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



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



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.



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.



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:



1)

2)

3)

4)

5)

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.

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.

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.

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.

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



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



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 = 12.80hms

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



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_FErr_int = 0;
Diode_FErr_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;



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

12



IGBT Conduction Loss(Wart

CD2CD4006CX.B.1

5 |h

Figure 4: IGBT Instantaneous Conduction Losses

H




Diode Conduction Losses (Watts)
% T T T T T

151
10

|

0O 0002 0.004 0006 0.008 001 0.012 0014 0.016 0.018 0.02

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)

16



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 = 12.80hms

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;

17



IGBT _Eon_int = 0;

IGBT_FEon_sl = 0.0451;

IGBT_Eoff_int = 0;

IGBT _Eoff_ sl = 0.0451;

Diode_FErr_int = 0;
Diode_FErr_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

18



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
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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
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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 = 11.50hms
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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 = 9%9e-3;

Diode_V = 1.2;

Diode_R = 30e-3;

IGBT _Eon_int = 1.2;
IGBT_Fon_sl = 0.15;
IGBT _Eoff_int = 0;
IGBT_Foff_sl1 = 0.17;
Diode_FErr_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 = 24 Arms
6) Resistive load is 277V/24A = 11.50hms

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_Foff_sl = 0.17;
Diode_FErr_int = 0;
Diode_FErr_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 = 12.80hms

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 IRG4PHS0K, 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 39.9 433 238
Diode Cond 4.65 4.52 4.65 4.52 4.52 452
Switching 190.9 148.4 145.6 86.7 11.23 14
Total 235.45 192.82 190.15 13112 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 = 21.7 Arms
6) Resistive load is 277V/21.7A = 12.80hms
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

S 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 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 OV 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 IMOhm
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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 IRG4PHS0KD 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: IRG4PHS0KD Dynamic Losses (Units are in uJ)

IRG4PH50KD
600V 600V 800V 800V
10A 20A 10A 20A
Eoff 501 876 822 1250
Eon 771 1560 1060 2210
Etotal 1272 2436 1882 3460
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Figure 20: IRG4PHS50KD Dynamic Losses (Units are in uJ)
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Figure 21: IRG4PHS0KD Turn Off Behavior at 600V, 10A

(blue = current, yellow = voltage)
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Figure 22: IRG4PHS50KD Turn On Behavior at 600V, 10A
(blue = current, yellow = voltage)
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Figure 23: IRG4PH50KD Turn Off Behavior at 600V, 20A
(blue = current, yellow = voltage)
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Figure 24: IRG4PHS50KD Turn On Behavior at 600V, 20A
(blue = current, yellow = voltage)
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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)
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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 IRG4PHS50K 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: IRG4PHS0K Dynamic Losses (Units are in uJ)

IRG4PH50K & C2D20120D
600V 600V 800V 800V
10A 20A 10A 20A
Eoff 472 843 765 1190
Eon 372 891 589 1350
Etotal 844 1734 1354 2540
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Figure 29: IRG4PHS50K Dynamic Losses (Units are in uJ)
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Figure 30: IRG4PHS50K 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)
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Figure 32: IRG4PHS50K 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)
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Figure 34: IRG4PHS50K 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)
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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 IRG4PHS50UD 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: IRG4PHS50UD Dynamic Losses (Units are in uJ)

IRG4PH50UD
600V 600V 800V 800V
10A 20A 10A 20A
Eoff 490 855 797 1178
Eon 598 1153 881 1742
Etotal 1088 2008 1678 2920
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Figure 38: IRG4PHS50UD Dynamic Losses (Units are in uJ)
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Figure 39: IRG4PHS50UD 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)
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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)
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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)
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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 IRG4PHS50U and Cree C2D2120 SiC Diode

The IRG4PHS50U 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 600V 800V 800V
10A 20A 10A 20A
Eoff 486 936 722 1200
Eon 261 635 411 941
Etotal 747 1571 1133 2141
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Figure 47: IRG4PHS0U Dynamic Losses (Units are in uJ)
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Figure 48: IRG4PHS0U 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)
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Figure 50: IRG4PHS50U 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)
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Figure 52: IRG4PHS50U Turn Off Behavior at 800V, 10A

(blue = current, yellow = voltage)
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Figure 53: IRG4PHS50U Turn On Behavior at 800V, 10A
(blue = current, yellow = voltage)
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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 600V 800V 800V
10A 20A 10A 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)
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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)
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Figure 59: IRG7PH42UD Turn Off Behavior at 600V, 20A
(blue = current, yellow = voltage)
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Figure 60: IRG7PH42UD Turn On Behavior at 600V, 20A
(blue = current, yellow = voltage)
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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)
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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 600V 800V 800V
10A 20A 10A 20A
Eoff 465 678 612 952
Eon 272 617 432 925
Etotal 737 1295 1044 1877
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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)
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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)

File Edit “ertical Horizfacg Trig  Display Cursors  Measure  Masks  Math MyScope Ltilities  Help

Tek  Stopped Single Seq 1 Acgs 20 Oct 08 12:35:489
e
r : : : T : : : : 1 Horiz Delay
o S __
[ . . T . . . . ] _ Ref Paoint
R AR SR -

. - - ’rt + -
[ : : o T ]
e ‘r“-""'_“"::}::::__::::I::::I::::I::::I::::_
C : : / T :
[ . i T ]
.. CF e ]
[ . i T ]
[ . i T A

WJP“"M; 1 L W ie]

Lo b b b b T b b b a b o0
Ch1 2004 Bixy Cha 5.04 £ By M E0.0ns 2565 1T S.0psdt 2.2ps

A Chi r ZGh

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)
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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 600V 800V 800V
10A 20A 10A 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)
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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)
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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)
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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)
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Figure 81: FGL40N120AND Turn Off Behavior at 800V, 20A
(blue = current, yellow = voltage)
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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 600V 800V 800V
10A 20A 10A 20A
Eoff 313 457 588 641
Eon 359 780 560 1230
Etotal 672 1237 1148 1871
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FGL40N120AN Dynamic Losses
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Figure 83: FGL40N120AN Dynamic Losses (Units are in uJ)
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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)
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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)
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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)
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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 600V 800V 800V
10A 20A 10A 20A
Eoff 913 1860 1350 2700
Eon 197 392 310 639
Etotal 1110 2252 1660 3339
SJEP120R125 Dynamic Losses
4000
3500 -
q
>
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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)
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Figure 94: SJEP120R125 Turn On Behavior at 600V, 10A
(blue = current, yellow = voltage)

84

Help

Horiz Delay

Ref Point

Help

]
L]



File Edit “ertical Horizfacg Trig  Display Cursors  Measure  Masks  Math MyScope Ltilities  Help
Tek  Stopped Single Seq 1 Acgs 20 Oct 08 13:44:35
Sowed SgeSey o 00T
- - - - - - - Horiz Delay

Ref Point

A
s

i A
L R L R

[ L [
: “MF‘K ! _5\\\
[ 1 - B TR
Lo b b b b T b b b by 00
chl  Z00v E chz 1004 Q Bw M B0.0ns ZEESE 1T 8.0psipt 6.2ps
& ChZ .+ 254

Figure 95: SJEP120R125 Turn Off Behavior at 600V, 20A
(blue = current, yellow = voltage)
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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)
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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)
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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 SJTEP120R063 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 600V 800V 800V
10A 20A 10A 20A

Eoff 1390 2780 2050 4100
Eon 253 447 418 705
Etotal 1643 3227 2468 4805
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SJEP120R063 Dynamic Losses
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Figure 101: SJEP120R063 Dynamic Losses (Units are in uJ)
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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)
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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)
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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)
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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)

100hm IPW90R120C3 & Ultrafast Si Diode
600V 600V 800V 800V
10A 20A 10A 20A
Eoff 218 607 480 1110
Eon 518 984 791 1450
Etotal 736 1591 1271 2560
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Figure 110: TPW90R120C3 Dynamic Losses (Units are in uJ)
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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)
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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)
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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)
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Figure 117: IPW90R120C3 Turn Off Behavior at 800V, 20A
(blue = current, yellow = voltage)
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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)
100hm IPW90R120C3 & C2D20120D
600V 600V 800V 800V
10A 20A 10A 20A
Eoff 194 543 446 1060
Eon 199 388 376 740
Etotal 393 931 822 1800
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Figure 119: TPW90R120C3 Dynamic Losses (Units are in uJ)
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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)
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Figure 122: IPW90R120C3 Turn Off Behavior at 600V, 20A
(blue = current, yellow = voltage)

101

Help

Horiz Delay

Ref Point

Help

Horiz Delay

Ref Point



File Edit Vertical Horizfacg Trig  Display Cursors  Measure Masks  Math  MyScope  Lkilities
Tek  Preview Single Seq 15 Mov 09 13:26:15
L B B S B L, (L L B IR R
o

LI ] bty

A _w...!.vr....!"':...—r_
C I . . o
L | T i i ’
y R P PP O

Chi 200y i Chz 1008 @

By M 40.0n: 2565 1T 3.0pspt SEps
# Chi r 504

Figure 123: IPW90R120C3 Turn On Behavior at 600V, 20A
(blue = current, yellow = voltage)
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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)
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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 100hm 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)

100hm CMF20120D Mosfet & C2D20120D
600V 600V 800V 800V
10A 20A 10A 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)
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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)
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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)
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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)
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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 100hm 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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100hm CMF20120D Mosfet & Body Diode
600V 600V 800V 800V
10A 20A 10A 20A
Eoff 120 300 263 427
Eon 428 1220 706 1810
Etotal 548 1520 969 2237
CMF20120D with Body Diode Dynamic Losses
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Figure 137: CMF20120D with Body Diode Dynamic Losses (Units are in uJ)

110




File Edit Vertical Horizfacg Trig  Display Cursors  Measure Masks  Math  MyScope  Lkilities

Tek  Preview Single Seq 22 Moy 09 18:09:21
L B B S B L, (L L B B B S B
- A I :
o TN e o T . o .
- f\ \bfv'\\r—*ap‘ »—__' e
L i . I i
L ] T i
Oy i T ]
= r LI LS N L L L B B
L I 1 ]
g + -
i:gww e g r—
Lo b b b b T b b b by 00
Ch1 2004 B Cha 5.04 £ Bw M 80.0ns 25G5% 1T 16.0psAt 1.8ps

4 Chi r 444

Help

Horiz Delay

Ref Point

Figure 138: CMF20120D with Body Diode Turn Off Behavior at 600V, 10A
(blue = current, yellow = voltage)
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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)
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Figure 141: CMF20120D with Body Diode Turn On Behavior at 600V, 20A
(blue = current, yellow = voltage)
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Figure 142: CMF20120D with Body Diode Turn Off Behavior at 800V, 10A
(blue = current, yellow = voltage)
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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)
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Figure 145: CMF20120D with Body Diode Turn On Behavior at 800V, 20A
(blue = current, yellow = voltage)

114



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.

MY -1

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

1000hms based on the below Ohm’s Law formula in (6.2.1-6.2.3).

R=(Vdd -Vgs)/1 (6.2.1)
R =15V -3V)/125mA (6.2.2)
R =1000hms (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).

C > Qg /(Vdd —Vgs) (6.2.1)
C >30nC/(15V =3V) (6.2.2)
C > 2.5nF (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)

1000hm SJEP120R125 & C2D20120D
600V 600V 800V 800V
6nF 10A 20A 10A 20A
Eoff 74 210 241 371
Eon 137 279 235 492
Etotal 211 489 476 863
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Optimized SJEP120R125 with Body Diode Dynamic Losses
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Figure 148: Optimized SJEP120R125 Dynamic Losses (Units are in uJ)
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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)
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Figure 151: Optimized SJEP120R125 Turn Off Behavior at 600V, 20A
(blue = current, yellow = voltage)

121



File
Tel

b

Edit
Preview Single Seq

Vertical  Horizfacq  Trig  Display

Cursors  Measure

29 Ock 08 13:20:28

Masks Math MyScope  Lkilities

T SR DY SUUE SUDRE DT IS

R e
Y
i
Ly
|
e ]
Y I ]
LY B . ]
“"u-\\_\_ : o
ey gt ]
Lo b b b b T b b b by 00
Ch1 2004 B Cha 0048 O Bw M 20.0ns 25G5% 1T 8.0psdt 755ps

4 Chi « 154

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

1000hms based on the below Ohm’s Law formula in (6.3.1-6.3.3).

R=(Vdd -Vgs)/1 (6.3.1)
R =15V -3V)/125mA (6.3.2)
R =1000hms (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).

C > Qg /(Vdd —Vgs) (6.3.4)
C > 60nC/(15V —3V) (6.3.5)
C > 5nF (6.3.6)

The optimization of the bypass capacitor was done by taking the initial value of SnF
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)

1000hm SJEP120R063 & C2D20120D
600V 600V 800V 800V

12nF 10A 20A 10A 20A

Eoff 107 278 277 458

Eon 167 316 269 518

Etotal 274 594 546 976

126



1200

Optimized SJEP120R063 with Body Diode Dynamic Losses

1000

800

600

400 -

Switching Energy (uJ)

200 -

0

.l

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

m Eon
o Eoff

SJEP120R063 & C2D20120D

Figure 157: Optimized SJEP120R063 Dynamic Losses (Units are in uJ)
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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)
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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)
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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)
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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 = 90hms.
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 10hm gate resistor had to
be used. The total 100hm 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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10hm CMF20120D Mosfet & C2D20120D
600V 600V 800V

20V 10A 20A 10A

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)
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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)
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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)
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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)
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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. Flgure 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 2464ul 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

137



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.

Silicon Device Testing @ 800V, 20A
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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 FGLAON120AN 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 769ul 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 SiIC 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.

Etotal Reduction with SiC Diode

40.00%
35.00%
30.00%
25.00%
20.00%

15.00%

Percent Reduction in Etotal

10.00%

5.00%

0.00%

IRG4PH50U IRG4PH50U IRG7PH42U FGL40N120AN IPW90R120C3

142



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

80.00%

70.00%

60.00%

50.00%

40.00%

30.00%

20.00%

Percent Reduction in Etotal

10.00%

0.00%

Etotal Reduction from Si to SiC Devices

With SiC Diode SJEP120R125 SJEP120R063 CMF20120D

CMF20120D w/Body

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%

143




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 STWENB100

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 MOSFETSs 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 MURHS840CT 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.

