 

MOSFET are directly dependent on its on-state resistance. The on-state resistance varies 

as a function of the MOSFET’s junction temperature. This dependence is modeled as a 

polynomial (see (Equation 3-8)) with constants fit to data measured in the 

characterization procedure, where 𝑇!"#$ is the heat sink temperature. The reason that the 

data is fit to the heat sink temperature, as opposed to the junction temperature, is because 

of its accessibility for physical measurement. 

𝑅!",!" = 𝑟! + 𝑟!𝑇!"#$ + 𝑟!𝑇!"#$!  (Equation 3-8) 

3.2.3 Switch Thermal Modeling  

The thermal circuit of Figure 3-1 is used to relate the heat sink temperature to the total 

MOSFET loss 𝑃!"#$%& and ambient temperature 𝑇!"#$%&', resulting in (Equation 3-9). 

Here, 𝑅!,!" is the sink-to-ambient thermal resistance. The temperature dependence of 

𝑅!,!" is modeled as a power law (see (Equation 3-10) whose coefficients are determined 

by the characterization procedure.  
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Converters 

(18V and 5V) 

 
Gate Driver 

IC 

Gate RC 
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𝑃!!",!  𝑃!",!"!  𝑃!!",! 𝑃!!",!  

𝑇!"#$ = 𝑇!"#$%&' + 𝑃!"#$%&𝑅!,!"  (Equation 3-9) 

𝑅!,!" = 𝑠!𝑇!"#$
!!  (Equation 3-10) 

 

Figure 3-1: MOSFET Thermal Model 

3.2.4 Gate Driver Circuit Losses  

The total input power and losses in the gate driver circuit must be considered to calculate 

the overall converter efficiency and to ensure that all components operate within their 

limits at any given operating point. The gate drive design for the test circuit is based off 

of [20]. The total power supplied to the gate drive circuit is the sum of the losses in each 

DC-DC converter 𝑃!!",!, each gate driver IC’s internal circuitry and its hi/low resistances 

𝑃!!",!, and the power delivered to the RC equivalent networks 𝑃!!",! composed of each 

MOSFET gate and external gate resistance.  
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Determining each of these loss components requires careful consideration of the 

unconventional use of a single-ended gate driver with bipolar power rails (Figure 2-3). 

The datasheet for the gate driver IC [21] specifies the total required input power as a 

function of the amount of external capacitance attached to the driver’s output, the driver 

supply voltage, and the switching frequency. This data is intended for the traditional use-

case where the driver has a single sided power supply. To model the losses in this 

converter’s configuration, the input power is interpreted as having two components: 

power which is delivered to the attached RC network 𝑃!!" and power required by the 

internal circuitry of the gate driver 𝑃!!". The losses in the internal circuitry can be found 

as a function of gate capacitance by subtracting calculated losses in an RC network from 

the total driver input power specified in the datasheet. 

During turn-on and turn-off, the MOSFET gate and related resistances appear as the 

equivalent circuit shown in Figures Figure 3-3,Figure 3-4, which can be used to calculate 

the total RC network power: 

𝑃!!" = 𝑃!!",!" + 𝑃!!",!"" (Equation 3-11) 

 

Figure 3-3: MOSFET turn-on Equivalent Circuit 
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Figure 3-4: MOSFET turn-off Equivalent Circuit 

The total power consumed by the gate driver IC depends on both the power dissipated in 

the internal circuitry and the power dissipated in the high and low output resistances of 

the IC [21]:  

𝑃!!" = 𝑃!!" +
𝑅!"
𝑅!"!,!"

𝑃!!",!" +
𝑅!""
𝑅!"!,!""

𝑃!!",!"" (Equation 3-12) 

where 𝑅!"!,!" is the total gate charging resistance during turn-on, and 𝑅!"!,!"" is the total 

gate discharging resistance during turn-off. The datasheet for the DC-DC converters [22] 

specifies their efficiency as a function of their output power, which is 𝑃!!",! + 𝑃!!",!. The 

calculations for charging and discharging the MOSFET gate in this section require that 

the MOSFET gate resistance and capacitance be measured in the characterization 

procedure. It is discussed later in Chapter 4 that both of these parameters vary as a 

function of switch voltage and they are therefore modeled as polynomials (Equation 4-8)-

(Equation 4-9), whose coefficients will be measured using actual test data. 

