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Abstract—The paper presents a new single-phase fault-tolerant
five-level inverter with 100% DC utilization. Self-balancing of dc
capacitors with reduced device counts and compact T-type struc-
ture will enhance the overall reliability of the proposed topology.
A simple half-bridge circuit with two additional semiconductor
devices were added to the topology to obtain more redundant
states which can support the five-level generation under most
of the fault conditions. Moreover, the waveform quality and the
power handling capability is ensured under various open/short
circuit fault conditions of the proposed topology with the help
of redundant switches and modified pulse width modulation
scheme. Further, reduced device count and minimum number
of conducing devices in each cycle ensure the highest efficiency
with its counter parts. The proposed circuit is tested through
MATLAB/Simulink environment for various open circuit fault
conditions and the results are presented. Finally, a comprehensive
comparison is made to highlight the merits of the proposed
topology.

Index Terms—Fault-tolerant, T-type structure, Multilevel in-
verter, switch faults, Pulse width modulation.

I. INTRODUCTION

There is ever increasing interest in multilevel inverters
(MLIs) because of their use in various industrial applications,
renewable grid connected systems, aircraft, marine propulsion,
FACTs, high voltage system etc. This is mainly due to their
ability to produce output voltage close to sinusoidal waveforms
at lower electromagnetic interface, low stress across the device
and low total harmonic distortion (THD). The most well-
known conventional MLIs are neutral point-clamped (NPC),
flying capacitor (FC) and cascaded H-bridge (CHB). Achiev-
ing an output level depends on the number of devices and
dc sources. However, for increase in levels, increasing device
count increases the complexity of the circuit and the devices
are highly prone to faults. It has been observed that 21% of the
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faults occur in devices and 13% in solders, and another survey
reports that 38% of device failure is inclined to variable speed
drive applications [1]. These results decrease in the reliability
of the systems.

Recently, to address the above problem, numerous topolo-
gies with lower devices and fault-tolerant have been proposed
by various researchers in [2]-[10]. The drawback of these
topologies is a reduction in redundant switching states and low
fault-tolerant capability with lower output level. To overcome
the above drawbacks and increase the fault-tolerant capability,
an additional redundant circuit is introduced in MLIs. A
comprehensive review of various fault-tolerant MLIs is given
[2] with the features of uninterrupted power supply to loads,
better efficiency, lower components and lower cost. It is shown
that fault tolerance has been done based on solutions of
either switch’s addition, leg addition, modular replacement or
parallel redundant inverter. This paper addresses most of the
cases of additional switches and redundant based topologies.
It can be noticed that most of the topology’s structure is
complex and more devices are in operation to produce five-
level, seven-level and nine-level output voltage waveforms [3].
In [4], a fault-tolerant MLI for single-phase five-level output
voltage with the capability of a single switch and multiple
switches is presented. However, it uses two dc sources and 12
switches, which include 4 additional switches for fault-tolerant
operation. In [5], FC based single-phase MLI is proposed with
a redundant leg which consists of 6 switches and can produce
a full output rating with single dc source during single switch
and multi-switch fault conditions. In [6] & [7], reduced switch
count fault-tolerant MLI is proposed with full output power
capability during single and multi-switch faults with two dc
sources. The T-type based single-phase MLI with reduced
device count and redundant leg is proposed with fault-tolerant
capability in [8] & [9]. These topologies have a large number
of component count and require two dc sources.

In order overcome the above limitations of more dc sources
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and more redundant switches, in this paper, a new single-
phase fault-tolerant T-type five-level inverter is presented.
The main advantages of the T-type structure are simplicity,
modulator and one redundant leg which consists of a half-
bridge converter to analyze the output voltage waveforms
under one switch or multi-switch open circuit faults. The
proposed topology is an added advantage as it can operate at
100% dc utilization with common mid-point neutral. Simple
level-shifted pulse width is used to realize the five-level output
voltage under healthy, during fault and post-fault conditions.
The complete operation of the proposed topology is tested in
MATLAB software and the results are presented. Moreover,
a comprehensive comparison is made with recent topologies
to highlight the merit of the proposed topology. Finally,
concluding remarks are presented.

II. PROPOSED FAULT-TOLERANT FIVE-LEVEL INVERTER
A. Circuit Description

Fig.1 shows the proposed single-phase fault-tolerant T-type
five-level inverter. The main circuit consists of two cascaded
T-type inverters, two capacitors and a single dc source. Each
T-type network has four switches and is capable of producing
three-level output voltages. The cascading of the dual T-type
network produces five-level output voltage waveform. The two
capacitors are connected in series with self-balanced voltage
of Vg4./2. It can be noticed that there is no requirement
of additional passive components for boosting or the full
utilization of dc-link voltage at the output voltage. Moreover, it
requires 400V dc input compared to 800V in NPC based MLIs
which reduces the rating of switching devices and passive
components to half and this is an added advantage of the
proposed topology. This results in reduced size, cost, higher
efficiency, reliability and increased power density [11]. A
simple one-leg H-bridge circuit is used in the redundant leg.
The complete operation under healthy, during fault and post-
fault conditions are as follows;
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Fig. 1. Single-phase fault-tolerant T-type five-level inverter.

