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alf-bridge transistor topologies, and 
their related full-bridge and three-phase 
counterparts, are very common in power 

conversion applications because they can deliver 
push-pull power to the load with a minimum of 
voltage-stress to tht transistors. In order to opti- 
mize the switching operation of a transistor pair 
configured as a half- bridge, one needs to pay par- 
ticular attention to the gate-drive circuit imped- 
ance characteristics and timing. The details of the 
transition interval, when one device turns off and 
the other turns on, hive a large influence on circuit 
efficiency and reliability. 

The Insulated G:tte Bipolar Transistor (IGBT) 
is becoming the power switch of choice for many 
power applications Ibecause i t  offers a good com- 
promise between on-state losses, switching speed 
and losses, and ease (of use. The IGBT has enjoyed 
particularly deep penetration in the field of motion 
control where supply bus voltages range from 100 
V to several times higher. To accommodate these 
voltages, a large variety of IGBTs are available to- 
day with a 600 V tci 1200 V blocking capability. 
Devices with higher voltage ratings are also being 
made by various manufacturers. IGBTs are now of- 
fered both as single devices or packaged in modules 
with multiple IGBTs and/or diodes. Some mod- 
ules include driver circuitry as well. 

In recent years, efforts to model the switching 
behavior of IGBTs have been greatly expanded 
[1)-[6). In many cases, circuit modeling has be- 
come an economic necessity because the cost of the 
components of a medium- to high-power circuit, 
and the load itself, i; so high that all means avail- 
able must be used to lower the risk ofsystem failure 

during both the prototyping phase of product 
development and production. 

As the physics that govern transistor behavior 
are quite complex, attempts at accurately predict- 
ing the details of transistor switching performance 
tax models to their extreme. Test procedures are 
needed to check the validity ofpredictions made by 
various models, and these procedures need to be ap- 
plicable to commonly used circuits. It is particu- 
larly important that these test procedures are built 
around a testbed that is well understood and well 
characterized so that the device model is given the 
correct information for the simulations. The de- 
tails ofa suitable testbed circuit that can be used for 
model-verification-related measurements on half- 
bridge configured IGBTs are given here. 

The NISTiIEEE Working Group on Model 
Validation E71 has been established to address the 
need for testing the validity of various models as 
they relate to predicting the behavior of devices 
under realistic conditions. The work described in 
this article is performed, in part, to support the 
needs of the IGBT task of the Working Group. 

Test Circuit Descripfion 
Fig. l(a) shows a block diagram of the test circuit, 
along with the IGBTs and their drive and load 
components. The IGBTs are configured in a half- 
bridge which drives a load-resistor through a dc 
blocking capacitor. A dc voltage supply is con- 
nected across the half-bridge in a conventional 
manner. Bypass capacitors for the supply are pres- 
ent, but not shown. A resistive load was used for 
the work described in this article because an induc- 
tive load would generally require commutation di- 

Berning dnd Hefmer &..-e with the U.  S. National Inst i tate  o f  Stsmdare& and TechnologyJ Caithembaw, Maryland. 
Hefnei, is a Senior Member ofthe IEEE. This article appeared in its  original form at the 3 1 .rt IAS Annual Meeting, 
San Diego, California. Note that certain commercialproducts or materialr have been identified in order t o  .pecify or de- 
scribe the subject matte?, of this aiaticle adequately. In no case does such identification imply recommendation or endorse- 
ment by the National Institute of Standards and Technology, nor does it imply that theproduct or material is necessarily 
the best availible for the purpose. 
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odes that would likely complicate the model 
verification process. IGBTs Q1 and Q2 are identi- 
cal types for the present work, although non- 
identical types could be used. Gate impedances Z1 
and 22 can be independently changed to achieve a 
range of switching speeds. All measurements 
shown in this work are taken with respect to the 
low-side switch Q1. 

The elements on the left-hand side of Fig. l(a) 
determine the timing of switching events in the 
circuit, and Fig. l(b) shows a portion ofthe timing 
waveforms for the IGBT gate drives during the 
time period when the gated H-bridge drivers are 
active. The square-wave generator of Fig. l(a) pro- 
vides a 17 kHz square wave that is applied to each 
of the gated H-bridge drives for the IGBTs. A vari- 
able delay line is inserted in line between the gen- 
erator and the drive for the high-side switch. Each 
IGBT is driven through a gate drive transformer 
coupled from an H-bridge configuration of power 
MOSFETs. The 17 kHz generator also drives a 
gating counter. The counter causes operating 
power to be applied to the two H-bridge drives in a 
manner such that only bursts of eight cycles every 
120 ms are actually applied to the IGBT gates. 

This low effective testing duty cycle greatly re- 
duces heat-sinking requirements for the IGBTs, 
but still provides multiple-cycle operation so as to 
simulate realistic switching conditions. 

Transformer coupling to the gates of the IGBTs 
was chosen over direct coupling primarily for rea- 
sons of robustness and isolation. The transformer 
coupling from the H-bridge drive described in this 
work prevents the gate drive circuits from being 
destroyed in the event of IGBT failure. The trans- 
formers also provide ground isolation and high- 
quality high-side drive isolation, which improve 
the quality of the measured waveforms. The main 
problem with the transformers is that they are dif- 
ficult to make. The leakage inductance is a critical 
parameter that must be minimized in order to 
make them able to deliver high-gate current 
quickly, with a minimum of ringing. Details of 
transformer construction, as well as the complete 
circuit, are given in the appendix. 

