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Abstract 
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Abstract 

Silicon Carbide Metal-Oxide Semiconductor Field Effect Transistors (SiC MOSFET) show 

superior properties over conventional silicon (Si) based MOSFETs: featuring higher voltage 

and temperature operation, low on-resistance and faster switching speed. These characteristics 

facilitate higher efficiency, power density and arguably better reliability. However, the 

mainstream commercial SiC MOSFETs are often fitted to the packages that are previously 

designed for Si-based devices, introducing significant oscillation during the turn-on and turn-

off periods. Moreover, oxidation in the gate oxide introduces defects, resulting in a more fragile 

gate oxide compared to Si MOSFETs . Oxidation introduces the shift of the threshold voltage 

(Vth), which remains a concern for the consumers of SiC MOSFETs. 

This thesis investigates the causes of oscillations and causes of the oxidation and proposes 

methods to minimize their impact on the devices. A detailed analysis on switching transients is 

presented using a small signal model for every stage in voltage and current changes during the 

turn-on and turn-off periods. This analysis provides guidance for the design of optimized gate 

driving signals. The benefits of these gate driving signals are compared with conventional turn-

on and turn-off signals and results show that the proposed new signals provide lower voltage 

and current overshoots and lower losses. For the investigation into Vth shift, the phenomenon 

of Vth shift in short gate stress time and long gate stress time is discussed. The gate driver 

developed to limit oscillations is altered by embedding a new way in measuring Vth shift. This 

allows to receive feedback from the gate oxide degradation. In addition, the same measuring 

circuit can be used to measure the SiC chip temperature. Thus, the proposed technique can be 

also be used as a temperature sensitive electrical parameter (TSEP). 
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Chapter 1  Introduction 

Power electronics technologies serve a critical role in alleviating energy problems[1]–[3], 

including air pollution[4], global warming[5] and fossil fuel shortage[6]. As the key 

components in power electronics systems, the development of semiconductor devices has 

significant influence on the overall performance of power electronics systems[7]. In general, 

the efficiency of power electronics is mainly limited by the performance of semiconductor 

devices[8]. Si (Silicon) technology has been developed for decades, and the Si-based devices 

are regarded as approaching their performance limitations[9]–[12]. Therefore, increasing 

attention is attracted by materials with better properties. SiC (Silicon Carbide) is one of the 

most promising materials[13]–[20]. 

1.1. Comparison of Si and SiC 

Silicon-based power devices have played a dominant role in power electronics for decades due 

to its easy availability and low cost[21]. In the voltage range <200V, Si MOSFET (Silicon 

Metal-Oxide-Semiconductor Field Effect Transistor) is the first choice with its mature trench 

technologies[22], leading to a reduction of the on-state resistance Ron[23]. For higher voltage 

levels of 600V and 900V, the introduction of superjunction technology is able to reduce the Ron 

in MOSFETs even further at high voltage[23]. However, the technological complexity of power 

switching devices increases at higher voltage levels. Consequently, higher voltage power 

devices (1.2kV, 1.7kV, 3.3kV and 6.5kV) are dominated by bipolar devices, such as IGBT 

(Insulated Gate Bipolar Translator), IGCT (Integrated Gate Commutated Thyristor) and GTO 

(Gate Turn-off Thyristor). Even with these advancements, Si exhibits some noticeable 

limitations regarding blocking voltage capability, switching frequency and operating 

temperature[15], [24], [25]. Nowadays, the typical operating frequency of IGBTs is in the range 

of 1 – 20kHz[23]; the highest breakdown voltage capability of commercial Si IGBTs is 

6.5kV[15]; there is no Si-based device that operates above 200oC[24]. These physical material 

properties limit the performance of Si-based power converters, resulting in the demand for new 

materials[24]. 
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SiC material demonstrates superior theoretical characteristics over Si, providing the potential 

to equip power converters with high blocking voltage capability, high switching frequency and 

high operating temperature devices. Moreover, SiC is the only compound semiconductor that 

can be thermally oxidized to form high-quality SiO2[26], which provides SiC with higher 

maturity of technological processes for high voltage application compared to other WBG 

(Wideband Gap) materials like GaN (Gallium Nitride) or GaAs (Gallium Arsenide)[24].  

The physical properties of SiC vary with its “polytypes” or crystal structures[26][27]. It is 

recognized that SiC crystallizes in more than 200 different polytypes, among which the 

technologically important ones are 3C-SiC, 4H-SiC and 6H-SiC[26]. Presently, 4H-SiC is 

generally preferred in practical power device manufacture[28]. The typical properties of 

SiC(4H) are compared with Si[28] in Table 1-1. 

Table 1-1 Typical properties of SiC and Si[28] 

Properties Si SiC(4H) 

Crystal Structure Diamond Hexagonal 

Energy Gap: EG (eV) 1.12 3.26 

Electron Mobility: µn (cm2/Vs) 1400 900 

Hole Mobility: µp (cm2/Vs) 600 100 

Breakdown Field: EB(V/cm) ×106 0.3 3.0 

Thermal Conductivity (W/cm oC) 1.5 4.9 

Saturation Drift Velocity: vs (cm/s) ×107 1.0 2.7 

Relative Dielectric Constant: εS 11.8 9.7 

Table 1-1 shows that, compared to Si, SiC has ten times the dielectric breakdown field strength, 

three times the bandgap and three times the thermal conductivity. Moreover, both p-type and n-

type regions, which are essential for device structures in the semiconductor materials, can be 

formed in SiC[28]. Therefore, on account of its high efficiency, low power dissipation, reduced 

chip sizes and possibility to use an easy cooling system[26], SiC power device is predicted to 

overtake present-day Si power devices, mainly Si-IGBT.  

1.2. Application of SiC Devices 

Owing to the development of the epitaxial growth of SiC[29], SiC devices have experienced a 
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rapid growth in both fabrication technologies and market share[17], [30]. The first WBG device, 

600V SiC SBDs (Schottky Barrier Diodes) from CREE[31], became commercially available in 

year 2002, followed by higher voltage SiC SBDs products at 1200V in year 2006 and 1700V in 

2010[31]. The main advantage of SiC SBDs is the high switching frequency brought about by 

the absence of reverse recovery current, making it possible to significantly reduce the volume, 

weight and cost for the system[20]. Meanwhile, the first SiC MOSFET is announced in 2011 

from CREE, rated to 1200V; SiC JFETs (Junction Field Effect Transistor) have been available 

since 2011 from SemiSouth; 1200V SiC BJTs (Bipolar Junction Transistor) are released in 

autumn 2013 from Fairchild; 6.5kV/80A thyristors came into market from GeneSiC[31]. The 

strong momentum of SiC technology development introduces a dramatic increase of up to 39% 

in the market share of SiC devices every year since 2010[32]. The applications of SiC devices 

range from low power IT & consumer applications like home appliances to high power 

applications like power grid and rail transport. 

1.2.1. Home Appliance 

SiC technologies are not very far from our daily life. Instead, they have improved the user 

experience of the home appliances that are used every day. Si-based devices already have a 

dominant market share because of the reasonable price of devices in 600V class, which are 

frequently used for home appliances. However, the high frequency of SiC-based devices 

demonstrates strong advantages in smooth wave modulations without distortion and in reducing 

inductor size. Mitsubishi announced in 2010 hybrid SiC SBDs with Si-IGBTs in the inverter 

system of their air conditioners[26]. In 2014, SiC MOSFETs were introduced by Mitsubishi to 

DC converters in their air conditioners, ensuring 45% loss reduction[33]. Apart from the 

application in air conditioners, SiC presents better performance in IH (Induction Heating) 

system than Si with its favourable features of high temperature, high frequency and high 

voltage[34][35]. In fact, the introduction of SiC devices foresees a major revolution in IH 

technology[36], enabling a new design paradigm with improved levels of efficiency and 

performance. It is also confirmed in [37] that SiC MOSFETs can be used in induction heating 

inverters and provide greater efficiency than when using Si MOSFET. 
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1.2.2. UPS 

The demand of UPS (Uninterrupted Power Supply) has been increasing along with the 

development of data centres. As it is typically housed in an office building, factory building or 

data centre, a UPS with high-power-density system is highly desirable. In addition, high 

efficiency and high power quality are also the main drives for innovation in UPS systems[17]. 

These demands make SiC devices stand out from their Si counterparts. The full-SiC UPS rating 

at 500kW was announced in 2015 by Toshiba, showing 17% smaller footprint and 18% lighter 

than its predecessor[17]. Moreover, the conversion loss was reduced by nearly 50%, delivering 

98% efficiency over wide load range. Meanwhile, it is reported that a two-level SiC UPS is 

demonstrated to achieve 97.6% efficiency with 32kHz switching frequency, compared with 96% 

efficiency in a three-level Si UPS with 16kHz switching frequency[38]. An increasing number 

of manufactures, such as Mitsubishi, Siemens, and GE, have been attempted to develop UPS 

with high power rating products using SiC devices. 

1.2.3. Electric Vehicle 

The most important requirement for power electronics circuits in EVs (Electric Vehicles) is high 

power density[17], which can be achieved by a transition from Si-based devices to SiC-based 

devices. It is estimated that the size of the power control unit in an EV can be reduced by 80% 

with all-SiC devices replacing Si devices[17]. In addition to the high-power-density, the high 

efficiency and high temperature characteristics of SiC also attract the attention of EV designers. 

The experimental results from Ford Motor Company illustrate 40% reduction in switching 

losses by using SiC MOSFET instead of Si IGBT[39]. Meanwhile, the performance of SiC 

devices remains high at extreme junction temperature of 225oC[40], showing advantage in its 

lower requirement for large cooling system. As the cost of SiC devices decreases, more and 

more EV manufacturers will start using SiC MOSFETs as the motor controller in their 

products[40]: Tesla grouped 24 SiC MOSFET chips on a pin-fin radiator in parallel to achieve 

a high efficiency inverter with high current output; double-sided welding and double-sided 

cooling technology were adopted by Denso to pursue small size and high efficiency in its SiC 

controller; Jing-Jin Electric (JJE) developed high-power-density SiC MOSFET controller up to 
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40kW/L for VW commercial vehicles; BYD also equipped its EV-HAN serials with full-SiC 

inverters in July 2020. It was found by Toyota that, under load conditions, the loss of SiC power 

control unit of the prototype vehicle was reduced by 30% compared with Si IGBT power control 

unit. 

1.2.4. Rail Traction  

For rail traction application, SiC devices bring not only the improvement in efficiency, but also 

revolution in structures and topologies. Traditionally, a three-level topology is preferable 

because of the limited switching frequency capability of Si IGBTs[26]. With their superior 

performance of high voltage rating and high frequency, SiC devices are suitable for two-level 

traction drive system with high efficiency and compact size. Japan is ahead of the world in 

developing SiC technologies in rail traction application. Hitachi developed a two-level traction 

drive system with a compact 3.3kV/1.2kA Si IGBT/SiC SBD hybrid module[41]. It is reported 

that the size of the hybrid module was reduced by 1/3 compared with a conventional IGBT 

module, while the weight and volume of the new traction inverter are reduced by up to 40%. In 

addition to the size, the total loss of the inverter decreases up to 35%. Mitsubishi developed a 

3.3kV/1.5kA module for all-SiC traction inverters, reducing the size by 55% and the weight 

35%[17]. Moreover, owing to the high performance of SiC power devices, transformers could 

be made compact, and in the motor winding system a change could be made from 4 to 6 poles, 

leading to a traction system with high efficiency and compact size[26]. Eventually, a weight 

reduction by 11 tons for 1 train with 16 cars was announced[26]. 

1.2.5. Aircraft 

SiC devices are extremely attractive for electric aircraft application due to the strict 

requirements of volume and weight. More and more studies are conducted to increase the power 

density of aircraft converters[42]. A 50-kW SiC two-level three-phase voltage source inverter 

is demonstrated with a gravimetric power density of 26 kW/kg[43], whose measured efficiency 

reaches up to 97.91% at 100kHz switching frequency. A German research organization, 

Fraunhofer, developed a six-phase inverter system with high efficiency of over 98%[44]. Except 

full electric aircraft, SiC is also deployed in fuel-cell and battery-based hybrid drive for 
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aircraft[45], showing 99.2% efficiency at 100kHz switching frequency. 

1.2.6. Solar Inverter 

The development of solar inverter is supported  not only by the pursuit of high efficiency but 

also of high density, especially for rooftop application. However, the desirable weight density, 

e.g. 1kW/kg, cannot be achieved by most of the commercial products with Si IGBTs, as their 

weight density is less than 0.38kW/kg[17]. A highly efficient and compact 50kW grid tied solar 

inverter was developed with Gen2 family of SiC power MOSFET devices[46]. The 50kW 

interleaved boost circuit is only 7kg, while its peak efficiency reaches 99.4% at 75kHz. High 

efficiency is also achieved in higher power inverters with SiC devices. A 1-MW solar power 

inverter was developed with all SiC power modules, whose measured efficiency at the rated 

output power ranges from 98% to 98.6% depending on the values of DC input voltage[47]. In 

addition to researches, SiC-based solar inverters are also commercialized by manufacturers like 

GE[17].  

1.2.7. Wind Turbine 

The power semiconductor is the backbone of the wind power converter and is also influential 

for many critical performances, such as cost, efficiency, reliability and modularity[48]. The 

superior properties of SiC enable its capability of fast switching as well as high power handling 

for wind turbine applications. A quantitative study shows that SiC MOSFET outperforms Si 

IGBT over all switching frequency, while the advantages of SiC are more pronounced at higher 

frequency[49]. Meanwhile, an economic evaluation of SiC MOSFET in wind turbine converters 

illustrates that the use of SiC modules introduces better ecomonical resutls at the weak-wind 

site[50]. The reason is the lower conduction losses of SiC-modules than Si-modules when the 

wind speed is slower than 10m/s. Moreover, the high frequency of SiC devices leads to the 

optimization of filters and heat-sink, enabling up to 37.8% increase in inverter power density, 

while the high efficiency of SiC devices saves up to 42.7% of the lost energy per year[51]. 

1.2.8. Power System 

Nowadays, a huge number of power converters, mainly Si-IGBTs, are used in power system. 
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When SiC power devices are able to replace Si-IGBTs, low-loss and compact systems will be 

realized. It is illustrated in [18] that a MV-scale grid-connected interface converter is developed 

with 10 kV SiC MOSFETs for 12.4 kV AC disctribution grid. By replacing the line-frequency 

transformer in conventional Si-based solution with the high-frequency transformer in SiC-

based solution, the passive reduction is achieved. Eventually, the power density is improved. 

GE develops a SiC-based SST (solid state transformer) with its power rating at 1MVA[18]. SiC 

MOSFET modules are used in the SST, switching at the frequency of 20kHz. The weight of the 

SST is 800kg, about 1/3 of a conventional transformer, while the volume is reduced by 

approximately 50%. Apart from the power density, SiC attracts attention in high voltage 

application like the circuit breaker. A single 15kV SiC ETO (Emitter turn-off thyristor) is 

developed for medium voltage applications to provide ultra-fast protection with the capability 

to turn off more than 125A at 6kV without a snubber[45]. In addition, the high switching 

frequency introduced by SiC devices enables new grid functions, such as operating as active 

power filter, to improve power quality and stabilizer to enhance system stability[18]. 

1.3. Challenges of SiC Devices 

Although SiC devices are substituting Si at an increasing number of aspects in power electronics, 

there are still challenges impeding SiC devices’ growth in market share. Special considerations 

need to be taken into account in order to utilize SiC devices efficiently and reliably[18]. In this 

section, several typical topics are dicussed. These challenges can be classified into 2 categories: 

the challenges caused by the fast switching speed and the challenges resulted from material 

manufacturing. It worth noting that there are other issues introduced by temperature, voltage 

and current, but these challenges are not the focuses of this work. 

1.3.1. Challenges Introduced by High Speed 

Every coin has two sides. The high speed of SiC devices brings about not only the benefits, but 

also challenges. These challenges introduced by high speed exist at both component level and 

system level[52]. At component level, the challenges include oscillations, crosstalk effect and 

EMI. At system level, the high switching frequency leads to the difficulties in dead time setting, 

high bandwidth control and measurement. 
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A. Oscillations and EMI 

There is a trade-off between switching loss and switching oscillation for Si devices in practical 

applications, as higher switching speed introduces higher voltage and current slew rates. The 

trade-off also applies to SiC devices, while oscillations are even higher due to the capability of 

SiC devices to operate at much higher frequencies. Sometimes, the introduced oscillation 

current is so high that it reaches up to twice the value of the load current[52]. Furthermore, 

ringing can create harmonic spikes in the EMI spectrum. The increased switching speed directly 

results in higher harmonic contents at MHz+ frequencies due to higher voltage/current slew 

rate. It is illustrated that once the switching frequency is doubled from 20kHz to 40kHz, the 

harmonics increase in both the switching frequency region (kHz) and MHz+ region over the 

whole frequency range. 

B. Crosstalk  

Crosstalk effect is the interaction between two switches in the phase-leg structure, where the 

switching transient of one device will affect the operating behaviours of its complementary 

device. Crosstalk effect is introduced by the voltage slew rate and the Miller capacitance[53]. 

The high voltage slew rate of SiC devices makes the crosstalk effect more severe than Si devices, 

which may introduce parasitic turn-on and lead to a shoot-through failure[54]. Similar to the 

crosstalk during turn-on transient, when the device is turned off, it may cause negative gate 

voltage spike on the complementary device. The negative gate voltage spike may exceed the 

minimum allowable gate voltage at high switching speed, which affects the gate reliability of 

the device[54]. 

C. Deadtime  

The deadtime is used to prevent shoot through in phase-leg structure converters. The use of 

deadtime may cause low-frequency harmonics, voltage drop and additional losses. These effects 

become more severe under higher switching frequency. Furthermore, due to the high switching 

speed of SiC devices, the duration of deadtime should be set much smaller than needed for Si 

devices[52]. 



Chapter 1  Introduction 

9 

 

D. Control and Measurement 

The switching frequency is an important factor for the bandwidth of control and measurement, 

especially for accurate feedback control. When high switching speed SiC devices are utilized 

in the converters, there is concern about whether the mature control algorithm can still be 

completed within each short switching period[52]. If the control needs to be implemented 

within each period, high frequency means the high requirement for reduction in delays, such as 

processor calculation time, sampling time, PWM delay, etc. 

1.3.2. Challenges Introduced by Material Properties 

The aforementioned challenges in subsection 1.3.1 are general ones, which also apply to Si 

devices, but become more severe for SiC devices due to their higher switching speed. In this 

subsection, the challenges presented are unique for SiC material. 

A. Vth Shift 

BTI (Bias-Temperature Instability) describes the phenomenon that Vth (Threshold Voltage) of a 

SiC MOSFET shifts as a result of bias and temperature stress[55]. It is widely regarded as the 

most important reliability issue for the development of SiC technology[26]. The mechanism of 

BTI is generally accepted as the gate charges trapped by the gate oxide defects[56]. Compared 

with traditional Si materials, due to the additional presence of carbon, the SiC thermal oxidation 

process is highly complicated[57]. Thermal oxidation in wet or dry atmospheres results in 

residual carbon in the oxide layer and carbon clusters at the SiO2/SiC interface[26]. The 

interface density is dominated by carbon-cluster related centers, responsible for the charge trap 

phenomenon, which eventually results in the shift of Vth. 

Vth shift introduces various problems: if Vth shifts in the positive direction, it might increase on-

state resistance; similarly, if Vth shifts in negative direction, an undesired leakage current might 

be introduced. To compensate the effect of the Vth shift, SiC MOSFETs often switch over a 

voltage range much higher than the datasheet threshold voltage limits[55]. For example, the 

Wolfspeed C2M0080120D commercial MOSFET datasheet quotes a gate threshold voltage 

ranging from 2.0 V to 4.0 V. Meanwhile, the recommended gate voltage range is -5V to 20V, 
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which is much higher than the range of its threshold voltage[55]. As a comparison, one of the 

Si counterparts for SiC MOSFETs, CoolMOS IPD70R360P7S from Infineon, has a 

recommanded gate voltage range from 0V to 10V, less than half of the range of the 

aforementioned SiC MOSFET (-5V to 20V). This wide range of a SiC MOSFET suggests that 

the threshold voltage can vary quite a bit before its effect can be seen in a switching 

application[55]. Therefore, the manufacturers declares that the SiC devices are stable if they 

are operating under the recommanded gate conditions. However, these shifts may result in other 

issues, for example, the unbalanced current sharing for paralleled applications[58], the system 

error for the junction temperature evaluation using Vth as a TSEP[26], even device failure when 

the increase is large enough[58].  

B. TDDB (Time-Dependent Dielectric Breakdown) 

Different from BTI, which is not an issue for Si devices due to the absence of carbide cluster, 

TDDB for Si MOSFETs is arguably one of the most well characterized and cited failure 

mechanisms[55]. TDDB describes the polarization of dielectric under gate electric field. The 

polarization will increase with electric field until dielectric breakdown occurs[59]. Voluminous 

publications have yielded very comprehensive guidelines and standards across all standards 

bodies[55]. Although the literature  is based on  Si MOSFETs, the widely-used linear-E 

model is also applied to SiC MOSFETs[60][61]. The results show that the Si TDDB model[62] 

can be applied to Wolfspeed Gen2 MOSFETs (C2M0080120D) to predict the lifetime[61]. It is 

claimed that only minor modifications are needed to accommodate SiC with reference to 

existing Si documents[55].  

C. HTRB (High Temperature Reverse Bias) 

HTRB is used to evaluate the high-field reliability of blocking high voltage. Fields are high in 

the drift region, in some gate oxide regions, and in the device termination region at the device 

periphery[61], resulting in a wear-out failure over long stress times. HTRB tests are performed 

with drain bias higher than the maximum recommended operating voltage yet below the 

avalanche voltage[60]. The experimental results show that post-stress electrical testing of failed 

devices presents leaky or shorted gate oxide, but the devices still block voltage with low 
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leakage[60]. This proves that HTRB failures occur in the gate oxide, similar to TDDB. The 

failure is introduced by the high gate oxide electric fields in the JFET region as a result of high 

drain bias. Therefore, the linear-E model can also be used to estimate the operating life of SiC 

MOSFETs. 

D. Vf Drift (Forward Voltage Instability) 

Vf drift is the phenomenon that the forward voltage of SiC device increases after conducting 

constant current for a long time[63]. The fundamental cause of Vf drift is widely believed to be 

the expansion of basal plane dislocations (BPD) into Shockley Stacking Faults (SFs) within 

device regions that experience conductivity modulation[63]. It is important to note that the 

observed initial BPD (Basal Plane Dislocations) density is closely related with the epitaxy 

processing: normal fabrication and handling operations can damage the semiconductor and 

inject dislocations that can nucleate SFs; growth interruptions can leave a legacy of BPDs at 

the interfaces[55]. Improvements in manufacturing process have reduced Vf drift significantly 

to impede the propagation of BPDs into epilayers by preferentially converting BPDs into TEDs 

(Threading Edge Dislocations) during the initial stages of epilayer growth[55]. As a recent 

experiment shows, the Vf drift is negligible in medium voltage MOSFET body diode[64]. 