+
−

−VEE

ROFF RG rG
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3.3 Conclusion 

At the top level the model accepts all the input operating conditions as discussed in 

Section 3.1. Armed with this information and the model parameters (determined using 

characterization procedure to be discussed in Chapter 4) that are inherent to the actual test 

circuit hardware, the algorithm guesses at a heat sink temperature to compute losses 

associated with circuit components (conduction and switching losses in the power circuit 

and gate drive power). The power losses are used in the switch thermal model to 

determine the heat sink temperature associated with the power flow. This process is 

iteratively repeated until the two temperatures (initial guess and thermal model output) 

match each other with an accuracy of 1%. 

  



 

 25 

Chapter 4  

Characterization Procedure 

4.1 Introduction 

While designing a power electronic converter, it is important to obtain the key 

characteristics of the power devices (in this case, the MOSFETs) in order to be able to 

model the converter’s performance. The device’s parameters help understand their 

realistic application prospect in present day power circuits. This chapter introduces and 

describes characterization procedures that are designed to capture the change in key 

device parameters with changing operating points and conditions.  

Device characterization is often done using special test circuitry to measure device 

parameters, such as EON, EOFF, gate capacitance, on-state resistance, etc., which are then 

used to predict the device’s behavior in a converter. In circuits containing WBG devices, 

the switching transients are typically much faster than those containing Si devices, 

causing parasitic inductances and capacitances to have a greater effect on circuit 

performance. This decreases the accuracy of any modeling approach that relies on device 

parameters measured outside of the actual power-electronic circuit under consideration.  

This chapter proposes an alternative circuit-level characterization approach that analyzes 

the behavior of the power devices within the power circuit to estimate the overall 

performance, without using external testing circuits and special equipment such as curve 
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tracers. The equipment required is commonplace in power electronic laboratories: an 

oscilloscope, digital multi-meters, a power analyzer, and temperature measurement 

devices. All data are obtained using a Yokogawa model WT1600 power analyzer, a 

Tektronix DPO7054 oscilloscope, a 100 Ω SA1 RTD from Omega Engineering, and a 

34401A precision multi-meter from Agilent Technologies. 

 The idea is to use the results from the extensive characterization study, to be discussed in 

this chapter, to create a loss model (presented in Chapter 3) that can predict losses and 

thermal behavior of the test circuit under various operating conditions. The power circuit 

characterization procedures presented are generic, so that they can be applied to the study 

of any power electronic converter. 

4.2 Power Device and Power Circuit Characterization 

4.2.1 MOSFET on-state resistance and MOSFET sink to ambient thermal 

resistance 

 
When the MOSFET is turned on, it approximates a very small resistance 𝑅!",!". This 

resistance is an inherent property of the device dependent on its physical composition and 

structure. The on-resistance can be defined as: 

𝑅!",!"   =   𝑅!"#$%&   +   𝑅!!   +   𝑅! +   𝑅! +   𝑅!   +   𝑅!"#   +   𝑅!"#$   

   

(Equation 4-1) 
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Where, 

𝑅!"#$%& = Source diffusion resistance 

𝑅!! = Channel resistance 

𝑅! = Accumulation resistance 

𝑅! = Component-resistance of the region between the two-body regions 

𝑅! = Drift region resistance 

𝑅!"# = Substrate resistance 

𝑅!"#$ = Sum of bond wire resistance, the contact resistance between the source and drain 

metallization and lead frame contributions. [25] 

 

Figure 4-1:MOSFET Equivalent Circuit in the on-state [5] 

Since SiC has dielectric breakdown field strength that is ten times higher than that of Si, 

high breakdown voltage devices can be achieved with a thin drift layer with high doping 
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concentration. This means, at the same breakdown voltage, SiC devices have quite low 

specific on-resistance (on-resistance per unit area). For example, 900V SiC-MOSFET can 

provide the same on-resistance as Si-MOSFETs and Si super junction MOSFETs with a 

chip size 35 times and 10 times respectively smaller [23]. The higher the gate voltage, the 

lower the on-resistance due to lower channel resistance.  

