
 

 

ABSTRACT 

KASUNAIDU VECHALAPU. Enabling High Efficiency Medium Voltage Converter for High Speed 

Drives and Other Grid Applications using Low Voltage (LV) and High Voltage (HV) Silicon Carbide 

(SiC) Devices. (Under the direction of Dr. Subhashish Bhattacharya). 

 

The recent development of Wide Band Gap (WBG) devices such as LV SiC MOSFET devices and 

HV SiC devices have opened up the scope of research in medium voltage (MV) applications. This 

dissertation investigates the impact of series connected LV SiC MOSFET devices (such as 1.7 kV 

SiC MOSFETs) and the recently developed HV SiC devices : 10 kV SiC MOSFET, 15 kV SiC 

MOSFET, 15 kV SiC IGBT (2 µm & 5 µm buffer layer), on MV power electronic converters to 

enable (i) MV high ï speed motor drive applications; and (ii) HVDC-MVDC or MVDC-LVDC 

interconnection for DC grid applications. 

The MV voltage source Inverter for high-speed drive applications require DC bus Ó 3.6 kV and 

switching frequency Ó 5 kHz to get AC voltage Ó 2 kV (L-L) with fundamental frequencies Ó 500 Hz. 

To meet the high AC output current requirement for >300 kW load high-speed motor drive 

applications, series connection of low voltage high current 1.7 kV SiC MOSFETs with RC snubber is 

investigated. Design criteria for selection of RC snubber for series connection is explained and a 

methodology to find optimal RC snubber for series connection using experimental characterization is 

presented.  Analytical expressions to determine the rating of snubber resistor and snubber resistor 

losses are presented.  A basic building block  (one phase leg of three phase converter)  with four 

series connected device (per arm of phase-leg) is designed, fabricated, tested in different converter 

configurations (such as Full-bridge and Half-bridge Inverter, DC-DC converter)  for different 

operating conditions. Comparison of series connected 1.7 kV SiC MOSFETs with 6.5 kV Si IGBT is 

presented. The estimated powered density of variable source drive (VSD) section is compared with 

the US-Department of Energy specifications (DOE). 

To evaluate the impact of HV SiC devices in MV power converters, a detailed characterization of 15 

kV SiC MOSFET (two parallel dies per module) and demonstration of a DC-DC boost converter 

(unidirectional and bidirectional configurations) using 15 kV SiC MOSFET in continuous switching 

mode (endurance test) at different operating conditions is presented.  Also, switching characterization 

of 15 kV SiC IGBT module (two parallel dies per module) is presented. Importance of comparing HV 

SiC devices (15 kV SiC MOSFET and 15 kV SiC IGBT) at same ódv/dtô conditions is discussed. The 

comparison of total loss for HV SiC modules (10 kV SiC MOSFET, 15 kV SiC MOSFET, 15 kV SiC 

IGBT) with series connected 1.7 kV SiC MOSFETs is presented. 



 

 

To enable the operation of HV SiC devices in DC-DC soft switching converters for MV/HV 

applications at extremely low dv/dt values, detailed experimental characterization is explored on (i) 

the soft switching of HV SiC devices using external snubber and (ii) series connection of HV SiC 

devices using external snubber. It showed that a low-cost small snubber capacitor across the device 

makes Punch through (PT) devices (15 kV SiC IGBT) behave like non-punch through (NPT) devices. 

Series connection of HV SiC devices has been evaluated with external snubber for four separate 

independent cases: (i) series connection of two 15 kV SiC IGBTs (single die per module, 2µm buffer 

layer) devices; (ii) series connection of two 15 kV SiC IGBTs (two parallel dies per module, 5µm 

buffer layer) devices; (iii) Series connection of two 15 kV SiC MOSFET (two parallel dies per 

module); (iv) Series connection of two 10 kV SiC MOSFET (single die per module) devices. The 

series connection with small snubber will give a significant reduction in ódv/dtô and turn-off losses to 

enable high power density MV DC-DC transformers or DC-DC soft switching converters with 

efficiencies > 98 %. 
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Chapter 1 Introduction 
 

1.1 Motivation 

There are two technology gaps to be addressed for medium voltage (MV) or high voltage (HV) 

applications. First is ñhigh power density MV converters for high-speed motor drives applicationsò 

(as in Fig. 1-1 ). Second is ñefficient MV DC-DC transformers for MVDC to HVDC grid 

applicationsò (as in Fig. 1-2 ). 

      

Fig. 1-1: Minimum system requirements for VSD for high-speed applications [1]  
 

 

Fig. 1-2: DC-DC transformer application in Wind and Other grid -connected applications 

 

One of the Technology gap 

for MV converter for high-

speed drives is efficient 

ñMV semiconductor 

devicesò. 
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With reference to technology development for high-speed MV drives applications, the U.S 

Department of Energy (DOE) estimated that the electric motor drive system consumes nearly 68% of 

total electricity for essential energy handling and material processing and HVAC systems [1]. The 

motor running at fixed speed or without variable speed drive (VSD) can potentially waste 30% to 

80% of energy in mechanical throttles. Therefore, the forecasted energy savings by the deployment of 

variable speed drive (VSD) for MV motors saves significant energy based on the size of the motor, in 

applications such as chemical & petroleum refining industries, natural gas infrastructure and general 

industrial applications as shown in Table 1-1. 

Table 1-1:  Potential energy savings from VSD [1] 

Motor Size Potential Energy Savings    (% of U.S. 
end-use electricity load) 

U.S. industrial motor system 
( >500 HP, all applications) 

1.2% to 3.2 % 

U.S. industrial motor system 
( >1000 HP, all applications) 

0.7% to 1.8 % 

The power and speed range for some of the selected applications are as shown in Table 1-2 [2].  The 

majority of all motors with a rating greater than 500 H.P are medium voltage (> 2 kV) class and will 

require MV drives for operation. However, there is the low adoption of VSD in the medium voltage 

motors using 4.5 kV to 6.5 kV Si IGBT due to low switching frequency (fsw  < 1 kHz), high losses, 

requirement of gearbox to increase the speed and large footprint of VSD system. The high switching 

frequencies are required to generate high fundamental frequency (fm) AC voltages at the motor input 

and hence achieving high speed at the motor output because the speed of the motor is proportional to 

ôfmô. 

Table 1-2: Power ï Speed range for selected applications [2] 

Application Power Speed 
Oil and Gas 3 MW to 15 MW 5000-15000 rpm 

Air Compressor 40 kW to 500 kW 15000-80000 rpm 

Microturbine 30 kW to 400 kW 15000-120000 rpm 

 

The converters for MV drives are either two or three level using 4.5 kV-6.5 kV Si IGBT or complex 

cascaded multilevel converters using low voltage (1.2 -1.7 kV) Si IGBT.   The 4.5 kV to 6.5 kV Si 

IGBTs are highly inefficient if switched above 1 kHz. The cascaded multilevel converter using low 

voltage Si IGBT can be switched at high switching frequencies (10 kHz) but are complex to 

implement and low power density due to larger cables size required for low voltage high current 

operation from each of the building block[3][4]. 
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Therefore, the DOE, academic institutions, and other corporate research centers are focusing on 

developing the MV power converters for next-generation high-speed drives using Wide Band Gap 

(WBG) devices such as Silicon Carbide (SiC) devices. The minimum specifications of MV VSD 

using WBG devices are shown in Fig. 1-1.  

 
Fig. 1-3: Three phase legs of a two-level converter using the series connection of ónô 1.7 kV SiC 

MOSFET devices for MV (>2.0 kV) high- speed drive applications 

 

To realize the MV VSD, the SiC devices are available for both low voltage (1.2-1.7 kV) and medium 

voltage (10 -15 kV) [5][6][7]. These devices can be switched at higher switching frequencies and 

lower losses compared to Si IGBT. The medium voltage SiC devices (> 10 kV) are not commercially 

available for medium voltage high power applications, but available only in research laboratories. It 

has been reported in [7] about the use of 10 kV SiC MOSFET modules for MV high-speed drive 

applications with high switching (fsw = 10-20 kHz) and fundamental frequencies (300-1000 Hz). 

However, the output power from 3-ph converter using 10kV SiC MOSFET modules has been limited 

to 10-20 kW. It is due to low current rating (10A-15A) of 10 kV SiC MOSFET. Also, the design and 

operation of the converter using 10 kV SiC MOSFET is more challenging due to high ódv/dt.' 

Therefore, the converter operation has been limited from 6 kV to 3 kV dc bus at higher switching 

frequencies [8]. Recently, Wolf Speed Inc. has developed high current (240 A), 10 kV SiC MOSFET 

module [9] and they may replace Si-IGBT (4.5 kV, 6.5 kV) in the coming years. However, even if the 

SiC devices of greater than 10 kV are unavailable due to cost or any other reasons, the LV SiC 

devices can be used to realize the MV converter.  The LV SiC devices are already proven for their 

robustness and reliability over the recent years. These are available commercially with high current 
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capability modules. However, to enable MV converter with simple two-level topology, a series 

connection of LV SiC devices is required (as in Fig. 1-3).  

