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Abstract: This paper introduces a method for the reconfiguration of a transformer-based cascaded
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1. Introduction

Nowadays, the use of inverters is very common in renewable energy, motor control
and uninterruptible power supply applications. Among the existing topologies, multilevel
inverters (MLI) have become attractive because they provide high power quality and
high efficiency compared to traditional pulse width modulated inverters. However, it is
worth mentioning that their advantages come at the price of higher complexity, mainly
represented by an increased number of components. For the latter reason, MLIs are mainly
used in medium and high-power applications [1,2].

Multilevel inverter topologies are configured by cascading semiconductors on the
inverter legs, as in the case of flying capacitors and diode-clamped topologies, or by
cascading H-bridges. In the latter case, each bridge is fed by an isolated DC source or, in
an alternative configuration, using a single DC source, the output side or each bridge is
isolated by a low-frequency transformer. The latter topologies are referred to as transformer
cascaded MLI (TBC) and are advantageous because of the simplicity of the power electronic
circuitry compared to other MLI topologies [3].

In TBC-MLI topologies, each inverter stage uses an H-bridge consisting of four MOS-
FETs or IGBTs. Therefore, in a single-phase inverter with four stages, at least 16 power
semiconductor elements are required. The more stages that make up the inverter, the
more components are needed and, consequently, the greater the probability of inverter fail-
ure. Hence, fault-tolerant control strategies are of great importance to provide alternative
operating modes to ensure the continuous operation of the inverter [4-6].

The development of fault tolerance techniques in multilevel inverters has made it
possible to maintain the main operating characteristics of the inverter even when it is under
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some form of fault, showing partial or very similar operation to when it is operating in
normal mode. Existing fault tolerance techniques have been developed using changes
to the control algorithm or hardware architecture, either using redundancy strategies or
additional components. Open-circuit and short-circuit faults of switches are the most
common faults found in multilevel inverters, although faults in other power devices can
also be encountered. Tolerance to open-circuit faults are the most commonly discussed in
the literature [7-11] and to a lesser extent short-circuit faults [12]. These faults are treated
separately but there are techniques to tolerate both types of faults [13-17].

Literature recognize techniques applied to multilevel inverters to preserve a desired
behavior in certain variables or parameters after the occurrence of a fault. Depending on
the application, different methods are used to try to reduce the harmonic content [7,18],
improve the power factor [16], maintain the nominal load torque in a motor [13], minimize
the distortion in the input current [19], recover the levels lost after a fault [7], among
others. This can be achieved in various ways depending on the inverter topology and the
modulation technique used. One of the most commonly used techniques in the literature
is to remove the faulty device or module, so that the inverter auto-tunes itself with the
remaining healthy modules or devices. For example, in [5,14], where a cascaded H-bridge
topology is studied, when an open-circuit fault occurs in one of the switches on the high
side of a bridge, the switch in front of it is turned off and the switches below it are kept on.
Conversely, when a short-circuit fault occurs, the switch in front of it is turned on and the
lower switches are turned off. Another technique is to avoid using the inverter module
where the fault has occurred, regardless of which of its devices has stopped working.

The literature concerning the application of fault-tolerant methods in transformer-
based cascaded multilevel inverters is very scarce. In [20], a fault-tolerant system for a
single-phase inverter consisting of three H-bridge stages isolated through low-frequency
transformers is presented. The three inverter stages are fed by a common DC source
and produces voltages following the asymmetrical progression 2V (1:2:4) under normal
conditions. Two of the transformers have multiple secondary windings while the other has
only one secondary winding. The output voltage is obtained from the series connection
of the secondaries of the three transformers. The reconfiguration of the inverter during a
fault event is conducted through bidirectional switches that allow changing the connection
tap in the multi-winding transformers. Using this method of reconfiguration, when a fault
occurs, the number of levels is reduced from 15 to 13, producing an increase in THD of less
than 4%. A disadvantage of this method is that the RMS voltage of the output voltage can
vary in the range of +20%. In [21], a fault-tolerant system for a three-stage inverter using a
low-frequency transformer at the output of each stage is presented. The difference with
the previous method is that only one of the three transformers is multi-winding and the
additional windings are on the primary side of the transformer. The connections between
the H-bridge and the transformer taps can be changed using bidirectional switches. Under
normal operating conditions, the three inverter stages follow the asymmetrical 3V (1:3:9)
progression. In case of failure of the 1:1 ratio stage or the 3:1 ratio stage, the remaining
stage comes in to replace it. The number of levels of the resulting signal is reduced from 27
to 9 and in consequence, the THD increases significantly.

