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Abstract — This paper presents a strategy for protecting
high power IGCT-based converters which are currently
used in a wide range of drive applications. The protection
of such converters against internal faults has been
addressed in the technical literature, but the main focus
has been on the solutions to disconnect the converter
from the mains. In this paper, the short circuit current
paths through the power devices are identified and
studied from the perspective of keeping the overall repair
cost after a fault to a minimum. It is shown that a
preferred short-circuit current path that limits the
thermal energy in all IGCTs to safe levels exists.
Furthermore, it is demonstrated that it is possible to
guarantee, through proper busbar geometry and/or
device selection, that the short-circuit current stress can
always be moved to the power diodes. Simulation results
are presented to support all the discussions and
conclusions, avoiding the costs and risks of tests on a
medium voltage prototype.

Keywords - Active Rectifiers, Fault-Resilient, IGCT,
NPC Converters, Protection, Reliability.

I. INTRODUCTION

High-power IGCT-based converters are currently used in
a wide range of drive applications [1]. The solutions offered
to the industry include active rectifier units and multi-motor
drive possibilities [2], [3]. Since the reliability and continuity
of service of these high power drives is an issue, efforts have
been dedicated to the study and development of converter
protection schemes ([4] - [9], [20]). Most of such effort has
been dedicated to the proposition of suitable solutions to
disconnect the damaged converter from the power mains ([4]
- [7]). In [8] the authors address the current paths related to
different possibilities of internal faults in the inverter and
propose the addition of crow-bar circuits to limit the total
converter damage extent.

The thyristor-type nature of the IGCT implies that short-
circuit (fast rising) currents have to be limited by means
other than the converter own switches [10]. In fact, short-
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circuit protection is typically provided by turning on all
IGCTs in the converter to limit the thermal stress on each
device due to the energy in the dc bus capacitors and power
mains, and by simultaneously triggering a fast circuit breaker
or a device with the same function to disconnect the faulty
converter from the power mains, limiting the total energy
dissipated in it. Proper sizing of the power devices
guarantees their integrity if the circuit breaker is operating
properly. However, if the converter circuit breaker fails to
operate as predicted in the design stage, the destruction of the
power semiconductors is inevitable.

At this point, one can conclude that, besides proper sizing
and maintenance of the converter circuit breaker, correct
coordination of the power devices I°t with the circuit breaker
switching delay and short-circuit level at the converter
connection point are the only issues to be addressed at the
design stage. However, the existence of multiple short-circuit
current paths in the converter [8] suggests that:

1. there might be a path that minimizes the overall
devices replacement costs in case of a failure and

2. it might be possible to guarantee that the short-
circuit currents will always flow through that
particular path.

In this paper, the short-circuit behavior of IGCT-based
three level NPC (Neutral Point Clamped) topologies is
addressed from the perspective of characterization of the
damage pattern following a shoot-through mode and a failure
in the operation of the converter circuit breaker. Assuming
that the initial failure caused the converter to enter the shoot-
through mode, the possible current paths are identified and
the progression of the damage to the power semiconductors
is determined through computer simulations. The result of
this study is pointing out a minimum repair cost shoot-
through current path. The required design steps to guarantee
that this preferred path will prevail are also outlined.

The block diagram of the circuit configuration of the
IGCT based three-level NPC converter is shown in Figure 1.
The power circuit consists of the next four parts:

. input transformer and reactor (IT)

. active rectifier unit (ARU)

. dc link capacitors (C1, C2)

. voltage source inverter (VSI)
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Fig. 1. Block-diagram of a typical IGCT-based NPC converter.

