Chapter 2
Open-Circuit Fault Detection Methods
for Three-Level Converters

2.1 Switch Fault Case and Reasons

IGBT modules are typically classified into two types: wire-bonded IGBT modules
and press-pack IGBT modules. They have different characteristics which are a
tradeoff between cost and performance, as shown in Table 2.1.

IGBT modules have a larger thermal resistance, a lower power density, and a higher
failure rate because of the soldering and bond-wire connections of the internal chips.
Press-pack packaging technology shown in Fig. 2.1 improves the connections between
chips by direct press-pack contact. Therefore, press-pack IGBT modules have better
reliability, a higher power density, and better cooling capability. However, their cost is
also higher than that of conventional IGBT modules. Therefore, wire-bonded power
device modules are still widely used in power electronics. Therefore, the failure
mechanisms of conventional wire-bond IGBT modules are presented.

A wire-bonded IGBT is made up of several layers consisting of different
materials. A silicon (Si) chip is soldered to a direct copper bonded (DCB) ceramic
substrate. The DCB substrate insulates the Si chip from the baseplate and conducts
the heat dissipated by the chip to the cooling system. Finally, the top side of the Si
chip is contacted by aluminum (Al) bond wires. Figure 2.2 shows the structure of a
wire-bond IGBT modules package.

The weak points in wire-bond IGBT modules are the wire bond and silicon
interconnection, the silicon and DCB substrate solder joint, and the DCB substrate
and baseplate solder joint. The primary failure mechanism in IGBT modules is the
wire-bond liftoff as shown in Fig. 2.3. Al and Si material have different coefficients
of thermal expansion (CTE), and thermal cycling causes repeated cooling and
heating. This allows the disparately joined materials to expand and shrink at dif-
ferent rates when stress is applied at the point of contact. This CTE mismatch with
temperature swings leads to wire-bond liftoff failures.

Another dominant failure mechanism is solder joint fatigue as shown in Fig. 2.4.
Two solder joints are present in a standard IGBT module. They are between the Si
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Table 2.1 Wire-bond IGBT modules versus press-pack IGBT modules

Characteristic Wire-bond module Press-pack IGBT module
Power density Moderate High
Reliability Moderate High

Cost Moderate High
Failure mode Open circuit Short circuit
Ease of maintenance Better Worse
Insulation of heat sink Yes No

Thermal resistance Moderate Small
Switching loss Low Low
Conduction loss High High
StakPak Subunit

(.Submodule®)

Fig. 2.1 Press-pack IGBT module

and the DCB and between the DCB and the baseplate. The CTE mismatch between
the DCB substrate and the baseplate is higher than that between the DCB substrate
and the Si. Therefore, the possibility of failure is higher in the solder joint between
the DCB and the baseplate. This solder joint degradation increases the thermal
resistance of the power device module. Therefore, the temperature in the module
increases, which accelerates the lifting of the wire-bond.

The faults of IGBTs are classified into short-switch faults and open-switch faults.
Short-switch faults may have serious impact on systems such as breakdown, as
shown in Fig. 2.5, because a large current (which is above the rated current) flows
through the short-circuited switch. Therefore, the system has to stop to ensure the
safety of the other parts and the fuse, or additional devices, as shown in Fig. 2.6 [2],
are used for preventing explosion from an abnormal large current.

On the other hand, open-switch faults (which are generated by thermal cycling,
excessive collector current, and gate driver faults) cause input current distortions in
NPC and T-type three-level converters [9, 10]. For the input side of the rectifier, this
current distortion increases the total harmonic distortion (THD) and adversely
affects the grid. Moreover, the power factor of the rectifier decreases, and the
DC-link ripple increases. If an open-switch fault is not detected for a long time,
other problems are generated because the distorted current is used to control the
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Fig. 2.3 Fault cases of a wire-bond IGBT module (wire fatigue)
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Fig. 2.6 Detection and tolerant control method using additional devices for switch short-circuit
fault: a fault detection method using a fuse, b tolerant control method with an additional leg
(drawn from Ref. [2], Fig. 1)

converter. Consequently, open-switch faults should be detected quickly, and tol-
erance control should be applied if possible.

Research into open-switch fault detection methods for three-level converters has
been presented in a lot of papers. Some of these methods include an additional
device for open-switch fault detection. Owing to this, current shape is considered in
a lot of papers. Detection methods using currents are often based on the fact that the
current pattern of the normal condition is different from the current pattern of an
open-switch fault.