E. Short-Circuit Ruggedness 

The short-circuit ruggedness of power devices is usually represented by the SCWT (Short-

Circuit Withstand Time). Typically, Si IGBTs have SCWT of around 10us. This gives sufficient 

time for over-current detection and protection circuit to turn-off the Si IGBTs[52]. However, 

due to a smaller chip area, the SCWT for SiC device is much less than their Si counterparts[65]. 

The short-circuit failure mechanisms of SiC MOSFETs can be thermal generation current 

induced thermal runaway or high-temperature-related gate oxide damage[66]. During short-

circuit (shoot-through) failure, the SiC MOSFET current rise rapidly and the device voltage 

drop will clearly increase as well. Therefore, the widely used desaturation protection method 

based on the measurement of MOSFET voltage drop can be applied[52]. Nowadays, fast 

protection for SiC devices is commercialized on gate driver with activation time less than 2us. 
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1.4. Motivation and Contribution 

Although there are different types of SiC switches, such as JFETs and BJTs, the most popular 

SiC switch is the MOSFET[17]. SiC MOSFET offers the most desirable features in terms of 

device performance from a user’s perspective[67], including normally-off operation, low 

conduction loss, low gate charge and low turn-off loss due to the absence of bipolar current tail. 

Therefore, SiC MOSFET is selected as the research subject in this project to address two major 

challenges that occur with the device. The two challenges studied are: switching oscillation and 

Vth shift. Despite the fact that structures SiC MOSFETs are different among the 

manufacturers[68], all SiC MOSFETs suffering from switching oscillation and Vth shift. The 

targets of this project are to reduce the switching oscillation and to detect Vth shift. Reducing 

switching oscillation helps to realize the potential of the high speed of SiC MOSFETs, while 

detecting the Vth shift indicates the health condition of the gate oxide.  

The contribution of the project includes the following aspects. Firstly, an active gate driver is 

designed for SiC MOSFETs with the feature of flexible gate current control. The gate driver 

serves as the key tool to achieve the goals of reducing switching oscillation and detecting Vth 

shift. Then, the switching transients in both turn-on and turn-off periods are analyzed, before 

the small signal models of SiC MOSFETs in each detailed switching periods are proposed. 

Based on the models, the optimized gate current signals are proposed to improve the switching 

performance of SiC MOSFETs. The effectiveness of the proposed gate current signals is 

verified in experiments using the active gate driver. The active gate driver is also used in 

detecting Vth shift: a novel method is proposed to detect the value of the Vth, in addition, extract 

the Vth shift by decoupling the impact of temperature. With the proposed method, the relation 

of Vth shift and gate stress time is investigated, and a multi-layer trap model is proposed to 

describe the Vth shift over time. Finally, the possible applications of the proposed Vth shift 

detecting method are studied in simulation. 

1.4.1. Publications 

A. Publications based on this project 

1. Wang, X., Wu, H., & Pickert, V. (2021). Phenomenon of Short-Time Threshold Voltage Shift 
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Chapter 2  Literature Review 

2.1. Switching Oscillation Suppression Methods 

Although the fast switching speed of SiC MOSFET allows it to operate at high frequency, the 

oscillation in the switching transient introduces reliability concerns. In many reported 

works[69]–[72] using SiC MOSFET, large overshoot or high frequency oscillation often arises 

in current and voltage waveforms, which may generate EMI and bring reliability problems. 

Therefore, various suppression methods are investigated to reduce the switching oscillation. 

The mechanism of switching oscillation is generally regarded as the energy release of parasitic 

inductance and capacitance introduced by high current and voltage slew rate. Fig. 2-1 shows 

the typical switching power circuit with parasitic parameters. The power circuit consists of a 

MOSFET as the switching device, a diode as the top device, a DC capacitor as the energy source 

and an inductor as the load. A gate driver with the gate resistor Rg is used to control the turn-on 

and turn-off speed of the MOSFET. The parasitic parameters are shown in red, where Lp is the 

total parasitic inductance in the power loop, including the ESL (Equivalent Serial Inductance) 

of CDC; CDiode is the junction capacitance of the diode; CDS, CGS, CGD are the parasitic 

capacitance of the MOSFET; LS is the common source inductance of the MOSFET. The 

switching oscillation occurs when the current is transferred between the MOSFET and the diode, 

introducing energy exchange between the stray inductors and the parasitic capacitances. 

  

Fig. 2-1 Typical switching power circuit with parasitic parameters 

In order to reduce the oscillation, there are various methods proposed from different aspects. 
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The most direct way is to reduce the parasitic parameters. The oscillation is highly influenced 

by the parasitic inductance, which can be optimized by the improvement of power circuit 

integration. Another method is to use snubber circuit added to the power loop to absorb the 

energy stored in the parasitic inductances or capacitances without influencing the normal 

operation. The last approach is to reduce the high switching speed of the MOSFET with active 

gate driver. All three methods are reviewed in this section. 

2.1.1. Reducing Parasitic Parameters 

The commercialization of TO-247-4L package shows the effort to improve the switching 

performance of power device by reducing LS. Many manufacturers have provided products with 

additional signal source terminal for gate driver, including Wolfspeed, Infineon, Toshiba and so 

on. As an example of TO-247-4L, TK62Z60X from Toshiba is tested using the power circuit 

shown in Fig. 2-1, compared with its 3-pin counterpart TK62N60X. The result shows that the 

turn-on loss is reduced by 19%[73]. 

Based on the same concept to reduce the parasitic parameters, optimized designs are proposed 

with more impact circuits for SiC MOSFET modules[74][75]. It is demonstrated in [75] that 

the design optimizations on layout, chip placement and terminal structure lead to significant 

reduction of parasitic inductance in both power loop and gate loop. Compared with the 

commercial package, the proposed design has 96% lower power loop inductance and 76% lower 

gate loop inductance, bringing 44% less total switching loss and 54% less voltage overshoot at 

400V/300A operating condition. 

There are other publications presenting optimized designs of the power circuit with less 

parasitic inductance[69]–[72]. Although this method is effective in improving the performance 

of the power device, modifications on power circuit are required to apply this method to existing 

power converters. 

2.1.2. Snubber Circuit 

A snubber circuit is widely used as the energy-absorbing circuit to suppress the voltage spikes 

caused by inductance. However, detailed oscillation parameters are required for the design of 
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the snubber circuit. Therefore, it had not been used in SiC MOSFET circuit until the equivalent 

circuit models are developed incorporating all parasitic elements in [76]. The switching 

oscillation phenomenon is analyzed with simplified mathematical formulas, providing the 

guideline for snubber circuit design. Under the guideline of the models, as shown in Fig. 2-2, a 

RC snubber is designed to reduce the oscillation, showing a more moderate current oscillation 

during turn-on and a 22.72% reduction in voltage overshoot during turn-off. 

 

Fig. 2-2 Application of snubber circuit to reduce switching oscillation[76] 

Apart from the paralleled snubber circuit, the serial connected snubber circuit (Ferrite Bead) 

can also be used to reduce the oscillation[77], as shown in Fig.2-3. With the oscillation models, 

the parameters of a Ferrite Bead are selected to damp the oscillation. It can be seen from the 

results that with a Ferrite Bead as the snubber of the circuit, the MOSFET shows reduced 

oscillation than the circuit without a snubber. 

 

Fig. 2-3 Equivalent circuit of the power circuit with Ferrite Bead as the snubber circuit[77] 
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The method of adding snubber circuit to damp the oscillation demonstrates effectiveness in 

reducing the oscillation. However, this method has some inescapable drawbacks. As a method 

to reduce the parasitic inductance, hardware modifications are required to change the resonant 

circuit. Moreover, the parameters of the snubber need to be selected based on the switching 

models of the turn-on and turn-off circuit, increasing the complexity in practice.  

2.1.3. Active Gate Driving Method 

Different from the aforementioned two methods placed in the power loop, active gate driving 

method focuses more on the control of the SiC MOSFET. As the control unit for the SiC 

MOSFET, active gate driver is the key to the approach to reduce oscillation. Considering that 

the voltage and current slew rates of the SiC MOSFETs are controlled by the gate driver, there 

are various active gate driver designed aiming at the control of switching speed during the 

switching transient. Generally, there are three strategies to control the switching speed of SiC 

MOSFET: variable gate resistance control, multi-step gate voltage control and additional gate 

current control. The active gate drivers of these three strategies are reviewed in this subsection. 

A. Variable Gate Resistance Control 

The working principle of variable gate resistance control is straightforward: by adjusting the 

gate resistance in the different switching periods, the voltage and current slew rate can be 

changed. The main advantages of the variable gate resistance control are the low cost and easy 

implementation, making it the most widely used approach to switching speed control[78]. A 

typical concept of an active gate driver with the variable gate resistance control is demonstrated 

in Fig. 2-4.  
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Fig. 2-4 Typical concept of an active gate driver with the variable gate resistance control 

Usually, the open-loop control is utilized to suppress the slew rate by increasing the gate 

resistance during the Miller plateau period, while low gate resistance is used before and after 

the Miller plateau to reduce false-triggering risk[78]. The examples of active gate drivers with 

the variable gate resistance control are presented in publications[79][80], showing less 

oscillations than the CGDs (conventional gate drivers). 

B. Multi-step Gate Voltage Control  

Instead of the gate resistance, multi-step gate voltage control method focuses on the gate voltage 

to control the switching transient. There are many publications proposing active gate drivers 

with multi-step gate voltage control method to control the trajectory of gate voltages. Different 

from CGDs with only one turn-on gate voltage and one turn-off gate voltage, the active gate 

driver with multi-step gate voltage control usually has at least one more voltage-source to adjust 

the output gate voltage. Fig. 2-5 shows a typical concept of active gate driver with the multi-

step gate voltage control. The output of the active gate driver changed during the switching 

transient to tune the slew rate of voltage and current. There are many publications[81]–[84] 

demonstrating circuits utilizing the concept to achieve gate voltage control. Although different 

circuits are used in the proposed gate drivers, their functions are all to generate controlled gate 

voltage trajectories. 
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Fig. 2-5 A typical concept of active gate driver with the multi-step gate voltage control 

Both open loop control[81][82] and close loop control[83][84] of the switches in the active gate 

drivers are presented in publications. In close loop control gate driver circuits, the drain current 

(ID) is detected and feedback to the controller to slows down the device when the slew rate of 

ID is high. Although the gate voltage trajectories are not the same in these publications, they all 

present better performance than CGDs. 

C. Additional Gate Current Control  

Another active gate control method is the additional gate current control strategy. Based on a 

CGD, an additional branch is connected to the gate terminal of the device to adjust its gate 

current during the turn-on and turn-off transient. The typical concept of the active gate driver 

with additional gate current control is demonstrated in Fig. 2-6. The working principle of these 

gate drivers is to generate an additional control gate current during the switching transient to 

control the switching speed. The current control unit can be a complicated current-source circuit 

as proposed in the publication[78], or be a simple voltage source with a resistor and some 

switches[85]. Similar to the multi-step gate voltage control method, both open-loop[85] and 

close-loop[86] can be applied to the additional gate current method. 

 

Fig. 2-6 Typical concept of the active gate driver with additional gate current control 
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D. Timings to Adjust the Switching Speed 

Generally, the switching speed of an active gate driver can be classified into two levels: fast 

switching and slow switching. No matter what topology is used, the purpose is to control the 

switching speed during the turn-on and turn-off transient. The questions left are when to 

increase the switching speed and when to slow it down. Different publications give different 

answers to the period and the timings of when low or fast switching should occur. Some 

examples of the switching speed control strategies are demonstrated in Fig. 2-7. The vertical 

axial shows the control of the switching speed. “High” stands for high turn-on speed, which can 

be achieved by a low gate resistor, a high gate voltage or a high gate current; “Low” stands for 

low turn-on speed, which can be achieved by a high gate resistor, a low gate voltage or a low 

gate current. A typical turn-on/off transient is presented in the top of the figure, while the 

examples of switching speed control strategies are demonstrated below the waveforms. As is 

shown in (a), the turn-on speed is slowed down from the drain current raising period to the time 

when drain-source voltage reaches zero, while the turn-off speed is slowed down during the 

drain current decrease period[80]. Different from method (a), methods (b) and (c) demonstrate 

different control strategies, reducing the turn-on speed at t2 when the drain current reaches load 

current[85][87]. After the drain-source voltage drops to zero, the turn-on speed is increased 

again in (b) while it keeps at low speed in (c).  

 

Fig. 2-7 Switching speed control strategies in publications: (a) [80], (b) [85], (c) [87] 

It is shown in Fig. 2-7 that, although various active gate drivers are designed and constructed 

to control the switching speed during the switching transient, the control strategies of when to 
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reduce the switching speed vary in publications. Therefore, detailed switching models are 

needed to guide the usage of active gate drivers to achieve high performance with lower loss 

and lower oscillation. 

E. Comparison Between the Voltage-Source Gate Driver and the Current-Source Gate 

Driver 

The gate drivers used for the active gate driving method can be generally classified into two 

catogaries: voltage-source gate drivers and current-source gate driver. The comparison between 

the two gate drivers on device performances is demonstrated in 4.1. This section presents the 

comparison between the two gate drivers on the gate driver loss. 

Fig.2-8 illustrates the typical structures of a voltage-source gate driver and a current-source gate 

driver. It is assumed that the gate-source capacitance is Cgs, the gate charge needed for turn-on 

is Qg, the on-state gate voltage is Vgon, and the off-state gate voltage is Vgoff. Taking the turn-on 

transient as an example, the typical turn-on gate waveforms are shown in Fig.2-9. For the 

voltage-source gate driver, the output voltage of the driver vdriver changes from Vgoff to Vgon at t0, 

resulting in rising of the gate voltage vgs from Vgoff at t0 to Vgon at t1 following the exponential 

function. The turn-on output of the voltage source gate driver can be derived: 

𝐸𝑣𝑠 = ∫ 𝑣𝑑𝑟𝑖𝑣𝑒𝑟 ⋅ 𝑖𝑔𝑠𝑑𝑡
𝑡1

𝑡0

= 𝑣𝑑𝑟𝑖𝑣𝑒𝑟 ⋅ ∫ 𝑖𝑔𝑠𝑑𝑡
𝑡1

𝑡0

= 𝑣𝑔𝑜𝑛 ⋅ 𝑄𝑔 (2.1) 

For the current-source gate driver, vgs follows a linear function in a current-source gate driver. 

The turn-on output of the current source gate driver can be calculated: 

𝐸𝑐𝑠 =
1

2
𝐶𝑔𝑠(𝑉𝑔𝑜𝑛

2 − 𝑉𝑔𝑜𝑓𝑓
2 ) =

1

2
(𝑉𝑔𝑜𝑛 + 𝑉𝑔𝑜𝑓𝑓)𝑄𝑔 (2.2) 

It can be seen that the turn-on output energy of the voltage-source gate driver is only related 

with the on-state gate voltage and the gate charge, and is not influenced by the gate resitance 

Rg. As part of the energy is consumed by the gate resistor, the power loss of the voltage-source 

gate driver is higher than the current-source gate driver. Moreover, considering that Vgoff < 0V, 

the power loss on the gate resistor is higher than the charging process of the gate capacitance. 
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Fig. 2-8 Typical gate driver structures: (a) voltage-source gate driver (b) current-source gate driver 

  

Fig. 2-9 Typical turn-on gate waveforms: (a) voltage-source gate driver (b) current-source gate driver 

2.2. Investigations on Vth Shift 

2.2.1. Importance of Vth 

The threshold voltage (Vth) is defined as the minimum gate-to-source voltage that is needed to 

create a conducting path between the source and drain terminals. Vth influences not only the 

performance of SiC MOSFETs in both steady and dynamic state, but also the evaluation of the 

junction temperature and lifetime prediction. 

A. Influences on Steady-state Performance 

The on-state resistance of a MOSFET (Von) is determined by the gate voltage and threshold 

voltage. A MOSFET with high threshold voltage requires a high on-state gate voltage to reduce 

the on-state resistance. If Vth shifts in the positive direction, the on-state resistance might be 

increased[58]. Similarly, if Vth is decreased, a leakage current may be introduced in the off-

state[58]. Therefore, Vth has significant influence on the on-state resistance and off-state leakage 

current of the SiC MOSFETs. 
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B. Influences on Dynamic-state Performance 

Vth has influences on not only the steady-state parameters like on-state resistance and off-state 

leakage current, but also on the dynamic parameters during the turn-on transient. According to 

[88], the current slew rate (dID/dt) is also a function of Vth. Therefore, the higher the threshold 

voltage is, the lower the switching speed will be. Furthermore, other dynamic parameters of the 

SiC MOSFET, such as turn-on delay time and turn-off delay time, are also influenced by Vth. 

C. TSEP (Thermal Sensitive Electrical Parameters) 

TSEPs are the parameters that are sensitive to the change of temperature. Therefore, these 

parameters can be used to evaluate the temperature of the device after the calibration. One of 

the most used TSEPs is the on-state resistance Ron, or the on-state voltage across the device in 

its state of conduction Von. Ron or Von has good linearity and reasonably good sensitivity to 

temperature [89]. In addition to Ron and Von, dynamic parameters including turn-on/off delay 

time (tdon/tdoff)[90], turn-on current slew rate (diD/dt)[88] has become increasingly popular in 

recent years due to its high sensitivity. However, these TSEPs are all influenced by Vth. For 

example, the increase of Vth results in a higher Ron, which eventually introduces a measurement 

error in temperature evaluation. Therefore, Vth information is important for TSEP-based 

temperature evaluation method. Moreover, Vth itself is a good TSEP with both good linearity 

and good sensitivity[89]. In addition, Vth has another advantage over other TSEPs, for example 

Von: Vth is independent from the drain current, requiring no current measurement for TSEP 

evaluation. Consequently, Vth is important for TSEP-based temperature evaluation method. 

D. Gate Health Indication 

Vth provides not only the information of temperature, but also the health status of the gate oxide. 

It is demonstrated that the change of Vth is closely related to the gate biased time[91], while a 

large shift of Vth indicates the breakdown of oxide. Therefore, Vth information is usually used 

to evaluate the health condition of the gate oxide. Maintenance is required if the MOSFET has 

a large shift. 
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2.2.2. Vth Detection 

The precondition for the Vth shift investigation is to measure Vth. The typical Vth measurement 

method is illustrated in Fig. 2-10[92]. Vds is the constant voltage applied across the drain and 

source terminals of the MOSFET; a current sensor is used to monitor the drain current (Id) of 

the device; an adjustable voltage source Vgs is applied to the gate of the MOSFET. Vgs increases 

from the off-state voltage (0V for example), until Id is not zero (10mA for example). The value 

of Vgs is regarded as Vth. However, this measurement method is usually conducted under lab 

environment with a curve tracer, which can hardly be applied in practical applications. 

 

Fig. 2-10 Typical Vth measurement circuit 

Various Vth estimation methods are proposed with the concepts of “quasi-threshold voltage 

Vquasi-th” and “pre-threshold voltage Vpre-th” being regarded as TSEPs to evaluate junction 

temperature. Fig. 2-11 illustrates the definition of the pre-threshold voltage Vpre-th[93]. Vpre-th is 

defined as the gate voltage after a fixed time delay of the turn-on signal VGG, which serves as 

an indicator of temperature due to the temperature-dependency of Rg,int. However, no evidence 

shows that it can be used to estimate Vth, although it can be used as a TSEP. In addition, it is 

more difficult to measure Vpre-th when the device is switching very fast, especially for SiC 

MOSFET. 

 

Fig. 2-11 Definition of pre-threshold voltage: (a) equivalent circuit (b) waveforms sequences 
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Quasi-threshold voltage (Vquasi-th) is another method proposed to estimate Vth online[94][89]. 

For the MOSFETs with an additional Kelvin’s source terminal, the voltage across the two 

source terminals can be used to indicate the change of the drain current. The definition of quasi-

threshold voltage is illustrated in Fig. 2-12. During the turn-on transient of the MOSFET, the 

gate voltage increases from off-state gate voltage (VGoff) until it reaches the threshold voltage. 

The drain current starts to increase after VGS reaches threshold voltage, introducing a positive 

voltage across the parasitic inductance between the two source terminals. The gate voltage at 

the rising edge of VS’S can be regarded as the quasi-threshold voltage. However, there are also 

limitations for this method: firstly, the package of the MOSFET needs to include two source 

terminals like TO247-4, secondly, the bandwidth of the sample circuit must be high enough as 

the switching transient is very short, especially for SiC MOSFET. Therefore, a practical Vth 

measurement method is still needed for Vth shift evaluation of SiC MOSFET. 

 

Fig. 2-12 Definition of quasi-threshold voltage: (a) equivalent circuit; (b) waveforms sequences 

2.2.3. Vth Shift over Gate Stress Time 

Investigations into Vth shift of SiC MOSFET over gate stress time have been conducted in recent 

years[95]–[98]. In [95], both n- and p-MOSFET devices are tested under positive and negative 

gate bias stress condition at 125oC. The threshold voltage shift, as a function of stress time, is 

plotted in Fig. 2-13. It is illustrated that there is a linear relationship between the logarithm of 

Vth shift and the logarithm of the stress time. Similar relation is also proposed in the experiment 

results from [99], as shown in Fig. 2-14. However, instead of the logarithm of Vth shift, some 

publications[58] show a linear relationship between Vth shift and the logarithm of the stress time, 

as shown in Fig. 2-15. Therefore, further investigation is still needed to describe the relation of 
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Vth shift and the stress time. 

 

Fig. 2-13 Threshold voltage shift as a function of gate stress time in [95] 

 

Fig. 2-14 Threshold voltage shift as a function of gate stress time in [99] 

 

Fig. 2-15 Threshold voltage shift as a function of gate stress time in [58]  
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2.3. Summary  

Three methods of switching oscillation suppression are reviewed, including parasitic 

parameters reduction, snubber circuit and active gate driving method. Both the first two 

methods require hardware modification of the power circuit, therefore they are limited in the 

application of existing converters. In contrast, active gate driving methods address oscillation 

issues from the aspect of control, requiring no modification on the power circuit. Therefore, this 

thesis focuses on the active gate driving method to reduce the switching oscillation of the SiC 

MOSFET.  

For the threshold voltage shift issue, the background of Vth shift is reviewed, including the 

significance of Vth, mechanism of Vth shift, Vth detection methods and Vth shift over gate stress 

time. It is concluded that Vth is important for safe operation of the SiC MOSFET, but it is 

difficult to be measured. In addition, the relation of Vth shift over gate stress time is still unclear. 

This thesis proposes a new method to evaluate Vth and Vth shift of SiC MOSFET. With the 

proposed method, the relation of Vth shift over gate stress time is described with a multi-layer 

trap model. 

It is concluded from the above that oscillation suppression and Vth shift detection should be 

managed by a gate driver. The next chapter proposes a new gate driver that is able to address 

both challenges.  
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Chapter 3  Design and Construction of a Current-Controlled Gate 

Driver 

As mentioned in Chapter 2, the active gate driver is selected as the solution for oscillation 

suppression and Vth shift detection. It is reviewed in subsection 2.1.3 that there are 3 strategies 

for active gate signal control: variable gate resistance control, multi-step gate voltage control 

and gate current control. The discussion on the 3 strategies is demonstrated in section 4.1, 

showing that the gate current control strategy is more effective for switching speed control. 