(16.2V)"2/80hms = 32.8Watts (8.1)
(50.2V)"2/100hms = 252Watts (8.2)
32.8Watts + 252Watts = 284.8Watts (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.

Vavg,in = 699.8V (8.4)
lavg,in = 486mA (8.5)
Pin = 699.8V *486mA = 340.1Watts (8.6)
Efficiency = Pout/ Pin = 284.8Watts /340.1Watts = 83.74% (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 2.8 A with a 21.5% duty cycle. Using this information, the conduction
power loss was calculated from the given Rds,on of 1.30hms. The conduction loss was

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

((2.84-1.6A)/2+1.6A)*0.215*1.20hms = 0.62Watts (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 Lower

Device: Device:
Eoff: 16.70ud 38.30ud
Eon: 26.30ud 51.20ud
Etotal: 43.00ud 89.50ud
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.

Vavg,in = 699.6V

lavg,in = 475mA

Pin = 699.6V *475mA = 332.3Watts

Efficiency = Pout/ Pin = 284.8Watts/332.3Watts = 85.7%

(8.9)

(8.10)

(8.11)

(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).

((2.84-1.6A)/2+1.6A)*0.215*0.1100hms = 0.52Watts
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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 7.8 Watts 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 Lower

Device: Device:
Eoff: 7.10ud 15.20ud
Eon: 9.20ud 17.30ud
Etotal: 16.30ud 32.50ud
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).

0.7 *6000VA = 4200W = 4.2kW 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: 214.70V|lin: 6.54APiIn: 1404.57W
Vout: 223.90V|lout: 4.64APout: 1038.90W|Efficiency: 73.97%

2kW: Silicon Devices
Vin: 213.50V]lin: 11.33APin: 2418.96W|
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Vout: 223.50V]lout: 9.32APout: 2083.02W(Efficiency: 86.11%

4kW: Silicon Devices
Vin: 211.20V|lin: 21.63APiIn: 4568.26W
Vout: 223.40V|lout: 18.85APout: 4211.09WEfficiency: 92.18%
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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 ISLOR30120G2 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: 217.00V|lin: 6.30APiIn: 1366.45W
Vout: 222.30V|lout: 4.62APout: 1027.25W|Efficiency: 75.18%

2kW: SiC Inverter
Vin: 214.90V|lin: 11.09APiIn: 2383.24W
Vout: 221.40V|lout: 9.26APout: 2049.28WEfficiency: 85.99%

4kW: SiC Inverter
Vin: 211.50V|lin: 21.33APin: 4511.30W
Vout: 220.90V|lout: 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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Table 31: SiC Inverter with Reduced Rg 6kVA UPS Efficiency Testing
1kW: SiC Inverter with 11.80hm Rg
Vin: 215.20V|lin: 6.20APin: 1334.67W
Vout: 221.70V|lout: 4.62APout: 1023.15W|Efficiency: 76.66%
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2kW: SiC Inverter with 11.80hm Rg
Vin: 216.30V|lin: 10.97APin: 2372.81W
Vout: 222.60V|lout: 9.29APout: 2067.95WEfficiency: 87.15%
4kW: SiC Inverter with 11.80hm Rg
Vin: 211.80V|lin: 21.21APin: 4492.28W
Vout: 221.10V|lout: 18.71APout: 4136.78WEfficiency: 92.09%
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Figure 198: 1kW Efficiency Zoomed Out
(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout)
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(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)

174



Eile
Tek

Edit
Prewiew  Sample 0 Acgs

wertical  Horizfdog  Trig

Display  Cursors

Measzure
22 De; 09 2006727

Masks  Math  MyScope  Utilities

Help

"

N

RMSICT)

o B2TT

FMSICZ)

8+

o

Am:21.21
| 10.23m

FIMSICE)

[ 2204
o 45.85m

RIMSIC4 )

]
1

211.8Y

) 21181056

Ml 2119
n: 17.0

21274

p: 21.2265587

Ml 21.25
n: 17.0

2211

p: 221.01853

Ml 221.1
n: 17.0

15.714

p: 186968175

fi[rn: 1869
Mo 5.15Fm

Ch1
Chi3

Figure 202:

So0y gy Chz s004  Q
S0y iy Ch4 s004  Q

4kW Efficiency Zoomed Out

By I 100mz 100kS 10.0pziot 0.0
A Chl o~ 320

(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout)

175

Ml: 1871
n: 17.0



File Edit wertical Horigfdcg  Trig Display  Cursors  Measure  Masks  Math  MyScope  Ukilities  Help

Tek  Preview  Sample 0 Acos 22 Dec 09 20:68:15 (o
e||||||||,|:I||||||||||[I>I|||||||||||||||||||||||||||| BU[[DHSJ
RRSICT 211aY
p: 211.75577
m: 211.8 Ml 2118
Yz 00 n: 1.0
NG
p: 21.213464
e 21.21 Ml 21.21
Q=00 n: 1.0
F Pmsicm zz1av
A 221.07633
e 2211 Ml 221.1
o 00 n: 1.0
.............................................. __m
w18 708045
5 e 15871 fl: 1571
EL_ T . Y E . 0o n: 1.0
o b e b e by v v e b byl
Ch1 So0y gy Chz S004 0 Bw I 4. Omz 2.5M5E 400nzht 0.0z
Chi3 S0y iy Ch4 s004  Q A Chl o~ 320

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.

176



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 11.80hm Rg & Rectifier Diodes

Vin: 216.80V|lin: 6.31APiIn: 1368.44W

Vout: 222.70V|lout: 4.63APout: 1030.66W|Efficiency: 75.32%
2kW: SiC Inverter with 11.80hm Rg & Rectifier Diodes

Vin: 215.50V|lin: 11.02APin: 2374.81W

Vout: 222.40V|lout: 9.28APout: 2063.43WEfficiency: 86.89%

4kW: SiC Inverter with 11.80hm Rg & Rectifier Diodes
Vin: 213.50V|lin: 21.09APin: 4502.72W
Vout: 222.50V|lout: 18.83APout: 4189.68WIEfficiency: 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 208: 4kW Efficiency Zoomed Out
(Channel 1 = Vin, Channel 2 = Iin, Channel 3 = Vout, Channel 4 = Iout)
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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.
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Figure 210: I-V curve for CMF20120D SiC MOSFET at 25C
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Figure 211: 1I-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
190hm, 190hm, 100hm,
15V 20V 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%

93.05%
4KW 92.18% 91.17% 92.09%
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Figure 212: 1-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.

Efficiency Over Load

93.00% -

88.00% /
// —e— Si Devices
83.00%

78.00% 7 —a— Opt SiC Inverter

73.00% T \
800 1800 2800 3800

Output Power (W)

Efficiency (%)

Figure 213: Efficiency Curves for Original Testing and Optimized SiC Inverter
(Silicon IGBTs are 2x34A = 68A current rating, SiC MOSFETSs 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

191



diodes outweighs the worse conduction characteristics of the SiC devices and the lower

current rating of the devices.

Efficiency Over Load

93.00% A
;\? 88.00% A
¢>;' —a— Opt SiC Inverter
.g 83.00%
L
E —m—Opt SiC Inv &

78.00% y Rect Diode

73.00% T T T

800 1800 2800 3800
Output Power (W)

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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International
TR Rectifier

INSULATED GATE BIPOLAR TRANSISTOR WITH

ULTRAFAST SOFT RECOVERY DIODE

PD- 81575E

IRG4PH50KD

Short Circuit Rated
UltraFast IGBT

Features

+ High short circuit rating optimized for motor control,
toe =10ps, Veoo=T20V, T,=125%C,
Vee =15V

+ Combines low conduction losses with high
switching spead

+ Tighter parameter distrbution and higher efficiency
than previous ganemations

« |GBT co-packaged with HEXFRED™ ultrafast,

n-channel

Veps = 1200V
vGE(-:-n] typ. = 2.7V

E @Vee =18V, |z =244

ultrasoft recovery antiparallal diodes

Benefits

+ Latest generation 4 1GBT's offer highest power density
motor controls possibla

+ HEXFRED™ diodes optimized for performance with 1GETs.
Minimized recovery characteristics reduce noisa, EMI and
switching losses

» This pant replaces the IRGPHS0KDZ and IRGPHE0MD2
products

+ For hints see design tip 97003

TO-247 AC
Absolute Maximum Ratings
Parameter Max. Units
VoEs Collector-to-Emitter Volage 1200 v
k@ Te=25C Continuous Collector Current 45
k@ Te =100°C | Continuous Collector Current 24
(=T Pulzed Collector Current (@ =] A
Iisa Clamped Inductive Load Current & a0
Ip @ T =1007C | Dicds Continuous Foreand Current 16
Ik Dicdes Maximum Forward Current =]
ta Shart Circuit Withstand Time 10 ps
Ve Gate-to-Emitter Voltage + 20 v
Fp @ T =25°C Maximum Powesr Cizsipation 200 w
Fp @ Tz =100°C | Maximum Powsr Dissipation 78
Ta Cperating Jurction and -EE to +1ED
Tsra Storage Tempsrature Range G
Saoldering Temperaturs, for 10 ssc. 300 (0.0&3 in. (1.6mm) from cass)
Mounting Torque, E-232 or M2 Scew. 10 kfin (1.1 Mem)
Thermal Resistance
Parameter Min. Typ. Max. | Units
Rauc Junction-to-Casze - IGET — -— 0.54
Peuc Junctionto-Case - Diode — -— 0.83 EOAW
B Cass-to-Sink, flat, greasad surface —_ 024 —
Flaue Junction-to-Ambisnt, typical sccket mount — -— 40
Wt Waight — B (0.24) — g oz}
www.irf.com 1
T2
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IRG4PH50KD IR Rectifier
Electrical Characteristics @ T, = 25°C (unless otherwise specified)
Parameter Min. | Typ. | Max. | Units Conditions
iERCEE Collector4o-Emitter Breakdown Voltage® (1200 — | — Vo Vee= 0V, Ic = 250pA
A gricegT) | Temperaturs Coefl. of Breakdown Voltage | — | 0.8 | — VPG | Vige = 0V, Iz =1.0mA
Wegqen) Collector-to-Emitter Saturation Volage | — | 277 3.5 Il =244 Vae =158V
— |32 — v Iz = 454 Seae Fig. 2,5
— (284 — Iz =244, Ty = 150°C
Wagn Giate Threehokl Voltage 30| — | 80 Ve =Vag lc = 260pA
AV apmaT,y | Temperaturs Cosff. of Threshol Violtage — | 10 [ — |mVEC) Vo =Vag, Iz = 250pa
e Forward Transconductance & 13 [ 19 | — 5 Vee =100V, lc = 244
kes Zam Gate Voltage Callector Current — | — [ 2ED | pA | Vee= 0V, Ve = 1200V
— | — [&500 Vg = OV, Veg = 1200V, T) = 150°C
YEm Dizde Foreard Volage Drop — | 25| 25 ) lo =164 Ses Fig. 13
— 24| 30 Iz =184, T, = 150°C
laes Gate-to-Emitter Leakage Current — | — |00 nA | Vge =20V
Switching Characteristics @ T, = 25°C (unless otherwise specified)
Parameter Min. | Typ. | Max.| Units Conditions
(= Total Gate Chame (turn-on) — [180 [ 270 Iz =244
S Gate - Emitter Charge (tum-on) — | 2| 3] nc | Voo =400V Sae Fig.d
Qe Gate - Collector Charge (tum-on) — | 70 | 110 Ve =16V
tajon) Tum-On Delay Time — | 87 | —
1, Rize Time — (1| — na Ty=28"C
| tajom Tum-Cff Delay Time — | 140 | 300 I = 24A, Voo = B0V
t Fall Time — [200 [ 300 Ve = 18V, Rg = 5.00
Eon Tum-0On Switching Loss — (383 — Energy lossss includs "tail”
Eor Tum-Cff Switching Loss — [(1.80] — md | and dicde reverse recovery
Ets Total Switching Loss — (&7 7o Ses Fig. 310,18
oo Short Cirzuit Withatand Time 0| == pe | Voo=T20V, T, =125°C
Vee =15V, Ag = 5.002
| tajom Tum-Cn Delay Time — | EF | — Ta=180°C, Sea Fig. 10,11 18
tr Rise Time — |72 | — na lc =244, Voo = 800
tajaty Tum-C2ff Delay Time — | 30| — Wae = 15V, Rg = 5.0,
1l Fall Time — |30 — Energy lossss includs "tail”
=" Total Switching Loss — |B38| — md | and dicde reverse recovery
Le Internal Emitter Inductance — |13 ] — nH | Measured Emm from package
Cies Input Capacitance — (2800 — Ve =0V
Coas Cutput Capacitance — 140 — pF | Voo =30V See Fig. 7
Creg Reverze Transfer Capacitance — | B3| — f = 1.0MHz
tr Diode Aeverze Recovery Time — | @ | 135| ns | T,=28"C See Fig.
— |[184 | 245 T,=125°C 14 =164
I Diode Peak Reverse Recovery Cumrent | — | 5.8 | 10 & | Ty=25"C Sse Fig.
— [ 83| 15 Ti=125°C 15 g =200V
Cir Diicde Rewverse Aecovery Chame — | 280 | 675 nl | Ty=2B"C SesFig.
— [ &80 (1338 T,=125"C 16 | difdt = 2004
oyt Dizde Peak Rate of Fall of Recovery — (120 — | Afps | Ty=26"C  SesFig.
Ciuring ty — | 78 | — Ta=1255C 17
2 www.irf.com

201



nternational

TR Fectifier

IRG4PH50KD

’ IR
ZTTY
= — Duty aych: 5%
meaul Ty = 1385
_ Tepg = 20°C
= :,:. T~ GEE 8118 a5 speciled
= Powsr Dissipation = 40W
E SQuUATE WAYE: —imemee "'h.\“
% 15— 80% of raed
=] - woltaga B
o ra e
E: " LI kl\.\‘_
g P dUL \\
s — I_‘ L R TRp— -
+ -‘-‘-""-““““
. I
0 1 10 10
f, Fraquency (KHz)
Fig. 1 - Typical Load Current vs. Freguency
{Load Current = |gys of fundamental
100 — 100 ] —
P I ]
F. i —_ i
Z 7 < =g
= =
E f E #_4-"_/
= 7=
3 |—T=1ts0c // o T) = 160°C "",/
5 // z / /
£ /
E 4 J E 1
i v w
& 7 & Fi
z i —Tu=2C < Fd TS
g i E T i Ty=25"C
2 I = /
=] =}
© [/ ° /1 1/
& o I y _
- Ve =158¥ - Vg =50V
. 2ys PULSE WIDTH . Sps PULSE WIDTH
i 10 & T I 9 L B iz

