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Abstract—This paper is related to faults that can appear in
multilevel (ML) inverters, which have a high number of compo-
nents. This is a subject of increasing importance in high-power
inverters. First, methods to identify a fault are classified and
briefly described for each topology. In addition, a number of
strategies and hardware modifications that allow for operation in
faulty conditions are also presented. As a result of the analyzed
works, it can be concluded that ML inverters can significantly
increase their availability and are able to operate even with some
faulty components.

Index Terms—Fault diagnosis, fault tolerance, multilevel (ML)
converters.

I. INTRODUCTION

H IGH-POWER inverters are increasingly being accepted
in industry as a way to reduce operational costs and

increase production. At high-power levels (more than 1 MW),
several topologies have been accepted in the market, of which
the most important are as follows: 1) current source inverters
and 2) voltage source inverters in the form of multilevel (ML)
inverters. In addition, due to the high power of these equipment,
a fault is a very serious problem, because it causes significant
production loss [1].

ML inverters are an array of power semiconductors and
capacitors that allow for the generation of a high-quality load
voltage. Today, the three most popular and widely used families
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of ML inverters in industry are neutral point (NP) clamped
(NPC), flying capacitor (FC), and CM [2], [3].

These ML inverters have a high number of power semi-
conductors, and consequently, the possibility of a failure is
much higher. Hence, the identification of possible faults and the
operation under faulty conditions are of paramount importance.

Due to the high number of components, the detection of a
fault can be complicated in principle. However, the availability
of powerful microprocessors made it possible to develop very
intelligent methods for fault detection. Some examples of these
advanced methods are techniques based on frequency analysis
[4], [5], the use of neural networks (NNs) to search for some
specific patterns [6], and the study of the time behavior in
voltages and currents at the load [7]–[9].

To allow for operation under fault condition, some methods
include additional hardware and modify the topology. They also
modify the software, principally the modulation strategy. In
NPC inverters, a number of investigations have studied a variety
of solutions adding semiconductors and passive components
[10]–[21].

On the other hand, the cascaded inverter uses its modularity
advantageously to introduce the idea of redundancy of cells
instead of using redundancy of components. This approach
presents a drastic reduction in the need for additional hard-
ware [22].

The presence of a high number of levels, typical in ML
inverters, is associated with a high number of redundant states,
which offer an important alternative for operation without
significantly deteriorating the performance of the equipment
[23]–[26].

This paper presents a review of the most important tech-
niques used to detect faults and operate under faulty conditions
in the main topologies of ML inverters used in industry.

II. FAULTS IN NPC INVERTERS

This section is devoted to the analysis of different fault-
tolerant solutions for NPC converters. Mainly, the different
solutions found in the literature can be divided into two major
groups. On one hand, there are some solutions based on three-
legged topologies. The main advantage of these solutions is
their simplicity. However, due to this simplicity, the converters’
performance under faulty conditions is limited. On the other
hand, there are some solutions based on topologies with four
legs. Although the converter structures are more complex in
those cases, they can continue working after a fault, offering
a similar performance as in normal operation mode. In the
following sections, the main topologies are reviewed.

0278-0046/$26.00 © 2010 IEEE
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Fig. 1. NPC converter.

A. Fault Diagnosis

The diagnosis solutions found in the literature can be divided
into two main groups.

1) Switch Measurements: Some authors propose solutions
in which it is necessary to measure the voltage and/or current
of each switch [12], [16]. This can be accomplished by means
of the current and voltage sensors which are already integrated
in the gate drivers. Therefore, it is not necessary to include ad-
ditional hardware. In these solutions, it is possible to determine
if one switch has failed in short or open circuit. For instance,
regardless of the state of the gate signal, if the voltage across
one switch is always zero, it means that the switch presents a
short-circuit fault.

2) Output Waveform Analysis: On the other hand, there are
other solutions based on the measurements of output phase
voltages or currents [7], [8]. In these cases, after a fault, the
measured phase voltage or current in the faulty leg is not
the expected one. Therefore, an error signal is generated and
processed in order to determine which insulated-gate bipolar
transistor (IGBT) has failed. More details about this procedure
will be given in Section IV-A1.