Tesf Circuif Operafion 
Examples of typical measured waveforms obtained 
from the circuit described above are given in this 
section of the article. The first case described is re- 

Bottom IGBT 

Top IGBT Gate Drive r 

Fig. 1. Shoot-through testbed showing (a)  block diagram indicating IGBTs and their associated 
compovzents and (6)  gate-drive timing showing the delay with dead-time and overlap ,intervals. 
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ferred to as “dead-time,” and applies to the time in- 
terval when both IGETs are off as indicated in Fig. 
1 (b). In this case, the low-side switch Q1 is initially 
on and conducting load-current while the high- 
side switch 42 is off. At the end of the 30 ps pulse, 

Details of  trans former construction, as 
well as the comlilete circuit, are given 

in the appendix. 

determined by the 17 kHz square-wave generator, 
Q1 is turned off. After adelay interval which can be 
adjusted, Q2 is turne’j. on so that load-current is re- 
sumed, but in the opposite direction. This particu- 
lar case represents desirable transition of current 
between devices in the half-bridge IGBT pair IS]. 
In this article, the term “dead-time” is used to de- 
scribe the time interval between when the low-side 
switch is turned off and the high-side switch is 
turned on. 

The second case described is referred to as “over- 
lap” and applies to the time interval when both 
IGBTs are on, as indicated in Fig. 1(b). In this case, 
the high-side switch Q2 is initially on and supply- 
ing load current while the low-side switch Q1 is 
off. At the beginning, of the overlap interval, Q1 is 
turned on and 4 2  remains turned on until the ad- 
justable delay period expires. After the delay pe- 
riod, Q2 is turned off, while Q1 continues to 
conduct the load-current. 

The overlap case represents a shoot-through 
condition characterized by rapidly increasing cur- 
rent passing through both IGBTs and bypassing the 
load. In the event that the time interval between 
when the low-side :;witch is turned on and the 
high-side switch is turned offis too long, the IGBTs 
will be destroyed. This case represents undesirable 
half-bridge IGBT opxation and could be caused by 
improper gate drive design or system faults. In this 
article, the term “overlap” is used to describe the 
time interval between when the low-side switch is 
turned on and the high-side switch is turned off. 

The overlap case can also be used to emulate 
the stress that an IGBT experiences during 
turn-on with the reverse recovery of a diode 181. 
Many circuits contain inductive loads with 
commutating diodes, whereby an IGBT turns on 
and is subjected to it similar type of short circuit 
during the time in which the diode is undergoing 
reverse recovery. In the diode emulation discus- 
sion below, choices of gate drive resistors and de- 
lay are demonst ra ted  to  de te rmine  some 
commonly specified diode parameters. This diode 
emulation feature provides additional uses for this 
circuit in verifying IGBT models. 

Deud-Time Cuse Description 
Referring again to Fig. l(a), all waveform measure- 
ments are taken with respect to the low-side switch 
Q1 as shown. The common ground is the emitter 
terminal of Q1, and both collector- and gate- 
voltage are measured with respect to this ground. 
Fig. 2 shows the a) collector-voltage, b) collec- 
tor-current, c) gate-voltage and gate-drive voltage 
applied to the gate resistor, and d)  gate-current for 
a delay setting of 80 ns. IGBTs Q1 and Q2 are ul- 
tra-fast buffer-layer types, gate impedances Z1 and 
2 2  are 62 R resistors, the load-resistance is 30 0, 
and the supply-voltage is 300 V. (In this article, 
the terms “collector” and “emitter” are used to refer 
to the external terminals ofthe IGBT in accordance 
with the proposed JEDEC standards 191. Discus- 
sions that relate to the internal operation of the 
IGBT use the terms internal collector or internal 
emitter, which are not the same as the external ter- 
minals named by the proposed standard.) 

Fig. 2(a) shows the collector-voltage rising, first 
from the on-state voltage of Q1 as Q1 turns off, to a 
mid-point voltage of around 150 V, and then to- 
wards the supply-voltage of 300 V when 4 2  turns 
on after the delay. The collector-voltage does not 
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Fig. 2. Switching waveforms for dead-time interval 
showing (a) collector-voltage; (6) 
collector-current; (c)  gute-voltage und drive 
uoltuge upplied to gute resistor, und (d) 
gate-current. 
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fully reach the blocking capacitor voltage of 150 V 
at the first plateau, because the tail-current in Q1 
results in a voltage drop across the load-resistor It 
should be noted that the delay time, while predom- 
inantly determined by the delay switch-box in the 
circuit, is also influenced by the gate-drive imped- 
ances 21 and 2 2 .  

