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Abstract: Multilevel inverters have been widely used in various occasions due to their ad-
vantages such as low harmonic content of the output waveform. However, because multilevel
inverters use a large number of devices, the possibility of circuit failure is also higher than
that of traditional inverters. A T-type three-level inverter is taken as the research object, and
a diagnostic study is performed on the open-circuit fault of insulated gate bipolar transistor
(IGBT) devices in the inverter. Firstly, the change of the current path in the inverter when an
open-circuit fault of the device occurred, and the effect on the circuit switching states and
the bridge voltages were analyzed. Then comprehensively considered the bridge voltages,
and proposed a fault diagnosis method for a T-type three-level inverter based on specific
fault diagnosis signals. Finally, the simulation verification was performed. The simulation
results prove that the proposed method can accurately locate the open-circuit fault of the
inverter device, and has the advantage of being easy to implement.

Key words: bridge voltage, fault diagnosis, fault signal, open-circuit fault, T-type three-level
inverter

1. Introduction

Compared with traditional two-level inverters, multilevel inverters have been widely used in
medium-voltage and high-power applications for the advantages of lower dv/dt, total harmonic
distortion and so on [1-4]. In recent years, multilevel inverters have begun to be applied in
some low-voltage situations [5, 6]. Hence, a T-type three-level inverter has been getting more
and more attention because it is high-efficiency and has the characteristics of being suitable for
low-voltage [7,8]. However, there are a large number of power devices in one multilevel inverter.
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As aresult, increasing the number of devices would not only increase the cost but also reduce the
reliability of the inverter, as a break in any of these devices will inevitably make the entire system
fail to work. Therefore, the fault diagnosis methods would be necessary to ensure the reliability
of the multilevel inverter.

In literature [9], a fault diagnosis method was proposed to diagnose multiple transistor open-
circuit faults in a T-type three-level inverter. In the paper, a finite-state machine (FSM) tracking
state transitions and rough set theory (RST) were employed to distinguish state transitions under
various fault modes. A diagnosis method of an open-circuit fault and fault-tolerant control strategy
for T-type three-level inverter systems was proposed and the location of the faulty device can
be identified by the average of the normalized phase current and the change of the neutral-point
voltage [10]. Reference [11] conducted an open-circuit fault diagnosis study of the T-type three-
level inverter device by detecting the midpoint current of the bus, the circuit state vector and
the phase current polarity. Reference [12] carried out fault diagnosis research on the T-type
three-level inverter by sampling the three-phase voltage of the inverter and adopting the error
analysis method of the positive sequence, negative sequence and zero sequence voltage of the
inverter. In order to simplify the diagnosis process, in view of the common electrical faults in
the T-type three-level inverter fed by a dual three-phase permanent magnet synchronous motor
driver, Reference [13] proposed a two-step diagnosis scheme. The first step was to determine the
fault phase and fault category by analyzing the current trajectory on the harmonic subspace, and
the second step was to determine the specific type of fault. However, most of the current fault
diagnosis methods for T-type three-level inverters have a common feature that in the diagnosis
processing one phase follows another. That is to say, a fault in the a-phase is diagnosed according
to the fault characteristic signal of the a-phase. There are few methods that use certain fault
characteristic signals to perform unified diagnosis on all the three-phase inverter devices.

In this paper a fault diagnosis method is proposed for the T-type three-level inverter. This
method is based on a specific fault characteristic signal calculated from bridge voltages and it
can realize unified fault diagnosis for all three-phase devices of the inverter. The second section
briefly introduces the T-type three-level inverter and analyzes the effect of the open-circuit failure
of the device on the inverter. The third section proposes specific fault diagnosis methods. The
fourth section carries out simulation verification and the fifth section gives the conclusion.

