
 

ABSTRACT 

MCBRYDE, JAMES.  Inverter Efficiency Simulation and Measurement for Various Modern 

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

 

A power electronics circuit designers most difficult task generally involves loss 

estimation of power components.  The number of variables that must be taken into 

consideration when calculating power losses can be very overwhelming and a computer 

based computation tool can be extremely helpful in simplifying the process.  The first part of 

this thesis is an in depth development of a loss computation tool build to speed up, simplify 

and make more accurate the process of power loss computation in a switching power system.  

In recent years efficiency has also become a major concern for modern switching power 

systems.  As power devices improve and post-silicon devices become more readily available, 

it will be increasingly important for power electronics designers to understand key operating 

principles of these devices.  The second part of this thesis explores dynamic switching 

characteristics for a broad range of switching devices.  The switching devices covered 

include several generations of IGBTs from the same manufacturer, several manufacturers, 

and several categories of devices.  Included in this study are Silicon Carbide JFET devices 

and Silicon Carbide MOSFET devices, both of which are just hitting the market and are 

considered to be the next generation of switching devices.  The final part of this thesis does 

an application based study of how the two aforementioned Silicon Carbide devices perform 

in a real world application as a drop in replacement for traditional Silicon devices.   
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CHAPTER 1 

1 INTRODUCTION 

Semiconductor switching devices are the foundation of modern switching power systems.  

Devices of many voltage and current ratings are available on the market and advances to these 

devices are being released each year.  This study was motivated by the need to understand and 

characterize modern switching devices in the context of efficiency on a UPS inverter.  The first 

obstacle investigated was the issue of being able to evaluate different devices from a dynamic 

loss perspective and get a level playing field comparison.  Each device manufacturer specifies 

dynamic loss parameters for their devices using their own values for gate resistor, gate voltage, 

temperature, current, voltage, and frequency.  Additionally, many manufacturers offer a way to 

compute losses in an inverter but do not have a way of comparing their devices with other 

manufacturers 

In Chapter 2, a loss computation tool has been created that allows the user to evaluate 

different devices in a carrier based switching power system.  A half bridge inverter configuration 

was used as an example and shown using several devices as test cases.  The loss tool takes as 

inputs standard datasheet parameters that are flexible enough to be read or calculated from any 

manufacturers’ datasheet.  The loss computation tool was then extended to a 3-level Neutral-

Point-Clamped (NPC) inverter topology to show how flexible the loss simulator can be.  Chapter 

3 expanded on the tool usefulness by showing through evaluation that it is indeed accurate.  Two 

different semiconductor vendor loss software programs were evaluated with respect to the loss 
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computation tool created in Chapter 2.  It was shown that the loss computation tool created for 

this project is not only accurate; it allows the user to input parameters that both software 

programs on the market do not have available.  This gives the power electronics engineer an 

extra degree of freedom in that they can compare one to one different devices without making 

the drive assumptions forced by the manufacturer.   

Chapter 4 takes the loss simulator and does a detailed efficiency evaluation of a 480V, 

18kW inverter phase leg.  The loss simulator evaluates in detail six devices, two of which are 

Silicon Carbide JFET devices which have recently been introduced to the.  The chapter gives an 

in depth evaluation of the devices.  Further, chapter 4 extends the findings to a 3-level NPC 

inverter as well.   

Chapter 5 begins laboratory experimental testing of the dynamic switching characteristics 

of several devices.  In application, switching losses of power semiconductor devices can depend 

on a large number of factors.  These can include the temperature of the device, the gate drive 

characteristics, the switched current and voltage, and the stray inductances and capacitances in 

the test setup.  This laboratory setup set out to compare several different switching devices from 

different technology generations on a baseline scale in order to understand the dynamic 

performance characteristics of each.  Each test in this section utilized the same exact gate driver, 

power supply, oscilloscope, measurement probes and current sensors, gate resistor, and room 

temperature.  Because the test utilized a single pulse generator, the device was not given time to 

heat up under test and is at a set room temperature.  Fourteen total tests were done, using a 
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variation of Silicon IGBT’s, Silicon MOSFET’s, Silicon Carbide JFET’s, and Silicon Carbide 

MOSFET’s in addition to antiparallel diodes made with both Silicon and Silicon Carbide.   

Chapter 6 took the information obtained from the testing in chapter 5 in addition to 

research about the devices and further laboratory testing in order optimize the performance of the 

Silicon Carbide devices (JFET and MOSFET).  Both of the Silicon Carbide devices have 

incredible performance capability but require special gate drive requirements in order to achieve 

them.  In chapter 7, the laboratory data from the previous two chapters is evaluated, compared, 

and discussed.    

Chapters 8 and 9 respectively, take the knowledge learned from the previous 7 chapters 

and apply them to a laboratory experiment.  Chapter 8 takes a 300W two switch flyback supply 

and replaces the two 1000V MOSFET devices with 1200V SiC MOSFET devices in order to 

analyze in a real world application how the SiC MOSFET performs in a real system.  Chapter 9 

does the same with a 6kVA, 4.2kW double conversion true online Uninterruptible Power Supply.  

The data from the two chapters is analyzed and summarized explaining how much, if any, 

improvement can be achieved by converting an existing design to SiC devices. 

  

 



4 

CHAPTER 2 

2 CREATION OF LOSS SIMULATOR IN MATLAB 

One of the most important aspects of analyzing power electronic circuits is the ability to 

calculate loss components.  There are several reasons why a simulation tool can be very useful in 

computing these losses.  In particular, when dealing with AC waveforms, there can be a limit to 

how accurate one can calculate loss components by hand.  For each device the most important 

parameter that determines the number of watts lost is the instantaneous current flowing through 

the semiconductor device.  Because the current waveform in a sinusoidal AC power supply is 

constantly changing, one must breakdown the waveform into parts and analyze each point in 

order to get an accurate estimate of conduction and switching losses.  This process can be very 

tedious if not automated, and computational tools such as Matlab make the process much quicker. 

There are several semiconductor vendors with commercial applications on the market 

designed to estimate losses for particular devices at specific operating conditions.  Infineon 

Technologies has a program called Iposim, Semikron International has a program called SemiSel, 

and PowerEx Semiconductor has a program called MelcoSim.  Each of these programs has one 

or more of the following flaws preventing it from being flexible enough for everyday use: 

1) The program will only calculate losses for devices made by that particular 

semiconductor vendor. 

2) The program does not allow multiple devices to be paralleled. 



5 

3) The program does not allow other configurations besides a typical half bridge 

configuration (three level NPC for example, is not supported) 

4) The program does not allow for adjusting key parameters such as gate resistor, 

output filter inductance, DC Link voltage, or temperature. 

This project addresses these concerns by creating a generic but easy to use simulation 

tool for computing semiconductor losses.  A Matlab script was used as the engine for the 

calculations with a typical inverter phase leg as the initial target.  The loss simulator takes as 

inputs several key parameters which should be readily available off of a standard datasheet.  The 

standard device used in a typical inverter phase leg is generally an IGBT with anti-parallel diode.  

As a benchmark, a standard phase leg was used.  The exercise was then extended to a three level 

Neutral Point Clamped (NPC) inverter to show the flexibility of the tool with minor modification.  

All simulations were run for a unity power factor, although power factor could easily be adjusted.  

It is important to note that each layer of flexibility that was added to the simulation made the run 

time significantly longer.   

2.1 Two Level Loss Simulator Inputs and Operation 

The two level loss simulator takes inputs which should be readily available from IGBT 

and diode datasheets.  The key parameters are as follows: 
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1) IGBT conduction loss – read directly from the IGBT I vs. V curve on the 

datasheet.  This is expressed in the Matlab script as two constants; the knee 

voltage and the on resistance.  These values are listed as IGBT_V and 

IGBT_R. 

2) Diode Conduction loss – read directly from the Diode I vs. V curve on the 

datasheet.  This is expressed in the Matlab script as two constants; the knee 

voltage and the on resistance.  These values are listed as Diode_V and 

Diode_R.   

3) IGBT turn on switching loss – this loss is usually read directly off of the 

datasheet for an IGBT, but may have to be calculated for a MOSFET or other 

switch.  This is expressed in the Matlab script as two constants; the intercept 

(IGBT_Eon_int) and the slope (IGBT_Eon_sl).  The slope is the only 

parameter required since the intercept will generally be zero.  The slope is 

simply the delta E divided by the delta I.   

4) IGBT turn off switching loss – this loss is usually read directly off of the 

datasheet for an IGBT, but may have to be calculated for a MOSFET or other 

switch.  This is expressed in the Matlab script as two constants; the intercept 

(IGBT_Eoff_int) and the slope (IGBT_Eoff_sl).  The slope is the only 

parameter required since the intercept will generally be zero.  The slope is 

simply the delta E divided by the delta I.   

5) Diode reverse recovery switching loss – this loss is usually read directly off 

of the datasheet for a co-pack with an IGBT and diode, but may have to be 
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calculated for other configurations.  This is expressed in the Matlab script as 

two constants; the intercept (Diode_Err_int) and the slope (Diode_Err_sl).  

The slope is the only parameter required since the intercept will generally be 

zero.  The slope is simply the delta E divided by the delta I.   

The key parameters must be compared at similar operating conditions when comparing 

two different devices for use in the same application.  For example, different semiconductor 

manufacturers may use different gate resistors when drawing the switching loss curves for their 

devices.  Also, various temperatures are usually given on the datasheet.  For accurate simulation 

results, the power electronics engineer must understand these parameters and be able to use 

similar assumptions when evaluating two devices.  In some datasheets, semiconductor 

manufacturers will combine the turn on loss of the IGBT with the recovery loss in the diode, 

since much of the turn on loss for the IGBT is actually due to the recovery current for the diode 

charge recombination.  For this case, the value can be put into either the Eon or Err keeping the 

other zero.  The loss simulator also takes as inputs eight design constants.  The user can adjust 

the following design constants: 

1)  n = number of parallel devices 

2)  f = operating frequency of output sinusoid in Hz 

3)  fs = switching frequency of converter in Hz 

4)  L = output filter inductor in Henry’s 
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5)  R = output load resistance in Ohms 

6)  VDC = DC voltage of inverter in Volts 

7)  mod_index = modulation index of the inverter 

8)  simulation_step = time step for the simulation in seconds 

2.2 Two Level Simulator Example and Results 

In order to demonstrate the operation of the simulator, a case is shown for a 18kW, 480V 

inverter.  The inverter uses the following key parameters: 

1) DC Link is 820V 

2) Output Voltage is 277V L-N, 480V L-L 

3) Output power factor is 1 

4) Full resistive load is 18kW 

5) Full load current for one phase is (18,000/3)/277 = 21.7Arms 

6) Resistive load is 277V/21.7A = 12.8Ohms 

7) Switching frequency is 20kHz 

The inverter uses two 1200V 50A devices in parallel, and uses International Rectifier 

IRG4PH50KD co-packs with anti-parallel diode built in.  Because the device is a co-pack with 

IGBT and Diode in the same package, the manufacturer has included the reverse recovery losses 

together with the turn on loss.  The datasheet for this device has been attached and is in 
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Appendix A.  The entire Matlab script for this exercise is also attached and is shown in Appendix 

B.  The datasheet key parameters and the design constants are as follows:  

%%Datasheet Inputs 
IGBT_V = 1.3;           
IGBT_R = 80e-3; 
Diode_V = 1.6; 
Diode_R = 40e-3; 
IGBT_Eon_int = 0; 
IGBT_Eon_sl = 0.1785; 
IGBT_Eoff_int = 0; 
IGBT_Eoff_sl = 0.1785; 
Diode_Err_int = 0; 
Diode_Err_sl = 0; 

 

%%Design Constants 

n = 2; 

f = 50;      

fs = 20000;   

L = 1000e-6; 

R = 12.8; 

VDC = 410; 

mod_index = 0.9; 

simulation_step = 0.5e-6;
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Using the datasheet parameters and the design constants the simulator creates a sinusoidal 

reference voltage and triangular carrier signal.  It uses sine-triangle modulation with these two 

signals to generate the pwm patterns for the switching devices.  Figure 1 shows a zoomed in 

portion of the sinusoidal reference voltage in purple and triangular carrier signal in blue.  A 

zoomed in portion of the generated pwm signal is shown in Figure 2.   
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Figure 1:  Sinusoidal Reference Voltage and Triangular Carrier Signal 
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Figure 2:  Generated PWM Signal 

The current waveform is then calculated using the known inductance value and the 

reference voltage at each instant.  The current waveform is shown below in Figure 3.  The 

simulator keeps track of the instantaneous current at each point in time and computes the 

conduction losses in either the IGBT or Diode, depending on the direction of the current and 

instantaneous PWM signal.  The conduction losses are computed using the instantaneous current, 

V, and R for the particular device.  The IGBT conduction losses are plotted in Figure 4 below 

and the Diode conduction losses are plotted in Figure 5 below.   
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Figure 3:  Instantaneous Inductor Current 
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Figure 4:  IGBT Instantaneous Conduction Losses 
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Figure 5:  Diode Instantaneous Conduction Losses 

 

Finally, the simulator keeps track of the previous PWM command so that it knows 

exactly the instant when the PWM command switches and switching losses occur.  For each 

switching event, the simulator calculates either the IGBT turn off loss or the IGBT turn on and 

Diode reverse recovery losses (depending on the direction of the current and the PWM 

command).  The instantaneous turn on losses are plotted in Figure 6 below and the instantaneous 

turn off losses (including reverse recovery) are plotted in Figure 7 below.   
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Figure 6:  Instantaneous IGBT turn off losses 
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Figure 7:  Instantaneous IGBT turn on & Diode reverse recovery losses 

 

The final calculation the simulator must make is to calculate the average of each of the 

loss elements and print them to the output of the Matlab command window.  For this example 

exercise, the outputs were shown to be 39 Watts for the IGBT conduction losses, 4.8 Watts for 

the Diode conduction losses, and 189 Watts for the total switching losses. 

2.3 Three Level Simulator Example and Results 

The above simulation exercise can fairly simply be extended to the case where the 

inverter is a different topology.  One example is the Three Level Neutral-Point-Clamped (NPC) 
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topology.  In this exercise, the Three Level topology is evaluated in a similar manner as done in 

Section 2.2 for a Two Level inverter.  This case study is shown again for a 18kW, 480V inverter.  