In this book, detection methods without additional devices for the open-circuit
fault of three-level converters will be explained. Since the current patterns caused
by a fault switch are different depending on the topology and the position of the
switch, a detection method for each converter is required. In this chapter, the effects
of the current under switch open-circuit faults will be introduced and the operation
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characteristic according to the operation mode (inverter mode and rectifier mode)
will be explained. Finally, based on these results, several detection methods will be
demonstrated.

2.2 Switch Open-Circuit Fault Detection Methods
for NPC Three-Level Inverters

The three-level converter is used as a power conversion system in motor drives and
renewable energy generation. Inverter operation means that the energy stored in the
DC-link is transferred to the output of the inverter. This chapter shows switch
open-circuit fault detection methods for NPC three-level inverters.

2.2.1 Switch Open-Circuit Fault Detection Methods Using
Additional Devices

A. Switch open-circuit fault detection method using voltage sensors

Figure 2.7 shows a two-level inverter used in motor drive applications [1]. There
are voltage sensors for detecting switch open-circuit faults. This method uses the
fact that the output voltage of the three legs cannot make the desired output voltage
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Fig. 2.7 Switch open-circuit fault detection method using voltage sensors (reprinted from Ref.
[1], Fig. 4)
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Fig. 2.8 Switch open-circuit fault detection method using additional detection circuits (reprinted
from [3], Fig. 9)

in the presence of a switch open-circuit fault. In this method, the detection signal is
generated by comparing two voltages in the normal condition and in the switch
fault condition.

B. Switch open-circuit fault detection method using additional detection circuits

Figure 2.8 shows a detection circuits for switch open-circuit faults [3].
The inputs of the detection circuits are the pole voltage (V,,, x = a, b, c) of each
leg and the fault signal is generated through the Voltage-level detection circuit,
the Integration circuit, and the Comparison circuit in order. This method can
identify a fault state exactly. However, it cannot distinguish the position of the
switch fault.

2.2.2 Switch Open-Circuit Fault Detection Method Using
Current Distortion

The detection methods using additional devices have big drawbacks due to their
increases in terms of size and cost. Therefore, a lot of papers have proposed
detection methods using current distortion without additional devices.
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The abnormal voltage caused by a switch open-circuit fault leads to current
distortion. The output currents which are measured by current sensors are used to
control the system and to obtain useful information for detecting fault switches.

A. The effects on current from switch open-circuit faults

The basic operation of a NPC three-level converter is shown in Chap. 1. The
switching states are divided into three states P, O, and N. By considering the current
direction, six current paths are expressed as shown in Fig. 2.9. When the switching
state is P, there are two current paths depending on the current direction. In one
path, the current flows through the two switches and the current direction is from
the output to the DC-link. In the other path, the current direction is from the

Inverter mode

(f) Switching state N

Fig. 2.9 Current paths of the NPC topology for the current directions and switching states
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DC-link to the output and the current flows through two diodes. Based on the
results, the switching states O and N can be analyzed.

When the NPC three-level converter operates in the inverter mode with unity
power factor, only four current paths are used because the sign of the output voltage
is the same as that of the output current. A positive output voltage is generated by
the P- and O-switching states and the current flows from the DC-link to the output.
The N- and O-switching states lead to a negative output voltage and the current
flows from the output to the DC-link. The P- (or N-) switching state is a valid
switching state which causes the current to flow in the inverter mode. The
O-switching state act as a freewheeling path.

e S, open-circuit fault

When the open-switch fault occurs in switch S,; while the switching state is
“P,” the phase current path in the grid-connected system is different from that
under the RL load condition. Because of the grid phase voltage E,, the diode D,
becomes reverse-biased. The grid phase voltage E,, is the voltage between the
grid and ground. The current path is opened, and the positive phase current
becomes zero as shown in Fig. 2.10a. If E, is higher than the dc-link voltage
(Vpcf2), the current path is formed through diodes D,; and D,,. Since this period
is very short and the potential difference is very small, the negative phase current
is almost zero.

e S, open-circuit fault

When the open-switch fault occurs in switch Sy, while the switching state is “P,”
the phase current does not flow as shown in Fig. 2.10b, because the phase current
path is opened. Even when the switching state is “O,” the phase current path is not
formed, because the switch Sy, is opened. If E,; is higher than V,_, the phase current
is formed through switch S,3 and diode D,. However, the negative phase current
does not flow, because this period is very short.

e S,z open-circuit fault

When the switching state is “N,” the phase current path is opened because of the
occurrence of the open-switch fault in switch Sy;. The negative phase current
becomes zero as shown in Fig. 2.10c.