Vg, Collactor-to-Emitter Violiage (V)

Fig. 2 - Typical Output Characteristics

www.irf.com

Ve, Gate-to-Emittar Voltags (V)

Fig. 3 - Typical Transfer Characteristics

202

3



I'1-i'5”'|<2'-!'..‘-""_2|

IRG4PH50KD TR Rectifier

S0

4.0

WEE = 15V
,\\ —_ Blus PULSE WIDTH

- =
=
< w0 ] T as lo= 48A
T e = | | -
5 =] =
o l
g5 30 £ 30
i N £
2 R e 24
S N £ . mamvanl
= 5 L LTI
% % iB T T c= 12A
g w0 X “ 20 aEE
L N

0 \' 1.5

26 &0 75 100 126 164 D 40 20 0 20 40 B0 B0 100 120 14D 180

T, Case Temperatura § °C) Ty , Junction Tempearature (°C)

Fig. 4 - Maximum Collector Current vs. Case Fig. 5 - Typical Collectorto-Emitter Voltage

Temperature Vs, Junction Temperature
. D05 i
[ 1]
E _:I.E’I: _--—l-—"'-r'_____..--"
LT } —— ==
PR =R —
] I i —
5 [—os=H i -
[=5 | 1 =]
[ -j.l:lé--""". _._...--"d__.--"'
L) _— et = e —
o 001 - SNGLE PULSE Prad
= an _ |~ (THERMaL RESPOMZE) b
E BE=E |t ]
L]
E S
Hotes:
1. Duty factkor Ol = 14 fta
2. Peak Ty=P Zmic + T
a0 i] O X & [+
il nyl 0.0001 il | o ai 1
14, Rectangular Pulse Duration (sec)
Fig. 6 - Maximum Effective Transient Thermal Impedance, Junction-to-Case
4 www.irf.com

203



I'1{'EH'|{I'.-’..‘-"T_,‘-|

ISR Rectitier IRG4PH50KD

4oan Vag =0V, f=1MHz 2 Noo = 400V
Ciog =Cpe +Cge, Cce SHORTED lo =24
“ras = Cg: =
\ Cioes = Coa + Cpe = e
2000 [—— & L
T  Ciea 4| ’,-”
z g
2 o e
I| 2 w
o 2000
2 ,_,EJ =
c% 2 s—f
o \ ﬁ f!
1000 .
w g
\\'--._ 0 f
\\_ “oes]] |
l-.____'c " -"--._________--_--_
0 s —— o ||Ir
1 10 100 a 40 a3 120 160 200
Vg, Collector-to-Emittar Valtage (V) O, Total Gate Chargs (nc)
Fig. 7 - Typical Cs_upacitance V5. Fig. 8 - Typical Gate Charge vs.
Collector-to-Emitter Voltage Gate-to-Emitter Voltage
7.0 =T 100 Cp——
YEE= 15"-‘; YaE =15¥
Ty =26 C Vi = 800y
. Iz =244 .
E_ 6.6 ’_,"' E
g v ) o= st |
g @ |
5 v a
E‘l 8.2 ra E‘l 10 liz= 2448 17
5 5 ===m
LI;'-' % uE | ! 12A
B sa ’__,“" = '"e'___,_
- £ A
a4 i
i 10 o0 Aan A0 a0 A0 40 20 O 200 40 6D 80 100 130 140 180
Az, Gate Resistance {L1) T,. Junction Temperatura | “C )
Fig. 9 - Typical Switching Losses vs. Gate Fig. 10 - Typical Switching Losseas vs,
Resistance Junction Temperature
www.irf.com 5

204



IRG4PH50KD

20

(=) oF

o

Tatal Switching Losses (md)

nternationa

TR Fectitier

7 -Emm / 1000
Ty =18072 y
Voo = SO0
WGE = 15V /
/ <
y E 1m0
// E
=3
r 2
4 &
&
// '5 10
“
4 ]
|
f SAFE OPERATING AREA
a 0 o 2 40 50 Y 10 100 1003 10000
| ¢, Collector Current (&) Vg, Collector-to-Emitter Woltage (V)
Fig. 11 - Typical Switching Losses vs. Fig. 12 - Turn-Off S04
Collector Current
1000
”
o
£
=]
(&)
=
: /
£
@ T)= 150°C
- (i
Eﬂ 1o T )= 128°C =
2 —
=T ,= 257 —]
% =1 B
=
=
] {/
0.0 20 L0 &0 a0

Forward Voltage Drop - Ve (V)

Fig. 13 - Typical Forward Voltage Drop vs. Instantaneous Forward Current

205

www.irf.com



nternationa

IR Fectitier

wt T T T
Vg = 200V
T)= 125°G ===
- Ty= 28%C == 11 |
L3
"ﬁ
3 \\
“‘ -.h
200 A-\“ 5
— L‘\ *
z Y -
L-_ < “{_f_,?;’_‘ ::__;:;_:-|F'= .04
L *'-.1‘.:-':__5;: ™l J
100 T el "“‘.r I
: -.---.:1‘ = - [~ 3
SRS
Sy ol
__""-.-\--.

o
100

dlpidt - (A5

Fig. 14 - Typical Reverse Recovery vs. digidt

1200 T
V=200V
Ty=125°C === e
[ Ty = 2570  m— - -
=T
B F ,.-""
PELPES T =17
= L=t

o law=7 ™.

E - / e .
T e T RS ]
E :l'.'\-;_\-_-\_-"'?'ﬂ-'- 5

o U ;

=== amf -*"#J{H'
- /‘ | LT
am __,J" __,-"";.E::
/ " ...:--h
| =]
/___.——"'.-.-F
[—
]
100 1000
dig it - (A s
Fig. 16 - Typical Stored Charge vs. digidt
www.irf.com

IRG4PH50KD

40
Ve = 200V i
| 7= 126°¢ === 0
T)= 250 =——
L
¥
¥
m
[
r
r
L
—— ’J
= ;‘ Py
- Ip= 324 ) e
= [l
o - -
—II = e # -i" ‘{. 1
IE=18A ___?.ﬂ_;l,}t‘,f_,.
2 LA
‘-_-__:‘ﬂ;L:_-F'I -l""ll =1
—;k:;:,/f"’
4
1000
diidt - (Ads)
Fig. 15 - Typical Recovery Current va. digidt
1000 T
H v = zoov ,-f’a
H T)= 125°C ==~ P
H T)= 26°C —
L A
W7
o
— /] g
S .::?fgl'
=T o
= ke
TrY s —
= v e | [T
— # Ll
: =z
= ™ T =[p =164
= o
= L2 = a0
207
10

100

dlgadt - (AE)

Fig. 17 - Typical dijrecpa'dt vs. digct

206

7



International
ToR Fectifier

BO% e

+ge

IRG4PH50KD

! Fame Ee
DT,

2

oy, X — 130k
ol Vee DT
-
i @I
[+
- | )

4Bps

Ecif -Jf;nuibdt
t

t [

Fig. 18a - Test Circuit for Measurameant of
lint: Eone Eampaicdsy tre Qe e tagory s B togorn,
Fig. 18b - Test Waveforms for Circuit of Fig. 18a, Defining
Earny tajom: It
| 1
BaTE VOLTAGE DU T, . - i ——= om- fiedt
1 éJM,fJJ 1x
+¥a ¢ 1
- : e .....[........................... u -"-j /
i [ ———— 1““ III:.:.
i 1 Woz
—_— ; DUT YOLTAGE
i AND CURAENT Wk
10% Io | - i r
Weo DE
ke !
| | DIODE RECOVERY
i | WAVEFORMS
{ F’EEE llll:r_:—'_'_r ......1 TR S SRR i
[en] tr " H
.Eq1:£;cuiudl é 4
1 Erec = | Woict
S i
LI0DE REVERSE
RECOVERY ENERGY
B | n -

i

Fig. 184d - Test Waveforms for Circuitof Fig. 12a,
Defining Epge. i O, Iy
www.irf.com

Fig. 18¢ - Test Wavefomns for Circuit of Fig. 18a,
Defining Ean, tajar. &

207



International

TaR Rectifier IRG4PH50KD

""" Vo GATE SIGHAL
| | DEWYICE UNDER TEST

CURRENTD.LLT.

LY

h&_ WOLTAGE [N DLUT.

CURRENTIN M

/

LA

-l-?

T
Sesssss
[T

Figure 18e. Macro Wavefarms for Figure 18a's Test Circuit

Y
1 R SE0V
L="3¥1; @25C
0 - 40y
sv= L ,n'_!l _ (—L\
S000pF
100% - ‘H -
LM
Figure 19. Clamped Inductive Lood Test Circuit Figure 20. Pulsed Collector Current
Test Circuitt
www.irf.com ]

208



IRG4PH50KD bl

Motes:
I Repetitive mting: Vge=20V; pulsewidth limited by maximumjunction temperature
(figure 20)

B Viee=B0%Vees), Vae=20V, L=10pH, Rg=5 .00 (figura 19)
I Pulse width = 80ps; dutyfactor=0.1%.
& Pulsa width 5.0y, single shot
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International
IR Rectifier

IR WORLD HEADQUARTERS: 232 Kansas St, El Segunde, California S0245, LUSA Tel: (340) 252-7105

IR EUROPEAM REGICMAL CEMTRE: 422V445 Godstons Rd, Whyteleafe, Surrsy GRS OBL, UK Tel! ++ 44 (020 8645 8000
IR CAMADA: 15 Lincaln Court, Brampton, Ontario LET3Z2, Tel: (905) 453 2200

IR GERMANY: Saalburgstrasss 157, 81350 Bad Homburg Tel: ++ 43 (0 8172 96590

IR ITALY: Yia Liguria 42, 10071 Borgars, Torino Tel: ++ 39 041 451 0111

IR JAPAN: K&H Bldg., 2F, 30-4 Mishi-kebukure: 3-Chome, Toshime-FKu, Tokyo 179 Tel: 84 (0)3 3923 0086

IR SOUTHEAST ASIA: 1 Kim Seng Promenads, Great World City Wast Towsr, 13-11, Singapors 237204 Tel ++ 65 (0838 4530

IR TAIWANAS Fl. Suite D, 207, S=c. 2, Tun Haw South Road, Taipsi, 10673 Tel: 886-(0)2 2377 9936

Data and specifications subject o change without notice, 700
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APPENDIX B:

Matlab Script for Example Exercise in Chapter 2.2
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Appendix B - Matlab Loss Calculations using IRG4PHSOKD
clear all; close all; clc;

%%Inputs MNeeded Are Az Follows
IGET_Wt = 1.3;

IGET_R = B0e-3;
Diode_Vt = 1.6;
Diode_R = 40e-3;
IGBT_EDn_int Q;
IGBT_Eon_s1 = 0. 1785
IGET_Eoff_int = 0
ICBT_EDFF_*] 0. 1?53:
Diode_Err_int = 0;
Diode_Err_s1 = 0}

ws = 2%
carr1E|

| U {4:-m

d1rect1oﬂ = 1;

Etr1(1}=—l
TGBT_Cond(1)=0:
Diode_Cond{(1)=0;
IGBT_on(1)=0;
IGBT_. DFFE 1)=0;
Diode_rr(1)=0;
simulation_step

_a-\_

= 0.5e-6;

for t_simulation = O:simulation_step:20e-3

#Vref 15 the reference sine wave for the autput
Vref(1) = mod_index*sin{w*t_simulation);

%%This code creates the triangle wave Vir
if i=1
YVEri(1) = Viri(i-1)+=carrier_direction®(4*fs*simulation_step);
end
if viri(i)==1
carrier_direction=-1;
and
if VErPi (i) «=-1
carrier_direction=1;
end

#2Calculate PWM Signals
if Utr1[1]{=vref(1§
PWM (i) =1;
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Appendix B - Matlab Loss

Tze
PUM(i)=0;
end

Calculations

using IRG4PHIOKD

#%Calculate Inductor Current
if 1=l
Vo = IL(i-1)*R;
o = Vref(1)*VDC;
if PWM(i)==
didt = {(VDC-Vo)/L;
IL{1)=IL(1-1)+didt*simulation_step;
end
if Pwméi]=
didt = (-vDC-Vo)/L;
IL{i]=IL(1—l‘—c1dt *simulation_step;
end
end
IL2(1) = IL(1)/n;g

#%Calculate IGBT Conduction Losses
1 (IL2{1)=0 && PﬂM(ij==
IGBT_Cond(i) = (ILEE gjrz IGET_R +
elseif [(ILZ(1)<0 && PWM
: IGBT_Cond(i) = (IL2(i))A2*IGBT_R +
else

IGEBT _Cond(i) = 0;
and

#Calculate Dode Conduction Losses
if (IL2(1)=0 && PﬂM(1‘—— )|
Doce_Cond(1) = (IL2(1))42*Diode_R
elseif (IL2(i)<0 && PWM(1)==1)
: Mode_Cond (i) = (IL2(1))42*Diode_R
else
DMode_Cond(1) =
end

abs(IL2(1))*IGBT_Vt;
abs(IL2(1))*IGBT_Vt;

+ ahs({IL2(1))*D1ode_Vt;

+ abs{IL2(1))*Diode_Vi;

#Calculate Switching Losses & RR Losses

if (>l & ILE(ig:D}
if (PWM(i-1)==1 & PWM(3i)==0)

IGBT _off(i)=IGBT_Eoff_int+IGBT_

IGET_on(i)
Diode_rr(i
elseif (PWM(1-
IGEBT_on(i)
IGBT_off(
Mode_rr(
else
IGBT _off(i
IGET_on(1)
Diode_rri1
end
elseif Ei}l & IL2(1)==
if (PWM{i-1)==
IGBT _off(i
IGET_on(i
Diode_rr(i
elseif {PhV(1
IGBT _on(1
(
(1

0
J==0 & PWM(i)==
I

)=0;
1=
=16
1)=0;
1)=D
2 0;
J=0

6

PWM{1] =1)
GBT_Eoff_int+IGET_

1 & PWM({1)==

IGBT _of
Mode_rr

;
0
iy
)
1
)
)

D'L“-l‘.'u"l 1] 'D*- I—IE'-‘-.-'x

;
)
:
)
:
;

| LI Bl | I == 1]
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Eoff_sT1*abs{IL2(100;