This Three Level inverter uses the following key parameters: 

1) DC Link is 820V 

2) Output Voltage is 277V L-N, 480V L-L 

3) Output power factor is 1 

4) Full resistive load is 18kW 

5) Full load current for one phase is (18,000/3)/277 = 21.7Arms 

6) Resistive load is 277V/21.7A = 12.8Ohms 

7) Switching frequency is 20kHz 

The inverter uses two 600V 30A devices in parallel, and uses International Rectifier 

IRG4PC30KD co-packs with anti-parallel diode built in.  For the extra diodes required in the 

Three Level NPC topology, the same diode was used that is internal to the IRB4PC30KD co-

pack.  Because the device is a co-pack with IGBT and Diode in the same package, the 

manufacturer has included the reverse recovery losses together with the turn on loss.  The 

datasheet for this device has been attached and is in Appendix C.  The entire Matlab script for 

this exercise is also attached and is shown in Appendix D.  The datasheet key parameters and the 

design constants are as follows: 

%%Datasheet Inputs 
IGBT_V = 1.1;           

IGBT_R = 85e-3; 

Diode_V = 1; 

Diode_R = 42e-3; 
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IGBT_Eon_int = 0; 

IGBT_Eon_sl = 0.0451; 

IGBT_Eoff_int = 0; 

IGBT_Eoff_sl = 0.0451; 

Diode_Err_int = 0; 

Diode_Err_sl = 0; 

 

%%Design Constants 

n = 2; 

f = 50;      

fs = 20000;   

L = 1000e-6; 

R = 12.8; 

VDC = 410; 

mod_index = 0.9; 

simulation_step = 0.5e-6
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The simulator again creates a sinusoidal reference voltage and compares it to the 

carrier signal.  The difference here, however, is that a Three Level NPC topology requires 

two carrier signals to be used.  One during the positive half cycle and one during the negative 

half cycle.  Two pwm signals are also generated, since there are four total switches in this 

topology.  Again, using the datasheet parameters and the design constants the simulator 

generates the PWM patterns for the switching devices and using the PWM patterns, generates 

a current waveform through the inductor.  Figure 8 below shows the current waveform 

through the inductor, with Figures 9, 10, 11, and 12 respectively being the instantaneous loss 

components of IGBT conduction, Diode conduction, IGBT turn on, and IGBT turn off with 

Diode reverse recovery included.  Figure 12b shows a schematic of a single phase three level 

NPC inverter topology. 
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Figure 8:  Three Level Inductor Current Waveform 
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Figure 9:  IGBT Instantaneous Conduction Losses 

 



22 

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
0

5

10

15

20

25
Diode Conduction Losses (Watts)

 

Figure 10:  Diode Instantaneous Conduction Losses 
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Figure 11:  IGBT Instantaneous Turn Off Losses 
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Figure 12:  IGBT Instantaneous Turn On Losses With Diode Reverse Recovery 

 

 

Figure 12b:  Schematic of Single Phase Three Level NPC Inverter Topology 
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Again, the final calculation the simulator must make is to calculate the average of 

each of the loss elements and print them to the output of the Matlab command window.  For 

this example Three Level exercise, the outputs were shown to be 66 Watts for the IGBT 

conduction losses, 7.4 Watts for the Diode conduction losses, and 45 Watts for the total 

switching losses.  It can be seen that as we would expect when using a three level topology, 

the conduction losses roughly double and the switching losses go down by a factor of 3-4 

times.   
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CHAPTER 3 

3 EVALUATION OF LOSS SIMULATOR 

It is imperative that once an Engineering tool has been created it is evaluated and 

proven before being used as a benchmark for calculations.  As mentioned earlier in this paper, 

many semiconductor vendors have their own loss computation programs each of which has 

one of more distinct flaws that prevent it from being flexible enough for comparison.  Those 

tools, however, are a valuable way to check the calculations made in this paper.   

3.1 Comparison of Loss Simulator with Infineon Iposim Tool 

The loss simulator was evaluated for accuracy by comparing it to the Infineon 

Technologies Iposim loss calculator.   The device chosen was the Infineon part number 

FF100R12YT3; a 100 Amp 1200 Volt IGBT co-pack in the Easy2B package.  Parameters for 

comparison were input identically for both the Matlab simulator and the Iposim tool.  A 

summary of the input parameters is as follows: 

1) DC Link is 800V 

2) Output Voltage is 277V L-N, 480V L-L 

3) Output power factor is 1 

4) Full resistive load is 20kW 

5) Full load current for one phase is (20,000/3)/277 = 24Arms 

6) Resistive load is 277V/24A = 11.5Ohms 
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7) Switching frequency is 20kHz 

8) Turn on/off Gate Resistor = 6.8 Ohms 

The Infineon FF100R12YT3 datasheet is attached in Appendix E and the Iposim 

simulator output results are shown in Appendix F.  The key datasheet parameters for the 

Infineon device that were input into the Matlab script file are as follows: 

%%Inputs Needed Are As Follows 
IGBT_V = 0.75;           
IGBT_R = 9e-3; 
Diode_V = 1.2; 
Diode_R = 30e-3; 
IGBT_Eon_int = 1.2; 
IGBT_Eon_sl = 0.15; 
IGBT_Eoff_int = 0; 
IGBT_Eoff_sl = 0.17; 
Diode_Err_int = 1.6; 
Diode_Err_sl = 0.1833; 

 

The final results of the Matlab simulator were shown to be accurate within 5% of the 

results the Infineon Iposim tool gave (most of which could have been attributed to rounding).  

A summary of the final loss breakdown is shown below in Figure 13: 
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Figure 13:  Loss Breakdown for Matlab vs. Iposim 

 
Table 1:  Loss Breakdown for Matlab vs. Iposim 

 Matlab Simulator Infineon Iposim Tool 

IGBT Conduction Loss: 9.4 Watts 9.0 Watts 

IGBT Switching Loss: 80.3 Watts 80.4 Watts 

   

Diode Conduction Loss: 2.5 Watts 2.4 Watts 

Diode Switching Loss: 52.2 Watts 50.0 Watts 

3.2 Comparison of Loss Simulator with Semikron Semisel Tool 

The loss simulator was evaluated for accuracy a second time by comparing it to the 

Semikron International Semisel loss calculator.  The device chosen was the Semikron part 

number SK100GB12T4T; a 100 Amp 1200 Volt IGBT co-pack in the Semitop 3 package.  

Parameters for comparison were input identically for both the Matlab simulator and the 

Semisel tool.  A summary of the input parameters is as follows: 
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1) DC Link is 800V 

2) Output Voltage is 277V L-N, 480V L-L 

3) Output power factor is 1 

4) Full resistive load is 20kW 

5) Full load current for one phase is (20,000/3)/277 = 24Arms 

6) Resistive load is 277V/24A = 11.5Ohms 

7) Switching frequency is 20kHz 

8) Turn on/off Gate Resistor = 16 Ohms 

The Semikron SK100GB12T4T datasheet is attached in Appendix G and the 

Semikron simulator output results are shown in Appendix H.  The key datasheet parameters 

for the Semikron device that were input into the Matlab script file are as follows: 

 %%Inputs Needed Are As Follows 

IGBT_V = 1;           
IGBT_R = 12e-3; 
Diode_V = 0.8; 
Diode_R = 19e-3; 
IGBT_Eon_int = 0; 
IGBT_Eon_sl = 0.22; 
IGBT_Eoff_int = 0; 
IGBT_Eoff_sl = 0.17; 
Diode_Err_int = 0; 
Diode_Err_sl = 0.075; 

 

The final results of the Matlab simulator were shown to be accurate within 5% of the 

results the Semikron Semisel tool gave (most of which could have been attributed to 

rounding).  A summary of the final loss breakdown is shown below in Figure 14: 
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Figure 14:  Loss Breakdown for Matlab vs. Semisel 

 
Table 2:  Loss Breakdown for Matlab vs. Semisel 

 Matlab Simulator Semikron Semisel Tool 

IGBT Conduction Loss: 12.5 Watts 13.0 Watts 

IGBT Switching Loss: 82.9 Watts 83.0 Watts 

   

Diode Conduction Loss: 1.6 Watts 1.6 Watts 

Diode Switching Loss: 15.1 Watts 15.0 Watts 
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CHAPTER 4 

4 EVALUATION OF VARIOUS SWITCHING DEVICES IN A 

HALF BRIDGE CONFICURATION 

The previous loss computation tool gives the power electronics engineer the 

flexibility to compare and contrast various power electronic devices from different 

manufacturers, with different parameters, and of different technology families.  The next 

stage of this project utilizes the above described loss computation tool in order to compare 

and contrast various technologies for a half bridge inverter.  The half bridge inverter is the 

industry standard for UPS inverters, solar inverters, and AC power supplies.  This chapter 

will initially compare devices in a two level half bridge inverter configuration, and then in a 

three level half bridge inverter configuration.   

4.1 Two Level Switching Device Evaluation 

Six switching device configurations are used for comparison in this section of the 

project.  All six switching configurations use two devices in parallel in order to handle the 

21.7 amp RMS current of an 18kW phase leg.  1200V devices are used in order to handle an 

820V DC Link, with a switching frequency of 20kHz.  The key parameters are as follows: 

1) DC Link is 820V 

2) Output Voltage is 277V L-N, 480V L-L 
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3) Output power factor is 1 

4) Full resistive load is 18kW 

5) Full load current for one phase is (18,000/3)/277 = 21.7Arms 

6) Resistive load is 277V/21.7A = 12.8Ohms 

7) Switching frequency is 20kHz 

8) Two IGBT’s and two Diodes in parallel for each switch 

The investigation begins with a 50 Amp International Rectifier (IR) short circuit rated 

generation 4 IGBT part (IRG4PH50KD).  The part includes an UltraFast Soft Recovery 

Diode as a co-pack.  The device is then replaced with the same part minus the co-packaged 

diode.  The device part number from IR is IRG4PH50K, and it is now mated with a separate 

C2D20120 Silicon Carbide (SiC) diode from Cree.  The Cree device has virtually zero 

reverse recovery and enables the half bridge switching losses to be reduced drastically.  The 

total losses with the Cree diode are reduced from 235.45 Watts to 192.82 Watts, a decrease in 

losses of 18%.  A table showing the breakdown of losses is shown in Table 3 below.   

The next stage of calculations uses another 50 Amp IR IGBT and Diode co-pack 

(IRG4PH50UD).  The device sacrifices its short circuit rating for the ability to switch much 

faster than the previous device.  The device is again compared with and then without its co-

packaged Silicon diode, the latter time using the same Cree diode used in the first experiment.  

The device part number without the co-packaged diode is IRG4PH50U and is used with a 

C2D20120 SiC diode.  As can be seen from the loss breakdown results in Table 3, the use of 

SiC diode reduces the losses by roughly 31% in this case.   
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The final evaluation was done with a new emerging device technology.  The switch 

used is made by a small startup company called SemiSouth Laboratories, a spin-off company 

from the Mississippi State University in Starkville, MS.  The device is a SiC JFET transistor, 

in a normally-on configuration.  The device optimizes the switching speed of a MOSFET 

without the drive complications of a normally-off configuration switch.  The device also 

exhibits very low conduction losses.  Two such devices were evaluated, a 125mOhm device 

which has extremely low switching losses but slightly higher conduction losses than its 

standard silicon counterparts.  Finally, a 63mOhm device was used which has almost as low 

switching losses as the 125mOhm device yet much lower conduction losses as well.  Both 

devices were mated with the Cree C2D20120 SiC diodes providing exceptional switching 

characteristics.  The SiC JFET’s showed to have much lower losses compared to both the 

standard silicon counterparts.  The higher loss SiC JFET dissipated less than half the losses 

of the best Silicon switch with SiC diode combination.   

A summary of all the loss components for each configuration is shown in Table 3 

below.  The table includes the total losses along with the efficiency of the whole inverter 

were it to be used in a 3-phase configuration with these devices.  Also, a graph showing the 

relative losses compared between the three is shown in Figure 15 below. 

Table 3:  Loss Comparison for Two Level Devices (Units are in Watts) 

 IRG4PH50KD IRG4PH50K IRG4PH50UD IRG4PH50U SJEP120R125 SJEP120R063 

 Internal Diode C2D20120 Internal Diode C2D20120 C2D20120 C2D20120 

IGBT Cond 39.9 39.9 39.9 39.9 43.3 23.8 

Diode Cond 4.65 4.52 4.65 4.52 4.52 4.52 

Switching 190.9 148.4 145.6 86.7 11.23 14 

Total 235.45 192.82 190.15 131.12 59.05 42.32 

Inverter Eff 96.08% 96.79% 96.83% 97.81% 99.02% 99.29% 
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Figure 15:  Loss Comparison for Two Level Devices 

4.2 Three Level Switching Device Evaluation 

The above exercise was then extended to the case where a Three Level inverter 

topology is used.  For this case, four different switch configuarations were used.  Each 

switching configuration again uses two devices in parallel in order to handle the 21.7 amp 

RMS current of an 18kW phase leg.  1200V devices are used in order to handle an 820V DC 

Link, with a switching frequency of 20kHz.  Each device is 600V rated in order to handle the 

410V half DC Link voltage.  The key parameters are as follows: 

1) DC Link is 820V 

2) Output Voltage is 277V L-N, 480V L-L 

3) Output power factor is 1 

4) Full resistive load is 18kW 
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5) Full load current for one phase is (18,000/3)/277 = 21.7Arms 

6) Resistive load is 277V/21.7A = 12.8Ohms 

7) Switching frequency is 20kHz 

8) Two IGBT’s and two Diodes in parallel for each switch 

The investigation begins with a 30 Amp short circuit rated IGBT and Diode co-

package from International Rectifier (IRG4PC30KD).  The part again uses an UltraFast Soft 

Recovery Diode as a co-package.  The device is then replaced with an identical IGBT 

without the internal diode.  A Cree 600V ZeroRecovery C3D10060A SiC Diode is mated 

with an IR IRG4PC30K IGBT.  For this exercise, the loss breakdown is shown in Table 4 

below and we can see that the losses are decreased from 127.8 Watts to 116.5 Watts (an 8.8% 

reduction) when the SiC diode is used.   