B. Hardware Solutions

1) Three-Legged Topologies:

Solution I: A very simple fault-tolerant solution for an
NPC converter capable of coping with short-circuit faults is
proposed in [10]. In this solution, there is no need to add
extra power devices; therefore, the fault-tolerant converter has
exactly the same structure as the usual one (Fig. 1). The fault-
tolerant capacity is achieved due to the redundancy of voltage
vectors present in NPC converters.

Some examples of fault conditions in this topology are ex-
plained here. For instance, if the switch Sa4 fails in short circuit,
phase a cannot provide level “1.” Therefore, the remaining
available voltage vectors are shown in Fig. 2(a). In this diagram,
the voltage vectors that require Sa4 to be open have been
removed since they are no longer available. However, due to
the redundancy of these voltage vectors, the converter is still
able to continue working. Nevertheless, the switches have to
withstand the total dc-link voltage. This fact should be taken
into consideration during the design process of the converter.

On the other hand, if, for instance, switch Sa3 fails in short
circuit, for instance, phase a cannot provide level “0.” The
remaining voltage vectors are those shown in Fig. 2(b). In
this case, there are some critical voltage vectors (those placed
on the external limits of the vector diagram) which cannot be
used. Taking into account that, in a steady-state condition, the
reference vector describes a circumference on the plane, the
maximum modulation index is now reduced to one half (it is
assumed that the maximum modulation index under normal
operation mode is equal to one).

A similar solution for a five-level converter is presented
in [11].

Solution II: An attempt to provide open-circuit fault toler-
ance capabilities for the previous topology is shown in Fig. 3(a)
[12]. In that case, three pairs of thyristors have been added to the
basic structure of the NPC converter. The purpose of these new
elements is to connect the faulty leg to the NP of the converter
when any of its switches fail in open circuit.

Some other similar solutions have also been studied in [13]–
[15]. In all those cases, the faulty leg can be connected to the
NP of the converter under any fault condition, regardless of
whether it is in open or short circuit. Consequently, it is not
necessary to oversize the semiconductors because they do not
have to withstand overvoltages. However, this also implies that
the maximum modulation index is reduced to one half under
any fault condition.

Different kinds of modulation strategies have been developed
to control the converter when the faulty leg is connected to the
NP. From the standpoint of the space-vector theory, Fig. 3(b)
shows the available vectors when phase a is connected contin-
uously to the NP. In order to generate sinusoidal three-phase
voltages, only voltage vectors within the shadowed area can be
generated.

Moreover, some strategies based on a carrier-based
pulsewidth modulation (PWM) perspective have been devel-
oped. The main idea behind these strategies is to generate a
set of voltages with a phase difference of 60◦. For instance, if
phase a fails, and it is hence connected continuously to the NP,
the following set of reference voltages has to be generated:

va0 = 0

vb0 =A sin

(

ωt −
5π

6

)

vc0 =A sin

(

ωt +
5π

6

)

. (1)

Under this assumption, a balanced set of line-to-line voltages is
obtained as follows:

vab = A sin
(

ωt +
π

6

)

vbc = A sin
(

ωt −
π

2

)

vca = A sin

(

ωt +
5π

6

)

. (2)

Solution III: Another possible solution capable of coping
with both short- and open-circuit faults is proposed in [16]
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Fig. 2. Vector diagram when (a) Sa4 fails and (b) Sa3 fails.

Fig. 3. (a) NPC fault-tolerant converter leg, solution II. (b) Vector diagram when phase a is connected to the NP.

Fig. 4. NPC fault-tolerant converter leg. (a) Solution III. (b) Solution IV.

[Fig. 4(a)]. This solution takes advantage of the additional
IGBTs included in the topology and described in [17]. These
additional switches introduce new redundant switching states
which, during normal operating conditions, are used to balance
power losses among devices. Therefore, a significant increase
in the output power can be achieved.

Furthermore, it is also possible to take advantage of the
additional switching states when any switch of one leg fails.
In this case, the faulty phase is connected to the NP of the
converter making use of the extra switches. Once the converter
is reconfigured, the authors use a PWM modulation strategy
with a set of modulation signals similar to those given by (1).
Like in some of the former solutions, in this topology, it is
not necessary to oversize the power semiconductors because
they will not have to withstand overvoltages. However, the
maximum modulation index under fault condition is reduced
to one half.