2. Fault analysis of T-type three-level inverter

2.1. T-type three-level inverter

The topology of the T-type three-level inverter is shown in Fig. 1. This topology combines the
advantages of traditional two-level inverters (low conduction loss, simple working principle, etc.)
with the advantages of multi-level inverters [ 14]. In a T-type three-level inverter, the power devices
Sx1/Dx1 (x = a, b, ¢) are called high-side devices and the power devices Sy4/Dx4 are called low-
side devices. These devices must withstand the entire input bus voltage Vy. like a traditional
two-level inverter. The remaining power devices (Sy2/Dx2 and Sy3/Dy3) are called bidirectional
devices and only need to bear half of the bus voltage. Here, the voltage between the bridge
midpoint (a, b, ¢) and the midpoint (o) of the DC voltage of each phase is defined as the bridge
voltage (Vxo, X = a, b, C).
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Fig. 1. Schematic of the T-type three-level inverter topology

A common control strategy for T-type three-level inverters [14, 15] is shown in Table 1. In
the table, the switching command “1” indicates that the corresponding device is turned on, and
the switching command “0” indicates that the corresponding device is turned off. The switching
state “P” is realized by controlling Sy; and S, to be turned on, “Z” is realized by turning on Sy,
and Sy3 and “N” is realized by turning on Sy3 and Sy4 at the same time.

Table 1. Switching state, switching command and bridge voltage of the inverter

Switching command
Switching x=ab,c) Bridge voltage
state v

Sx1 Sx2 Sx3 Sx4 0
1 1 0 0 +Vie/2
0 1 1 0 0
0 0 1 1 —Vyel2

2.2. Fault analysis

If there is an open-circuit fault occurring in the devices of the inverter, the current path and
the voltage waveform of the inverter will be affected and resulting in abnormal circuit operation.
Here we take the devices in the a-phase as examples to analyze the influence of the open-circuit
faults.

When an open-circuit fault occurs in S,1, it can be seen from Table 1 that it may affect the
switching state P. When an open-circuit fault occurs in S,p, it may affect the switching states
P and Z. When an open-circuit fault occurs in S,3, it may affect the states Z and N. When an
open-circuit fault occurs in S,4, it may affect the state N. The detailed analysis is carried out
according to different phase current directions in following.
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When the phase current i, > 0 (taking the current direction shown in Fig. 2 as the reference
direction), Fig. 2 shows the change of the phase current path before and after the open-circuit
fault occurs in three different switching states. In the switching state P, the phase current flows
through S, to the load in normal condition. It can be seen that only the open-circuit fault of S
will affect this state. When the open-circuit fault of S,;; occurs, the phase current will continue to
flow through S,» and D3 as shown in Fig. 2(a). In the switching state Z, it can be seen that only
the open-circuit fault of S, will affect the state of the inverter. After the open-circuit fault of S,»
occurs, the phase current will continue to flow through D4, as shown in Fig. 2(b). In the switching
state N, the phase current flows through D 4 under normal conditions, so an open-circuit fault of
any device will not affect this state as shown in Fig. 2(c).

—— Normal

---------- + Open-circuit fault

1,/, 1 Said D,
DR R o I
SaZ Sa3
L L i
AT T e
-
D, Dy |
PG S,

(a) state P (b) state Z (c) state N

Fig. 2. Current path before and after open-circuit fault of different devices (i, > 0): (a) state P; (b) state Z;
(c) state N

When the phase current i, < 0, under three different switching states, the change of the phase
current path before and after an open-circuit fault, is shown in Fig. 3. In the switching state P,
the current flows to the DC power supply through D1, so an open-circuit fault that occurs in any
device will not affect this state, as shown in Fig. 3(a). In the switching state Z, the phase current
flows to the midpoint of the DC power supply through S,3 and D, under normal conditions.
Only the open-circuit fault of S,3 will affect the state. When an open-circuit fault occurs in Sg3,
the phase current freewheels through D, as shown in Fig. 3(b). In the switching state N, the
phase current flows through S,4 in normal condition. If an open-circuit fault occurs in S,4, the
phase current flows through S,3 and D,, to the midpoint of the DC power supply as shown in
Fig. 3(c).