Fig 2(b) shows the collector current of Q1 for 
the turn-off The collector-current is initially equal 
to the load-current. When the gate-voltage is 
switched below threshold, the collector current 
drops rapidly from nearly 5 A to about 0 5 A dur- 

300 2 
a, 0, - - 

200 p 
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a, 
r 

- - 
100 s 
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O S  
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0 0 2  0 4  0 6  0 8  1 0  
Time (ps) 

(a) 

0 0.2 0.4 0.6 0.8 1.0 
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(b) 

Fig. 3. Switching waveforms for overlap interval 
showing (U) collector-voltuge; (6) 
collector-current; (c) gate-voltuge und drive 
voltuge applied to  gate resistor, und (d) 
gate-current. 

V+ Emulated 

Top IGBT 

0 II- 
Bottom IGBT Bottom IGB7 

Fig. 4. Schematic showing how testbed can be used t o  emulate circuit with 
lGBT turn-on and diode reverse-recovery. The delay and the value of 22 can 
be independently varied t o  emulate various diode characteristics. 

ing the time that the voltage rises towards 150 V. 
During the dead-time interval, that is, before Q2 is 
switched on, a current-tail exists in Q1, which is 
due to the slowly decaying excess internal carrier 
base charge present in the IGBT. As the collec- 
tor-voltage is driven towards 300 V by the turn-on 
of Q2, the current-tail in Q1 shows a bump. 

The tail-current bump is caused by a decrease in 
the neutral-base width in the IGBT, which, in 
turn, increases the internal collector-current for a 
given base charge [l], [lo}. The current bump rise 
time is affected by the voltage rise time, which in 
turn, is affected by the choice of the gate-resistor 
used for Q2. The tail-current bump decay time is 
determined by the IGBT effective lifetime. For 
buffer layer IGBTs, this lifetime is much smaller at 
300 V than i t  is at 150 V, and the current bump de- 
cay rate is faster than the decay rate before the 
bump {l]. 

Shoot-Through Case Description 
Fig. 3 shows the a) collector-voltage, b) collec- 
tor-current, c) gare-voltage and gate-drive voltage 
applied to the gate-resistor, and d) gate-current for 
an overlap setting of 200 ns. The other circuit pa- 
rameters remain the same as for the dead-time case 
discussed above. Immediately upon Q1 turning 
on, a rather constant dildt of about 333 Aips oc- 
curs. The rate of collector-current rise during the 
overlap interval is determined primarily by the 
feedback voltage developed across the emitter lead 
inductance of Q1, the gate resistor value, the 
drive-voltage applied to the gate resistor, and the 
gate-charging characteristics of the IGBT. 

As a result of the constant dzldt, there is initially 
a 20 V drop in the measured-collector voltage 
caused by series inductance. The inductance is due 
to the collector and emitter leads of Q2, which are 
approximately 9 nH each 11 1) and the power sup- 
ply inductance, which is about 38 nH. The series 
inductance between the power supply and Q1 is, 
therefore, approximately 5 6 nH. The methodology 
used to determine testbed parasitics is described in 
the model validation section of this article. This 
measured value of series inductance is consistent 
with a 60 n H  inductance estimated by considering 
the 333 A i p  dildt and the 20 V drop observed in 
the figure. 

After the initial drop of 20 V on the collector, 
the voltage continues to fall slowly, and then be- 
gins to level out after about 100 ns. This behavior 
is due to the dynamic conductivity-modulation of 
Q2 in response to the increasing current demand 
during the overlap interval. 

Once the overlap time period expires, 4 2  is 
switched off while Ql  remains on. The collector 
current of Q1 then falls to the load-current of 5 A 
and the collector-voltage falls towards the on-state 
toltage. The current initially has a rather constant 
rate of fall, followed by the classic IGBT current 
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The test circuit for the overlap 
condition can alro be used to  subject the 

IGBT t o  conditions that it would 
experience during normal operation in 
application circuits that incZude an 
inductor and G! commutating diode. 

tail from 4 2 .  The rate of current fall once the 
turn-off of 4 2  commences is determined primarily 
by the feedback voltaige developed across the emit- 
ter lead inductance of 4 2 ,  the gate resistor value, 
the applied turn-off gate-drive voltage, and the 
gate-charging characteristics of the IGBT, until 
the tail-current begins to dominate. These current 
waveforms are discussed further in the section on 
diode emulation. 

Diode Emulation 
The test circuit for the overlap condition can also 
be used to subject the IGBT being tested, Q1, to 
conditions that i t  woNuld experience during normal 
operation in application circuits that include an in- 
ductor and a commutating diode. Such an applica- 
tion circuit may not iwen be a half-bridge, but may 
include only a low-side switch. An example of such 
a circuit is the boost -converter commonly used for 
power factor correction. Fig. 4 is a schematic indi- 
cating that the test circuit on the left-hand side of 
the figure can be used to emulate the conditions of 
diode recovery of the circuit on the right-hand side. 
The diode characteristics to be emulated are deter- 
mined by QZ, 22, and the delay. 

The primary advantage in using a second IGBT 
to emulate a diode instead of an actual diode is that 
only one semiconductor model is being tested dur- 
ing the circuit simulation. A second advantage of 
using the second IGBT is that the emulated diode 
parameters are easy to change so that the IGBT 
model can be evaluated for the full range ofpossible 
diode characteristics. 