 

Figure 4-2: Dependence of on-state resistance of MOSFET on 𝑉!" [23] 

The power dissipated in this 𝑅!",!" contributes to the conduction losses of the device. It 

is also important to note that the on-state resistance of the MOSFET, 𝑅!",!", has a 

positive temperature co-efficient: which means that it increases with an increasing 

junction temperature (which in turn depends on load current flowing through it). This 

subsection describes a test designed to characterize the variation of SCH2080KE‘s on-

state resistance with temperature. 
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The converter test circuit described in Chapter 2 is operated with the top switch held on, 

the bottom switch off, and a load resistance connected between the converter output and 

the negative voltage bus. A DC supply is used to apply a voltage across the bus bars, 

resulting in a DC current 𝐼!"  flowing through the top switch. The heat sink temperature 

𝑇!"#$ and voltage drop 𝑉!",!" between the drain and the source terminals of the top 

switch are measured. The ambient temperature 𝑇!"#$%&' is also monitored throughout the 

test. Different values of 𝐼!"  are used to obtain different heat sink temperatures (larger the 

current higher the heat sink temperature). 

The 𝑉!",!" data measured in the characterization procedure is used to estimate 

corresponding 𝑅!",!" which is then modeled to fit the polynomial in (Equation 3-8) and 

(Equation 3-10). The measured ambient temperature 𝑇!"#$%&' is used in conjunction with 

𝑇!"#$ and power lost in the top switch (𝑉!",!" x 𝐼!") as per the thermal circuit in Figure 

3-1 to estimate 𝑅!,!".  

Parameter 𝑹𝑫𝑺,𝐎𝐍 𝑹𝜽,𝒔𝒂 

Coefficients 
𝒓𝟎 𝒓𝟏 𝒓𝟐 𝒔𝟎 𝒔𝟏 

76.3891 0.0770 0.0058 -1.2660 -0.5293 

Table 4-1: Coefficients of polynomials in Equations 3—8 and 3--10 
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Figure 4-3: On-state resistance dependence on heat sink temperature  

 

 

 
Figure 4-4: Sink-to-ambient thermal resistance dependence on heat sink temperature  
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These dependencies help in calculating the conduction losses in the MOSFET at different 

heat sink temperatures. 

4.2.2 Switching Loss Dependence on Heat Sink Temperature and Load 

Current  

Power MOSFETs have good switching characteristics as there is no storage delay caused 

by minority carriers as in the case of IGBTs (causing tail currents). The turn-on and turn-

off sequence of a power MOSFET is explained below: [24] 

Turn-on Transition 

Turn-on delay time (𝒕𝒅(𝒐𝒏)) 

This is the time for the gate voltage, 𝑉!", to reach the threshold voltage 𝑉!"(!!).The input 

capacitance during this period is 𝐶!" + 𝐶!". This period is the charging period to bring 

up the capacitance to the threshold voltage.  

Rise Time (tr)  

It is the period after the 𝑉!" reaches 𝑉!"(!!) to complete the transient. It can be divided 

into two regions. One is the period where the drain current starts from zero (increasing 

with the gate voltage in accordance with the transfer characteristics) and reaching the 

load current. The other region is when the drain voltage starts to drop and reaches the on-

state voltage drop. During the rise time, as both the high voltage and the high current 
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exist in the device, high power dissipation occurs. The rise time should be reduced by 

reducing the gate series resistance and the drain-gate capacitance (𝐶!"). After this, the 

gate voltage continues to increase up to the supplied voltage level; but, as the drain 

voltage and the current are already in steady state, they are not affected during this 

region.  

Turn-off transition 

Turn-Off Delay (𝒕𝒅(𝒐𝒇𝒇)) 

At the start of the turn-off transient, the gate voltage starts to decrease and move towards 

its off-state value. The 𝑡!(!"") is the time for the gate voltage to reach the point where it 

is required to make the drain current become saturated at the value of load current. 

During this time, there are no changes to the drain voltage and the current.  

Fall time (𝒕𝒇) 

Fall time is the time where the gate voltage reaches the threshold voltage after 𝑡!(!""). It 

is divided into the region where the drain voltage reaches the supply voltage from its on-

state value and the region where the drain current goes from 90% to 10% of the load 

current.  

Similar to power dissipation observed in the tr region during turn-on state, power is lost 

in the tf region during turn-off state. Hence, tf must be reduced as much as possible. After 

this, the gate voltage continues to decrease until it reaches zero. As the drain voltage and 
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the current are already in steady state, they are not affected during this region.  