Next, as was done for the two level, the same IGBT device was evaluated for a non 

short circuit rated part.  The part is an IR IRG4PC30UD device and has a lower turn off loss 

compared to the short circuit rated device.  The part losses were simulated and then 

compared to the same device losses when using a Cree C3D10060A diode instead of the 

internal diode.  The IRG4PC30U device was used as the part mated to the SiC diode.  Here, 

we see a loss reduction of only 3.3%.  It is important to realize that 600V devices exhibit 

much lower switching losses than 1200V devices.  It is because of this that we get so much 

less improvement by using a SiC diode at the 600V level.  Figure 16 below shows the loss 

comparison for Three Level devices, on the same scale as was shown in Figure 15 in the last 
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section.  It is easy to see from the graphs that losses are reduced far further in the Two Level 

case than they are in the Three Level case. 

Table 4:  Loss Comparison for Three Level Devices (Units are in Watts) 

 IRG4PC30KD IRG4PC30K IRG4PC30UD IRG4PC30U 

 Internal Diode C3D10060A Internal Diode C3D10060A 

IGBT Cond 75 75 71.3 71.3 

Diode Cond 6 8.3 6 8.3 

Switching 46.8 33.2 32.9 27 

Total 127.8 116.5 110.2 106.6 

Inverter Eff 97.87% 98.06% 98.16% 98.22% 
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Figure 16:  Loss Comparison for Three Level Devices 
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CHAPTER 5 

5 BASELINE DYNAMIC TESTING OF VARIOUS SWITCHING 

DEVICES  

At this point in the project a shift will be made from simulation environment to 

assessing real lab data for the switching devices discussed in the previous chapters.  The 

following is a detailed analysis of a baseline dynamic test for a variety of devices.  The 

baseline dynamic test attempts to keep all things equal in the test setup so that benefits and 

drawbacks of each device can be seen on a consistent basis.  The optimization with respect to 

key devices will be covered in later sections of this report.   

5.1 Test Circuit Schematic and Setup Description 

 The test circuit used was developed with the help of International Rectifier, a 

special thank you goes to Wibawa Chow for his help with this.  The setup consists of four 

parts; a double pulse tester, gate drive circuitry, logic power and dc link power supplies, and 

a digital oscilloscope.  The double pulse tester was donated by International Rectifier and 

uses a series of 555 timers to generate two pulses.  The circuit includes three potentiometers 

which allow the user to adjust the width of the first pulse, the hold time between pulses, and 

the width of the second pulse.  The two pulse tester is shown in figure 17 below.  You can 

see from the figure that the TO-247 devices mount directly to the board and you can easily 

see the three potentiometers at the top of the picture.  The DC Link power supply is 
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connected to the left of the large electrolytic capacitors in the figure.  Finally, a 200uH 

inductor is included on the bottom side of the PCB.  Figure 18 shows the bottom side of the 

PCB with the inductor and a trace cut to enable current probe measurement.  Figure 19 below 

shows the schematic of the power board.  The power board accepts two TO-247 devices for 

testing.  The upper device was either a co-pack IGBT/diode combination or simply a discrete 

diode for the purpose of testing the SiC diodes.  The lower device is the IGBT under test.  

The gate driver sends the signal labeled Vgate through a gate resistor which was set to 10 

Ohms for this initial testing.  The Voltage measurement was made across the lower IGBT’s 

collector-emitter and the current measurement was made as shown through the lower trace of 

the bottom IGBT.  The double pulse tester schematic is attached in Appendix I and the 

switching tester power board full schematic is attached in Appendix J.   
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Figure 17:  Two Pulse Tester and Power Board 
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Figure 18:  Bottom Side of Power Board 

 

 

Figure 19:  Power Board Schematic and Typical Gate Signals 

 

The baseline comparison of the devices in question was done using a fixed gate drive 

circuit as described above.  The gate drive delivers a +15V signal when the gate is being 
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commanded on and a 0V signal when the gate is being commanded off.  The gate is driven 

through a 10 Ohm resistor for all cases in this chapter of testing.  This provides a 1.5 Amp 

steady state gate current capability.  This is a standard IGBT gate drive configuration and is 

used here as a baseline to keep with the theme of attempting to use any SiC devices as a drop 

in replacement initially.  Any optimization of the devices will be left as an exercise for a 

future chapter.  In this section 14 different combinations of devices are evaluated. 

The end goal for this baseline comparison is to show how the devices compare and if 

substituting SiC devices directly for Silicon counterparts can yield a significant benefit to the 

designer.  If this is the case, how much benefit for different devices will be a great guide in 

deciding whether the devices are worth using in future designs as prices for SiC begins to 

slowly come down to reasonable levels.  The testing in the following section of this chapter 

were done at two different voltage levels (600V and 800V) and at two different current levels 

(10A and 20A) in order to get a broad view of the devices dynamic behavior.  The 

measurement equipment used for this project was as follows: 

1) Tektronix TDS5034B Digital Oscilloscope 

a. 350MHz 

b. 5GS/s 

c. 4 Channels 

d. 16M sample record length 

2) Tektronix P5205 High Voltage Differential Probe 

a. Output +/- 2.6V into 1MOhm 
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b. 1300V maximum differential voltage  

c. 100MHz BW 

3) Tektronix TCP202 DC Coupled Current Probe 

a. 15Amps DC + Peak AC Current 

b. 50Amps Peak Pulsed Current 

c. 50MHz BW 

4) Fluke 87III True RMS Multimeter 

5.2 International Rectifier IRG4PH50KD 

The IRG4PH50KD was the first device tested.  This device is short circuit rated and it 

compromises some efficiency in the optimization process.   The device performance is shown 

in Figures 21-28.  A summary of the performance statistics is given in Table 5 below.  This 

device performed the worst of all IGBT’s tested mainly due to the compromise in getting the 

short-circuit rating.   

Table 5:  IRG4PH50KD Dynamic Losses (Units are in uJ) 

 IRG4PH50KD 

  
600V 
10A 

600V 
20A 

800V 
10A 

800V 
20A 

Eoff 501 876 822 1250 

Eon 771 1560 1060 2210 

Etotal 1272 2436 1882 3460 

 



43 

IRG4PH50KD Dynamic Losses 

0

500

1000

1500

2000

2500

3000

3500

4000

600V 10A 600V 20A 800V 10A 800V 20A

IRG4PH50KD

S
w

it
c
h

in
g

 E
n

e
rg

y
 (

u
J
)

Eon

Eoff

 
Figure 20:  IRG4PH50KD Dynamic Losses (Units are in uJ) 

 

 

Figure 21:  IRG4PH50KD Turn Off Behavior at 600V, 10A  

(blue = current, yellow = voltage) 
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Figure 22:  IRG4PH50KD Turn On Behavior at 600V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 23:  IRG4PH50KD Turn Off Behavior at 600V, 20A  

(blue = current, yellow = voltage) 
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Figure 24:  IRG4PH50KD Turn On Behavior at 600V, 20A  

(blue = current, yellow = voltage) 

 

 

Figure 25:  IRG4PH50KD Turn Off Behavior at 800V, 10A  

(blue = current, yellow = voltage) 
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Figure 26:  IRG4PH50KD Turn On Behavior at 800V, 10A  

(blue = current, yellow = voltage) 

 

 

Figure 27:  IRG4PH50KD Turn Off Behavior at 800V, 20A  

(blue = current, yellow = voltage) 
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Figure 28:  IRG4PH50KD Turn On Behavior at 800V, 20A  

(blue = current, yellow = voltage) 

 

5.3 International Rectifier IRG4PH50K and Cree C2D20120 SiC 

Diode 

The IRG4PH50K is the identical device to the IRG4PH50KD, except that it does not 

come co-packaged with an anti-parallel diode.  Instead, this testing used a Cree 1200V, 20A 

Silicon Carbide freewheeling diode.  The device performance is shown in Figures 30-37.  A 

summary of the performance statistics is given in Table 6 below.   

Table 6:  IRG4PH50K Dynamic Losses (Units are in uJ) 

 IRG4PH50K & C2D20120D 

  
600V 
10A 

600V 
20A 

800V 
10A 

800V 
20A 

Eoff 472 843 765 1190 

Eon 372 891 589 1350 

Etotal 844 1734 1354 2540 
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Figure 29:  IRG4PH50K Dynamic Losses (Units are in uJ) 

 

 

Figure 30:  IRG4PH50K Turn Off Behavior at 600V, 10A  

(blue = current, yellow = voltage) 
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Figure 31:  IRG4PH50K Turn On Behavior at 600V, 10A  

(blue = current, yellow = voltage) 

 

 

Figure 32:  IRG4PH50K Turn Off Behavior at 600V, 20A  

(blue = current, yellow = voltage) 
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Figure 33:  IRG4PH50K Turn On Behavior at 600V, 20A  

(blue = current, yellow = voltage) 

 

 

Figure 34:  IRG4PH50K Turn Off Behavior at 800V, 10A  

(blue = current, yellow = voltage) 
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Figure 35:  IRG4PH50K Turn On Behavior at 800V, 10A  

(blue = current, yellow = voltage) 

 

 

Figure 36:  IRG4PH50K Turn Off Behavior at 800V, 20A 

(blue = current, yellow = voltage) 
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Figure 37:  IRG4PH50K Turn On Behavior at 800V, 20A  

(blue = current, yellow = voltage) 

 

5.4 International Rectifier IRG4PH50UD 

The IRG4PH50UD was tested next.  This device is not short circuit rated and is 

optimized for switching losses by increasing the speed at which the device turns on.   The 

device performance is shown in Figures 39-46.  A summary of the performance statistics is 

given in Table 7 below.     

Table 7:  IRG4PH50UD Dynamic Losses (Units are in uJ) 

 IRG4PH50UD 

  
600V 
10A 

600V 
20A 

800V 
10A 

800V 
20A 

Eoff 490 855 797 1178 

Eon 598 1153 881 1742 

Etotal 1088 2008 1678 2920 
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Figure 38:  IRG4PH50UD Dynamic Losses (Units are in uJ) 

 

 

Figure 39:  IRG4PH50UD Turn Off Behavior at 600V, 10A  

(blue = current, yellow = voltage) 
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Figure 40:  IRG4PH50UD Turn On Behavior at 600V, 10A  

(blue = current, yellow = voltage) 

 

 

Figure 41:  IRG4PH50UD Turn Off Behavior at 600V, 20A  

(blue = current, yellow = voltage) 
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Figure 42:  IRG4PH50UD Turn On Behavior at 600V, 20A  

(blue = current, yellow = voltage) 

 

 

Figure 43:  IRG4PH50UD Turn Off Behavior at 800V, 10A  

(blue = current, yellow = voltage) 
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Figure 44:  IRG4PH50UD Turn On Behavior at 800V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 45:  IRG4PH50UD Turn Off Behavior at 800V, 20A 

(blue = current, yellow = voltage) 
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Figure 46:  IRG4PH50UD Turn On Behavior at 800V, 20A  

(blue = current, yellow = voltage) 

 

5.5 International Rectifier IRG4PH50U and Cree C2D2120 SiC Diode 

The IRG4PH50U is the identical device to the IRG4PH50UD, except that it does not 

come co-packaged with an anti-parallel diode.  Instead, this testing used a Cree 1200V, 20A 

Silicon Carbide freewheeling diode.  The device performance is shown in Figures 48-55.  A 

summary of the performance statistics is given in Table 8 below.   

Table 8:  IRG4PH50U Dynamic Losses (Units are in uJ) 

 IRG4PH50U & C2D20120D 

  
600V 
10A 

600V 
20A 

800V 
10A 

800V 
20A 

Eoff 486 936 722 1200 

Eon 261 635 411 941 

Etotal 747 1571 1133 2141 
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Figure 47:  IRG4PH50U Dynamic Losses (Units are in uJ) 

 

 

Figure 48:  IRG4PH50U Turn Off Behavior at 600V, 10A 

(blue = current, yellow = voltage) 
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Figure 49:  IRG4PH50U Turn On Behavior at 600V, 10A  

(blue = current, yellow = voltage) 

 

 

Figure 50:  IRG4PH50U Turn Off Behavior at 600V, 20A 

(blue = current, yellow = voltage) 
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Figure 51:  IRG4PH50U Turn On Behavior at 600V, 20A 

(blue = current, yellow = voltage) 

 

 

Figure 52:  IRG4PH50U Turn Off Behavior at 800V, 10A 

(blue = current, yellow = voltage) 
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Figure 53:  IRG4PH50U Turn On Behavior at 800V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 54:  IRG4PH50U Turn Off Behavior at 800V, 20A 

(blue = current, yellow = voltage) 
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Figure 55:  IRG4PH50U Turn On Behavior at 800V, 20A 

(blue = current, yellow = voltage) 

 

5.6 International Rectifier IRG7PH42UD 

This section gives test results for the IRG7PH42UD device.  This device is not short 

circuit rated and is optimized for switching losses by increasing the speed at which the device 

turns on.   This device is a generation seven International Rectifier IGBT, which is their latest 

generation to date.  The device performance is shown in Figures 57-64.  A summary of the 

performance statistics is given in Table 9 below.     

Table 9:  IRG7PH42UD Dynamic Losses (Units are in uJ) 

 IRG7PH42UD 

  
600V 
10A 

600V 
20A 

800V 
10A 

800V 
20A 

Eoff 483 729 709 1010 

Eon 634 1290 955 1850 

Etotal 1117 2019 1664 2860 
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Figure 56:  IRG7PH42UD Dynamic Losses (Units are in uJ) 

 

 

Figure 57:  IRG7PH42UD Turn Off Behavior at 600V, 10A 

(blue = current, yellow = voltage) 
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Figure 58:  IRG7PH42UD Turn On Behavior at 600V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 59:  IRG7PH42UD Turn Off Behavior at 600V, 20A 

(blue = current, yellow = voltage) 

 



65 

 

Figure 60:  IRG7PH42UD Turn On Behavior at 600V, 20A 

(blue = current, yellow = voltage) 

 

 

Figure 61:  IRG7PH42UD Turn Off Behavior at 800V, 10A 

(blue = current, yellow = voltage) 
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Figure 62:  IRG7PH42UD Turn On Behavior at 800V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 63:  IRG7PH42UD Turn Off Behavior at 800V, 20A 

(blue = current, yellow = voltage) 
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Figure 64:  IRG7PH42UD Turn On Behavior at 800V, 20A 

(blue = current, yellow = voltage) 

 

5.7 International Rectifier IRG7PH42U and Cree C2D20120 SiC 

Diode 

The IRG7PH42U is the identical device to the IRG7PH42UD, except that it does not 

come co-packaged with an anti-parallel diode.  Instead, this testing used a Cree 1200V, 20A 

Silicon Carbide freewheeling diode.  The device performance is shown in Figures 66-73.  A 

summary of the performance statistics is given in Table 10 below.   