Therefore, the gate current control strategy is applied to the designed gate driver. The following 

sections demonstrate the design and construction of the active gate driver. 

3.1. Structure Design 

3.1.1. Conventional Gate Driver Structure 

The structure of a conventional gate driver is shown in Fig. 3-1. The input of a gate driver is 

the digital signal generated from the controller, while the output is a pulsating voltage 

commonly producing two voltage levels. In general, the input voltage is 5V for turn-on 

command and 0V for turn-off command; the input current is less than 1mA. In contrast, the 

output voltage is around 15~20V when the device is turned on and around -5V~0V when the 

device is turned off; the output current magnitude reaches to 2~4A[100]. 

  

Fig. 3-1 Conventional gate driver structure 

In essence, a gate driver is a power amplifier in combination with a high voltage isolator. But 

the problem is the flexibility. The input of the conventional gate driver only tells the device 

when to turn on and when to turn off, with no information to indicate the switching speed. The 

output of the gate driver is the corresponding fixed gate voltage (Vgon or Vgoff), with no voltage 
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level in between. Moreover, the switching speed is controlled by the gate resistor Rg, providing 

no flexibility during the switching transient. Therefore, the structure needs to be modified to 

transfer more information for switching transient control and Vth shift detection. 

3.1.2. Proposed Gate Driver Structure 

In order to increase the flexibility of the gate driver, the proposed gate driver system is 

illustrated in Fig. 3-2. A digital-to-analog converter (DAC) is used to receive more complex 

information from the controller with the switching transient control command via SPI (Serial 

Peripheral Interface) communication. The commands are transferred into an analog input signal 

containing the information of switching speed. Considering that the gate current is the direct 

impact factor for the switching speed[101], the input analog signal is converted into a current 

signal instead of conventional voltage signal after isolated and amplified. Consequently, the 

output of the gate driver system is the programmed current signal, which is controlled by the 

SPI communication and can be used to adjust the switching speed. The DAC board can be 

purchased, while the rest of the signal processing circuit needs to be designed. 

 

Fig. 3-2 Proposed gate driver system 

The control strategy of the proposed gate driver system is presented in Fig. 3-3. There are 2 

channels in the DAC, generating the switching transient control signal and the steady-state 

control signal respectively. The turn-on profile and the turn-off profile are pre-programmed and 

stored in DAC, which can be manipulated into different shapes. An example is shown in Fig. 

3-3. The conventional PWM triggers the first channel of the DAC. The rising pulse of the PWM 

edge triggers the turn-on profile, and the falling pulse of the PWM edge triggers the turn-off 

profile. The pre-programmed turn-on and turn-off profiles determine the switching transients. 

An additional steady-state control signal is generated by the second channel of the DAC, which 
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is independent from the first channel. This control signal is desigend to tuning the on-state gate 

voltage and the off-state gate voltage. The reason for changing the on/off-state gate voltage is 

to manipulate the on-state voltage drop and the off-state leakage current. These two parameters 

are considered as important indicators for the health condition of the MOSFET. By controlling 

the on/off-state gate voltage, more information about the on-state voltage drop and the off-state 

leakage current under different gate conditions can be obtained to estimate the health of the 

MOSFET. The output of the two channels are added to form one analog signal, which is used 

to control the output current. It is shown that the shape of the output current follows the analog 

signal. As a result, the switching speed of the device can be controlled by the gate driver system. 

Moreover, the steady-state control signal can adjust the level of the on-state gate voltage and 

the off-state gate voltage, in order to improve the operating condition of the MOSFET. It is 

worth noting that the detailed circuit for isolation, amplification and conversion are discussed 

in section 3.3. 

 

Fig. 3-3 Control strategy of the proposed gate driver system 
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Before designing a gate driver, requirements of the gate drive performance must be clarified. 

Thus, key parameters for the gate driver are discussed in this section, including output voltage, 

output current, bandwidth and operating temperature. All these parameters are important for the 

design of the gate driver: the output voltage is closely related with the power supply voltage 

level; the output current is limited by the power level of the power supply; the bandwidth is the 

basic parameter for component selection, as well as the operating temperature. It is worth noting 

that in the datasheet of a commercial gate driver, there are many more parameters which are 

used for other functions like protection. In this thesis, only the basic function of a gate driver is 

discussed. Therefore, only four parameters are discussed in the design. 

3.2.1. Output Voltage 

The output voltage of a gate driver is directly connected to the gate of the SiC MOSFET. 

Therefore, the output voltage is of great importance for the performance and reliability of SiC 

MOSFET[102]. 

Table 3-1 Typical gate voltage of commercial 1200V SiC MOSFET from manufacturers 

Manufactures Part No  Vgoff Vgon 

Infineon CoolSiCTM Trench IMW120R030M1H 

Limit -7V +23V 

Recommended 0V +15V 

ON Semiconductor NVH4L020N120SC1 

Limit -15V +25V 

Recommended -5V +20V 

ROHM SCT3030KL 

Limit -4V +22V 

Recommended 0V +18V 

Wolfspeed C2M0040120D 

Limit -10V +25V 

Recommended -5V +20V 

Table 3-1 presents the typical gate voltage of commercial 1200V SiC MOSFET (all available 

from RS) from various manufacturers. It is shown that the turn-on gate voltage (Vgon) ranges 

from +15V to +25V and the turn-off gate voltage (Vgoff) ranges from -10V to 0V. According to 

the voltage levels of these commercial SiC MOSFETs, the output voltage requirement of the 
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proposed gate driver is in the range of -10V~0V to +15V~+25V. 

3.2.2. Gate Current 

The gate current has significant influence on the switching time of devices. Considering that 

the normal operating frequency of the SiC MOSFETs ranges from 20kHz to 100kHz, the 

average gate current of the gate driver can be calculated: 

 𝐼𝑎𝑣𝑔 =
𝑄𝐺

𝑇
2

= 2𝑓𝑄𝐺 (3.1)  

where Iavg is the average gate current, QG is the total gate charges, T is the switching period and 

f is the switching frequency. Based on the gate charges of the commercial SiC MOSFETs shown 

in Table 3.2, the average output current of the gate driver ranges from 2.4mA to 40mA. 

Therefore, the average output current requirement of the gate driver is 40mA at 100kHz. 

Table 3-2 Typical gate charges of commercial SiC MOSFET from manufacturers 

Parameters Part No QG 

Infineon  CoolSiCTM Trench IMW120R030M1H 63nC 

ON Semiconductor NVH4L020N120SC1 220nC 

ROHM SCT3030KL 131nC 

Wolfspeed C2M0040120D 115nC 

3.2.3. Bandwidth 

Bandwidth is the frequency range of the signals that can pass through the circuit. For the 

conventional gate driver, the bandwidth is not an important parameter as digital signal is used, 

whose frequency ranges from 20kHz to 100kHz. However, much higher frequency signal is 

required to control the switching transient. As is shown in Table 3-3, the typical switching time 

of commercial SiC MOSFET is around 50ns, the corresponding bandwidth is 20MHz. 

Therefore, the bandwidth requirement of the proposed gate driver is 20MHz. It is worth noting 

that higher bandwidth is preferred for the control of the MOSFET, while 20MHz is the lowest 

requirement to control the switching transient. If the bandwidth is lower than 20MHz, the 
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switching transient may be finished before the control signal has an effect. In this work, all the 

components selected for switching transient control are with higher bandwidth than 100MHz, 

which is 5 times the required bandwidth. 

Table 3-3 Typical switching time of commercial SiC MOSFET from manufacturers 

Parameters Part No ton toff 

Infineon  CoolSiCTM Trench IMW120R030M1H 26ns~53ns 31ns 

ON Semiconductor NVH4L020N120SC1 42ns~69ns 51ns~86ns 

ROHM SCT3030KL 66ns 90ns 

Wolfspeed C2M0040120D 67ns 60ns 

3.3. Topology Selection 

It is illustrated in section Chapter 3 that the proposed programmable gate driver consists of the 

following functional circuits: galvanic isolation circuit, signal amplification circuit and signal 

conversion circuit. As there are many different topologies for each functional circuit, the 

features of different topologies of the functional circuits are listed and discussed in this section. 

The final circuit is the combination of the 3 functional circuits. Section 3.4.4 will propose 2 

combinations of the listed topologies aiming to achieve the gate driving functions considering 

the key requirements discussed in this section. 

3.3.1. Galvanic Isolation Circuit 

Galvanic isolation is a principle of isolating functional sections of electrical systems to prevent 

current flow between input and output[103]. The SiC MOSFET is working at high-voltage 

condition, therefore the high voltage from the power device side needs to be isolated to protect 

the low voltage control circuit. Although different galvanic isolations techniques have been 

proposed, such as isolation capacitor[104] and hall effect[105]. The two most popular methods 

for gate driver circuits are transformer and opto-isolator[106]. 

A. Isolation Transformer 

Using an isolation transformer is the most widespread method of galvanic isolation. Unlike 
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varying the turn ratio of a transformer to achieve different output voltages, in gate driver 

applications, the winding turns ratio of an isolation transformer is commonly 1:1[107]. 

Therefore, the voltages of the primary windings and the secondary windings are the same. The 

isolation transformer is often built with special insulation between primary and secondary 

windings to withstand the high voltage between them. A common topology of the isolation 

transformer is shown in Fig. 3-4. T is the isolation transformer to prevent current flow between 

primary and secondary windings, U1 and U2 are the voltage followers to increase the input 

impedance and decrease the output impedance of the isolation circuit. 

 

Fig. 3-4 Transformer topology for gate driver isolation 

The advantage of the isolation transformer is that the transformer has high operating frequency, 

which meets the requirement for bandwidth of the gate driver. However, due to the magnetic 

saturation, the transformer has limits for low frequency signals that will be blocked by the 

transformer. Therefore, there is a lower frequency limit for the gate driver using transformer for 

isolation. 

B. Linear Optocoupler 

As a very popular isolation method, an optocoupler uses light to transfer electrical signals 

between two isolated circuits. The topology of the linear optocoupler is shown in Fig. 3-5: 

 

Fig. 3-5 Linear optocoupler topology for gate driver isolation 
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where IF is the input of the optocoupler, and IC is the output of the optocoupler. For the linear 

optocoupler, the current transfer ratio IC/IF is constant. U1 and U2 form the peripheral circuits 

of the linear optocoupler: a constant negative voltage Vee is applied across the secondary side 

of the optocoupler, the output current IC of the optocoupler is in proportion to the input current 

IF. The relation of the input voltage Vin and output voltage Vout can be calculated with equations 

3.2 and 3.3: 

 
𝑉𝑖𝑛

𝑅1
=

𝐼𝐹 ⋅ 𝑅3

𝑅1 + 𝑅2
 (3.2)  

 

 𝑉𝑜𝑢𝑡 = 𝐼𝐶 ⋅ 𝑅4 (3.3)  

It is shown that the output voltage is in proportion to the input voltage: 

 
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
=

𝐼𝐶

𝐼𝐹
⋅

𝑅4(𝑅1 + 𝑅2)

𝑅1𝑅3
 (3.4)  

Compared with the isolation transformer, the advantage of an optocoupler is demonstrated at 

low frequency. This optocoupler is used to isolate the linear signal to control the steady-state 

gate voltage. As is shown in Fig. 3-3, the steady-state gate voltage is controlled during the on/off 

state of the MOSFET, therefore it requires lower a lower speed. As there is no saturation issue 

with an optocoupler, low frequency signals can be easily transferred by an optocoupler. 

However, the rise time and fall time of the optocoupler limit the transfer of high frequency 

signals. In digital isolation field, the non-linear optocoupler achieves high speed data transfer 

with nanoseconds rise/fall time. But for analog signals, a linear optocoupler should be used to 

reduce signal distortion. Linear optocouplers have much lower speed than non-linear digital 

optocoupler. The typical rise/fall time of a commercial linear optocoupler is more than 1us, 

making megahertz frequency signal transfer impossible [108]. 

C. Combination of Transformer and Optocoupler 
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Fig. 3-6 Decomposition of the input signal 

 

Fig. 3-7 Combined isolation topology 

According to the above analysis on the transformer isolation and optocoupler isolation, the 

transformer has advantages for high frequency signals, but is not able to conduct low frequency 

signals; in contrast, a linear optocoupler is a good choice for low frequency signals, but has 

limited bandwidth to transfer high frequency signals. Based on the conceptual waveforms 

shown in Fig. 3-3, the input signal consists of 2 parts: switching transient control signal (Vin_ST) 

and steady state control signal (Vin_SS), as shown in Fig. 3-6. Vin_ST is the high frequency signal 

that is isolated by the transformer, while Vin_SS is the low frequency signal that can pass through 

the linear optocoupler.  

The combined isolation topology is illustrated in Fig. 3-7. The switching transient control signal 

(Vin_ST) is isolated by the transformer isolation circuit, while the steady state control signal 
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(Vin_SS) can pass through the linear optocoupler. According to the analysis in previous 

subsections, the corresponding signals after isolation (VST and VSS) are in proportion to the input 

control signals (Vin_ST and Vin_SS) respectively. The mathematic relation is illustrated in 

equations 3.5 and 3.6: 

 𝑉𝑆𝑇 = 𝐾𝑇 ⋅ 𝑉𝑖𝑛𝑆𝑇
 (3.5)  

 𝑉𝑆𝑆 = 𝐾𝐿𝑂 ⋅ 𝑉𝑖𝑛𝑆𝑆
 (3.6)  

where Vin_ST is the input signal for switching transient control, VST is the isolated switching 

transient control signal, Vin_SS is the input signal for steady state control, VSS is the isolated 

steady state control signal, KT is the scale factor of transformer isolation circuit, KLO is the scale 

factor of linear optocoupler isolation circuit. 

After the isolation, the high frequency switching transient control signal and the low frequency 

steady state control signal are combined. The output voltage of the combined signal can be 

described as: 

 
𝑉𝑆𝑇 − 𝑉1

𝑅1
+

𝑉𝑆𝑆 − 𝑉1

𝑅2
= 0 (3.7)  

 
𝑉1

𝑅3
=

𝑉𝑜𝑢𝑡

𝑅3 + 𝑅4
 (3.8)  

It can be calculated that: 

 𝑉𝑜𝑢𝑡 =
𝑅3 + 𝑅4

𝑅3
⋅

𝑅1 ⋅ 𝑉𝑆𝑆 + 𝑅2 ⋅ 𝑉𝑆𝑇

𝑅1 + 𝑅2
 (3.9)  

where VST is the isolated switching transient control signal, VSS is the isolated steady state 

control signal, Vout is the output of the isolation circuit and R1, R2, R3, R4 are the resistances of 

the summation amplifier. 

If the values of the resistors are equal (R1 = R2 = R3 = R4), it can be shown that the output voltage 

is the sum of VST and VSS. 
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 𝑉𝑜𝑢𝑡 = 𝑉𝑆𝑇 + 𝑉𝑆𝑆 (3.10)  

The combined isolation topology is novel to be used in a gate driver to cover a wider range of 

bandwidth.  

In conclusion, the combined isolation topology is selected as the galvanic isolation circuit for 

the proposed gate driver. 

3.3.2. Signal Amplification Circuit 

A signal amplifier is used to amplify low voltage signals and to improve the quality of the signal 

that drives the device. This function can be achieved by the summation amplifier shown in Fig. 

3.8. According to (3.9), Vout is in proportion to the sum of VST and VSS if R1=R2. R2 and R3 are 

scale resistors and a scale factor of 
𝑅3+𝑅4

2𝑅3
 can be achieved. Therefore, Vout can be amplified by 

increasing the value of R4. In sum, signal amplification function can be achieved by the circuit 

shown in Fig. 3-7. 

3.3.3. Signal Conversion Circuit 

The signal conversion circuit is used to convert voltage signals into current signals, in order to 

achieve gate current control. This subsection presents 2 typical signal conversion topologies. 

A. Current-mirror-based Conversion Circuit 

A current mirror is a circuit designed to generate a controlled current regardless of loading. 

Considering the fact that true current sources do not exist, the current mirror is widely used to 

emulate a current source.  
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Fig. 3-8 Current-mirror-based signal conversion topology 

A basic current mirror consists of 3 BJT pairs. Two BJT pairs have base and emitter terminals 

shortened, as shown in Fig. 3-8. Q1 and Q2 form pair1 and Q3 and Q4 form pair2. For BJT Q1, 

the current flowing through Q1 (I1) is determined by the voltage difference between Vcc and VB; 

the same applies to Q2. Therefore, I2 is the same as I1 if their base terminals and emitter 

terminals are connected. The same statement applies to current I3 and I4. The third pair is Q5 

and Q6 that forms a voltage follower, generating a controlled voltage across the resistor. Based 

on Fig. 3-8, the following equations apply: 

 𝐼1 = 𝐼2 (3.11)  

 𝐼3 = 𝐼4 (3.12)  

 𝑉𝑖𝑛 = 𝑉𝑅 (3.13)  

 𝐼𝑅 =
𝑉𝑅

𝑅
 (3.14)  

 𝐼𝑅 = 𝐼1 − 𝐼2 (3.15)  

 𝐼𝑜𝑢𝑡 = 𝐼2 − 𝐼4 (3.16)  
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It is calculated that  

 𝐼𝑜𝑢𝑡 =
𝑉𝑖𝑛

𝑅
 (3.17)  

Equation (3.17) shows that the output current (Iout) is proportional to the input signal voltage 

(Vin), therefore, it can be used to convert a voltage signal into a current signal. It should be noted 

that, in order to generate the output current (Iout), equal current (IR) is required to be consumed 

by the resistor, resulting in losses. This is especially important for the design of the power supply. 

The power loss of the right leg of the current mirror can be calculated based on equation (2.2) 

presented in 2.1.3. Considering the left leg conducts the same current as the right leg, the power 

loss of the current mirror circuit is twice the loss of a conventional voltage-source gate driver. 

B. Howland-based Conversion Circuit 

Howland circuits have been widely used as powerful sources over a wide frequency range[109]. 

Inspired by Howland current source topology, the improved Howland-based signal conversion 

topology is demonstrated in Fig. 3-9. 
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Fig. 3-9 Howland-based signal conversion topology 

As it is shown in Fig. 3-9, the proposed Howland-based signal conversion topology consists of 

2 amplifiers: U1 is used to generate the output current (Iout); U2 serves as the voltage follower. 

The function of U2 is to increase the impedance of current path I2, making the value of I2 so 

small that it can be neglected. Therefore, I2 can be regarded as zero in the circuit. The working 

equations of U1 are shown below: 

 
𝑉1 − 𝑉𝑖𝑛

𝑅1
=

𝑉2 − 𝑉1

𝑅4
 (3.18)  
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𝑉1

𝑅2
=

𝑉3 − 𝑉1

𝑅3
 (3.19)  

 𝐼𝑜𝑢𝑡 =
𝑉3 − 𝑉2

𝑅0
 (3.20)  

where Vin is the input voltage signal, Iout is the output current signal, R0~R4 are the values of the 

resistors shown in Fig. 3-9, V1~V3 are the voltages of the nodes demonstrated in Fig. 3-9. 

It is calculated that the output current is proportional to the input voltage if R3/R2 equals R4/R1: 

 𝐼𝑜𝑢𝑡 =
𝑉𝑖𝑛 ⋅ 𝑅4

𝑅0 ⋅ 𝑅1
+ (

𝑅3

𝑅2
−

𝑅4

𝑅1
) ⋅

𝑉1

𝑅0
 (3.21)  

3.3.4. Gate driver circuit 

The overall gate driver circuit is the combination of 3 functional circuits: galvanic isolation 

circuit, signal amplification circuit and signal conversion circuit. The topology of galvanic 

isolation circuit is the combined isolation circuit of transformer and linear optocoupler; the 

signal amplification circuit is incorporated in the proposed galvanic isolation circuit; and the 

signal conversion circuits include the current-mirror-based signal conversion circuit and 

Howland-based conversion circuit. Therefore, 2 versions of the gate driver circuit are proposed 

as illustrated in Fig. 3-10. One is using the current-mirror topology and the other is using the 

Howland-based conversion circuit. 

3.4. Gate Driver Construction 

This section demonstrates the practical work on the proposed gate driver circuits, including the 

component selection and gate driver construction. The complete circuits with the values of all 

components are presented in Appendix I. 

3.4.1. Component Selection 

This section illustrates the selection of components used for the gate driver circuit construction, 

including the components mentioned in the gate driver topologies (transformer, linear 

optocoupler, amplifier and BJT) and other key components (controller and power supply). 
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Fig. 3-10 Proposed gate driver circuit using (a) current-mirror and (b) improved Howland circuit 

A. Controller 

The function of a controller is to generate control signals for the power devices in the power 

electronic system. For a conventional gate driver, a DSP(Digital Signal Processor) with GPIO 

(General-Purpose Input/Output) peripheral circuits is enough for controlling the power devices. 

However, for the proposed gate driver, high frequency analogue control signals are required. A 

DSP is not enough to generate arbitrary signal waveforms. Therefore, high frequency high 
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resolution DAC(Digital-to-Analog Converter) is required for the proposed gate driver. The 

combination of DSP and DAC is therefore used to generate arbitrary control signals for the 

proposed gate driver circuit. 

TMS320F28335 from TEXAS Instruments is selected as the main controller. It is widely used 

in real-time control applications for processing, sensing and actuation to improve closed-loop 

performance. The SPI(Serial Peripheral Interface) communication module provides direct 

connection with DAC to control the generated waveforms.  

As for DAC, AD9106 from Analog Devices is sufficient for this work with its integrating on-

chip pattern memory for complex waveform generation. The DDS(Direct Digital Synthesizer) 

in AD9106 allows 12-bit, 180MHz output with a 24-bit tuning word. In addition, the evaluation 

kit of AD9106 is available with power functions to generate arbitrary waveforms. Therefore, 

AD9106 evaluation kit is used as the DAC for signal generation. 

B. Power Supply 

According to the analysis of the output voltage requirement shown in subsection 3.3.1, the 

output voltage ranges from -10V~0V to +15V~+25V. Therefore, the power supply voltage 

should cover this output voltage range. Moreover, a negative signal is needed in the gate driver 

board to generate the output signal, requiring negative power supply. Considering that the 

maximum supply voltage of amplifiers is usually less than 30V, the voltage difference between 

positive and negative power supply should be limited within 30V. The following output voltages 

from commercial isolated power supplies are: ±3.3V, ±5V, ±9V, ±12V, ±15V, ±24V. Therefore, 

the power supplies used in the proposed gate driver circuit are the serial connected ±9V and 

+12V power supplies. The positive power supply voltage is +21V while the negative power 

supply voltage is -9V. The part number of the selected ±9V power supply is the isolated DC/DC 

converter IH2409S from XP power, +12V selected power supply is the isolated DC/DC 

converter TMH2412S from TRACO POWER. In addition, 2 IH2409S converters are connected 

in parallel to increase the output current capability. 

C. Transformer 
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The key parameter for the transformer is bandwidth, whose higher limit should be more than 

20MHz as analyzed in subsection 3.3.3. At the same time, the lower limit of the working 

frequency of the transformer should be lower than 20kHz to ensure the transfer of switching 

signal. The selected transformer is the isolation transformer TG10-DA1NSLF from HALO 

Electronics. The nominal bandwidth of TG10-DA1NSLF is 10kHz to 200MHz, covering the 

required bandwidth of the proposed gate driver. 