This paper presents the analysis of possible reconfiguration strategies for a four-stage
MLI using the particular asymmetrical 6:7:8:9 ratio. The study focuses on the possible
decommissioning of one of the inverter stages. Two main methods are proposed to reconfig-
ure the inverter to produce the output signal: (i) using pulses containing information of the
absent levels in the duty cycle and (ii) optimally adjusting the firing angles of the existing
levels. Different alternatives for each method are also studied. The results show that the
minimum THD is obtained using the second method. The rest of the paper is organized
as follows: Section 2 develops the topology studied and the principle of operation. Then,
the effect of possible faults is characterized in Section 3. The inverter reconfiguration
alternatives are discussed in Section 4 and the simulation results are presented in Section 5.
Finally, conclusions are presented in Section 6.
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2. Studied Multilevel Inverter and Control

The transformer-based cascaded multilevel inverter shown in Figure 1 is composed
of four full-bridge converters, which perform the DC-AC conversion from the control
applied to their semiconductors [1]. Each of the inverter stages is isolated from the others
by a low-frequency transformer. In this way, adding the signals in the secondaries of
the transformer (vq(t) + v2(t) + v3(t) + v4(t) = v,(t)) gives the different output levels to
produce a steeped signal with properties close to those of a pure sinusoidal signal. The
more levels the multilevel inverter is capable of producing, the greater the similarity to the
pure sinusoidal signal and the lower the total harmonic distortion (THD). When using a
common power supply, the inverter can be symmetrical or asymmetrical depending on
whether the turns ratios of the transformers are the same or different, respectively.

The particularity of the asymmetrical configuration studied in this work is that the
transformation ratios are not the same for each transformer, nor do they follow a geometric
progression. The ratio (6:7:8:9) allows two main advantages: (1) a low harmonic distortion
achieved with a signal of 31 levels (2.6 %) and (2) a balanced power distribution between
the four DC-AC stages (25.61% : 25.24% : 24:70% : 24:45%) [6]. Although the concept
developed in this paper can be extended to inverters with other asymmetric ratios, it is
relevant to see that the redundancy provided by the ratio of 6:7:8:9 is a special case. In
the previously mentioned work, for a normal operation of the inverter, redundancy is
exploited to enforce balance in the power distribution among the inverter stages. In this
new proposal, redundancy allows to provide alternative switching patterns to operate the
inverter in a degraded mode when one of the stage goes out of service and maintain an
acceptable quality.
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Full Bridge + +
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S, - - .
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Figure 1. Schematic diagram of the four-stage multilevel inverter based on a single-phase transformer.

To build the output signal depicted in blue color in Figure 2, the switches of the
H-bridges of the inverter stages are commuted according to a switching pattern. Each level
is held during a time interval in which we can define two time instants (firing angles), the
time at which the interval starts and the time at which the interval ends. In consequence,
the instant corresponding to the end of one interval is the same as the one in which the
next interval starts. As a result of the symmetry of the produced signal, there are intervals
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with the same time duration. Considering the first quarter-cycle of the waveform in
which the levels are increasing following a positive sequence (1, 2, 3..., M), it is possible
to identify two sinusoidal envelopes, one above the square signal (external) and another
below (internal). In the context of the work presented in this paper, if a pulse is aligned with
the external envelope, it is considered that the pulse has outward alignment. Contrarily,
if a pulse is aligned with the internal envelope, it is considered that the pulse has inward
alignment. In Figure 2, the red color signal is the ideal sinusoidal reference to produce the
output voltage.

o i
= - y
= N
E | Internal

¥ i envelope

=

~

L

e

Figure 2. A quarter of cycle of a multilevel signal showing relation of time intervals with external
and internal envelopes.