Table 10:  IRG7PH42U Dynamic Losses (Units are in uJ) 

 IRG7PH42U & C2D20120D 

  
600V 
10A 

600V 
20A 

800V 
10A 

800V 
20A 

Eoff 465 678 612 952 

Eon 272 617 432 925 

Etotal 737 1295 1044 1877 
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Figure 65:  IRG7PH42U Dynamic Losses (Units are in uJ) 

 

 

 

Figure 66:  IRG7PH42U Turn Off Behavior at 600V, 10A 

(blue = current, yellow = voltage) 
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Figure 67:  IRG7PH42U Turn On Behavior at 600V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 68:  IRG7PH42U Turn Off Behavior at 600V, 20A 

(blue = current, yellow = voltage) 
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Figure 69:  IRG7PH42U Turn On Behavior at 600V, 20A 

(blue = current, yellow = voltage) 

 

 

Figure 70:  IRG7PH42U Turn Off Behavior at 800V, 10A 

(blue = current, yellow = voltage) 
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Figure 71:  IRG7PH42U Turn On Behavior at 800V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 72:  IRG7PH42U Turn Off Behavior at 800V, 20A 

(blue = current, yellow = voltage) 
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Figure 73:  IRG7PH42U Turn On Behavior at 800V, 20A 

(blue = current, yellow = voltage) 

 

5.8 Fairchild FGL40N120AND 

This section gives test results for the FGL40N120AND device.  This device is 

optimized for switching losses by increasing the speed at which the device turns on and 

decreasing the bipolar tail current of the device during turn off.   This device is the latest 

generation Fairchild IGBT and diode co-pack, which optimizes the device for switching 

losses while increasing the conduction loss slightly.  The device performance is shown in 

Figures 75-82.  A summary of the performance statistics is given in Table 11 below.     

Table 11:  FGL40N120AND Dynamic Losses (Units are in uJ) 

 FGL40N120AND 

  
600V 
10A 

600V 
20A 

800V 
10A 

800V 
20A 

Eoff 328 494 606 684 

Eon 572 1180 890 1780 

Etotal 900 1674 1496 2464 
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Figure 74:  FGL40N120AND Dynamic Losses (Units are in uJ) 

 

 

 

Figure 75:  FGL40N120AND Turn Off Behavior at 600V, 10A 

(blue = current, yellow = voltage) 
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Figure 76:  FGL40N120AND Turn On Behavior at 600V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 77:  FGL40N120AND Turn Off Behavior at 600V, 20A 

(blue = current, yellow = voltage) 
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Figure 78:  FGL40N120AND Turn On Behavior at 600V, 20A 

(blue = current, yellow = voltage) 

 

 

Figure 79:  FGL40N120AND Turn Off Behavior at 800V, 10A 

(blue = current, yellow = voltage) 
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Figure 80:  FGL40N120AND Turn On Behavior at 800V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 81:  FGL40N120AND Turn Off Behavior at 800V, 20A 

(blue = current, yellow = voltage) 

 



77 

 

Figure 82:  FGL40N120AND Turn On Behavior at 800V, 20A 

(blue = current, yellow = voltage) 

 

5.9 Fairchild FGL40N120AN and Cree C2D20120 SiC Diode 

The FGL40N120AN is the identical device to the FGL40N120AND, except that it 

does not come co-packaged with an anti-parallel diode.  Instead, this testing used a Cree 

1200V, 20A Silicon Carbide freewheeling diode.  The device performance is shown in 

Figures 84-91.  A summary of the performance statistics is given in Table 12 below.   

Table 12:  FGL40N120AN Dynamic Losses (Units are in uJ) 

 FGL40N120AN & C2D20120D 

  
600V 
10A 

600V 
20A 

800V 
10A 

800V 
20A 

Eoff 313 457 588 641 

Eon 359 780 560 1230 

Etotal 672 1237 1148 1871 
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Figure 83:  FGL40N120AN Dynamic Losses (Units are in uJ) 

 

 

 

Figure 84:  FGL40N120AN Turn Off Behavior at 600V, 10A 

(blue = current, yellow = voltage) 
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Figure 85:  FGL40N120AN Turn On Behavior at 600V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 86:  FGL40N120AN Turn Off Behavior at 600V, 20A 

(blue = current, yellow = voltage) 
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Figure 87:  FGL40N120AN Turn On Behavior at 600V, 20A 

(blue = current, yellow = voltage) 

 

 

Figure 88:  FGL40N120AN Turn Off Behavior at 800V, 10A 

(blue = current, yellow = voltage) 
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Figure 89:  FGL40N120AN Turn On Behavior at 800V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 90:  FGL40N120AN Turn Off Behavior at 800V, 20A 

(blue = current, yellow = voltage) 
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Figure 91:  FGL40N120AN Turn On Behavior at 800V, 20A 

(blue = current, yellow = voltage) 

 

5.10 SemiSouth SJEP120R125 SiC JFET with Cree C2D20120 SiC 

Diode 

This section gives test results for the SJEP120R125 device.  This device is designed 

for extra low switching losses.  The device is a normally off Silicon Carbide JFET.  The 

device performance is shown in Figures 93-100.  A summary of the performance statistics is 

given in Table 13 below.  It is important to note that this baseline comparison was done with 

a simple 15V unipolar gate driver through a 10 Ohm resistor.  The SemiSouth JFET devices 

have slightly different gate drive requirements and should be used as such.  In Chapter 6 of 

this report the gate driver for the SemiSouth JFETs have been optimized for best 

performance and it is clear this baseline test was not a very good reflection of the 

performance of these devices.  It is, however, important to see how the devices serve as a 
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drop in replacement for IGBT’s.  It can be concluded from the following results that the 

devices do not do an extremely poor job of this.  It will also be shown in Chapter 6 that the 

devices can improve by roughly a factor of 5 with a very small gate drive optimization. 

Table 13:  SJEP120R125 Dynamic Losses (Units are in uJ) 

 SJEP120R125 & C2D20120D 

  
600V 
10A 

600V 
20A 

800V 
10A 

800V 
20A 

Eoff 913 1860 1350 2700 

Eon 197 392 310 639 

Etotal 1110 2252 1660 3339 
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Figure 92:  SJEP120R125 Dynamic Losses (Units are in uJ) 
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Figure 93:  SJEP120R125 Turn Off Behavior at 600V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 94:  SJEP120R125 Turn On Behavior at 600V, 10A 

(blue = current, yellow = voltage) 
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Figure 95:  SJEP120R125 Turn Off Behavior at 600V, 20A 

(blue = current, yellow = voltage) 

 

 

Figure 96:  SJEP120R125 Turn On Behavior at 600V, 20A 

(blue = current, yellow = voltage) 
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Figure 97:  SJEP120R125 Turn Off Behavior at 800V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 98:  SJEP120R125 Turn On Behavior at 800V, 10A 

(blue = current, yellow = voltage) 
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Figure 99:  SJEP120R125 Turn Off Behavior at 800V, 20A 

(blue = current, yellow = voltage) 

 

 

Figure 100:  SJEP120R125 Turn On Behavior at 800V, 20A  

(blue = current, yellow = voltage) 

5.11 SemiSouth SJEP120R063 SiC JFET with Cree C2D20120 SiC 

Diode 
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This section gives test results for the SJEP120R063 device.  This device is designed 

for extra low switching losses.  The device is a normally off Silicon Carbide JFET.  This 

device is the latest release for SemiSouth and has the lowest Rds of the lineup (63mOhm).  It 

does, however, have slightly higher switching losses than the 125mOhm device.  The device 

performance is shown in Figures 102-109.  A summary of the performance statistics is given 

in Table 14 below.  It is important to note that this baseline comparison was done with a 

simple 15V unipolar gate driver through a 10 Ohm resistor.  The SemiSouth JFET devices 

have slightly different gate drive requirements and should be used as such.  In Chapter 6 of 

this report the gate driver for the SemiSouth JFETs have been optimized for best 

performance and it is clear this baseline test was not a very good reflection of the 

performance of these devices.  It is, however, important to see how the devices serve as a 

drop in replacement for IGBT’s.  It can be concluded from the following results that the 

devices do not do an extremely poor job of this.  It will also be shown in Chapter 6 that the 

devices can improve by roughly a factor of 5 with a very small gate drive optimization. 

Table 14:  SJEP120R063 Dynamic Losses (Units are in uJ) 

 SJEP120R063 & C2D20120D 

  
600V 
10A 

600V 
20A 

800V 
10A 

800V 
20A 

Eoff 1390 2780 2050 4100 

Eon 253 447 418 705 

Etotal 1643 3227 2468 4805 
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Figure 101:  SJEP120R063 Dynamic Losses (Units are in uJ) 

 

 

 

Figure 102:  SJEP120R063 Turn Off Behavior at 600V, 10A 

(blue = current, yellow = voltage) 
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Figure 103:  SJEP120R063 Turn On Behavior at 600V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 104:  SJEP120R063 Turn Off Behavior at 600V, 20A 

(blue = current, yellow = voltage) 
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Figure 105:  SJEP120R063 Turn On Behavior at 600V, 20A 

(blue = current, yellow = voltage) 

 

 

Figure 106:  SJEP120R063 Turn Off Behavior at 800V, 10A 

(blue = current, yellow = voltage) 
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Figure 107:  SJEP120R063 Turn On Behavior at 800V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 108:  SJEP120R063 Turn Off Behavior at 800V, 20A 

(blue = current, yellow = voltage) 
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Figure 109:  SJEP120R063 Turn On Behavior at 800V, 20A 

(blue = current, yellow = voltage) 

 

5.12 Infineon IPW90R120C3 MOSFET with Ultrafast Silicon Diode 

The IPW90R120C3 is a Super Junction MOSFET made by Infineon.  The device it 

the latest to be released by Infineon in their CoolMOS series.  The device can handle up to 

900V Vds and is rated for 23 Amps at 100C junction temperature.  The device has a 

maximum Rds,on of 120mOhms and a typical gate charge of 270nC.  The device was tested 

in this section with the International Rectifier diode co-packaged with the IRG7PH42UD 

device.  This diode had the lowest reverse recovery of the Silicon Diodes tested.  The device 

performance is shown in Figures 111118.  A summary of the performance statistics is given 

in Table 15 below.  It is important to note the device was tested using only the body diode of 

the device and failed miserably.  The device performed so poorly with the body diode that 

test results could not even be obtained.  The main reason for this was the peak reverse 
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recovery current of the diode.  The datasheet gives a figure of 65 Amps peak reverse 

recovery current for a 26A forward current.  Because of this, the measurement equipment 

used could not even show the high peak currents.  Not only that, when the test was attempted, 

the peak current was so great that the IPW90R120C3 device could not even turn on without 

being damaged due to the extremely high peak recovery current.  It was determined that this 

product could never be used in a bridge configuration where the diode of the upper device 

would conduct current.  The main reason of this is that the voltage drop of the body diode is 

extremely low: 

1)  Body diode:  0.8V drop at 26A (25C) 

2)  Si Ultrafast Diode in IRG7PH42UD:  2.5V drop at 20A (25C) 

3)  SiC Diode C2D20120D:  2.2V at 20A (25C) 

Because of this, the body diode would still conduct current even if another device was 

placed in parallel and the device is essentially useless in a bridge configuration.  Testing done 

in this section is valuable only to a single switch topology such as a boost or buck converter.   

Table 15:  IPW90R120C3 Dynamic Losses (Units are in uJ) 

10Ohm IPW90R120C3 & Ultrafast Si Diode 

  
600V 
10A 

600V 
20A 

800V 
10A 

800V 
20A 

Eoff 218 607 480 1110 

Eon 518 984 791 1450 

Etotal 736 1591 1271 2560 
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Figure 110:  IPW90R120C3 Dynamic Losses (Units are in uJ) 

 

 

 

Figure 111:  IPW90R120C3 Turn Off Behavior at 600V, 10A 

(blue = current, yellow = voltage) 
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Figure 112:  IPW90R120C3 Turn On Behavior at 600V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 113:  IPW90R120C3 Turn Off Behavior at 600V, 20A 

(blue = current, yellow = voltage) 
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Figure 114:  IPW90R120C3 Turn On Behavior at 600V, 20A 

(blue = current, yellow = voltage) 

 

 

Figure 115:  IPW90R120C3 Turn Off Behavior at 800V, 10A 

(blue = current, yellow = voltage) 
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Figure 116:  IPW90R120C3 Turn On Behavior at 800V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 117:  IPW90R120C3 Turn Off Behavior at 800V, 20A 

(blue = current, yellow = voltage) 

 



99 

 

Figure 118:  IPW90R120C3 Turn On Behavior at 800V, 20A 

(blue = current, yellow = voltage) 

 

5.13 Infineon IPW90R120C3 MOSFET with Cree C2D20120 SiC Diode 

In this section the IPW90R120C3 MOSFET was tested using a Cree SiC Diode 

instead of the Silicon ultrafast recovery diode tested in the previous section.  The device 

performance is shown in Figures 120-127.  A summary of the performance statistics is given 

in Table 16 below.   