1

= o
BT_Eon_int+IGET_Eon_s1*ahs(IL2{3));
;Gce_Err_int+Diﬂce_Err_51*abﬂ[ILE{i]j;

Eoff_sT1*abs{IL2(100;

!
BT Ean_ 1nt+IGBT Eon_s1*abs(IL2(7));
1GE€ Err_ 1nt+D1Gce Err_ s1#abs{IL2(11]);



: Appendix B - Matlab Loss Calculations
else
IGEBT_off(i)=0;
IGBT _on{1)=0;
DMode_rri{1)=0;
end

end

it IGBT_off(1)«0
IGET _oft(1)=0;

end

1f IGBT_on(1)<0
IGET_on(1)=0;

end

if Diode_rr(1)<0
Diode_rr{1)=0;

end

1=1+1;

end

t_simulation_ext = Oisimulation_step:20e-3;

plot{t_simulation_ext, Vref);

hold ong

plot{t_simulation_ext, Vtri, 'm');
tit]eE'ReFErEﬂce Signal and Carrier Signal’™)
axis([0 0.02 -1.1 1.1])

hold off;

figurel)
plot(t_simulation_ext, PuM);
title('PWM Signals')

figurel)
plot(t_simulation_ext, IL);:
title( ' Inductor Current')

figure)
plot{t_simulaticen_ext, IGET_Cond);
title("IGBT Conduction Losses (Watts)')

figure)
plot(t_simulatien_ext, Diode_Cond);
title( 'Diode Conduction Losses (Watts)')

figure()
plot(t_simulation_ext, IGBT_nffgi
title('IGET Turn Off Losses (ml)')

figure)
plot(t_simulation_ext, IGBT_nﬂgi
tit1e("IGET Turn On Losses (ml) ')

figure)
plot{t_simulation_ext, Diode_rr);
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) _ Appendix B - MatTlabh Loss Calculations using IRG4PHSOKD
title('D1ode Reverse Recovery Losses (m])")

IGET_Cond_Total = n*mean(IGBT_Cond)

Diode_Cond_Total = n*mean({Diode_Cond)

IGBT_Sw_Total = %n*szu_ﬁ'mﬂ)_"—[{Su"_'EIGBT_@ﬂL"’lGUUJ;’ZDE-i + (sum{IGBT_off),/1000) /20e-3]
Diode_Recov_Total = (n*820/600)* [ (sum(Diode_rr) /10000 /20e-3]
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International
TR Rectifier IRG4PC30KD

INSULATED GATE BIPOLAR TRAMSISTOR WITH Short Circuit Rated
ULTRAFAST SOFT RECOVERY DIODE UltraFast IGET
Features

= High short circuit rating optimized for motor control,
tee =10ps, @R3GOV Vg (start), T,= 125°C,
Vige = 15V

= Combines low conduction losses with high
switching speed

= Tighter parameter distribution and higher efficiency
than pravious generations

« IGBT co-packaged with HEXFRED™ ultrafast,
ultrasoft recovery antiparallel diodes

Benefits

= Latest generation 4 1GBTs offer highest power density

motor controls possible

- HEXFRED™ diodes oplimized for performance with 1GBTs.
Minimized recovery characteristics reducs noise, EMI and
switching losses

= This part replaces the IRGBC30KD2 and IRGBC30MD2
products

= For hints see design tip 87003

Absolute Maximum Ratings

I"-"rCES = (00
Vekon typ. = 2.21V

@Yes =18V, lc =164

Parameter Max. Units
Viegs Collector-to-Emitter Voltage 600 W
o i Te = 25°C Confinuous Collector Current 28
o i@ Te =100°C | Continuous Caollector Current 18
o Pulsed Collector Current (@ 58 &
L Clamped Inductve Load Cumrent @ 54
i Tc = 100°C Digde Continuous Forward Current 12
FM Dicde Maximum Forward Cument 5
Ly Short Circuit Withstand Time 10 Tk
Vs Gate-io-Emitter Voltage + 21 W
Po i Tp = 25°C Maximum Power Dissipation 100 -
P @ To = 100°C | Maximum Power Dissipation 42 "
T, Operating Junciion and -85 w +150
Terg Siorage Temperature Rangs *C
Solderng Temperature, for 10 sec. 300 (0.083 m. {1.8mm) from case)
Mounting Torque, 8-32 or M3 Screw 10 lofein (1.1 M=m)
Thermal Resistance
Parameter Min. Typ. Max. Units
Fasc Junction-to-Case - IGET -— — 1.2
Rasc Junction-to-Case - Diode -— —_— 25 FCAN
Racg Case-to-Sink, flat, greased surface -— 024 —_—
Reaua, Junction-to-Ambient. typical socket mount -— — 40
Wit Weight -— G (D.21) — g loz)
W irf.com 1
4152000
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IRG4PC30KD TR Rectifier
Electrical Characteristics @ T, = 25°C (unless otherwise specified)
Parameter Min. | Typ. | Max. | Units Conditions
Vierices Collector-io-Ermiter Breakdown Voltage® | 600 — | — Vs = OV, Iz = 250pA
AVamcesaT) | Temperature Coeff. of Breakdown Votage | — |0.84| — | WIPC | Ve =0V, Iz = 1.0mA
Vesion Collector-te-Emitber Saturation Voltage | — | 221 2.7 Iz = 16A Wae =13V
— (283 — v Iz = 2BA ZeeFig. 2,8
— 238 — lz = 184, Ty= 150
Vigemm) Gate Threshold Yoliage 3D — | 8.0 Ve = Vige, lo = 250pA
AN pgnyAT, | Termperature Coefi. of Threshold Vaotage — | 12| — [mWIEC] Veg =Vae |p = 280pA
Oum Forward Transcenductance & 4181 — 5 Veg = 100V - = 184
] Zero Gate Volage Collector Curment — | — [ 28D p& | Vaz =0V, Vg =200V
— | — |2500 Vigz = 0V, Ve = 800V, Ty = 150°C
VY Ciode Forward Voltage Drop — | 1417 v lz = 124 See Fig. 13
— [ 13] 18 =124, T,=150°C
GES Gate-wn-Emitter Leakage Current — | — [+100| n& | Wgz =220V
Switching Characteristics @ T, = 25°C (unless otherwise specified)
Parameter Min. | Typ. |Max. | Units Conditions
Q, Total Gate Charge {turn-on) — | 87 | 100 lz = 184
Qe Gate - Emitter Charge (turn-on) — | 11 16 nZ | Ve = 4000 See Fig.d
Qg Gate - Colector Charge (turn-on) — | 258 | a7 Ve = 15V
faiom Turn-Cn Delay Time — | 80 [ —
i Rise Time — | 42 | — ns Ty=25°C
Saicen Turn-0ff Delay Time — | 160 [ 250 Iz = 16A, Vg = 480V
i Fall Time — | a0 | 120 Vaz =18V, Bg =230
= Turn-On Switching Loss — (080 | — Energy losses include "tail"
= Turn-0ff Switching Loss — (05| — mJ | and dicde reverse recovery
= Taotal Swiiching Loss — |118 |18 Ses Fig. 8,10,74
T Short Circuit Withstand Time L e s | Vec =300V, Ty=125°C
Vg = 15W, Rg = 1002, Ve = 500V
Lajon) Turn-Cn Delay Time — | 58 | — T,=150°C, Ses Fig. 11,14
ir Rizse Time — |42 | — ne Iz = 164, Voo = 280V
Tdiom Turn-0ff Delay Time — |20 | — Ve = 15V, Rg = 234,
il Fall Tim= — (180 | — Energy losses include "tail”
= Total Swiiching Loss — 188 | — mJ | and dicde reverse recovery
Le Intermnal Emitter Inductance — 13| = nH | Measured Smm from package
Cles Imput Capacitance — |B20 | — Ve =0V
Clong Cutput Capacitance — |10 | — pF | Voo =30V SeeFig. 7
Cres Rewverse Transfer Capacitance — [ 27T | — f =1.0MHz
- Diode Reverse Recovery Time — | #2 | &0 ns | T,=25"C 5SeeFig
— | a0 | 120 T,=125°C 14 =124
" Ciode Peak Reverse Recovery Curent | — | 3.5 | 8.0 & | Ty=25°C 3SeeFig
— [ 58] 10 Ty=1258°C 15 Vg = 200V
Cler Ciode Reverse Recovery Charge — | 80 | 180 | nC | Ty=25°C See Fig.
— [220 | 600 Ty=125°C 16 dildt = 2004ps
s Y s Diode Peak Rate of Fall of Recovery — |180 | — | Alps | T;=25°C See Fig.
Curing ty — [1\0] — T,=125°C 17
2 wwwirf.com
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ToR Rectifier IRG4PC30KD
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Vizg. Gate-to-Emitter Voltage (V)

Fig. 3 - Typical Transfer Characteristics
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IRG4PC30KD IGR Fectifier
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ToR Rectifier IRG4PC30KD

e T T 11 "E '
Ve m 200V Wy = 200V
\'"-J:]:l'u 1 :k ‘ -
Ti=tzEtp === L] T
Ty=25°C =— 7= 250 —
L]
w s
.
N ~.'\
. b Flp = 244 =
LNy — |=-;u.~—____.;'.;
- . L . < i
"] r, lz= 124 - it ’:p‘
LI WY - ; lg= 128wl L-:ita"’-:.-
] - & E L e P
= “a 2)4'-. et N w e
2 oy ANNN T pEtEEE
‘h""'f."-’ ,;l""'- 4. e j-"';
- T ~ s7a
-.,‘\‘- [ —] o=~ =l .-_-';3, -
0 "h._‘.-_—'\- e e = i & _,i'::
-.._____t-—...._____'_l- _,,.:;/
B
™ =
] 1
400 . .. 1040 100 ) ) tedn
difidt - [Alus) dig/dt - (Alps)
Fig. 14 - Typical Reverse Recovery vs. difdt Fig. 15 - Typical Recovery Current vs. dip'dt
321 1000 T T
| | ! !
Wiy = 200V ] v - 200V
Ty=125°C === L A Ty=125°C ===
T, = 25— - | V7y=23c —
-l’l-
.l!
-
. e =
_ i g 9 g 1w
(5] - = 3
[ ' | -
£ } - .
: B I O .
= IS T R =
& 11 ©
- Lot o os “124 o
o b e Ip= 128 H"'J-"’ = ”
0 f—= s - = m = el
- - ’>< #__..-" A
mm== T -'"#..--‘} = IF = 284
- |:'$.'.i}..\i"‘"#.p‘ .“.‘_..r s
..'_,.p""\ —
______--""_—-—"
.-—-'--.
1 10
16 1a0E |
diy idt - [Afus) e dip/dt- (Alps) o
Fig- 16 - Typical Stored Charge vs. dif'dt Fig. 1T - Typical dijrecjvt'dt vs. div'dt
whanwirf.com 7

222



IRG4PC30KD

RERE
DAT.

410pF

W

Fig. 18a - Test Circuit for Measurement of
Iias. Eon, Ecmaicce tn @ L Tajam T Taiome &

International
IGR Rectifier

SE% Wpe

} 1+5pE
Eoff= [WCE G O2

H

Fig. 18b - Test Waveforms for Circuit of Fig. 18a, Defining

GATEWOLTAGEDLT.

1% +¥p

Fig. 18c - Test Waveforms for Circut of Fig. 18a,

Defining Eqn, taony. b

Ean Saom. b

o
. - ame ot
/ [
1 —
s ]
Il:"'f! /‘I—,‘
0% Ve 1% Im
[[=4
Vak
L II"I,;'\_T_
L WANEFORMZ

DIODE REVERSIE
RECOVERY EREREGY

Fig. 18d - Test Waveforms for Circut of Fig. 18a,
Defining Eper. tr, Qo by

wwwLirf.com

223



International
IR Fectifier

I H 2

N

IRG4PC30KD

HATE ZI3 HAL

DEWICE UNDER TEST

CURREMT DLUT.

WOLTAGE M DU.T.

CURREMT N D1

Figure 12e. Macro Wavefarms for Figure 182 Test Circuit

50 =

Figure 18. Clamped Inductive Load Test
Ciircuit

www irf.com

0-4a0%

G g AW
= U 4N g @ee

>y

Figure 20. Pubked Cdledor Current

224

Test Circuit



niernan Dl'lcl
IRG4PC30KD il

MNotes:

I Repetitve rating: Vg g=20V; puls2 width imited by maxmum junction temperature
{gure 20)

BV z=B0%(Voes) Viae=20V, L=10uH. R5= 2302 figure 13)

& Pulse width = BDps; duty factor<0.1%.