Solution IV: In the previous solutions, the modulation
index has to be reduced in fault operation mode. Due to this fact,
those solutions are not well suited to working in grid-connected

Fig. 5. (a) Transitory short-circuit when Sa3 fails. (b) Reconfigured
faulty leg.

applications. In [18], an attempt to overcome this problem is
made. Fig. 4(b) shows one of the solutions presented in this
paper. Observe that some fast fuses and thyristors are added
to the basic topology. The aim of these fuses is to avoid short
circuits on the dc-bus capacitors due to the circulation path
of the current established through the clamping diodes when
a fault occurs. In addition, it is necessary to employ semicon-
ductors which guarantee a short circuit in case of failure. These
IGBTs are currently sold by various manufacturers (press-pack
technology). Another possible alternative entails in connecting
a pair of thyristors in parallel to each IGBT, which are activated
to ensure a short circuit when there is a fault in the asso-
ciated IGBT.

For example, if the switch Sa3 fails in short circuit in this
converter, a short circuit of the lower dc-bus capacitor takes
place [Fig. 5(a)] at any time that a low voltage level is required
at the output. To avoid this situation, it is necessary to activate
the thyristor Ta2. This implies a transitory short circuit of the
upper dc-bus capacitor, which blows the associated fuse. After
that, the faulty leg is reconfigured, as shown in Fig. 5(b), and
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Fig. 6. Four-legged hybrid converter with FC.

it can switch between the upper and lower parts of the dc link.
Therefore, the maximum modulation index is achieved.

Solution V: Another solution is presented in [18]. In this
case, the topology is similar to the one proposed in [17] (Fig. 6)
with the addition of six fast fuses in series with the clamping
IGBTs. This solution has a behavior similar to the previous
one. However, due to the additional switching states provided
by the extra switches, the faulty leg is able to switch between
the upper, medium, and lower voltage levels, even when a
switch fails.

Another characteristic of the last two topologies is that they
can withstand several faults per leg and even faults in two
or three legs simultaneously. On the other hand, their main
drawback is that the semiconductors have to be oversized in
order to withstand the total dc-link voltage.

2) Four-Legged Topologies: The main advantage of the
topologies introduced in the previous section is their simplicity.
However, in all of them, after a fault, it is necessary to either
reduce the working modulation index or oversize the semicon-
ductors in order to withstand overvoltages, or both. This fact
reduces the range of applications in which these solutions can
be implemented.

There are other topologies in which, even after a fault, normal
behavior of the converter can be guaranteed. These solutions
are based on the addition of a fourth leg to the converter. The
aim of this additional leg is to substitute the damaged phase
after a fault. However, during normal operating conditions, this
additional leg can also contribute to improving the behavior of
the system. Some of these topologies are described as follows.

FC leg: Fig. 6 shows the basic structure of the solution
presented in [19]. This solution is composed of three main
legs (standard NPC structure), which are connected to the
output phases, and a fourth leg with an FC structure. In normal
operating mode, the aim of this additional leg is to provide a
stiff NP voltage. To achieve this, the two switching states shown
in Table I are used. Note that, by using these switching states,
it is possible to control the voltage on the FC, which generates
the NP voltage in this topology, regardless of the direction of the
output current. This provides the converter with high flexibility
because the modulation strategy of the three main legs no longer
has to deal with the NP voltage balance issue. Therefore, it can
focus on other aspects, such as decreasing the total harmonic
distortion of the output voltages or minimizing the converter
losses [20].

In order to endow this topology with fault-tolerant capability,
it is necessary to add some extra switches (two IGBTs and three
pairs of thyristors) and some fast fuses.

TABLE I
SWITCHING STATES, NP VOLTAGE, AND EFFECT OF THE

NP CURRENT ON THE CAPACITOR VOLTAGE

Fig. 7. Four-legged hybrid converter with FC. Fault-tolerant solution.

Fig. 8. Four-legged hybrid converter with inductance. Fault-tolerant solution.

Fig. 7 shows the complete solution. Once a failure in any of
the switches of phase x (for x = a, b, c) has been detected, it is
necessary to start the reconfiguration process of the converter.
This implies blowing the fuses F1 and Fx. In [19], this is
accomplished using the switches of the converter. However, due
to the difficulties on finding commercial fast fuses with an i2t
characteristic lower than the IGBTs, a more reliable solution
could be obtained, introducing additional thyristors to blow
the fast acting fuses (following a procedure similar to the one
described in Solution IV). Once the fuses have been blown, it
is necessary to activate S5, S6, and the pair of thyristors Tx.
Subsequently, the faulty leg is substituted by the fourth leg, and
the converter is reconfigured as a standard NPC converter.