D. Optocoupler 

The linear optocoupler selected for the gate driver circuit is TLP185 linear optocoupler from 

TOSHIBA, consisting of a photo transistor optically coupled to an infrared LED. The 

optocoupler is housed in a very small and thin package, making it suitable for high-density 

application, for example programmable controllers. The typical rise time and fall time are 2us, 

enough for the steady state control. 

E. Amplifier 

The amplifier is an important component for the proposed gate driver, as it is used in every of 

the three functional circuits (isolation circuit, signal amplification circuit and signal conversion 

circuit). The selected amplifier is the THS4631 from TEXAS Instruments. This amplifier is 

designed for applications requiring wideband operation, high input impedance, and high-power 

supply voltages. It provides a 210MHz gain bandwidth product, preventing the distortion of 

high frequency waveforms. Moreover, the recommended single supply voltage of THS4631 is 

30V, meeting the requirement of the gate driver output voltage. In addition, the amplifier has 

high output current (150mA), making it the better choice for the gate driver circuit than other 

amplifiers. 

F. BJT 

BJT is mainly used in the current-mirror topology. The requirements for BJTs are firstly high 

collector voltage (up to 30V), followed by high bandwidth (higher than 20MHz) and high 

output current (more than 40mA). The selected BJT is the complementary transistor NSS40302 

from ON Semiconductor, which is designed for use in low voltage, high speed switching 
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applications. The collector-emitter voltage rates at 40V, and the collector current rating is 3A. 

Moreover, the 100MHz high bandwidth and the linear gain make NSS40302 an ideal 

component in analog amplifiers. 

3.4.2. Gate Driver Boards Construction 

Based on the gate driver circuit topologies shown in Fig. 3-10 and the components selections 

illustrated in section 3.4.1, 2 gate driver circuits are designed using Altium Designer. 2 versions 

of the gate driver circuits are constructed, the pictures of the gate drivers are demonstrated in 

Fig. 3-11. 

 

(a) version 1 (b) version 2
 

Fig. 3-11 Pictures of the proposed gate driver circuits (a) using current-mirror-based circuit and (b) using 

Howland-based circuit 

3.5. Final Version Modification 

After the construction of the gate driver boards, there were initially some problems with their 

operations. Firstly, when the gate driver has no input signal, the output current is zero, meaning 

it behaves like that the gate driver is disconnected with the load capacitor and the output voltage 

is unknown. Therefore, the output voltage is sensitive to noise, especially when the load 

capacitor is small. Moreover, the steady state control is difficult for SiC MOSFET as the gate 

capacitance is small, and noise in the input signal would result in large output error in the gate 

voltage. In summary, modification is needed to solve two problems: 1. The output voltage needs 

to be clamped to a default value (0V) when the input is zero; 2. The steady-state gate voltage 

(on/off-state gate voltage) needs to be clamped to a reliable voltage source to eliminate the noise 
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during the on/off-state. 

3.5.1. Modified Control Strategy 

 

Fig. 3-12 Control strategy after modification 

The control strategy after modification is illustrated in Fig. 3-12. In the beginning, the gate 

voltage vGS is 0V when the input signal is 0. During the turn-on transient, the gate current iGS 

follows the profile of the input signal vin. Thus, the rising speed of the gate voltage vGS is 

controlled by the input signal vin until it reaches Von. After the turn-on transient, the gate current 

iGS becoms 0A while the input signal vin is kept at a positive value to clamp vGS at Von. During 

the turn-off transient, a negative input signal vin is generated, resulting in a corresponding gate 

current signal. The gate current follows the profile of the input signal until the gate voltage 

reaches the off-state gate voltage Voff. The input signal is kept at a negative value to clamp vGS 

at Voff. In this control strategy, the steady-state control signal shown in Fig. 3-3 is not needed. 

Because the voltage is clamped at Von or Voff during the steady-state. This method reduces the 

flexibility of the gate driver as it is not able to control the on/off-state gate voltage, but the 

benefits are that this method makes it much easier for the control of the gate driver. 

3.5.2. Modified Signal Conversion Topology 

Two topologies of the signal conversion circuit are demonstrated in section 0: current-mirror-

based circuit and Howland-based circuit. For the current-mirror-based circuit, it is difficult to 
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set a default value for the circuit when the input is 0, unless a pull-down resistor is connected 

to the output terminal. However, this increases loss and complexity. In contrast, simple 

modification can be conducted on the Howland-based circuit to set a default value, as shown in 

Fig. 3-13. 
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Fig. 3-13 Modified Howland-based signal conversion circuit 

The circuit looks like an amplification circuit, but 2 additional resistors, R0 and R4, make it work 

differently from an amplification circuit. The working principle of the proposed topology is 

similar to the Howland-based signal conversion topology illustrated in subsection 3.4.3 B. The 

only difference is that I2 cannot be ignored. Assuming R1=R2=R3=R4=R, it is calculated from 

equation 3.5 that 𝐼𝑜𝑢𝑡 =
𝑉𝑖𝑛

𝑅0
− 𝐼2 . When the input voltage Vin is zero, I2 ensures the output 

voltage V2 equals to zero. Moreover, when the input voltage Vin is not zero, I2 is negligible if 

R>>R0. Therefore, the signal conversion function is not influenced. Moreover, the signal 

conversion circuit has become simpler after the modification than the circuit shown in section 

0.  

3.5.3. Final Gate Driver Circuit 

The modified gate driver circuit is proposed as shown in Fig. 3-14, while the picture of the final 

gate driver board is presented in Fig. 3-15. It is worth noting that the final board is modified 

from board version 2, therefore it looks very similar to Fig. 3-11(b). In the following chapters, 

all the experiments are conducted using the final gate driver board. 
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Fig. 3-14 Final gate driver circuit 

 

Fig. 3-15 Picture of the final gate driver board 

3.6. Summary 

This section demonstrates the design and construction of a current-controlled gate driver. The 

structure and control strategy of the proposed gate driver are demonstrated compared with a 

conventional gate driver, showing its flexibility on gate current control. The requirements of 

the proposed gate driver are identified in terms of output voltage, gate current and bandwidth. 

Three function circuits are included in the gate driver, namely galvanic isolation circuit, signal 

amplification circuit and signal conversion circuit. The topologies for the three function circuits 

are illustrated, as well as the component selection. After the construction of the gate driver 

prototype, the modifications on the control strategy and circuit are demonstrated to improve the 

performance of the gate driver.
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Chapter 4  Switching Transient Optimization 

The control over switching transient is widely regarded as a trade-off between oscillation and 

loss: the switching loss is reduced by increasing di/dt and dv/dt, which introduces higher 

oscillation. However, detailed analysis on the source of oscillation is still needed. In this chapter, 

the small signal models of the oscillation circuit in different switching periods are proposed and 

analyzed, illustrating the impact factors of the oscillation sources. Based on the models, U-

shape and N-shape gate driving signals are proposed for turn-on and turn-off transient 

optimization respectively. Experimental results verify that both the switching loss and the 

overshoots are reduced by the proposed gate driving method. 

4.1. Gate Control Strategies 

This section presents the comparison among 3 gate control strategies on the switching transient: 

current-control strategy, voltage-control strategy, and resistance-control strategy. 

4.1.1. Current-Control Strategy 

When the MOSFET is in saturation region, the drain current (iD) is determined by the gate 

voltage, independent from the drain-source voltage (vDS). The quantitative relationship is 

illustrated in (4.1): 

 𝑖𝐷 =
𝜇𝑛 ⋅ 𝐶𝑂𝑋 ⋅ 𝑊

2𝐿
(𝑣𝐺𝑆 − 𝑉𝑡ℎ)2 (4.1) 

where µn is the mobility of electrons in the channel, Cox is the capacitance of the gate oxide, W 

is the channel width, L is the channel length, and Vth is the threshold voltage. 

The slope of iD can be derived by differential computing (4.1). The result is shown in (4.2): 

 
𝑑𝑖𝐷

𝑑𝑡
=

𝜇𝑛 ⋅ 𝐶𝑂𝑋 ⋅ 𝑊

𝐿
⋅ (𝑣𝐺𝑆 − 𝑉𝑡ℎ) ⋅

𝑑𝑣𝐺𝑆

𝑑𝑡
 (4.2) 

Considering the capacitive relation between iGS and vGS, the following equation is calculated: 

 𝑖𝐺𝑆 = 𝐶𝑂𝑋 ⋅
𝑑𝑣𝐺𝑆

𝑑𝑡
 (4.3) 
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The relation between iGS and vGS shown in (4.1) and (4.3) is then fed into (4.2), presenting in 

(4.4) the influence of iGS on diD/dt. 

 
𝑑𝑖𝐷

𝑑𝑡
= √

2 ⋅ 𝜇𝑛 ⋅ 𝑊 ⋅ 𝑖𝐷

𝐶𝑂𝑋 ⋅ 𝐿
⋅ 𝑖𝐺𝑆 (4.4) 

It is shown that the slope of drain current (diD/dt) is in proportion to the gate current (iGS). The 

speed of switching transient can be manipulated by varying iGS.  

4.1.2. Resistance-Control Strategy 

Resistance-control strategy is the mostly used method to control the switching speed because 

of its simple structure. A typical gate loop circuit is demonstrated in Fig. 4-1, where RG_ext is 

the external gate resistor, RG_int is the internal gate resistor, CGS is the gate-source capacitance, 

LS is the parasitic source inductance, vdriver is the output voltage of the gate driver, iGS is the 

gate-source current and vGS is the gate-source voltage. 

 

Fig. 4-1 A typical gate loop circuit 

The relation between RG_ext and iGS can be described by applying Kirchhoff’s law demonstrated 

in (4.5): 

 𝑣𝑑𝑟𝑖𝑣𝑒𝑟 = 𝑖𝐺𝑆 ⋅ (𝑅𝐺𝑒𝑥𝑡
+ 𝑅𝐺𝑖𝑛𝑡

) + 𝑣𝐺𝑆 + 𝐿𝑆 ⋅
𝑑𝑖𝐷

𝑑𝑡
 (4.5)  

The influence of RG_ext on diD/dt can be derived by substituting iGS with diD/dt as shown in (4.6) 

 

𝑑𝑖𝐷

𝑑𝑡
=

𝑣𝑑𝑟𝑖𝑣𝑒𝑟 − 𝑣𝐺𝑆

𝐿𝑆 +
𝐿 ⋅ (𝑅𝐺𝑒𝑥𝑡

+ 𝑅𝐺𝑖𝑛𝑡
)

𝜇𝑛 ⋅ 𝑊 ⋅ (𝑣𝐺𝑆 − 𝑉𝑡ℎ)

 
(4.6)  

It is presented that diD/dt can be reduced by increasing external gate resistor RG_ext. However, 

the source inductance LS also plays an important role: the influence of RG_ext on diD/dt is 
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weakened by LS. This phenomenon is observed in the simulation results shown in Fig. 4-2 as 

the simulated results from TI software TINA. The turn-on iD waveform is demonstrated using 

different gate resistors ranging from 5Ω to 20Ω. It is expected that diD/dt would decrease when 

a gate resistor with higher value is used, however, the result shows that diD/dt is less influenced: 

the currents are in parallel with each other. The simulation results verify that the control effect 

of the gate resistor is weakend if the source inductance is large. In the contrast, diD/dt can be 

reduced if an additional inductance is added to LS while the gate resistor is the same. Fig. 4-3 

presents the simulation waveforms in the test condition that the gate resistor is kept at 20Ω. An 

additional inductor is added to the source terminal of the MOSFET. It is shown that the current 

slope is reduced along with the increase of LS. In conclusion, the resistance-control strategy is 

an indirect control strategy to manipulate switching speed. The effect of the gate resistor is 

weakened due to the influence of LS. 

 

Fig. 4-2 Turn-on iD simulation results using different gate resistors. Test condition: 250V dc voltage, 10A load 

current, 15V turn-on gate voltage, device model (SCT3060)  

 

Fig. 4-3 Turn-on iD simulation results with additional inductance. Test condition: 250V dc voltage, 10A load 

current, 15V turn-on gate voltage, 20ohm gate resistor, device model (SCT3060). 
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4.1.3. Voltage-Control strategy 

The circuit of the voltage-control strategy is the same as the resistance-control strategy as shown 

in Fig. 4-1. The difference is that vdriver is parameter to be controlled rather than Rg_ext. The 

equation of the voltage-control strategy is also described by (4.6). A similar disadvantage is also 

observed: the effect of the voltage-control strategy is influenced by LS. Moreover, the complex 

relationship makes it difficult to achieve quantitative control over diD/dt by manipulating the 

voltage. For example, if the target is to reduce diD/dt by 50%, it can be simply achieved by 

reducing iGS by 50% with the current-control strategy. But for voltage-control strategy, 

complicated calculation is needed before quantitative control can be achieved. 

It is concluded that current-control strategy has direct influence on diD/dt, while resistance-

control and voltage-control strategies make hardly impact by changing gate current. Therefore, 

no matter what strategy is used, the essence of switching transient control is to control the gate 

current. In this work, in order to decouple the influence of LS, the current-controlled gate driver 

is used to control the switching transient. It is worth noting that the methodology discussed in 

the following sections can also be applied to resistance-controlled gate driver and voltage-

controlled gate driver. 

4.2. Switching Oscillation Analysis 

The schematic of a typical double-pulse test circuit is illustrated in Fig. 4-4, where CDC is the 

busbar capacitance, Lload is the load inductance, Lp is the parasitic inductance in the power loop, 

CDiode is the junction capacitance of the diode, CDS is the drain-source parasitic capacitance of 

the device under test. In this section, the small signal models are developed to analyze the 

switching oscillation. 
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Fig. 4-4 Schematic of a typical double-pulse test 

4.2.1. Turn-on Oscillation Model 

The conceptual waveforms in turn-on transient used for oscillation analysis are illustrated in 

Fig. 4-5, where 5 subintervals during t1~t5 are identified to carry out the analysis: 

 

Fig. 4-5 Conceptual waveforms during turn-on transient 

(a) Subinterval t0~t1: Turn on preparation stage. The gate voltage of the MOSFET starts to 

increase from the off-state gate voltage. The increasing of the gate voltage ends when the 

gate voltage reaches the threshold voltage. This process is the charging process of the gate 

capacitor. 

(b) Subinterval t1~t2: Drain current increasing stage. The gate voltage of the MOSFET is higher 

than the threshold voltage in this period, introducing the increase in the drain current. 
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Meanwhile, the diode keeps conducting current, resulting in the low impedance of the diode. 

In the contrast, the MOSFET presents a large resistance because it is not yet in the saturation 

region. As a result, the diode can be regarded as a short circuit in this period, while the 

MOSFET performs as a large variable resistor.  

(c) Subinterval t2~t4: Diode turn off stage. In this period, the drain current is determined by the 

capacitive current of the diode. The diode can no longer regarded as a short circuit, instead, 

it starts to withstand high voltage. The MOSFET is still in the pre-saturation region, 

performing as a variable resistor. The only difference is that the value of the resistor is lower 

than  in (a). Consequently, the diode can be modelled as a controlled current source in the 

period, while the MOSFET still performs as a variable resistor. 

(d) Subinterval t4~t5: Drain-voltage decrease stage. The diode stops conducting current in the 

period, resulting in all the load current flowing through the MOSFET. In this period, the 

drain-source voltage declines with its slope rate controlled by the gate current. Therefore, 

the voltage-source model can be used to describe the characteristics of the MOSFET, while 

the diode can be regarded as open circuit. 

 

 

Fig. 4-6 Analysis of the turn-on transient in subinterval a: (a) Current path; (b) Small signal model 

The analysis of the switching transient in subinterval a is proposed in Fig. 4-6, including the 
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current path in the period and the small signal model. Considering that the diode conducts 

current in this period, the diode is modelled as a short circuit. In the meantime, the MOSFET 

presents the same effect as a large variable resistor RMOS, whose resistance is controlled by the 

gate voltage. In addition, the large inductor LLoad can be regarded as an open circuit in the small 

signal model, while the large capacitor CDC can be modelled as a short circuit. Based on the 

analysis, the small signal model of the switching transient in subinterval a is illustrated in Fig. 

4-6(b). It is demonstrated that the small signal model is a first-order circuit, consisting of a 

resistor RMOS and an inductor Lp. Therefore, there is no oscillation introduced in this period. 

 

Fig. 4-7 Analysis of the turn-on transient in subinterval b: (a) Current path; (b) Small signal model  

The analysis of the switching transient in subinterval b is presented in Fig. 4-7. The current 

flowing through the MOSFET consists of 2 parts: the constant load current from the load 

inductor and the capacitive current of the diode. Similar to subinterval a, the MOSFET is 

modelled as a variable resistor. In addition, a current source is used to describe the characteristic 

of the diode in this period. Based on the small signal model, the following equation is derived 

according to Kirchhoff's circuit laws in Laplace form.  

 (𝑠𝐿𝑝 + 𝑅𝑀𝑂𝑆) ⋅ 𝑖𝐷 +
1

𝑠𝐶𝐷𝑖𝑜𝑑𝑒
⋅ (𝑖𝐷 − 𝐼𝐷𝑖𝑜𝑑𝑒) = 0 (4.7)  

where Lp is the parasitic inductance in the circuit loop, CDiode is the junction capacitance of the 

diode, iD is the drain current of the MOSFET, RMOS is the corresponding resistance of the 
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MOSFET, IDidoe is the current source used to simulate the performance of the diode. It is worth 

noting that the resonant components are the parasitic inductance Lp and the junction capacitance 

of the diode CDiode. RMOS acts like a damping resistor and reduces the oscillation. The role of 

the damping resistor RMOS is neglected in the oscillation analysis for simplicity. 

 

Fig. 4-8 State changes in subinterval b 

The state of the current source has changed twice at t3 and t4. As is shown in Fig. 4-8, the slope 

rate of the drain current changes from k1 to -k2 at t3, and changes from -k2 to 0 at t4. The 

corresponding states of the current source are demonstrated as below: 

 𝐼𝐷𝑖𝑜𝑑𝑒_𝑡2∼𝑡3 = 𝑘1(𝑡 − 𝑡3) + 𝐼01 (4.8)  

 𝐼𝐷𝑖𝑜𝑑𝑒_𝑡3∼𝑡4 = −𝑘2(𝑡 − 𝑡3) + 𝐼01 (4.9)  

 𝐼𝐷𝑖𝑜𝑑𝑒_𝑡3∼𝑡4 = −𝑘2(𝑡 − 𝑡4) (4.10)  

 𝐼𝐷𝑖𝑜𝑑𝑒_𝑡4∼𝑡5 = 0 (4.11)  

where IDiode_t2~t3, IDiode_t3~t4, IDiode_t4~t5 are the capacitive current of the diode in the period t2~t3, 

t3~t4, t4~t5, respectively; k1 and -k2 are the slope rates of the diode in the period t2~t3 and t3~t4, 

respectively; I01 is the current of the diode at t3. It is worth noting that k1 and k2 are both positive. 

The state change of the current source at t3 can be derived from (4.8) and (4.9). 

 Δ𝐼𝐷𝑖𝑜𝑑𝑒@𝑡3 = −(𝑘1 + 𝑘2) ⋅ (𝑡 − 𝑡3) (4.12)  
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where Δ𝐼𝐷𝑖𝑜𝑑𝑒@𝑡3 is the current source introduced at t3 due to the change of state. 

Taking the Laplace transform of (4.12) at t3, the Laplace form of the current source is shown 

below: 

 Δ𝐼𝐷𝑖𝑜𝑑𝑒@𝑡3 = −(𝑘1 + 𝑘2) ⋅
1

𝑠2
 (4.13)  

The corresponding current introduced at t3 can be derived by substituting the current source in 

(4.7) with (4.13).  

 Δ𝑖𝐷@𝑡3 =
−(𝑘1 + 𝑘2)

1
𝑠2

𝑠2𝐿𝑝𝐶𝐷𝑖𝑜𝑑𝑒 + 𝑠𝑅𝑀𝑂𝑆𝐶𝐷𝑖𝑜𝑑𝑒 + 1
 (4.14)  

where Δ𝑖𝐷@𝑡3 is the corresponding drain current introduced at t3. RMOS is the resistance of the 

MOSFET, whose value is not constant and keeps decreasing until 0 at t5. It is worth noting that 

the oscillation is introduced by the diode, where RMOS has no influence on. Therefore, the effect 

of RMOS is neglected in the analysis on oscillation source to simplify the calculation. The 

formula (4.15) can be transformed into standard format: 

 Δ𝑖𝐷@𝑡3 = (𝑘1 + 𝑘2) (
1

𝜔
∙

𝜔

𝑠2 + 𝜔2
−

1

𝑠2
) (4.15)  

where 𝜔 =
1

√𝐿𝑝𝐶𝐷𝑖𝑜𝑑𝑒
. The formula (4.15) is transformed back into the time domain: 

 Δ𝑖𝐷@𝑡3 =
𝑘1 + 𝑘2

𝜔
⋅ sin 𝜔(𝑡 − 𝑡3) − (𝑘1 + 𝑘2) ⋅ (𝑡 − 𝑡3) (4.16)  

The oscillation component is demonstrated in the first part of the formula (4.16) as shown in 

(4.17). 

 𝑖𝐷𝑟𝑖𝑛𝑔@𝑡3 =
𝑘1 + 𝑘2

𝜔
⋅ sin 𝜔(𝑡 − 𝑡3) (4.17)  

where iDring@t3 is the oscillation component introduced at t3. The oscillation is in the form of a 

sinusoidal waveform, whose magnitude is 
𝑘1+𝑘2

𝜔
 and radian frequency is 𝜔 =

1

√𝐿𝑝𝐶𝐷𝑖𝑜𝑑𝑒
. 

Similar analysis can also be applied to the state change at t4, where the slope rate of drain current 

changes from -k2 to 0. It can be derived that the oscillation on drain current introduced at t4 is 
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presented in (4.18): 

 𝑖𝐷𝑟𝑖𝑛𝑔@𝑡4 = −
𝑘2

𝜔
⋅ sin 𝜔(𝑡 − 𝑡4) (4.18)  

Considering the drain current decline period is relatively short ( 𝑡3 ≈ 𝑡4 ), the oscillation 

introduced in the period t2~t4 can be calculated as the sum of (4.17) and (4.18). 

 𝑖𝐷𝑟𝑖𝑛𝑔_𝑡2~𝑡4 =
𝑘1

𝜔
⋅ sin 𝜔(𝑡 − 𝑡3) (4.19)  

It is shown in (4.19) that the oscillation introduced in the period t2~t4 is a sine wave signal, the 

radiant frequency of the oscillation is 𝜔 =
1

√𝐿𝑝𝐶𝐷𝑖𝑜𝑑𝑒
 , while the magnitude of the oscillation is 

𝑘1

𝜔
, determined by the slope rate of drain current. 

Fig. 4-9 demonstrates the current path and the small signal model for the subinterval c. In this 

period, the diode is totally turned off, which can be regarded as an open circuit in the analysis. 