B. Working Principle

In this paper, a simple level-shifted pulse width modulation
(LS-PWM) scheme is implemented to realize the five-level
operation. Four carriers and one fundamental sine waveform
are compared to generate switching states for various levels
of operation Vg., Vg./2, 0, -Vy4./2 & -V4. as shown in
Fig. 2. Moreover, Table I highlights the switching sequence

for various level generations which is useful for a quick
understanding. The state 0 means off and 1 means on. It
can be noticed that in most of the states the number device
in conduction is less than half of the overall device, which
demonstrates that the topology is capable of operating at
higher efficiency.

Carriers M

a
05 S5y _
0
1
05 5‘1 ~ b
0
1
05 <« Sg ]
0
1
0.5 | L S ]
0
1 .
05} KSB H
D -
05 S - H
0 0.005 0.01 0.015 0.02
Time (s)

Fig. 2. LS-PWM for firing pulse generation.

TABLE 1
SWITCHING SEQUENCE FOR FIVE-LEVEL OUTPUT VOLTAGE WAVEFORM
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In order to evolve the fault-tolerant capability, the proposed
topology tests for a single switch open circuit faults of all
switches independently. Fig. 3 shows the path for the direction
of current and corresponding level generations under single-
switch open circuit faults at S;. It can be noticed from Fig.
3 that five-level output voltage is produced during an open
circuit fault at S and the output voltage switching sequence
for all the switches under open circuit is given in Table 1L
It can be noticed that most of the times, five-level output
voltage is produced and in some cases three-level output
voltages are produced with the use of the redundant leg
during single switch open circuit faults. Similarly, Table III
gives the switching sequence and the corresponding output
voltage level generation for different combinations of two
switches under fault conditions. Except the worst of Sy &
S5 or S4 & Sg, either three-level or five-level output voltage
can be generated by the proposed two-switch redundant leg
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with full output power. One can observe that during the five- TABLE I

level operation the redundant switches are used for five-level SWITCHING SEQUENC;;gf;:\)’jﬁé’ggﬁ}f;i‘;UTPUT LEVEL AFTER

output waveform. For the 3-level waveform, the modulated

fundament'al waveform is reduced to half to produce the ch, SFglll;y On state switches for specified output levels (:ltplllt

0, & -V 4. in the proposed topology. Hence, the fault detection witches v VT i T eve

algorithm and the corresponding switch sequence selection is A 3. dscg 5'3,(1655 2. 5a S;CSG 5. ‘fgc? 5L

important to form the lookup table to operate the topology for Sa S5, 88 | 53,55 | S3.54 | 53,5 | Se. 57 5-L

the prescribed output voltage level generations. S S5, 58 | 52,54 | S5, 57 | 51,5 | Se, S7 | 5L
Sy Ss, S8 | 53,55 | S5,57 | S3,56 | Se, S7 5L
Ss S1, Sa S3, S4 Sa, S4 — 3-L
Se — S1, Sa S3, S4 Sa, S4 — 3-L

TABLE III

SWITCHING SEQUENCE FOR THE AVAILABLE OUTPUT LEVEL AFTER
MULTIPLE SWITCHES FAULT

Multiple Output
Faulty On state switches for specified output levels Level
Switches
+Vdc +Vdc 2 0 7Vdc 2 7Vdc

S, Sa S5, Sg S3, Ss S5, St S3, Sg Se, S7 5-L
S1, S3 S5, Sg S4, Sy S5, S S4, S7 Se, S7 5-L
S1, Sa S5, Sg — S5, S7 — Se, S7 3-L
S1, Ss — S4, Sy S6, S8 S4, S7 — 3-L
S1, Se — S4, Sy S5, S8 Sa4, S7 — 3-L
Sa, S3 S5, Sg S4, Sy Ss, S7 Sa4, S7 Se, S7 5-L
Sa, S S5, Sg — S5, S7 — Se, S7 3-L
Sa, Sk — S4, Sg S6, Sg S4, S7 — 3-L
S3, S S5, Sg — S5, S7 — Se, S7 3-L
Ss, Sk S1, Sa S6, Sg Sa, S4 3-L
S3, Se — S4, Sg S5, S7 Sa, S7 — 3-L
S5, Se — S1, Sa S3, Sa Sa, S4 — 3-L
Sa, S5 - - %
S, Se - — - - - %

NEW 5-LEVEL
INVERTER
Using
Generic T-Type
& Half-bridge
Circuit

(0)

Fig. 4. Proposed topology with frond-end boost converter.