Combined the above analysis results with the information in Table 1, the impact of the open-
circuit fault of different devices in the T-type three-level inverter is shown in Table 2. The column
of “faulty device” in Table 2 indicates that the current path and switching state change only when
this device fails. For example, the open circuit of S,; will only affect the phase current i, > 0 and
the switching state is P. The meaning of “any” is that in this case, an open circuit of any device
of this phase will not affect the phase current path and switching state.
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Fig. 3. Current path before and after open-circuit fault of different devicess (i, < 0): (a) state P; (b) state Z;
(c) state N

Table 2. Influence on the inverter under open-circuit fault of different devices

Phase Normal Open-circuit fault
current Switching | Current | Bridge | Faulty | Current | Switching | Bridge
direction state path voltage | device path state voltage
p Sat +Vac/2 Sal Sa2, Da3 Z 0
ig >0 z Sa2> Da3 0 Saz Day N —Vie/2
N Dgy —Vae/2 any Dgy N —Vae/2
P D, +Vie/2 any D, P +Vie/2
ig <0 z Sz Dun 0 Su3 D P )
N Sa4 —Vae/2 Sa4 Sa3s Da2 z 0

3. Fault diagnosis method

According to the results shown in Table 2, the switching state, current path and bridge voltage
will be impacted when an open-circuit fault occurs. For example, when the phase current i, > 0
and S, is open-circuited, the switching state changes from P to Z, and the change of the switching
state will affect the corresponding bridge voltage. As a result, the bridge voltage will change from
+Vyc/2 to 0. On the other hand, when the phase current i, < 0 and S,3 is open-circuited, the
switching state changes from Z to P, and the bridge voltage will change from O to +V;./2. Hence,
maybe we can find the faulty device in the inverter according to the bridge voltage.

The above conclusion is obvious and some fault diagnosis methods have been proposed based
on the bridge voltage [16—18]. However, the bridge voltage of each phase only represents the
fault information of this phase, and the fault diagnosis processing based on bridge voltages must
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be carried out phase after phase. Therefore, this paper proposes a unified fault diagnosis method
for the open-circuit fault conditions of three-phase devices based on unified consideration of the
bridge voltages.

Assuming that the inverter has a common inductive load, the bridge voltage v, the reference
voltage vier, and the phase current i, of the a-phase are shown in Fig. 4. Here, ¢ in the figure is
the impedance angle.

| 3 vreﬁt Vao
_V:lc i Il l
2 N a
//
0 » Ot
|
|
4 N
_lV S 2l
de |
2 |

Fig. 4. Waveforms of bridge voltage, reference voltage and phase current of T-type three-level inverter

If bridge voltages are processed in a certain way, considering that there is a fixed phase
difference among these voltages, the process result should be able to contain the fault information
of these bridge voltages, and the information will also have fixed phase difference. Two calculation
results of the bridge voltages are expressed here, as shown in Equation (1) and Equation (2). Both
calculation results are used as fault signals for the fault diagnosis of the T-type three-level inverter.

Vsuml = [Vaol + Vbol + [Veol, (D
Veum2 = [Vao + Vbo + Veol )

where Vg0, Vbo, Veo are the three bridge voltages.

Based on the PSIM software, both fault signals have been studied whether the T-type three-
level inverter is under normal or open-circuit fault conditions. It is found that when the T-type
three-level inverter works under normal conditions, the normal value of vgyy; is between 0.5 Vi
and 1.5 V., and the normal value of vy is between 0 and Vi.. When Sy or Sy4 (x = a, b,
c¢) of the inverter is under open-circuit fault conditions, the value of vy, will be abnormal and
between 0 and 0.5 V.. If the open-circuit fault occurs in Sy, or Sx3 (x = a, b, ¢), the value of
vsum2 Will change between Vg, and 1.5 Vg.. In addition, the abnormal value position of vgy| and
vsumz is related to different faulty devices, so the open-circuit fault diagnosis of the inverter can
be carried out based on these signals.

Both fault signals shown in Equation (1) and Equation (2) are studied when all devices of
the T-type three-level inverter are under open-circuit fault conditions. It is found that when an
open-circuit fault occurs in a certain device the inverter works stably, the corresponding value
of fault signals and the location of their abnormal value are shown in Table 3. The location of
the abnormal value of both fault signals in Table 3 takes the coordinate origin of Fig. 4 as the
reference point. In addition, the abnormal value appears in a cycle of 2.
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Table 3. Fault information under open-circuit fault