II. SHORT-CIRCUIT CURRENT PATHS IN NPC
BRIDGES

In a short-circuit resulting from the converter entering the
shoot-through mode (all IGCTs fired), two different current
paths can be identified in Figure 2: one path goes through the
freewheeling diodes (identified as FwxB and FwxC) and the
top or bottom IGCTs, according to the instantaneous line
voltage polarity (dotted and dashed paths); a second path
goes through the clamping diodes (identified as CdxB and as
CdxC) and the internal IGCTs (shaded paths).
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Fig. 2. NPC regenerative rectifier short-circuit paths during shoot-

through mode (phases B and C). Similar paths can be identified
when considering A-B and A-C phases combination.
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Figure 2 illustrates the current flow through phases B and
C only, for the sake of clarity. Similar figures can be
obtained for any other pair of phases. Superposition can be
used to obtain the three-phase short-circuit current
distribution. From Figure 2, one can verify that in both cases
the short-circuit currents flow through a series connection of
two IGCTs and two freewheeling or clamping diodes. The
short-circuit current distribution between these paths depends
on the power devices conduction characteristics and on the
existing impedances in the power connections, which can be
added as discrete components or introduced by proper design
of the busbars geometry and/or cable connections.

ITII. THE PROTECTION STRATEGY

The aim of the present paper is to propose a new method
to reduce the overall repair cost associated to the converter
initiation of the shoot-through mode followed by a circuit
breaker malfunction. This situation would occur, for
instance, as a result of a failure in one of the power
semiconductors. Note that the IGCTs and diodes failure will
result in the device short-circuiting due to the presspack
packaging [10]. Open-circuited IGCTs would almost
certainly indicate a faulted gate driver unit.

A real case recently experienced by the authors involving
a failure in a similar converter leads to the following
conclusion: taking into consideration that a permanent failure
may result in a long production process interruption and,
therefore, cause a loss of several million dollars, the
reliability of the converter is in this case a mandatory issue.

The authors defend that in the situation at hand (fault —
shoot-through — circuit breaker fails to open), the minimum
cost-to-repair situation is the one that leads to no damaged
IGCTs, being the lost power semiconductors all diodes. The
reasons are:

IGCTs are more expensive;

IGCTs require much more time to be replaced in
case of none or minimum in-house stock due to cost
issues.

N =

Hence, if the converter enters the shoot-through mode, no
matter the reason, and the circuit breaker fails to operate
properly, it is desirable that no IGCTs be damaged.

A. It Ratings and Semiconductors Data

The power semiconductors data used in this work are
shown in Table I. The phase C currents of top and bottom
half devices and the computation of the consequences of
keeping the converter in the shoot-through mode for 2
seconds', as a result of a failure in the circuit breaker, is
shown in Figure 3. From this figure, it can be concluded that
if the circuit breaker does not open as expected, the thermal
energy in the semiconductors will reach extremely high
levels, eventually exceeding their I’t capability (I’t > 1.0 p.u)
and causing a permanent failure of the power converter.

1 According to international standards [12] the input transformer and reactor should be able to withstand short circuit

currents for 2 seconds, at least.
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Fig. 3. NPC ARU phase C: currents and I’t evolutions for the
power devices under shoot-through (all diodes branches with the
similar impedances).

In particular, it is shown in Figure 3 that it is possible that
the first device to fail is one of the internal IGCTs. This
situation is a consequence of the current path through the
clamping diodes (shaded paths in Figure 2). Measures should
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be taken to avoid this situation to occur; two alternatives are
considered, as follows:

1. using clamping diodes with larger forward voltage
drop than the one of the freewheeling diodes;

2. addition of a series impedance to the clamping
diodes connections. The goal is to prevent the short-
circuit current from flowing through the clamping
diodes, thus avoiding prohibitive currents in the

internal IGCTs.
TABLE 1
Relelevant power semiconductors data

Forward Bulk Resistance Reverse 2 2
Items Voltage [V] [mQ] Resistance [kQ] Tt[A%s]
QxB _ _ _ 6
QxC Vq=1.15 Rq=0.21 Rrq =100 7.90x10
FwxB - yro 14 Rf=0.48 Rif=100  2.65x10°
FwxC
CdxB _ _ = 6
CdxC Ve=14 Rc=0.48 Rrc =100 2.65x10

B. Converter Short-Circuit Current Distribution

The short-circuit current distribution within the ARU can
be evaluated from the equivalent circuit shown in Figure 4.
In this circuit, equivalent diodes (ED) were used to represent
the different combination of power semiconductors in short-
circuit current paths. Each equivalent diode represents:

e two freewheeling diodes and one IGCT (EDQF);
e two clamping diodes (EDC);
e one IGCT (EDQ).
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Fig. 4. Equivalent model for the short-circuit paths from Fig. 2 (a).