Moreover, from Table II & III, it can be understood that
(highlighted in red colour), the three-level output voltage
can be boosted to rated 400V during the above periods by
regulating the dc input voltage with the use of a front-end
DC/DC boost converter as shown in Fig. 4. This results in
same output voltage/power can be achieved in all the states
of operation during OC faults is an added advantage of the
proposed five-Level inverter with generic T-type & Half-bridge
circuit.

IIT. SIMULATION RESULTS

In order to verify the proposed fault-tolerant capability
(€)vine = —Vae and .to realiz§ output voltage.: wayeform, .simulation work was

carried out in MATLAB/Simulink environment. The study

Fig. 3. Five-level output voltage generation under switch S open circuit ~ Was performed for a switching frequency of 5 kHz and the
fault. modulating fundamental sine waveform of 50 Hz. V. of 400V
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Fig. 5. Simulation results of inverter output voltage and load current during OC fault (a) S1 (b) Current flowing through switch S1 and transition period.
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Fig. 6. Simulation results of inverter output voltage and load current during OC fault (Healthy condition, during fault and post-fault), (a) Sa2, (b) S3, (¢) Sa,

(d) S5 & (e) Se.

and a constant load of 252 & 10mH were considered.
Here, the open circuit (OC) fault is created across various
devices by triggering the pulses as per the sequence given in
Table II. Fig. 5(a) illustrates the inverter output voltage and
the corresponding load current during healthy condition, fault
period and post-fault conditions. It can be noticed that the
five-level output voltage with equal magnitude of dc voltage
is generated that shows that the full output power capability of
the inverter under faulty conditions is the same as in healthy
conditions. Fig. 5(b) shows that the mode transitions change
from zero state to one based on whether the corresponding
switching sequences change under faulty situation. The switch
current S; becomes zero during fault and post-fault conditions
i.e., from 0.2 sec to 0.5 sec.

Similarly, the fault is created at various switches and their
corresponding output voltage and load current are shown in
Figs. 6(a) to (e). Except S5 and Sg faults, the five-level output
voltage remains same during healthy as well as post-fault
conditions. As discussed before, during fault at either S5 or

S¢ the three-level output voltage waveform is generated by
regulating the magnitude of the fundamental waveform to
generate equal output voltage as shown in Figs. 6(d) & 6(e).
The load current becomes sinusoidal and delivers power to
the load. Moreover, the proposed topology is tested for grid
connected operation with the use of a simple proportional-
resonant (PR) controller. Fig. 7 shows the simulation results of
inverter output voltage, grid voltage and grid current (scaled up
to 10 times) during OC faults across switches S5 and S3. It can
be noticed that the fault is created at 0.3 sec and the inverter
output of five-level voltage waveform is remains unchanged
by changing the switching sequence and injects current into
the grid. This shows the developed algorithm works well and
is most opted for OC faults.

IV. COMPARISON OF VARIOUS FAULT-TOLERANT MLI
TOPOLOGIES

In order to evolve the performance of the proposed topology,
a comparison of various fault-tolerant five-level topologies
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Fig. 7. Simulation results of inverter output voltage, grid voltage and load
current during OC fault across S & S3 (Healthy and post-fault conditions).

is made in this section. Table IV shows the comparison of
renowned five-level inverters such as NPC, FC and CHB along
with various fault-tolerant MLIs proposed in recent years. It
can be noticed that the proposed topology is compact and
requires only single dc source compared to CHB and other
references [4], [6], & [10]. Most of the recently proposed
topologies demand more devices and driver circuits compared
to the proposed topology. This shows that more devices were
in conduction for other five-level topologies compared to a
maximum of three switches in the proposed topology. This
implies that the switching and conduction losses will be lower
and overall efficiency is expected be significantly higher than
that of other fault-tolerant MLIs. Moreover, the proposed MLI
is more competitive in terms of single dc source requirement
and 100% utilization of input source.

V. CONCLUSION

This paper presents a new single-phase fault-tolerant T-type
five-level inverter. The proposed topology owns the advantages
of both modular and reduced count with a maximum of three
switches were in operation. The complete operation of single
switch OC faults and switching scheme for multi-switch OC is
also presented. Level-shifted PWM is implemented to produce
the desired output voltage. In order to validate the fault tolerant

capability of the proposed MLI, simulation was performed in
MATLAB software and the results are presented. Further the
full DC bus utilization of the proposed circuit made interesting
alternative for the DC bus mid-point clamping circuits. Finally,
a detailed comparison is made to highlight the significance of
the proposed MLI in terms of devices and efficiency.
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