For the MOSFET, the voltage of the MOSFET declines in this period, which performs as a 

voltage source. Therefore, in the small signal model, the load inductor and the diode are 

modelled as open circuits, the DC capacitor is modelled as a short circuit, and the MOSFET is 

modelled as a voltage source. The resonant components are the parasitic inductor Lp and the 

junction capacitance of the diode CDiode. The state of the MOSFET changes at t5, introducing 

oscillation in the circuit. The mathematic relationship is illustrated in (4.20) based on the 

Kirchhoff's law. 
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Fig. 4-9 Analysis of the turn-on transient in subinterval c: (a) Current path; (b) Small signal model 

 𝑠𝐿𝑝 ⋅ 𝑖𝐷 +
1

𝑠𝐶𝐷𝑖𝑜𝑑𝑒
⋅ 𝑖𝐷 + 𝑉𝑀𝑂𝑆 = 0 (4.20)  

where vMOS is the voltage of the MOSFET.  

 

Fig. 4-10 A state change in subinterval c 

There is a state change in subinterval c as illustrated in Fig. 4-10. The slope rate of the voltage 

source changes from -k3 to 0 at t5. The state change of the voltage source at t5 can be derived as 

below. 

 Δ𝑉𝑀𝑂𝑆@𝑡5 = 𝑘3 ⋅ (𝑡 − 𝑡5) (4.21)  

where Δ𝑉𝑀𝑂𝑆@𝑡5 is the voltage source introduced at t5 due to the change of state. 

Gate 

driver

CDC
LLoad

Diode

MOSFET

CDiode

CDS

Lp

Gate 

driver

CDC
LLoad

Diode

MOSFET

Lp

(a) Current path (b) Small signal model

VMOS

CDiode

+
-

t

t

VDS

ID

VGon

VGoff

VMiller

Vth

t0 t1 t3 t4

                                           

iD

vGS

t2 t5

(a) (b) (c)

-k3
vDS



Chapter 4  Switching Transient Optimization 

62 

 

The Laplace form of the voltage source is calculated from (4.23): 

 Δ𝑉𝑀𝑂𝑆@𝑡5 = 𝑘3 ⋅
1

𝑠2
 (4.22)  

The corresponding drain current introduced by the change of circuit state can be calculated by 

substituting (4.22) into (4.20). 

 Δ𝑖𝐷@𝑡5 =
−𝑘3𝐶𝐷𝑖𝑜𝑑𝑒

𝑠(𝑠2𝐿𝑝𝐶𝐷𝑖𝑜𝑑𝑒 + 1)
 (4.23)  

where Δ𝑖𝐷@𝑡5  is the corresponding drain current introduced at t5. The formula (4.23) is 

expressed in the standard form as below: 

 Δ𝑖𝐷@𝑡5 = 𝑘3 ⋅ 𝐶𝐷𝑖𝑜𝑑𝑒 ⋅ (
𝑠

𝑠2 + 𝜔2
−

1

𝑠
) (4.24)  

where 𝜔 =
1

√𝐿𝑝𝐶𝐷𝑖𝑜𝑑𝑒
. The formula (4.24) is transformed into time domain: 

 Δ𝑖𝐷@𝑡5 = 𝑘3 ⋅ 𝐶𝐷𝑖𝑜𝑑𝑒 ⋅ cos 𝜔(𝑡 − 𝑡5) − 𝑘3 ⋅ (𝑡 − 𝑡5) (4.25)  

The oscillation component is demonstrated in the first part of the formula (4.25) as shown in 

(4.26). 

 𝑖𝐷𝑟𝑖𝑛𝑔@𝑡5 = 𝑘3 ⋅ 𝐶𝐷𝑖𝑜𝑑𝑒 ⋅ cos 𝜔(𝑡 − 𝑡5) (4.26)  

The overall oscillation during turn-on transient is the sum of the components introduced in t2~t4 

and introduced at t5. 

 

𝑖𝐷𝑟𝑖𝑛𝑔_𝑂𝑛 = 𝑖𝐷𝑟𝑖𝑛𝑔_𝑡2~𝑡4 + 𝑖𝐷𝑟𝑖𝑛𝑔@𝑡5

=
𝑘1

𝜔
⋅ sin 𝜔(𝑡 − 𝑡3) + 𝑘3 ⋅ 𝐶𝐷𝑖𝑜𝑑𝑒 ⋅ cos 𝜔(𝑡 − 𝑡5) 

(4.27)  

It is worth noting that the state change at t3 is a sharp turning point from k1 to -k2, while the state 

change at t5 is a relatively slow process from -k3 to 0. Therefore, the first part 
𝑘1

𝜔
 in (4.27) 

dominates the magnitude of the oscillation. Considering 𝜔 is determined by the hardware, the 

method to reduce turn-on oscillation is to reduce k1. 
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4.2.2. Turn-off Oscillation Model 

The conceptual waveforms in turn-off transient are illustrated in Fig. 4-11, where three 

subintervals during t6~t9 are identified for analysis: 

 

Fig. 4-11 Conceptual waveforms in turn-off transient 

(a) Subinterval t6~t7: Drain-source voltage (vDS) increasing stage. The diode is turned off in 

this period while the MOSFET can be modeled as a voltage source, which is controlled 

by the gate current. Thereby, a voltage source can be used to describe the characteristics 

of the MOSFET while the diode can be regarded as open circuit. 

(b) Subinterval t7~t8: Drain-current (iD) decreasing stage. The diode is turned on in this 

period. The MOSFET performs as variable resistor with high impedance. Therefore, a 

variable resistor can be used to model the MOSFET, while the diode can be simplified as 

short circuit.  

(c) Subinterval t8~t9: MOSFET off stage. The MOSFET is regarded as open circuit, while 

the diode keeps at on-state. Thus, the MOSFET can be modelled as a capacitor, while the 

diode can be treated as short circuit.  

The current path and the small signal model of the turn-off transient in subinterval a are 

illustrated in Fig. 4-12. In this period, the diode keeps on off-state, which can be regarded as an 

open circuit in the analysis. For the MOSFET, the slope rate of the MOSFET keeps at k4 in the 

period t6~t7 as shown in Fig. 4-13. Although there is a state change at t6, the process for the 
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voltage slope to change from 0 to k4 is usually slow, resulting in small oscillation. Moreover, 

the voltage source performs an increasing impedance when the voltage gets higher. Therefore, 

the small oscillation introduced at t6 fades quickly. No oscillation is shown in subinterval a. 

 

Fig. 4-12 Analysis of the turn-off transient in subinterval a: (a) Current path; (b) Small signal model 

 

Fig. 4-13 Analysis of the state change in subinterval a 

The current path and the small signal model of the turn-off transient in subinterval b are 

illustrated in Fig. 4-14. The diode starts to conduct current in this period, modelled as a short 

circuit in the analysis. In the meantime, the MOSFET presents the same effect as a large variable 

resistor RMOS. It is shown that the small signal model is a first-order circuit, consisting of a 

resistor RMOS and an inductor Lp. Therefore, there is no oscillation introduced in this period. 
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Fig. 4-14 Analysis of the turn-off transient in subinterval b: (a) Current path; (b) Small signal model 

 

Fig. 4-15 Analysis of the turn-off transient in subinterval c: (a) Current path; (b) Small signal model 

The analysis of the turn-off transient in subinterval c is demonstrated in Fig. 4-15. The current 

in the MOSFET falls to 0 in this period. Therefore, the MOSFET is modelled as an open circuit 

in the analysis. All the load current flows through the diode, which performs as a short circuit. 

However, the slope rate changes in the drain current at t8 shown in Fig. 4-16 results in the 

oscillation in Lp and CDS.  
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Fig. 4-16 Analysis of the state change in turn-off transient subinterval c 

The oscillation source is modelled as a current source IMOS. The drain current before and after 

t8 is shown in (4.28) and (4.29): 

 𝐼𝑀𝑂𝑆_𝑡7~𝑡8 = −𝑘5 ⋅ (𝑡 − 𝑡8) (4.28)  

 𝐼𝑀𝑂𝑆_𝑎𝑓𝑡𝑒𝑟𝑡8 = 0 (4.29)  

The state change in the current source can be derived: 

 ∆𝐼𝑀𝑂𝑆 = 𝑘5 ⋅ (𝑡 − 𝑡8) (4.30)  

The Laplace form of the current source is shown: 

 ∆𝐼𝑀𝑂𝑆 = 𝑘5 ⋅
1

𝑠2
 (4.31)  

The relationship between the current source and the drain current can be derived according to  

Kirchhoff's law: 

 𝑠𝐿𝑝 ⋅ 𝑖𝐷 +
1

𝑠𝐶𝐷𝑆
⋅ (𝑖𝐷 − 𝐼𝑀𝑂𝑆) = 0 (4.32)  

The drain current can be derived: 

 𝑖𝐷 =
𝐼𝑀𝑂𝑆

𝑠2𝐿𝑝𝐶𝐷𝑆 + 1
 (4.33)  
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The corresponding drain current introduced by the oscillation source in (4.31) is shown below: 

 𝑖𝐷@𝑡8 =
𝑘5 ⋅

1
𝑠2

𝑠2𝐿𝑝𝐶𝐷𝑆 + 1
 (4.34)  

The standard form of (4.34) is derived: 

 𝑖𝐷@𝑡8 = 𝑘3 ⋅ (
1

𝑠2
−

1

𝜔
⋅

𝜔

𝑠2 + 𝜔2
) (4.35)  

where 𝜔 =
1

√𝐿𝑝⋅𝐶𝐷𝑆
. 

The Laplace from is inverse transformed into time domain: 

 𝑖𝐷@𝑡8 = 𝑘3 ⋅ (𝑡 − 𝑡8) −
𝑘3

𝜔
⋅ cos 𝜔(𝑡 − 𝑡8) (4.36)  

The oscillation component in (4.36) can be extracted: 

 𝑖𝐷𝑟𝑖𝑛𝑔@𝑡8 = −
𝑘3

𝜔
⋅ cos 𝜔(𝑡 − 𝑡8) (4.37)  

where the oscillation is a cos waveform, whose radian frequency is 𝜔 =
1

√𝐿𝑝⋅𝐶𝐷𝑆
 . The 

magnitude of the oscillation is −
𝑘3

𝜔
 . It is shown that the magnitude of the oscillation is 

determined by the slope rate at t8. 

4.3. Active Gate Driving Signals 

Based on the oscillation analysis, the optimized gate driving signals are proposed to suppress 

the turn-on oscillation and current overshoot, as well as turn-off oscillation and voltage 

overshoot. 

4.3.1. U-Shape Gate Driving Signal for Turn-On Optimization 

As is discussed in 4.2.1, the turn-on oscillation is dominated by the transition of diD/dt at t3. 

Therefore, the principle to optimize the turn-on transient is to reduce the slope rate of iD at t3. 

The gate driving signal for turn-on transient optimization is illustrated as the bottom waveform 

shown in Fig. 4-17. To simplify the calculation, the gradients of iD and vDS are regarded as 
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constant under a gate current. This tailored U-shape gate driving signal consists of 2 gate current 

values: IGS_high and IGS_low. IGS_high is used to generate high diD/dt during t1~t2 subinterval and 

high dvDS/dt during t4~t5 subinterval, which can reduce the turn-on switching loss. Meanwhile, 

IGS_low is used to reduce the diD/dt at t3, which aims to suppress the oscillation and current 

overshoot. The dip of the gate current starts at tU1 and ends at tU2. It worth noting that two more 

state changes are introduced in the process: high-speed current rising changes to low-speed 

current rising at tU1, low-speed voltage decline changes to high-speed voltage decline at tU2. 

The introducing of the current dip changes the steady state of excitation source in Fig. 4-6 and 

Fig. 4-9. Therefore, the selection of tU1 and tU2 are discussed using the oscillation models. 

 

Fig. 4-17 U-shape gate driving signal for turn-on optimization 

 

Fig. 4-18 Small signal model introduced by the state change at tU1 
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Based on the small signal model in Fig. 4-6, the effect of the state changes at tU1 is an introduced 

current source paralleled with RMOS as is shown in Fig. 4-18. The current source represents the 

behaviour of the MOSFET when its drain current changes rapidly. The excitation source can be 

derived in (4.38). 

 𝐼𝑈1 = −(𝑘1 − 𝑘2) ⋅ (𝑡 − 𝑡𝑈1) (4.38)  

The Laplace form of is shown in (4.39). 

 𝐼𝑈1 = −(𝑘1 − 𝑘2) ⋅
1

𝑠2
 (4.39)  

The relationship of the drain current and the excitation source is demonstrated in (4.40). 

 𝑠𝐿𝑝 ⋅ 𝑖𝐷 + 𝑅𝑀𝑂𝑆 ⋅ (𝑖𝐷 − 𝐼𝑈1) = 0 (4.40)  

The corresponding drain current can be calculated. 

 𝑖𝐷@𝑈1 =
𝐼𝑈1

𝑠𝐿𝑝 + 𝑅𝑀𝑂𝑆
 (4.41)  

The introduced drain current can be derived by substituting (4.39) into (4.41). 

 𝑖𝐷@𝑈1 = −
1

𝑠2

𝑘1 − 𝑘2

𝑠𝐿𝑝 + 𝑅𝑀𝑂𝑆
 (4.42)  

The standard form of is shown in . 

 𝑖𝐷@𝑈1 = (𝑘1 − 𝑘2) (

𝐿𝑝

𝑅𝑀𝑂𝑆

𝑠
−

𝐿𝑝

𝑅𝑀𝑂𝑆

𝑠 +
𝑅𝑀𝑂𝑆

𝐿𝑝

−
1

𝑠2
) (4.43)  

Transferred into time domain, the corresponding drain current is shown in 

 𝑖𝐷@𝑈1 = 𝑘2𝑡 + (𝑘1 − 𝑘2)
𝐿𝑝

𝑅𝑀𝑂𝑆
(1 − 𝑒

−
𝑅𝑀𝑂𝑆

𝐿𝑝
𝑡
) (4.44)  

The slope rate of the drain current (diD/dt) can be derived. 
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𝑑𝑖𝐷@𝑈1

𝑑𝑡
= 𝑘2 + (𝑘1 − 𝑘2)𝑒

−
𝑅𝑀𝑂𝑆

𝐿𝑝
(𝑡−𝑡𝑈1)

 (4.45)  

It is shown in (4.45) that when the gate current changes at tU1, the gradient of drain current starts 

to decrease from k1 towards k2 following an exponential function until t3. As shown in Fig. 4-17, 

the transient time △ 𝑡1 = 𝑡3 − 𝑡𝑈1  determines the gradient of drain current (diD/dt) at t3. 

Considering that the turn-on current overshoot (iD_overshoot) is dominated by diD/dt, it can be 

inferred that the relation of iD_overshoot and Δt1 follows the exponential function. 

To verify the analysis, a numerical model is established in LTspice to study the switching 

transients as presented in Fig. 4-5. In this circuit, a datasheet based Pspice model of SiC 

MOSFET (SCT3060) is used as the device under test, rating at 650V/39A. The body diode of 

C3M0065090D is used as the top device, rating at 900V/36A. The parasitic inductance Lp in 

the simulation is 120nH. The load inductance is 250uH. The simulation is conducted under 

400V DC voltage and the simulated load current is 10A. The simulated waveforms of iD under 

different Δt1 are illustrated in Fig. 4-19, where the gate current iGS changes from IG_high(100mA) 

to IG_low(5mA) at different times to generate different transient period Δt1. It is shown that a 

higher Δt1 introduces a lower iD overshoot. Moreover, the quantitative relation of iD_overshoot and 

Δt1 is plotted in Fig. 4-20. It is shown that the relation of iD_overshoot and Δt1 follows the 

exponential function. It is worth noting that RMOS is not constant in the subinterval t1~t3, 

consequently, it is difficult to calculate Δ𝑡1  precisely. However, the  correlation between 

diD/dt and Δ𝑡1 is enough to provide the strategy to reduce the oscillation: a higher Δt1 results 

in a lower diD/dt, lower oscillation, and lower current overshoot.  
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Fig. 4-19 Simulated waveforms of iD under different Δt1 

 

Fig. 4-20 Simulated iD_overshoot vs Δt1 

According to the analysis in 4.2.1, the oscillation introduced at t3 is illustrated in (4.46): 

 𝑖𝐷𝑟𝑖𝑛𝑔1 = (𝑘2 + 𝑘3)√𝐿𝑝𝐶𝐷𝑖𝑜𝑑𝑒 sin(𝑡 − 𝑡3) (4.46)  

where iDring1 is the oscillation current on iD. k2 and k3 are the current slopes before and after t3 

shown in Fig. 4-17.  

The jump of gate current at tU2 introduces a state change in period c as shown in Fig. 4-9. The 

excitation source VMOS changes from 𝑉𝑀𝑂𝑆 = −𝑘4𝑡  to 𝑉𝑀𝑂𝑆 = −𝑘5𝑡 , where -k4 and -k5 

(k5>k4>0) are the slope of drain-source voltage vDS before and after tU2, respectively. The 

excitation source change is 𝑉𝑀𝑂𝑆 = −(𝑘5 − 𝑘4) ⋅ 𝑡. 

According to the analysis in 4.2.1, the oscillation introduced at tU2 is illustrated in (4.47) 

 𝑖𝐷𝑟𝑖𝑛𝑔2 = −(𝑘5 − 𝑘4)𝐶𝐷𝑖𝑜𝑑𝑒√𝐿𝑝𝐶𝐷𝑖𝑜𝑑𝑒 cos(𝑡 − 𝑡𝑈2) (4.47)  

-0.05

0

0.05

0.1

0.15

Time/s 10 -5
2.2 2.205 2.21 2.215 2.22 2.225 2.23 2.235 2.24

0

5

10

15

IG_high = 100mA

IG_low = 5mA

I G
S
 /

A
I D

 /
A

Δt1 = 19ns
Δt1 = 39ns
Δt1 = 62ns

iD_overshoot 

t
1

/us

0 0.05 0.1 0.15 0.2

1

2

3

4

5

I D
_
o

v
er

sh
o

o
t /

A

Simulated points

E-function

Curve fitting result



Chapter 4  Switching Transient Optimization 

72 

 

where 𝑖𝐷𝑟𝑖𝑛𝑔2 is the introduced oscillation component at tU2, ω = 1/√𝐿𝑝 ⋅ 𝐶𝐷𝑖𝑜𝑑𝑒 is the radian 

frequency, the magnitude is  (𝑘5 − 𝑘4)𝐶𝐷𝑖𝑜𝑑𝑒√𝐿𝑝 ⋅ 𝐶𝐷𝑖𝑜𝑑𝑒. 

It is worth noting that there is another state change at t5, but the process is usually slow for the 

voltage to fall to zero. In the contrast, the turning point at t3 and tU2 are very sharp. Therefore, 

the oscillation introduced at t5 is neglected. 

The ringing of iD (iD_ringing) consists of the oscillation introduced at t3 and tU2. Therefore, the 

expression of iD_ringing is derived in (4.48) as: 

 𝑖𝐷𝑟𝑖𝑛𝑔 = 𝑖𝐷𝑟𝑖𝑛𝑔1 + 𝑖𝐷𝑟𝑖𝑛𝑔2 = 𝐴 sin[𝜔(𝑡 − 𝑡3)] − 𝐵 cos[𝜔(𝑡 − 𝑡𝑈2)] (4.48)  

where 𝐴 =  (𝑘2 + 𝑘3)√𝐿𝑝 ⋅ 𝐶𝐷𝑖𝑜𝑑𝑒 > 0 is the magnitude of the oscillation occurs at t3, 𝐵 =

 (𝑘5 − 𝑘4)𝐶𝐷𝑖𝑜𝑑𝑒√𝐿𝑝 ⋅ 𝐶𝐷𝑖𝑜𝑑𝑒 > 0 is the magnitude of the oscillation introduced by the jump 

of gate current at tU2. It is shown in (4.48) that the oscillation is the combination of 2 

trigonometric functions. Assuming no control is applied at tU2, the magnitude of the oscillation 

is A. The introduction of the second cosine waveform at tU2 has opposite effect depending on 

the phase difference: if 𝛥𝑡2 = 𝑡𝑈2 − 𝑡3 =
𝜋

2𝜔
 , 𝑖𝐷𝑟𝑖𝑛𝑔 = (𝐴 − 𝐵) sin[𝜔(𝑡 − 𝑡3)] , the 

oscillation magnitude is reduced from A to A-B; in contrast, if 𝛥𝑡2 = 𝑡𝑈2 − 𝑡3 =
3𝜋

2𝜔
, 𝑖𝐷𝑟𝑖𝑛𝑔 =

(𝐴 + 𝐵) sin[𝜔(𝑡 − 𝑡3)], the oscillation magnitude is increased from A to A+B. It is worth to 

note that the precondition of the analysis is A>B. If A<B, A can be increased by manipulating 

𝛥𝑡1 as shown in (4.45). As a result, it can be guaranteed that A>B. Therefore, the magnitude of 

ringing is also influenced by 𝛥𝑡2. 
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Fig. 4-21 Simulated waveforms of iD under different Δt2 

The analysis is verified in the simulation shown in Fig. 4-21, where the simulation condition is 

the same as Fig. 4-19 under 400V/10A. The transient period Δt1 equals to 60ns, while tU2 at 

different timings are compared. The top waveforms are the gate currents (IGS), the bottom 

waveforms are the drain current (ID). The oscillation at t3 without gate current jump at tU2 is 

demonstrated in black waveforms as the reference oscillation. Compared with the reference 

oscillation, the oscillation is increased when 𝛥𝑡2 =
3𝑇

4
(as the blue waveforms shown), while it 

is decreased when 𝛥𝑡2 =
𝑇

4
  (demonstrated in red waveforms).  𝑇 = 2𝜋√𝐿𝑝𝐶𝐷𝑖𝑜𝑑𝑒  is the 

period of the oscillation in subinterval t3~t5. 

Based on the analysis, the position of gate current dip tU1 and tU2 can be determined. 𝛥𝑡1 =

𝑡3 − 𝑡𝑈2 has an exponential relation with the overshoot of iD as shown in Fig. 4-20. 𝛥𝑡2 =

𝑡𝑈2 − 𝑡3 has significant influence on the oscillation: a proper selection of 𝑡𝑈2 minimizes the 

oscillation when 𝛥𝑡2 =
𝑇

4
, while a bad timing of 𝑡𝑈2 increases the ringing when 𝛥𝑡2 =

3𝑇

4
. 

𝑇 = 2𝜋√𝐿𝑝𝐶𝐷𝑖𝑜𝑑𝑒 is the period of the oscillation.  

4.3.2. N-Shape Gate Driving Signal for Turn-On Optimization 

As is proposed in 4.2.2, the oscillation is determined by the gradient of drain current (diD/dt) at 

t8 shown in Fig. 4-11. Therefore, the N-shape gate driving signal for turn-off switching transient 
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optimization is proposed in Fig. 4-22. A gate current dip is introduced from tn to t8 to reduce the 

oscillation, where t8 is the time when iD reaches 0. The state of the circuit is changed at tn, as 

the gradient of iD drops -k6 to -k7 (k6 > k7 > 0). The transient period of the introduced state is Δt3 

shown in Fig. 4-22. 