Faulty device Value of fault signals Location of abnormal value
Sa1 0 < veum1 < 0.5 Vg 60°~120°
Sp1 0 < veum1 < 0.5 Vg 180°~240°
Sc1 0 < veum1 < 0.5 Vg 300°~360°
Saa 0 < veum1 < 0.5 Vg 240°~300°
Spa 0 < veum1 < 0.5 Vg 0°~60°
Sc4 0 < veum1 < 0.5 Vg 120°~180°
Sao Vie < veum2 < 1.5 Ve 60°~120°
Sp2 Vie < Veum2 < 1.5 Vge 180°~240°
Seo Vie < Veum2 < 1.5 Vge 300°~360°
Sa3 Vie < veum2 < 1.5 Vge 240°~300°
Sp3 Ve < veum2 < 1.5 Vg 0°~60°
Se3 Vie < Veum2 < 1.5 Vg 120°~180°

Based on Equation (1), Equation (2) and the result shown in Table 3, a fault diagnosis flowchart
is proposed, as shown in Fig. 5. Firstly, bridge voltages v4,, vpo and v, are acquired. Then two
fault signals vgum1 and vgump are calculated based on Equation (1) and Equation (2). If both fault
signals are normal, there is no failure in the inverter. And if any fault signal is abnormal, it can
be concluded which device has an open-circuit fault based on the information shown in Table 3.

Acquire three bridge voltages

> Location of | 0°~| 60°~ | 120°~ | 180°~ | 240°~ | 300°~
Vaos Vbos Veo abnormal value| 60°| 120° | 180° | 240° | 300° | 360°

¢ Faulty device | Sy | S.; Ses NS Sas Ses

Calculate vy,,; and vy,,, based on Equation
(1) and Equation (2)
Y
N

Location of | 0°~| 60°~ | 120°~ | 180°~ | 240°~| 300°~

N Y ™| abnormal value| 60°| 120° | 180° | 240° | 300° | 360°

Faulty device | Sy3| Sz Se3 Sp2 Su3 Sez

Fig. 5. Fault diagnosis flowchart
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4. Simulation results

A T-type three-level inverter is set up using the PSIM software, with the input DC voltage
Vie 100V, each phase load 8 Q resistor in series with 20 mH inductance. The output voltage
fundamental frequency is 50 Hz and the carrier frequency is 6 kHz. Fig. 6 shows the waveforms
of three bridge voltages and two fault signals under normal operating conditions. It can be seen
that under normal conditions, the bridge voltages are normal three-level waveforms, the value of
Veum1 18 between 50 V and 150 V and the value of vgyy» is between 0 and 100 V.

V,
60.00 42

TG O I
LA TSN LTI

-60.00

60.00 Vb0

0.00 . LT I
i MR INGLILHIAN Il

-60.00

60.00 Veo

M L T
il T

Voltage[V]

Vsuml

0.00 10.00 20.00 30.00 40.00 50.00 60.00
Time[ms]

Fig. 6. Simulation results when the inverter works normally

Fig. 7 and Fig. 8 show the waveforms of the simulation results when the devices S;; and S;4
are under open-circuit fault conditions, respectively. The fault occurrence time of the open-circuit,
named as Trayye, is 20 ms, as shown in Fig. 7 and Fig. 8. It can be seen that when an open-circuit
fault occurs in the above devices, the bridge voltages of the corresponding phase is distorted
and the fault signal vgym; has an abnormal value between 0 and 50 V. Obviously, location of this
abnormal value is related to the different device.

In Fig. 7, the device S,; is under open-circuit fault conditions and it can be known from
Table 2 that the switching state will change from P to Z and the bridge voltage v,, will change
from +Vj./2 to O when the phase current is positive. As a result, there is a relatively long time zero
level in the bridge v,,,. Similarly, in Fig. 8, the device S,4 is under open-circuit fault conditions
and it can be known from Table 2 that the bridge voltage v,, will change from —V./2 to O
when the phase current is negative. As a result, there is a relatively long time zero level in the
bridge v, too.