Therefore, one of the focus in this thesis is converter design considerations for series connection of 

1.7 kV SiC MOSFETs using RC snubber to enable MV converter for high-speed drive applications. 

When coming to MV DC-DC transformer, its significant importance has been increased in the recent 

years for the state of the art medium voltage DC grid (MVDC grid as shown in Fig. 1-4), with 

increased penetration of distributed generations such as offshore Wind farms, solar farms and 

efficient power transmission of DC system over the AC system. The typical application of MV DC-

DC transformer is shown in Fig. 1-2, Fig. 1-4 and Fig. 1-5. Reference [10] analyzed different 

configurations of Wind farm based MVDC grids and different configurations of interfacing converter 

topologies (AC-DC, DC-DC, DC-AC) to interconnect wind farm to MVDC collection point. The 

capacity of the Wind farms is 25 MW to 400 MW. Typical AC output voltage of 2 MW to 3 MW 

Wind turbines are  690 V to 1000 V (Vestas 3 MW 90V turbine generates 1000 V [10]). High power 

wind turbines such as the M5000 [11], propose a generator voltage of 3.3 kV (5 MW). If  the 

transformation ratio is high enough so that the turbine output voltage reaches 20-40 kV, only a single 

transformation is used to elevate the voltage to the transmission level of 70 kV-150 kV. If the turbine 

output voltage after the AC-DC stage is below 5 kV, an additional DC/DC transformer is needed [12]. 

One typical topology with two transformation steps (MV DC-DC transformer) is shown in Fig. 1-5.  

However, the efficiency of MW scale DC-DC converters at medium voltage (MV) transmission/ 

distribution level with Silicon-based power semiconductor devices is less than conventional AC 

distribution transformer. The typical efficiency of line frequency (50Hz-60Hz) AC distribution 

transformer is greater 98%. The efficiency of 5 MW to 15 MW  DC-DC transformer with different 

converter topologies using Si IGBT is 92% to 95% [13]. The frequency of DC-DC transformer is 

500 Hz to 1800 Hz [13]. The efficiency of Wind farm will become poor with an increased number of 

power conversion stages from Wind turbine output to MVDC collection point. The total losses of AC 

to DC and DC-DC converter for 40 kV MVDC grid is very high and it is reported to be around 6.5% 

[13] The switching frequency of these converters with Si IGBT or Thyristor are reported to be as low 

as 300 Hz to 1500 Hz [14], therefore very little impact on converter power density. 
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Fig. 1-4: DC-DC transformers applications in  MV DC grid   

 

 

Fig. 1-5: DC-DC Transformer application in MW scale Wind farm with typical input -output voltages 

[12] 
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One of the typical DC-DC transformers is shown in Fig. 1-6 and Fig. 1-7. It has three sections: (i) HV 

side converter; (ii) LV side converter; (iii) high frequency isolation transformer. To increase the 

power density of isolation transformer, the switching frequency has to be high (>10 kHz).  However, 

unlike low voltage transformers, the size of MV transformer does not decrease with increase in 

operating frequency. The size of the MV transformer is also a function of insulating material volume. 

The study shows that the optimal frequency for a high power density of medium frequency 

transformer (MFT) for MV/HV applications is 4 - 6 kHz, for the 33 kV / 1 kV system, 666 kW as 

shown in Fig. 1-8[15][16].  

 Therefore, to realize the DC-DC transformer for MV/HV applications, we do not require 

semiconductor devices with very high switching frequencies (20 kHz-100 kHz) but require with 

medium switching frequencies of up to 4- 10 kHz only for both HV side and LV side of the DC-DC 

transformer.  The 4.5-6.5 kV Si- IGBT devices cannot be used on HV side as their switching 

frequencies are limited to less than 1 kHz. However, LV Si IGBT (1.2-1.7 kV) can be used on the LV 

side, as their switching frequencies are up to 10 kHz. Therefore, the MV or HV SiC devices such as 

10-15 kV can be used on the HV side, and LV side converter could be either with LV Si IGBT or 

with LV SiC MOSFET. The overall DC-DC transformer for MV/HV application using the basic 

building blocks is shown in Fig. 1-6. The three configurations of basic building blocks of a DC-DC 

transformer with Si and SiC devices are shown Fig. 1-7.  

Therefore, the second focus of this thesis is to enable DC-DC transformer for MV/HV application by 

performing (1) the HV SiC devices (10 kV -15 kV) characterization (soft switching and hard 

switching). (2) The series connection of HV SiC devices ( for soft switching applications); (3)  

Estimating their switching frequency limits, converter design considerations using these devices, 

evaluation of losses on HV side using these devices and also the efficiency of the DC-DC transformer 

(for both HV side and LV side). (4) The comparison of HV SiC devices (10-15kV SiC) and a series 

connection of 1.7kV SiC MOSFET devices and Si ïIGBT devices (4.5-6.5 kV) to choose a suitable 

device for MV converter application. 

Based on the previous given reflections and arguments, the objectives of this dissertation are: 

(1) Enable High power density medium voltage (MV) converters for high-speed drives using SiC 

devices (LV and HV)  

(2) Enable efficient DC-DC converters (Isolated soft switching) for MV/HV DC grids and Windfarms 

(HVDC- MVDC) using SiC devices (LV and HV) and Si IGBT (LV). 
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Fig. 1-6: DC-DC transformer for MV/HV application using t he basic building blocks 
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Fig. 1-7: Three configurations of Basic building blocks of DC-DC transformer 
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Fig. 1-8: Variation of MV/HV isolation transformer size with switching frequency [15][16] 

 

1.2 Outline of this Dissertation 

Section 1.1 outlines the motivation of the dissertation and list of basic converter topologies to enable 

MV high-speed drives and DC-DC transformer for  MV - MW scale applications using low voltage 

and high voltage SiC devices (1.2 kV to 1.7 kV low voltage SiC devices, and 10 kV to 15 kV high 

voltage SiC devices).  

Chapter 2 explains in detail the design considerations of series connected low voltage SiC devices 

(1.7 kV SiC MOSFET) to enable medium voltage high power application.   

Chapter 3 explains the detailed switching characterization of 15 kV SiC MOSFET and 15 kV SiC 

IGBT. It covers two different switching characterization double pulse test (DPT) circuit setups and 

how these DPT test circuits will influence the switching loss characterization. It also covers 

demonstration of 15 kV SiC MOSFET in dc-dc boost converter at a full  working voltage (10 kV DC 

output) in continuous switching mode and verification of total losses from heat run test and switching 

characterization. It also introduces the switching loss comparison of 15 kV SiC MOSFET and 15 kV 

SiC IGBT under same dv/dt conditions and comparison of total losses. Finally, switching frequency 

limits of these 15 kV SiC devices and efficiency of different DC-DC converters (hard switching) and 

DC-AC inverter (hard switching) using these devices is presented. 

Chapter 4 compares the high voltage modules (10 kV to 15 kV SiC devices), and series connected 1.7 

kV SiC MOSFETs. 
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Chapter 5 introduces soft switching and series characterization of HV SiC devices (10-15 kV) to 

enable DC-DC transformer for MV/HV applications and presents the efficiency of the DC-DC 

transformer for high power applications. 

Chapter 6  presents the conclusions and future work. 
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Chapter 2 Series Connected Low Voltage SiC devices (1.7 kV SiC 

MOSFETs) to Enable Medium Voltage High-Speed Drives and Other 

Grid-Connected Applications 
 

2.1 Introduction 

The medium voltage (MV) high-speed drives are required for traction, wind energy, marine, 

aerospace, oil, and gas compressors applications. The MV converter must be able to switch at higher 

switching frequencies (> 5 kHz) to generate higher fundamental frequency AC input voltages for the 

motor (Ó 500 Hz) and thereby achieving high speed at the motor output (Ó 15000 rpm).  To develop 

the VSD as in Fig. 1-1, the high-voltage and high-current SiC devices are not commercially available.  

Therefore, to meet the immediate need of MV or HV converter applications and to explore the 

capability of the low voltage SiC devices for medium or high voltage applications, the series 

connection of 1.7 kV/225 A SiC MOSFET modules has been investigated in this chapter.  

In order to reach this objective, it is worth noting that the series connection of multiple devices has 

the following design challenges that must be addressed:  (1) unequal dynamic voltage sharing due to a 

mismatch in device capacitances, wide-spread in turn-off delay time due to external gate drive signals 

and mismatch in device turn-off delays. (2) Unequal static voltage sharing of series connected devices 

due to widespread in device leakage currents among different devices (of identical nominal voltage 

and current ratings). (3) For a series connection of a high number of devices, the connected bus bars 

between devices contribute to additional loop inductance (Ls). This increases the device voltage de-

rating due to óLsϊdi/dtô seen by each device during turn-off [17]. 