Taking into consideration that each power semiconductor
device in the short circuit path can be represented, for the
purposes of this study, by a voltage source and a bulk
resistance, the equivalent diodes in Figure 4 will have the
correspondent parameters shown in Table II.

TABLE II
Equivalent diodes parameters for Fig. 4

Equivalent Referred Components Forward  Bulk Resistance
Diode on Conduction Voltage [V] [mQ]
EDQFx 2 freewheeling diodes ~ Vqf=3.95 Rqf=1.17
and 1 IGCT
EDQx 1 internal IGCT Vq=1.15 Rq=0.21
EDC 2 clamping diodes Ve=2.8 Rc=0.96
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Based on the data of Table II and on the model illustrated
in Figure 4, it is possible to obtain the relative distributions
of the short-circuit current components in the different
semiconductor devices of the ARU.

As shown in [9], the most important relationships between
the currents in Figure 4 are:

g Ry +Re =p (1)
Ly Ry

Ly =1y (;j )

l+p

_ P
)

_ p-1)_
log = q'(Tj_a'lq “)

In the expressions above, p is the unbalance proportion
factor regarding I, and I s and o means the same between o4
and I,. Note that if there is any current flowing through EDC
branch in Figure 4, then 1 > I

According to Tables I and II and (1) to (4), if all diodes in
the ARU have the same characteristics, then p=1.8205,
1;0.64551, and 14~0.3545I,. For this same case, the o
coefficient between I and I is:

— ch —
o= 7 - 0.4508 (5)

q

Thus, if there are no differences between the freewheeling
and clamping diodes characteristics in this converter, the
short-circuit current in the clamping diodes is 45.08% of the
internal IGCTs currents and 29.1% of the total short-circuit
current.

C. Changing the Short-Circuit Current Distribution

If the converter is on shoot-through mode, the short-circuit
current component through IGCTs can be reduced by
increasing the voltage drop in the clamping diodes branches,
in order to ensure that the first converter devices to reach
their thermal energy limits will always be the freewheeling
diodes. The relationship between a and p shown in (4) can be
used to determine new values for overall clamping diodes
branch resistance (Rc) in order to meet a specific criterion of
short-circuit current distribution.

In the circuit of Figure 4, the proportion between I, and I
components of I current can be redefined in a more
balanced way by using new values for a and p. The Rc value
in this case is determined by:

i) e
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Assuming that 1,=0.55I, and I;~0.45I, the short-circuit
current component in the clamping diode will reduce from
29.1% to 10%. In this case, p=1.22, 0=0.18 and Rc=2.1mQ.
The results shown in Figure 3 (c) and (d) are presented in
Figure 5 (a) and (b), now considering the new value for Rc.
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Fig. 5. NPC ARU phase C: I’t evolutions for the power devices
under shoot-through (clamping diodes branches with changed
impedances).

IV. IGCT PROTECTION

A. A Suggested Structure for the Converter Clamp

The structure of the NPC converter consists of three 3-
level converter phase legs, one of which is illustrated in
Figure 6. Note the symmetry between the arrangements of
the components in the upper and lower halves of the leg.

In a real converter, each phase leg is usually designed as a
separate clamp assembly primarily due to standardization,
reliability and power density issues. The perspective of an
eventual replacement of any diode in the power converter in
case of damage suggests an assembly of stacks using only
discrete components instead of “reverse conducting” devices
including IGCT with the anti-parallel diode integrated
monolithically. Figure 7 illustrates a possibility of mounting
for the top half leg of a converter phase; the bottom half is
identical in both mechanical structure and position of the
power semiconductors.