 

Fig. 4-22 N-shape gate driving signal for turn-off optimization 

According to the developed small signal model shown in Fig. 4-14, the state of the voltage 

source changes from -k6t to -k7t, introducing an excitation source as shown in Fig. 4-23. The 

excitation source is demonstrated in (4.49). 

 𝐼𝑈2 = (𝑘6 − 𝑘7)(𝑡 − 𝑡𝑈2) (4.49)  

  

Fig. 4-23 Small signal model introduced by the state change at tU2 
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Considering that the small signal model is the same as Fig. 4-18, the corresponding drain current 

can be derived in . 

 𝑖𝐷@𝑈2 = −𝑘7𝑡 − (𝑘6 − 𝑘7)
𝐿𝑝

𝑅𝑀𝑂𝑆
(1 − 𝑒

−
𝑅𝑀𝑂𝑆

𝐿𝑝
𝑡
) (4.50)  

The gradient of iD is calculated: 

 
𝑑𝑖𝐷@𝑈2

𝑑𝑡
= −𝑘7 − (𝑘6 − 𝑘7)𝑒

−
𝑅𝑀𝑂𝑆

𝐿𝑝
𝑡
 (4.51)  

Similar to the analysis on (4.19), the gradient of drain current starts to decrease from -k6 towards 

k7 in the period Δt3. According to (4.37), the oscillation is determined by diD/dt at t8. As a result, 

the oscillation is reduced depending on the time interval Δt3. Moreover, it is shown that the 

relation of the oscillation and Δt3 follows the exponential function. 

The simulated waveforms of iD under different Δt3 verifies that a longer time Δt3 results in a 

lower oscillation. The simulation is conducted as shown in Fig. 4-24 under 400V DC voltage 

and 10A load current. The gate current iGS changes from IG_high(-400mA) to IG_low(-5mA) at 

different times to generate different transient time Δt3. The oscillation is quantized by the 

undershoot of drain current (iD_undershoot). The overshoot of drain-source voltage (vDS_overshoot) is 

also reduced with a longer Δt3 due to the decrease of diD/dt. Moreover, the relation of iD_undershoot 

and Δt3 is plotted in Fig. 4-25s. It is shown that the relation of iD_undershoot and Δt3 follows the 

exponential function.  
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Fig. 4-24 Simulated waveforms of iD under different Δt3 

 

Fig. 4-25 Simulated iD_undershoot vs Δt3 

Based on the analysis, the position of gate current dip is determined starting from tn to t8. The 

time interval 𝛥𝑡3 = 𝑡8 − 𝑡𝑛  has an exponential relation with the oscillation: a larger time 

interval 𝛥𝑡3 introduces lower oscillation. Moreover, the voltage overshoot is determined by 

diD/dt from t7 to t8, therefore, a longer gate current dip covering the period t7~t8 can suppress 

the voltage overshoot. 
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A current-control active gate driver is designed to evaluate the proposed gate driving signals. 

The structure of the gate driver structure is illustrated in Fig. 4-26(a), while the schematic of 

the designed gate driver is demonstrated in Fig. 4-26s (b). 

 

Fig. 4-26. Diagram of the active gate driver 

The control signal can be programmed and stored in a DSP controller, then, this signal is 

transmitted to a DAC (Digital to analog converter) via SPI communication. With the designed 

gate driver circuit, the analog signal is converted into a corresponding current signal injected 

into the gate of the MOSFET.  

Table 4-1 performance of the active gate driver 

Parameters Value 

Output voltage range -5V~15V 

Output current range 0~200mA 

Time step 13.3ns ~ 10us 

This current-source gate driver has a simple structure with three functional parts: isolation 

circuit, signal amplification circuit and signal conversion circuit. The input signal Vin is signal 

generated by the DAC. This signal is isolated and amplified before converted into a current 

signal. A transformer is used to isolate Vin while amplifiers are used to convert Vin into current 

signal Iout. There are 3 main functions of the proposed gate driver: firstly, the gate driver serves 
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as the isolator to keep the control system safe from the high voltage of the power circuit; Besides, 

the small input signal generated by the controller is amplified from less than 1V to the gate 

voltage level (-5V to 15V); Finally, the voltage signal is converted into the current signal, which 

means the shape of the output current follows the control of the input voltage signal. The 

performance of the active gate driver is presented in Table 4-1. The time step is the duration 

time of each output current value, for example, the duration time of the gate current dip, while 

the minimum time step can be achieved is 13.3ns. 

4.4.2. Construction of Double-Pulse Test 

 

Fig. 4-27.  Double pulse test platform, (a) schematic of the platform (b) picture of the platform 

A double-pulse test platform is constructed as is shown Fig. 4-27. When the DUT is turned on, 

the current is conducted through the inductor and increases until it reaches the test current. Then 

the DUT is turned off and the current path changes from the DUT to the top device; after a short 

period, the DUT is turned on again, and the switching transient of the device under test is 
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captured using an oscilloscope. In the experiment, the DUT is the trench SiC MOSFET 

SCT3060, while the diode is the body diode of power device C3M0065090D. The experiment 

is conducted under 250V DC voltage and the load current is 10A. 

4.4.3. Performance of Gate Driving Signals 

As is stated in Chapter 3, the minimum time step the proposed gate driver can achieve is 13.3ns, 

which means it cannot be used if the switching speed is very fast (<100ns). The experiments 

presented in this subsection are conducted under low speed switching condition, where the 

switching time is around 500ns. The influence of low speed is discussed after the presentation 

of the results. 

A. Turn on performance 

The U-shape turn-on gate signal is used to evaluate the turn-on performance, compared with 

the constant gate current signal as shown in Fig. 4-28. The reference signal is a constant gate 

current signal (blue), which is kept at IGS1 for the entire turn-on period. The active gate current 

signal is the U-shape signal (red), whose value is kept at IGS1 for time T1 and changed to a lower 

value IGS2 for time T2. From the analysis in 4.3.1, it is expected that a lower current overshoot 

will be introduced by reducing T1. Therefore, experiments are conducted to verify the analysis.  

 

Fig. 4-28 Diagram of the turn-on gate signals used in the experiment 

t

T1 T2

Constant gate current signal

Active gate current signal

iGS

IGS1

IGS2



Chapter 4  Switching Transient Optimization 

80 

 

 

Fig. 4-29 Turn on waveforms of drain current under different gate signals 

The turn on waveforms of the drain currents and the drain-source votlages under different gate 

signals are presented in Fig. 4-29. The experiments are conducted under 25oC, the test voltage 

is 250V, the test current is 10A, the device under test is SCT3060. The red waveform is the 

drain current of the MOSFET under a constant gate current signal. The value of the gate current 

(IGS1 in Fig. 4-28) is 50mA. The measured current overshoot is 2.24A. The green waveform is 

the drain current of the MOSFET under the active gate current signal when T1 = 372.4ns. The 

gate current is kept at 50mA for T1 = 372.4ns, then changed to 14mA (IGS2) at 23.933us for 

93.1ns. It is shown in the green waveform that the measured current overshoot is 1.28A, which 

is reduced by 42.8% compared with the constant gate current signal (2.24A). The drain-source 

voltage vds is delayed by 64ns with the same slew rate. T1 is changed to 345.8ns presented as 

the blue waveform. The other parameters are the same as the blue waveform (IGS1 = 50mA, IGS2 

= 14mA, T2 = 93.1ns). The waveform shows that the current overshoot is further reduced to 

0.40A(reduced by 82.1%) if T1 is 2 steps smaller (26.6ns) than it in the green waveform. At the 
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same time, vds is delayed by 89ns while its slew rate keeps the same. The results verify the 

analysis in 4.3.1 that the proposed U-shape gate current signal is effective in reducing the 

current overshoot during turn on, and smaller T1 introduces lower current overshoot. 

B. Turn off performance 

 

Fig. 4-30 Diagram of the turn-off signals used in the experiment 

 

Fig. 4-31 Turn off waveforms of the drain-source voltage under different gate signals 

The N-shape turn-on gate signal is used to evaluate the turn-on performance, compared with 

the constant gate current signal as shown in Fig. 4-30. The reference signal is a constant gate 

current signal (blue), which is kept at -IGS4 for the entire turn-on period. The active gate current 
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signal is the N-shape signal (red), whose magnitude is kept at IGS4 for time T3 and changed to a 

lower value IGS3 for time T4. From the analysis in 4.3.2, it is expected that a lower voltage 

overshoot will be introduced by reducing T3. Therefore, experiments are conducted to verify 

the analysis.  

The turn off waveforms of the drain-source voltages and the drain curents under different gate 

signals are presented in Fig. 4-31. The test condition is the same as the turn-on tests. As is shown 

in Fig. 4-31, the red waveform is the waveform of vds and ids under a constant gate current signal. 

The magnitude of the gate current (IGS4 in Fig. 4-30) is 100mA. It is shown that the voltage 

overshoot is 44V. In order to reduce the voltage overshoot, N-shape gate current signals are 

used to turn-off the MOSFET. The green waveform is the vds under the active gate current signal 

when T3 = 305.9ns. The magnitude of gate current is kept at 100mA for 305.9ns, then changed 

to 14mA (IGS3) for 106.4ns (T4 in Fig. 4-30). It is shown in the green waveform that the 

measured voltage overshoot is 33V, which is reduced by 25.0% compared with the constant 

gate current signal (44V). Moreover, the slew rates of Vds and Ids keep the same, which means 

no extra loss is introduced by using the N-shape gate current. The waveforms of Vds and Ids 

when T3 = 279.3ns is presented as the blue waveforms. The other parameters are the same as 

the blue waveform (IGS4 = 100mA, IGS3 = 14mA, T4 = 106.4ns). The waveform shows that the 

voltage overshoot is further reduced to 11V(reduced by 75.0%) if T3 is 2 step smaller (26.6ns) 

than it in green. Although the voltage overshoot is reduced significantly, the decrease of T3 

results in a lower di/dt, which introduces more loss. The results verify the analysis in 4.3.2 that 

the proposed N-shape gate current signal is effective in reducing the voltage overshoot during 

turn on, and smaller T3 introduces lower voltage overshoot. 

C. Comparison between the proposed method and the conventional method 

The previous results are the performance of the proposed signals on the overshoots. This part 

presents the comparison between the proposed method and the conventional method. In the 

conventional method, a voltage-source gate driver is used to control the MOSFET. A higher 

gate resistor introduces lower overshoots. In this experiment, a gate resistor of 100Ω is used to 

generate the original switching waveforms as the black waveforms shown in Fig. 4-32. It can 
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be calculated that the current overshoot in turn on is 1.92A, the voltage overshoot in turn off is 

28V, the turn on loss is 0.36mJ, and the turn off loss is 0.24mJ.  

 

Fig. 4-32 Experiment waveforms of active gate driver compared with conventional gate driver 

The overshoots of the original waveforms are reduced using two methods. The conventional 

method is to increase the gate resistor Rg, namely increase Rg method. A larger resistor of 235Ω 

is used in the test, resulting in a lower switching speed and lower overshoots. The waveforms 

are shown in blue in Fig. 4-32. It is calculated that the current overshoot in turn on decreases to 

1.12A (reduced by 41%), the voltage overshoot in turn off decreases to 19V(reduced by 32.1%), 

the turn on loss increases to 0.86mJ (increased by 138.9%), and the turn off loss increases to 

0.40mJ (increased by 66.7%). 

Table 4-2 Comparison of the proposed method and the conventional method 

Switching performance 
Turn-on 

loss 

Turn-off 

loss 

Current 

overshoot 

Voltage 

overshoot 

No suppression 0.36mJ 0.24mJ 1.92A 28V 

Convention suppression 

method 
0.86mJ 0.40mJ 1.12A 19V 

Proposed suppression method 0.62mJ 0.30mJ 0.40A 11V 

The proposed method is to shape the gate current signal with the proposed signals presented in 

Fig. 4-28 and Fig. 4-30. The waveforms are shown in red in Fig. 4-32. The active gate signals 

original

Increase Rg method

Shape gate signal method

Time/us
23.5 24 24.5

V
d

s/
V

-100

0

100

200

300

Time/us
23.5 24 24.5
-5

0

5

10

15

Id
s/

A

Time/us
19.4 19.5 19.6 19.7 19.8 19.9 20

V
d

s/
V

-5

0

5

10

15
Time/us

19.4 19.5 19.6 19.7 19.8 19.9 20

V
d

s/
V

-100

0

100

200

300



Chapter 4  Switching Transient Optimization 

84 

 

used in the test are the turn on signal when T1 = 345.8ns and T2 = 93.1ns and the turn off signal 

when T3 = 279.3ns and T4 = 106.4ns. Compared with the conventional method, the proposed 

method presents better results on the overshoots suppression. The current overshoot in turn on 

is reduced to 0.40A (reduced by 79.1%), while the voltage overshoot in turn off is reduced to 

11V (reduced by 60.7%). In addition, the increase in loss is also less than the conventional 

method: the turn on loss increases to 0.62mJ (increased by 72.2%), while the turn off loss 

increases to 0.30mJ (increased by 25%). The performances are summarized in Table 4-2. It is 

verified that the proposed method presents better performance in both overshoots and losses. 

 

Fig. 4-33 Comparison between proposed method and conventional method to reduce switching oscillation (a) 

turn-on (b) turn-off 

The comparison between the proposed method and the conventional method is summarized in 

Fig. 4-33. The x-axis is the overshoot, while the y-axis is the loss. The positions of the points 

reflect the performance of the switching condition. Points closer to the original point (0,0) 

reflects better performance. For the conventional method, the points move from the black to 

blue, showing lower overshoots but higher losses. Meanwhile, the red points are the 

performance of the proposed signals. It is shown that the red points are closer to (0,0) than blue 

points, which means that both the losses and the overshoots are less than the conventional 

method. 
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D. Discussion 

In the theoretical analysis and simulation, there are quantitative conclusions, including the 

exponential relationship between current overshoot and tU1, and the sinusoidal relationship 

between the current overshoot and tU2. Moreover, the optimum signal can be derived using the 

functions presented in 4.3. However, in the experiment, the active signals are not calculated 

from the equations. There are two reasons for not using equations to calculate the gate signal 

shape. Firstly, there is a variable in the equation, RMOS, which is the equivalent resistance of the 

MOSFET during the switching transient. The value of RMOS keeps changing during the 

switching transient, which makes it difficult to solve the equations. Secondly, due to the 

limitation of the proposed gate driver, the minimum time step can be achieved is 13.3ns, which 

means the time interval of each steps (T1 and T2 in Fig. 4-28, T3 and T4 in Fig. 4-30) must be a 

multiple of 13.3ns. It is very likely that the calculated point cannot be achieved by the proposed 

gate driver.  

Although there are difficulties in applying the equations in the proposed gate driver, the analysis 

provides the guidance to select each time interval (T1 and T2 in Fig. 4-28,  T3 and T4 in Fig. 

4-30). For the turn on transient, the analysis shows that the low gate current dip period is 

supposed to start from the drain current rising period and end at the maximum drain current. 

For the turn off transient, the low gate current period should cover the drain current decreasing 

period. The experiment results verify that the U-shape gate driving signal improves the turn-on 

performance with lower oscillation while the N-shape gate driving signal brings lower voltage 

overshoot during the turn-off transient. However, due to the limitation of the time resolution of 

the controller, the analysis about T2 cannot be verified. Higher resolution can be achieved with 

high-speed DAC, for example DAC38RF80 from Texas Instruments (TI).. The amplifier should 

also be changed to amplifiers with higher output current and higher bandwidth, for example 

THS3491 from Texas Instruments (TI). 

4.5. Summary 

This section proposes active gate driving methods for SiC MOSFET to reduce overshoots and 

oscillations. Three active gate driving strategies are compared and it is shown that the gate 
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current control strategy is more directive and more effective compared to the other two 

strategies. Moreover, the inherent mechanism of producing switching oscillations is revealed 

and analyzed using the developed small signal models. In the light of this analysis, the 

optimized U-shape/N-shape gate current signals are proposed for switching overshoots 

suppression. The effectiveness of the proposed gate current signals has been verified in the 

experiments, demonstrating that it outperforms traditional methods for reducing overshoots and 

oscillations.  
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Chapter 5  Investigation into Threshold Voltage Shift 

As demonstrated in Section 2.2, the threshold voltage shift is important for the health 

monitoring of power MOSFET. This chapter presents the investigation into threshold voltage 

shift in the following aspects: 1. An innovative threshold voltage measurement method is 

proposed, which is easier to be applied to practical converters compared with the traditional Vth 

measurement method; 2. The relation between the threshold voltage shift and the gate stress 

time is studied using the proposed Vth measurement method; 3. The short-time Vth shift within 

1us is investigated and described with a logarithmic equation, including the double-layer charge 

trap model proposed to illustrate the Vth shift process; 4. The methods are discussed to decouple 

the influence of temperature on Vth shift; 5. The feasibility of the proposed Vth measurement 

method is discussed in different applications. 

5.1. Vth Measurement Method 

The measurement of Vth in most of the works are conducted in laboratory condition with 

complicated equipment[92], which can be difficult to be applied to practical converters. In order 

to measure Vth online, the concepts of “quasi-threshold voltage”[94][89] and “pre-threshold 

voltage”[93] are proposed. Nevertheless, high-speed circuitry is required to detect the events of 

gate voltage rise and drain current rise from a zero level[110] in all the aforementioned works. 

Furthermore, the faster the devices switch, the higher bandwidth of the measurement circuitry 

is required. Therefore, it is more challenging to apply the conventional Vth measurement method 

to SiC MOSFETs. This section presents a new approach to measure the gate threshold voltage 

without complicated measurement circuit. 

5.1.1. Principle of the Proposed Method 

The relationship between the drain current iD and the gate voltage vGS in saturation region is 

described in (4.1). It is shown that the gate voltage vGS equals the threshold voltage Vth when 

the MOSFET starts to conduct the drain current. In practice, the gate voltage is regarded as Vth 

when a small drain current is conducted. With the help of the proposed current-controlled gate 

driver, the required small current can be generated without complicated equipment, enabling 
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the possibility to measure Vth in practical converters. 

The principle of the proposed method is illustrated in Fig. 5-1. It is worth noting that Fig. 5-1 

only presents the connection with a single MOSFET, the rest of the circuit can be different 

topologies like a DC/DC converter or a multi-level converter. Detailed discussion is proposed  

in the application of the proposed method in section 5.5. There are two working modes in the 

proposed method: operating mode and measuring mode. Operating mode is used for normal 

operation, while the measuring mode only works when the device is not operating. The 

threshold voltage is measured in measuring mode, with the help of the proposed current-source 

gate driver. The current-source gate driver can be programmed to generate normal PWM gate 

driving signal in operating mode. Meanwhile, it can also be programmed to generate detection 

gate driving signal in measuring mode. A controlled high voltage switch S connects the gate 

terminal and the drain terminal of the device, introducing the change between the two modes. 

In operating mode, the switch S is turned off, blocking the high voltage over the drain and the 

gate. The device works normally to be turned on and off under the PWM gate driving signal. 

The system can be changed to measuring mode when the switch S is turned on. In this mode, 

the gate and drain terminals are shorted and a constant gate current is generated by the current-

controlled gate driver. The gate current firstly charges the gate-source capacitance of the device 

and boosts the gate voltage from off-state gate voltage to the gate threshold voltage. When the 

gate voltage reaches the threshold voltage, a conducting path between the drain and source 

terminals starts to form. Once the gate current is conducted through drain to source, the gate 

voltage stops to increase and stays constant at the threshold voltage. The signal sequence of the 

operating mode and measuring mode are demonstrated in Fig. 5-2. When working under 

operating mode, the gate voltage of the device varies from off-state gate voltage to on-state gate 

voltage. In contrast, when working under measuring mode, the gate voltage remains at the gate 

threshold voltage. Therefore, the gate threshold voltage can be measured. 
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Fig. 5-1 Principle of the proposed Vth measurement method: (a) operating mode (b) measuring mode 

 

Fig. 5-2 Signal sequence of the proposed Vth measurement method 

5.1.2. Simulation Verification 

From the analysis above, the threshold voltage is obtained when the gate voltage stops 

increasing and the generated constant gate current flows through drain and source. However, 

this is different from the widely used process of threshold voltage measurement presented in 

datasheets. In order to compare the measuring mode of the proposed method and the 

conventional Vth measurement method defined in datasheets, simulation is conducted using a 

software platform, TINA, from Texas Instruments (TI). The device model used in the simulation 

comes from ROHM, the spice model of the 3rd generation trench-type SiC MOSFET 

SCT3060AL. The temperature for the simulation is 25oC. The detailed parameters in the model 

provide similar performance as a practical device.  
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Fig. 5-3 Schematics of the simulation circuits: (a)  proposed Vth measurement method; (b) Vth measurement 

method from the datasheet of SCT3060AL 

 

Fig. 5-4 Simulation results: (a)  proposed Vth measurement method; (b)  Vth measurement method from the 

datasheet of SCT3060AL 

In the datasheet, the threshold voltage is defined as the gate voltage when drain current reaches 

6.67mA under 10V drain-source voltage. In comparison, the proposed measurement method 

should be the gate voltage when the constant gate current is 6.67mA and the drain terminal is 

shorted with the gate terminal. The schematics of the simulation circuits are illustrated in Fig. 

5-3, and the simulation results are presented in Fig. 5-4. In the proposed Vth measurement 

method, a step current (IG1) with a value of 6.67mA is generated and flows through drain and 

source while drain and gate terminals are shorted. Fig. 5-4(a) presents the simulation results of 

the proposed measurement method: the top waveform is the generated current IG1, whose 
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magnitude jumps at 6.67mA after 5us. The corresponding gate voltage signal is demonstrated 

in the bottom waveform (VM1), showing that the measured threshold voltage is 4.56V. In the 

Vth measurement method from datasheet shown in Fig. 5-3(b), a slope gate voltage is generated 

ranging from 3V to 5V after 10us, 10V bias drain-source voltage is applied and the drain current 

is monitored. When the drain current reaches 6.67mA, the corresponding gate voltage is 

obtained as the threshold voltage. As shown in Fig. 5-4(b), the top waveform reflects the drain 

current (AM1), while the bottom waveform (VG1) is the generated slope gate voltage. It is 

shown that when the drain current reaches 6.93mA, the corresponding gate voltage is 4.55V, 

which is almost the same as the proposed Vth measurement method. Therefore, it is verified that  

the proposed Vth measurement method can be used as it presents nearly the same result for Vth 

when using the conventional measurement method described in datasheet of SCT3060AL. 

Moreover, the advantage of the proposed Vth measurement method is obvious in the simulation: 

both the gate voltage and drain current stay constant in the proposed measurement method, 

whereas both the gate voltage and drain current vary in large ranges in the conventional 

measurement method from datasheet. Even in the simulation, it is hard to capture the accurate 

time at which the drain current reaches 6.67mA. In practice, the requirement for the bandwidth 

of sampling circuit is relatively high to improve the accuracy of the measurement. In contrast, 

the proposed method provides a steady state where both the drain current and gate voltage are 

constant, making it much easier to extract data. 