Reference [18] demonstrates that the series connected low voltage SiC devices (1.2 kV SiC 

MOSFET) have high current handling capability, better conduction losses and breakdown voltage 

compared to a single high voltage device, but it doesnôt report any optimization of the RC snubber 

design for series connection. The feasibility of 3.6 kV/80 A and 10 kV/200 A power module with 

series and parallel connection of low voltage SiC MOSFET 1200 V/40 A has been reported in 

[19][20]. It uses a single gate driver unit to turn-on and turn-off the devices in series, which results in 

an undesired sequential turn-on/off process. During turn-on/turn-off, the closest device from the gate 

driver unit in the series connection, commutates first and the furthest one will commutate last. 

Therefore, the switching loss distribution in the devices will be unequal. This switching delay will 

increase the effective dead band requirement and hence reduces the switching frequency capability. 

Though they use speeding capacitors in the gate driver to decrease the switching delays between the 
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devices, it does not improve the turn-off process compared to turn-on. In [19], from the experimental 

switching characterization, it is clear that the current measurement does not correspond to the actual 

device current. Hence, true decrease in turn-off losses due to snubber cannot be captured and the total 

savings in switching losses and heat sink size reduction cannot be evaluated. Therefore it is may not 

be an effective method for converter development and real-time applications. 

Dynamic voltage balancing of the series connection of Si semiconductor devices has been done using 

various methods, such as (i) Passive RC or RCD snubber [21]-[26]; (ii) Active clamping and Active 

gate drivers [27]-[29]. Active gate driver method is more complex to implement, and it will be even 

more challenging for closed-loop control of the fast switching SiC devices for dynamic voltage 

balancing. In this work, a RC snubber method has been used to evaluate the series connection of LV 

1.7 kV SiC MOSFETs to enable MV converters (as in Fig. 1-3)).  The static resistance (Rs) and  RC 

snubber (RdCd) are selected to reduce the static and dynamic voltage imbalance across the devices and 

hence to avoid the matching of the devices in the converter design and fabrication. 

This chapter is organized as follows: Section 2.2  presents the static characterization and selection of 

static balancing resistance (Rs). Section 2.3  presents selection procedure of optimum RC snubber 

(RdCd) for series connection of devices. Section 2.4  presents a dynamic characterization of series 

connected 1.7 kV SiC MOSFET devices. Section 2.5 presents the switching losses per device (Esw) 

with RC snubber in series connection. Section 2.6  presents the computation of snubber resistor losses 

(ERd). Section 2.7 presents an experimental demonstration of series connected devices in different 

converter configurations. Section 2.8 presents the efficiency of 3-ph MV VSD for different AC 

voltage (2.1 kV -13.2 kV), Section 2.9 presents the performance comparison of Si ïIGBT and series 

connected 1.7 kV SiC MOSFET devices. Section 2.10  concludes this chapter. 

2.2 Static Characterization and Selection of Static Balancing Resistance (Rs) 

1.7 kV SiC half-bridge modules device leakage tests are done using Tektronix 370A curve tracer at 

1000V and 1200V reverse bias voltages at different junction temperatures (25
0
C to 150

0
C) for a 

handful of devices (eight half-bridge modules /sixteen MOSFET devices). 

Table 2-1 and Table 2-2 show the characterized device leakage current ( )
ds,  leakage

I  at 1000V and 

1200V respectively. At 1000V, the maximum spread in leakage currents ( )max

ds,leakgeID within the 

module is 9 Ἴἷ  Ⱨ A (approx.) and maximum spread in leakage currents between the half bridge - 
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Table 2-1: Device leakage data at 1000 V 

    Leakage current (µA) at 1000 V 

Module no   T=25 
0
C T=125

0
C  T=150

0
C 

1 Top MOSFET 17 18.5 19.5 

  Bottom MOSFET 21.2 25 28 

3 Top MOSFET 18.6 20 22 

  Bottom MOSFET 21 23.5 28.5 

4 Top MOSFET 29.3 32 33.5 

  Bottom MOSFET 17 21 24.5 

5 Top MOSFET 20.5 22 23.5 

  Bottom MOSFET 18.3 22.8 25.5 

6 Top MOSFET 36 38.5 40 

  Bottom MOSFET 26.2 29.5 32 

7 Top MOSFET 18.2 24.5 30 

  Bottom MOSFET 17.9 26.5 34 

8 Top MOSFET 18.2 20.2 23 

  Bottom MOSFET 65.6 127.6 138 

 

Table 2-2: Device leakage data at 1200 V 

    Leakage current (µA) at 1200 V 

Module no   T=25 
0
C T=125

0
C  T=150

0
C 

1 Top MOSFET 24 31.6 35.1 

  Bottom MOSFET 33.6 44.4 51.7 

3 Top MOSFET 24.8 29 35 

  Bottom MOSFET 31.9 40.7 51.7 

4 Top MOSFET 42.7 52.6 58.7 

  Bottom MOSFET 25.8 38.2 46.3 

5 Top MOSFET 27.2 32.5 35 

  Bottom MOSFET 28.6 39.8 47.3 

6 Top MOSFET 51.4 59.6 66.6 

  Bottom MOSFET 38.5 47.8 55.8 

7 Top MOSFET 25.6 38.9 49.8 

  Bottom MOSFET 24.5 41.7 54.5 

8 Top MOSFET 26 32.5 42.2 

  Bottom MOSFET 77.9 127.6 162.6 

 

-modules is 20 Ⱨ A (approx.). At 1200V, the maximum spread in leakage currents within the module 

is   ⱧA (approx.) and maximum spread in leakage currents between the half bridge modules is     
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30 Ⱨ A (approx.). Most of the leakage current values are spread around the average leakage 

current ( )avg

ds,leakgeI value of nearly 36 µA, as shown in Fig. 2-1. The static voltage balancing 

resistor can be designed using (2-1) for a known value of device leakage current and maximum 

spread in device leakage current.  Static voltage balancing resistor of 0.5 MÝ to 1 MÝ used to 

limit voltage unbalance within 10%-12% of device nominal operating voltage. 

( )
ds

s avg max

ds,leakge ds, leakage

V1
R

10 I I

å õ
æ ö¢
æ öD
ç ÷

+
   (2-1) 

 

 

Fig. 2-1: Spread of leakage current from fourteen SiC MOSFET samples 

 

Fig. 2-2: Inductive clamped circuit (a) two series connected 1.7 kV SiC MOSFETs per arm of a 

phase leg; (b) four series connected 1.7 kV SiC MOSFETs per arm of a phase leg 
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(a) 

 

(b) 

 

The inductive clamped circuit is shown in Fig. 2-2 (b) has been used for static characterization of four 

series connected 1.7 kV SiC MOSFET devices. The device gate to source voltages are kept at nearly  
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-5V, and the DC bus has been increased to 2800V. Fig. 2-3 shows the static voltage across the devices 

(S5 to S8) with respect ground, and the difference in the imbalance between the devices is less than 

10%  of base rated operating voltage - (i.e.,.Vdc/n=2800/4=700V). 

 

Fig. 2-3: Balanced static voltage of four SiC MOSFET devices in a phase-leg arm (eight devices per 

phase-leg) 

 

2.3 Selection Procedure of optimum RC snubber (RdCd) for series connection of 

devices 

The RC snubber method has been used for series connection of devices. The value of the snubber 

capacitor (Cd) , snubber resistor (Rd) have been selected such that (i) it  limits the dynamic voltage 

imbalance between the devices within 10-12% of device nominal operating voltage, (ii) it limits the 

voltage peak overshoot across each device within 10-12% of device nominal operating voltage; (iii) it 

should be optimal value to reduces the total switching losses; (iv) it should not exceed the peak 

current into the device more than its repetitive current rating; (v) its discharging time constant 

(4RdCd) should be less than device on-state time. Therefore, the optimum value of RdCd snubber is the 

minimum value of RdCd snubber given by constraints (2-1).  
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d d min

Difference in the dynamic voltage sharing ,

Voltage peakovershoot across the device, and

Total Switching losses in the device at the sa

R C = min

me time

imize |
ë û
ì ü
í ý   (2-1) 

   

The snubber capacitor (Cd) contributes to the following four functions: (1) it reduces the unbalance in 

dynamic voltage sharing between the devices and the rate of rise of voltage across the series 

connected devices (Vds) (during turn-off, V ds will be nearly equal between the devices, because the 

snubber capacitor(Cd) is much larger than the deviceôs output capacitance (Coss)); (2) it reduces the 

overall turn-off ódv/dtôat AC pole voltage point; (3) it makes the turn-off process in the devices near 

or partially zero-voltage switching and hence reduces the turn-off losses in the devices; (4) it 

contributes additional losses during turn-on, because the energy stored in the snubber capacitor during 

turn-off will be discharged in the series resistor and the device. Hence the total switching losses in the 

device may increase. Therefore it is essential to find the optimal snubber capacitor value. The 

flowchart for the selection of the optimal value of RdCd  for series connection of devices is given in 

Fig. 2-4. The selection of minimum values of RdCd snubber will be carried out mostly by the 

experimental characterized data from Section 2.4-2.6, using the procedure mentioned in the flowchart 

shown in Fig. 2-4. 
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Fig. 2-4: Flowchart for the selection procedure of optimal snubber values for series connection of SiC 

MOSFET devices 
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2.4 Dynamic Characterization of Series Connected 1.7 kV SiC MOSFET devices 

This section presents the dynamic characterization of series connected 1.7 kV SiC MOSFET devices 

with (1) two devices per arm ( as in Fig. 2-2(a))  (2) four devices per arm (as in Fig. 2-2(b)). 