The control of the inverter can be divided into two parts, one corresponding to
operation in normal conditions and another corresponding to operation in faulty conditions.
Integration of these two parts implies the implementation of a fault detection logic which
provides information to the generator of the control signals of the H-bridges of the inverter
and also to a complementary logic dedicated to imposing the isolation to the fault condition.
Both the normal operation switching pattern and the faulty operation switching patterns
are implemented by using lookup tables which are reproduced into a digital controller
according to the fault detection logic. A block diagram containing the above described
blocks for one of the stages of the inverter is shown in Figure 3. When a fault is detected,
the isolation logic inhibits the control signals of the faulty stage and enforces a short circuit
in the output using the same power semiconductors of the bridge or using an additional
bidirectional switch connected at the output on the H-bridge. In a previous work, we
proposed a method for the detection of inverter faults by means of machine learning
techniques [22].

v (t) | Fault detection Fault isolation Y DC-AC
logic logic Stage

o A
i

Pointer

]
i
i
i

i

«  Lookup tables with switching patterns and time intervals 7
-

Figure 3. Description of steeped signal along with external and internal envelopes.

3. Inverter Stage Failure Characterization

Given its operation, when a fault occurs in one of the inverter stages, the THD of the
output voltage increases considerably, which can lead to an undesired increase in the circuit
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currents and deterioration of the components, among other inconveniences. Figure 4 shows
the effect on the output signal in the presence of a fault due to an out-of-service failure of
any of the inverter stages. For ease of graphical analysis, the output signal in the presence
of a given fault is compared to an ideal sinusoidal signal with an amplitude value of 15.
Please note that in the example, it is considered that one of the stages is in short circuit.
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Figure 4. Output waveforms for a failure in one of the inverter stages (short circuit).

As can be seen, the output signals present a clear deformation, modifying their effec-
tive voltage values, but above all, presenting a very high THD. Therefore, a new switching
pattern is necessary to reconfigure the inverter when an anomaly is detected in the opera-
tion, thus reducing the THD to admissible levels. Table 1 presents the harmonic content of
the output signal together with the THD, considering the presence of a short-circuit fault in
one or two of the inverter stages.

Table 1. THD, RMS voltage and amplitude of harmonic components for different inverter failures.

Amplitude for Harmonic Order [V]
3 5 7 9 11 13

Stage Failure THD [%] RMS Voltage [V]

None 2.62 10.63 15.03 0.03 0.02 0.02 0.01 0.003 0.009
6 63.16 9.35 1118 3.04 1.05 252 178 4.04 1.87
7 53.97 9.03 1123 387 06 05 071 023 255
8 60.52 9.35 11.32 046 235 095 008 039 273
9 80.34 10.3 1135 121 183 392 1.11 343  2.08

67 100.04 7.39 739 08 047 3.01 106 382 067
6-8 131.02 8.7 747 261 128 345 184 3.65 4.61
6-9 108.1 7.82 751 427 291 142 066 062 0.19
7-8 108.85 7.86 752 43 293 144 064 062 018
7-9 129.21 8.73 756 263 125 343 183 3.66 4.62
8-9 96.5 7.51 764 077 05 299 105 382 0.66

When one of the inverter stages fails, the system loses the ability to produce the full
sequence of levels in the output signal. Table 2 shows the levels that can still be produced
despite the failure of one of the stages. As can be seen, when the inverter stage S fails,
there are seven levels that cannot be produced (marked with X), when a failure occurs in
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the Sy or Sg stages, there are four levels that cannot be produced, and, when the inverter
stage Sg fails, there are five levels that cannot be produced.

Table 2. Switching patterns to produce the output voltage levels in the event of a failure in one of the
inverter stages.