Table 16:  IPW90R120C3 Dynamic Losses (Units are in uJ) 

10Ohm IPW90R120C3 & C2D20120D 

  
600V 
10A 

600V 
20A 

800V 
10A 

800V 
20A 

Eoff 194 543 446 1060 

Eon 199 388 376 740 

Etotal 393 931 822 1800 
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Figure 119:  IPW90R120C3 Dynamic Losses (Units are in uJ) 

 

 

 

Figure 120:  IPW90R120C3 Turn Off Behavior at 600V, 10A 

(blue = current, yellow = voltage) 
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Figure 121:  IPW90R120C3 Turn On Behavior at 600V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 122:  IPW90R120C3 Turn Off Behavior at 600V, 20A 

(blue = current, yellow = voltage) 
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Figure 123:  IPW90R120C3 Turn On Behavior at 600V, 20A 

(blue = current, yellow = voltage) 

 

 

Figure 124:  IPW90R120C3 Turn Off Behavior at 800V, 10A 

(blue = current, yellow = voltage) 
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Figure 125:  IPW90R120C3 Turn On Behavior at 800V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 126:  IPW90R120C3 Turn Off Behavior at 800V, 20A 

(blue = current, yellow = voltage) 
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Figure 127:  IPW90R120C3 Turn On Behavior at 800V, 20A 

(blue = current, yellow = voltage) 

 

5.14 Cree CMF20120D SiC MOSFET with Cree C2D20120 SiC Diode 

In this section the Cree CMF20120D SiC MOSFET was tested with a Cree 

C2D20120 SiC Diode.  The device was tested using the same baseline gate driver as all other 

devices in this chapter.  The device used +15V unipolar gate driver with a 10Ohm gate 

resistor.  The device performance is shown in Figures 129-136.  A summary of the 

performance statistics is given in Table 17 below.   

Table 17:  CMF20120D Dynamic Losses (Units are in uJ) 

10Ohm CMF20120D Mosfet & C2D20120D 

  
600V 
10A 

600V 
20A 

800V 
10A 

800V 
20A 

Eoff 130 285 300 430 

Eon 400 1005 605 1580 

Etotal 530 1290 905 2010 
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Figure 128:  CMF20120D Dynamic Losses (Units are in uJ) 

 

 

 

Figure 129:  CMF20120D Turn Off Behavior at 600V, 10A 

(blue = current, yellow = voltage) 
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Figure 130:  CMF20120D Turn On Behavior at 600V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 131:  CMF20120D Turn Off Behavior at 600V, 20A 

(blue = current, yellow = voltage) 
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Figure 132:  CMF20120D Turn On Behavior at 600V, 20A 

(blue = current, yellow = voltage) 

 

 

Figure 133:  CMF20120D Turn Off Behavior at 800V, 10A 

(blue = current, yellow = voltage) 
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Figure 134:  CMF20120D Turn On Behavior at 800V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 135:  CMF20120D Turn Off Behavior at 800V, 20A 

(blue = current, yellow = voltage) 
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Figure 136:  CMF20120D Turn On Behavior at 800V, 20A 

(blue = current, yellow = voltage) 

 

5.15 Cree CMF20120D SiC MOSFET with Internal Body Diode 

In this section the Cree CMF20120D SiC MOSFET was tested using only its internal 

body diode.  This configuration is important to test because in any half bridge application 

such as motor drive inverters or UPS inverters will utilize the body diode of the device.  As 

will be discussed in later sections, the SiC MOSFET has a benefit when compared to the 

CoolMOS MOSFET in that one can use a separate diode in parallel with the device due to 

the very high conduction characteristics of the body diode.  The device was tested using the 

same baseline gate driver as all other devices in this chapter.  The device used +15V unipolar 

gate driver with a 10Ohm gate resistor.  The device performance is shown in Figures 138-145.  

A summary of the performance statistics is given in Table 18 below.   

Table 18:  CMF20120D with Body Diode Dynamic Losses (Units are in uJ) 
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10Ohm CMF20120D Mosfet & Body Diode 

  
600V 
10A 

600V 
20A 

800V 
10A 

800V 
20A 

Eoff 120 300 263 427 

Eon 428 1220 706 1810 

Etotal 548 1520 969 2237 
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Figure 137:  CMF20120D with Body Diode Dynamic Losses (Units are in uJ) 
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Figure 138:  CMF20120D with Body Diode Turn Off Behavior at 600V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 139:  CMF20120D with Body Diode Turn On Behavior at 600V, 10A 

(blue = current, yellow = voltage) 
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Figure 140:  CMF20120D with Body Diode Turn Off Behavior at 600V, 20A 

(blue = current, yellow = voltage) 

 

 

Figure 141:  CMF20120D with Body Diode Turn On Behavior at 600V, 20A 

(blue = current, yellow = voltage) 

 



113 

 

Figure 142:  CMF20120D with Body Diode Turn Off Behavior at 800V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 143:  CMF20120D with Body Diode Turn On Behavior at 800V, 10A 

(blue = current, yellow = voltage) 
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Figure 144:  CMF20120D with Body Diode Turn Off Behavior at 800V, 20A 

(blue = current, yellow = voltage) 

 

 

Figure 145:  CMF20120D with Body Diode Turn On Behavior at 800V, 20A 

(blue = current, yellow = voltage) 
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CHAPTER 6 

6 OPTIMIZATION OF GATE DRIVER FOR SIC DEVICES 

The SiC JFETs developed by SemiSouth are unique devices and as such they have 

very particular gate drive requirements.  The devices are voltage controlled devices like a 

MOSFET, however they do not have an insulating gate oxide like a MOSFET.  The devices 

have a significant gate charge requirement that must be dealt with while turning the devices 

on and off.  The tradeoff with these devices is that since they do not have an insulating gate 

oxide they will sync significant current into their gate.  If a low impedance path is used to 

drive the gate capacitance of the device, the gate drive will drive current through the parasitic 

gate-source diode in the device during the conduction stage of the switching cycle.  This 

wastes power and decreases the efficiency of the device.   

The SiC MOSFET has also been optimized here in an attempt to match the test setup 

used for the results in the datasheet.  For the SiC MOSFET, Cree used a +20V gate driver in 

order to drive the device.  The +20V vs +15V gate driver allows the device to turn on much 

quicker because the driver can charge the gate capacitance 33% faster.  The gate driver used 

by Cree when testing the SiC MOSFET also had a much lower gate resistance than the 

IR2213 device.  Because of this, the gate resistance was also reduced in the test setup.  

6.1 SiC JFET Gate Drive Optimization Method 
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Because of the above described drawback of using a JFET structure as a power 

switching device, SemiSouth recommends using a gate driver that can deliver a very large 

current until the gate capacitance is charged.  After the gate capacitance is charged, the driver 

should lower the current it drives into the gate since current in excess of what it takes to keep 

the gate at a few volts will be wasting power and could decrease efficiency significantly.  

The easiest way to do this is by using an AC coupled driver that uses a large gate resistance 

in series with the driver output.  A bypass capacitor is used to wrap around the resistor and 

allow a very low impedance path during the gate capacitance charge/discharge.  The other 

benefit of this method is that it creates a negative gate voltage bias during turn off since the 

ac capacitor must discharge.  This gives the gate drive the benefits of a bipolar driver while 

only using a single supply.   A schematic of the original gate driver and the modified gate 

driver is shown in Figures 146 and 147 below.   
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Figure 146:  Original Gate Driver Schematic for Silicon IGBT Devices 
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Figure 147:  Modified Gate Driver Schematic for SiC JFET Devices 

 

6.2 SJEP120R125 SiC JFET Gate Drive Optimization 

For the 125mOhm SiC JFET, the resistor in series with the gate driver was chosen 

such that at 25C, 125mA of gate current was driven through the device during the conduction 

stage.  This kept the Rds,on below the specified datasheet parameter value of 125mOhms at 

all times.  In order for 125mA to be driven into the gate of the JFET, it must have a gate-

source voltage of 3V based on the datasheet graphs.  Given this information, the R used was 

100Ohms based on the below Ohm’s Law formula in (6.2.1-6.2.3). 

IVgsVddR /)( −=                (6.2.1) 

mAVVR 125/)315( −=               (6.2.2) 

OhmsR 100=                (6.2.3) 
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The bypass capacitor was chosen so that it would store greater than the total gate 

charge of 30nC.  This makes sure that the driver has low enough series impedance to fully 

charge the gate capacitance of the device before the bypass capacitor impedance can slow 

down the turn on process.  The bypass capacitor was chosen using the following formulas in 

(6.2.4-6.2.6). 

)/( VgsVddQgC −>                (6.2.1) 

)315/(30 VVnCC −>               (6.2.2) 

nFC 5.2>                     (6.2.3) 

The optimization of the bypass capacitor was done by taking the initial value of 2.5nF 

and increasing it in 0.5nF increments while measuring the total switching energy.  This was 

done at 600V buss voltage and 10A drain current.  This was repeated until the point where 

increasing the capacitor did not decrease total switching energy by more than 1%.  At this 

point, increasing the capacitor any more would not give a significant increase in efficiency 

and the added gate capacitance would waste energy from the gate driver charging and 

discharging it every switching cycle.  For the 125mOhm device, the optimization showed 

that a bypass capacitor of 6nF was the optimal value for efficiency with this device.   

Once the gate drive optimization was complete for the 125mOhm SiC JFET device, 

the same test that was run in Section 5.10 was re-run in order to compare device with the 

other Chapter 5 devices.  The device performance is shown in Figures 149-156.  A summary 
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of the performance statistics is given in Table 19 below.  It is easy to see while comparing 

Table 19 and table 13 that the switching energy when using the optimized gate driver is 

drastically lower.  The total switching energy was reduced by a factor of 4-5.  Most notably, 

the turn off energy was reduced by a factor of 8-10.  This is the case because of the negative 

15V bias that the charged capacitor applies to the gate of the device when the turn off event 

occurs.  The turn on energy is not reduced by much, but the energy there is really controlled 

by the diode characteristics and not as much the device turn on speed.  This is extremely high 

incentive to use the optimized gate driver, especially since it is essentially a single part 

addition to a bill of materials.   

Table 19:  Optimized SJEP120R125 Dynamic Losses (Units are in uJ) 

100Ohm SJEP120R125 & C2D20120D 

6nF 
600V 
10A 

600V 
20A 

800V 
10A 

800V 
20A 

Eoff 74 210 241 371 

Eon 137 279 235 492 

Etotal 211 489 476 863 
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Figure 148:  Optimized SJEP120R125 Dynamic Losses (Units are in uJ) 

 

 

 

Figure 149:  Optimized SJEP120R125 Turn Off Behavior at 600V, 10A 

(blue = current, yellow = voltage) 
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Figure 150:  Optimized SJEP120R125 Turn On Behavior at 600V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 151:  Optimized SJEP120R125 Turn Off Behavior at 600V, 20A 

(blue = current, yellow = voltage) 
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Figure 152:  Optimized SJEP120R125 Turn On Behavior at 600V, 20A 

(blue = current, yellow = voltage) 

 

 

Figure 153:  Optimized SJEP120R125 Turn Off Behavior at 800V, 10A 

(blue = current, yellow = voltage) 
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Figure 154:  Optimized SJEP120R125 Turn On Behavior at 800V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 155:  Optimized SJEP120R125 Turn Off Behavior at 800V, 20A 

(blue = current, yellow = voltage) 
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Figure 156:  Optimized SJEP120R125 Turn On Behavior at 800V, 20A 

(blue = current, yellow = voltage) 

 

6.3 SJEP120R063 SiC JFET Gate Drive Optimization  

For the 63mOhm SiC JFET, the resistor in series with the gate driver was chosen such 

that at 25C, 125mA of gate current was driven through the device during the conduction 

stage.  This kept the Rds,on below the specified datasheet parameter value of 63mOhms at all 

times.  In order for 125mA to be driven into the gate of the JFET, it must have a gate-source 

voltage of 3V based on the datasheet graphs.  Given this information, the R used was 

100Ohms based on the below Ohm’s Law formula in (6.3.1-6.3.3). 

IVgsVddR /)( −=                (6.3.1) 

mAVVR 125/)315( −=               (6.3.2) 

OhmsR 100=                 (6.3.3) 
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The bypass capacitor was chosen so that it would store greater than the total gate 

charge of 60nC.  This makes sure that the driver has low enough series impedance to fully 

charge the gate capacitance of the device before the bypass capacitor impedance can slow 

down the turn on process.  The bypass capacitor was chosen using the following formula in 

(6.3.4-6.3.6). 

)/( VgsVddQgC −>                (6.3.4) 

)315/(60 VVnCC −>               (6.3.5) 

nFC 5>                     (6.3.6) 

The optimization of the bypass capacitor was done by taking the initial value of 5nF 

and increasing it in 0.5nF increments while measuring the total switching energy.  This was 

done at 600V buss voltage and 10A drain current.  This was repeated until the point where 

increasing the capacitor did not decrease total switching energy by more than 1%.  At this 

point, increasing the capacitor any more would not give a significant increase in efficiency 

and the added gate capacitance would waste energy from the gate driver charging and 

discharging it every switching cycle.  For the 63mOhm device, the optimization showed that 

a bypass capacitor of 12nF was the optimal value for efficiency with this device.   

Once the gate drive optimization was complete for the 63mOhm SiC JFET device, the 

same test that was run in Section 5.11 was re-run in order to compare device with the other 

Chapter 5 devices.  The device performance is shown in Figures 158-165.  A summary of the 
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performance statistics is given in Table 20 below.  It is easy to see while comparing Table 20 

and table 14 that the switching energy when using the optimized gate driver is drastically 

lower.  The total switching energy was reduced by a factor of 4-5.  Most notably, the turn off 

energy was reduced by a factor of 8-10.  This is the case because of the negative 15V bias 

that the charged capacitor applies to the gate of the device when the turn off event occurs.  

The turn on energy is not reduced by much, but the energy there is really controlled by the 

diode characteristics and not as much the device turn on speed.  This is extremely high 

incentive to use the optimized gate driver, especially since it is essentially a single part 

addition to a bill of materials.   

Table 20:  Optimized SJEP120R063 Dynamic Losses (Units are in uJ) 

100Ohm SJEP120R063 & C2D20120D 

12nF 
600V 
10A 

600V 
20A 

800V 
10A 

800V 
20A 

Eoff 107 278 277 458 

Eon 167 316 269 518 

Etotal 274 594 546 976 
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Optimized SJEP120R063 with Body Diode Dynamic Losses 
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Figure 157:  Optimized SJEP120R063 Dynamic Losses (Units are in uJ) 

 

 

 

Figure 158:  Optimized SJEP120R063 Turn Off Behavior at 600V, 10A 

(blue = current, yellow = voltage) 
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Figure 159:  Optimized SJEP120R063 Turn On Behavior at 600V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 160:  Optimized SJEP120R063 Turn Off Behavior at 600V, 20A 

(blue = current, yellow = voltage) 
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Figure 161:  Optimized SJEP120R063 Turn On Behavior at 600V, 20A 

(blue = current, yellow = voltage) 

 

 

Figure 162:  Optimized SJEP120R063 Turn Off Behavior at 800V, 10A 

(blue = current, yellow = voltage) 
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Figure 163:  Optimized SJEP120R063 Turn On Behavior at 800V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 164:  Optimized SJEP120R063 Turn Off Behavior at 800V, 20A 

(blue = current, yellow = voltage) 
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Figure 165:  Optimized SJEP120R063 Turn On Behavior at 800V, 20A 

(blue = current, yellow = voltage) 

 

6.4 CMF20120D SiC MOSFET Gate Drive Optimization 

The IR2213 gate driver IC has an output impedance of roughly 18V/2A = 9Ohms.  