 

Figure 4-5: Turn-on and Turn-off observed in ROHM’s SCH2080KE  

The switching energy lost in a given power device is influenced by junction temperature 

(and in turn, the heat sink temperature), voltage across the device terminals and the 

commutated current as was expressed in (Equation 3-7). For a detailed investigation of 

the switching behavior, the test circuit was operated as a synchronous buck converter. A 

DC bus voltage was applied across the bus bars and an RL load was connected between 

the output terminal and the negative bus bar. The functional diagram of the setup is 

shown in Figure 2-4.  

From the results of the test procedure that follows, the dependence on the heat sink 

temperature 𝑇!"#$ and the load current 𝐼! are modeled by the polynomials (Equation 4-2) 

and (Equation 4-3) as shown below. Investigations showed that the dependence on switch 
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voltage 𝑉!" (in this test setup also equal to DC bus voltage 𝑉!"#) is linear. 

𝑓! 𝑇!"#$ = 𝑔! + 𝑔!𝑇!"#$ + 𝑔!𝑇!"#$!  (Equation 4-2) 

𝑓! 𝐼! = 𝑘! + 𝑘!𝐼! + 𝑘!𝐼!! (Equation 4-3) 

The equations above show the dependence of switching losses with heat sink temperature 

and load current. The coefficients of (Equation 4-2) are measured first, with the following 

procedure:  

1) The DC bus voltage 𝑉!"# and load current 𝐼! are fixed and the switching frequency is 

swept over a wide range to vary the operating temperature. For each switching frequency, 

the channel losses and MOSFET heat sink temperatures are measured.  

2) The measured temperature is used to estimate 𝑅!",!" and the conduction losses in the 

two switches to isolate the switching losses at each frequency. Note that switching losses 

will only occur in the top switch.  

3) 𝑓!(𝑇!"#$) is calculated using the switching losses above as 𝑃!" (𝑓!"𝑉!") and (Equation 

4-2) is fit to the results. 

Parameter 𝑓!(𝑇!"#$) 

Coefficients 

(x10-6) 

𝒈𝟎 𝒈𝟏 𝒈𝟐 

-0.5062 -0.0005 0 

Table 4-2: Coefficients of Equation 4--2 
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Figure 4-6:𝑓!(𝑇!"#$) as a function of the heat sink temperature. The solid line  

represents the data fit to Equation 4--2  

 

The coefficients of (Equation 4-3) are measured with the following procedure:  

1) The DC bus voltage 𝑉!"# and switching frequency 𝑓!" are fixed and the load current 𝐼! 

is varied For each load current, the channel losses and switch temperature are measured.  

2) The measured switch temperatures are again used to isolate the switching losses at 

each load current. 

3) Equations 3--7 and 4--2 are used to calculate 𝑓!(𝐼!) for each load current and 

(Equation 4-3) is fit to the results.  
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Parameter 𝑓!(𝐼!) 

Coefficients 
𝒌𝟎 𝒌𝟏 𝒌𝟐 

0.2520 0.1323 0 

Table 4-3:Coefficients of Equation 4--3 

 

Figure 4-7: 𝑓!(𝐼!) as a function of the load current. The solid line  

represents the data fit to Equation 4--3  

 

4.2.3 Gate Drive Circuit Characterization 
 
The gate region of the MOSFET is composed of the gate metallization, the silicon 

dioxide underneath the gate conductor, which is termed the gate oxide, and the silicon 

beneath the gate oxide. This region forms a high quality capacitor, as is shown in Figure 

4-8, and it is sometimes termed a MOS capacitor.  
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Figure 4-8: Cross-sectional view of a n-channel MOSFET showing parasitic capacitances 

During the MOSFET’s switching transitions, the only charges that must be moved are 

those on the stray capacitances and depletion layer capacitances, which are shown in the 

figure above [5]. 

These capacitances become important while trying to understand the behavior of the 

MOSFET. 𝐶!" is the capacitance brought about by the overlap of the source and the 

channel regions by the polysilicon gate. 𝐶!" consists of two parts, the first is the 

capacitance associated with the overlap of the polysilicon gate and the silicon underneath 

in the JFET region. The second part is the capacitance associated with the depletion 

region immediately under the gate. Both the 𝐶!" and the 𝐶!" are not constant but vary 

with voltage across the device [5]. 
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Figure 4-9: MOSFET equivalent circuit in cutoff and active regions 

 

Figure 4-10: Variation of gate-drain capacitance with drain-source voltage 

The MOSFET gate has an internal resistance, 𝑟! , which as discussed earlier is dependent 

on the sheet resistance of gate electrode material and chip size.  

