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Abstract— This paper presents the
operation of five-level (5L) diode-clamped
inverter (neutral- point clamped) inverter
under device failure conditions, and also
proposed the fault-tolerant strategies to
enable continuous operation of the
inverters under device open- and short-
failure conditions. The multilevel concept
is used to decrease the harmonic distortion
in the output waveform without decreasing
the inverter power output. Multilevel
inverters have been attracting in favour of
academia as well as industry in the recent
decade for high-power and medium-
voltage energy control. Furthermore, it
balances the voltage levels automatically
without assistance from other circuit. This
proposed concept has simulated with the
help of MATLAB/Simulink software and
outputs have been proposed.

Keywords— multilevel inverters, PWM,
fault- tolerance, ANPC

I.  INTRODUCTION

Multi level inverters have found
successful applications in medium-voltage
high-power electrical drives, such as
mining, pumps, fans, and tractions. Since
multilevel inverters have a large number of
power devices, any device failure may
cause the abnormal operation of the
electrical drives, and require shutdown of
the inverter and the whole system to avoid
further serious damage. However, in some
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critical industrial processes with high
standstill cost and safety-aspect concern, a
high reliability and survivability of the
drive system is very important. Therefore,
fault-tolerant operation of multilevel
inverters has drawn lots of interest in
recent years, and several researchers have
addressed the fault-tolerant issues for the
popular multilevel topologies, such as
neutral-point-clamped (NPC) inverters,
flying capacitor inverters, cascaded H-
bridge inverters, and generalized inverters

In most fault-tolerant  solutions,
additional components (such as power
devices, fuses, or even phase legs) are
required to be added to standard multilevel
inverters for fault-tolerant operation. This
will increase the cost and may even reduce
the reliability of the inverters and drive
systems due to employing more
components. Moreover, both device open
and short failure may occur in the
inverters, depending on the characteristics
and failure mechanism of power devices;
thus, a comprehensive fault-tolerant
scheme should consider both failure
conditions.

Controlled AC drives in the
megawatt range are usually connected to
the medium-voltage network. Today, it is
hard to connect a single power
semiconductor switch directly to medium
voltage grids. For these reasons, a new
family of multilevel inverters has emerged
as the solution for working with higher
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voltage levels. Depending on voltage
levels of the output voltage, the inverters
can be classified as two-level inverters and
multi-level inverters. The inverters with
voltage level 3 or more are referred as
multi-level inverters. Multilevel inverters
have become  attractive recently
particularly because of the increased
power ratings, improved harmonic
performance and reduced EMI emission
that can be achieved with the multiple DC
levels that are available for synthesis of the
output voltage.

Multilevel inverters have a large
number of power devices, any device
failure may cause the abnormal operation
of the electrical drives, and require
shutdown of the inverter and the whole
system to avoid further serious damage.
However, in some critical industrial
processes with high standstill cost and
safety-aspect concern, a high reliability
and survivability of the drive system is
very important. Therefore, fault-tolerant
operation of multilevel inverters has drawn
lots of interest in recent years, and several
researchers have addressed the fault-
tolerant issues for the popular multilevel
topologies, such as neutral-point-clamped
(NPC) inverters, flying capacitor inverters,
cascaded  H-bridge inverters, and
generalized inverters.

This paper analyses the operation
of 5L-NPC inverters under device failure
conditions and proposes the fault tolerant
strategies with reconfiguration topology to
enable continuous operation of the
inverters for device open and short failure.
Therefore, the reliability and robustness of
the inverters are greatly improved.

Il. MULTILEVEL INVERTER
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The general structure of the
multilevel inverter is to synthesize a
sinusoidal voltage from several levels of
voltages typically obtained from capacitor
voltage sources. Multilevel inverters are
being considered for an increasing number
of applications due to their high power
capability associated with lower output
harmonics and lower commutation losses.
Multilevel inverters have become an
effective and practical solution for
increasing power and reducing harmonics
of AC load. The main multilevel
topologies are classified into three
categories: diode clamped inverters, flying
capacitor inverters, and cascaded inverters.
In a three-phase inverter system, the
number of main switches of each topology
is equal. Comparing with the number of
other components, for example, clamping
diodes and dc-link capacitors having the
same capacity per unit, diode clamped
inverters have the least number of
capacitors among the three types but
require additional clamping diodes. Flying
capacitor inverters need the most number
of capacitors.