@ Pulsewidth 5.0us, single shot.
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IR WORLD HEADQUARTERS: 233 Kansas 51, El Sequndo, Callfornia 30243, USA Tal: (310) 252-7105
IR EUROPEAN REGIONAL CEMTRE: 432445 Godslone Rd, Whyleleate, Sumey CR3 O5L, UK Tal: ++ 44 (0)20 3645 5000
IR CANADA: 15 Lingoln Courl, Bramplon, Onsana LETAZ2, Tel! (3035) 453 2200
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Matlab Script for Example Exercise in Chapter 2.3
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Lppendix D - Matlab Loss Calculations us

clear all; close all; clc;

%%Inputs Needed Are As Follows
IGBT_Wt = 1.1;

IGBT R = 85e-3;
Diede_Vt = 1;

Diede_R = 42e-3;
IGBT_Eon_int = O;

IGET _Eon_s1 = 0.0451;
IGERT_Eoff_int = 0
IGET_Eoff_s1 = 0.0451;
Diede_Err_int = O;
Diede_Err_s1 = Oy

%%Design Constants
n = 2j
L
5 = 20000;
250e-6;
12.8;
= 4103
_index = 0.95;

=+
1]

e

1:
L
R
VD

=1

%#%Simulation Constants
IL{1)=0;

w = 2¥pi*f;

ws = 2¥p1*ts;
carrier_direction = 1;
1= 1;

Vird (L)=0;

Viri2(1)=0;
IGET_Cond(1)=0;
Diede_Cond({1}=0;

IGET _on{1)=0;
IGBT_off(1)=0;
Diede_rr{l)=0;
simulation_step = 0.3e-5;

for t_simulation = O:simulation_step:20e-3

#ieWrat 1z the reference sine wave fTor the output

Vref{1) = mod_index*sin{w*t_simulationl;

EETh:s code creates the triangle wave Viril
it =1

ing IRG4PCIOKD

Viri(id = Virii-L+carrmer_direction®{2*fs*simulation_stepl;

it Vrefi{1l>=0
VEriZ2(10=Vtrd (A0
elseif Vraf(il<=0
Ver 201 )="VEri{i);
end

end
if viri(ide==1_ )
carrier_direction=-1;

end
it Wiri{id<0
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~ Appendix D - Matlab Loss Calculations using IRG4PCIOKD
carrier_direction=1;
end

#¥%Calculate PAM Signals
if Weaf(id==0
.'-"ﬂ-'IZ('I}—'
it Ntr12 1)<-¥reF'J
PWM(1)=1;
else
PWM{1)=0;
end
elseif Vref{i)=0
.'."ﬂ('l} 0}
if VEriz(id==Vref(i)
PWMZ (1)=1;
glze ]
PWM2 {13=0;

end

##Calculate Inductor Current
1=l
Vo = IL(i-1)*R;
¥Vo = Vref(11*WDC; ]
it (FWM{1)=1 && PWMZ(i)}==1)
didt = (VDC-val/L; )
LEa)=IL{1-1)+didt*simulation_step;
and
it (PWM{1)==0 && PWMZ(i)==0)
didt = (-VDC-V¥ol/L; )
ILCAd=IL(i-Ll+didt*simulation_step;
and
it (PUM{1)==0 && PWMZ(i)==1)
c1dt [0-Val) /L
ILC3I=IL{i-L)+didt*simulation _step;
end
it (FWM{1)=1 && PWMZ(il==0)
ERROR=1
and
and

IL2(i)=IL{i)/n;

¥%Calculate IGBT Conduction Losses
if (ILZC1)=0 && PWH{1) =1} %PWM2 1z always 1 when IL=0
IGBT_Cond(i) = [(IL2(133A2*IGET_R + abs(ILZ{i))*IGET_Vt];
elseif (ILZ2{1)=0 && Phﬁh1) =07 %PAMZ 15 always 1 when IL>0
IGBT_Cond({i)} = (IL2{1})A2*IGBT_R + ahSk_LE('I}} IGBT_Vt;
elseif (ILJ(:){D && PWMZ(1)==0) %PWM s always O when IL<=0
IGBT Cond({i} = 2 * [(IL2{i3242°IGBT_R + abs(IL2{1))*IGET_Vt];
elseif (IL2(3 ) 10 && Phﬁ2(1;——l} LPWM 1= a1ways il when IL<0
IGBT Cond{1} = (ILZ2(1))A2Z*IGEBT_R + abs{IL2{(13J*IGBT_Vt;
elze
IGBT_Cond (i} = O;
end

¥iCalculate Dnode Conduction Losses

1f (ILZC =0 && PWM(1)==1) HPWMZ 1s always 1 when IL=0
DHode_Cond (1) = O
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Ap enc1x D - Matlab Loss Calculations using IRG4PCIOKD
elseif (ILZ{20=0 &5 PWM{i)==00  %PWM2 15 always 1 when IL=0
Diode_ Cnnd(1) = (IL2C1))a2*Dnode_R + abs(ILZ(i))*Diode_Wi;
elseif (IL2C3)<0 & PWMZ(1)==0) %PWM 15 always O when IL=0
Diode_Cond(1] = O
elseif (IL2(i)<0 & PWMZ(i)==1) %PWM iz always O when IL<0
: Diode_Cond(1) = (ILZ(i))a2*Diode_R + abs(ILZ(1))*Diode_Wi;
elsa
Diode_Cond (i) =
end

#%Calculate 5h1tch1ng Losses & RR Losses
it h'>l & IL2C1)=0) %PWMZ2 s a]na;s 1 when IL=0
i (PWM(i-1)==1 & PWM(i)==0)
IGET _offt(1)=IGET_Eoff_int+IGET_Eoft_sl*abs{IL2(113];
IGET_on(i}=0;
Diode_rr{1)=0;
elseif (PWMCi-1)==0 & PWM{i)==1)
IGET_an(1)=IGET_Eon_int+IGET_Eon_sT=abs{ILZ{1));
IGBT _off(1)=0;
Diode_rr{i)=0rode_Err_int+Diode_Err_sT*abs (IL2(123;
alse
IGBT _off{1)=0;
IGET_on(1)=0;
Diode_rr(1)=0;
and

en
if (1=1 & ILZ{i)«=0) %PWM s a1ha s 0 when IL<0D
i (PAMZ{I-1)==0 & PWM2(i)==1)
IGET _off(i)=IGBT_Eoff_int+IGBT_Eoff_s1*abs(IL2(i)];
IGET_on(1l=0;
Dioda_rr{1)=0;
elseif (PWMZ(i-1)==1 & PWMZ(1)==0)
IGET_an(1)=IGET_Eon_int+IGET_Eon_sT=abs(ILZ{1));
IGBT _off(1)=0;
Diode_rr{i)=0rode_Err_int+Diode_Err_sT*abs (IL2(123;
alse -
IGET _offt(1)=0;
IGET_on(1)=0;
Diode_rr(1)=0;
and

end
if IGBT_off{1)<0
IGBT _oft{1)=0;

en

1f IGBT_on(1)=0
IGEBT_on(1)=0

end

if Mode_rrii 2*
Diode_rr{1)=0

end

0

1=1+1;

end

t_simulation_ext = O:simulation_step:2le-3;
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plot{t_simulation_ext, Vref);
held ong
plot{t_simulation_ext, Wiri2, 'm');
title{"'Reference Signal and Carrier Signal')
held off;

figurel)
plot{t_simulation_axt,PWM] ;
axis={[0 0.02 -0.1 1.1]3
titlel"PaM Signals")

figurel)
plot(t_simulation_ext, PWMZ];
axis([0 0.02 -0.1 1,112
titlel"PaM2 Signals’)

L L R ]

figure() i
plot{t_simulation_ext, IL};
titlel"Inductor Curremt')

figure() .
plot{t_simulation_ext, TGBT_Cond);
title("IGET Conduction Losses (Watts)')

figure() . i
plot{t_simulation_ext, Diode_Cond];
title{'Diode Conduction Losses (Watts)')

figurell) .
plot{t_simulation_ext, IGE__GFF}i
title("IGET Turn Off Losses (ml) ')

figure() .
plot{t_simulation_ext, IGET onl;
title{"IGET Turn On Losses (m1)'J

figurell ) i
plot{t_simulation_ext, Diode_rrl;
title{'Diode Reverse Recovery Losses (ml)')

FEEEEEEEsEEErEErEEEE e

IGEBT _Cond_Total = n*mean(IGET_Cond)

Diode_Cond_Total = n*mean{liode_Cond)

IGBT_Sw_Total = (n=410/3000* [(sum(IGET_on) /1000 /20e-3 + (sum{IGBT_off)/1000)/20e-3]
Dicde_Recov_Tetal = (n*410/300)* [ (sum(Diode_rr) /10000 /208-32]
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Technische Information / technical information

FF100R12YT3

IGET-Module
IGBT-modules

poweer Jeciranics in mation

EUpec

IGBT-Wechselrichter / IGBT-inverter

Héchstzuldssige Werte / maximum rated values

Vorlaufige Daten [ preliminary data

Kolfekior-Emitter-Spamspannung - -~

collector-emiter volage Ti=25C Veez 1200 v

Kiefiekior-Davergleichstrom lg: ram 100 &

DC-colector cument e 140 A

Pericdischer Kollektor Spitzensirom I 200

rep=fitive peak collector curment R

Gesamt-Vedusileistung R — 15 5

total power dissipation Tg=25°C, T,; = 150°C Pror 445 W

Gate-Emitter-Spitzenspannung 7

pate-emitter peak voltage Voes +20 v

Charakteristische Werte / characteristic values min. _ tp.  max

Kiefiekior-Emitter Satigungsspannung le =100 & Va==15W T =259 170 215 W

collector-emitter saturation voltage lo= 100 A4 Vaz = 15V o= 125 | Yoz 180 W

Sﬁ:ﬁgsﬁllgnwz &Tng Iz =4.00mA, Viez =Vee, T, = 25°C Vazn | 50 [ 528 | 85 | W

g‘;f;’j:rgﬂ Vaz=-15V . +15V Qe 008 uc

Intemer Gatewiderstand - "

internal gate resistor T,y =2I5°C Rlaiar 20 4]

ﬁﬁ&fﬁﬁgt f=1MHz, T, =25°C, Vee =25V, Vaz =0V Cas 7,10 nF

Riichwirkungskapaztat = =I5 =35 ==

reverse transfer capacitance f=1MHz T.j =25°C, Voe =25V, Vaz =DV Cret 0,26 nF

Kolekior-Emitter Reststrom - - -

collector-emitier cut-off curment Veg =1200W, Ve =0V, T, =25°C o= 1.0 | m&

Gate-Ermitter Reststrom = = T =mEs

gate-emitter leakage curent Wee =0V, Vee =20V, T, =25°C loen 400 | nA

Emnschaltverzdgenungszeit (ind. Last) le =100 4 Vee=000W Tw =259 tas 0,14 ps

turn-on delay ime (inductive load) HEE =:te155'l.['! T = 125°C b 0,18 s

3ge = O
Anstiegszeit (nduktive Last) Iz =100 & Vee=0800W T =258 t 0027 ps
rise tme (inductive load) Hg; =:te155'l.['! T = 125°C ! 0,037 s
3ge = O

Apschattversigenngszsit (ind. Last) Iz =100 & Vce=0800W T =259 . 043 us

turn-off delay time (inductive load) Vas=+16W T = 125°C s 052 s
Rz =68 10

Fallzeit {indukive Last) le =100 & Vee =800V T =259 i 010 s

fall time {inductive load) Vas=+16W T =125°C f 0,16 s
Raon =680

Emnschaltverlustenerge pro Puls Iz =100 & Weg =800V, Le =40 nH Tu =259 6,80 md

turn-on energy loss per pulse Ve =215V, avdt = 2800 Ajs (T,=128°C) T, =125°C E:- ] md
Riaq- =660

Abschatterustenergie pro Puls Iz =100 & Veg =800V, Lz =40 nH T, =259 TB0 mJ

turn-off energy loss per pulse Was =215V, ow'dt = 2500 Wips (T,=125°C) T, =125°C Eart 120 md
Fizar = 6,2 02

Kurzschlussverhalben Vaz £ 16V, Vo =800V 1

3C data WeEma: = Wogs Lace -dildt ta = 10 ps, T, = 125°C i 400 A

Innerer Warmewiderstand pro IGBT |

thermal resistance, junction fo case per |GET Fe 025|028 KW

Obergangs-Warmessderstand pro IGET { per IGET

thermal resistance, case to heatsink wpaze = TWIMAE]) 1 Jgreae = 1WA RincH 016 K

prepared by Christoph Messelke

date of publication: 2008-11-28

approved by Narc Buschiihlis

revision: 2.1
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Technische Information

IGET-Module
IGET-modules

{technical information

FF100R12YT3

poweer Alecironics in mation

BUPEC

Diode-Wechselrichter / diode-inverter
Hichstzuldssige Werte /! maximum rated values

Vorlaufige Daten
preliminary data

Pericdische Spitzenspemrspannung -

regetiive peak reverse nrr'élﬁage Ty =25°C Ve 1200 v

Drauergleichsirom

D Foear sument Ie 02 &

Pericdischer Spitzensirom _ _

repssiive peak forward current te=1ms TR 200 A

e el Va=0V, &= 10ms, T, = 125°C t 1950 A

Charakteristische Werte / characteristic values min.  fp.  max

Dwrchlassspannung lp=100 A Waz=0V T =25 W 165 | 215 W

forward voltage IF=100 A, Yaz =0V T =125°C F 1,65 v

Rilickstromspitze Ip =100 A, - dipfdt = 2600 Afps (T,,=125°C) T, =25° 165 A

peak reverse recovery cument Va=800W wi = 125°C £ 160 A
Vaz=-15W

Ggenmngsladung Ip =100 A, - dipfdt = 2600 Afps (T,,=125°C) T, =25° 12.0 pc

recovered charge Vg=000V w = 125°C Q 20.5 nc
Vaz =-15W

Abschaltenergie pro Puls Ip =100 A, - dipfdt = 2600 Afps (T,,=125°C) T, =25° 4.ED md

TEVETSE MECOVEry energy Va= 800V W= 125°C | Ere BGD mJ
Vaz =-15W

Innerer Warmewiderstand pro Dicde 1 i

thermal resistance, juncticn io case per diode Fosc D43 | D42 ) KW

Obergangs-\%amewdersiand pro Diode / per dicde ;

thermal resistance, case to heatsink Tpazre = TWIMK] | Rorease = 1 WHmE) Rinch 0.23 KW

NTC-Widerstand /| NTC -thermistor

Charakteristische Werte / characteristic values min.  fp.  max

Nenmwiderstand o

rated resisiance Te=25°C Ras 5,00 (4]

Abweichung von Ryoc = A0 Dnn = A0 N=T E 5 2

deviation of Fas Te = 100°C, Ruge =423 01 aRR | -5 5| =

Verusiestung e o .

power dissipation Te=25°C Pza 20,0 | mW

e Rz = Rag xp [Banreef 1Tz - 288,15 K)] Bzaimo 275 K

prepared by: Christoph Messelke

date of publication: 2008-11-28

approved by Marc Buschikih's

revision: 2.1

[
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Technische Information / technical information

IGET-Module
IGET-modules

FF100R12YT3

poweer deciranics in mation

BUPEC

Modul / module

Vorlaufige Daten
preliminary data

|solationsPrifspannung
insulation test voliage

RMS, f=50 Hz, t=1 mn

WizoL

KV

Material fir innere |solation
material for imtemal insulation

Kmechsirecke
creepage distance

Komtakt - Kihlkdrper  termingl to heatsink
Kontakt - Kontakt { terminal fo terming

E

Luftstrecke
clearance distance

Komtakt - Kihlkdrper  terminal to heatsink
Komtakt - Kiontakt § terminal to terming

E

ergleichszahl der Kriechwegbiidung
comparative tracking index

Modulndukvitat
siray induciance module

nH

Modulsitungswderstand.
Anschlisse - Chip
module lead resistance,
terminals - chip

T = 25°C, pro Schalter / per swsich

Rocuee

1,60

mi}

Hichstzulassige Spemschichttermperatur
maximum junclion temperature

Wechselichter, Brems-Chopper / Inverter, Brake-Chopper)

w) Max

G

Temperatur im Schaltbetrieb
termperature under switching conditions

Wechselichter, Breams-Chopper / Inverter, Brake-Chopgper)

