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Abstract—The short circuit fault (SCF) is a dangerous condition threatening the health of insulate erolar transistors
(IGBTs). Thus, SCF can be considered a critical issue for the reliability of power electronic converters. The SCF behavior
of IGBTs and their failure factors when operating in an arm configuration are the focus i&er. This paper considers
the non-idealities of the circuit and differences in IGBT parameters and describes the SC It”1t was found that there is
a significant voltage imbalance among the IGBTs during SCF, which leads to a notable en€rgy imbalance between the
devices. The voltage and energy imbalances depend significantly on the inevitablg disgmcies in the circuitry and internal
parameters of the IGBTSs. To verify these findings, a detailed PSPICE simulation is ducted, and experimental results
are also reported for different scenarios in SCFs. The results confirm that sho 2@‘ energy among the devices can differ
significantly. Moreover, the voltage distribution across IGBTs strongl & s on both their intrinsic parameter
mismatches and the operating conditions. 6

Index Terms—Reliability, IGBT, Overvoltage protection, Shoet ci@ault.

I. INTRO |
As the use of power electronics converters expands in yari mins such as power transmission, renewable energy systems,
adjustable-speed drives, electric vehicles, etc., it becomes i atlve to examine system reliability and assess operational risks [1].
Accordingly, the reliability of industrial power converters is axgritical issue due to the use of vulnerable components, such as high-
power semiconductor switches and capacitors [2]. Thése components (switches and capacitors) are responsible for about 34% of
unexpected interruptions [3]-[5]. The failure ofac nt in the power electronics converter may cause the entire system to shut
down [6], [7]. These unpredictable shutdoddi jon to safety hazards, result in higher operational costs [8]-[11]. The

reliability of power converters can be investigated from two different perspectives: fault management, which deals with the
detection, protection, and handling of pt and critical failures such as short or open circuits, and lifetime management, which
focuses on the aging and degradation p s of components over time. Fault management usually relies on circuit breakers and
fault characterization to protect the r and ensure correct system behavior [12], whereas lifetime management emphasizes
reliability prediction and lifetime éxtengion by addressing aging mechanisms [13], [14].

Insulated Gate Bipolar Transi Ts) are among the most important power semiconductor switches in medium- and high-
eir low on-state loss, voltage-controlled operation, and short-circuit fault (SCF) withstand

of IGBTSs to endure SCF for a limited time (about 10 ps) over 10,000 times (if the SCF energy is

Ec.ica ) IS very appealing [18]. This feature makes IGBTSs suitable for applications prone to

er, while IGBTS can tolerate SCF energy, they are highly vulnerable to overvoltages during and post-
Itage conditions for IGBTSs are very common when they are used in series structures and are deeply
investigated‘n:!lf 19], and [20]. The dangerous overvoltage condition for IGBTS in series structures arises due to differences
in their intrinsiesparameters during SCF. To address this critical issue and alleviate the overvoltage stress on IGBTS, different

ers have been proposed in [14] and [20].

rm configuration (Figure 1) is a common circuit in the aforementioned applications. It can be found in PV inverters, motor
drives, Jsingle- and three-phase inverters, and DC/DC converters such as full- and half-bridge topologies [21], [22], or as
submodules in modular multilevel converters (MMCs) [23]. Several studies have been conducted on the characterization of single
IGBT SCF [24]-[28], series-connected IGBTSs [16], [29], parallel-connected IGBTs [30], and IGBTSs connected in bridge structures
[31]. In these articles (except [31]), gate-drive circuits are assumed to work ideally, and intrinsic failures cause SCF. However, as
a common malfunction, SCF may occur when an incorrect gate signal is applied to the high-side or low-side of the arm
configuration. Driver circuit malfunctions, failures in the auxiliary power supply, dv/dt disturbances [32], or shoot-through cross-
talk [33], [34] can result in incorrect gate signals. There are few studies describing IGBT short-circuit behavior in an arm
configuration. In this specific case, the IGBTSs are connected in series structures but carry different levels of SCF currents. As a
result, serious voltage and energy imbalances occur, which can be fatal for IGBTs. In [31], the behavior of SCF in an arm
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configuration is discussed, and an equation for voltage distribution is established. However, in [31], the IGBTSs in the arm
configuration are assumed to be completely identical, which is not very probable in real applications. Even IGBTs with the same
part number may have intrinsic differences [16].