2.4.1 Dynamic Characterization with Two Series Connected 1.7 kV SiC MOSFET 

devices 

Fig. 2-2(a) shows the schematic circuit to verify the dynamic voltage sharing with two devices 

connected in series. Two half-bridge modules (Wolf Speed CAS300M17BM2 - 1.7 kV SiC 

MOSFET) are used for switches S1 to S4. The stray inductance of the semiconductor module is ~15 

nH, and the contribution from bus bars from the DC capacitor to the module and module-to-module 

interconnection is approximately around 65 nH to 75 nH. Therefore, the effective loop inductance 

seen per switch position is around 40 nH to 45 nH in the dynamic characterization experiments with 

two series connected 1.7 kV SiC MOSFET devices.  

Fig. 2-5 shows the difference in peak voltage overshoot and the dynamic voltage difference between 

two series connected devices without snubber during turn-off at 1 kV DC bus voltage and 200 A 

switching current. The difference in the peak overs shoot (æVp-p) is 292 V (30 %), and the dynamic 

voltage difference (æV) is 180 V (20 %). For the safe operating voltage of 900 V, the difference in 

æVp-p and æV are nearly 30% and 20% respectively.  Increasing the DC bus more than 1 kV without 

snubber will force the one of the device voltage to go more than safe operating voltage. 

Fig. 2-6 shows the peak voltage overshoot difference (æVp-p) and dynamic voltage difference (æV) 

between two series connected devices with snubber 33 nF, 4.7 ɋ for DC bus voltage of 1.8 kV and 

switching current of 200 A.  It is evident that the dynamic voltage sharing between two series 

connected devices has been improved significantly with an external snubber.   

 

Table 2-3 shows a summary of difference in voltage sharing between the two devices for different 

snubber values at gate resistance of 5 ɋ for different switching currents. It clear from the table that 

the lower bound (minimum value) for snubber capacitor for the dynamic voltage to be less than 

10-12% is 22 nF (Cd   Ó 22nF). 
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Fig. 2-5: Difference in peak voltage overshoot (æVp-p=292 V) and the dynamic voltage difference  

(æV=180 V) between two devices without snubber at 1 kV DC bus voltage, 200 A switching current 
 

 

Fig. 2-6: Turn -off transition of two series connected 1.7 kV SiC MOSFETs and transient peak overshoot 

difference (æVp-p=48 V) with R dCd =33 nF, 4.7 ɋ at 1800 V DC bus, 200 A switching current, Rgoff=4.7 ɋ 
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The observed turn-off delay difference (ætd(off) ) between the two devices is less than 10 ns during the 

dynamic characterization.  The analytical expression for turn-off delay (td(off) ) for the MOSFET is 

given by (2-2)[30]. Where Cgs : gate to source capacitance;  Cgd : gate to drain capacitance; Vds(ON) : 

on-state voltage drop; Vgg : Gate supply voltage; V th : threshold voltage; IL  : Load current; gm :  

Transconductance. Z: Width of MOSFET conduction channel; L: Length of MOSFET conduction 

channel; Cox: gate oxide capacitance; µni: mobility of inversion layer.  

 

Table 2-3: Peak overshoot difference (æVp-p) and dynamic voltage difference (æV) variation between 

two SiC MOSFETs with different snubber values 

At 1800 V DC bus and  Rgon = Rgoff =5 ɋ 

  at  100 A  switching at  200 A  switching 

Snubber 

 values 

æVp-p 

(V) 

æV 

(V) 

%(æVp-p or æV) æVp-p 

(V) 

æV 

(V) 

%(æVp-p or æV) 

10nF,4.7 Ý 125 96 13.88%, 10.66% 302 260 33.55%, 28.89% 

22nF,4.7 Ý 48 48 5.33%, 5.33% 92 112 10.22%, 12.45% 

33nF,4.7 Ý 32 36 3.55%, 4% 48 56 5.33%,  6.22% 

68nF,4.7 Ý Negligible 

 
 

gg

d(off) goff gs gd ds(ON)

L
th

m

ni ox
m gg th

CH

V
t  R [C +C (V ]ln

I
+V

g

ɛ C Z
g  = V -V

2L

è ø
é ù
é ù=
é ùå õ
é ùæ ö
é ùç ÷ê ú

è øê ú

  (2-2) 

 

The transconductance (gm) is dependent on gate oxide thickness, which is process dependent and 

there could be small variations between the devices. The ôgmó also dependent on the mobility of 

inversion layer (µni) and threshold voltages. These three parameters will change with temperature, 

which may effect the ôgmô. However, based on the 1.7 kV SiC MOSFET datasheet  [31], the variation 

in the transconductance from 25
0
C (gm= 133) to 150

0
C (gm= 131) is very small. Therefore the increase 

in turn-off delay difference (ætd(off)) between the devices is neglected.  However, assuming the worst 

case scenario that the ætd(off)  may increase between the devices due to aging in the converter 

operation with temperature and also the external gate driver delays change with aging and 

temperature. The increase in ætd(off)  will increase the dynamic voltage imbalance difference between 

the devices. To make the device and the converter more reliable, the selected  snubber capacitor has 
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to keep the difference in dynamic voltage imbalance within 10-12% of safe operating voltage even 

with the increase in ætd(off). 

To emulate the difference in turn-off delays between the two devices and to select the optimal 

snubber capacitor, the dynamic voltage characterization has been performed with an intentional delay 

of 40 ns between the two devices. Fig. 2-7 shows the dynamic voltage difference with intentional gate 

signal delay of 40 ns at 1.8 kV DC bus and 100 A switching current. Table 2-4 shows a summary of 

dynamic voltage characterization with different snubber cases and with an intentional delay between 

two gate signals. Therefore, for dynamic voltage imbalance to be less than 100 V (10-12%) for turn-

off delay spread of 40 ns, at 100 A switching, the lower bound for the optimal value of snubber 

capacitor - Cd Ó 33 nF. For switching current greater than 100 A and turn-off delay spread greater 

than 40 ns, the lower bound for snubber capacitor could be in the range of 33 nF < Cd Ò 68 nF.  

However, the turn-off delays for Rgoff: 2.5 to 5 ɋ  are nearly 211 ns and 300 ns respectively. The 

spread in mismatch in turn-off delays (ætd(off)) can be assumed nearly 2 % - 5 %   of turn-off delay 

(i.e, ætd(off)  = 5 ns -15 ns)[25]. Therefore, the difference in the dynamic voltage less than 10-12% can 

be achieved with 22 nF ÒCd Ò33 nF for turn-off delay spread of 15 ns. With the endurance test (heat 

run test with continuous switching mode) of series connected devices in section 2.7, it has been 

verified that the increase in turn-off delay spread with temperature is negligible. It is observed that, 

with Cd = 33 nF, the dynamic voltage imbalance between two devices has been within 10-12% of 

rated operating voltage at  150 A   peak current, the heat sink temperature near the module base plate 

is near 62
0
C, and at the junction temperature  is early 143

0
C. This indicates the negligible increase in 

the turn-off delays spread between the 1.7 kV SiC MOSFET devices with an increase in junction 

temperature. Therefore, an optimal snubber capacitor value 22 nF to 33 nF can be used for the series 

connection of 1.7 kV SiC MOSFETs. 

 

Table 2-4: Peak overshoot difference (æVp-p) and dynamic voltage difference (æV) variation with 

intentional gate signal delay to emulate spread in device turn-off delays and gate driver delays 

 

At 1800 V DC bus, 100 A switching current and at Rgon = Rgoff =5 ɋ 

 
Gate Signals Delay:40 ns 

Snubber values æVp-p  (V) æV (V) % æVp-p  % æV  

(33nF,4.7 ohm) 80 92 9.77% 12.5% 

(68nF,4.7 ohm) 56 36 6.22% 4.0% 
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Fig. 2-7: Turn -off transition of two series connected 1.7 kV SiC MOSFETs and the dynamic voltage 

difference (æVp-p=80 V) with Intentional gate signal delay of 40 ns with RdCd =33 nF, 4.7 ɋ, at 1800V 

 DC bus, 100 A switching current Rgoff=4.7 ɋ 

 

 

2.4.2 Dynamic Characterization with Four Series Connected 1.7 kV SiC MOSFET 

devices 

Two series connected devices are not enough for building simple two-level MV converter with AC 

voltage (L-L) of 2 kV and above. Therefore, the demonstration of the series connection of four 1.7 

kV SiC MOSFET devices per arm (eight per leg) in a ñphase leg converterò (one leg or pole of 

three-phase two-level converter)  is required (as in Fig. 2-2(b)). With the demonstration of four series-

connected SiC MOSFET devices, it can be generalized for the ónô number of SiC MOSFET devices 

can be connected in series for MV converter applications with AC voltages levels of 2 kV to 13.2 kV 

(L-L) or even HV applications. 