In Fig. 5, the overlap time is varied to emulate 
the effects that the IGBT would experience during 
the recovery of various diodes with different 
stored-charge characteristics, For this set ofcurves, 
both of the gate resi!;tors in the shoot-through test 
circuit are 62 Q. Several features of the waveforms 
associated with emulated diode recovery are indi- 
cated in the figure. 

Initially (before IQ1 is switched on), the emu- 
lated diode conducts the full 5 A load current. 
When Q1 is switched on, it is forced to carry the 
load-current plus the reverse-recovery current of 
the emulated diode. For the c w e  with the longest 
overlap, the emulated peak reverse-recovery cur- 

rent is about 50 A, resulting in a peak IGBT cur- 
rent of 55 A. The tail current at the end of the emu- 
lated diode recovery is due to 4 2  and may have a 
different shape than the diode being emulated. It 
is, therefore, recommended that a fast IGBT with a 
small tail be used for 4 2  and that ifother diode tail 
shapes are desired, they could be emulated with ad- 
ditional circuit complexity. 

The values of the gate resistors can be changed 
to tailor the shape of the emulated diode recovery. 
In characterizing diodes, it is common practice to 
divide the recovery current into a taportion and a t b  
portion. The ta portion is the time from when the 
diode current passes through zero as i t  moves from 
forward-current conduction into the recovery 
phase, and the time when the reverse current 
reaches its maximum value. The tb portion begins 
with the termination of ta and ends when the CUT- 

rent has fallen to some logical termination point 
such as 10 percent of maximum. (Sometimes the 
termination of tb is defined differently, as there are 
a wide range of shapes of current waveforms at the 
end of the recovery for different diodes.) 

Fig. 6 shows collector-current waveforms with 
three different sets of emulated diode recovery 
characteristics indicating the t a  and tb  periods. 
These current waveforms were made using three 
different QZ gate resistors having values of 240 a, 
62 a, and 16 to affect the difdt during the emu- 
lated tb  portion of diode recovery. The value of the 
gate resistor for Q1 was 62 for all three curves so 
the di/dt during the ta portion remains unchanged. 
This test can be used to emulate diodes with differ- 
ent snappiness characteristics (defined as the ratio 
of ta to tb). To make the relative slope differences 
more evident, the overlap time intervals were also 
adjusted to make the currents cross one another 
during a given point during the tb  period. 

Fig. 7 shows how changing the gate-resistor on 
Q1 changes the di/dt of the emulated diode recov- 
ery during the taper id ,  but leaves the di/dt during 

-10 ~ ' " ' ' ' ' ' I  b 0.2 0.4 0.6 0.8 1.0 
Time (p) 

Pig. 5 .  Collector-cuwent waveforms for uarious 
overlap intewals emulating IGBT turn-on 
recovering uarious diodes wi th  different quantities 
of recovered charge. 
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the t b  period unchanged. To make the relative 
slope differences more evident, the overlap time in- 
tervals were also adjusted to make the currents 
peak at the same value. I t  should be noted that as 
the overlap was increased with increasing gate re- 
sistance, the curves corresponded to diodes with 
larger emulated recovered charge. One could also 
produce curves with equal values of recovered 
charge by choosing suitable overlap times. 

Model Valldutlon Procedure 
Various physics-based IGBT models are presently 
provided within commercial circuit simulation 
programs. For example, Saber 4.0 141 provides 
both the buffer-layer [l) and nonbuffer-layer [ 3 }  
IGBT models developed by Hefner as well as an 
electro-thermal version of each model {2]. Re- 
cently, PSPICE 6.3 161 also includes the non- 
buffer-layer IGBT model developed by Hefner 151. 

40 
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Pig. 6. Collector-current waveforms for overlap intervals emulating IGBT 
turn-on recovering diodes with different degrees of snappiness. 
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Pig. 7 .  Collectw-cuwent waveforms for ouerlap intervals emulating IGBT 
turn-on recoven‘ng diodes a t  various dildt rates. 

In this section, a briefexample is given 
on bow the measurements made with 

the shoot-through testbed can be applied 
t o  model validation. 

(Saber is a trademark of Analogy, Inc., Beaverton, 
Oregon. PSPICE is a trademark of MicroSim, Inc., 
Irvine, California.) In addition to the different 
model versions and simulator implementations, 
different laboratories with different equipment 
and experience extract the model parameter sets: 
Therefore, it is essential to have well-established 
validation procedures that can be used to inde- 
pendently validate each of the models provided in 
different simulators for different IGBT manufac- 
turer part numbers. 

The IGBT task of the NIST/IEEE Working 
Group on Model Validation is currently in the pro- 
cess ofestablishing the “IEEE Recommended Prac- 
tice for Test Procedures for IGBT Circuit 
Simulator Model Validation.” The IGBT shoot- 
through test is proposed, herewith, for consider- 
ation as one of the recommended test procedures. 
In this section, a brief example is given on how the 
measurements made with the shoot-through test- 
bed described in the last section can be applied to 
model validation. The device and circuit characeer- 
ization necessary to assure correspondence between 
the conditions that are simulated and measured are 
also described. Finally, recommendations are given 
on selecting the ranges of test circuit parameters 
for which a given model should be validated. 

