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ABSTRACT. Keeping electrical systems running is critical in industries especially in those that rely
on static converters, for example in the case of inverters, continuous and safe of operation must be
ensured even if one of the inverter’s static switch modules fails. This paper presents a method for fault
detection in static converters. The study presents a 3-phase 3-level NPC (Neutral Point Clamped)
inverter with IGBTs as static switches where open-circuit or closed-circuit faults are considered. In
addition, leg failure and structural reconfiguration are also considered in this fault-tolerant inverter by

adding a fourth 3-level leg.

KeyworbDs: Multilevel NPC inverters, IGBT, fault detection, fault isolation, structural reconfiguration,

fault tolerant.

1. INTRODUCTION

Multi-level power converters that efficiently convert
electrical energy from one form to another play a very
important role in various applications [IH5]. They
have been used for several years in high voltage, high
power applications [6] and have been successfully ap-
plied in medium-voltage, high power electric drives,
such as fans, pumps, mines, and electric tractions [7,[8].
Amongst these multilevel converters are those with
neutral point clamps (NPC), flying capacitors (FC),
and cascaded H-bridges (CHB) [9].

The main advantages of multilevel inverters are
a limited voltage transients, low harmonic distortion
at the output voltage and current, and high efficiency
over the power operating range [L0H12]. However,
since this type of converters have a large number of
switching devices that increases the probability of
failure which decreases their reliability, any device
failure can cause electrical drives to function abnor-
mally, requiring shutdown of the inverter and the
entire production-line system to prevent further se-
rious damages [I3HI5]. However, when inverters are
used in safety-critical or high-reliability applications,
they must operate permanently, even in the event of
failure [I6]. According to a recent industry research
on power converters, semiconductor devices are the
most sensitive components [I7, [I8]. Together, these
failures account for 21 % of system failures during con-
version [19], there are various types of faults that can
occur in inverter system, such as DC-link short cir-
cuit to ground, DC-link capacitor-bank short circuit,
short-circuit damage of the switch, and open-circuit
damage of switch [16].

To ensure a continuous safe and fault-tolerant op-
eration of electrical systems after the failure of the

inverter, fault-tolerant characteristics must be taken
into account during the design phase [20] 21], that is
to say, an overall fault tolerance of the power converter
must take into account the technological aspects when
it comes to the electrical isolation of the power sup-
ply switch faulty and reconfiguration of the system
after the failure [22]. Moreover, fault tolerance has
become of great importance in several applications.
For example, wind turbines should not stop in case
of failure because their maintenance can be difficult
and expensive, however stopping a large-scale energy
production can cause serious problems of grid stability
and lead to a risk of black-out [11 22].

This paper focuses on a three-phase three-level NPC
inverter provided with a fourth spare fault-tolerant
leg. In can detect a power switch fault, either an open
circuit or short circuit, using sensors of voltage and
an algorithm for the detection of faults. The proposed
scheme uses a pair of fuses, additional semiconductor
components and 2 auxiliary contacts to isolate the
faulty leg and reconfigure the inverter to recover into
a safe post-fault operation. To investigate the system
performance, simulations are performed for switch
failures without and with fault tolerance possibilities.

2. FAULT DETECTION AT THREE-LEVEL
NPC INVERTERS

A diagnosing method for switch failures will be de-
velop based on the analysis of electrical quantities with
voltage characteristics. This method requires 12 volt-
age sensors to have measured the 12 voltages of the
12 switches (Sg4, with z = {a,b,c}, i = {1,2,3,4}),
denoted Vi, (Figurell)). The latter allows us to detect
the fault of a switch regardless of it being an open
circuit or short circuit (OC, or SC), knowing that Vg,
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FIGURE 1. Three-phase 3-level NPC inverter with 12
voltage sensors for fault detection.
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FIGURE 2. Fault detection.

is a voltage source of a direct current (V. = 400V),
C1, C2 are DC capacitors.