Dynamic characterization is performed with four series connected 1.7 kV SiC MOSFET devices per 

arm of a phase leg. The corresponding experimental prototype is shown in Fig. 2-8. Four half-bridge 

modules (Wolf Speed CAS300M17BM2 1.7kV SiC MOSFET) are used for the switches S1 to S8 in 

Fig. 2-2(b).  The gate to source voltage for the switches S1 to S8 are kept at nearly -5 V and a single 

pulse is applied to S5 to S8 at 3000V dc bus. 
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(a) 

 

(b) 

Fig. 2-8: Experimental setup of one phase-leg with four series-connected SiC MOSFET devices per arm 

mounted on the heat sink, dc link snubber capacitor, RdCd snubber for each device and an eight-channel 

gate driver; (a) Top View; (b) Side view 

 

 

Fig. 2-9(a) shows the turn-off dynamic voltage characterization of four series connected 1.7 kV SiC 

MOSFET devices using optimal snubber capacitor value found from the previous section (Cd=33nF) 

and at 2800V dc bus, 300A switching current, Rgon=Rgoff = 4.7 Ý, Rd =1.65 Ý, Tj=25
0
C. The voltage 

imbalance across the devices is less than 10% of the nominal base operating voltage 

(Vdc/n=2800/4=700V). Fig. 2-9(b) shows that the Inductor current reached 300A before turn-off 

event, indicating the turn-off dynamic characterization is performed at a switching current of 300A. 
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(a) 

 

 

(b) 

Fig. 2-9: Turn-off dynamic voltage characterization at 2800 V, 300 A, Rg:4.7Ý, RdCd:1.65 Ý, 33 nF, 

T j=25
0
C (a) Turn-off dynamic voltage across four SiC MOSFET devices w.r.t ground in a phase-leg arm;  

(b) Turn -off dynamic voltage characterization showing the inductor current (i.e., turn-off switch current 

is 300 A) and the three device voltages with respect to ground 
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Proper care has to be taken for the selection of correct probe to be used for device voltage 

measurements in the static and dynamic voltage characterization for the series connection of more 

than two devices. The input resistance of general LV or MV differential probes is not sufficiently 

large enough to be used in the series connection experiments. If these differential probes are used, the 

effective static resistance across each device may not be equal. Hence, the voltage measurements 

show more imbalance in the voltage sharing of the devices. Therefore, to offset the effect of probe 

input resistance in the measurements, MV probes with high input resistance (100 MÝ) have to be 

used.  Four high input resistance single ended probes (Tektronix P6015A (20 kV DC, 75 MHz)) have 

been used in the device voltage measurements in all the experiments. 

 

2.4.3 Influence of switching loop inductance on voltage peak overshoot and selection of 

snubber resistor (Rd) range 

In the previous section 2.4.1, the optimal value of snubber capacitor value for the dynamic voltage to 

be less than 10-12% has been outlined. This section outlines the effect of different snubber resistors 

on the voltage peak overshoot during device turn-off for the given snubber capacitor value.  In the 

series connection of SiC MOSFET devices, the peak voltage overshoot across each device during 

turn-off should be limited. Otherwise, the cumulative addition of dynamic voltage differences and 

voltage peak overshoot will reduce the voltage safety margin required for the device to operate under 

step change in loads.   

                 

                                                 (a)                                                                       (b) 

Fig. 2-10:  Switching characterization circuit (1.7 kV SiC MOSFET with RC snubber) (b) 1.7 kV/300A 

Half Bridge Module (CAS300M17BM2) 
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To estimate the peak overshoot voltage for each device in the series connection of ónô devices, a 

simplified equivalent circuit is required to emulate the nearly similar behavior on per device basis. 

The phase leg switching characterization setup with snubber across each device using the inductive 

clamped circuit shown in Fig. 2-10 (a) has been used to estimate the peak overshoot voltage per 

device. The ódv/dtô  and ódi/dtô seen by the device under test device in Fig. 2-10 (a) will be same on a 

per-device basis in the series connection of ónô devices. It consists of the DC power supply, DC 

capacitor bank, inductor, the device under test (S1) and freewheeling switch (S2). The switches S1 and 

S2 are realized using half-bridge module shown in Fig. 2-10(b). The total loop inductance per switch 

is approximately 60 nH (15 nH due to the module, 45 nH due to DC bus). This loop inductance will 

emulate the similar loop inductance value seen by each switch in series connection due to 

contribution from module to module interconnection and DC bus connections.  

Table 2-5 shows the summary of experimentally measured peak overshoot for different snubber 

resistor values for the optimal Cd range found in 2.4.1. For a given value of Cd, the peak overshoot 

increases with a decrease in óRdô. To limit the peak voltage overshoot across each device not to 

exceed 10-12%, the value of óRdô has to be within 1.5 Ý to 4.7 Ý. A similar trend has been observed 

from the óSimplis/Simtrexô simulation using general SiC MOSFET model and also using analytical 

method [32].  The Fig. 2-11 shows the peak overshoot with different snubber resistor values and for 

different switching currents for Cd=33 nF at 900 V dc bus. The peak overshoot increases at extremely 

lower and higher values snubber resistor. The range of Rd for which peak overshoot minimum is 

nearly 1.25 Ý to 4.7 Ý.  

Table 2-5: Experimentally measured voltage peak overshoot with different snubber values 

  At 900 V, 100 A  At 900 V, 150 A 

Snubber  value % peak  overshoot % peak overshoot 

22 nF, 1.56 ɋ 7.667 10.222 

22 nF, 2.35 ɋ 6.833 8.667 

22 nF,4.7 ɋ 4.889 6.667 

33 nF,2.35 ɋ 5.878 7.556 

33 nF,4.7 ɋ 4.056 5.778 
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Fig. 2-11:  Peak overshoot trend for different snubber resistor values for Cd= 33 nF, Loop inductance 

of 60 nH and at 900 V dc bus, Rgoff: 4.7 Ý 

 

2.5 Switching losses per device (Esw) with RC snubber in series connection 

The previous section outlines the range of Rd to be used in the series connection to minimize the 

voltage peak overshoot for a given value of Cd. This section outlines the experimental total switching 

losses per switch (device switching losses and the snubber resistor switching losses) and concludes 

the value of Rd to be used in the series connection for a given optimal value of Cd. 

2.5.1   Device switching losses with RC snubber in the series connection 

To estimate the device switching losses in the series connection of ónô devices, a simplified equivalent 

circuit is required to emulate the nearly similar switching behavior on a per-device basis. The phase-

leg inductive clamped switching characterization setup with snubber across each device shown in Fig. 

2-10(a) has been used to estimate the device switching losses. The switching losses observed in the 

device under test in Fig. 2-10 (a) will be same on a per-device basis in the series connection of ónô 

devices (as in Fig. 1-3). The validation of this simplified circuit is also shown in this section. 
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Fig. 2-12: Turn -on switching characterization of 1.7 kV SiC MOSFET with snubber at 900 V, 300 A, 

Rg=4.7 Ý. RdCd=1.56 Ý, 33 nF, Tj=25
0
C. (Turn -on losses (Eon): 52 mJ) 

 

 

Fig. 2-13:  Turn -off  switching characterization of 1.7 kV SiC MOSFET with snubber at 900 V, 300 A, 

Rg=4.7 Ý. RdCd=1.56 Ý, 33 nF, Tj=25
0
C. (Turn -off losses (Eoff): 4.93 mJ) 
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Fig. 2-14:  Turn -on switching characterization of 1.7 kV SiC MOSFET with snubber at 900 V, 200 A, 

Rg=4.7 Ý. RdCd=4.7 Ý, 33 nF, Tj=25
0
C. (Turn -on losses (Eon): 29.44 mJ) 

 

 

Fig. 2-15:  Turn -off  switching characterization of 1.7 kV SiC MOSFET with snubber at 900 V, 200 A, 

Rg=4.7 Ý. RdCd=4.7 Ý, 33 nF, Tj=25
0
C. (Turn -off losses (Eoff): 2.957 mJ) 
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Fig. 2-16:  Total device switching loss variation with current for different snubber values at 900 V 

switching voltage, Rgon=Rgoff=4.7 ɋ 

 

The bottom device is the device under test and the top device is used as freewheeling. Fig. 2-12 and 

Fig. 2-13 show the turn-on and turn-off losses per device at 900 V, 300 A with RdCd (1.56 ɋ, 33 nF),        

Tj= 25
0
C and Rg: 4.7 ɋ. Where, Vds (Blue): Voltage across device; Ids (Red): Current through the 

device; Isnubber (Brown): current through Snubber; Itotal (Magenta): total input current; Vfwd (Green): 

Freewheeling switch (S2) voltage; M1 (Orange): Switching Energy. Similarly, Fig. 2-12 and Fig. 2-13 

show the turn-on and turn-off losses per device at 900 V, 200 A with RdCd (4.7 ɋ, 33 nF), Tj= 25
0
C 

and Rg: 4.7ɋ. 