Even when the switching state is “O,” the phase current path is not formed,
because switch Sy3 is opened. The path is formed through diode D; and switch Sy,
when V., is higher than E,,. However, the positive phase current does not flow
because of the abovementioned reasons.
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Table 2.2 Feasible and infeasible switching state of a T-type three-level converter depending
on the position of the open-switch fault

Position of open-switch fault Feasible switching state Infeasible switching state

Sx1 N (Fig. 2.9c¢, f) P (Fig. 2.9d)
O (Fig. 2.9b, e)
P (Fig. 2.9a]

Sxo N (Fig. 2.9¢, f) P (Fig. 2.9d)
O (Fig. 2.9b) O (Fig. 2.9¢)
P (Fig. 2.9a)

Sx3 N (Fig. 2.9f) N (Fig. 2.9¢)
O (Fig. 2.9¢) O (Fig. 2.9b)
P (Fig. 2.9a, d)

Sxa N (Fig. 2.9f) N (Fig. 2.9¢)
O (Fig. 2.9b, e)
P (Fig. 2.9a, d)

e S.4 open-circuit fault

When the open-switch fault occurs in switch Sy, while the switching state is
“N,” diode D, becomes reverse biased. The current path follows the open circuit,
and the phase current becomes zero as shown in Fig. 2.10d.

The feasible and infeasible switching states of NPC three-level converter
depending on the position of the open-switch fault are summarized in Table 2.2.

B. Analysis of the current distortion caused by open-circuit faults

The measured three-phase currents (I,, I, I.) can be transformed into two
dimensions (I, 1,,) through the following equations:

Ids = Ia
1 (2.1)
lgs = 7§(Ib - 1)

The current patterns that indicate the location of a faulty switch can be classified
into 12 patterns. The shape of the current pattern under a healthy condition is a
circle [4, 5].

In the occurrence of an open-switch fault, there is a change in the phase
current value at the location where the fault has occurred. Therefore, a change in
the circle shape and angle represents the occurrence of an open fault condition
and is an indicator of the location of the faulty switching device, as shown in
Table 2.3 and Fig. 2.11 under RL load. The magnitude and semicircle angle are
defined as:
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Fig. 2.10 Grid-connected NPC inverter characteristics: a Sy, b Sy», € Sy3, d S,4 (reprinted from
[4], Figs. 10-13)
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Table 2.3 Angle of 0 Fault switch
icircles during th

semicircles during the 30°-90° S., or S, fault

occurrence of an open-switch

fault 90°-150° Sb3 or Sb4 fault
150°-210° Sa1 or Sy, fault
210°-270° Sz or S¢y fault
270°-330° Sbl or sz fault
330°-30° Saz or Sy, fault

Lnag = 1 /Igs +13 (2.2)

Lys
0 = tan™! (i) (2.3)
Ly

The open-switch fault detection steps under RL load are as follows

(1) First, calculate the magnitude of the current vector using (2.2).
(2) Second, compare I,,,, with the magnitude of the current reference.

Imag,ref = \/ I(?e,ref + It%e,ref (24)

(3) Third, if the difference of (2.2) exceeds the defined value, determine the angle
of (2.3).
(4) Fourth, determine the position of the open-circuit fault by Table 2.3.

In the third step, by dividing the detection level into two levels, Sy, and Sy, (or
S,3 and S,4) the faults can be classified.

Figure 2.12 shows the current patterns of a grid-connected NPC inverter system
under the fault condition. As in the previous analysis, the phase currents are the
same in the two situations when either the S,; switch or the S,, switch are broken
down. The phase currents when a fault occurs in either Sy3 or Sy4 are also equal. It
is impossible to distinguish a fault in switch Sy, from that in switch Sy, or a fault in
switch S,3 from that in switch S,4 using the method explained in the previous
section.