This paper aims to characterize IGBTs' SCF behavior in an arm configuration, considering intrinsic parameter discrepancies.
This investigation focuses on inequalities in parameters such as transconductance, threshold voltage, and gate-emitter voltage.
Based on the achievements of this paper, the inequalities in device parameters result in different voltage and energy distributions
across IGBTSs, which differ from the findings of prior works.

The main contributions of this paper regarding the SCF behavior of IGBTs in an arm configuration are as follows:
e There is a considerable voltage and energy imbalance between two IGBTs in an arm configuration during,SCF.
e The voltage redistribution is not decisive in all conditions, which modifies the conclusions of [31]. Pb
e The voltage and energy distributions across IGBTs depend on both intrinsic parameters and circuit-related ‘acto,s.

Wircuit event
havior of the

N/, the impacts of
ental results.

The rest of the paper is organized as follows. Section Il presents the single IGBT behavior in the case of
and then analyzes the dependence of IGBT short-circuit behavior on intrinsic parameters. Section 11l prese
IGBT SCF in an arm structure, considering either identical or non-identical IGBTs. By simulations in
switch mismatches on voltage distributions will be demonstrated. Section V has the test prototype e{

Il. SINGLE IGBT SCF BEHAVIOR

The transfer characteristic of an IGBT is divided into two regions: the Active and Saturation regions (as shown in Figure 2).
During SCF, the IGBT operates in active region of its transfer characteristics. In this co the short-circuit current is limited
by the physical structure of the IGBT. Using the steady-state model of the IGBT fn&' egion, Saturation collector current

during SCF is given in [16], [35]:
C. Z
c :(1+ﬂPNP) IUSL:: (VGE 1h Q
dl ﬂnICOXZ @

gfs:F ( ﬂPNP) Gf -V,
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where [, denotes the common-emitter gain of the PNP traristor, £ is the average electron mobility in the channel, C_, is

oxide capacitance per unit area, Z is the channel Ly, is the channel length, g, represents the transconductance, Vg is

the gate-emitter voltage, Vh is the gate- emes d voltage, VCE is the collector- emmiter voltage and RO is the output
resistance of the IGBT.

circuit conditions. To utilize equa ), Linearization of collector current—gate-emitter voltage characteristic is required (Figure
3). A modified version of equ s presented to accommodate this non-linearity:

c =95 (VGE _th;) @)

The non-linear gate-emitter voltage cha stics lead to a threshold voltage that differs from datasheet specifications under short-
t{é (?

Equation (2)*fe that the short circuit current is a consequence of the switch's intrinsic parameters, including its
transconducta shold voltage, and the applied gate-emitter voltage. Reference [16] highlights that in a series structure, slight
differences @ manufacturing process of switches, even those sharing the same part number, lead to variations in voltage
distrigution s them. The switch with lower transconductance ( g, ) will have a lower short-circuit current, leading it to operate

in the'ggtiveregion with a higher collector-emitter voltage.

I1l. IGBT SCF BEHAVIOR IN ARM STRUCTURE

A. IGBT SCF behavior in Arm Structure Considering Identical devices

This paper focuses on a short-circuit scenario where the high-side IGBT (QH ) operates normally, supplying power to the load.

Meanwhile, the low-side IGBT (QL), shown in red, is erroneously triggered by an incorrect gate signal, resulting in a short-
circuit fault (Figure 4). For simplicity, the effects of diode reverse recovery and load dynamics are neglected in the analysis.