Another different load is considered here (inductance of the load is changed to 10 mH). Fig. 9
shows simulation waveforms when S, is under open-circuit fault conditions. Compared to Fig. 7,
it can be seen that the bridge voltage v, is a little different but the fault signal vy, is the same.
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Fig. 7. Simulation results when S, is open-circuited
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Fig. 8. Simulation results when S4 is open-circuited

The fault signals vg,m1 are combined using Matlab and the result is shown in Fig. 10. In this
figure, the waveforms from top to bottom are fault signals when S, Sp1, Sc1, Sa4, Spa and Scq
are under open-circuit fault conditions, respectively. The time coordinate of Fig. 10 is the same
as Fig. 7 and Fig. 8, so we take the fault occurrence time 20 ms as the reference point (0°). It can
be seen from Fig. 10 that when the corresponding device is under open-circuit fault conditions,
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Fig. 9. Simulation results when S, is open-circuited with a different load
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Fig. 10. Comparison of the fault characteristic signal vg,;;; When an open-circuit fault occurs
on different devices
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the location of the abnormal value of vy is the same as shown in Table 3. For example, when
the device S,; is under open-circuit fault conditions, the location of the abnormal value in vgym;
is from 60° to 120°, just as “60°~120°” shown in Table 3. In fact, only the middle part of the
abnormal value in vy falls within the location given in Table 3, and both sides are slightly
exceeded. However, it does not affect the result of the fault diagnosis.
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Fig. 11. Simulation results when S5 is open-circuited
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Fig. 12. Simulation results when S,,3 is open-circuited



www.czasopisma.pan.pl P@N www journals.pan.pl
~—

84 Danjiang Chen, Yutian Liu, Shaozhong Zhang Arch. Elect. Eng.

Fig. 11 and Fig. 12 show the waveforms of the simulation results when the devices S, and S,3
are under open-circuit fault conditions, respectively. The fault occurrence time of the open-circuit
Traure is 20 ms as shown in Fig. 11 and Fig. 12. It can be seen that when the open-circuit fault
conditions occur in these devices, the bridge voltages of the corresponding phase are distorted
and the fault signal vgm> has an abnormal value between 100 V and 150 V and the location of
this abnormal value is related to the different device too.

In Fig. 11, the device S,7 is under open-circuit fault conditions and it can be known from
Table 2 that the switching state will change from Z to N and the bridge voltage v,, will change
from O to —Vj./2 when the phase current is positive. As a result, there is a relatively long time
when the bridge v, is alternating between +Vy./2 and —Vg./2. Similarly, in Fig. 12, the device
Sa3 is under open-circuit fault conditions and it can be known from Table 2 that the bridge
voltage v,, will change from 0 to +Vy./2 when the phase current is negative. As a result, there is
arelatively long time when the bridge v, is alternating between +Vy./2 and —Vj./2 too.

The different load with the inductance is 10 mH is also considered when S, is under open-
circuit fault conditions, the simulation waveforms are shown in Fig. 13. Compared to Fig. 11, it
can be seen that the bridge voltage v, is a little different but the fault signal vgn, is the same.
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oooll AT 1
il Il

-60.00

Vsum2

200.00 ‘

30.00 40.00 50.00 60.00

Time[ms]

0.00 10.00 20.00

Fig. 13. Simulation results when S, is open-circuited with a different load

The fault signals vgm» are combined using Matlab and the result is shown in Fig. 14. In this
figure, the waveforms from top to bottom are fault signals when S;2, Sp2, Sc2, Sa3, Sp3 and Sc3
are under open-circuit fault conditions, respectively. It can also be seen from Fig. 14 that when the
corresponding device is under open-circuit fault conditions, the location of the abnormal value
of vsum2 is the same as shown in Table 3. For example, when the device S, is under open-circuit
fault conditions, the location of the abnormal value in vgyy, is from 60° to 120°.
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Fig. 14. Comparison of the fault characteristic signal vg,;,» When an open-circuit fault occurs on different
devices

5. Conclusions

Two different fault signals are obtained based on the bridge voltages of a T-type three-level
inverter. Using these two kinds of fault signals, this paper proposes an open-circuit fault diagnosis
method for the T-type three-level inverter. In the diagnosis processing one phase follows another
if only using the bridge voltage independently. In addition, the fault characteristics of the bridge
voltage are relatively difficult to distinguish from the normal condition. Based on the two kinds
of fault signals proposed in this paper, the open-circuit fault of the inverter devices can be
diagnosed in a unified way. The fault characteristics of the two kinds of fault signals are easy to
distinguish from the normal conditions. As long as a reasonable threshold is set and the location
of the abnormal value of fault signals are detected, the specific device under open-circuit fault
conditions can be located.
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