Inductor-based fourth leg: Another four-legged solution
is presented in [21] (Fig. 8). In this case, the fourth leg is
connected to the NP of the converter through an inductance.
As in the previous solution, under normal working conditions,
this leg is used to provide a stiff NP voltage. This is achieved
by controlling the current that is injected into and out of the NP
through the inductance.

In the case of a failure of any IGBT, the faulty leg is
substituted by the fourth leg, following a procedure similar to
the one indicated for the preceding solution.

A slightly simpler solution can be derived by removing the
inductance and the fast fuse F1 in Fig. 8. In this case, the fourth
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TABLE II
COMPARISON OF FAULT-TOLERANT TOPOLOGIES FOR NPC

Fig. 9. Internal failure modes for a three-level FC inverter leg. (a) Short circuit. (b) Open circuit.

leg will be used only in the event of a fault. Therefore, this
solution does not contribute to the NP voltage balance.

Finally, Table II shows the main features of the various
NPC fault-tolerant topologies. In order to estimate the cost of
the converters, only the prices of the semiconductor devices
(IGBTs and thyristors) and the fast fuses have been considered.
These prices are fully dependent on the system rated power and
its voltage; therefore, the values shown in the table should be
considered only as a rough reference. On the other hand, to
estimate the reliability of the converters, a failure-in-time rate
of 100 failures per billion hours has been considered for those
IGBTs which have to withstand their rated voltage and 50 for
those which have to withstand half of their rated voltage.

Notice that the price of the fault-tolerant topologies notably
increases with respect to that of a standard NPC converter.
However, even in the worst case, this price is still about 36%
lower than the cost of adding a second converter to supply the
system with fault-tolerant capabilities. In addition, the reliabil-
ity of the system also increases drastically.

III. FAULTS IN FC INVERTERS

The FC converter is made of a series of imbricated cells, with
an FC between them. Fig. 9 shows a typical three-cell (two FCs
C1 and C2 on each output phase) inverter. Due to the series
connection of switches, this topology allows the use of low
voltage, fast, and robust IGBTs in high-voltage applications.
Considering one leg, if quasi-identical duty cycles and regular

phase shifts are applied to the control signals, an interleaved
four-level output voltage is generated with an apparent switch-
ing frequency of three times the switching frequency of one
cell [27]. Unlike the NPC inverter, two interesting properties
should be noted. First, the topology offers a true capability
of “online” series redundancy if the switch voltage rating is
appropriate. Second, the current ripple through FCs is at the
switching frequency which allows the use of low value and
small size FCs.

A. Types of Fault

Only internal silicon failures, and the consequences resulting
in stresses applied to the dies, or faulty control signals applied
to switches will be analyzed. These failures induce high dynam-
ics, and in general, these “critical” behaviors cannot be directly
detected fast enough by the external sensors used by the control.

1) Internal Short-Circuit Failure Mode: In Fig. 9(a), the
failure mode can result in a voltage breakdown, a thermal
runaway of one die or an unwanted ON-state applied to the gate.
Then, a short circuit appears inside the faulty cell. Depending
on the faulty switch location, two different scenarios can occur.

1) Two FCs are connected in parallel through the faulty
switch and its complementary switches. This is the case
for a fault in the intermediate cell of Fig. 9(a).

2) One FC is forced to a fixed voltage value. This is the case
for cell numbers 1 and 2, where C2 is connected to Vdc or
C1 is connected to zero, respectively.
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TABLE III
INTERNAL SHORT-CIRCUIT STRESS FOR A THREE-CELL FC CONVERTER

Then, a high short-circuit current flows through the capac-
itors, causing a rapid increase of the capacitor voltage at the
output of the faulty cell and a decrease of the capacitor voltage
at the input of the phase, until the voltage across the active
switch reaches zero. The energy stress inside the faulty cell
and the voltage dynamic stresses across the other switches
are different, depending on the localization and the type of
short-circuit failure. Table III summarizes the stresses based on
numerical calculation.