This was measured by looking at the output current driven by the device with the output 

shorted.  All the International Rectifier and Fairchild devices used either the IR2213 gate 

driver or a similar output impedance driver for their datasheet benchmark testing.  Cree, 

however, used a high current gate driver with insignificant output impedance.  Because of 

this, in order to achieve the datasheet rated switching energies, a 1Ohm gate resistor had to 

be used.  The total 10Ohm gate resistance in addition to the 20V gate drive voltage helped 

the SiC MOSFET switch with less than 30% the losses.  The device performance is shown in 

Figures 167-174.  A summary of the performance statistics is given in Table 21 below.   

Table 21:  Optimized CMF20120D Dynamic Losses (Units are in uJ) 
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1Ohm CMF20120D Mosfet & C2D20120D 

20V 
600V 
10A 

600V 
20A 

800V 
10A 

800V 
20A 

Eoff 127 205 261 294 

Eon 132 330 254 475 

Etotal 259 535 515 769 
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Figure 166:  Optimized CMF20120D Dynamic Losses (Units are in uJ) 
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Figure 167:  Optimized CMF20120D Turn Off Behavior at 600V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 168:  Optimized CMF20120D Turn On Behavior at 600V, 10A 

(blue = current, yellow = voltage) 
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Figure 169:  Optimized CMF20120D Turn Off Behavior at 600V, 20A 

(blue = current, yellow = voltage) 

 

 

Figure 170:  Optimized CMF20120D Turn On Behavior at 600V, 20A 

(blue = current, yellow = voltage) 
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Figure 171:  Optimized CMF20120D Turn Off Behavior at 800V, 10A 

(blue = current, yellow = voltage) 

 

 

Figure 172:  Optimized CMF20120D Turn On Behavior at 800V, 10A 

(blue = current, yellow = voltage) 
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Figure 173:  Optimized CMF20120D Turn Off Behavior at 800V, 20A  

(blue = current, yellow = voltage) 

 

 

Figure 174:  Optimized CMF20120D Turn On Behavior at 800V, 20A  

(blue = current, yellow = voltage) 
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CHAPTER 7 

7 LAB SUMMARY AND COMPARISON OF SWITCHING 

DEVICES 

 A total of 14 switching device combinations were two-pulse tested in Chapters 5 and 

6.  The Silicon Carbide devices show a clear opportunity to reduce dynamic losses in hard 

switching applications where high blocking voltage is required.  The higher breakdown field 

of SiC material allows the MOSFET and JFET devices to compete with Silicon IGBT’s in 

terms of conduction characteristics.  The devices far outperform comparable Silicon devices 

with respect to switching losses as can be seen in the tables listed below.  FIgure 175 

summarizes the switching energies for the traditional silicon devices evaluated.  The most 

promising Silicon device with respect to switching energies was the Fairchild 

FGL40N120AND device with 2464uJ total switching energy at 800V, 20A.  A summary of 

the switching energies for the same devices but using a Cree SiC diode is shown in Figure 

176.  The switching energy reduction was very impressive and has been summarized in 

Figure 177 below.  The reduction in switching energy is in the range of 24-34%, which is 

very significant and could help a power electronics designer optimize other parts of the 

power circuit.  Three such ways are: 

1)  Reduction of heatsink or use of lower airflow fans for cooling 

2)  The ability to use a smaller chip size for the IGBT 
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3)  Switching frequency increase which would reduce inductor size 

Each of the above examples gives the power circuit designer levels of flexibility in 

designing the architecture of the product.  It must be stressed that the change described above 

included absolutely no changes to the power circuitry other than the diode change.  The gate 

driver remained 100% the same.  Even the exact same layout was used in order to have the 

same stray inductance values, etc.    
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Figure 175:  Switching Energy Summary for Silicon Devices 

 
Table 22:  Switching Energy Summary for Silicon Devices 

  Silicon Device Testing @ 800V, 20A 

  Eoff Eon Etotal 

IRG4PH50KD 1250 2210 3460 

IRG4PH50UD 1178 1742 2920 

IRG7PH42UD 1010 1850 2860 

FGL40N120AND 684 1780 2464 

IPW90R120C3 1110 1450 2560 
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Si Device & SiC Diode Testing @ 800V, 20A
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Figure 176:  Switching Energy Summary for Silicon Switch with SiC Diode 

 

 
Table 23:  Switching Energy Summary for Silicon Switch with SiC Diode 

  Si Device & SiC Diode Testing @ 800V, 20A 

  Eoff Eon Etotal 

IRG4PH50U 1190 1350 2540 

IRG4PH50U 1200 941 2141 

IRG7PH42U 952 925 1877 

FGL40N120AN 641 1230 1871 

IPW90R120C3 1060 740 1800 
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SiC Device Testing @ 800V, 20A
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Figure 177:  Reduction of Switching Energy by Using SiC Diode 

 

 

Table 24:  Reduction of Switching Energy by Using SiC Diode 

  

  

  

Reduction of 
Etotal with 
SiC Diode 

IRG4PH50U 26.59% 

IRG4PH50U 26.68% 

IRG7PH42U 34.37% 

FGL40N120AN 24.07% 

IPW90R120C3 29.69% 

 

The replacement of the Silicon switch with a SiC MOSFET or JFET proved to provide 

an even more compelling benefit.  The key takeaway from this exercise is that the SemiSouth 

SiC JFET devices are not suitable for a direct replacement like the SiC Diodes are.  With no 

changes to the gate drive circuitry the SemiSouth JFET devices do not see a significant 

benefit in dynamic performance when compared to the silicon switches.  The benfit, however, 
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can be achieved by adding a very simple and cheap gate bypass capacitor to the circuit.  It 

should be noted that this will not incur much added losses in gate drive circuitry because the 

bypass capacitor looks like an open circuit once charged.  The only losses associated with 

this gate drive enhancement are the 1/2C*V^2 losses for the capacitor.  However, the typical 

gate charge for the Silicon IGBT’s tested was roughly 3-4 times higher than the SemiSouth 

JFET.  Because of this, with the added bypass capacitor the SiC JFET devices dissipate very 

similar gate power as the comparable Silicon IGBT’s.   

The key to the Cree SiC MOSFET devices is the 20V gate voltage and high current 

gate drive they desire.  When tested using the standard gate drive impedance, the devices do 

not perform better than the FGL40N120AN device did.  The gate drive changes, however, 

were very minor and do not significantly change the gate drive power requirements.  Once 

the gate driver for the SiC MOSFET was optimized, the device performed the best of any 

devices tested with only 769uJ of total switching energy at 800V, 20A.   

Another key aspect of the SiC MOSFET is the dynamic performance of the devices 

body diode.  The SiC MOSFET body diode performed very well compared to the Infineon 

CoolMOS body diode.  The body diode does have some reverse recovery current, but is very 

low compared to even the Fairchild FGL40N120AND co-pack diode.  The SiC MOSFET 

body diode is extremely soft compared to the FGL40N120AND diode in that it has a much 

lower peak reverse recovery current, but the recovery time is much longer.  For reference, the 

SiC MOSFET body diode has a trr of 258ns and Irrm of 2.2A while the Silicon diode has a 

trr of 75ns and Irrm of 8A.  What this means is that if a power electronics designer chose to 
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use the CMF20120D with its body diode they could very well do so.  The sacrifice would be 

part of the reduction in losses achieved from using a separate SiC body diode.  One very 

important characteristic of the SiC MOSFET is that the body diode has such a high forward 

drop of roughly double that of a comparable SiC Diode.  Because of this, a SiC Diode can be 

paralleled easily causing the body diode of the MOSFET to never conduct.    

A summary of the SiC JFET and MOSFET device dynamic results is shown in Figure 

178 below.  Also included in Figure 179 below is a summary of how much going from an 

FGL40N120AND device will reduce switching losses.  In summary, using simply a SiC 

Diode yields roughly 24% reduction in dynamic losses while either of the three SiC switches 

and SiC diode yields roughly 60-70% reduction in dynamic losses.  Using the CMF20120D 

with body diode is a 12% reduction.   
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Figure 178:  Switching Energy Summary for SiC Switches & Diode 

 

 
Table 25:  Switching Energy Summary for SiC Switches & Diode 

  SiC Device Testing @ 800V, 20A 

  Eoff Eon Etotal 

SJEP120R125 371 492 863 

SJEP120R063 458 518 976 

CMF20120D 294 475 769 

CMF20120D w/Body 427 1810 2237 
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Figure 179:  Reduction of Switching Energy from FGL40N120AND 

 

 

Table 26:  Reduction of Switching Energy from FGL40N120AND 

  

  

  

Reduction of 
Etotal from Si 

Devices 

With SiC Diode 24.07% 

SJEP120R125 64.98% 

SJEP120R063 60.39% 

CMF20120D 68.79% 

CMF20120D w/Body 12.62% 
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CHAPTER 8 

8 LABORATORY TESTING OF 300W FLYBACK POWER 

SUPPLY WITH SIC SWITCHING DEVICES 

For this chapter, a 300W flyback power supply was evaluated to see how exchanging 

the main silicon switching devices for SiC MOSFET’s could improve efficiency.  The power 

supply is a two secondary flyback supply with one output rail at +48V nominal and the 

second output rail at +15V nominal.  The +48V rail is directly regulated while the +15V rail 

is loosely regulated simply by the turns ratio of the flyback transformer.  The flyback supply 

uses a two switch topology in order to clamp leakage inductance energy back to the input 

capacitors.  Using the two switch topology also allows the flyback converter to see less 

voltage stress on the MOSFET devices since voltage spikes are clamped to the input rail.  A 

schematic of the flyback converter is shown in Figure 180 below.  A digital picture of the test 

setup and power board is shown in Figure 181 below as well.   
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Figure 180:  Schematic of 300W Flyback Supply 

 

 

 
Figure 181:  Picture of Test Setup and Power Board for 300W Flyback Supply 

 

The original flyback power supply used ST Microelectronics 1000V STW8NB100 

devices for both of the switches.  The upper device used a pulse transformer to isolate the 
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gate driver circuitry while the lower device had the gate driver directly referenced to the 

negative input terminal.  The converter switched the MOSFETs at a switching frequency of 

75kHz.  The primary side clamp diodes were On Semiconductor 1000V MUR4100E diodes 

and the secondary side rectifier diodes were On Semiconductor 400V MURH840CT diodes.  

The power supplies are specified to regulate the outputs to +/- 10% for the +15V supply 

since it was not directly regulated and +/- 5% for the 48V supply over all operating 

conditions.  At the load used, the +15V and +48V supplies were regulated to +16.2V and 

+50.2V respectively.   

During the test, the power supply was loaded using an 8 Ohm resistor for the +15V 

supply and a 10 Ohm resistor for the +48V supply.  The output power was therefore 

calculated in equations (8.1-8.3) below. 

WattsOhmsV 8.328/2)^2.16( =              (8.1) 

WattsOhmsV 25210/2)^2.50( =                 (8.2) 

WattsWattsWatts 8.2842528.32 =+                  (8.3) 

The power supply was loaded to a total of 284.8 Watts at the output.  The test could 

have been done using only the +48V supply, however, the output diode of the +48V supply 

was not designed to handle the current.  The supply was designed to handle up to roughly 

250 Watts on the +48V supply and 50 Watts on the +15V supply.  Using all the original 

hardware, the power supply was run with the previously stated loads and measured for 
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efficiency.  The efficiency of the converter was measured to be 83.74% as shown in 

equations (8.4-8.7) below. 

VinVavg 8.699, =                (8.4) 

mAinIavg 486, =                      (8.5) 

WattsmAVPin 1.340486*8.699 ==                  (8.6) 

%74.831.340/8.284/ === WattsWattsPinPoutEfficiency          (8.7) 

Next, as in Chapters 5 and 6, switching energies for the MOSFET devices were 

measured.  The current waveform showed a MOSFET minimum current of 1.6A and a 

maximum current of 2.8A with a 21.5% duty cycle.  Using this information, the conduction 

power loss was calculated from the given Rds,on of 1.3Ohms.  The conduction loss was 

calculated to be 0.62 Watts as in equation (8.8) below.  

WattsOhmsAAA 62.02.1*215.0*)6.12/)6.18.2(( =+−           (8.8) 

The power loss for each device is shown below in Table 27.  It can be seen that the 

total device losses for the two MOSFETs was 11.17Watts.  We can calculate that the 

11.17Watts accounts for roughly 20% of the total losses in the converter.  This is reasonable 

given that the rest of the losses likely were dissipated in the transformer windings and output 

rectifier diodes for each supply. 

Table 27:  Upper and Lower Device Switching Losses for Original Flyback Devices 
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Upper 
Device: 

Lower 
Device: 

Eoff: 16.70uJ 38.30uJ 

Eon: 26.30uJ 51.20uJ 

Etotal: 43.00uJ 89.50uJ 

Pcond: 0.62W 0.62W 

Ptotal: 3.84W 7.33W 

 

The next step in this testing was to replace both ST Microelectronics silicon 

MOSFETs with Cree CMF20120D SiC MOSFETs and see how the loss profile improved.  

The gate driver was modified as in section 6.4 of this report.  The efficiency of the converter 

was again measured to be 85.7% as shown in equations (8.9-8.12) below.  This showed an 

efficiency improvement of roughly 2% for the flyback converter. 