Fig. 1 shows a schematic of the
normal five level DCMLI. It is a very
general and widely used topology. DCMLI
works on the concept of using diodes to
limit voltage stress on power devices. A
DCMLI typically consists of (m-1)
capacitors on the DC bus where m is the
total number of levels in the output
voltage. The order of numbering of the
switches for phase a is Sal, Sa2, Sa3, Sa4,
Sa5, Sa6, Sa7 and Sa8 and likewise for
other two phases. The DC bus consists of
four capacitors C1, C2, C3 and C4 acting
as voltage divider. For a DC bus voltage
Vdc, the voltage across each capacitor is
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Vdc/4 and voltage stress on each device is
limited to VVdc/4 through clamping diode.

The middle point ‘n’ of the four

capacitors can be defined as the neutral | Sa|Sa|Sa|Sa| Sa | Sa|Sa|Sa| . .
point. 1123 |4 5 6 7 8
; 17111 0 0 0 0 | Vvdc/2
+ Va2 Sal
J Dal 0|1 1|1 1 0 0 0 | Vvdc/a
Gl
SR = ojof[1[11][1]o]o]| O
Va/4 ololol1] 11|10 [-vdca
AP ~ 0|0 0|0 1 1 1 1 |-Vvdc/2
Cz::Dﬁ““ Dal2 |
o TABLE-1
Ve 4 | SWITCHING SCHEME FOR 5L
= S DCMLI
C;,:: 3
paz
Fy
Va4 = The steps to synthesis the five level phase
aly - Sa7 Da7 . -
; T+ a output voltage in this work are as
o " D follows:
]
. Viel2 e For phase a output voltage of
Fig. 1 One phase leg for five level Van=0, two upper switches Sa3,
DCMLI Sa4 and two lower switches Sa5 and

Sa6 are turned on.

e For an output voltage of
Van=Vdc/4, three upper switches
Sa2, Sa3, Sa4 and one lower switch
Sab5 are turned on.

e For an output voltage of
Van=Vdc/2, all upper switches Sal
through Sa4 are turned on.

e To obtain the output voltage of
Van= -Vdc/4, upper switch Sa4 and
three lower switches Sa5, Sa6 and
Sa7 are turned on.

e For an output voltage of Van = -
Vdc/2, all lower switches Sa5
through Sa8 are turned on.

The principle of diode clamping to
DC-link voltages can be extended to any
number of voltage levels. Since the
voltages across the  semiconductor
switches are limited by conduction of the
diodes connected to the various DC levels,
this class of multilevel inverter is termed
diode clamped MLI. Table 1 shows the
output  voltage levels and the
corresponding switch states for one phase
of the chosen five level DCMLI. The
switches are arranged into 4 pairs (Sal,
Sab), (Sa2, Sab), (Sa3, Sa7), (Sa4, Sal). If
one switch of the pair is turned on, the
complementary switch of the same pair
must be off. Four switches are triggered at
any point of time to select the desired level
in the five level DCMLLI.

I11. PHASE DISPOSITION PWM
METHOD
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The rules for phase disposition method for
a multilevel inverter are
e 4 carrier waveforms in phase are
arranged.

e The converter is switched to +
Vdc/2 when the sine wave is
greater than both upper carrier (C1
& C2).

e The converter is switched to +
Vdc/4 when the sine wave is
greater than first upper carrier (C2).

e The converter is switched to zero
when sine wave is lower than upper
carrier (C2) but higher than the
lower carrier (C3).

e The converter is switched to —
Vdc/4 when the sine wave is less
than first lower carrier (C3).

e The converter is switched to -
Vdc/2 when the sine wave is less
than both lower carrier (C3 & C4).
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Fig. 2 Carrier arrangement for PDPWM
strategy