Fig. 2-16 shows the total switching loss variation with current for different snubber values (RdCd) and 

without snubber at 900 V switching voltage, Rgon =Rgoff =5 ɋ. It is evident from the Fig. 2-16 that the 

device switching losses (Esw= Eon+Eoff) are increasing with reducing snubber resistor (Rd) for a given 

value of snubber capacitor (Cd). Therefore, the optimal series snubber resistor, which minimizes 

the device switching losses, is Rd =4.7 ɋ can be used for the series connection. This value also keeps 

the dynamic voltage imbalance and peak overshoot voltage less than 10-12%, for the given optimal 

snubber value (22 nF-33 nF) as concluded from an earlier section. However, Rd =4.7 Ý does not 

minimize the total switching losses (ET= Eon+Eoff +ERd) (including snubber resistor losses (ERd) during 

switching). The details snubber resistor switching losses, total switching losses and selection of óRdô 

are presented in section 2.6. 

 



32 

 

2.5.2 Validation of characterized device switching loss results with RC snubber for series 

connection of ónô number of devices 

To evaluate the switching loss on a per device in the series connection of ónô devices, it is expensive 

and not practical to build an inductive clamped circuit with ónô devices in series. A simplified 

equivalent circuit, which emulates the snubber behavior same as a series connection with ónô devices 

shown in Fig. 2-10(a) has been used in the earlier section 2.5.1. The switching losses evaluation and 

peak overshoot mitigation using RC snubber across SiC MOSFET in a phase leg configuration are 

mentioned in [34]. It uses the RC snubber across the device under test (low side switching device) but 

not across the freewheeling device (high side device). This circuit will give pessimistic (lower than 

actual) turn-on losses because it does not include the turn-on current charging current contribution 

from the upper snubber capacitor during turn-on of low side device or vice-versa.  Since the series 

connected devices have RC snubber in both lower and upper arm of the phase-leg converter. 

Therefore, it is important to validate the method employed shown in Fig. 2-10(a) to calculate the 

switching loss per device in the series connection. Hence, the inductive clamped circuit with two 

devices per arm in series connection shown in Fig. 2-2(a) has been used, and the switching losses are 

measured in two devices (S1 and S2) with S3 and S4 acting as freewheeling diodes. The switching 

losses measured are compared with results obtained using simplified test setup (Fig. 2-10(a)). 

Fig. 2-17 and Fig. 2-18 show the turn-on and turn-off losses in the device ïS2 using series connection 

setup in Fig. 2-2(a). Comparing Fig. 2-17-Fig. 2-18 with Fig. 2-14-Fig. 2-15, it is evident that the 

current through the snubbers and device measured using series connection setup nearly matches with 

results obtained using simplified setup (Fig. 2-10(a))  during both turn-on and turn-off transitions.  

Also, the fall times, rise times of voltage across each device and the turn-on, turn-off losses per 

device measured using series connection setup nearly matches with switching losses measured using 

the simplified setup. 
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Fig. 2-17:  Turn -on losses in MOSFET ï S2 (26.27 mJ) at 900 V, 200 A, T j:25
0
C, Rgon =5 ɋ and at 1800 

V DC bus using series connection with RdCd (33 nF, 4.7 Ý) 

 

 

Fig. 2-18:  Turn-off losses in MOSFET ï S2 (2.85 mJ) at 900 V, 200 A, T j:25
0
C, Rgon =4.7 ɋ and at 1800 

V DC bus using series connection with RdCd (33 nF, 4.7 Ý) 
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Table 2-6 shows the summary of total switching loss comparison measured using two setups at 

different switching current values. However, there is a small difference in the switching; losses within 

two MOSFETs measured using series connection setup, due to the difference in dynamic voltage 

differences. On an average, the total device losses measured using series connection setup nearly 

matches with the simplified circuit. Therefore a simplified setup is shown in Fig. 2-10 (a) can be used 

to evaluate the switching losses per device with different snubber values, instead of building 

expensive and complex phase leg with ónô devices connected in series.  Hence, the total switching 

loss with ónô number of the series connected device is ónô times the switching loss per device 

computed using setup ïFig. 2-10 (a). 

 

Table 2-6: Comparison of total device switching loss (Esw= Eon+Eoff) measured with two setups, at 

Rgon=Rgoff=4.7 Ý 

Switching 

current 
RC snubber 

Esw using series connection  

setup-Fig. 2-2(a)  
At 1800 V dc bus 

Esw using setup- 

Fig. 2-10(a) 

At 900 V dc bus 

(A)   MOSFET-S1      (mJ) MOSFET-S2 (mJ) 
MOSFET-S1 

(mJ) 

100 

33 nF, 4.7 Ý 

23.64 20.46 20.9 

150 29.92 25.48 26.58 

200  37.41 29.12 32.39 

 

2.6 Computation of Snubber resistor losses (ERd) 

In the above section 2.5, device switching loss per device with external snubber cases has been 

evaluated. However, there are additional losses in the overall converter due to power loss in series 

snubber resistor during turn-on and turn-off transition.  Eq (2-3) has been used to compute snubber 

resistor losses per device (ERd) in a switching cycle. During turn-off of low side device, load current 

has been shared between both top and bottom snubber. Similarly, during turn-on of low side switch, 

some part of the energy stored in the snubber capacitor will be dissipated in both snubber resistors 

(top& bottom).  Therefore, RMS value of both snubber currents is required to compute PRd or ERd. The 

RMS value of the snubber current can be calculated using the measured snubber current from 

switching characterization. The measured snubber current transition is approximated as shown in Fig. 

2-19 to compute the losses in the snubber resistor.  Fig. 2-12 -Fig. 2-15 and Fig. 2-20 show the 

similar wave shape of the snubber current during turn-on and turn-off transition from the experiments, 

and it validates the approximation. Therefore, the RMS value of snubber current is calculated using 

eq (2-4), and also the RMS values of snubber currents (top and bottom) are approximately equal.  

Where Ts  (=1/fsw) is total switching period, Ipk1  to Ipk2 are the values of snubber current during turn-
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on and turn-off transition corresponding to time intervals æT1 - æT4 as shown in Fig. 2-19. The RMS 

value of snubber current can also be calculated using measured snubber current that has been saved in 

ó.csv.' format with enough number of samples from the experimental characterization and using eq 

(2-5) in MATLAB. 
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Fig. 2-19:  Approximation of Snubber current during turn -on and turn-off 

 



36 

 

    

                                        (a)                                                                     (b) 

Fig. 2-20:  The wave shape of current through RC Snubber at 900 V, 100 A switching current (a) 

during turn -on (b) during turn -off 

 

Fig. 2-21  and Fig. 2-22 show the energy loss in snubber resistor losses per device (ERd) and total 

switching loss per device (ET) for different snubber values and different switching currents at 900 V 

switching voltage, Rg=4.7 Ý.  Where ET =Esw + Erd ;  ET is total switching loss per device, Esw is 

device switching loss, and Erd is snubber switching losses per device.  

It clear from Fig. 2-21  that the snubber resistor losses are increasing with increase in snubber resistor 

value for a given snubber capacitor. It increases the total switching loss per device (as shown in Fig. 

2-22) and reduces the overall converter efficiency. Therefore to minimize the total switching losses 

and to increase the converter efficiency, the value of the series resistor (Rd) has to be < 4.7 Ý.  But 

óRdô cannot be as low as zero or lower than 1.25 Ý, because the peak overshoot will increase at the 

very low value of snubber resistor (Rd) for a given value of snubber capacitor (Cd:22 nF to 33 nF)) 

and switch loop inductance (Lp) as  concluded in the section 2.4.3 . Therefore, the optimal values of 

RdCd for series connection which satisfies the constraints mentioned in the flowchart are 22 nF 

Ò Cd Ò 33 nF and Rd =1.25 Ý to 1.5 Ý.  The switching losses corresponding to optimal snubber 

values of 33 nF, 1.56 Ý are shown in Fig. 2-23. The Fig. 2-23 shows summary of the Turn-on loss 

(Eon), Turn-off loss (Eoff), Device switching loss (Esw = Eon+Eoff), Snubber resistor switching loss 

(ERd), Total switching losses per device (ET= Eon + Eoff + ERd) at different switching currents and at 

switching voltage of 900 V, Rg=4.7 Ý and RdCd=1.56 Ý. Since the total switching losses per device 

are known, this information will be useful for power electronic engineers to evaluate the efficiency of 

power converters realized using the series connection of ónô devices. 
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Fig. 2-21:  Energy losses in Snubber resistor per device (ERd) at 900 V, Rg=4.7 Ý 

 

 

Fig. 2-22:  Total switching loss per device (ET) at 900 V, Rg=4.7 Ý 
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Fig. 2-23:  The variation of different switching loss components w.r.t switching current and at 

switching voltage 900 V, Rg=4.7 Ý, RdCd=1.56 Ý, 33 nF 

 

2.6.1 Analytical expression for snubber current in a phase leg converter to compute 

Snubber resistor losses 

In the above section, snubber resistor losses computation from experimentally measured snubber 

current has been shown. In this subsection, the analysis of a phase leg converter with snubber has 

been carried out to derive the snubber current expressions. These expressions will be useful to 

compute the analytical RMS value of snubber current, losses in the snubber resistor and it will 

eliminate the experimental snubber current measurements. 