Failure in Sg Failure in Sy Failure in Sg Failure in Sg
Level S7  Sg Sy Se Ss Sy S¢ Sy So S¢ S7 Sg
0 0 0 0 0 0 0 0 0 0 0 0 0
1 -1 1 0 0 -1 1 -1 1 0 0 -1 1
2 -1 0 1 -1 1 0 0 -1 1 -1 0 1
3 X X X -1 0 1 -1 0 1 X X X
4 X X X X X X 1 1 -1 X X X
5 X X X 1 1 -1 X X X 1 1 -1
6 1 1 -1 1 0 0 1 0 0 1 0 0
7 1 0 0 1 -1 1 0 1 0 0 1 0
8 0 1 0 0 1 0 1 -1 1 0 0 1
9 0 0 1 0 0 1 0 0 1 -1 1 1
10 -1 1 1 X X X -1 1 1 X X X
11 X X X -1 1 1 X X X X X X
12 X X X X X X X X X X X X
13 X X X X X X 1 1 0 1 1 0
14 X X X 1 1 0 X X X 1 0 1
15 1 1 0 1 0 1 1 0 1 0 1 1

4. Alternatives for Inverter Reconfiguration

To propose alternatives for the generation of the output signal in the absence of one
of the stages, two reconfiguration methods are discussed below: one that uses pulses for
the generation of each of the missing levels and one that produces a single pulse between
the existing levels. For the first method, the use of one or two pulses and the alignment of
these pulses in or out of the time interval of each of the missing levels is presented. For the
second method, aligning the pulse in or out of the total time interval of consecutive levels
and optimizing the THD based on the firing angles to reconstruct the missing levels are
presented as variants.

4.1. Generation of Each Missing Level Using a Single Pulse

From what is presented in Table 2, an alternative is proposed to produce the missing
levels based on the use of existing level pulses, considering that the level information is
contained in the pulse duration. For example, when the inverter stage S fails (see cells
with gray background color in Table 2), it is not possible to produce level 11. The realizable
levels before and after are levels 10 and 15, respectively. Then, level 11 is replaced by a
pulse between levels 10 and 15 with a duty cycle calculated by the following expression:

Nu_Ni
D=2 1
N.— N @

where N; is the immediately preceding lower realizable level, N; is the next higher realizable
level, N, is the level to replicate, and D is the duty cycle to calculate. For the other levels in
the same example (failure at inverter stage S¢), the duty cycles are:

3-2 4-2 5-2 11-10
2= 15779 =04 Pu= 5795706 Du=1577;=08

With the duty cycles obtained, two alternatives are proposed. The first one consists of
aligning the pulse with the external part of the range of the level to be produced (outward
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alignment) and the second one aligning the pulse with the internal part of the range (inward
alignment). As can be seen in Figures 5 and 6, the inward alignment offers a lower THD in
the signal obtained.

Failure inverter stage S6 — Outward alignment Failure inverter stage S7 — Outward alignment

— Reference signal

— Reference signal

— Output signal
THD =7.58%
Vrus = 10.65V

— Output signal
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L L L L L L

T T 3m 0 s T 3
0 i z T " 3 2 T "
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sl T T T Tl T : T
12 1 12r
) 'y
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. ; ) .
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0 0

0 Ed T 3 0 n 7 3n
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Figure 5. Waveforms—Configuration with a pulse and outward alignment.
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Figure 6. Waveforms—Configuration with a pulse and inward alignment.

4.2. Generation of Each Missing Level Using Two Pulses

To produce the missing levels in the inverter using two pulses, the time interval
corresponding to the desired level is divided into two equal time intervals, applying the
same duty cycle determined for the one-pulse case to each of them. As in the case of a
pulse, inward and outward alignment is considered to analyze its effect on THD. As can be
seen in Figures 7 and 8, similar to what happens in the case of a pulse, inward alignment
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favors a decrease in THD. A decrease in THD is also observed with respect to the case
where only one pulse is used.