In a fault, energy management is an important point, avoiding
the permanent failure of the two switches inside the faulty cell,
reducing the risk of bond-wire liftoff and the possible explosion
of cases. Considering the basic waveforms of the converter, the
maximum energy density to be considered for safe operation
can be easily calculated, based on

VdcJ

2XFswp2
< 3 J/cm2 (3)

where Vdc is the main dc-link voltage, J is the nominal current
density through a die, X is the nominal and relative voltage
ripple across a die, Fsw is the switching frequency of a cell, and
p is the number of cells. A good practical value of the energy
density capability of a 1.2-kV die is 3 J/cm2.

Dynamic overvoltage management is another important
point. It can be obtained by a Transil diode directly across
switches or through a feedback connection anode gate, as an ac-
tive clamping device [28]. Concerning the permanent overvolt-
age stress across switches and capacitors, overrating is given
by the quantity 1/(p − 1), p being the number of initial active
cells. A sufficient number of cells are clearly required in series
unless a reduced dc voltage is used at nominal operation. Here
again, three cells are the minimal series connection number.

Fig. 10(a) shows the dynamic behavior under a short-circuit
fault. A high current ripple and the imperfect balancing of
the FC(s) are observed. Note, however, that the fundamental
output component is unchanged with any current transient in
the load. Even if the fail-safe management seems possible, the
fault detection and the reconfiguration of the control signals are
required to optimize the output voltage and to rebalance the
voltage across the active switches.

It appears that very high power/voltage converters at low
switching frequency could not respect (3), and in this case, the
designer has to tolerate the destruction of one or two switches if

Fig. 10. Output voltage of a three-level FC inverter leg. (a) Short circuit.
(b) Open circuit.

a short-circuit fault occurs. These failed dies will have to sustain
a current probably through a small melting pit as a craterlike
[29], and the designer could preferably choose a bondingless
case such as bump-based or press-pack packaging [30].

2) Internal Open-Circuit Failure Mode: In Fig. 9(b), the
open-circuit failure mode can result from a driver breakdown or
the disconnection of digital control line. Unlike the short circuit,
this fault causes a permanent and slow increase of the capacitor
voltage at the input of the faulty cell. At the same time, it causes
a permanent and slow decrease of the voltage capacitor at its
output, until the voltage across the active switch reaches Vdc,
which is an excessive and probably destructive stress.

Fig. 10(b) shows the dynamic behavior under the open-
circuit fault mode. Note that half of the current waveform is
lost. Moreover, the voltage at C2 can reach an unsafe value,
which can lead to a larger fault. From this point of view, it is
not very practical to continue the operation; thus, stopping all
the control signals of the faulty leg seems mandatory. Then,
postcontinuation could only be realized by a parallel active or
passive redundancy.

B. Fault Diagnosis

Diagnosis and management are different according to the
type of fault. For an open-circuit failure, the decrease of the
output voltage and current can be easily detected by classical
sensors, and a safe stop could be realized. On the other hand,
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Fig. 11. Vector diagram of the voltage harmonics at the switching frequency.
(a) Before failure. (b) After failure.

Fig. 12. Principle of the vector-based diagnosis. (a) Sampling of the switching
component vsf . (b) Areas for faulty cell identification.

as shown in Section III-A1 for a short-circuit fault, the FC can
keep operating after the fault, as shown in Fig. 10(a). However,
for an optimum postfault operation, proper fault detection and
localization must be achieved. An interesting idea, which seems
general for all interleaved converters, is that a fault always
induces a noncompensation of the output voltage harmonic
(for a series connection) or the input current harmonic (for a
parallel connection) at the cell switching frequency fsf . Then,
the detection of a high magnitude of this harmonic appears to
be a suitable approach for the series’ ML FC converter fault
detection algorithm, while its phase can be used to locate the
faulty cell. Moreover, this approach requires only one voltage
sensor per output phase.