The following test procedure establishes dependencies between the gate-source 

capacitance 𝐶!" and the internal gate resistance 𝑟!  with the voltage across the switch 𝑉!". 

The test circuit is operated like a synchronous buck converter. The voltage across the 
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external gate resistor 𝑉!! is measured using an oscilloscope and is used to calculate the 

gate charge at turn-on:  

𝐼! =
𝑉!!
𝑅!

 
(Equation 4-4) 

𝑄! = 𝑖!   𝑑𝑡 
(Equation 4-5) 

The gate capacitance is calculated as 𝐶!" = 𝑄! 𝑉!  where 𝑉! = 𝑉!! + 𝑉!!. The resulting 

fit is depicted in Figure 4-15, where the DC bus voltage is varied from 50V to 200V.  

The MOSFET’s internal gate resistance was also measured for every value of bus voltage 

and was observed to have an unexpected dependence on the switch voltage. To measure 

the resistance, the gate-source voltage is measured on an oscilloscope at gate turn-on in 

addition to the above data for 𝐼! . The gate current is used to calculate the voltage across 

the gate capacitance as:  

𝑉! =
1
𝐶!

𝑖!   𝑑𝑡 
(Equation 4-6) 

𝑉!",!"#! = 𝑉! + 𝑖!𝑟!  (Equation 4-7) 

The internal gate resistance is then estimated so as to minimize error between a calculated 

and measured gate-source voltage, 𝑉!" − 𝑉!",!"#!, for each value of DC bus voltage. The 

results are fit to (Equation 4-9). Figure 4-11, Figure 4-12, Figure 4-13 and Figure 4-14 

show the estimates calculated using the above and the resulting polynomial fit is shown 

in Figure 4-15.  
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Figure 4-11: Example waveform for determining an 𝑟!  value that minimizes error between measured and 
calculated 𝑉!"; 𝑉!" = 50 V. 𝑟!  was determined to be 12.03 Ω 

 

Figure 4-12: Example waveform for determining an 𝑟!  value that minimizes error between measured and 
calculated 𝑉!"; 𝑉!" = 100 V. 𝑟!  was determined to be 13 Ω 
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Figure 4-13: Example waveform for determining an 𝑟!  value that minimizes error between measured and 
calculated 𝑉!"; 𝑉!" = 150 V. 𝑟!  was determined to be 13.92 Ω 

 

Figure 4-14: Example waveform for determining an 𝑟!  value that minimizes error between measured and 
calculated 𝑉!"; 𝑉!" = 200 V. 𝑟!  was determined to be 14.39 Ω 
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𝑟! = 𝑟!! + 𝑟!!𝑉!" (Equation 4-9) 

 

Figure 4-15: Variation of 𝐶!" with 𝑉!" 

 

Figure 4-16: Variation of 𝑟!  with 𝑉!" 
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Parameter 𝐶!" 

Coefficients 

(x 10-8) 

𝒄𝟎 𝒄𝟏 

0.5395 0.0017 

Table 4-4: Coefficients of Equation 4--8 

Parameter 𝑟!  

Coefficients 
𝒓𝑮𝟎 𝒓𝑮𝟏 

11.3350 0.0160 

Table 4-5: Coefficients of Equation 4--9 

4.3 Conclusion 

This chapter presented characterization test procedures that can be used to extract power 

device information that are pertinent to calculating the device losses in a power converter 

application. The estimates and dependencies derived from the procedure are useful in 

creating the loss model presented in Chapter 3. All the dependency polynomials are fit to 

actual hardware results collected during the characterization. The tests presented are not 

specific to a particular device and can be used to model a circuit similar to the test 

converter used in this project. Furthermore, the dependencies established using the 

characterization procedure could also be used to create more accurate SPICE models for 

the power devices. 
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Chapter 5  

Results and Conclusions 

5.1 Introduction 

SiC possesses superior material properties compared to Si as discussed in Chapter 1. SiC- 

based power devices are currently revolutionizing the semiconductor market for high-

power, high-temperature and high-frequency end applications. For example, one of the 

potential applications of high temperature power electronics is in electric transportation. 