The complete converter phase leg is properly constructed
from two half-legs, resulting in the structure shown in Figure
8. Although the complete assembly of a converter leg in a
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single structure may be possible, it would result in a cell with
ten devices. In long stacks with several devices and their heat
sinks, it may be difficult to obtain good mechanical stability
and fulfill the basic rules for the correct clamping of press-
pack high power semiconductors [13].
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Fig. 6. Structure of a phase of the three-level NPC, IGCT-Based
converter.
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Fig. 7. Stack assembly: semi-leg using load spreaders and similar
device diameters.

In the previous section, it was demonstrated that the new
estimated value for the clamping diode series resistance (Rc)
can be used to obtain the commercial devices with the most
appropriate conduction characteristics. Nevertheless, the
most convenient possibility for achieving the new Rc value
(maintaining the original clamping diodes) is to alter the
mechanical design and/or the conduction characteristics of
the converter clamping diodes bars [9]. A simple alternative
is to take advantage of the terminals available in the structure
of the clamp. In the case of the structure suggested in Figure
8, the resistance of the clamping diode branch can be
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conveniently inserted between the connection points A and B
in the bottom bases of the stacks.
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point
Fig. 8. Suggested leg assembly of the NPC three-level converter
with discrete components.

B. Preserving the ARU IGCTs under Shoot-Through Mode

From the observation of Figure 5, a significant reduction
of the rising rates of the thermal energy in the IGCTs during
the short-circuit can be noticed due to the proper adjustment
of the resistances in the clamping diodes branches. In fact,
the shoot-through mode can occur for many different reasons
in the ARU, like a mistaken command from the drive control
unit, or a component failure within the inverter and/or on
active rectifier.

Results corresponding to a failure (short-circuited device)
of an internal frewheeling diode of the ARU (Fwl in phase
A) are shown in the sequence, assuming clamping diodes
with increased resistance. Figures 9 and 10 show the current
and the thermal energy increases in the IGCTs, respectively.
It is shown that the thermal energy in the IGCTs is kept
under its safe limits and also that it stabilizes in different
time instants in phases A, B and C.

There is a point in each phase that the freewheeling diodes
fails short-circuited sequentially, since the thermal energy
exceeds their rated I’t. As a result, the correspondent IGCTs
stop carrying the short-circuit current and no more heat is
generated in these devices, saving them from damages.
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Fig. 9. NPC ARU IGCTs currents under internal short-circuit in a
freewheeling diode and shoot-through.
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Fig. 10. [i%dt of the ARU NPC IGCTs under internal short-circuit in
a freewheeling diode and shoot-through.

V. IMPACT ON THE CONVERTER EFFICIENCY

In the previous sections, a method to guarantee the ARU
IGCTs integrity, reducing the converter overall cost-to-repair
after a failure followed by a circuit breaker malfunction was
presented. The essence of the method consists in adjusting
the conduction characteristics of the clamping diode
branches (converter bars geometry and/or cable connections).

Although others aspects like the stray inductances
arrangement and distribution may also be helpful to protect
the IGCTs under short-circuit, it was verified that the
increase of the resistances in the clamping diodes branches,
in order to preserve the IGCTs, does not cause significant
changes in the converter efficiency and in its thermal design.

Table III shows the losses and efficiency computation in a
3.3 MW, 2300 V / 60 Hz motor drive operating with
SVPWM before and after the interventions proposed in the
converter.