Test Circuit Characterization 
Fig. 8 shows the schematic of the testbed used for 
the simulations with the parasitic circuit elements 
included. The voltage nodes and the measured val- 
ues of the parasitic elements are indicated on the 
figure. Parasitic elements are included to represent 
the power supply inductance LSUP, gate-drive cir- 
cuit inductances LDH and LDL, and the effective 
common-mode inductance LCM and capacitance 
CCM. The other parasitic inductances shown in- 
clude 9 nH estimated lead inductances for each 
lead of the TO-220 packaged IGBTs. 

The gate resistors RGH and RGL are varied in 
the simulations in accordance with the values used 
in obtaining the experimental waveforms. The 
load resistor RL and dc blocking capacitor CB have 
values of 30 and 50 pl3, respectively, in all simu- 
lations, and in all experiments. 

The gate-drive generators are characterized as 
having very low-source resistance by vireue of their 
W-bridge MOSFET drive, but limited in current 
by the inductance of the gate-drive transformers. 

I 



The effective inductance was determined to be 90 
nH, which was measured by observing diidt in a 2 
!2 non-inductive resistor soldered across the gate- 
drive transformer output with lead length equiva- 
lent to the gate-emit ter drive loop minus the IGBT 
lead lengths. Most of the 90 nH is leakage induc- 
tance in the transformer. 

The basic risetime of the gate-drive unloaded is 
20 ns. The primary of the gate-drive transformer 
also showed a 20 ns risetime. The risetime on the 
primary showed negligible change when the 2 !2 
load was connected across the secondary, but the 
risetime on the secondary slowed to about 200 ns, 
confirming the purely inductive nature of the 
gate-drive generator. Therefore, the gate-drive 
generators are modeled as an inductor in series 
with an ideal pulse @;enerator having linear rise and 
fall transitions of 213 ns, separated by 30 ps con- 
stant gate-voltage segments. 

The gate drive irransformers have a primary- 
to-secondary capacitance of 370 pF, as discussed 
in the Appendix. This is of little consequence for 
the low-side switch driver transformer because 
both primary and secondary are near ground po- 
tential. The matter is more serious for the 
high-side switch driver transformer because i ts  
secondary must follow the large dvldt appearing at 
the V out terminal. If this capacitance were al- 
lowed to couple the output dddt to ground 
through the transformer there would be a signifi- 
cant error in the current measurements as well as 
increased noise on the measured waveforms. 

A common-modc transformer was added in line 
with the primary of this gate-drive transformer to 
greatly reduce the peak amplitude of the com- 
mon-mode current that would otherwise coiiple 
through the capacitance in the transformer. Thc com- 
mon-mode transformer was added in the primary cir- 
cuit rather than in the secondary circuit because it 
adds negligible diffi.rential inductance on the pri- 
mary due to the voltage step-down in the trans- 
former. The common-mode inducrance LCM is 620 
pH, and this element, along with the common-mode 
capacitance CCM of 370 pF, is shown in Fig. 8. 

The power supply inductance was estimated by 
duplicating the geometry ofthe test circuit with an 
identical type ofpower supply bypass capacitor sol- 
dered to a piece of circuit board that was all copper 
covered except for ii break in the copper that ex- 
tended across its width. A 5 MHz sine wave of 
known current amplitude was injected across the 
break, causing the current to pass around this test 
loop made up of the circuit board and the bypass 
capacitor. The inductive reactance of the test loop 
was measured to be 1.18 Q, or 38 nH at  5 MHz. 

Device Characterization 
In addition to characterizing the testbed, the de- 
vice model being validated must be specified cor- 

rectly in the simulator. For pre-characterized de- 
vice models provided in a software vendor's 
component library, this amounts to simply select- 
ing the manufacturer's part number from the li- 
brary and possibly specifying parameters required 
by the model to represent statistical device varia- 
tions. In the absence of a pre-characterized device 
m o d e l ,  t h e  s i m u l a t o r  s h o u l d  i n c l u d e  a 
well-documented model parameter extraction se- 
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quence Device parameter extraction is used for 
this article because component libraries are not 
fully developed for IGBTs Circuit simulator pro- 
viders are working to build those libraries 

The device used for the measurements and simu- 
lations in this article is an ultra-fast class IGBT that 
uses a buffer-layer to optimize the trade-off between 
switching speed and on-state voltage {12), so the 
buffer-layer IGBT model available in Saber 4 0 [l], 
[4] provides the most appropriate physical equa- 
tions for the device The non-buffer layer IGBT 
model [31-[6) would be more appropriate for the 
so-called “non-punch through” device types and 
other device types that do not exhibit increased tail 
decay rate at high voltages Cl1 

Some of the conditions studied in this article 
produced current densities in excess of 1000 Aicm , 
which is near the limit of the highest-pulsed cur- 
rent-density rating of presently available IGBTs 
Typical continuous current ratings of present-day 
IGBTs are on the order of 100 A/cm2. The 
high-current second-order effects El) of carrier- 
carrier scattering and space-charge limited carrier 
velocity were not included in the simulations in this 
article so that the model will correspond to that cur- 
rently available in Saber 4 0 These high-current 
second-order effects were not included in the origi- 