Short-circuit events induce substantial current surges in both high-side and low-side IGBTSs, potentially compromising device
reliability. Understanding and characterizing this behavior is essential for improving the reliability of IGBT switches and
converters. Figure 5 shows the arm switches' collector-emitter voltage and collector current waveforms, assuming identical gate

drive conditions and IGBT characteristics. This study investigates the short-circuit fault in three stages: pre-fault (t, <t <t),
transient (t, <t <t,), and steady-state (t, <t <t;). While the main focus is on steady-state behavior, the other stages are briefly

reviewed to provide context.
Based on Fig.4, the IGBT currents can be expressed as follows:

=1 =l = s (3) {b
and '&

Vo +Vou =V, (4)

Where |, and |, denote the currents of Q, and Q,, , respectively; I, ,,4 indicates the load current, I i Qcircuit current,
Von and Vg, are the collector-emitter voltages of Q, and Q,, respectively; Vg is the short-cirguit blis/voltage, and L is the

stray inductance of the short-circuit path. As mentioned above, in the pre-fault stage, Q,, iscon
region, while Q, is off. In the transient stage, By applying an incorrect gate signal to Q, , its volta

nd operating in saturation

Vee, Starts to increase when

the gate-emitter voltage reaches the threshold voltage. Consequently, |, and I, afe st ise dramatically. An IGBT, which
can be modeled as a Bipolar Junction Transistor (BJT) driven by a MOSFET & e approximated using a BJT model,

incorporating the early effect [37]. Thus :
dv, ®)
al, e Q
: &
A

Combining (3) and (5)

di, dl (6)
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By turning Q_ on, R, starts to decrease, wtill uch higher than R, . Thus, V, decreases, while V,, increases. The

rising Vo, will charge collector-gate pafasitic capacitance (Cgg ) of Q, and furthermore charging gate-emitter (Cg; ) parasitic

capacitance, leading to an increase i his gate-emitter voltage rise cuases the short-circuit current to reach its peak. During
@inly affects Q, .

this stage, the induced voltage&

After the transient s @ BTs reach a steady-state condition in which voltages and currents stabilize. Considering equal

parameters for the de one in [31], it can be concluded that one device( Q,, ) operates in the active region while the other
(Q,) operates in mio region. The voltage difference between the two devices is explained in Figure 6, which illustrates

the IGBT's I haracteristics. Due to the inequality in the currents Ly and I , the high-side and low-side IGBTs experience

different collectaf-emitter voltages. Furthermore, this voltage difference is directly proportional to the load current.

e voltage difference between IGBTS (AVCE ), assuming the IGBTSs are identical, is calculated as [31]::
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, Where A is the area factor, K, is the trans-conductor of the MOS part, o _g. is the transpofgyeoefficient of the base region,
M is the multiplication factor, y is the injection efficiency of the collector-buffer J}J”th,w-auﬁer is the transport coefficient

of the N buffer layer, T,, and T_ are the temperature of Q, and Q_, respectivelx; is the temperature correction factor.

Equation (7) demonstrates the impact of the load current ( | oat ) and the DC bu on the voltage imbalance between IGBTS
(AVCE ) inan arm structure during a short-circuit event. Specifically, it sho %voltage difference ( Vee ) increases steadily
as the load current rises. Py

In more realistic operating conditions, IGBTs exhibit variations Jn’their characteristics, such as non-identical variations in

B. IGBT SCF behavior in Arm Structure Considering Discrepancies’l vices Parameters
; transconductance ( g ). These variations can impact the

their gate-emitter voltages, gate-emitter threshold voltag

voltage sharing( AV, ), which describes voltage distribution ng the IGBTs in the arm configuration. Consequently, equation
(7), while accurate for ideal conditions, requires adjustfpents to reflect the behavior in these real-world scenarios accurately.

For better clarity, the voltage difference betwi two IGBTS can be derived from equations (1) and (3) as follows:
AVge = RI ce WRo —Ry) =Ry 9 sy (VGEH thy, ) O
+Ro (VGE,_ thy )
Based on (9), voltage dlstrlb S the IGBTS strongly depends on device parameters such as Vs, ,and g, , as well as
circuitry parameters, such as SCF and the load current I ., . Accordingly, the SCF energies are also different based on
SC-QH _V (ISC + ILoad )tSC (10)
sc QL = QL sc sc
Thus, the voltage/an energy distribution between the IGBTSs is completely different. The next chapter will delve into
the effects of dis S, explorlng how they influence short-circuit voltage distribution and short-circuit current energy.