For the analysis of snubber current in a phase-leg configuration circuit, the dc bus parasitic 

inductance (Ls) and RdCd snubber terminal inductances (Ld) have been considered, whereas the 

parasitic parameters of the device are neglected to reduce the complexity. The following cases have 

been considered for deriving the snubber current in a phase leg configuration. Most of the derived 

equations for this analysis are kept in Appendix Chapter. 

Case 1: Snubber current contribution from RC snubber connected across the DUT during turn-on. 

Case 2: Snubber current contribution from RC snubber connected across the freewheeling device into 

DUT during turn-on. 
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Case 3: Snubber current flowing into the RC snubber connected across the DUT and Freewheeling 

device during turn-off. 

2.6.1.1 Case 1: Snubber current contribution from snubber connected across the DUT during 

turn-on 

It has been assumed that the device S1 is the DUT, S2 is the freewheeling device for the analysis and 

also let Tr is the rise time for the current, Tf is the voltage fall time during turn-on.  Fig. 2-24(a)-(b) 

shows the device current contribution due to its own snubber, freewheeling snubber and load current 

during turn-on for two different time intervals (0 < t < Tr, t > Tr) during turn-on.  When the positive 

gate to source voltage is applied, the DUT channel will be formed when Vgs1 more than its threshold 

voltage and current starts increasing into DUT and reaches load current by t=Tr, and freewheeling 

device current falls zero. Since the freewheeling device is conducting until t= Tr, the voltage across 

the freewheeling device is nearly zero. Therefore, entire dc bus voltage  (Vdc) is supported by DUT. 

However, there is a decrease in voltage across the DUT (Vds1) from Vdc due to parasitic dc bus 

inductance coupled with ódi/dtô during 0 < t < Tr as shown in Fig. 2-25(a). Due to a decrease in 

voltage across the DUT, the snubber capacitor VCd1 will start discharging into DUT for t > 0, and the 

increase in snubber current (isnb1) is shown in Fig. 2-25(a). For t > Tr, the voltage across the 

freewheeling device starts supporting voltage, so the voltage across it starts increasing, and DUT 

voltage starts falling quickly. Therefore the charging current through snubber óisnb2ô starts increasing 

(Fig. 2-25(b)) and óisnb1ô will further increase as shown in Fig. 2-25(a).  

To derive the snubber current (isnb1) during turn-on, KVL is applied to the DUT, and its own RC 

snubber (Fig. 2-24(a)) and the resultant equations are shown in (2-6), and the DUT voltage (Vds1) is 

given by(2-7).  

snb1
ds1 d d snb1 snb1

d

Cd1
d d snb1 ds1 Cd1 dc

d

di (t) 1
V (t)+L +R  i (t)+ i (t) dt=0 ;

dt C

V (0)1
sL +R + i (s)+ = -V (s);   V (0)=V

C s s

å õ
æ ö
ç ÷

ñ
             (2-6) 
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( )

s
dc r

r

dc s
ds1 f r f

f r

f

L kt
V -     for 0 t T ;

T

V -L k
V (t)=  T -t  for T t T ;

T -T

     0    t T  ;

ë ûå õ
¢ <î îæ ö

ç ÷î î
î îå õî î

¢ <ì üæ ö
ç ÷î î
î î²
î î
î îí ý

                                       (2-7) 

 

     

                             (a)                                                                                    (b) 

Fig. 2-24:  The turn-on device current contribution due to its own snubber and load current for 

0<t<Tr; (b) Shows the turn-on device current contribution due to its own snubber, Freewheeling snubber 

and load current for t > Tr 

 

           

                                         (a)                                                                                         (b) 

Fig. 2-25:  Turn-on switching waveforms with snubber and dc bus parasitic inductance (Approx.); (a): 

shows the DUT voltage, current, and snubber current from RC snubber connected across DUT; (b) 

shows the DUT voltage, current, and snubber current from RC snubber connected across Freewheeling 

device 
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r f

r          f          
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(t) = ;  (t) =  ;  
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ì ü ì ü

² ²í ý í ý
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Let  (t),  (t)
r fT T

U U  are step functions defined as shown in (2-8). The 
ds1

V (t) can be written using step 

functions as shown in (2-9) to (2-11) and the corresponding  
ds1

V (s)  is given in(2-12). 
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s
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s s
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s s
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T

L kt L kt
        = V - V - ( )
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-ì üæ ö æ ö
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( ) ( )s s
dc dc s

r rds1

f

L k t k L (t-T )
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T TV (t) 
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( ) f r

r r r

-sT -sT
dc s -sT -sT -sTdc s s f r

ds1 f2 2 2

r r

V -L kV L kt L k B(T -T )B(e -e )
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s T T s s s
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To simplify the analysis, It has been assumed that the ókô = ódi/dtô is constant for a given value of 

turn-on gate resistance (Rgon) during r0 t T¢ < . Substituting (2-12) in (2-6) gives the isnb1(s) is given 

by (2-13). 

The solution for the snubber current ósnb1i (t)ô is given in (7-1)   for R 2
d

d

d

L

C
<  and  in (7-2) 

R 2
d

d

d

L

C
>  respectively (in Appendix Chapter). The parameters óVdcô, óLsô  are known parameters 

for a given DC bus design and the parameters óTr ó(current rise time ), óTfô (voltage fall time),  turn-on 

ódi/dtô are also known for a given value of turn-on gate resistance(Rgon) in (7-1) and (7-2). Therefore 

the snubber current óIsnb1(t)ô ((7-1) and (7-2)) during turn-on and snubber resistor losses can be 

evaluated for snubber values RdCd using MATLAB.  

 

( )

( ) ( )

r r

f r r

-sT -sTdc ss s

dr d r d

snb1

2 2 2d d d

d d d d d d d d d

-sT -sT -sT

2 2d d

d d d d

V -L kL k L k
e e

LT L T L
i (s)  =  + -

R R R1 1 1
s s + s+ s + s+ s s + s+

L L C L L C L L C

e -e T -T e

           
R R1 1

s s + s+ s + s+
L L C L L

f r

d d

B B

L L

å õå õ å õ
æ öæ ö æ ö

ç ÷ ç ÷ ç ÷

å õ å õ å õ
æ ö æ ö æ ö
ç ÷ ç ÷ ç ÷

- -
å õ
æ ö
ç ÷ d dC

ë û
î î
î î
î î
î î
î î
ì ü
î î
î î
î î

å õî î
æ öî î
ç ÷í ý

  (2-13) 

 

Fig. 2-26- Fig. 2-27 show that the experimentally characterized snubber currents are nearly matching 

with analytically evaluated snubber currents for different snubber values during turn-on. 
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(a) 

 

                                                                                 (b) 

Fig. 2-26:  Analytical and experimental Snubber current contribution from snubber across device 

under switching R 2 d
d

d

L

C
< ; (a) for RdCd: 22 nF,4.7 Ý; (b) for RdCd: 33 nF,4.7 Ý 
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                    (a)                                                                             (b) 

 

(c)  

Fig. 2-27:  Analytical and experimental Snubber current contribution from snubber across device 

under switching  for R 2 d
d

d

L

C
< ; (a) for RdCd: 22 nF, 1.56 Ý; (b) for RdCd: 22 nF, 2.35 Ý; 

(c ) for RdCd: 33nF, 2.35 Ý 

 

2.6.1.2 Case 2: Snubber current contribution from snubber connected across the freewheeling 

device into device under switching - during turn-on 

To derive the snubber current (isnb2) during turn-on, KVL is applied across the Vdc ï Ls- freewheeling 

snubber (RdCdLd) - Vds1 Fig. 2-24 (b)). The resultant equation is shown in (2-14), and the DUT 

voltage (Vds1) is given by (2-15). ds1V (t)   has been realized using step function in (2-8) and the 
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corresponding ds1V (s)  can be extracted from(2-12) and it is given in (2-16).  Substituting (2-16) in 

(2-14) gives snb2i (s)as shown in (2-17) and snb2i (t)  is given in (7-3) (Appendix). 

( )

( )

snb1
dc d s d snb2 snb2 ds1

d

Cd1 dc
ds d snb2 ds1

d

ds d s snb1 Cd1

di (t) 1
V L L -R  i (t)- i (t) dt-V (t)=0 ;

dt C

V (T ) V1
sL +R + i (s)+ = -V (s);    

C s s

L L L ;  i (T )=0; and V (T )=0, 

because  freewheeling diode conducts until t=

r

r r

s

- +

å õ
æ ö
ç ÷

= +

ñ

rT ;

ë û
î î
î î
î îî î
ì ü
î î
î î
î î
î îí ý

  (2-14) 
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f r
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î î
å õî î

¢ <ì üæ ö
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f r
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f r
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s s T -T
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+ì üæ ö

î îç ÷í ý
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( ) ( )f r r-sT -sT -sTdc

f r

ds ds ds

snb2

2 2 2d d d

ds ds d ds ds d ds ds d

V B B
e -e T -T e

L L L
i (s)=

R R R1 1 1
s + s+ s s + s+ s + s+

L L C L L C L L C

- -
å õ å õ å õ
æ ö æ ö æ ö
ç ÷ ç ÷ ç ÷

  (2-17) 

                                   

 

2.6.1.3 Case 3: Snubber current flowing into the snubber connected across the DUT and 

Freewheeling device during turn-off 

To analyze the snubber current during turn-off, the flow of load current through the device and RdCd 

snubber at different sub-intervals have been marked as shown in Fig. 2-28 (a)-(c). The experimental 

snubber current for different intervals during turn-off is given in Fig. 2-29. 