Fig. 11(a) shows the normal behavior of the phasors at fsf ,
while Fig. 11(b) shows the noncompensated component for
a short circuit in cell 1. Fig. 12 shows the principle of the
diagnosis procedure: The output voltage is filtered through a
bandpass filter tuned at fsf , three values spaced at 120◦ are
sampled, and a 3φ/2φ transformation is applied to obtain a
vector representation as defined by

�vsf =
2

3

(

vsf

∣

∣

∣

t=0

+vsf

∣

∣

∣

t= T

3

e−j 2π

3 +vsf

∣

∣

∣

t= 2T

3

ej 2π

3

)

. (4)

An adaptive threshold on the three sectors is included to
account for the influence of slightly different duty cycles on
the harmonic magnitude and to safely detect and localize the
faulty cell. A more detailed implementation is presented in [4].
For a greater number of cells (four, five, . . .), the angle of the
sectors is reduced, and localizing the fault can be difficult and
unreliable with this method. In such a case, a direct diagnosis
could be performed, owing to the Vcesat monitoring included in
each gate driver.

C. Modulation and Control Technique

Following the diagnosis, the reconfiguration of the control
signals consists of applying the suitable phase shift of the carri-
ers to the remaining operative switches, in order to maintain

Fig. 13. (a) Practical diagnosis of a short-circuit fault applied over one cell
to a three-cell/four-level inverter. (b) Three-cell→ two-cell reconfiguration by
means of the rephase shifting 2π/3→ π/2.

an optimal interleaved output voltage in postfault mode and
to balance the voltage across all switches. For a three-cell
converter, the optimum phase shift is 2π/3 before the fault; it
becomes π/2 after a short-circuit fault.

Finally, Fig. 13(a) shows the practical diagnosis of a short-
circuit fault applied to one cell of a three-cell FC converter,
with an effective switching frequency at a load of 3 × 16 kHz;
following the three-cell → two-cell reconfiguration, the carrier
phase shift is changed from 2π/3 to π/2.

Unlike the NPC fault operation and the NP reconfiguration,
the FC converter allows the use of a full modulation index at
the cost of an overvoltage rating of all switches and capacitors,
as detailed in Section III-A. Even if this condition is realized,
the power level should be reduced in postfault operation at least
for two reasons.

1) The overvoltage across the switches increases switching
losses on the dies, and the load current should be reduced.

2) The spike voltage at turnoff can be higher that the volt-
age margin and, here again, the load current should be
reduced to offer a fail-safe remedial operation.

IV. FAULTS IN CM INVERTERS

A. Fault Diagnosis

1) Detection Based on Waveform Analysis: In fault opera-
tion, unexpected signal values are observed. In [9], the total
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Fig. 14. General scheme for a fault detection system based on voltage
waveform.

Fig. 15. General scheme for a fault detection system based on AI.

output phase voltage, e.g., vao in Fig. 17, is measured and
compared with its expected value v∗

ao. In normal operation,
both values are very similar; however, depending on the fault,
large differences can be observed. These values can be tabulated
to obtain information about the specific fault. Some faults
produce similar effects on the voltage; thus, for proper fault
identification, more than one step is required, and information
from previous steps must be used, as shown in Fig. 14.

2) Use of AI Algorithms: In [6], the use of artificial intelli-
gence (AI) algorithms, due to their ability to recognize patterns,
is proposed to detect and identify faults in a CM inverter. The
basic scheme is shown in Fig. 15. First, as in the previous
method, the total output phase voltage is measured. Then, a
series of mathematical algorithms like fast Fourier transform
and correlations are applied to the measured data. This step
is called feature extraction system (FES), and it allows the
number of inputs and the size of the NN to be reduced, thereby
simplifying the system and also reducing the NN training time.

Once the FES process has been completed, the NN analyzes
the data and, if applicable, detects the fault. Note that the
behavior of the NN will depend on the selection of the FES
process, its own structure, and the training process. According
to [6], the detection time is about 100 ms (six to ten times the
fundamental period).

3) Detection Based on Spectral Analysis: Based on the
same principle used in Section III-B, in [5], a detection method
based on the spectral analysis of the total output phase voltage
is used. In normal operation and using a phase-shift modulation
strategy, the total output voltage on each phase will commutate
at nfs, where n is the number of series-connected cells and fs is
the switching frequency of each cell. Moreover, no significant
component at fs should be present in vao. In fault, however,
a significant component at fs appears in vao, indicating not
only a fault in the phase but also the faulty cell. To do this, a
discrete Fourier transform (DFT) focused on the fs component
is applied to vao, in order to calculate the magnitude and
phase of its component at fs. This value is compared with
its expected value, which is estimated by a model based on
the converter harmonic behavior plus a small offset signal to
overcome unmodeled effects. If the measured magnitude is

Fig. 16. General scheme for a fault detection system based on spectral
analysis.