IVV. SIMULATION RESULTS

T e a curately represent real-world behavior under short-circuit conditions, the simulations incorporate intrinsic
mismatghes'among IGBT devices. The most influential parameters in short-circuit behavior—identified based on Equation (1) and
literat are threshold voltage (V;,, ), transconductance ( g, ), and gate-emitter voltage characteristics. Based on the information

provided by IGBT manufacturers in their datasheets, the threshold voltage (V;,) typically exhibits a variation range of
approximately +15%. Table 1 summarizes the V;,, variation for several commercial IGBT devices. datasheets usually report only
a typical value for the device transconductance ( 9, ), But in practice, ( g ) can deviate substantially due to several issues such as

junction temperature, manufacturing tolerance, device configuration, and gate-emitter voltage ranges. Furthermore, ageing
phenomena—such as bond wire degradation, gate oxide wear-out, and increased on-state resistance—could slowly reduce the
effective (g, ) with time [16], [38]. Such considerations justify the +15% variation range assumed for simulation purposes, to

account for worst-case but realistic conditions.



A detailed simulation is conducted in PSPICE to clarify the influence of device discrepancies on their voltage distribution. In
the simulation procedure, a double-test setup is considered for inductive load description, as reported in [34] and [38]. The
specifications of the simulation case study are summarized in Table 2.

In all simulation results difference between devices' voltages during SCF is defined as

AVge =V Voo (11)

A. Effect of devices' V;,, variation on their voltage distribution during SCF (b
Different simulations are conducted to assess the impact of devices' V., variation on their voltage during.S .Qre 7-(a),
presents the IGBTS voltages during SCF. As can be seen, voltage distribution of IGBTs depends on their V; &igure 7-(b),
shows the summary of the SCF results in this scenario. Based on Figure 7-(b), AV, could be negatiy, ﬁd considerably
positive based on the discrepancy degree between the devices' V;,, values. When both devices are id @terms of Vy,, or Q,
exhibits a higher value of Vy,, with respect Q, , AV, has its maximum value since the SC rentgf Q,, is more than the Q

based on (2), which makes Q,, operate in the active region and Q, in the saturation region.

o (b
B. Effect of devices g variation on their voltage distribution during SCF

&éir transconductance value is considered.
e Value during SCF when it has a lower value of

), shows the summary of SCF results when the

Figure 8-(a) provides the voltage of IGBTs during SCF when a differen
Regarding Figure 8-(a), Q, could operate in a saturated region with a low v

g, and should operate in an active region with a higher value of g . Figure

devices' transconductance values vary. Considering Figure 8-(b), there${ reasing profile for AV.. when the transconductance
value of Q,, grows. It can be explained that increasing the tra sco@ C

region, so it can operate in the saturated region. However, i
high voltage value during SCF.

e of Q, enhances its current capability in the saturation
entical case, Q,, is forced to operate in an active region with a

C. Effect of Load current on IGBTs voltage distribution during SCF

In this test condition, two IGBTSs are considered to bé\completely identical, and the inductive load current changes from 0.5 A
to 50 A. According to Figure 9-(a), the IGBTY approximately balanced during SCF in light load conditions. In addition,
in heavy loads, the high-side device isgorced tOyegerate in active region with a high voltage level. This fact is also reflected in

Figure 9-(b), and it can be seen that AV, ows when the load current increases.

D. Effect of devices Ve variation tage distribution during SCF

As a circuitry parameter, t ices' gate-emitter voltages can change during SCF. This can be due to gate drive circuit and
non-idealities that exist in the dfiver circuit parameters, which have been scrutinized in [39]. Figure 10-(a) presents the IGBTs

collector-emitter voltage @ the gate-emitter voltage of Q,, changes. Regarding Figure 10-(a), the Q,, voltage notably depends
on its gate-emitter v Ris voltage can determine the device operation region. At the low-value level of the device gate-
emitter voltages, O@te in the active region, and with high-values for gate-emitter voltage level, the device operates in the

@e 10-(b) presents the detailed results of this test scenario for both Q,, and Q, gate-emitter variation ranges.

saturated regigp.
Froma gs@ perspective, the short-circuit energy of the switches can vary, as the device carrying higher current also
i er voltage during the fault. According to the simulation results, this energy difference can increase or decrease
the intrinsic parameter mismatches. In an ideal condition where the switches have identical intrinsic parameters,
the shoyt-circuit energy may still differ by up to 30 times. Table 3. presents the short-circuit energy of the switches for a specific
operating point in which both IGBTSs are identical.