To perform this fault detection, it is necessary to im-
plement an algorithm that can compare the measured
voltages of the switches to their reference voltages,
established from the control orders of the three-level
NPC inverter (Figure [2)).

2.1. ALGORITHM FOR DETECTING A SWITCH
OC FAaULT
The conduction times of the switches in Sector 1 are
shown in Figure
We take, for example, the switch Sgq:
if time >= 2«Ty+1} /4+T2 /4
and time < 2xTy+T17 /4+T2/4—|—Ta12

if Via1 > O:
K; = 1; faulty switch.
else:
K7 = 0; healthy switch.
end,
end,
where

Ty, T1, T> application time of adjacent vectors,
T,, modulation period,

T,1 conduction time of switch S,; in Sector 1,
Vsa1 voltage at the S, switch terminals,

K, CO fault detection signal of switch Sg;.

Knowing that, Vj, Vi...,Vi4 are output voltage
vectors.

We do the same for the other sectors, and the other
switches.
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FiGUuRE 3. Conduction times of switches in Sector 1.

2.2. ALGORITHM FOR DETECTING A SWITCH
SC FAULT

We take, for example, the switch S,; in Sector 1 (Fig-
ure [3)):
if time >= 0 and time < 2xTy+T /4+T>/4:
Zf V;al > 0:
K7 = 0; healthy switch
else:
Ky = 1; faulty switch.
end,
end,
We do the same for the other sectors, and the other
switches.

3. FAULT ISOLATION AND POST-FAULT
RECONFIGURATION TECHNIQUE FOR
A FAULT-TOLERANT 3-LEVEL 4-LEG
NPC INVERTER

The investigated fault-tolerant topology is a 3-phase
3-level NPC inverter consisting of 3 main legs cor-
responding to 3 phases and a 4" spare leg. Since
the four legs are identical, this fourth leg will replace
one of the main legs if the one main leg fails due to
a short circuit or open circuit in one of its four IGBT
(Insulated Gate Bipolar Transistor) switches.

After detecting an IGBT switch fault at the in-
verter level (done in past section), the corresponding
leg is instantaneously isolated. Then, the correspond-
ing phase is connected to the 4" spare leg as shown
in Figure [l This reconfiguration can be done by
controllers and additional components. An efficient
technique that combines both the isolation and the
post-failure reconstruction is proposed below.

The isolation of the leg with the faulty IGBT is
based on the fusion of a pair of fuses placed on the two
ends of the leg (F,1, Fyo with = {a, b, c}). Indeed,
when an IGBT presents a fault, the two fuses must be
tripped simultaneously through the triggering of the
two thyristors T,1 and T,o (x = {a,b,c}) as shown
in Figure [4] which are corresponding to the faulty
leg. These thyristors ensure the connection of the
corresponding phase to the fourth spare leg. And two
auxiliary contacts K, (z = {a, b, c}) must be added
next to the two clamped diodes to isolate the phase
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FIGURE 4. Structure of the proposed three-phase 3-level fault-tolerant NPC inverter.

corresponding to the active neutral point in the event
that one of the two internal IGBTs fails in a short
circuit.

To ensure the post-fault rescue connection of the
isolated phase with the fourth leg so that the latter
takes over from the faulty leg, it must insert addi-
tional power components. For each leg, there is a pair
of diodes, and a pair of thyristors which are previ-
ously used for isolation. In normal operation, they
are blocked. They enter into conduction after the de-
tection of the fault and connection of a spare leg into
switching. The spare leg is, therefore, spontaneously
and instantaneously connected to the corresponding
phase after the fault and ensures the continuity of the
operation at 100 % of voltage and power.

This new technique has two advantages. On the
one hand, it is applicable regardless of the nature of
the defect. On the other hand, it is inexpensive since
the same components, in this case the two thyristors,
provide, at the same time, the isolation and the con-
nection of the phase corresponding to the fourth spare
leg.

4. SIMULATION RESULTS

A simulation was carried out for the inverter in the
healthy state case, in the faulty state case without
fault tolerance, and in the faulty state case with fault
tolerance.