C. Experimental result of switch open-circuit fault detection in NPC three-level
inverters

e S,; and Sy, (Sy3 and S,4) classification using the pulse of the O-switching state

The main difference between a fault in switch S,; and that in switch S,, or
between a fault in switch Sy3 and that in switch S,4 is the possibility of switching
state O. However, E,; nullifies positive phase current and negative phase current,
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Fig. 2.11 Simulated current patterns during the occurrence of an open-switch fault under RL load

(reprinted from [4], Fig. 9)
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Fig. 2.12 Measured current patterns during the occurrence of an open-switch fault in a
grid-connected system (reprinted from [4], Fig. 30)
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regardless of the possibility of the O-switching state. It is difficult to determine the
effects of the O-switching state on the current patterns. It is only possible to
determine whether an open-switch fault occurs in one of the two upper switches
(841, Sxo) or in one of the two lower switches (Sy3, Sx4), on the basis of the current
patterns. The location of a faulty switch either between the two upper switches or
between the two lower switches in a grid-connected NPC inverter system can be
identified by adding a simple switching scheme to the conventional method.

(5.1) Current generation identification using the pulse of the O-switching state [4]

If an open-switch fault occurs in one of the two upper switches, the O-switching
state is applied for a very short period when E, is negative. If positive phase current
flows for a short period, then it can be inferred that an open-switch fault has
occurred in switch Sy;. If positive current does not flow, then it can be inferred that
an open-switch fault has occurred in switch Sy,.

If an open-switch fault occurs in one of the two lower switches, the O-switching
state is applied for a very short period when E, is positive. If negative phase current
flows for a short period, then it can be inferred that an open-switch fault has
occurred in switch S,4. If negative current does not flow, it can be inferred that an
open-switch fault has occurred in switch Sy;.

Figure 2.13a shows experimental results under the parameters of Table 2.4 when
an open-switch fault occurs in switch Sy;. It is possible to detect the open-switch
fault within half of a fundamental period and to identify the location of the faulty
switch within two fundamental periods. Figure 2.13b shows the fault signal, phase
angle, and phase current when an open-switch fault occurs in switch Sy,. Similarly,
Fig. 2.13c, d show the phase angle, fault signal, and phase current when an
open-switch fault occurs in switches Sy3 and Sy4, respectively. Open switch fault
detection is also possible within half of a fundamental period, and identification of
the faulty switch is possible within two fundamental periods. It is noted here that a
satisfactory diagnosis is obtained. It can also be seen from the experimental results
that the location of the faulty switch can be identified with the proposed algorithm
by using a simple switching control.

e S, and Sy, (Sx; and S,y4) classification using reactive current injection [11]

Usually, grid-connected inverters transfer electric power to the grid with a unity
Power Factor (PF). Therefore, the polarities of the output phase current and the
output voltage are almost the same, as shown in Fig. 2.14a. If an under excited
reactive power is injected, the phase current leads the output pole voltage and grid
voltage. Therefore, regions that have the different polarities between the phase

Table 2.4 Experimental parameters

DC-link voltage 600 V Line-to-line voltage 380 Vrms
DC-link capacitor 1230 pF Control period 160 ps
Switching frequency 6.25 kHz Injection time for the O switching state 1-2 ms
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Fig. 2.13 Measured results of fault diagnosis when an open-switch fault occurs: a S,;, b Sy,
¢ S,3, d S,4 (reprinted from Ref. [4], Figs. 31-34)

current and the output voltage occur as shown in Fig. 2.14b. In this section, region
1 means that the phase current is positive and that the output pole voltage is
negative, while region 2 means that the phase current is negative and that the output
voltage is positive. By making regions 1 and 2 through under excited reactive
power injection, the possibility of O-switching state can be determined and the
faulty switch can be identified. Whether or not the current in regions 1 or 2 flows
depending on the faulty switch.

(5.2) Current generation identification using reactive current injection [11]

First detection steps 1-4 are performed. Then reactive current is injected. If
current is generated, the fault switch is Sy4 (or Syy), if it is not generated, the switch
is Syo (or Sy3).