Toi =2

40

°C

Lagerternperatur
storage temperature

40

°C

Anpresskraft fiir mech. Bef. pro Feder
mountig force per clamp

Gewscht
weight

g

Dier Strom im Diausdetrieh ist auf 25 A e pro Anschiusspin begrenzi.
The current under confinuous operafion is Bmided to 25 A s per connecior pin

pregared by Christoph Messelke

date of publication: 2008-11-28

approved by Marc Buschiihis

rewision: 2.1
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Technische Information / technical information powes elecironics in mation

BT Mode FF100R12YT3 EUPELC

Vorlaufige Daten
preliminary data

Ausgangskennlinia IGET-W achaair. (typisch) Ausgangskennlinlanfald ISET-Wachsslr. (typlsch)
output characteristic IGET-inverter (hypical) output characterisfic IGBT-inverter (typical}
Ic = f (Vce) Ig =f{Vce)
V=15V Ty = 125°C
200 200
] 7T T 1] 71/
180 4—— T, =25C - T80 +——— Ve = 18V 1T7F
- T, =125 / E --- Vee= 17V ‘,J’J, ;A .
J—]—--- Nz = ; =
160 ."II JIIJ 160 - E‘E z HE 77 ;.- —
J 1= Ve== A -
140 / 7 140 ~— Ve =V |[77 ) 7
120 120 . .."ff e
< /. < [/ 4
= 100 /{ p o 100 /.(fr"..fr 7
N N
80 80 o
;"rr' ity | -
0 /f' B0 ’l.é‘;'} — F
ol
40 / 40 o
0 = 20
0 = o |
0o 05 1.0 is5 20 25 3D 35 00 05 10 15 20 25 A0 35 40 45 50
Ve [V] Ve [V]
Obertragungscharakteristik IGET-Wechselr. (typisch) Schaltveruste IGBT-Wechselr. (typisch)
transfer characteristic IGBT-inverter (typical} switching losses 1GBT-inverter (typical)
I = f (Vas) Eon = f (Ic). Eorr = f {lg}
Vee=20V V=215V, RGon = 6.8 O, Rgon = 6.8 0, Vpc =600 V
200 25
—
1 T [T 11
Bl — T =25C - —— Ein, Ty = 125°C
-—= T =125°C / ’ === Eg, T, = 125°C .
160 / - 20 e
140 7 R
120 = 15 - P -~
= / 2 -
= 100 q E P
L / I Lo f//
80 7 10 J/'/
51 " f’ - /
40 ;’/ 5 _._’/J’f
7 'd
0 S o
5 i T 8 @ 10 11 12 0 20 40 60 80 100 120 140 160 180 200
Ve [V] Iz [A]
prepared by Christoph Messelke date of publication: 2008-11-28
approved by Marc Buschikihhe revision: 2.1
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Technische Information / technical information power elecironics in motion

BT Mo FF100R12YT3 EUPEL

Vorlaufige Daten
preliminary data

Schaltveriuste IGET-Waechsalr. (typlsoh) Trans enter Wirmawiderstand |GBT-Weohsalr.
switching losses IGET-Inverter (typical) transient themmal impedance IGET-inverter
Ega = f (R}, Eorr = F[Ra) Zar = T {t)
Ve =215V, Ig = 100 A, Ve = 800V
4“:' 1 T T 1T 11
| 1 1 SR e
as |l |— Ear. Toj = 125°C -~ — ZmH |GBTI

=== Eatr, Tuy = 125°C /

5 ]
1l
— / g /z
E 2 <] = o 4
w / z 7
15 // S :
10 A g
-
el s 1 2 3 4 L
= * nAWE Q041371 Q08845 0,09ERT 0.37E
= Tik | 00308 0005 0E 02
. . IR i .
1] 10 an 30 40 50 80 70 0,001 0,01 0.1 10
Rz [0 t[=]
Sicherer Rilckwarts-Arbeitsbersich IGBT-Wr. (RBSOA) Durchlasskennlinie der Diode-Wechselr. (typisch)
reverse bias safe operating area IGBT-inw. (RBS0A) forward characteristic of diode-inverier (typical)
I = {Vcg) IF = 1 (VF)
VeE = 215 V. Rgorr = 8.8 01, Ty = 125°C
250 200 | | | | j -
180 —[— T, =25°C
-—= T, =125°C ;‘l f
200 160 / ,"
Ll
140 L,‘
150 120 i
< < /
L ™ i
100 B0 /:;"J
80 -
50 40 ;:;/
— I, Modul ,»:/
=== lg, Chip 1] _ ‘/
0 | | 0 ity
1] 200 400 600 8OO 100D 1200 1400 00 0204 05 08 10 1.2 14 15 18 20 22 24
Wz [v] WE [v]
pregared by Christoph Messelke date of pulblication: 2008-11-28
approved by Marc Buschkins revision: 2.1
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Technische Information / technical information powes SECIronics in mation
(GET-Woduie eEupec
e ose FF100R12YT3 P
Vorlaufige Daten
preliminary data
Schaltveriuste Diode-VWechsalr. (typisch) Schaltveriuste Diode-\Wachsalr. (typisch)
switching losses diode-inverier (typical) switching losses diode-inverter (typical)
Erao =T ['F] Erea = f{RG]
Rgon = 6.8 01, Vice = 600 W IF = 100 A, Vice = 600
14 12
—— B Ty = 125°C — Ewe. Ty = 125“C-|
12
i0
.--""'"'-._._F.
10 ff{_,.-' s )
_. & - _ \
g / E [ e
i & 1 Ll """--..__._‘_____-_\_-
L ——
/ 4
4
A
2 2
1] 1]
O 20 40 60 B0 100 12D 140 160 180 200 1} 0 20 30 40 50 a0 T
IF [A] R[]
Transienter Warmewiderstand Diode-Wechselr. MNTC-Temperaturkennlinie (typisch)
transient thermal impedance diode-inverier MNTC-temperature chamactenstic (typical)
Zind = (1) R=f(T)
1 T T T | 1m I ¥
— Zoa Diode [T —— ]
L
pd 10000 Do
3 Y LN
= 0,1 i =1
% o
i r =~
7 r 1000 ™
t 1 z 3 4 UL
o e i i ~
. [T LTI 1] .
0,01 o1 (LR i0 1] a0 4D a0 B0 100 120 140 18D
t[s] Te [FC]
pregared by: Chrisioph Messslke date of publication: 2006-11-22
approwed by Narc Buschiihis revisicn: 2.1
]
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Technische Information / technical information power eleCironics in motion

ot e FF100R12YT3 EUPEL

Vorlaufige Daten
preliminary data

Schaltplan ! circuit diagram

Gehduseabmessungen [ package outlines

@4 14

]_L(

8.1540.35

J

20,5805
L7t

55,9
40L&
- [F =8
: - ‘@ :
| = | iy | [0
()
™ _ 8
i | o
a
Madule only designed for noenting on PCB with 1523 mn thickness
-
242 al.=H -
2 24,13 o
A m e | Fare
| r
K £
T
w| & 3 | ) ] . Yy
w|h | o ] {
ol ———— . E 2| =
(S B oo 3
I — A" E
bt e ; )
L I'.r"
SRR
FhpostHons wihtolerance EEI
pregared by Christoph Messeslke date of publication: 2008-11-28
approved by Marc Buschiihis rewision: 2.1
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Technische Information / technical information power elecironics in motion

T Mo FE100R12YT3 EUPEC

Vorlaufige Daten
preliminary data

Nutzungsbedingungen

Die in diesem Produktdatenblatt enthakenen Daten sind ausschlieflich fir technisch geschultes Fachpersonal bestimmt. Die
Beurteilung der Bignung dieses Produktes fir lhre Arwendung sowie die Beurteilung der Vollstindigkeit der bereitgestellten
Produktdaten fiir diese Amwendun g obliegt lhnen bzw. Thren technischen Abteilungen.

In diesem Produktd stenblatt werden diejenigen Merkmale beschrieben, fiir die wir eine liefervertragliche Gewihrileistung
iibermehmen. Eine solche Gewihreistung richtet sich ausschliellich nach Malkgabe der im jeweiligen Liefervertrag enthaltenen
Bestimmungen. Garantien jeglicher Art werden fiir das Produkt und dessen Eigenschaften keinesfalls iibernommen.

Solten Sie vonuns Produktinformationen bendtigen, die ilber den Inhalt dieses Produktdatenblatts hinausgehen und
insbesondere eine spezifische Verwendung und den Einsalz dieses Produktes betreffen, setzen Sie sich bitte mit dem fiir Sie
zustindigen Vertriebsbiiro in Verbindung (siehe www.eupec.com, Vertrieb&Kontakt). Fir Interessenten halten wir Application
Notes bereit.

Aufgrund der technischen Anforderungen kannte unser Produkt gesundheitsgefihrdende Substanzen enthalen. Bei Rickfragen
zu denin diesem Produkt jeweils enthaltenen Substanzen setzen Sie sich bitte ebenfalls mit dem fir Sie zustindigen Verriebsbiiro
in Verbindung.

Sallten Sie beabsichtigen, das Produkt in Anwendungen der Luftfahrt, in gesundheits- oder lebensgefihrdenden oder

lebenserh atenden Armwendungsbereichen einzusetzen, bitten wirum Mitteilung. Wir weisen darauf hin, d ass wir fiir diese Fille

- die gemeinsame Durchfithrung eines Risiko- und Gualititsassessments;

-den Abschiuss von speziellen Qualititssi cherungsvereinbarungen;

- die gemeinsame Einfihrung von Malknahmen zu einer laufenden Produktbeobachiung dringend empfehlen und
gegebenenfalls die Belieferung won der Umsetzung sol cher Malnahmen abhingig machen.

Soweit erfordedich, bitten wir Sie, entsprechende Hinweise an lhre Kunden zu geben.
Inhaltliche Anderungen dieses Produktd atenblatts bleiben vorbehalten.

Terms & Conditions of usage

The data contained inthis product data sheet is exdusively intended for technically trained staff You and your technical
departments will have to evaluate the suitability of the product for the intended application and the completeness of the product
data with respect to such application.

This product data sheetis descoribing the characteristics of this product for which a warranty is granted. Any such warranty is
granted exclusively pursuant the terms and conditions of the supply agreement. There will be no guarantee of any kind for the
product and its characteristics.

Should you require product information in excess of the data givenin this product data sheet orwhich concerns the specific
application of our product, please contact the sales office. which is responsible for you [see www eupec.com, sales&eontact). For
those that are specifically interested we may provide application notes.

Due to technical requirements our product may contain dangerous substances. For information on the types in question please
contact the sales office, which is responsible for you.

Should you intend to use the Product in aviation applications. in health or live endangering or life support applications, please
notify. Please mote, that for any such applications we urgently recommend
-to perform joint Risk and Guality Assessments;
-the conclusion of Guality Agreements;
-to establish joint measures of an ongoing product survey,
andthat we may make delivery depended on the realization
of amy such measures.

If and to the extent necessary, please forward equivalent notices to your customers.

Changes of this product data sheet are reserved.

prepared by: Christoph Messelke date of publication: 2006-11-28
approved by Marc Buschiihle revision: 2.1

m
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Infineon Iposim Loss Calculation Results
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K100GB1

Absclute Maximum Ratings Tg = 25 °C, unless otherwise specified
Symbaol  |Conditions | Values | Units
IGBT
Ve T,=25°C 1200 W
I T=175C T,=25°C 100 A
T,=70°C 80 A
loapn lep™ 3% ey 300 A
Vaes +£20 W
b V=800V <16V, T =150°C 10 ™
SEMITOP® 3 ees < 1200 ‘
Inverse Diode
IGBT Module I T=ATEC T,=25°C 85 A
T,=70°C 65 A
leru lern= 3% b, 300 A
SK100GB12T4 T leags i, = 10 ms; half sine wave  T,=150 °C 715 A
Module
||:Ru5] A
Target Data Ty 40 . +175 *C
Ty 4D .. +125 i
Features Vi AC. 1 min 2500 W
« One screw mounting module i — = n -
. Trench4 IGBT technology Characteristics T, = 25 °C, unless otherwise specified
« CAL4 technology FWD Symbol |Conditions | min. typ. max. |Units
« Integrated NTC temperature IGBT
Fenzar "Ir|3E:|;:| I'irgE = I'Irgg.. ||: =34mA 5 58 6.5 W
. o - Vae=0W Woz=Vooy  T,=25°C 0 | mA
Typical Applications 71250 .
Remarks [ Ve =0W, Vo= 20W I’ : ?gﬁcc 1200 r:
_ 1 ]
- iami wESELIEELE - =BT T m |V
T,=180°C 1 12 W
Toe V=15V T,=25C 75 ma
T, =150 125 ma
[T lonam = 100 A, Wae = 15V T)=25°C 0, 1,85 2,05 W
T, =150y, 235 245 W
C.. F.54 nF
Coe Ve =26, Ve =0V f=1MHz 041 nF
Crea 0,32 niF
-8 Ve =TWHFV 750 nC
P T=25°C 2 [
t’:ml 63 ns
t, Ry, =160 W = GO0V 85 ns
E,. dilgt = 1800 Alus 1= 1004 166 m.J
tym Rop= 1602 T,=150°C 521 ns
& dildt = 1800 Alus Wog= 15V a0 ns
E.g 10 m.J
‘_@J R per IZET 0.6 koW
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SK100GB12T4T

Characteristics
Symbol |Conditions | min. typ. max. |Units
Inverse Diode
VeV ke S 100A N =0V T=25°C, .. 225 25 W
T, =150 °Cp e, 22 25 W
Ve T=5C 13 ] v
T,=180°C 0sg 14 W
e T,=25°C 95 105 me
T,=150°C 13 14 ma
® L=100A T =150°C 52 A
SEMITOP™ 3 it = 1800 Algs ! 14 uC
W= GO0V 52 md
IGET Module Regur per diode 08T Kw
M, fio heat sink 25 MNm
a0
SK100GB12TA T hd g
Temperature sensor
Rygn T,=100°C (R,,=5k02) 48353 o
Target Data
Features . This iz an electrostatic discharge sensitive device (ESDS), intemational standard
« One screw mounting module IEC 80747-1, Chapter IX.
= Trenchd IGBT technology
« CAL4 technology FWD This technical information specifies semiconductor devices but promiges no
+ Integrated NTC temperature characteristics. No warranty or guaranies expressed or implied iz made regarding
sensor delivery, performance or suitalility.