5.1.3. Experiment Verification 

Experiments are conducted to verify the effectiveness of the measuring mode. The diagram of 

the experiment circuit is illustrated in Fig. 5-5. The drain(D) and gate(G) terminals of the device 

under test (DUT) are shorted through a wire. A step signal is programmed and stored in the DSP 

controller. The signal is transferred to the digital to analog converter (DAC) via SPI 

communication. The signal generated by the DAC is the input to the proposed current-

controlled gate driver, producing a step current as the output of the gate driver.  
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Fig. 5-5 Diagram of the experimental circuit to verify the measuring mode of the proposed Vth measurement 

method 

In order to evaluate the measurement results under different drain current, the magnitude of the 

output step current ranges from 25mA to 200mA. An example of the experimental waveforms 

is shown in Fig. 5-6. The top waveform is the generated gate current Igs, while the bottom 

waveform is the corresponding gate voltage Vgs. The gate current is a step signal starting at 12us 

with a magnitude of 25mA. As expected, the gate voltage starts increasing at 12us and stays in 

a steady state at 4.00V. The gate voltage in the steady state is regarded as the measured Vth. The 

temperature condition of the experiment is 25oC. The measured Vth (4.00V) is different from 

the simulated Vth (4.56V) proposed in Fig. 5-4, both 4.00V and 4.56V are reasonable values as 

they are within the range at 25oC (2.7V to 5.6V) proposed in the datasheet of SCT3060.  

 

Fig. 5-6 Experimental waveforms of the proposed Vth measurement method 
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the test condition is different. The relation between the measured Vth and the input Igs at 25oC. 

is presented in Fig. 5-7. It is verified that in the proposed measurement method, the measured 

result increases with a higher current. The following of the sections presents that the measured 

Vth shift is not influenced by the input Igs. 

 

Fig. 5-7 Relation between the measured Vth and the input Igs  

Vth shift introduced due to the gate stress. In this experiment, 30V gate voltage is applied on the 

gate of the MOSFET for 2 hours to generate the gate stress. 30V is higher than the recommanded 

operation gate voltage, which helps to accelerate the process, otherwise the shift is very small 

and is difficult to be observed. After stressed under 30V gate voltage for 2 hours, the MOSFET 

is measured again with the same method shown in Fig. 5-7. The measured Vth after the gate 

stress is illustrated in Fig. 5-8. It is shown that the measured Vth shifts positively after the gate 

stress. No matter what current value (from 25mA to 200mA) is used for the measurement, it is 

shown that the measured Vth shift is between 0.22V and 0.25V. The increase of the measured 

Vth at different gate current is demonstrated in Fig. 5-9. It is shown that the maximum Vth shift 

is 0.25V when Igs is 0.16A, while the minimum Vth shift is 0.22 when Igs is 0.14A. The difference 

is less than 0.03V, which means Vth shift can be regarded as unchanged when different current 

is used in the experiment. Therefore, it is verified that the proposed Vth measurement method 

can be used for the evaluation of Vth shift, and the current used for measuring Vth can be any 

value under 200mA. 
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After gate stress

Before gate stress

 

Fig. 5-8 Relation between the measured Vth and the input Igs after the gate stress 

< 0.03V

 

Fig. 5-9 Vth shift at different gate current  

5.1.4. Application of the Proposed Method on the Conventional Gate Driver 

It is demonstrated in section 5.1.3 that the requirement of the proposed Vth measurement method 

is a constant current flowing though the drain and source of the MOSFET. The exact value of 

the small current is not important for the evaluation of Vth shift. Therefore, the proposed Vth 

measurement method can be easily applied to the conventional gate driver. 

It is shown in Fig. 5-10 the diagram of the proposed Vth measurement method on the 

conventional gate driver. A relay controlled by the DSP controller is used to switch between the 

operating mode and the measuring mode. A gate resistor Rg is used to control the switching 

transient of the DUT, while another resistor Rmeasure is applied for the measurement. It is worth 

noting that the value of Rg is relatively small, usually less than 20Ω. Meanwhile, the value of 

Rmeasure is much larger, 10kΩ is used to generate the small drain current for Vth measurement. 
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When the DUT is working in operating mode, the output of GPIO0 is kept at a low voltage 

(GPIO0 = 0), conducting the path of Rg.  

 

Fig. 5-10 Diagram of the proposed Vth measurement method on the conventional gate driver 

The conventional gate driver generates a voltage signal following the GPIO1 of the controller. 

Rmeasure and Rg are paralleled to conduct the gate current. Considering that Rmeasure >> Rg, the 

influence of Rmeasure can be neglected. In that condition, the DUT can be turned on and off 

normally following the output of the DSP controller. When the DUT is working in the 

measuring mode, GPIO0 is pulled up at a high voltage, triggering the relay to conduct the other 

path connecting the drain and the gate terminals of the DUT. Rg is cut off from the gate in the 

measuring mode. In that case, GPIO1 outputs a step signal. The gate is slowly charged via 

Rmeasure, introducing the increase of the gate voltage. When the gate voltage reaches the 

threshold voltage, the current starts to flow through the drain and sources. Therefore, the DUT 

stays at a steady state, where the gate voltage remains at the threshold voltage while the drain 

current is limited by Rmeasure at a constant value. According to the analysis in section 5.1.3, the 

exact value of the drain current has no influence on the results of Vth shift. Therefore, the 
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proposed Vth measurement method can be applied to the conventional gate driver. It is worth 

noting that a large resistor Rmeasure is used due to two reasons. Firstly, the low current can reduce 

the self-heating effect of the device, in case that the measurement result is influenced by the 

junction temperature. Moreover, the low current can reduce the influence of Vth shift on the 

generated drain current. For example, the output of the gate driver is 0V to 20V, the threshold 

voltage of the DUT is 5V. In the condition that Rmeasure =10kΩ, the drain current flowing through 

the DUT in measuring mode is 1.5mA. When Vth shifts to 6V, the corresponding drain current 

is 1.4mA. There is a difference of 0.1mA in the drain current, which can be neglected. This 

difference will be enlarged if a lower value resistor is used. Therefore, the resistor used in the 

measuring mode is required to be large. 

5.2. Gate Stress Times on Vth Shift 

5.2.1. Vth Shift Mechanism 

Vth shift is generally regarded as the results of gate charges trapped in the gate oxide defects. 

The structure of MOSFET is shown in Fig. 5-11(a) without applying gate bias. When a positive 

gate bias (Vgs) is applied across the gate and source terminals and Vgs is higher than Vth, the 

inversion layer is formed beneath the gate oxide as shown in Fig. 5-11(b). The zoomed-in 

structure of the inversion layer is demonstrated in Fig. 5-11(c). Inversion layer is formed by 

electrons gathering beneath the gate oxide due to the gate bias voltage. The gate charges can be 

determined by the gate voltage 𝑄𝑔 = 𝑉𝑔𝑠 ⋅ 𝐶𝑂𝑋, where COX is the gate capacitance. After the 

stress time ts, some of the electrons are trapped by the defects inside the oxide, as shown in Fig. 

5-11(d). These trapped charges can no longer move from source to drain. However, the number 

of charges to form the inversion layer is not changed. Therefore, more charges are needed to 

conduct the same current, resulting in the positive shift of Vth. The shift of Vth represents the 

number of charges trapped inside the oxide. The negative Vth shift is a similar process when the 

electrons inside the defects of the oxide are dragged out under negative gate bias[91], [92]. The 

shift of Vth may introduce the breakdown of the gate oxide. When more charges are trapped 

inside the gate oxide, the electrical field in the gate oxide increases as the distance is narrowed 

between the gate terminal and the electrons. Therefore, the estimation of Vth shift is an important 
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parameter to reflect the health condition of the MOSFET. 

 

Fig. 5-11 Vth shift mechanism: (a) MOSFET structure; (b) Formation of inversion layer; (c) Structure of 

inversion layer; (d) Trapped charges in oxide 

5.2.2. Experimental Results 

The shift of Vth is considered to have the potential to indicate the health condition of the 

MOSFET. The relation between the Vth shift and the gate stress time is investigated using the 

proposed Vth measurement method. The diagram of the experimental circuit is shown in Fig. 

5-10. It is worth noting that the constant gate voltage is applied instead of a PWM signal to 

accelerate the process. The output of the gate driver is maintained at 20V throughout the tests, 

which is the suggested gate voltage from the datasheet. The value of the resistor is 20kΩ. The 

diagram of the experimental signal sequence is presented in Fig. 5-33. The 20V gate voltage is 

applied when GPIO0 = 0 for a certain period, while Vth is measured when GPIO0 = 1. 

Considering that Vth shifts faster at the beginning of the gate stress and gets slower thereafter, 

the gate stress period increases from 5 seconds per sample point to 1 hour per sample point. 

The total gate stress time is 5 hours 13 minutes (19580 seconds), while Vth is measured at the 

following time: 0.1s, 5s, 10s, 15s, 20s, 30s, 40s, 50s, 60s, 70s, 80s, 140s, 200s, 260s, 320s, 380s, 
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680s, 980s, 1280s, 1580s, 3380s, 5180s, 6980s, 8780s, 12380s, 15980s and 19580s. The 

measuring period is 2.2us, which is negligible compared with the gate stress period. An example 

of the gate voltage waveform in the measuring mode is illustrated in Fig. 5-13.  

 

Fig. 5-12 Diagram of the experimental signal sequence 

 

Fig. 5-13 An example of the gate voltage waveform in the measuring mode 

 

Fig. 5-14 Experimental results of Vth shift vs gate stress time under the gate stress of 20V constant gate voltage 

As shown in Fig. 5-14, the experimental results of 4 MOSFETs under 20V DC gate stress are 

illustrated. A linear relationship is demonstrated between Vth shift and the logarithm of the gate 
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stress time for all the devices under tests. The quantitative relationship is generated using the 

curve fitting tool, as shown below: 

 𝑉𝑡ℎ1 = 0.056 ⋅ lg 𝑡 + 4.326 (5.1)  

 𝑉𝑡ℎ2 = 0.046 ⋅ lg 𝑡 + 4.106 (5.2)  

 𝑉𝑡ℎ3 = 0.074 ⋅ lg 𝑡 + 3.824  (5.3)  

 𝑉𝑡ℎ4 = 0.080 ⋅ lg 𝑡 + 4.310 (5.4)  

where Vth1 to Vth4 are the threshold voltages of the 4 devices under tests respectively and t is the 

gate stress time. It is shown that different MOSFETs present different slope rates ranging from 

0.046V/s to 0.080V/s, and different starting points ranging from 3.824V to 4.326V. However, 

all the devices demonstrate a linear increase of Vth with the logarithm of gate stress time. 

Therefore, it is verified that Vth shift can be used to estimate the stressed time of a MOSFET. 

In addition to the constant 20V gate stress, switching gate stress between 20V and 0V is also 

tested. The signal sequence for the switching gate stress test is presented in Fig. 5-15. The 

switching frequency of the gate voltage is 50kHz in the gate stress period, while the duty cycle 

is 50%. The measuring period is the same as the constant gate stress test: the measuring period 

is 2.2us, which is negligible compared with the gate stress period. 

Switching gate stress period

Time
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Fig. 5-15 Diagram of the experimental sequence for switching gate stress test 

The experimental results of the switching gate stress on 4 MOSFETs are presented in Fig. 5-16. 

It is shown that the 4 curves have a similar behaviour compared to the previous experiment. 

However, the absolute value of Vth shift under switching gate stress is lower than the results 
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under constant switching gate stress. In addition, the slope rate is also lower. Curve fitting tool 

is applied to the results under switching gate stress for quantitative analysis. The fitted Vth shift 

models of the 4 devices are presented below:  

 𝑉𝑡ℎ1 = 0.018 ⋅ lg 𝑡 + 4.162 (5.5)  

 𝑉𝑡ℎ2 = 0.036 ⋅ lg 𝑡 + 3.744 (5.6)  

 𝑉𝑡ℎ3 = 0.032 ⋅ lg 𝑡 + 3.558 (5.7)  

 𝑉𝑡ℎ4 = 0.044 ⋅ lg 𝑡 + 4.066 (5.8)  

MOSFET1

MOSFET2

MOSFET3

MOSFET4

 

Fig. 5-16 Experimental results of Vth shift vs gate stress time under the gate stress of switching gate voltage 

It is shown from the equations that the slope rates of all the devices are lower than the 

corresponding slope rates under constant gate stress. It can be concluded that the Vth shift 

follows a linear relationship with the logarithm of the gate stress time. Furthermore, the value 

of the slope rate in Fig. 5-16 is around half the value of the slope rate in Fig. 5-14, which means 

Vth shifts faster under constant gate voltage than under switching gate voltage. 

5.3. Vth Shift in Short Gate Stress Time 
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5.3.1. Phenomenon of Vth Shift in Short Gate Stress Time  

The experiments presented in section Error! Reference source not found. are the Vth shifts a

fter a period of gate stress, which range from 0.1s to more than 5 hours. For shorter time scale, 

the method mentioned above cannot be applied, because it requires an actuation time to switch 

the current path. However, a phenomenon of Vth shift can be observed in short gate stress time 

with the proposed current-controlled gate driver. I look into this phenomenon because it has 

never been discussed in publications, moreover, this phenomenon can be used for temperature 

estimation, which is discussed in 5.4. 

The proposed current-controlled gate driver is used to generate a constant gate current for the 

experiment. It is illustrated in section 5.1 that the programmed constant current charges the gate 

capacitance before Vgs reaches Vth in the measuring mode. Therefore, it is expected that the 

waveform of Vgs consists of 2 parts in the measuring mode: 1) the gate voltage increases at a 

constant speed charging the gate capacitance; 2) the gate voltage remains constant at Vth. The 

conceptual Vgs waveform in measuring mode is illustrated in Fig. 5-17. 

 

Fig. 5-17 Conceptual Vgs waveforms in measuring mode 
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Fig. 5-18 Experimental waveform of Vgs in the condition of 25mA drain current and 50oC 

The simulation shown in Fig. 5-4(a) verifies the analysis that the constant current stays constant 

after charging the gate capacitance. However, the experiment waveforms demonstrate 

differences from the expectation. 

Fig. 5-18 illustrates the experimental waveform of Vgs, showing an additional slow increase 

period in addition to the fast  linear increase period. This slow increase period is not expected 

from traditional analysis and the simulation model. Fig. 5-18 shows that the fast linear increase 

period ends at 12.1us. After this time Vgs keeps increasing. It is worth noting that this 

phenomenon is in the time scale of microseconds. The shift of Vth in such a short time scale is 

not investigated in existing publications[58] [99] [95].  

Another phenomenon can also verify that  Vth shift happens at much faster timescales . Fig. 5-

18 shows the turn-on Vgs waveform for a conventional gate driver. It is demonstrated that the 

Miller plateau is not flat but increases slightly. Comparing the practical results with the 

simulation waveform shown in Fig. 5-20, it is obvious that the Miller plateau in the simulation 

is flat while the experimental waveform presents an increasing Miller plateau. The increasing 

Miller plateau is proposed to be introduced by Vth shift in short gate stress time, which means 
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Zoom in
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means that the Vth shift occurs in every switching transient, but its effect is not considered in 

traditional analysis and simulations models. The influence of this phenomenon is not clear yet, 

but this phenomenon can be used as a new TSEP as discussed in 5.4. 

 

Fig. 5-19 Experiment waveform of Vgs during turn-on transient  

 

Fig. 5-20 Simulation waveform of Vgs during turn-on transient 

5.3.2. Modelling of Short Time Vth Shift 

The slow increase period in Fig. 5-18 is modelled using curve fitting tool in this subsection. 

The waveform of Vgs in this period is selected and demonstrated in linear time axis and 

logarithm time axis respectively (Fig. 5-21). A linear relationship can be observed in Fig. 5-21(b) 

between Vgs and the logarithm time axis before 1us.  
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Fig. 5-21 Experiment waveform of Vgs in the slow increase period: (a) linear time axis; (b) logarithm time axis 

The quantitative relationship can be analyzed using the curve fitting tool. The curve fitting 

result is illustrated in Fig. 5-22 as the red waveform shows. The mathematical equation is 

presented as below: 

 𝑉𝑡ℎ = 0.184 ⋅ ln 𝑡 + 7.002 (5.9)  

 

Fig. 5-22 Curve fitting result of Vgs in the slow increase period: (a) linear time axis; (b) logarithm time axis 

Fig. 5-22 demonstrates the curve fitting results of the proposed logarithm model. The blue 

waveform is the measured Vgs, while the red curve is the calculated mathematic relation between 

Vth and the gate stress time. It is shown that in the first 1us Vth shifts , the logarithm model can 

be used to describe the short time shift of Vth under the gate stress. 
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Comparing the short-time Vth shift model in (5-9) with the long-time Vth shift model in (5-1), it 

is found that the slope rate of the short-time Vth shift is much higher than the long-time Vth shift 

model (0.184 >> 0.056). In addition, the shift of Vth in the first 1us is more than 0.6V, while the 

shift is less than 0.3V in the next 5 hours. It is worth noting that the measured short-time Vth 

shift is under the gate stress of 4.5V, which is much lower than the gate stress applied in the 

long-time Vth shift test.  

5.3.3. Modification of MOSFET Pspice Model Considering Short Time Vth Shift 

It is stated in section 5.3 that the provided Pspice model of the device under test has not included 

the effect of Vth shift, which introducing the difference in the simulation results, as shown in 

Fig. 5-19 and Fig. 5-20. In this subsection, the Pspice model of the MOSFET is modified to 

take the Vth shift effect into consideration, showing closer simulation waveforms to the 

experimental result.  

 

Fig. 5-23 Equivalent circuit of the MOSFET Pspice model 
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Fig. 5-24 Modified equivalent circuit of the MOSFET Pspice model considering short time Vth shift 

The equivalent circuit of the MOSFET can be built based on the code of Pspice model. Fig. 5-

23 demonstrates the original Pspice model. The left part of the circuit is to simulate the output 

characteristics of the MOSFET, while the right circuit is to simulate the control of the gate 

signal. In order to include the short time Vth shift effect into the model, an additional controlled 

voltage source is used to add a logarithm voltage to the existing circuit as shown VS1 in Fig. 5-

24. The logarithm increase on gate voltage is therefore presented in the turn on transient. 

Simulation is conducted under the same condition as in Fig. 5-20. The comparison of the 

simulation results is presented in Fig. 5-25. It is shown that the modified Pspice model presents 

the slow increasing Miller plateau as the experimental results. The detailed Pspice code for the 

original model and the modified model can be found in Appendix II and Appendix III. 

 

Fig. 5-25 Comparison of the simulation results after the modification of the Pspice model 
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5.3.4. Double-layer Trap Model 

A double-layer trap model is proposed in this section to explain the short-time Vth shift and 

long-time Vth shift phenomenon shown in Fig. 5-26. The defects inside the gate oxide consists 

of 2 parts: the interface defects and the deep inside defects. The interface defects distribute near 

the interface of the inversion layer and the gate oxide; the deep inside defects is further away 

from the inversion layer. The short-time Vth shift occurs within the interface defects, while the 

long-time Vth shift is caused by the deep defects. The higher density of the interface defects and 

the shorter distance from inversion layer make it easier for the charges in the inversion layer to 

be trapped by the interface defects. Therefore, the short-time Vth shift demonstrates higher speed 

and larger shifts. In contrast, the density of the deep defects is relatively lower, and the distance 

of these defects is further away from the charges in the inversion layer. These facts result in the 

lower slope rate of the long-time Vth shift. 

Gate
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Oxide

Interface trap layer

Deep trap layer

Defects

 

Fig. 5-26 Double-layer trap model for Vth shift 

Considering that the speed of the interface trap effect is much higher than deep trap, the Vth shift 

process is regarded to be made up of 2 parts: the first process is the interface trap, which happens 

within the first microsecond. The interface defects are fully occupied before the deep defects 

start to trap charges from the inversion layer. Both the interface trap and the deep trap follow a 

linear relationship with the logarithm of the gate stress time. However, the slope rate for the 

interface trap is much higher than the deep trap, making it easier for the interface defects to trap 

and release the charges from inversion layer. The interface defects trap the charges in every 

turn-on period, while they release them in every turn-off period.  
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From the double-layer model, the followings are expected: 1. Only the deep trap effect can be 

used to evaluate the health condition of the gate oxide. The Vth shift discussed in all the 

publications refers to the long-time Vth shift. 2. The measurement of  Vth shift should be 

conducted after the interface trap period, otherwise the measured Vth would be lower if the 

interface defects are not fully occupied. 3. The interface trap effect is only influenced by the 

electrical field across the interface, and not influenced by the deep trap effect. 

5.3.5. Impact Factor of the Short-time Vth Shift 

Experiments are conducted in this subsection to investigate the impact factor of the short-time 

Vth shift. The logarithm model in section 5.3.2 is used to evaluate the influence of the generated 

gate current, the temperature and the gate stress. 

A. Short-time Vth Shift vs Gate Current 

Fig. 5-27 illustrates the influence of the gate current on the electrical filed in the gate oxide. 

The higher generated gate current results in more electrons gathered in the inversion layer. 

These extra charges increase both the measured Vth and the electrical field. Considering that 

higher electrical field accelerates the interface trap effect, the slope rate of the short-time Vth 

shift model  is expected to increase along with the generated gate current.  
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Fig. 5-27 Influence of gate current on the electrical field in the gate oxide 

The diagram of this experiment is the same as shown in Fig. 5-5. The magnitude of the 

generated step signal of gate current is increasing from 25mA to 70mA. The process of the 
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short-time Vth shift is evaluated by the slope rate of the Vth shift and the logarithm of the gate 

stress time, as shown in Fig. 5-22(b). The temperature is kept at 25oC in all the measurement. 

The relation of the slope and the magnitude of the gate current is illustrated in Fig. 5-28. The 

positive correlation verifies the analysis based on the proposed model. It is worth noting that 

the measured Vth after the short time shift period rises from 4.15V to 4.64V along with the 

increase of the generated gate current. 

 

Fig. 5-28 Relation between the slope of the short-time Vth shift and the gate current 

B. Short-time Vth Shift vs Temperature 

Fig. 5-29 presents the influence of the temperature on the electrical field in the gate oxide. In 

the condition of higher temperature, the electrons required for inversion layer are less than 

lower temperature[111]. The decrease of the charges in the inversion layer reduces the electrical 

filed. Therefore, it is expected that the slope rate of the short-time Vth shift is reduced in higher 

temperature. 
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Fig. 5-29 Influence of temperature on the electrical field in the gate oxide 
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Experiments are conducted under different temperature to verify the above analysis. The gate 

current used in the measurement is 70mA. The gate voltage waveforms in different temperature 

of the device under test are captured and evaluated using the logarithm model. It is presented 

in Fig. 5-30 the relation between the slope of the short-time Vth shift and the temperature. The 

negative correlation verified the analysis based on the proposed model. It is worth noting that 

the measured Vth after short time shift period is reduced from 4.64V to 4.11V along with the 

increase of temperature. 

 

Fig. 5-30 Relation between the slope of the short-time Vth shift and the temperature 

C. Short-time Vth Shift vs Gate Stress 

Fig. 5-31 presents the influence of gate stress on the electrical field in the gate oxide. The gate 

stress results in extra charges deep inside the gate oxide, introducing the shift of Vth and 

additional electrical field deep inside the gate oxide. However, this additional electrical field 

has no influence on the interface trap effect. Therefore, it is expected that the short-time Vth 

shift process is the same after the gate stress. 
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Fig. 5-31 Influence of gate stress on the electrical field in the gate oxide 

Experiments are conducted on the device under tests with three different gate stress condition. 