TABLE III
Losses computation for the converter
Clamping Losses (W) Converter
. . o
Dlo§es Branch Conduction Commutation Total Efficiency (%)
Resistance ()
0.00048 7220 16472 23692 99.29
0.00210 8202 16467 24669 99.26
VI. DISCUSSIONS
Under transient conditions, the  semiconductor

junction temperatures are allowed to increase substantially
above the 125 °C operating limit, reaching, in same cases,
between 350 and 400 °C [19]. The manufacturers, however,
do not provide the temperature limit of the junction, defining
only the value of the transient current and the corresponding
i’t. Based on such information, it is not possible to state the
precise instant of the ARU components failure under the
imposed shoot-through. The proposed strategy for the
implementation of the resilient converter is based on the
imposition that, under a faulty situation, the freewheeling
diodes fail before the IGCTs, inherently protecting the latter.
The i*t figure was employed in this work as a failure
indicator of the devices because it represents the only
information concerning the semicondutors thermal energy
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limits provided by the manufacturer. Even though the
computation of the thermal integrals does not define the
exact moment of the device failure, it provides a consistent
indication of the sequence of failures of the converter
semiconductors. Besides, the i’t data does not depend on the
component model parameters and thus can be more easily
obtained.

Figure 11 shows the rates of the temperature rise in the
junctions of the rectifier devices (phase C) under the same
conditions of Figure 5, considering the transient thermal
impedances of the employed comercial semiconductors. The
correspondent i’t rising rates are also showed in the same
figure for the sake of comparison. It can be observed that the
rate of the temperature rise in the junctions of the power
diodes is higher than that of the IGCTs, indicating that the
diodes are the first to fail, confirming the failure sequence
defined by the thermal integrals (i’t).

The typical curves of the thermal impedances available
from the data sheet assume squared power pulses; since the
actual current waveform differs from this pattern, it needed
to be appropriately manipulated for its correct use. The
junction temperature of the ARU components before the fault
occurrence was assumed to be 125 °C.
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Fig. 11. Junction temperature and i’t rising rates during a
commanded shoot through in the ARU.

VII. CONCLUSIONS

In this paper, the short-circuit behavior of IGCT-based
three-level NPC topologies is addressed from the perspective
of the damage pattern characterization associated to a shoot-
through mode and a following failure in the operation of the
converter circuit breaker. In order to keep the cost-to-repair
at its minimum under these conditions, it is mandatory to
limit the damage of the power semiconductors to the power
diodes. The measures proposed here permit the converter to
behave in a more resilient manner, reducing the costs and
time interruption associated to the maintenance.

In this study, the possible shoot-through current paths
were identified and the progression of the damage to the
power semiconductors was determined through computer
simulations. The short-circuit current paths that leads to the
destruction of the IGCTs were identified, being the necessary
measures to avoid such paths pointed out.

An active rectifier unit — ARU — was considered in this
study without loss of generality. The results can be promptly
applied to inverter units — INU, although the considered
situation ~ primarily  threatens the ARUs power
semiconductors.

It was demonstrated that, by proper design of the
geometry of busbars and/or selection of the appropriate
freewheeling and clamping diodes, it is possible for the
IGCTs to survive the converter shoot-through mode even in
the event in which the circuit breaker fails to operate, thus
reducing the total repair cost. Important insights may have
been given to the electrical engineers and mechanical
designers on how to construct an NPC IGCT-based converter
and to arrange the clamping diodes and internal IGCTs bars
advantageously.

As a final comment, it was observed that the investigation
concerning the transient junction temperature rises confirmed
the devices failure sequence previously defined by the i’t
analysis.

APPENDIX
Power Semiconductors Considered:

IGCTs Model: 5SHY 35L4512
Limiting load integral: 7.9x10° A%s

Eletron. Potén., Campo Grande, v. 16, n.2, p. 168-176, mar./mai. 2011.



Max. peak surge on-state current: 35x10°A
Max. average on-state current: 2100A

Max. repetitive peak off-state voltage: 4500V
Forward resistance @ Tj=125°: 0.21mQ
Threshold voltage @ Tj=125%: 1.15V

Diodes Model: D 921 S45 T

Limiting load integral: 2.65x106 A’s

Max peak surge on-state current: 23x10°A
Max. average on-state current: 1380A

Max. repetitive peak reverse voltage: 4500V
Forward resistance @ Tj=140°: 0.48mQ
Threshold voltage @ Tj=125°: 1.40V
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