Failure inverter stage S6 — Outward alignment 2 pulses  Failure inverter stage S7 — Outward alignment 2 pulses

U Hl
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eference signal
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Failure inverter stage S8 — Outward alignment 2 pulses  Failure inverter stage S9 — Outward alignment 2 pulses
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— Output signal
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Amplitude
Amplitude

THD = 9.39%
Veus = 10.67V
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Figure 7. Waveforms—configuration with two pulses and outward alignment.
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Figure 8. Waveforms—configuration with two pulses and inward alignment.

4.3. Generation of Consecutive Missing Levels Using a Single Pulse

In this method, an equivalence is made between the areas of the missing levels and
the area of a single pulse used to replace them. Hereafter, this alternative is referred to as
the “base configuration”. Taking as an example the failure of the inverting stage Sg, the
consecutive levels 3, 4 and 5 are not reproducible, then, as represented in Figure 9, the areas
corresponding to each of these levels are added to define the area of the pulse that will
represent them in the signal.
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Failure inverter stage S6 — Base configuration (outward)  Failure inverter stage S7 — Base configuration (outward)
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Figure 9. Area of non-replicable levels (3, 4 and 5) with S¢ in failure.

The shadow zone in Figure 9 is defined as Aj,:. The pulse used to replace the missing
levels has an amplitude “h” (four levels in the example) and a base “b” calculated as

indicated in Expression (2).
Apet
== @
In this way, the duration of the pulse is obtained, which can be located from the
beginning of the interval of the first consecutive non-realizable level or finish at the end of
the interval of the last of the non-realizable levels. Following the aforementioned logic, the
results shown in Figures 10 and 11 are obtained.
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Figure 10. Waveforms—Base configuration with outward alignment.



Mathematics 2022, 10, 3463

10 of 14

Amplitude

Amplitude

Failure inverter stage S6 — Base configuration (inward)

Failure inverter stage S7 — Base configuration (inward)

Failure inverter stage S8 — Base configuration (inward)

] 151
X:1.013 X: 2.128 1y f2p
Y: 10 Y:10 - X:0.7306 . i
] 3 Y9 X:0.9929 X: 2149
- B9 Y11 Y11 *
— Reference signal 2 X 241
— Output signal § 6f — Reference signal E
X:02707 THD = 9.88% , — Outputsignal
IS Vasis = 1073V FeEaE] THD =5.01%
0 Y3 Vams = 10.65V
T T 3 . T T 3
4 2 4 T 1 2 7 4
w[Rad/s] w[Rad/s]

Failure inverter stage S9 — Base configuration (inward)

151
X:1.216 X:1.926 ° 121
1 Y13 Y13 i -g
X:0.878 X:2.264 = 9r = .
Y:10 Y: 10 = X:0.8299 X:2.312
- g Y:9 —"
— Reference signal < 6r — Reference signal
— Output signal - — Output signal
X:0.34 X:2.802 3+
V-4 THD =5.1% Y:4 THD =651% T7508
— c 3
 Vews = 1065V | olT %) Vams = 10.67 V e
| | 1
h:4 h:4 3n 0 k:4 k:4 3n
4 2 4 " 4 2 4 "
w[Rad/s] w[Rad/s]

Figure 11. Waveforms—Base configuration with inward alignment.

As can be seen when comparing Figures 10 and 11, the inward aligned configuration
is the most favourable for THD. However, it is not known whether the method used
corresponds to the optimal one to obtain the lowest THD, so it is proposed to perform
a complete sweep of the firing angles used to replace the missing consecutive levels.
Consequently, each group of consecutive levels maintains a degree of freedom in the
optimization. For example, in the case of a failure in inverter stage Sg, there are two
degrees of freedom, one corresponding to the angle to substitute levels 3 and 4, and another
corresponding to the angle to substitute levels 11, 12 and 13. The range to perform the
variation of the angles for the first interval (degree of freedom 1) is defined by the end angle
of the interval producing the level two and the start angle of the interval producing the
level five. Similarly, the range to perform the variation of the angles for the second interval
(degree of freedom 2) is constrained between the ends of the interval corresponding to
the level ten and the start angle corresponding to level 14. It is worth recalling that firing
angles was computed following the procedure developed in [6]. All the degrees of freedom
and the ranges of angles for the different inverter stages that fail are summarized in Table 3.