Typical Applications

Remarks
- VEE.SH'IZ’ VF = d‘iphﬂ'&lﬁhﬂ
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SK100GB12T4T
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SK100GB12T4T
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Semikron Semisel Loss Calculation Results
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EMISEL™

seMIKRON

NNOYASN + SERCE

Project:
Topology DC/AC lf}
1i@n@1
Circuit Inverter 3 Phases TR1| TRE TRS i
/ ¥
E-Mail jamesmch@mail.com i :
i | o
Application Ues I L I
felete:
Circuit:
Wy 200 vV
Vout 480 v
Lot 24 A
Pous 20 kw i} 250m 800 FS0m 1. 1.25 1.75 o nverinad o
Fa 60 Hz 1.05 1.05
Cosphi 1 L S— o o o o o 1
e 3a0.m ai0.m
fow kHe |900.m B0
u} 2800m 00.m Faorm 12 1.25 1.74 2. lime fs
¥ i out 480 V —
Cwvarload characieristic
Fmin out 60 Hz
Ovwerload Factor 1
Owerload i
Duration sec
Device !
Product Line SEMITOP
Davice SK100GEB12T4T*
Use Maximum Values No
Max, Junction Temperature 175 °C
Transistor Diode
By = 26.5 ml (@ &00V) Es4=5.2 mJ

Veepaso = 1 W

feqsp = 12.5 mOhm

VeEsar = 2.25 W

I

. = 100.00 A

Pih(jc) = 0.6 K/W

Rih{cs) = 0 K/W

* - Target data
Diata st from 2000624

Cooling:

Ambient temperature

Mumber of switches per heat sink

40 °C

Mumber of parallel devices on the same heat sink 1

251

VTo.150 = 0.9V

150 = 13 mOhm

Vi=2.20V
;= 100.00 A

Reh(j-c) = 0.87 K/W




Additional powear source at this heat sink
Maximum Heat Sink Temperature

Calculated losses and temperatures with rated current, at overload and at f

Q
832 =C

min out*
Rated Current Overload finin @nd Overload
Peond ir 13 W 13w 13 W
Pow tr B3I W 83w 86 W
Py 96 W 98 W S99 W
Peond d 1.61 W 1,61 W 1.50 W
Pow d 15 W 15 W 16 W
P4 17 W 17 W 17 W
Piot 877 W E77 W FOL W
Avarage Values Average Values Maximum Yalues
Th 82 °C gz °C 82 °C
T 82 °C gz °g 82 °C
Ty 139 °C 133 *C 154 °C
T4 97 *C 97 °C 100 =C
il EIEEI.r‘n 500.m TI'IEEI.m 1 1.25 1.5 .1 Jh . 2. TerC o
— Te o
TiFfC
140. TdI"C w
120. 120.
100. " " g q " " d ol 100,
il 250.m 500.m Fa0.m 1. 1.25 1.5 175 2. timeis
Temperature characteriztic overload curtent dutking fnin
Evaluation:
Recommendation by SEMIKRON: Do not use SEMIKRON devices over 150 °C
Device driver suggestion
Iout = i Vce Rgmin J
Mame (av) /mA Iout /A Visol JkV max /V Ohm Channels
3x SKHIZ3/1Z R 50 8 2.5 1200 2.7 2
1x SKHI&1 R 20 2 2.3 S00 10.0 [
Jx SKYPER 22 R or SKYPER
IZFRO R 50 15 4.0 1200 1.5 2

Additional Characteristics at given

Mona selectad

252
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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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CMF20120D

Silicon Carbide Power MOSFET Vs = 1200V
MN-Channel Enhancement Mode
Rogomy =75 mp
[ @vgs=20V = 20 A
Features Package
= [r!dustr\.r Leadir!g Rosian) L
* High Speed Switching
®  |Low Capacitances
* Fast Body Diode
®  Easy to Parallel
=  Simple to Drive G
5
Benefits TO-247-3 5
# Higher System Efficiency
* Reduced Cooling Requirements
* fyalanche Ruggedness
* Increase System Switching Frequency Part Number Package
. . CMF20120D TO-247-3
Applications
=  Solar Inverters
* Downhole Drilling Equipment
®  Motor Drives
Maximum Ratings
Symbuol Parameter Value | Unit Test Conditions Note
In Continuous Drain Current 20 A | Vas@20V, To=150"C
Ippuse | Pulsed Drain Current 50 A | tp limited by Tjmax
- Ip = 2684, Vpp = 30V,
Ees Single Pulse Avalanche Energy 1 ] Pl
= Repetitive Avalanche Energy 500 mJ | tag [imited by Tymax
Tes Repetitive Avalanche Current 20 a |l =_2I;Iﬁ. Voo =30V L =3 mH
g limited by Tymax
Vs | Gate Source Volcage -5/+20 W
P,, |Power Dissipation 300 W | T=25°C
Ty T’Iﬂ Operating Junction and Storage Temperature _ff?t;' c
T Solder Temperature 300 *C | 1.6mm [0.063") from case for 10s
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CREE®

Electrical Characteristics

Symbol Parameter Min. Typ. Max. | Unit Test Conditions Note
Vaness | Drain-Source Breakdown Voltage 1200 V| Vs = 0V, Ip = 10pA,
1.7 2.3 3 Vg = Vg, Ip = 1A, Ty = 256C
Vgsmy | Gate Threshald Voltage £ Vo Ve v oo imaL T, = 17500
0.1 10 Vi = 1200V, Vg = OV, T, = 259¢C
Toss Zero Gate Voltage Drain Current 1 10 i Vi = 1200V, Vas = OV, T, = 1750C
Tass Gate-Source Leakage Current 100 nA | Ves = 200, Vs = OV
75 110 Vs = Ie = T = 28650
g | DFEiN-Source On-State Resistance 110 16q | M 1,.-: = ﬁ Ie = ﬂ 1-: = 1788¢
6.2 V= :.’ﬂ"u!, W= 1l:|'||.|:. T, = 256
O Transconductance 7.2 s Vig= 20V, Vig= 10V, T, = 1750C fig. 3
Co Input Capacitance 1806 as = OW fig. 58
Coan Output Capacitance 190 oF Vg = 00V
C.a | Reverse Transfer Capacitance 18 = 1Mz
Ve = 20my
Turn-Om Delay Time 14 .11
tam T= 250¢ {unless otherwise noted) g
Risa Ti 24
t e Time . Ao =
Loy Turn-Off Delay Time 53 Vigg = OF20W
tr Fall Time 48 I = 208
Rs = 100}
259C 0.45
Ew | Tumn-On Switching Loss {5”5031 s m || = asgH
Per JEDEC24 Page 27
Ew | Tumn-Off Switching L 250 0.30
oy G555 0,45
Reverse Diode Characteristics
Symbol | Parameter Typ- | Max. | Unit Test Conditions Hote
Vi Diode Forward Voltage 3.6 W Vs = -5\, ;=204 T; = 250C
14 Reverse Recovery Timea 258 ns Vs = -5V, [;/=208, T; = 259C fig. 12,13
Qer Reverse Recovery Charge 207 nC | Ve = 800V, Ir=l0
Im Peak Rewverse Recovery Current 2.2 n dinfdde= 2004/
Thermal Characteristics
Symbaol | Parameater Typ. Max. | Unit Test Conditions MNote
Fige Thermal Resistance from Junction to Case 0.5 fig. 6
Racs Case to Sink, w/ Thermal Compaund 0.25 W
R Thermal Resistance From Junction bo Ambient 40
Gate Charge Characteristics
Symbol | Parameter Typ. Max. Unit Test Conditions Mote
(27 Gate to Source Charge 71 \ag = fig.9
Is =208
Qe | Gateto Drain Charge 30.8 e |
Q, |Gate Charg g gl <71
b & Total 1 Ve =
Vi = -5 30V Per JEDEC24-2
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CREE®

Typical Performance
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Fig 1. Typical Output Characteristics T, = 250C Fig 2. Typical Output Characteristics T, = 1750C
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Typical Performance
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Clamped Inductive Switch Testing Fixture
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Fackaﬂe Dimensions
Package TO-247-3 N Inches Millimeters
Hin Max Min Max
A 0% 431 15267 | 1s.027
A o LN e — e Z B B0 830 | om0 | zioez
T I ey f 1" Jf = T _non 2008 0.1
—F Mg T — o g8 126 2413 3200
E_ tiﬁ S "-""__ = __I ....... C/E ; E pas 052 1168 | 1321
LS : = F T 00 1.524 2134
E & - [ | — G 215 TYF 218 TYP
. l . H 180 203 4572 5158
(¢ ocE a Af 1 7R 01 1.582 2087
$ i '] 3l Ers i K 8" n" LS n"
| : | = o L 4 P FE e
[~ F M 2° a* 2" 4"
] | |_ o N g ¥ Iy Iy
g ! | : == ] T 097 286 | 2464
i+ q 020 030 _508 782
§ R 9" 11" " 11"
b 3 e ] e 5 5" 11" Ll 11"
o T ' IS F a®
u 2° IS Fid u®
" 138 144 508 1858
W _2in 220 5334 5508
X 802 857 12751 | 14148
G [ _#a7 _pas 16100 | 17.853
5 z a0 052 1018 1.:1
A 03z _0as e 1.168
BB 110 140 794 1586
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Recommended Solder Pad Layout

‘-

O O O:

TO-247-3

Part Number Package

CMF201zoD TO-247-3
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I
FAIRCHILD
|
SEMICONDUCTOR®

Data Sheet

FZA, 1200V, NFT Series N-Channel IGBT

The HGTG2ITMN1208M and HGTSAZTMIZ0EN are Non-
Punch Through (NPT) IGBT design. This is a new memizer
of the MOS gated high voltage switching IGET family. IGET=
combine the best features of MOSFETs and bipolar
transistors. This device has the high input impedance of a
MOSFET and the low on-state conduction loss of a bipolar
fransistor.

The IGET is ideal for many high voltage switching
applications cperating at moderate frequencies where low
conducton losses are essental, such as: AC and DC maotor
controls, power suppbes and drivers for solencds, relays
and contaciors.

Farmerly Developments’ Type TA4B2E0.

Ordering Information
PART HUMEER

PACKAGE BRAND

HETGITN120EM TO-247 E2THIZIEN

HETIAITHIZOEN TO-247-3T 2TM120BM

MOTE: When ordering, wse the entire part numbsar

Symbol

HGTG27N120BN /HGT5A27N120BN

Features
« T2A4 12000 Te=25%C

1200% Sweiching 304 Capability
» Typical Fall Tme. . ... ... ... 140ns at T = 150°C
» Short Circuit Rating

Low Conduction Loss

Thermal Impedance SPICE Model
Temperafure Compensating SABER™ Moage!
woww. fairchildsemi.com

+ Avalanche Rated

Packaging
JEDEC STYLE TO-247

COLLECTOR
(BECTTOM 2IDE

[+
e
METAL]
Lw

JEDEC STYLE TO-247-5T

E
c
COLLECTOR
[BOTTCM EIDE

FAIRCHILD SEMICONDUCTOR IGBT PRODUCT 12 COVERED BY ONE OR MORE OF THE FOLLOWING U.3. PATENTS

4,254,073 4,417,365 2,430,732 44438351
4,598 461 4,505,943 4,520,211 4,631,564
4 632195 4,584,413 2,584 313 4,717,673
4 B02.532 4,303,045 4,309,047 4,B10,665
4,636,627 4,320,143 2,901,127 4,504 803

4 468,178 2,515,143 4,532,534 4,567,713
= 4,539,762 4,641,152 4844537
4,7E3,630 4,734 432 4,301,965
4,337,616 4,880,030 4,383,767

4,963,931 4,959,027



HGTG2TNT208BN / HGT5A2TN120BN

Absolute Maximum Ratings Tz = 25%C, Unless Otherwlse Spacied

HGTGZTH120BN UNITS
Collectorfo EMIBSr WOIRDR . .. ... ... BNemes 1200 v
Colizclor Current Continuous
AT = 280 i pas 72 A
AT = 11072 i pga 34 &
Collector Current Pulsed (Mote 1) . . .o HE A
Gate to EmEfer VoRage Confinwous. . ... MEEs -] v
Gate to EmEer VoRage Pulssd ... Mg 10 v
Swhching Sa% Cperaling Area at Ty=150°C{Flgura 2) .. .. o.o.oveiennonn. ... 5504 1504 at 1200V
Power Disslpation Tot@l at To=25%C ... ... . . ... ............Pp S0 L
Power Disslpation Derating Te = 250G . ... .. 410 e
Fonwand Wolkage Awalanche Enengy (Mate 2). ... .. ... . ... ... .o.....Eay 135 mJ
Operaling and Storage Juncon Temperature Range .. ... .. ................. T, Targ -55 40 150 "
Masimum Lead Temperature for Soddesdng - ... .. .. ... ... ... Lol T 240 oz
Snort Clreult Wimstand TIme (Mote 21 &t Vag =15V, . .o iiiie e ] us
Short Clreuit Witstand Time (Mote 2} st Vge =12V, .. .. ... dge 15 uE

CAUTIMN: Streszes gbove those Nsfed in Sbspiuie Llarimem Rafngs® may cause parmanant damage fo dhe gevine. This (£ @ Siress oniy rafing and gperafion of fe
deyiom af these or any other condifons above Moss indicated ko the cperadional sections of this specificafion /s not impied.