2 

nal release of the model in Saber 4 0 because the 
added complexity causes a performance penalty that 
exceeds the accuracy benefit 

The device used for the measurements and sim- 
ulations in this article was made using the same 
IGBT technology as the device described in El} ex- 
cept that it has twice the active area. The IGBT 
model parameters were extracted as described in 
111 and are listed in Table 1 As expected, by com- 
paring the device parameters listed in the table of 
this work to those listed in table I1 of 111, it can be 
seen that the parameters I,,,, Agd, Coxd, c,,, and 
K, scale proportional to the device active area A. 
The other parameters remain relatively unchanged 
within statistical device-to-device variation 

Sample Comparison of Measured a n d  
Simulated Results 
Comparisons between measured and simulated 
dead-time and overlap waveforms were made for a 
variety of combinations of gate resistors and delay 
times The IGBT model parameters listed in the 
table and the circuit values shown in Fig 8 were 
used for the simulations. A Saber net-list was used 
to implement the circuit of Fig 8, alternatively, a 
schematic capture program could have been used 
A Saber command script was used to execute the 
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showing (U) collector-voltage; (b )  collector-current; (c) gate-uoltuge and drive voltage applied t o  gate 
resistor; und (d )  gate-current. 
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simulations so that multiple combinations of Z1, 
22, and delay times could be specified with a single 
input file. This approach simplified the simulation 
and comparison of the many waveforms studied for 
different values of Z l ,  2 2 ,  and delay times by re- 
ducing the amount of interaction with the pro- 
gram that would orherwise be required. 

Fig. 9 shows both the simulated and the mea- 
sured waveforms fc,r the dead-time case, and Fig. 
10 shows those for the overlap case. For these re- 
sults, both 21 and 212 are 120 R, and several differ- 
ent delays are pictured. Although results are shown 
for only one set of gate resistors, the simulations 
performed similarly for other combinations of gate 
resistor values. For both experiment and simula- 
tion, gate resistor values ranged between 16 R and 
240 R. Both the measured and simulated wave- 
forms exhibit the same features and variation as the 
values ofZ1, 22 ,  and delay were changed. 

The agreement between simulations and mea- 
surements ofFig. 9 demonstrates the ability ofthe 
IGBT model to describe conditions where voltage 
is applied to the IGBT collector by external cir- 
cuit conditions some time after the IGBT has 
been switched off. 'This is also important for a va- 
riety of soft switching circuit topologies where a 
tail-current bump ioccurs as voltage is applied to 
the IGBT. 

The agreement between simulations and mea- 
surements of Fig. 10 demonstrates the ability of 

the IGBT model to describe the fault current that 
occurs for shoot-through conditions. The ability 
to describe these waveforms is essential if the 
IGBT model were to be used to design a fault cur- 
rent detection and shutdown circuit. The agree- 
ment of Fig. 10 also demonstrates that the IGBT 
model is capable of describing the current spike 
that occurs for turn-on with the reverse recovery 
of a diode, provided that a similarly validated di- 
ode model is available. 

T e s t - C i r c u i t  P a r a m e t e r  Selection 
For model validation test procedures to be gener- 
ally applicable, they must include specifications 
of how the test-circuit parameters are to be cho- 
sen, how many measurements should be made, 
and how the results should be interpreted. The 
test-circuit parameters should generally be spec- 
ified in terms of the intended range of operation 
of each device part number listed in manufac- 
turer's data sheets, circuit application deter- 
mined values, or in terms of measured features of 
the device waveforms. In general, i t  is recom- 
mended that comparisons be made for a range of 
conditions because some of the waveform fea- 
tures may not be noticeable for a single set of test 
circuit parameters. Inasmuch as this is the first 
study of the shoot-through model validation 
test, general specifications on circuit parameter 
selections cannot be completed here, but the fol- 
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Fig. 10. Comparison of measured and simulated waveforms for overlap case wi th  several different delays 
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lowing discussion describes some of the issues 
that should be considered 

Gate-resistor values required for the circuit 
should generally scale inversely with current rating 
of the device When considering diode reverse re- 
covery emulation, values of the gate resistors can be 
chosen so that the effects produced are similar to 
likely real diode recovery conditions For example, 
the gate resistor of the low-side switch should be 
chosen so that a dzldt is produced during the ta por- 
tion, of the diode emulation that is consistent with 
the manufacturer s specified values of IGBT 
switching speed and current rating The gate resis- 
tor of the high-side switch can then be chosen to 
produce an appropriate range of diode snappiness, 
ta/tb Overlap time intervals can be selected so that 
the maximum peak-current rating of the device 
can be approached in order to check the accuracy of 
the model at the highest-current densities 

It should be noted that gate-drive voltage 
strongly influences the rate of current rise and fall in 
the shoot-through test For most IGBT applica- 
tions, the positive gate voltage pulse amplitude is 
around 15 V regardless of device current rating (an 
exception is ignition IGBTs that are intended to op 
erate at a lower gate-drive voltage) Some applica- 
tion circuits drive the gate both positive and 
negative, while others limit the off gate voltage to 
not going negative It may be desirable to perform 
the shoot-through test for several gate drive ampli- 
tudes to explore the sensitivity of the IGBT current 
rise and fall to gate drive voltage Because the tail 
current and inter-electrode capacitance of IGBT are 
voltage dependent, it may be advisable to perform 
the shoot-through tests at several supply voltages 