The frequency modulation index
mf = fc/fr

The Amplitude modulation index
ma = 2Ar/ (m-1) Ac
Where
fc — Frequency of the carrier signal
fr — Frequency of the reference signal

(1

1 N A N A A C3
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Ar-Amplitude of the reference signal
Ac — Amplitude of the carrier signal
m — Number of levels

IV. FAULT TOLERANT DESIGN OF
INVERTERS
A. Reconfiguration of NPC Inverter

It is composed of two additional
IGBTSs in each phase. These are connected
antiparallel with freewheeling diodes
Dx12, Dx12’ (x=a, b, ¢). 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). In this topology, it is not necessary
to oversize the power semiconductors
because they will not have to withstand
over voltages. However, the maximum
modulation index under fault condition is
reduced. Under device failure condition,
due to the symmetrical structure of 5L-NPC
topology, the failure of Saq1/Da1 and Sa8
/Dag has similar effects on the inverter,
and this is also valid for the other pairs:
Sa2 /Da2 and Sa7 /Da7 , Sa3 /Da3 and
Sa6/Da6 , Sa4 /Da4 and Sa5 /Das.

B. Fault tolerant strategy
If any single device failure
occurs among Sal /Dal through Sa8
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/Da8, the output terminal of the faulty
phase needs to be connected to the NP of
dc-link. The modulation signals also need
to be modified in order to maintain the
balanced three- phase line-to-line voltages.

In carrier-based SPWM modulation
of 5L-NPC inverters, the references of the
phase voltages in normal operation are
balanced with a displacement of 120°. In
this paper, we assume the maximum
modulation index is 1 for linear
modulation under normal operation. When
the faulty phase can only output “0” voltage
level, instead of using the balanced phase
voltages as the reference signals, we must
modify the reference signals to ensure that
the line-to-line voltages are balanced.
Therefore, a new set of phase voltage
references is provided in (1). As seen, to
avoid over modulation, the maximum
modulation index is limited to 0.577
during fault-tolerant operation, which is
1/3 of that in normal operation.

If phase a fails, and it is hence
connected continuously to the NP, the
following set of reference voltages has to
be generated:

Van =0
Vpn = A sin (wt - 57/6) } (1)

Ven = Asin(wz + 57/6)

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

Vap = A sin (Wt + 7/
Ve = A sin (wt - 7z/2) (2)

Vea = A sin (Wt + 57/6)

V. SIMULATION RESULTS
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To verify the proposed fault-tolerant
strategies, simulation is implemented in
MATLAB/Simulink. ~ The  simulation
parameters are: dc bus voltage Vdc = 200
V, dc-link capacitors = 6.6 mF, carrier
based SPWM modulation, switching
frequency fsw = 1.5 kHz, modulation
index =1, fundamental frequency f =50
Hz, and inductive load (R=2Qand L =
4 mH). We assume the fault occurs and is
detected at 0.05 s. Here modified reference
voltage signals are applied at 0.1 s.

Figs. 3 and 4 show the load current and
load voltage waveforms for single device
open failure on Sal/Dal and Sa 2 /Da2
respectively. Figs. 5 and 6 show the load
current and load voltage waveforms for
single device short failure on Sal/Dal and
Sa 2 /Daz2 respectively.
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Fig 3: Waveforms under Sal / Dal open
failure (a) Load Current (b) Load Voltage
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Fig 4: Waveforms under Sa2 / Da2 open
failure (a) Load Current (b) Load Voltage
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Fig 5: Waveforms under Sal / Dal short
failure (a) Load Current (b) Load Voltage
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Fig 6: Waveforms under Sa2 / Da2 short
failure (a) Load Current (b) Load Voltage
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VI. CONCLUSION
This paper analyses the operation
of 5L-NPC inverter under device failure
conditions. The results show that the
inverters, even though employing more
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semiconductor devices, have higher
reliability than 5L-NPC inverters when a
de-rating is allowed for the drive systems
under fault tolerant operation. Here
reconfiguration  NPC  circuit  with
modified reference signals are used to get
the balanced three phase line to line
voltage.
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