MOTES

Pulse widih Iimibed D!f Max _IL nclion Emperature
2 lgg = 30A, L= 400pH, T, = 125°C
2. Viegipry = 960V, T, = 125°C, R = 302

Electrical Specifications Tg = 25°C, Unless Otherwise Specied

PARAMETER 3YMBOL TEST CONDITIONS MK TYP Max | UKITS
Caliactor fo Emitter Breakdown Vollage [ = = 2508, Vag = OV 1200 - - W
Emiter to Coliector Breakdown Vaoliage Bvgog o= 1TImA, Vigg =0V 15 - - W
Caliactor fo Emittar Laakage Current ez Wop = 1200V To = 255G - - 250 A
To=125°C - 304 - s
Ta= 150°C - - 4 A,
Caliector to Emitter Saturation Vaollages Vogmar |l = 2TA, To = 25°C - 245 7 W
Wae =15V T = 150°0 - 13 432
Gate 1 Emiter Threshold Vollage Vazma o= 250uA, Vg = Vas [ B.6 -
Gate 13 Emiter Leakage Curent lzEz Vgg = £20% - - 1950 N
Swhching S0A 5504 T, = 15072, R = 30, Vgg = 15V, 150 - - A
L = Z00uH, ¥, y= 1200V
Gate w0 EmEter Plabeau Vaoltags Waep e = loq10. Vi T B¥cEs - 3 - W
on-Stata Eate Charge Qaom o= ITA, Vg = 15V - 270 325 nec
Vige = €00V Vag = 20V - 350 420 ne
Cumen? Turn-0n Delay Time tagakal GET and Diode 31 7, = 25°C, - 24 30 ns
Curmrent Rise Time [ ';'?:E-EET:I‘ZI‘-'. - m 25 ns
Cumens Twm-Om Delay Time iz Vg = 154, - 185 240 ns
Current Fall Time tn Rg =20, - £ 120 ns
Tum-Cn Enesgy (Nate 5 Eon- ';;51 ;I'r"n'_m Figure 18) - 12 m
Turn-Cn Energy (Naote 5) Eonaz - 7 3.3 )
Tumn-C# Energy (Naota 4) [ - 23 2E s
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HGTG2TNT120BN / HGT5A2TNT120BN

Electrical Specifications Tg = 25°C, Unless Otherwise Specied  (Continuad)

PARAMETER SYMBOL TEST COMDITIONS MIN TYP Max UHITS

Curren: Turr-Cn Delay Time tagamal BT and Dlode a1 T, = 150°C, - 2 28 ns
—_— - 37
Current Rlse Time ! B s - a0 28 ns
il Wog = BE0V,
Cument TWm-O Delay Time [ Wag = 15Y, - 2 280 ns
Current Fall Time in Rg =30 - 1410 200 ns
—— L = 1mH, - = -

Turn-On Energy (Hate 5} Eans Test Clrcult (Figure 15) 27 m
Turn-Cn Energy (kote 5) Eonz - o1 6.5 mJ
Turn-Cf Energy (Mata 4) [ - 3£ 43 s
Thermal Reslstance Junction To Case Reuc - - 025 oo

NOTES
4. Turr-CME MEnTY Loss :EC-=F:'|E gefred as the Ir'.ag'al of the Instantarsous F':'.'n:—'lCtS& E-fi'ﬂl'lg aiiha |IE.||"Ig !d;E‘ of e Input F'JlE-C- and an:lln;
atthe Fl=|l'l1'r‘."'ll':""E the colechor curran? equals Zero (lgg = 04, A0 devlces were i2ela0 per JEDEC Standand Mo, 24-1 Method for Measurament
of Power Device Turm-C4T SwRch Mg LOES. Thits test method producas the tree wtal Twm-CiT EFETE}' =055,
5. Walues Tor twe Turn-Cn less condlions are shown for the converlence of the droul uEE|§'IE' Ec.nqa I8 the tum-on loss of the IGET :'Il‘:a'. EQ-\:
| the tum-on loss when a T":ll!a dizde ks usad In the fest dmcul and the diode s 3t the same TJ as Tie [Z57. The diode [}'FIE s spaciiad In
Flgure 18.

Typical Performance CUrves  Unisss Oiherwise Spacied
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HGTG2TN120BN / HGTHAZTNT120BN

Typical Performance Curves
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Uniess Ofheraise Spectizd (Continusd)
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HGTGZTN120BN / HGT5A2TN120BN

Typical Performance Curves
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Uniess Otheraise Spaciizd (Continusd)
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HGTG27N120BN / HGT5A2TN120BN

Typical Performance CUIves  Uniess Otherwise Speciisd [Continusd)
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l..-_ N— E—— o
- ltt "
C2D20120D-silicon carbide Schottky Diode Vo= 1200 v
ZERO RECOVERY® RECTIFIER I, =204
Q, =122nC
Features Package
®  1200-Volt Schottky Rectifier
& Jero Reverse Recovery
®  Zero Forward Recovery
®  High-Frequency Operation
=  Temperature-Independent Switching Behavior
= Extremely Fast Swtitching
* Positive Temperature Coefficient on W,
Benefits
= Replace Bipolar with Unipolar Rectifiers
®  Essentially Mo Switching Losses . o
®  Higher Efficiency PN 20 0 CASE
& Reduction of Heat Sink Reguirements PIN 30 >
®  Parallel Devices Without Thermal Runaway ’
Applications
*  Switch Mode Pawer Supplies Part Number Package Marking
v fper Factor Comection £20201200 TO-247-3 C2D20120
Maximum Ratings
Symbaol Parameter Value | Unit Test Conditions Mote
Vg Repetitive Peak Reverse Violtage 1200 v
Vo Surge Peak Reverse Voltage 1200 v
Vye | DCBlocking Violtage 1200 | v
i 1020 T.=150°C
Lyweg | Awerage Forward Current (Per Leg/Device) 22/44 A TE=125°C
Lisewg | Peak Forward Current (Per Leg/Device] 2550 | A |T.=125°C, T, <1 m5, Duty=0.5
| . Repetitive Peak Forward Surge Current 3or A | T.=25"C, t,=8.3 ms, Half Sine Wave
| Wen-Repetitive Peak Forward Surge Current 250" A | T,=25°C, ;=10 ps, Pulse
L 31 T.=25°C
P, Power Dissipation (Per Leg) 104 W TE=125°C
T.T Operating Junction and Storage Temperature -93 ‘C
10 g g ge lemp +173
: 1 Nm | M2 Screw
TO-247 Mounting Torgue 5.3 bfin | 632 Srewr
* Par Device, * Per Leg -
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EES

Electrical Characteristics (Per Leqg)

Symbol | Parameter Typ. Max. Unit Test Conditions Mote
, o 1.6 1.8 =10 A T,=25°C
V. Forward Violtage s 0 ' =104 Tz=l?5°C
. 10 200 Vo= 1200V T,=23"C
I, |Reverse Current 20 1000 WA 1y = 1200 v T=175°C
v, = 1200V, = 104
Q. Total Capacitive Charge 61 niC di/de = 500 &fps
T, = 25°C
Vo =0MT =25°C, f=1MHz
1000 vi=2000T, =25°C f=1
C Total Capacitance BO pF whz
5% W, =400V T, =25°C.f=1
MHz
Mote:
1. This is a majority carrier diode, so there is no reverse recovery charge.
Thermal Characteristics
Symbol Parameter Typ. Max. Unit Test Conditions Note
Thermal Resistance from Junction 0.48 o
Fac |10 Caze 0.24" CIW
* Par Leg, " Both Legs
Typical Performance (Per Leg)
i)
HHHHHH HF 200
T 1 ri Fi ]
18] Ta= 25"c—] f 150 —
1] Ty =757 C— . ri -
*® = 125,': T =T 160 ] —
Ty - 175%C ] - I
bl i A T 0 f
- [y
S f ra a—— % 120 !
E ¥ 5 T
E 10 e ° 100 n-2't —TEg
P T £ ==
E g F g 80 Ty=123°C — [
i Fird [ Ty = 1757C H
-f_ P = &0 X
- f
4 s 40 r
5 20
0 I
[i]
0 10 a0 30 40 50 a SDUR I|III1|:I::Il:l y 1500 2000
W, Farward Voltage (V) Vi Raverse VoRtage (V)

Figure 1. Forward Characteristics
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Figura 2. Reverse Characteristics
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CREE®

Package Dimensions

Package TO-247-3

Inches Millimeters
A N R . Min amn Min Max
[ _"‘,‘. A 605 £31 1237 | 16007
+ +| by B 800 30 20320 | 21.082
_r H T, =1
® @ " % L _f c 788 800 20,08 20,31
i i i 1 [ 98 128 2413 1200
K_ L *—: -1 I E 046 52 1.168 1.321
B % = F &0 B4 1.524 2134
’ [ G 25TV 2B TYP
1 2 3 H 180 203 4.572 5.156
¥ ¥ [ T8 ETH 1982 2.057
M=l
| f [ i K [ 1" 'S 1"
[~ F L @ IS 'S 'S
£ [ _-I 4D M 2" L 2 a4
i L& a I H FL Y 2" a
[ 090 a7 2286 264
4 qQ 020 030 508 782
bz el B s T o° Ty
5 §° 1" FS 11"
T 2" 8 2* 'S
u 2" s 2* s
PIN 10——p}——
W 138 144 3.805 3858
2N 2 —————{ICASE W 210 220 5354 5580
X 5@z TS 12751 14.148
PN 30— pp—
¥ 437 £as 16180 | 17.853
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Recommended Solder Pad Layout

LY

-1

00O

TO-247-3
Part Number Package Marking
C2D20120D TO-247-3 C2D201z0
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]
May 2002
FAIRCHILD
|
SEMICONDUCTOR®
J0A, 1200V Stealth™ Diode
General Description Features
The ISLERA0120G2 |5 @ Steallth™ dlode ophmized for lowioss =0T eCOvery My as
periarmance In iigh fregquency hard saftched appleations. The + Fast Recovery Ny = 58Nz
Seealth™ family exhlbls low reverse recovery cument + Operating Temparature . R
(psacnes)) @nd excaptionally Soff recoveny under yplka
aperating condhians, » Rewerse Violtage. . 200w
This éevlce |s Imtendad for use &= a free wheeling or boost * Aualanche Energy Rated
diade In power sLpples and otner powsr saliching Applications
applicatians. The Iow e 3N Shor 5, pass reuce ioss . %ﬂlb:h Mode Power Supplies
n swiiching transistors. The 0% recavery minimizes ringing, T
axpanzing ihe rangs of condihkans undsr which the dode may * Hard Switched FFC Soost Diogs
be operaied witholt e uss of addional snubber drcutny + UPS Free Wheeling Diase
Corslger using e Sleaitn™ diode With 3 12004 MAT 28T o Nl Db WD
provige ihe mast eficlent and hignest power density cesign at rbre
OW¥ET GOBL. » SMPI FWD
Sormery sevsiopmental type TAL3415. * Snubber Dloge
Package Symbol
JEDEC STYLE 2 LEAD TC-247
ANCDE
CATHODE K
CATHOODE
(BOTTOM SIDE
METAL)
|—- A
Device Maximum Ratings 7. = 23°C unisss olherwise noted
Symbo Paramealer Faings nts
WrEM Repetilve Peak Reverse Voltage 1200 v
Vs | Working Peak Reverse Woliage 1200 W
Vi DC Blocking Voitage 1200 v
e Average Recifled Forward Current (T = 80°C) 30 A
- Repetilve Peak Sunge Current (20kHz Sguare Wave) 70 A
Iezi Monrepetidve Peak Surge Current (Halfwawe 1 Phase E0HzZ) 325 A
Pp Power Dissipation 166 W
Emq | Awalancha Energy (1A, 40mH) 20 mJ
T, Tsrg | Opersiing and Storage Temgeralurs Range -55 o 150 C
T Maximum Tempsrature for Solderng
Texa Leads at 0L063Im [1.6mm) from Case for 105 300 ‘C
Packags Bady far 105, Se= Applicalion Mole AN-7523 250 C
CAUTION: STegsas abovs those Isted In “Azsoiute Madmum Radngs” rmay cause parmansnt camags o the cevics. Tris k& siness only rabicg and
opemtior of the deyios &1 thess or any other cordions anoe= hose Indcxiad In Te cperatioral sactions of Tl spachicadon is rot Implied

NG TR Series v Aucior C opeaion
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Package Marking and Ordering Information

Dievlce Marking Daice Package Tape Widln Cuandty
R3I120G2 IZLER3M 202 TC-247 KA 30
Electrical Characteristics 1. = 25°C unisss otheries noted
symiol | Farameszr Tes: Conoltians [ tn | wvp [ ma= Junes
Off State Characteristics
= Instantanecus Reverse Cument Vg = 1200V To=25'C - - 100 | pA
To= 1258°C - - 10 | mA
On State Characteristics
Vi Instantanecus Forwand Voltage = 30A Tg=25"C - 23 3.3 W
Tp=125°C - |z 31 | v
Dynamic Characteristics
Ca |J.1n:u:-'| Capaciiance Wr= 10V, == DA | - | 115 - | oF
Switching Characteristics
[ Feverse Recovery Time £ = 1A, digidt = 100&0pS, Vg =15V | - ERERES
== 304, dizd = 100AMS, Vg = 15V - 30 | 100 | s
tyr Feverse Recovery Tme £ =304, - 269 - ns
lpuipecs, |Maximum Reverse Recovery Curent  |JI91t = 2004, - 75 - A
W = TROY - JE"
CQgp  |FReverse Recovered Chargs i = TBOV, Te = 25°C - s ] - nc
ty Feverse Recovery Tme £ =304, - 519 - ns
) Soflness Fackar 31, dig'dt = 20047 S, - 5.2 - -
lpwmrec: | Maximum Reverse Recovery Cument 'T'R N 1',35_'*; - 11 - A
=l
Qg |Feverse Recovered Charge & - 3.0 - pC
ty Fevarse Recovery Time F =204, - 260 - ns
E Soflness Factor [iy%,) digidt = 1000AUS, - . - N
Ipwrec: | Maximum Reverse Recovery Cument _'I’_R - 1?E’ﬂ - 30 - A
il e
Qg |Feverse Recovered Charge e - 4 - pc
diyg'dt  |Maximum difg? during - S50 - Alps
Thermal Characteristics
Bz | Tnermal Resktance Junclion to Case  |TO-247 - - 075 |cow
s, Thermal Reslsiance Junctizn to Ambient | TO-247 - - 30 |"Cw

L0 Fabryad S Copnion
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Typical Performance Curves
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Typical Performance CUrves contirued)
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Figure 7. Reverse Recovery Sofiness Factor vs
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Figure 9. Junction Capacitance vs Reverse Voltage
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Figure 8. Reverse Recovery Charge vs dlgidt
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Figure 10. Maximum Reverse Recovery Current
and t; vs Case Temperature
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Figure 11. DC CURRENT DERATING CURVE
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Typical Performance Curves continusa)

Test Circuit and Waveforms
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Figure 13. t, Test Circuit
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Figure 15. Awvalanche Energy Test Circuit
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Figure 12. Normalized Maximum Transient Thermal Impedance

Figure 14. t, Waveforms and Definitions

Figure 16. Avalanche Current and Voltage

Waveforms
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