During turn-off, the governing equation of phase leg with snubber are represented by (7-4) to (7-6) 

using Fig. 2-28(a)-(c) for different sub-intervals ( f0 t T¢ < , f cT t T¢ < , ct T² ). 
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Applying Laplace transform for (7-4) to (7-6) and simplifying gives isnb1(s) (7-7) to (7-9). The 

corresponding óisnb1(t)ó is shown in (7-10) to (7-12). 

 

 

        (a)                                                 (b)                                            (c) 

 

Fig. 2-28:  The turn-off device current and snubber for different sub-interval (a) 0 Ò t < Tf;  

(b)  Tf  Ò t < Tr;   (c) t Ó Tc 
 

 

Fig. 2-29:  Turn -off transition of 1.7 kV SiC MOSFET showing the snubber current transition at 

different sub-intervals at 900 V, 150 A, Rg=4.7 Ý 
 

Snubber current  ósnb1i (t)ô during turn-off is the sum of sub-interval equations (7-10) to (7-12) and it 

is given by (2-18). 
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snb1 snb1 f snb1 f c snb1 c

snb1 snb2

i (t) i (0 < t < T ) + i (T < t< T ) + i (t > T ) ;

i (t) = i (t);

=
  (2-18) 

  

The parameters I (load current), Ls are known parameters for a given DC bus design and the 

parameter óTfó(current fall time ) is also known for a given value of turn-off gate resistance (Rgoff). 

The parameter óTcô (Charging time (Tc)-Voltage across the snubber to reach óVdcô) is the known  

value for a given snubber capacitor value and turn-off load current. It is given by (2-19) (parasitic 

snubber inductance (Ld) has been neglected to reduce the complexity.) Therefore the analytical turn-

off snubber current óIsnb1(t)ô given by (2-18) and turn-off snubber resistor losses can be evaluated for 

different snubber values RdCd using MATLAB.  

d dc f
c d

2C V T
T R C

I 2
d= + -   (2-19) 

Fig. 2-30-Fig. 2-31 show that the experimentally characterized snubber currents are nearly matching 

with analytically evaluated snubber currents for different snubber values during turn-off. The snubber 

current expression derived in ócase 1- case 3 ó will be useful to determine the RMS value of snubber 

currents (both DUT snubber, freewheeling snubber) and their corresponding snubber resistor losses. 

 

    

(a)                                                                           (b) 

Fig. 2-30:  Analytical and experimental Snubber current flowing into the snubber across device during 

turn -off for R dds
d

d

L
C

> ; (a) for RdCd: 22 nF, 4.7 Ý; (b) for RdCd: 33 nF, 4.7 Ý 
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          (a)                                                                                  (b) 

 

(c) 

Fig. 2-31:  Analytical and experimental Snubber current flowing into the snubber across device during 

turn -off for R dds
d

d

L
C

< ;(a) for RdCd: 22 nF, 1.56 Ý; (b) for RdCd: 22 nF, 2.35 Ý;  

(c) for RdCd: 33 nF, 2.35 Ý 

 

2.7 Experimental demonstration of series connected devices 

This section presents the experimental results with series connected 1.7 kV SiC MOSFETs in 

different configurations such as (i) DC ïAC full bridge Inverter (two devices per arm); (ii) DC-AC 

half bridge Inverter (four devices per arm); and (iii) DC-DC buck converter with four devices per 

arm. The snubber value (RdCd) used in all the experiments is 33 nF, 1.56 ɋ, and the gate resistance 

(Rgon=Rgoff) = 4.7ɋ. The 1.7 kV SiC modules are mounted on a heat sink (part no: 476400U00220G 

from Aavid Thermalloy) and forced air-cooling is used. The setup shown in Fig. 2-8  is 

reconfigurable for performing above experiments. 
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2.7.1 DC ïAC full bridge converter with two 1.7 kV SiC MOSFET devices per arm 

The full bridge inverter configuration as shown in Fig. 2-32 with two series connected devices per 

arm is used with an R-L load. The dc bus has been kept at 1800V such that the devices are loaded 

with rated nominal operating voltage (900V across each), and the converter is operated at different 

loads, different switching frequencies and fundamental frequencies. The converter is operated for 10 

to 15 min to allow the heat sink temperature to stabilize. The summary of converter operating points, 

the measured heat sink temperatures (from thermos-couples) and the estimated junction temperature 

of the modules have been listed in Table 2-7. The junction temperature of modules has been estimated 

using (2-20); where, the óR
th

(H-A)ô is the thermal resistance of heat sink to ambient (0.028
0
C/Wïfrom 

datasheet of heat sink), the óR
th

(J-C)ô  is the thermal resistance of junction to case(0.07
0
C/Wï from 

datasheet of the module) , and the óR
th

(C-H)ô is the thermal resistance of case to heat due to thermal 

interface compound (0.05
0
C/W), óPdispô is the power dissipation in the module, TA, TH, Tj are  ambient  

heat sink and junction temperatures respectively. 

( )th thH A

disp disp J-C C-H Hth

H-A

T -T
P = ;         T P (R R ) T ;

R
j
= Ö + +  (2-20) 

 

 

Fig. 2-32:  Experimental schematic of DC-AC full bridge inverter  

 

From Table 2-7 the rise in heat sink temperature and the calculated junction temperature (Tj) of the 

devices in the series connection operation shows  that for  switching frequencies below 8 kHz, the 

devices have enough margin for the junction temperature to reach 150
0
C and therefore these devices 

can be loaded up to its rated current of 225 A. However, for switching frequencies fsw Ó 10 kHz and 
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fm =1kHz, the device junction temperature is very close to the thermal packing limit of 150
0
C. 

Therefore, the devices have to be de-rated with the present snubber values.  

Table 2-7:  Summary of full bridge test at different operating conditions with two series 1.7 kV 

connected devices 

Vdc f
s
 f

m
 m (I ab) R-L load Sout T

H
 T

A
 æT

H-A
 T j 

1.8kV 5 kHz 60Hz 0.45 80 A 
7.7mH,  

6.25 Ý 

45 

kVA 43
0

C 
27.8

0

C 
15.2

0

C 75.57
0

C 

1.8kV 7.5 kHz 500 Hz 0.9 80 A 
3.3 mH,  

6.25 Ý 

92 

kVA 
47.2

0

C 
23

0

C 24.2
0

C 99.05
0

C 

1.8kV 8 kHz 720 Hz 0.955 66 A 
3.3 mH,  

6.25 Ý 

80 

kVA 
46 

0
C 22

0
C 24

0
C 97.43

0

C 

1.8kV 10 kHz 1 kHz 0.6 95 A 
0.054 mH,  

6.25 Ý 

76 

kVA 62
0

C 24
0

C 38
0

C 143.42
0

C 

 

Therefore, the switching frequency limits per device are nearly 7.5 kHz - 8 kHz from the above 

experiments without derating of the current rating of the devices with CdRd:33nF 1.65Ý. These 

switching frequency limits will be same even if ónô number of devices are connected in series for MV 

or HV applications. Fig. 2-33-Fig. 2-34 show the full -bridge experimental results with two series 

connected devices at fsw=7.5 kHz fm=300 Hz and 500Hz respectively. Fig. 2-35- Fig. 2-36 show the 

full -bridge experimental results with two series connected devices at fsw=10 kHz fm=1000 Hz and 

fsw=15 kHz fm=1000 Hz respectively. 
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(a) 

 

(b) 

Fig. 2-33:  (a) Shows the input current (Iin), Output AC voltage(VAB), AC current (I ab), and  one of low 

side MOSFET gate voltage in DC-AC operation with two series connected 1.7 kV MOSFET devices per 

arm  of full -bridge at 7.5 kHz, 1800 V input DC, modulation index of 0.9,  AC load peak current of 96 A 

(300 Hz) and nearly 82 kVA load; (b) Shows the voltage across four devices in a phase leg pole; (b) The 

voltage across four devices in a phase leg pole for the same operating condition 
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(a) 

 

Fig. 2-34:  (a)  Input current (I in), Output AC voltage(VAB), AC current (I ab), and  one of low side 

MOSFET gate voltage (s4) in DC-AC operation with two series connected 1.7 kV MOSFET devices per 

arm  of full -bridge at  1800 V input DC, m=0.9, fsw =7.5 kHz, fm=500 Hz, AC current (I ab) =80 A (rms) 

and nearly 92 kVA load; (b) The voltage across four devices in a phase leg pole for the same operating 

condition 












































































































































































































































