Table 3. Degrees of freedom for optimization.

Degree of Freedom 1 Degree of Freedom 2 Degree of Freedom 3

Failed
Inverter Stage  Start End Start End Start End
Se 9.59° 21.51° 44.43° 75.17° - -
Sy 13.49° 17.46° 39.30° 44.43° 50.05° 64.17°
Sg 17.46° 21.51° 44.43° 56.44° 64.17° 75.17°
Sg 9.59° 17.46° 39.30° 56.44° - -

Considering the intervals presented in Table 3 and a resolution of 0.5°, a complete
sweep of the angles is performed for each of the cases. To organize the results, Figure 12
shows the resulting THD as a function of the angle of one of the degrees of freedom.



Mathematics 2022, 10, 3463

11 0f 14

; THD Minimization — Failure inverter 56 75 THD Minimization — Failure inverter S7
17 L
=
=)
=
-
Firing Angle(Degrees) Firing Angle(Degrees)

THD Minimization — Failure inverter 58 105 THD Minimization — Failure inverter 59
S ®
= =]
£ =

65 6 & 6 6 70 T
Firing Angle(Degrees) Firing Angle(Degrees)

Figure 12. Minimization of the THD for different failed inverter stages.

Table 4 presents the comparison of the THD obtained with the different methods,
verifying that the optimization provided the best possible result. As can be seen, the most
favorable THDs correspond to the failures of inverter stages Sy and Sg while the worst case
corresponds to the failure of inverter S¢. Figure 13 shows the waveforms obtained with the

proposed optimization.
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Figure 13. Waveforms—Base configuration with optimization.
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Table 4. Comparison of THD (%) for different methods studied.

Failed Base Configuration One Pulse Two Pulse
Inverter Stage Opt. Inw. Outw. Inw. Outw. Inw. Outw.
Se 9.22 2195 9.88 15.32 12.41 14.65 13.21
Sy 4.95 8.72 5.01 7.58 5.46 7.10 6.06
Sg 494 876 5.10 7.80 5.48 7.28 6.14
So 645 1298 6.51 9.89 7.69 9.39 8.30

5. Simulation Results

To validate the results obtained for the best configuration, the simulation shown in
Figure 14 was built using PSIM software. The simulation considers that the inverter has
an input voltage of 48 V, produces an output voltage of 220 V and feeds an output load of
110 Q). This implies that the isolation transformer of the inverter stages has the following
turns ratios: 1:2.592725, 1:3.024846, 1:3.456966 and 1:3.889087. Power semiconductors and
transformers are considered ideal (parasitic resistances are equal to zero). The step time of
the simulation is defined as 0.9982 ps. The obtained signals are depicted in Figure 15.

1:2.892725
I
, : - %
0 - Sin fallas <]
1:3.024845 B -= 55 en falla File

e 7 -» 57 enfalla

8-> 58 en falla
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- .
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[ o
i

o . e
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e v@JE e . .
| é) - I
. 1 % g a
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Figure 14. PSIM simulation used to obtain validation results.
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Figure 15. Simulated results for possible failures in one of the inverter stages.

6. Conclusions

In this work, different methods have been developed to produce the output signal in
the failure modes of the asymmetrical multilevel inverter with 6:7:8:9 ratio. Based on the
results, it can be concluded that the use of a suitable firing angle to replace consecutive
levels is more effective than the use of pulses with absent level information in the duty cycle.
Results show that, in any failure case, the inverter would operate with an output voltage
THD of less than 10 percent. Current work is devoted to the implementation of a laboratory
prototype of the system integrating the detection, isolation and reconfiguration stages of
the control. The corresponding results will be included in a subsequent publication.
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