VinVavg 6.699, =                (8.9) 

mAinIavg 475, =                      (8.10) 

WattsmAVPin 3.332475*6.699 ==                  (8.11) 

%7.853.332/8.284/ === WattsWattsPinPoutEfficiency               (8.12) 

Next, the switching energies for the SiC MOSFETs were measured and again the 

conduction power loss was calculated from the given Rds,on of 110mOhms.  The conduction 

loss was calculated to be 0.52Watts as in equation (8.13). 

WattsOhmsAAA 52.0110.0*215.0*)6.12/)6.18.2(( =+−               (8.13) 
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The power loss for each device is shown below in Table 28.  It can be seen that the 

total device losses for the two MOSFETs was 3.76Watts.  This lines up with the calculations 

made earlier.  The total losses with the silicon devices were 340.1W-284.8W = 55.3W and 

the total losses with the SiC devices were 332.3W-284.8W = 47.5W.  The decrease in losses 

when switching from silicon to SiC devices was roughly 7.8Watts according to system power 

calculations.  This is close to what was calculated earlier in the device loss calculations.  The 

device loss calculations show 11.17W-3.76W = 7.4W decrease in losses.  It was noted earlier 

that the supply efficiency improved roughly 2% for this flyback converter.  While this may 

not seem extremely impressive at first glance, when we look further we see that the losses in 

the switches decreased from 11.17Watts to 3.76Watts.  This is a 66% reduction in switch loss, 

which is very considerable.  This could mean a smaller heatsink or even that the user could 

run the converter at a higher frequency with the same device.   

Table 28:  Upper and Lower Device Switching Losses for Flyback with SiC Devices 

  
Upper 
Device: 

Lower 
Device: 

Eoff: 7.10uJ 15.20uJ 

Eon: 9.20uJ 17.30uJ 

Etotal: 16.30uJ 32.50uJ 

Pcond: 0.05W 0.05W 

Ptotal: 1.27W 2.49W 
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CHAPTER 9 

9 LABORATORY TESTING OF 6KVA DOUBLE 

CONVERSION UPS WITH SIC SWITCHING DEVICES  

For this chapter, an Eaton Powerware 6kVA true online double conversion 

Uninterruptible Power Supply (UPS) was tested for efficiency at various load levels.  The 

purpose of the testing was to evaluate the Cree SiC devices in a UPS application to determine 

how they performed.  Two criteria were evaluated: 

1) Are the devices direct drop-in replacements for comparable IGBT’s and 

Diodes in this application? 

2) How much performance benefit (in terms of efficiency) can be achieved by 

direct replacement of Silicon IGBT’s and Diodes with Cree SiC next-

generation devices?  

An Eaton Powerware model 9125 UPS was used as the test bed.  The UPS is rated for 

6kVA at a power factor of 0.7, which means the maximum resistive output power it can 

handle is 4.2kW as given in equation (9.1). 

kWWVA 2.442006000*7.0 ==                 (9.1) 

The UPS is designed to run off a single phase 230V nominal input line.  In practice, 

the UPS can be configured to run off 220-240V input.  For the purposes of this test, the UPS 
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was set to the 220V output mode.  The UPS consists of a rectifier half bridge stage followed 

by an inverter half bridge stage, each connected by a DC link.  A battery converter and 

charger interface with the DC link when outages occur to keep the load up.  For the purposes 

of this testing, the battery converter has been ignored since online efficiency was the only 

concern.  Both the rectifier and inverter run at a switching frequency of 20kHz.  The UPS 

does not have the ability to change the switching frequency since all hardware was designed 

to specifically run at 20kHz.  Because of this, all tests were carried out at 20kHz.  In the case 

of the SiC devices, this was a distinct disadvantage due to the fact that the devices suffer 

higher conduction losses but typically make up for it with their drastically lower switching 

losses.  At 20kHz, however, the switching losses were likely not dominant which could erode 

the benefits of using a SiC device in the first place.   

Four different cases were tested in this chapter.  In section 9.1, the baseline efficiency 

was tested using all the original hardware that came with the UPS.  The original gate drive 

resistance was used and the original Silicon IGBT/Diodes were used for both the rectifier and 

inverter sections.  For section 9.2, only the inverter devices were replaced in order to see if 

there was an efficiency benefit by using SiC MOSFET/Diode co-packs as drop-in 

replacements.  Section 9.3 further tested the SiC devices by attempting to decrease the 

switching time.  The gate resistor was decreased since the datasheet for the Cree devices 

recommends a much smaller gate resistance than a typical Silicon IGBT.  Finally, in section 

9.4, the rectifier was modified by only replacing the anti-parallel diodes with SiC Diodes.  

The Silicon IGBT’s were kept the same and the gate driver components were kept exactly the 
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same.  Figure 182 below shows the UPS test setup and power board and Figure 183 below 

shoes a zoom in of the heatsink the devices were mounted to so that the reader can get a 

better appreciation of how difficult getting V-I measurements of the switching devices would 

be.   

 

 
Figure 182:  Picture of UPS Test Setup and Power Board 
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Figure 183:  Zoom In Picture of Heatsink and Devices Mounting 

 

9.1 Baseline Efficiency Measurement Using Original Silicon Devices 

The first test in this chapter was meant to establish baseline efficiency for the double 

conversion power stage.  The power stage consists of several pieces that contribute to losses 

in the UPS.  The major sources of losses in the UPS are: 

1) Rectifier Inductors 

2) Rectifier Switching Devices 

3) Switchmode Power Supply 
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a. Digital Logic Controls 

b. Sensing Circuitry 

c. Fan Power 

4) Inverter Switching Devices 

5) Inverter Inductors 

The UPS utilizes toroidal inductors using powdered iron cores, which are very lossy 

compared to ferrite material.  Switching at 20kHz, the ripple current losses are likely very 

substantial in these devices.  The switchmode power supply for this UPS is another area for 

considerable losses.  The switchmode power supply has to supply power to all logic circuitry, 

sensing circuitry, microcontrollers, and cooling fans for the system.   

The only loss elements relating to this evaluation are the rectifier and inverter 

switching device losses.  Because of this, all other elements were kept identical between tests 

in order to keep reliable data.  For the baseline Silicon device testing, the test data is 

summarized in table 29 below.  Note again that the testing was done at three different load 

levels in order to get a wide system understanding of the impact SiC devices can have.  In 

Figures 184 through 189 the input voltage/current and output voltage/current waveforms are 

shown in two different zoom for the different load levels.   

Table 29:  Silicon Device 6kVA UPS Efficiency Testing 

1kW: Silicon Devices 

Vin: 214.70VIin: 6.54APin: 1404.57W    

Vout: 223.90VIout: 4.64APout: 1038.90WEfficiency: 73.97%

        

2kW: Silicon Devices 

Vin: 213.50VIin: 11.33APin: 2418.96W    
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Vout: 223.50VIout: 9.32APout: 2083.02WEfficiency: 86.11%

        

4kW: Silicon Devices 

Vin: 211.20VIin: 21.63APin: 4568.26W    

Vout: 223.40VIout: 18.85APout: 4211.09WEfficiency: 92.18%

 

 

Figure 184:  1kW Efficiency Zoomed Out  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 
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Figure 185:  1kW Efficiency Zoomed In  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 

 



157 

 

Figure 186:  2kW Efficiency Zoomed Out  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 
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Figure 187:  2kW Efficiency Zoomed In  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 
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Figure 188:  4kW Efficiency Zoomed Out  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 
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Figure 189:  4kW Efficiency Zoomed In  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 

 

9.2 Replacement of Inverter Silicon IGBT/Diode Co-Packs with SiC 

MOSFET/Diode Co-Packs 

For this section of the efficiency testing, all inverter switching devices were replaced 

with SiC devices.  The inverter switches were replaced from 2 parallel HGTG27N120BN 

Fairchild 34A 1200V IGBT’s to 2 parallel CMF20120 Cree 20A 1200V SiC MOSFET’s.  

The inverter diodes were replaced from a single ISL9R30120G2 Fairchild 30A 1200V Diode 

to 2 parallel C2D10120 Cree 10A 1200V SiC Diodes.  All gate drive parts were kept exactly 

the same as in Section 9.1 in keeping with the drop-in replacement theme of the tests.  

Rectifier devices were kept exactly the same as well using the original Silicon IGBT/Diodes.  
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The test data is summarized in table 30 below.  Note again that the testing was done at three 

different load levels in order to get a wide system understanding of the impact SiC devices 

can have.  In Figures 190 through 195 the input voltage/current and output voltage/current 

waveforms are shown in two different zoom for the different load levels.   

Comparing the data in table 30 to the data in table 29, we can see how the efficiency 

was affected by converting the inverter switching devices to SiC.  It is interesting to note that 

the efficiency increased significantly at 1kW (1.21%), at 2kW there was no practical change 

(-0.13%), and at 4kW the efficiency actually decreased significantly (-1.01%).   

Table 30:  SiC Inverter 6kVA UPS Efficiency Testing 

1kW: SiC Inverter 

Vin: 217.00VIin: 6.30APin: 1366.45W    

Vout: 222.30VIout: 4.62APout: 1027.25WEfficiency: 75.18%

        

2kW: SiC Inverter 

Vin: 214.90VIin: 11.09APin: 2383.24W    

Vout: 221.40VIout: 9.26APout: 2049.28WEfficiency: 85.99%

        

4kW: SiC Inverter 

Vin: 211.50VIin: 21.33APin: 4511.30W    

Vout: 220.90VIout: 18.62APout: 4113.16WEfficiency: 91.17%
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Figure 190:  1kW Efficiency Zoomed Out  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 
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Figure 191:  1kW Efficiency Zoomed In  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 
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Figure 192:  2kW Efficiency Zoomed Out  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 
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Figure 193:  2kW Efficiency Zoomed In  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 
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Figure 194:  4kW Efficiency Zoomed Out  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 
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Figure 195:  4kW Efficiency Zoomed In  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 

 

9.3 Reduction of Inverter SiC MOSFET Gate Drive Resistor 

The next efficiency testing that was done was to take the same setup as in section 9.2 

and lower the gate resistor for the inverter devices.  All inverter switching devices were still 

SiC MOSFET/Diodes by Cree and all rectifier devices were still Silicon IGBT/Diodes by 

Fairchild.  The inverter gate driver was originally 10 Ohms in series with 33 Ohms.  The gate 

driver circuit utilizes an HCNW3120 isolated gate driver IC to drive the top and bottom 

switches.  The circuit uses a 10 Ohm gate resistor from the IC and then two different 33 Ohm 

gate resistors for each device that is paralleled.  A schematic of the original gate drive is 

shown in Figure 196 below.  Cree recommends a 10 Ohm gate drive resistor when switching 
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their 20A SiC MOSFET devices.  This is the gate resistor value they use for all specified 

parameters in the datasheet.  This was the target resistor for this section, and the 33 Ohm gate 

resistor was replaced with a 1.8 Ohm resistor.  This resistor created an 11.8 Ohm effective 

gate resistance for the driver.  A schematic of the modified gate drive is shown in Figure 197 

below.  The gate driver signals from the left in these figures come from the HCNW3120 gate 

driver IC which is powered by a +18V/-8V isolated power supply.   

The test data is summarized in table 31 below.  Note again that the testing was done 

at three different load levels in order to get a wide system understanding of the impact SiC 

devices can have.  In Figures 198 through 203 the input voltage/current and output 

voltage/current waveforms are shown in two different zoom for the different load levels.  The 

testing was also attempted with even lower gate resistor values; however, lowering the gate 

resistor further did not cause a measurable change in efficiency of the converter.   

Comparing the data in table 31 to the data in table 29, we can see how the efficiency 

was affected by converting the inverter switching devices to SiC and updating the gate drive 

resistance.  It is interesting to note that the efficiency increased even more than in section 9.2 

at 1kW (2.69%), at 2kW we now can see an improvement in efficiency (1.04%), and at 4kW 

the efficiency is basically a wash (-0.10%).   
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Figure 196:  Schematic of Original Gate Drive Circuit 
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Figure 197:  Schematic of Updated Gate Driver Circuit for Section 9.3 

 

 

 

 

Table 31:  SiC Inverter with Reduced Rg 6kVA UPS Efficiency Testing 

 

1kW: SiC Inverter with 11.8Ohm Rg 

Vin: 215.20VIin: 6.20APin: 1334.67W    

Vout: 221.70VIout: 4.62APout: 1023.15WEfficiency: 76.66%
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2kW: SiC Inverter with 11.8Ohm Rg 

Vin: 216.30VIin: 10.97APin: 2372.81W    

Vout: 222.60VIout: 9.29APout: 2067.95WEfficiency: 87.15%

        

4kW: SiC Inverter with 11.8Ohm Rg 

Vin: 211.80VIin: 21.21APin: 4492.28W    

Vout: 221.10VIout: 18.71APout: 4136.78WEfficiency: 92.09%

 

 

 

Figure 198:  1kW Efficiency Zoomed Out  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 

 



172 

 

Figure 199:  1kW Efficiency Zoomed In  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 
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Figure 200:  2kW Efficiency Zoomed Out  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 
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Figure 201:  2kW Efficiency Zoomed In  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 
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Figure 202:  4kW Efficiency Zoomed Out  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 
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Figure 203:  4kW Efficiency Zoomed In  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 

 

9.4 Replacement of Rectifier Diodes 

The final efficiency testing that was done was to take the same setup as in section 9.3 

and modify the rectifier instead.  As explained in the previous sections, the testing up to this 

point was done with only modifications to the inverter.  The rectifier circuitry was 

completely intact, and is used here as a test bed for a final test.  The results here can be 

compared to the results in section 9.3, since the inverter here will be exactly the same as that 

section.  The rectifier modification that was made was to remove only the diode devices and 

replace them with Cree SiC 2x10A dual diode packs.  The IGBT devices and all associated 

gate drive circuitry were kept original for the rectifier switches.     
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The test data is summarized in table 32 below.  Note again that the testing was done 

at three different load levels in order to get a wide system understanding of the impact SiC 

devices can have.  In Figures 204 through 209 the input voltage/current and output 

voltage/current waveforms are shown in two different zoom for the different load levels.   

Comparing the data in table 32 to the data in table 31, we can see how the efficiency 

was affected by converting the inverter switching devices to SiC.  It is interesting to note that 

the efficiency decreased significantly at 1kW (-1.34%), at 2kW there was a slight decrease in 

efficiency (-0.26%), and at 4kW the efficiency actually increased significantly (0.96%). 