Firstly, the gate waveform is captured before the gate stress is applied. Secondly, the device is 

stressed under 30V for 2 hours before the test is conducted. Finally, an additional 5 hours gate 

stress is applied. The temperature is maintained at 50oC for all tests, and the gate current is also 

kept at 70mA. The corresponding slope of the short-time Vth shift is calculated and illustrated 

in Fig. 5-32. The variation of the slope is within 0.01 when the Vth increases from 4.45V to 

4.70V. It is verified that the gate stress has significant influence on the long-time Vth shift, while 

it has negligible impact on the short-time Vth shift. 

 

Fig. 5-32 Relation between the slope of the short-time Vth shift and the gate stress time 

5.4. Methods to Decouple the Influence of Temperature on Vth shift 

The section above shows that Vth can indicate failures in the gate oxide and can measure the 

chip temperature. However, both impacts are coupled with each other and is therefore an 

inevitable hindrance for the evaluation of Vth shift or measuring the chip temperature. This 
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section demonstrates two methods to decouple the influence of temperature on Vth shift. It is 

worth noting that all of the common TSEPs are influenced by Vth, including the on-state 

resistance (Ron), the Miller plateau voltage (VMiller), the turn-on delay time (tdon), etc. Therefore, 

the influence of gate stress on Vth would results in measurement error in all TSEPs. Considering 

that a correct TSEP measurement is important for the health monitoring of the MOSFET, the 

methods to decouple the influence of temperature and the influence of gate stress on Vth is 

highly demanded. 

5.4.1. Short-time Vth Shift Slope 

According to the experimental results shown in section 5.3.5, the slope of the short-time Vth 

shift has a linear relationship with temperature, presenting the potential to be used as an 

indicator for temperature. Moreover, the slope is not influenced by the gate stress, making it a 

perfect candidate for decoupling the influence of temperature and gate stress. 

5.4.2. Channel Mobility 

According to the working principle of MOSFETs, the relationship between the gate voltage and 

the drain current in saturation region can be described as below: 

 𝐼𝑑 = 𝐾(𝑉𝑔𝑠 − 𝑉𝑡ℎ)2 (5.10)  

where 𝐾 =
𝜇𝑛𝐶𝑂𝑋𝑊

2𝐿
, µn is the mobility of electrons in the channel, Cox is the capacitance of the 

gate oxide, W is the channel width, L is the channel length, and Vth is the threshold voltage. 

Using the proposed Vth measurement method in section 5.1, the corresponding Vgs under 

different Id can be measured. The curve fitting tool can be used to estimate the parameters K 

and Vth. Considering that Cox,W and L can all be regarded as constants, parameter K is only 

influenced by µn. Meanwhile, µn is only influenced by temperature, independent from the gate 

stress. Therefore, K can be used as a new TSEP to estimate the temperature. 

The following steps are conducted to verify the proposed analysis: 

1. Vth measurement experiments are conducted using the method demonstrated in 5.1, 
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different constant currents are used ranging from 20mA to 200mA. 

2. The relationship between the measured Vgs and Id is plotted. 

3. The curve fitting tool is used to describe the mathematic relationship between Vgs and 

ID with 2nd order polynomial equation. 

4. The results of the calculated K and Vth are recorded. 

5. The steps are repeated under different temperature: 50oC, 75oC, 100oC, 125oC. 

6. The steps are repeated after the MOSFET is stressed with 30V gate voltage for 2 hours. 

The experiment result of Vgs vs Id is demonstrated in Fig. 5-33, showing that the relation 

between Vgs and Id follows the 2nd order polynomial equation. Moreover, it is illustrated that the 

transconductance curve shifts left under increasing temperature, while it shifts right after the 

gate is biased at 30V for 2 hours. In addition, the parameters K and Vth in (5-10) are calculated 

using the curve fitting tool, whose temperature dependency are plotted as shown in Fig. 5-34. 

It is illustrated that the gate stress has a negligible effect on the parameter K as the two curves 

overlap with each other in Fig. 5-34(a). In contrast, a gap of 1.2V~2.1V is presented after the 

gate is biased under 30V for 2 hours. Therefore, it is verified that K can be used to decouple the 

influence of temperature and gate stress. 

 

Fig. 5-33 Measured Vgs under different Id in the test condition: (a)before the gate stress; (b) after the gate stress 
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Fig. 5-34 Temperature dependency of the parameters before(blue)/after(red) gate stress: (a) K; (b) Vth 

5.5. Applications of the Proposed Method 

The basic requirement for the proposed Vth measurement method is connecting the drain and 

the gate terminal of the device under test. Moreover, the drain current is controlled and 

generated by the gate driver. This means no voltage is applied across the drain and the source, 

and no current from the power circuit flows through the device. However, this is not the normal 

operating form of the MOSFET. This section aims to discuss the feasibility of the proposed Vth 

measurement method in different applications. 

1. Single-switch Topologies 

Typical single-switch topologies include the buck topology and boost topology. During the 

normal operating period of the circuit, the device either conducts high current or block high 

voltage. The proposed method cannot be applied to these topologies if the power supply is 

connected into the circuit. Therefore, the requirement to apply the proposed Vth method is to 

disconnect the power supply and the load to keep off the influence of peripheral circuit.  

2. Full-bridge Topologies 

Full-bridge topologies are widely used in inverters and motor drives. When all four switches 

are turned off, no power can flow through the devices. In that condition, the proposed method 

can be applied. For example, if the device under measurement is S1, S2 will block the high 

voltage from the input. Also, no current can flow through S1 when all devices are turned off. In 

before after before after

(a) K vs temperature (b) Vth vs temperature
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this way, the condition is achieved to short S1 safely. Therefore, the requirement of utilizing the 

proposed Vth measurement method is to switch off all devices during the measurement. 

S1

S2

S3

S4

 

Fig. 5-35 Typical full-bridge topology 

3. Natural Point Clamped (NPC) Topology 

The typical NPC topology is shown in Fig. 5-36, which is widely used in the multi-level 

converters to generate high voltage. The proposed method can be applied to S1 and S4 without 

interrupting the normal operation of the converter. Taking S1 as an example to conduct the 

measurement, it is safe to turn on S1 when the phase current flows through S3 and S4. In that 

case, S2 is turned off, blocking the high voltage from the DC bus bar. The measurement 

introduces no influence on the operation of the converter. Similar measurement can be 

conducted on S4. However, the proposed method cannot be applied to S2 and S3 during the 

operation of the converter. The requirement for conducting measurement on S2 and S3 is the 

same as the full-bridge topology: phase current needs to be zero before this method can be 

applied. 

S1
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S3

S4

 

Fig. 5-36 Typical NPC topology 
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5.6. Discussion on Health Monitoring 

This subsection is intended to link the proposed contents with health monitoring. From 5.2, it 

is presented that Vth shift can be used as an indicator for the health condition of the gate oxide 

of a MOSFET: the longer a MOSFET works under a gate voltage, the more Vth will shift. 

Therefore, a threshold can be set to remind the consumer to replace devices if Vth shifts too 

much. So that the oxide will not break down due to the increasing charges trapped inside. Vth 

can be measured periodically in case it exceeds the threshold. However, Vth is not easy to 

measure with traditional method. To solve the problem, a new method is proposed in 5.1 to 

measure Vth with low cost. Another problem with Vth shift is the influence of temperature. A 

solution to decouple the influence is proposed by using the short-time Vth shift slope. Moreover, 

the channel mobility can also be used to decouple the influence of temperature. These two 

methods are presented in 5.4. Finally, considering that the device is required to be shorted 

during the measurement, different topologies are discussed to apply the method.
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Chapter 6  Conclusion and Future Work 

6.1. Conclusion 

SiC MOSFET has witnessed a rapid development with its potential to achieve high-efficiency, 

high-frequency, high-power-density and high-temperature applications. However, there are 

many problems when replacing Si device with SiC MOSFET. This thesis focuses on two of the 

problems: switching transient oscillation and threshold voltage shift, presenting detailed 

analysis in the switching transient optimization and capturing the threshold voltage shifts. 

A unique current-controlled gate driver has been designed and constructed to help with the two 

above challenges. The proposed gate driver has two key features: 1. The output current of the 

proposed gate driver is fully controlled; 2. The profile of the output current follows the control 

of the programmed input signal. With the proposed gate driver, arbitrary gate currents can be 

generated to achieve switching transient optimization and threshold voltage measurement. The 

structure of the proposed gate driver is discussed and compared with the structure of the 

conventional gate driver, illustrating the advantages of the proposed gate driver over the 

conventional gate driver. The proposed gate driver consists of three functional circuits: isolation 

circuit, signal amplification circuit and signal conversion circuit. Different topologies for each 

function are compared and discussed. After the selection of components, two gate driver circuits 

are constructed. Finally, additional modifications on the topology and the control strategy are 

presented to improve the stability of the gate driver. 

In the analysis of the switching transient optimization, three different gate control strategies are 

discussed, showing that the current-control strategy is a better way to control the switching 

transients because switching waveforms are less dependent on the parasitic inductance in the 

source terminal. Apart from that, detailed analysis on the switching oscillation mechanism is 

demonstrated. The small signal model in each switching period is presented. The oscillation 

source and the impact factors of the oscillation are discussed. Based on the analysis, novel gate 

driving signals are proposed to improve the performance of the turn-on and turn-off transient 

respectively. Finally, double-pulse tests are conducted using the proposed gate driving signals 
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and results are compared with the conventional gate driving signal. It is shown that the proposed 

gate driving signals presents both lower switching loss and lower overshoot in comparison with 

the conventional gate driving method. 

The effect of threshold voltage shift is investigated including long-time Vth shift and short-time 

Vth shift. Firstly, an innovative Vth measurement method using a current-controlled gate driver 

is proposed. In addition, it is shown that the measurement method can also easily be embedded 

in  conventional gate drivers. Next, the relationship between Vth shift and the gate stress time 

is investigated using the proposed measurement method. The logarithm model is used to 

describe the influence of the gate stress time on Vth. Specifically, the short-time Vth shift 

phenomenon is investigated. A double-layer trap model is proposed to explain the short-time 

Vth shift phenomenon. Based on the model, the influences of gate current, temperature and gate 

stress on the short-time Vth shift effect are analyzed. It is found out that the gate stress has 

negligible impact on the short-time Vth shift process, making the slope of the short-time Vth shift 

as a good indicator for temperature measurement (Temperature Sensitive Electric Parameter). 

Finally, the feasibility of conducting the proposed Vth measurement method on different 

topologies is discussed. 

6.2. Future Work 

6.2.1. Improvement on the Proposed Gate Driver 

Limited by the output current of the amplifier and the operating frequency of the controller, the 

maximum output current of the gate driver is lower than 300mA, and the minimum current step 

time interval is 13ns. The low output current of the gate driver limits the switching speed of the 

device, while the large time interval limits the time accuracy of high-speed control. In the future, 

the proposed gate driver can be improved in two ways: firstly, the output current of the gate 

driver can be increased; secondly, the time resolution of the controller can be improved. 

To increase the output current of the gate driver, amplifiers with higher current capability can 

be used to replace THS4631. The output current of THS4631 is 150mA, which is not enough 

to drive a high speed turn on. An example to replace THS4631 is THS3491 from TI. The output 

current of THS3491 is 420mA, which is around 3 times the value of the current amplifier. 
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Beside, the parallel structure can be implemented to further increase the output current. For 

example, the signal conversion circuit (Fig. 3-13) can be duplicated and paralleled to double 

the output current capability of the gate driver. 

To improve the time resolution of the gate driver, higher performance controller and DAC needs 

to be used. For example, the controller can be changed to faster FPGA instead of DSP; the DAC 

can be changed to DAC38RF80 instead of AD9104. In principle, the time resolution can be 

improved from 13ns to 2ns after replacing the control system. 

6.2.2. Switching Transient Optimization 

It is presented in Chapter 4 that the optimized gate driving signals are closely related to the load 

current. However, in the proposed method, the shape of the gate driving signals are pre-

programmed, which means the gate driving signal needs to be re-programmed if the load current 

changes. The complicated process limits the application of the proposed gate driver. 

To extend the application of the proposed gate driver in a wider load current range, the close-

loop control strategy can be implemented. For example, the drain current of the MOSFET is 

sampled and feedback to the controller. The detected drain current is compared with a reference 

value. If the drain current is higher than the reference, the gate current is reduced to a low value. 

Therefore, the time interval of the high gate current can be determined. The gate current signal 

can be automatically controlled by the detected drain current. Moreover, it is also woth 

investigating that which signal is the best for the feedback control. There are 3 possible 

candidates: the drain current (iD), the diode current (iDiode) and the slope of the drain current 

(diD/dt). The effectiveness of the feedback can be compared with the open-loop control method. 

Currently, all the tests are based on the double pulse test platform. In the future, the performance 

of the gate driver can be evaluated in a continuous runing converter, a boost converter for 

example. In principle, the efficiency of the boost converter can be improved due to the reduced 

switching loss. Moreover, the EMI of the boost converter can also be reduced as less ringing is 

introduced if the proposed gate driver is used. The proposed gate driver can also be applied to 

a DC/AC converter, like a moter driver, if the close-loop control strategy is implemented.  
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6.2.3. Threshold Voltage Shift 

The experiment in Chapter 5 is conducted on a single MOSFET, which is not connected into a 

converter. In the future, the proposed method can be applied to a continuous runing converter. 

The discussion presented in Section 5.5 can be verified on the possibility to apply online 

detection of the threshold voltage shift.  

In this work, the MOSFET is stressed under 30V to accelerate the shift process. However, this 

can be question because 30V is much higher than the recommanded value (20V). Therefore, in 

the future work, the relationship between the normal shift process (20V) and the accelerated 

shift process (30V) can be investigated. It is expected that a coefficient K can be derived, which 

indicates that the shift of a MOSFET under 30V for 1 hour equals to its shift under 20V for K 

hours. This parameter can be an indicator for the remain useful time of a MOSFET. 

The MOSFET studied in this work are only stressed for 5 hours, which is far from the life time. 

Longer stress time can be applied to explore the limitation of the gate stress. Moreover, the 

influence of the temperature on the remain useful life of a MOSFET is not investigation in this 

work. It is expected that high temperature reduces the remain useful life. Therefore, the gate 

stress under different temperatures can be applied to a MOSFET to study the thermal impact on 

the gate health condition. 
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Appendix I 

This appendix shows the detailed diagram of the proposed gate driver used in the experiment, 

including the power supply, signal isolation circuit, signal amplification and signal conversion. 

The part number of each component can be found in 3.4.1. 
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Appendix II 

This appendix shows the original code of the Pspice model SCT3060. The equivalent circuit in 

Fig. 5-23 is derived based on the code. 

* SCT3060AL_LT 

* SiC NMOSFET model 

* 650V 39A 60mOhm 

* Model Generated by ROHM 

* All Rights Reserved 

* Commercial Use or Resale Restricted 

* Date: 2018/07/02 

*********************D G S 

.SUBCKT SCT3060AL_LT 1 2 3 

.PARAM T0=25 

.PARAM TEMP=50 

.FUNC R1(I)     {41.36m*I*EXP((TEMP-

T0)/238.2)+21.52u*I*ABS(I)**1.614*EXP((TEMP-T0)/-2464)} 

.FUNC R2(I)     {I*(3.6*(1+TANH(I))/2+2.1*(1-TANH(I))/2)} 

.FUNC V1(I)     {216.3m*ASINH(I/0.06749)*EXP((TEMP-T0)/-422.0)+ 

+                670.1m*ASINH(I/1.918)*EXP((TEMP-T0)/-

2874)+40.27m*I*EXP((TEMP-T0)/462.8)} 

.FUNC V2(V)     {77.46f*V**(16.18*EXP((TEMP-T0)/4501))*EXP((TEMP-

T0)/37.82*EXP((TEMP-T0)/-1787))} 

.FUNC V3(V)     {57.62*SINH(V/57.62)} 

.FUNC I1(V,W)   {V3(V)*(1+2.993*(TANH((V3(V)-18.71)/23.25)+1)*EXP((TEMP-

T0)/-155.4)/10)* 

+                W/(ABS(W)+2.993*(TANH((V3(V)-18.71)/23.25)+1)*EXP((TEMP-

T0)/-155.4))} 

.FUNC C1(U,V,W) {(281.7*V+707.5*(1-W/1.094)**-

0.4356)*(0.1472*TANH((U+7.331)/2.400)+0.8528)} 

V1  1 11 0 

E1 11 12 VALUE={R1(I(V1))} 

V2  2 21 0 

E2 21 22 VALUE={R2(I(V2))} 

L1  3 32 6.5n 

R2  3 32 10 

E6 41  0 VALUE={MIN(MAX(V(22,32),0),22)} 

V6 41 42 0 

E7 42 43 VALUE={V1(I(V6))} 

G6 43  0 VALUE={MIN(MAX(V2(MAX(V(43),0)),-300),300)} 

C6 43  0 1p 

R6 43  0 1T 
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G1 12 32 VALUE={MIN(MAX(I1(MAX(I(V6),0),V(12,32)),-200),200)} 

C7 12 32 1p 

R3 12 32 1T 

V3 22 23 0 

C1 23 12 1p 

G2 22 12 

VALUE={I(V3)*C1(V(22,12),MIN(MAX(V(22,12),0),1.84),MIN(V(22,12),0))} 

C2 22 32 748.7p 

R4 22  3 1G 

********* ********* ********* ********* ********* ********* ********* 

********* ********* ********* ********* 

.FUNC R11(I)   {80.63m*ASINH(I/0.3144)*EXP((TEMP-

T0)/222.7)+61.10m*I*EXP((TEMP-T0)/714.6)} 

.FUNC I11(V)   {50.45n*(EXP(V/0.1059/EXP((TEMP-T0)/-305.0))-1)*EXP((TEMP-

T0)/-67.34*EXP((TEMP-T0)/944.7))- 

+               1u*TANH(-V/0.1)*EXP((TEMP-T0)/180.3)-231.9E-21*(EXP(-V/25)-

1)*EXP((TEMP-T0)/-200)} 

.FUNC C11(V,W) {382.3*(V-1.127)+602.0*(1-W/2.255)**-0.5046} 

V11 32 51 0 

E11 51 52 VALUE={R11(I(V11))} 

V12 52 53 0 

C11 53  1 1p 

G11 52  1 VALUE={MIN(MAX(I11(V(52,1)),-

200),200)+I(V12)*C11(MAX(V(52,1),1.127),MIN(V(52,1),1.127))} 

R11 52  1 1T 

.ENDS SCT3060AL_LT 
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Appendix III 

This appendix shows the modified code of the Pspice model SCT3060 to include the influence 

of short time Vth shift. The modification can be found at the comment “original code” and 

“changes to” below: 

* SCT3060AL_LT 

* SiC NMOSFET model 

* 650V 39A 60mOhm 

* Model Generated by ROHM 

* All Rights Reserved 

* Commercial Use or Resale Restricted 

* Date: 2018/07/02 

*********************D G S 

.SUBCKT SCT3060AL_LT 1 2 3 

.PARAM T0=25 

.PARAM TEMP=50 

.FUNC R1(I)     {41.36m*I*EXP((TEMP-

T0)/238.2)+21.52u*I*ABS(I)**1.614*EXP((TEMP-T0)/-2464)} 

.FUNC R2(I)     {I*(3.6*(1+TANH(I))/2+2.1*(1-TANH(I))/2)} 

.FUNC V1(I)     {216.3m*ASINH(I/0.06749)*EXP((TEMP-T0)/-422.0)+ 

+                670.1m*ASINH(I/1.918)*EXP((TEMP-T0)/-

2874)+40.27m*I*EXP((TEMP-T0)/462.8)} 

.FUNC V2(V)     {77.46f*V**(16.18*EXP((TEMP-T0)/4501))*EXP((TEMP-

T0)/37.82*EXP((TEMP-T0)/-1787))} 

.FUNC V3(V)     {57.62*SINH(V/57.62)} 

.FUNC I1(V,W)   {V3(V)*(1+2.993*(TANH((V3(V)-18.71)/23.25)+1)*EXP((TEMP-

T0)/-155.4)/10)* 

+                W/(ABS(W)+2.993*(TANH((V3(V)-18.71)/23.25)+1)*EXP((TEMP-

T0)/-155.4))} 

.FUNC C1(U,V,W) {(281.7*V+707.5*(1-W/1.094)**-

0.4356)*(0.1472*TANH((U+7.331)/2.400)+0.8528)} 

V1  1 11 0 

E1 11 12 VALUE={R1(I(V1))} 

V2  2 21 0 

E2 21 22 VALUE={R2(I(V2))} 

L1  3 32 6.5n 

R2  3 32 10 

 

* *******************Original codes********************** 

* E6 41  0 VALUE={MIN(MAX(V(22,32),0),22)} 

* V6 41 42 0 
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* changes to 

 

E81 72  0 VALUE = {V(22,32)/5} 

C81 72 71 100n 

R81 71  0 1 

 

E6 41  0 VALUE={MIN(MAX(V(22,32),0),22)} 

E8 41 44 VALUE = {V(72,71)} 

V6 44 42 0 

 

 

* ******************************************************* 

 

 

E7 42 43 VALUE={V1(I(V6))} 

G6 43  0 VALUE={MIN(MAX(V2(MAX(V(43),0)),-300),300)} 

C6 43  0 1p 

R6 43  0 1T 

G1 12 32 VALUE={MIN(MAX(I1(MAX(I(V6),0),V(12,32)),-200),200)} 

C7 12 32 1p 

R3 12 32 1T 

V3 22 23 0 

C1 23 12 1p 

G2 22 12 

VALUE={I(V3)*C1(V(22,12),MIN(MAX(V(22,12),0),1.84),MIN(V(22,12),0))} 

C2 22 32 748.7p 

R4 22  3 1G 

********* ********* ********* ********* ********* ********* ********* 

********* ********* ********* ********* 

.FUNC R11(I)   {80.63m*ASINH(I/0.3144)*EXP((TEMP-

T0)/222.7)+61.10m*I*EXP((TEMP-T0)/714.6)} 

.FUNC I11(V)   {50.45n*(EXP(V/0.1059/EXP((TEMP-T0)/-305.0))-1)*EXP((TEMP-

T0)/-67.34*EXP((TEMP-T0)/944.7))- 

+               1u*TANH(-V/0.1)*EXP((TEMP-T0)/180.3)-231.9E-21*(EXP(-V/25)-

1)*EXP((TEMP-T0)/-200)} 

.FUNC C11(V,W) {382.3*(V-1.127)+602.0*(1-W/2.255)**-0.5046} 

V11 32 51 0 

E11 51 52 VALUE={R11(I(V11))} 

V12 52 53 0 

C11 53  1 1p 

G11 52  1 VALUE={MIN(MAX(I11(V(52,1)),-

200),200)+I(V12)*C11(MAX(V(52,1),1.127),MIN(V(52,1),1.127))} 

R11 52  1 1T 

.ENDS SCT3060AL_LT 