Conclusion 
A circuit has been introduced that enables a variety 
of measurements to be made on half-bridge IGBT 
pairs involving the transition of current from one 
device to the other The gates of the two IGBTs 
that form the half-bridge are driven with oppo- 
site-polarity square-waves that can be shifted with 
respect to one another by a variable delay This de- 
lay causes both a "dead-time" interval when both 
IGBT gates are simultaneously off during the tran- 
sition of current between the two devices and also 
an ' overlap interval when both IGBT gates are si- 
multaneously on during the transition of current 
between devices 

The dead-time interval is characteristic of nor- 
mal transition of curreiit between the high-side 
and low-side IGBTs in the half-bridge IGBT tran- 
sistor pair When the low-side IGBT is turned off 
at the beginning ofthe dead-time interval, the col- 
lector-voltage of this IGBT rises toward a mid- 
voltage point, which is half of the supply voltage 
This half-step in the collector voltage is a result of 
the particular load configuration used in this work 
When the high-side IGBT is turned on after the 
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delay, the collector voltage ofthe low-side switch is 
driven to the full power supply voltage and a bump 
occurs in the low-side IGBT current tail Model 
validation using the dead-time condition is impor- 
tant for applications where a rise of collector volt- 
age is imposed by external circuit conditions 
during IGBT turn-off 

The overlap interval is characteristic of a shoot- 
through condition that could be caused by im- 
proper gate drive design or system faults This con- 
dition results in a rapidly increasing shoot-through 
current passing through both IGBTs and bypass- 
ing the load In the shoot-through testbed de- 
scribed in this article, the peak value of the current 
can be coiitrolled by adjusting the delay In addi- 
tton, the rate of current rise can be adjusted by 
changing the gate resistor of the low-side IGBT 
switch, and the rate of current fall at the end of the 
overlap interval can be adjusted by changing the 
gate resistor for the high-side switch Model vali- 
dation using the overlap condition is important for 
the design of fault current detection and shutdown 
circuits The overlap condition can also be used to 
validate the IGBT model for conditions of turn-on 
with the reverse recovery of a diode, where the gate 
resistor values and overlap time can be used to em- 
ulate various diode stored charge and snappiness 
characteristics 

Suggested procedures are given that enable one to 
use the shoot-through testbed described in this work 
for IGBT model validation A suitable circuit sche- 
matic for representing the testbed in a circuit simula 
tor IS given that includes the various parasitic 
elements of the testbed, and methods to extract val- 
ues of the parasitic elements are described The selec- 
tion of test circuit parameters based upon device data 
sheet information is discussed, and sample compari- 
sons are made between the measured waveforms ob- 
tained with the shoot-through testbed and the 
buffer-layer IGBT model that is provided with Saber 
4 0 The model validation procedures described in 
this article can be applied to the various IGBT models 
provided for different manufacturer s parts numbers 
in different commercial circuit simulators 
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Appendix: 
D e t d e d  Circuif Description 

Fig. A1 is a schematic diagram of the driver circuit 
for the IGBT shoot-through testbed. A 74121 
monostable multiv.brator (U l )  is configured as a 
34 kHz oscillator, and its output i s  feed to a 7493 
counter (U2). The first stage of this counter gener 
ates a 17 kHz square wave, which becomes the f m -  
damental test waveform for the. testbed. The 
remaining counter stages of U2, and the counter 
stages of U3 and U 4 ,  are used to generate an en- 
abling signal which restricts the testing of the 
IGBTs to low duty cycles so that heat-sinking re- 
quirements are greatly reduced. The enabling sig- 
nal is generated by a 7430 NAND gate (U5), and 
causes the IGBT drive to be active for one part in 
256. Since the four least significant bits of the com- 
posite counter are not applied to the NAND gate, 
the IGBTs receive a burst of eighr switching cycles 
when the IGBT drive is active. 
T rans i s to r s  Ql-QS ampl i fy  t h e  1 7  kHz 
square-wave from L2 so that a 50 LZ delay line can 

[lo] A. R. Hefner and D. L. Blackburn, "An Analytical Model 
for the Steady-Stare and Transient Characteristics of the 
Power Insulated Gate Bipolar Transistor,'' Solid-State El& 
troniii,vol. 31, 1988, p. 1511. 

I1 11 B Janko and P. Decher, "Measuring Package and Inter- 
wiiiicct Model Parameters Using Distributed Impedance," 
Proi. 40th ARFTG Con&, 1992. 
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Eb-tronicr PE-2, pp. 194-207 (1987); also in Proc 1986 
1EEE P O U  er E/e[tro?/icJ S p e r i u h i  CfJnj, pp. 27-38 

be driven with a large signal voltage so that switch- 
ing noise generated by power switching of the 
IGBTs will be less likely to perturb the timing of 
the signals. Two nearly identical gate drive ampli- 
fier circuits are shown in Fig. A l ;  one receives its 
non-delayed signal directly from the Q4-Q5 
buffer, and the other takes its signal from the end of 
the delay line which is terminated by R22. The de- 
lay line is inserted between J1 and 52. The delay 
can be a length of 50 R cable or a passive delay 
switch-box. Some video delay switch-boxes oper- 
ate at 75 R a n d  R22 can be changed to 75 R to op- 
timize this circuit for such a delay line. 