The results presented in this paper are based on a scenario in which the load current flows through the high-side switch while
an incorrect gate signal is applied to the low-side switch. However, in the alternative case—where the load current passes through
the low-side switch and an incorrect signal is applied to the high-side switch—a voltage redistribution still occurs. Furthermore,
as in the presented scenario, variations in the intrinsic parameters of the devices also affect the behavior of this voltage
redistribution. Figure 11 illustrates the alternative scenario, in which the load current flows through the low-side switch while an
incorrect gate signal is applied to the high-side switch, similar to the previously discussed case. In this condition, the low-side
switch, due to the higher current, operates in the active region, whereas the high-side switch remains in saturation. As a result, the
short-circuit energy of the low-side switch becomes significantly larger than that of the high-side switch.




E. Discussion

Based on the existing literature, in the SCF for IGBTSs in an arm configuration, the high-side device operates in the active region
with a high level of voltage, and the lower device operates in the saturated region with negligible voltage. This results in two
consequences that may be fatal in some circumstances:

1- The high-side device should bear an excessive level of SCF energy while having a higher voltage and current level than
the lower device.

2- The high-side device will face a considerable overvoltage at the turning-off time due to the high SCF current value and
the DC bus's parasitic inductance.

Based on the above-reported outcomes in previoues studies, [31] proposes to turn off the low-side device earlier to a\‘:@;h-
voltage stress of the high-side device during SCF termination. However, the results provided in this section fgr a e istic
condition, considering differences in circuitry and device parameters, indicate that the above conclusions are Ingo n many
occasions. Based on the results, the lower device can also enter the active region in SCF faults. Thus, the D Nltage shares
between two IGBTS based on their intrinsic parameters. It has been shown that the low-side device can bg in active region
while the high-side one operates in the saturation region. So, there can be conditions in which the SCF gier of the device are
approximately the same. In addition, the [31] proposal may result in a fatal condition for the Iowe@xce it bears a higher
av

level of voltage with respect to the high-side device. Therefor, a turning-off strategy is mandatory, dangerous conditions
for both devices, which is lacking in the state of the art of the subject.

V. EXPERIMENTAL RESULTS o

To verify the simulation results, an experimental prototype is constructed. The cwthe experimental setup is presented in
Figure 12. In addition, the specifications of the experimental prototype are provi &able 4. According to the relationships (1)
and (2), variations in intrinsic parameters such as threshold voltage and tgans uctance can be modeled by appropriately
adjusting the gate-emitter voltage. A double test setup is fabricated with ampin@uetor to realize the inductive load. In the second
pulse, the load current reaches the desired value defined by the pulse Wic@t e first pulse. The details of the double test setup
are provided in [38]-[40] and ignored in this paper due to lack of spa

In the experiments, two parameters are adjusted, and the behavjorof IEBBTs during SCF is assessed. These two parameters are
the devices gate-emitter voltage reflecting the deviation in tfie de - Value and the load current as a circuitry factor. Fig. 13-

(a) presents the collector-emitter voltages of IGBTs durin hen the gate-emitter voltage of the high-side device is set to 15
V and that of the low-side device is changed from 12 V to 158 Fig. 13-(b) presents the results of a reverse condition where the
low-side device gate-emitter voltage is fixed to 15 V aRd the high-side device gate-emitter voltage is adjusted from 12 V to 15.5
V. Fig. 13-(C) provides the summary of this SCF i0. The results of Fig. 13 are coincide with the results of the simulation
procedure. As anticipated, in conditions thatdhe -emitter voltage of the high-side device is lower than that of the lower device,
Q,, enters the active region and voltage redMn occurs during SCF fault. However, in cases where the low-side device gate-

emitter voltage is less than the high-sideStlevice one, the low-side device enters the active region, and voltage redistribution does
not occur.
In the experiments, two parame@rI djusted and the behavior of IGBTs during SCF is assessed. These two parameters are