Table 32:  SiC Inverter and SiC Rectifier Diodes 6kVA UPS Efficiency Testing 

1kW: SiC Inverter with 11.8Ohm Rg & Rectifier Diodes 

Vin: 216.80VIin: 6.31APin: 1368.44W    

Vout: 222.70VIout: 4.63APout: 1030.66WEfficiency: 75.32%

        

2kW: SiC Inverter with 11.8Ohm Rg & Rectifier Diodes 

Vin: 215.50VIin: 11.02APin: 2374.81W    

Vout: 222.40VIout: 9.28APout: 2063.43WEfficiency: 86.89%

        

4kW: SiC Inverter with 11.8Ohm Rg & Rectifier Diodes 

Vin: 213.50VIin: 21.09APin: 4502.72W    

Vout: 222.50VIout: 18.83APout: 4189.68WEfficiency: 93.05%
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Figure 204:  1kW Efficiency Zoomed Out  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 
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Figure 205:  1kW Efficiency Zoomed In  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 
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Figure 206:  2kW Efficiency Zoomed Out  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 
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Figure 207:  2kW Efficiency Zoomed In  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 
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Figure 208:  4kW Efficiency Zoomed Out  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 

 



183 

 

Figure 209:  4kW Efficiency Zoomed In  

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout) 

 

9.5 Summary and Conclusions 

 One key takeaway from this exercise is that the Cree SiC MOSFET devices 

should not be treated as a drop-in replacement for any IGBT device unless careful 

consideration of the gate drive circuitry has been made.  An important characteristic of the 

SiC MOSFET device is its very smooth transition from the linear region of operation to the 

saturated constant-current region of operation on the I-V curve.  In order to show this 

comparison, the I-V curve for the CMF20120D SiC MOSFET is shown below in Figure 210 

and the I-V curve for a typical MOSFET is shown below in Figure 211.  The MOSFET used 
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is a 900V Infineon CoolMOS IPW90R120C3 device.  The figure is used merely as a 

comparison of the shape of the I-V curve and not to compare the actual values of conduction 

losses.  Both I-V curves are for the devices at 25C junction temperature, and both devices are 

rated for roughly 20Amps at elevated junction temperature. 

 

 

Figure 210:  I-V curve for CMF20120D SiC MOSFET at 25C 
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Figure 211:  I-V curve for IPW90R120C3 MOSFET at 25C 

 

 What we see from the second figure is that the standard silicon MOSFET 

exhibits a very distinct transition from the linear region in which the device has a relatively 

constant Rds,on to the constant current region where the device essentially will not allow 

anymore current to flow through the D-S terminals.  For example, at 5Vgs, the Rds,on is 

almost exactly 120mOhms all the way up to roughly 45Amps of current after which it will 
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not allow anymore than about 45Amps of current.  Additionally, the Rds,on is not 

significantly affected by the gate-source voltage provided that the device is still in the linear 

region.  The SiC MOSFET, on the other hand, shows a very “soft” transition.  Lets take the 

case where Vgs = 18V, as in our testing for this chapter.  We can see that at 20Amps, the 

voltage drop is roughly 2Volts and the Rds,on is relatively constant at 2V/20A = 100mOhms.  

As the device conducts currents higher than 20Amps, however, the Rds,on actually increases 

as the device slowly transitions into the constant current region over the course of 20-

100Amps.  This means that the 100mOhm Rds,on that was expected is not necessarily valid 

for the peak currents of the sine wave that the device will see.  The main takeaway here is 

that the SiC devices should have a gate driver that can deliver 20Vgs in order to fully take 

advantage of the device conduction characteristics.  The 20A rating for the device is even 

listed on the datasheet specifically for a 20V Vgs rating.   

The other way the gate driver can affect the performance of the SiC MOSFET devices 

is the switching losses.  It was not possible to obtain any dynamic switching waveforms for 

this UPS application due to the extremely tight proximity of the devices to gate drive 

components, controls components, the heatsink, and other parts.  This was attempted early on 

in the testing and ended up damaging the power board of the UPS.  Once the power board 

was repaired, it was deemed too risky to try again due to the scheduling of the project and 

availability of more parts to fix the power board should another failure occur.  We can, 

however, use the knowledge gained from earlier chapters of this report to help understand 

how the gate driver affects the SiC MOSFET devices.  Testing on the Cree SiC MOSFET 
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was done in sections 5.14 and 6.4 of this report.  The initial test was done using a standard 

IGBT gate driver that utilized +15V gate voltage and a driver IC that was setup to deliver 

less than 1 Amp of current to the gate.  This caused the device to perform very poorly, as can 

be seen below in Table 33.  We can see from the table that the turn on loss doubles by simply 

using a 20V gate driver instead of 15V.  Furthermore, when dropping the gate resistor to the 

one specified in the datasheet both losses are reduced significantly.  Although the driver for 

this UPS uses a switchmode power supply that tries to regulate 18V, the actual loaded 

voltage is closer to 17V in practice as measured during testing.  Because of this, we can 

assume the losses are slightly lower than what is shown in column 1.  We did reduce the gate 

resistor in section 9.3, but that did not help as much as hoped because this forced the gate 

voltage to drop even further when more current was drawn.   

Table 33:  SiC MOSFET Dynamic Results (Units are in uJ) 

  CMF20120D Losses at 800V 20A 

  
19Ohm, 
15V 

19Ohm, 
20V 

10Ohm, 
20V 

Eoff 430 455 294 

Eon 1580 731 475 

Etotal 2010 1186 769 

 

A summary of the efficiency data from the previous sections is combined below in 

Table 34.  Comparing columns 1 and 2, we see that the efficiency improved when changing 

the inverter devices to all SiC only at 1kW load.  At 2kW load, the efficiency actually 

decreased very slightly and at 4kW load the efficiency decreased very significantly.  What 

this tells us is that the device losses in this system are heavily dominated by conduction 

losses, especially at the higher end of load levels.  At the lower loads, the silicon devices 
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have much worse conduction loss characteristics.  This is due to the fact that the IGBT has a 

bipolar knee voltage that must be overcome when conducting.  This creates a lower limit for 

the amount of Vce,sat that can be achieved at lower loads.  The I-V characteristics for the 

HGTG27N120BN IGBT is shown below in Figure 212 for reference.  You can see that even 

at very light loads, a knee voltage is present.  The SiC MOSFET, on the other hand, simply 

has an Rds,on while in the triode region.  As the load increases, the IGBT has a much smaller 

equivalent series resistance compared to the MOSFET’s Rds,on.  As such, and in addition to 

the soft transition between the linear and saturation region discussed earlier causes the 

MOSFET to increase conduction voltage faster than the IGBT.    

Table 34:  Summary of Efficiency Performance 

  Si Devices SiC Inverter SiC Inverter SiC Inverter 

     Lower Rg Lower Rg 

        Rectifier Diode 

1kW 73.97% 75.18% 76.66% 75.32%

2kW 86.11% 85.99% 87.15% 86.89%

4kW 92.18% 91.17% 92.09%
93.05%
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Figure 212:  I-V Characteristics for HGTG27N120BN IGBT 

 

The main benefit of the SiC MOSFET devices is their incredibly quick switching 

speed.  This speed, however, is limited in our case by the driver IC’s ability to quickly charge 

and discharge the gate capacitance.  The driver IC used in this UPS (the HCNW3120) has a 

maximum output current limited to 2 Amperes.  Since there are two devices in parallel, the 

driver capability is limited to only 1 Amp per device.  Because of this, we were able to 

reduce the switching losses slightly by reducing the gate resistance in the circuit, but only a 

slight efficiency improvement was possible.  In table 9.5.2 above, we can compare columns 1 

and 3 to see the best possible efficiency gain we could achieve for the inverter after 

modifying the gate driver resistor values.  We see that the efficiency benefit is a very 

substantial 2.67% improvement at 1kW and is even substantial at just over 1% for 2kW.  At 

4kW, however, the efficiency does not see a significant benefit when using the SiC devices 
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(actually 0.10% worse efficiency).  It is very important to note that the SiC devices used were 

much lower rating than the Silicon devices compared to. What was done here is to replace 

70Amps worth of IGBT’s with 40Amps worth of SiC MOSFET current rating.  The diodes 

were converted from 30Amps worth of Silicon Diode current rating to 20Amps worth of SiC 

Diode current rating.  On top of this, the efficiency improved very significantly at lower 

loads and is a wash at full load.  This shows a clear benefit from using SiC devices in a UPS 

inverter especially keeping in mind that the devices were only partially optimized and could 

get much better if gate driver circuitry was designed specifically for the SiC needs of the 

MOSFETs tested.  A plot of the efficiency curves from 1kW to 4kW has been shown in 

Figure 213 below. 
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Figure 213:  Efficiency Curves for Original Testing and Optimized SiC Inverter  

(Silicon IGBTs are 2x34A = 68A current rating, SiC MOSFETs are 2x20A = 40A current rating) 
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 The rectifier testing in this chapter set out to measure how much efficiency 

gain could be gained by simply replacing the diodes in the power circuit with SiC Diodes and 

keeping the silicon IGBT’s in tact.  Also, no modifications were made to gate drive circuitry.  

The SiC diodes exhibit no reverse recovery and therefore improve the turn on behavior in the 

silicon IGBTs as seen in Chapter 5 of this report.  The comparison from Table 34 must be 

made between columns 3 and 4, since the inverter was kept identical between the two.  The 

only change made between the two columns was that each 30A Fairchild ISL9R30120G2 

diode was replaced by a 20A Cree C2D20120D SiC double diode.  The TO-247 package 

actually contains two paralleled 10A SiC diodes internally.  Again, we replaced 30Amps 

worth of silicon current rated devices with 20Amps worth of SiC current rated devices.  For 

this experiment, we can see from Table 34 that the efficiency results were actually opposite 

from the previous exercise.  The efficiency actually got worse at 1kW and 2kW loads (-

1.34% and -0.26% reduction in efficiency respectively) and improved substantially at 4kW 

load (0.96% improvement).  A plot of efficiency curves from 1kW to 4kW for these two 

experiments has been shown in Figure 214 below.  The data results tell us that at low loads, 

the higher conduction characteristics of the SiC devices and the fact that only 20A rating of 

SiC diode was used instead of 30A rating of silicon diode caused the conduction losses to 

dominate and actually hurt the converter efficiency more than the benefit from not having 

reverse recovery energy.  During the higher load levels, however, the high peak currents that 

are switched on and off cause very high reverse recovery losses with the Silicon diodes.  At 

the higher current levels, the improvement in dynamic switching characteristics of the SiC 
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diodes outweighs the worse conduction characteristics of the SiC devices and the lower 

current rating of the devices.   
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Figure 214:  Efficiency Curves for Rectifier Diode Testing  

(Silicon Diodes are 1x30A = 30A current rating, SiC Diodes are 2x10A = 20A current rating) 
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CHAPTER 10 

10 CONCLUSION 

This project consisted of three major sections, each building upon the other.  In the 

first section consisting of Chapters 2-4, a loss computation tool was developed, evaluated and 

used to understand efficiency characteristics of various devices.  The motivation of this 

section was the need for a standardized and flexible tool for use at the authors company.  

Since the beginning of this project work, the tool has been used in UPS design projects 

already in a global design project and has proven to meet all expectations for the project.  

Further, the tool was used in an evaluation by the company to determine the benefits of using 

a 3-level NPC inverter topology in a next generation UPS design.   

In the second section of this project consisting of Chapters 5-7, switching devices 

from several design generations, manufacturers, and semiconductor material were bench 

tested for dynamic switching performance.  The purpose of this section was to get an 

understanding of how different devices operated in a controlled environment where each 

device could be tested on exact apples to apples basis with the same conditions all around.  

The testing showed clear benefits in dynamic performance of post-silicon devices such as 

SiC JFET and MOSFET devices.  The devices have either recently hit the market or are soon 

to hit the market and an analysis of how they perform compared to their silicon counterparts 

is very useful to a power electronics designer.  The testing gives an understanding of how 

generations of IGBTs have improved as well as how different manufacturers’ tradeoff turn 
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on vs. turn off performance.  Also, a survey of how different diodes affect the turn on 

waveforms for a specific switch was studied.   

The third section of this report details testing done on two real world power designs.  

The first is a two switch two output winding 300W flyback power supply and the second is a 

double conversion true online 6kVA UPS.  The two power systems were evaluated first from 

an efficiency standpoint using their original silicon switching devices and next using up-and-

coming SiC switching devices.  The same devices were used in this section as were tested in 

the second section of this report.  This section of the report shows how SiC devices can 

significantly help the efficiency of a power electronic system, but also brings up very 

important concerns about the ability to use SiC MOSFETs as a drop in replacement for 

traditional Silicon IGBT devices.  Gate driver current drive capability and voltage level off 

the drive were the two issues identified as needing to be increased in order to utilize the SiC 

MOSFET devices.  The gate drive modifications are minor, but are definitely substantial 

enough that they should be addressed at the beginning of a design and not used as a patch up.  

What this means to the designer is that SiC switching devices could be used in new designs, 

but likely not for an old design where gate drive circuitry is difficult to change. 
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APPENDIX A: 
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APPENDIX B: 

Matlab Script for Example Exercise in Chapter 2.2 
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APPENDIX C: 

IR Datasheet for IRG4PC30KD 
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APPENDIX D:   

Matlab Script for Example Exercise in Chapter 2.3 
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APPENDIX E: 

Infineon Datasheet for FF100R12YT3 
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APPENDIX F: 

Infineon Iposim Loss Calculation Results 
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APPENDIX G: 

Semikron Datasheet for SK100GB12T4T 



244 

 



245 



246 

 



247 



248 

 

 



249 



250 

APPENDIX H: 

Semikron Semisel Loss Calculation Results 
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APPENDIX I: 

Double Pulse Generator Schematic 
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APPENDIX J: 

Switching Tester Schematic 
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APPENDIX K: 

Cree CMF20120D SiC MOSFET Datasheet 
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APPENDIX L: 

Fairchild HGTG27N120BN IGBT Datasheet 



266 

 



267 

 



268 

 



269 

 



270 

 



271 



272 

APPENDIX M: 

Cree C2D20120D Diode Datasheet 
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APPENDIX N: 

Fairchild ISL9R30120G2 Diode Datasheet 
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