Each one of the gate-drive amplifiers consists of 
two sections. The first section drives a transformer, 
which in turn drives an H-bridge configured sec- 
ond section. This second section drives the IGBT 
gate drive transformer. The second section for both 
of the IGBT drives receives power only during the 
enabling portion of a complete test cycle, as deter- 
mined by the entire count of the counter circuitry 
described earlier. 

Fig. AI ,  Detailed schematic of testbed 
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The turn-on of the enabling power results in a 
large current pulse through Q28 as bypass capaci- 
tors C20 and C2 1 are charged This pulse provides 
a scope trigger output via the current-to-voltage 
transformer T5, which was made with a Philips 
204XT250-3E2A core. An important advantage 
of this current transformer scheme for triggering is 
that it eliminates ground loop problems between 
the trigger ground and the power ground for the 
switching IGBTs The measured waveforms taken 
from the IGBTs are made substantially cleaner by 
eliminating this ground loop 

There are two differences between the two gate- 
drive amplifiers themselves The first difference is 
that the polarity of the primary winding of the 
H-bridge drive transformer is reversed for the 
high-side switch IGBT driver The second differ- 
ence is that a common-mode transformer (T6) is in- 
serted between the H-bridge driver and the gate 
drive transformer for the high-side driver The pur- 
pose of this common-mode transformer is to decou- 
ple the primary-to-secondary capacitance of the gate 
drive transformer so that large current spikes result- 
ing from the high dvidt that is present at the emitter 
of the high-side switch IGBT are not coupled to 
ground through the high-side switch driver T6 was 
made with 15 turns of a twisted pair on a Philips 
846XT250-3E2A core The twisted pair keeps the 
differential inductance of this transformer low so as 
not to compromise the speed of the gate drive 

Winding techniques for gate drive transform- 
ers T2 and T3,  and also for H-bridge driver trans- 
formers T1 and T4, determine the speed and 
performance of the IGBT shoot-through testbed 
In order to accurately verify IGBT models of 
switching operations, it is important to have fast 
and clean gate transitions with sufficient power so 
that the IGBT input capacitive loading can be 
made to have minimal effect on the transformer 
output waveforms when a variety of series gate re- 
sistors are used The gate drive transformers T2 
and T 3  were wound on Philips 3622PL00-3F3 
pot cores An interleaved winding structure was 
used starting with a 24-turn primary made with 
two parallel strands of #32 magnet wire An insu 
lating tape layer was applied A secondary layer 
was added using eight turns of five parallel 
scrands of #32 wire, followed by another insulat- 
ing rape layer. Additional similarly wound layers 
alternating primary and secondary were applied 

for a total of four primary layers and three sec- 
ondary layers All of the wire ends were sorted into 
their appropriate groups and tied together for the 
transformer leads The leakage inductance on the 
primary was measured to be 0.65 pH with the sec- 
ondary leads shorted together two cm from where 
they leave the body of the transformer The pri- 
mary-to-secondary capacitance was measured to be 

A similar construction technique was used for 
the H-bridge driver transformers T I  and T4 
These were wound of Philips 2616PL00-3B7 pot 
cores with three primary layers interleaved with 
two secondary layers Six turns ofeight parallel #32 
wire made each primary layer, while 12 turns of 
four parallel #32 wire made each secondary layer 
The four parallel wires on the secondary were kept 
separate to become the four individual gate wind- 
ings needed by the H-bridge MOSFETs Second- 
ary gate windings were paired with similar 
secondary gate windings from the second layer of 
secondary windings so that each MOSFET in the 
H-bridge was driven with two paralleled wind- 
ings Insulating tape was applied between primary 
and secondary layers, but not between the individ- 
ual secondaries in a given layer This construction 
provides not only tight coupling between primary 
and secondary but also between the individual gate 
windings as well. Diodes D1-D4 take advantage of 
this tight coupling to provide good gate-voltage 
clamping, as without the clamping slower H- 
bridge drive would have to be used to avoid exces- 
sive voltage ringing overshoot on the MOSFET 
gates The leakage inductance measured on the pri- 
mary with one secondary shorted was found to be 
30 nH, and the leakage inductance measured on 
one secondary winding with only one other second- 
ary winding shorted was found to be 200 nH It 
should be noted that these are typical numbers as 
there are substantial differences in these numbers 
for different secondary windings due to their rela- 
tive proximity to one another. 

The H-bridge gate drive for the IGBTs operates 
from a voltage that is nominally set to 45 V in order 
to drive the IGBTs with a 1 5  V turn-on drive. This 
separate supply voltage was chosen to more fully 
utilize the MOSFETs in the H-bridge, and also to 
allow this voltage to be adjusted for lower IGBT 
gate drive voltages if desired 
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