TABLE IV
FAULT DETECTION ALGORITHMS FOR CM COMPARISON

higher than the estimated value, the fault is detected, while
the faulty cell is determined by calculating the angle of the
measured fs component though the DFT data, as shown in
Fig. 16.

For internal short-circuit faults, a detection time about one
sample time (1/nfs) is reached, while for open-circuit fault,
the detection time will be between one sample time and a half
fundamental period, depending on the fault instant.

Table IV summarizes the main characteristics of the fault
detection algorithms described.

B. Hardware Solutions

1) Use of a Redundant Cell: The concept of redundant com-
ponents has widespread use in power electronics. However, due
to the high number of elements that an ML converter requires,
in most of the cases, it is not an option. An alternative approach
is presented in [22], where no redundant components but cells
are used, as shown in Fig. 17. In this way, the number of extra
components does not dramatically increase, while the reliability
of the converter is not compromised. When a cell faults, it is
isolated from the system by using the bypass switch T shown
in Fig. 18, which changes from normal position n to fault
position f . After that, the redundant cell becomes operative,
reestablishing the normal operation.

According to [22], this solution allows the reliability to be
almost the same with that using redundant power switches for
each semiconductor but uses minimum additional hardware.

C. Modulation and Control Techniques

If the fault cannot be compensated by redundant hardware,
control and modulation techniques can be applied to sustain the
operation.

1) Bypass Operative Cells: When a fault occurs, the number
of operative cells per phase is no longer the same; thus, unbal-
anced output voltages are applied to the load. A simple way to
recover the balanced operation is to bypass as many cells as
necessary, in order to operate with the same number of cells on
each phase. Fig. 19 shows the fasorial diagram of an 11-level
CM inverter operating in normal conditions [Fig. 19(a)] and
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Fig. 17. CM inverter with redundant cells.

Fig. 18. CM cell with bypass switch T .

Fig. 19. FPSC in an 11-level CM converter. (a) Normal operation. (b) Un-
balanced operation with one faulty cell in phase b and two cells in phase c.
(c) Balanced operation by bypassing operative cells. (d) Balanced operation by
using FPSC.

operating with three faulty cells, one in phase b and two in
phase c [Fig. 19(b)]. Clearly, under a fault, nonbalanced line-
to-line, and hence load, voltages are obtained. Then, to restore
the balanced operation, three operative cells are bypassed: two
in phase a and one in phase b, obtaining a 40% lower balanced
voltage in the load, as shown in Fig. 19(c).

2) FPSC: In [31]–[33], the phase shift between the voltage
references is modified to overcome the unbalanced voltage
magnitude provided by the inverter phases, using all the opera-
tive cells. Using this concept, a larger balanced load voltage is
obtained, as shown in Fig. 19(d), where the voltage under fault
is only 23% lower than the full operative converter.

The optimum phase-shift angles for different faults can be
obtained from

v̂2

a + v̂2

b − 2v̂a Vb cos(α) = v̂2

b + v̂2

c − 2v̂b v̂c cos(β) (5)
= v̂2

c + v̂2

a − 2v̂c v̂a cos(γ) (6)
α + β + γ = 360◦ (7)

where v̂a = ‖Va‖, v̂b = ‖Vb‖, v̂c = ‖Vc‖, α = ∠(�va, �vb), β =
∠(�vb, �vc), and γ = ∠(�vc, �va).

As this system is nonlinear and the number of possible faults is
limited, the use of a precalculated angle table is recommended.
In [34], however, an online control structure that performs
the balancing operation is proposed, based on common-mode
signal injection concept. Finally, additional considerations and
limitations of fundamental phase-shift compensation (FPSC)
are detailed in [35], regarding large faults and the effect of
output power factor (PF) in the behavior of the converter.

Fig. 20 shows the experimental results for an 11-level MC
converter with five faulty cells, two in phase b and three in phase
c. It can be clearly appreciated how the line-to-line voltages
and load currents are highly unbalanced due to the fault and
how they are rebalanced when the FPSC is applied, even with
unbalanced converter voltages.