devices gate-emitter voltage rm e deviation in the device V,, value and the load current as a circuitry factor. Figure 13-(a)
presents the collector-emittemyoltages of IGBTs during SCF when the gate-emitter voltage of the high-side device is set to 15 V
and that of the low-side dé s changed from 12 V to 15. 5 V. Figure 13-(b) presents the results of a reverse condition where the
low-side device gate- yoltage is fixed to 15 V and the high-side device gate-emitter voltage is adjusted from 12 V to 15.5
V. Figure 13-(C) p: es

mmary of this SCF scenario. The results of Figure 13 are coincide with the results of the simulation
procedure. As anficipated, in conditions that the gate-emitter voltage of the high-side device is lower than that of the lower device,

Q,, enters thé®c egion and voltage redistribution occurs during SCF fault. However, in cases where the low-side device gate-
emitter voltageyis’ less than the high-side device one, the low side device enters the active region and voltage redistribuion does not

, presents the collector-emitter voltages of the devices during SCF in different load currents. Figure 14-(b) provides
s of these tests. Based on the results of Figure 14, in light loads, the voltage difference between two IGBTS is not notable
during SCF. However, as expected in heavy loads, the high-side device enters into the active region and the a significant
voltage/energy unbalance occurs for the IGBTS. This result is in line with thoes of the simulation and theoretical discussions. The
negative voltage difference between the switches under light-load conditions in Figure 14 can be explained by the mismatch in
intrinsic parameters. As previously discussed, at light loads, the voltage difference is expected to be small, but still positive. The
observed negative polarity in the test case highlights the impact of intrinsic parameter variations among the switches.



VI. CONCLUSION
This paper describes the SCF behavior of IGBTs served in an arm configuration. In this study, practical assumptions are

considered with respect to the extant literature consisting of internal and circuitry descripancies of IGBTs. Thus, modified results
from the existing research articles are achieved. The main outcomes of this study are as

(1]
[2
(3]
(4]
[5]
(6]
[7]
(8]
(9]

e voltage distribution of IGBTSs in an arm configuration during SCF fault strictly depends on the differences in IGBTS'
internal parameters, such as Vth and . So, the voltage redistribution of IGBTs reported in [31] may not occur in several

circumstances.

e  The circuit parameters, such as driver power supply voltage level and load current, also play an important role i tage
distributions over IGBTs during SCF. 2@

e In light-load conditions, voltage redistribution which has been reported in [31], may not occur. However, the chance of
voltage redistribution and considerable short circuit energy imbalance is high in heavy load.

e This uncertainty in voltage distribution among the IGBTs—and the resulting severe imbalance in s cirCuit energy—
can lead to device failure before the protection system is activated. Therefore, in addition to co tiohal short-circuit
protection methods, an appropriate energy balancing method is required to equalize% ort-circuit energy

among the devices. &
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Table 1: Threshold voltage variation range fgr sev, %ial IGBT devices.

IGBT Part Number {0+\A -AVTH
AIKQ100N60CT VG.B % -16.3 %
IKW30N60H3 - +11.7 % -19.6 %
STGWA30IH160&F2 +16.6 % -16.6 %
TMe specifications of PSPICE simulation.
rameter Value
VBus 300V
lLoad 05A~50A
& Devices part number IXGH30N60
Load inductance 2mH
Device V1n variation range +-15 %
Device gss variation range +-15 %
Device gate-emitter voltage 15V +-15%
during SCF
DC bus parasitic inductance 100 nH
‘ ) Short-Circuit Starting Time in 1ps
Figure 7 to Figure 10
Short-Circuit Termination Time in 3 s
Figure 7 to Figure 10

Table 3: The short-circuit energy of IGBTS.

EscH EscL

SCF Energy ~320 mJ ~9.2 mJ
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Table 4: The specifications of the experimental prototype.

Parameter Value
VBus 100 V~300 V
I Load 05A~50A
Devices part number IXGH30N60
IGBT driver part number HCPL3120
SCF frequency 1Hz
Load inductance 2mH
Device V1H variation range +-15 %
Device gs variation range +-15 % (b
Device gate-emitter voltage 15V +15%
during SCF e O
DC bus parasitic inductance 100 nH x
DC bus capacitance 2 mF
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