4.1. HEALTHY INVERTER

It is obvious that the healthy state case, will give us
the theoretically expected results as shown below in
(Figure [5] Figure[6] Figure 7).

Figure |5 shows the phase voltage (Vg,), which
switches between the three voltage levels (0, Vg./6
and Vj./3) with the effective value being 85.75V as
shown in Figure [7]

Voltage (r)

FIGURE 5. Phase voltage waveform ( Va,) for healthy
state case.
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FIGURE 6. Vg, zoom for healthy state case.
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FIGURE 7. Harmonic content of Vj, for healthy state
case.
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FIGURE 8. Phase voltage waveform ( Vi, ) for short-
circuit fault case.
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FIGURE 9. V4, zoom for short-circuit fault case.

4.2. INVERTER FAILURE WITHOUT FAULT
TOLERANCE

Two cases are done, short-circuit fault case and open-

circuit fault case.

4.2.1. SHORT-CIRCUIT FAULT CASE

A short-circuit fault is applied to switch S, in the first
leg, which corresponds to phase a at time ¢t = 0.037s

(Figure [8] Figure |§|, Figure .

4.2.2. OPEN-CIRCUIT FAULT CASE

An open-circuit fault is applied to switch S,; in
the first leg, which corresponds to phase a at time

t =0.037s (Figure [L1] Figure [12] Figure[L3).

4.3. INVERTER FAILURE WITH FAULT
TOLERANCE

Two cases are done, short-circuit fault tolerance case

and open-circuit fault tolerance case.

4.3.1. SHORT-CIRCUIT FAULT TOLERANCE CASE

A short-circuit fault is applied to switch S, in the first
leg, which corresponds to phase a at time t = 0.037's

(Figure Figure Figure [16).

4.3.2. OPEN-CIRCUIT FAULT TOLERANCE CASE

An open-circuit fault is applied to switch S,; in
the first leg, which corresponds to phase a at time

t =0.037s (Figure Figure Figure [19)).
Table [[] summarises the simulation result values.
From the simulation results, it can be seen that:

e When a short-circuit fault occurs, the phase voltage
waveform (V,,,) is distorted (see Figure[8)), the value
of voltage (Vi) increases to 97.21V and the THD
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FIGURE 10. Harmonic content of V,, for short-circuit
fault case.
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FIGURE 11. Phase voltage waveform ( Vi, ) for open-
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fault tolerance case.
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FIGURE 17. Phase voltage waveform ( Vi,
circuit fault tolerance case.

) for open-

(Total Harmonic Distorsion) increases to 83.21 %,
as shown in Table [1l

e For an open circuit fault, the phase voltage wave-
form (V) is unaffected (see Figure , the value
of voltage (Vay,) decreases to 74.27V and the THD
increases more than in the short-circuit fault case,
to 91.67 %, as shown in Table

e When a proposed fault tolerance is applied, the
value of voltage and the harmonics are almost un-
affected (see Table [L).

5. CONCLUSION

The reliability and survivability of electrical drives
based on power electronics converters are very impor-
tant in terms of safety and economic costs.

This article presents a new reconfiguration for
a fault-tolerant four-leg NPC inverter. In this topol-
ogy, the fourth leg, which is added to the standard
three-leg NPC topology can replace any of the other
legs in the event of a power switch failure, whether
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FIGURE 19. Harmonic content of V,,, for open-circuit

fault tolerance case.

Voltage THD
Inverter states Vin [V] %]
Healthy inverter 85.75 68.61
Short-circuit fault case 97.21 83.21
Open-circuit fault case 74.27 91.67
Short-circuit fault tolerance case 85.18 68.76
Open-circuit fault tolerance case 84.95 68.79

TABLE 1. Simulation result values of V.

open or short to using the voltage sensors at the ter-
minals of these switches and a simple algorithm, thus
increasing the reliability of the system.

The feasibility and efficiency of open-circuit, short-
circuit fault detection, and fault tolerance of our pro-
posed inverter design were verified by a simulation.
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