The DC-DC converters and inverters used in hybrid electric vehicles, require a number of 

switches and diodes. Hence, there is a great demand for wide band gap semiconductors 

like SiC in automotive electronics. There is always a need for reliable device 

characterization techniques to study the device behavior and evaluate its characteristics. 

A good loss model derived through the characterization procedure can predict circuit 

behavior quite accurately enabling the end user to perform adequate thermal designs.  

This Chapter focuses on validating the loss model built as a part of the thesis. The 

previous chapters discussed in detail the loss model layout and the device parameter 

extraction procedure. The test converter is operated both as a DC-DC synchronous buck 

converter and a DC-AC three phase VSI where the input and output powers are 

monitored using a Yokogawa WT 1600. The hardware results are then compared against 

the model outputs for verification. Considerations and measures for model improvement 
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have also been discussed. Model limitations have been explained as well. 

The parameters measured in the characterization procedure are now combined with the 

model from Chapter 3 to predict converter (DC-DC and DC-AC) performance under 

various operating conditions. The results are shown in Figure 5-1, Figure 5-2, Figure 5-3 

and Table 5-1: DC-AC Three Phase VSI Model Verification Data (Total Power 

Consumption), which display very good agreement between predicted and measured 

values. The overall efficiency of the DC-DC converter is shown in Figure 5-2 and is 

broken down into conduction losses (not shown), switching losses in Figure 5-1, and 

drive circuit losses in Figure 5-3 for different loads. The power loss estimates of the DC-

AC VSI are shown in Table 5-1. The different frequencies and loads tested represent a 

wide range of operating conditions: heat sink temperatures vary from 31.7°C up to 

132.2°C and load currents range from 2A to 9A. The estimated values are predicted by 

the model using (Equation 3-1), (Equation 3-4) and (Equation 3-7) which only require 

knowledge of the operating point (the load, bus voltage, and switching frequency).  
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Figure 5-1: DC-DC Converter Switching Losses Comparison 

 

Figure 5-2: DC-DC Converter Efficiency Comparison 
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Figure 5-3: Gate Drive Power Consumption Comparison 
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complete information on the components from their respective manufacturers. All of the 

model dependencies and circuit parameters are derived with hardware results measured 

using the Yokogawa WT 1600 power analyzer: any error in measurement or tolerances in 

the display will cause the model predictions to stray away from the actual behavior of the 

circuit. The power analyzer also has limits that are dependent upon frequency and the 

power range being measured: the characterization tests involve a good amount of power 

flow to cover various operating conditions, since the absolute value of the losses is low 

(due to higher throughput of SiC devices), the relative error (in losses) could be 

considerably unacceptable 

5.3 Summary 

A SiC-based power electronic converter was presented and a loss-model and practical 

characterization procedures were proposed. A circuit-level, as opposed to a device-level, 

approach was taken to modeling the converter in order to minimize inaccuracies that can 

arise due to the combination of leakage inductances and capacitances and the fast 

transition times of wide band gap devices. The proposed characterization procedure uses 

laboratory equipment standard to any power electronics lab. Experimental results show 

that the model is able to predict the converter’s (DC-DC and DC-AC) performance over a 

wide range of operating points. 

5.4  Future Work 

The model is currently based off of characterization of a single test circuit. Further 

improvements can be made by considering multiple test circuits and taking into account 
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changes and similarities in parameter dependencies over multiple boards. More intense 

characterization tests are needed and more investigations are required to improve the 

accuracy of the model. The models can be extended to analyze and evaluate the system 

level performances of multi-level converters and dual open-ended drives for motors. 

More investigation is required to examine the system level benefit of using SiC power 

devices. 
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Appendix 

This section is intended to provide more information on the PCB layout of the test 

converter used in this project. The following figure (Figure A-1) shows the top and 

bottom layers of the PCB outline. 

 

 
Figure A-1: PCB Layout of Test Converter 
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The dimensions of the board are 6.5 x 1.5 inches. A four-layer design has been adopted 

with a layer stack shown by Figure A-2. Interconnection among the various layers is 

achieved using vias.  

 

Figure A-2: Layer Stack of Test Converter Layout 

 