3) Use of Redundant States: A well-known characteristic of
ML converters is that they have many redundant states. These
states can be easily used to overcome fault operation, specially
when vectorial approach, defined by

�v =
2

3

(

va + vb e−j 2π

3 + vc e−j 4π

3

)

(8)

is used.
In [23]–[25], the space-vector modulation (SVM) algorithm

is used. As usual, the three vectors nearest to the reference
are located (�vx, �vy , and �vz in Fig. 21), and the proper times
for those vectors are calculated. This information is sent to the
modulator, which chooses, according to some prefixed criteria,
a switch combination that generates the desired output voltage.

When a fault occurs, all the switching combinations that use
the faulty cells are considered as invalid combinations, and they
are not used by the modulator in the switch selector step, as
shown in Fig. 21.

A similar approach is used in [26], where a space-vector
control [36] modulation is used. In this case, the modulator
uses the vector that is closer to the reference, �vy in Fig. 21(b),
applying a valid combination along the whole sample period,
reducing the commutation losses.
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Fig. 20. Experimental results for an 11-level CM with five faulty cells, two in phase b and three in phase c. (a) Converter output voltages. (b) Line-to-line
voltages. (c) Load currents.

Fig. 21. Eleven-level CM inverter with a faulty cell in phase a. (a) Vectorial
representation. (b) Redundant and forbidden states for an SVM with a faulty
cell in phase a.

Note, however, that, using either of the previously presented
solutions, the maximum output voltage vector that can be gen-
erated is lower than in normal operation, and its new maximum
value will depend on the fault.

4) Control of the DC-Link Voltage: The CM inverter has
been used as STATCOM in many works [37]–[39]; in such
applications, H-bridge inverters are used as active rectifiers con-
trolling the H-bridge current, to improve the PF of the overall
system, and the dc-link voltage on each cell. This additional
degree of freedom is used in [22]. When a fault is detected, the
reference of the operative cells in the same phase is increased
in such a way that the total phase voltage prior to and after
the fault is the same. As a direct consequence of this, the dc-
link voltage controller increases the active current reference i∗a,
as shown in Fig. 22. Both reactive and active currents (ir and
ia, respectively) are controlled by an inner current control loop,
which generates the gate signals for the converter. Note that, for

Fig. 22. General control scheme for operation under fault with controlled dc-
link capability converters.

a proper operation, the converter components must be overrated
in voltage and current to operate with the new dc-link voltage.

A similar concept is used in [40], where three-phase active
rectifiers are used at the input of each cell, and then, control over
the input currents and dc-link voltage of each cell is obtained. In
this paper, the change in the dc-link reference is complemented
with an FPSC strategy, allowing to share the dc-link voltage
increase among all the converter operative cells, significantly
reducing the overrate of the converter components.

V. CONCLUSION

This paper has shown that it is not necessary to measure the
condition of each semiconductor to properly detect a fault in
an ML converter. The availability of powerful microprocessors
permitted the development of very intelligent strategies to iden-
tify faults quickly, using a reduced number of sensors, by mea-
suring the converter output signals (voltage or current in the load).

This paper has established that reliability design is not
sufficient for high-power converters with a great number of
switches. Fault modes have to be safely managed by using the
additional degrees of freedom for each topology. Fortunately,
for ML converters, a large number of redundant states are
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available, which can be exploited by using appropriate modu-
lation and/or control, providing to the load high-quality signals
and reasonable power even under fault operation.

All ML topologies are able to operate under fault conditions.
For the NPC, many topology modifications have been proposed
for operation in reduced, or even nominal, conditions. From the
presented topologies, the FC is the only one that can operate at a
nominal rate under fault without requiring additional hardware.
However, its semiconductors and capacitors must be properly
rated to deal with the dynamic and static overvoltage due to the
fault. Finally, the CM expands the traditional concept of hard-
ware redundancy, by using redundant cells instead of individual
semiconductors and/or capacitors, which dramatically reduces
the complexity of the design and the number of components.

Fault detection and operation are in continuous development.
Among the unresolved problems are the stability of the short-
circuit failure of a die according to stress after a fault in an FC,
fault in NPC converters of five levels (or greater), fault in asym-
metrical CM converters, and the dynamics along the transition
from normal to faulty operation. Notice that additional tests,
under full power operation in industrial installations, should
be done in order to fully validate the strategies presented in
this paper. However, the results presented based on labora-
tory prototypes give important information about the expected
performance.
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