Figure 2.15 shows experimental results under the parameters of Table 2.5. In the
case of a S,; fault, positive phase current flows in the region where under excited
current is injected as shown in Fig. 2.15a. However, if an open-circuit fault occurs
in S,,, positive current does not flow as shown in Fig. 2.15b. From this result, the
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Fig. 2.14 Phase currents /, and pole voltage V,.: a before and b after the injection of under
excited reactive current (reprinted from [11], Fig. 6)

Table 2.5 Experiment parameters

DC-link voltage 600 V Line-to-line voltage 380 Vrms
DC-link capacitor 2200 puF Control period 100 ps
Switching frequency 10 kHz Injection time for O switching state 2A

faulty switch between the upper two switches can be correctly identified.
Figure 2.15c, d show experimental results obtained with the discussed fault
detection method when Type-A open-circuit faults have occurred in S,3 and S,4,
respectively. To determine the fault location from between the two lower switches
(Su3 and S,4), under excited reactive current has been injected. Negative current
does not flow under an open-circuit fault in S,3. However, negative current flows in
the case of an open-circuit fault in S,4. The location of the faulty switch is identified
precisely by the discussed method.
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Fig. 2.15 Diagnosis of a faulty switch under a type-A open-circuit fault in: a S,;;, b S5, € S,3,
d S,4 by the injection of under excited reactive current (reprinted from [11], Fig. 20)

2.3 Switch Open-Circuit Fault Detection Methods
for NPC Three-Level Rectifiers

2.3.1 Switch Open-Circuit Fault Detection Method Using
Additional Devices

Switch open-circuit fault detection methods using additional devices can detect the
position of an open-circuit fault regardless of the operation mode (inverter mode or
rectifier mode). The methods mentioned in Sect. 2.2.1 can be used for detecting
switch faults in NPC-type three-level rectifiers.

2.3.2 Switch Open-Circuit Fault Detection Method Using
Current Distortion

A. The effects on current from switch open-circuit faults

The operating status of the switches and the pole voltage in NPC inverters can be
represented by switching states. The switching state P indicates that the two upper
switches Sy; and Sy, are ON and that the pole voltage V., which is the voltage at
terminal x (x = a, b, ¢) with respect to the neutral-point voltage Z, is +V,;/2. The
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Fig. 2.16 Current paths of the NPC topology for the current directions and switching states

switching state O denotes that the two inner switches Sy, and S5 are ON and that
V.. is zero. The switching state N signifies that the two lower switches Sy3 and Sy4
are ON and that V,, is —V,/2.

Figure 2.16 shows the current paths according to the switching state and the
phase current direction. The phase current includes information on the switching
states in the NPC inverter. If an open-switch fault occurs, the switching state does
not reach the desired state. This causes a change in V,, and the phase current i,.

B. Sy and Sy4 open-circuit faults of the three-level converters used in WTSs [8, 12]

Figure 2.17 shows a back-to-back power converter using a neutral-point-
clamped (NPC) topology in a Wind Turbine Systems (WTS). The voltage differ-
ence AV between the input voltage, provided by the NPC rectifier, and the back
electromotive force (EMF) of the PMSG generates input current, which has a
different phase angle than the voltage difference AV because of the inductance and
resistance of the PMSG. The magnitude of the input voltage is almost the same as
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Fig. 2.18 Normal current flow between a NPC rectifier and a PMSG (reprinted from [12], Fig. 4)

(or smaller than) the back EMF. If the two voltage magnitudes are almost the same,
the current magnitude is determined by the phase angle difference between the input
voltage and the back EMF. Zero current means that the two voltages are the same
and that the phase angle of the input voltage matches that of the back EMF. For
unity power factor, the input voltage is controlled to correspond to the phase of the
current with the same phase as the back EMF, as shown in Fig. 2.18.

If the time intervals containing the paths in Fig. 2.16¢c, d are not long enough to
distort the current, Sy, and Sy; open-switch faults (which are related to the paths of
Fig. 2.16b, e, excluding S,; and S,4 open-switch faults) can be considered because
there is no current through the IGBTs in the paths of Fig. 2.16a, f. Therefore, the
switching state O, which is shown in Fig. 2.16b, e, is a valid switching state that
generates current in the rectifier.

However, the time intervals of [(b), (c)] and [(d), (e)] are influenced by the
current magnitude and modulation index. There are two Cases causing wide
intervals [(b), (¢)] and [(d), (e)]:

e (Case 1: When Vg is small and a large /,,,. is required
e Case 2: When reactive current is injected for the IPMSG

Figure 2.19 shows the current flow when a NPC rectifier generates a large
current with a small modulation index. To create a large current flow, the phase
angle difference is expanded. As a result, the time intervals of [(b), (c)] and [(d), (e)]
increase. In this case, current distortion is generated by S,; and S;4 open-switch
faults. Consequently, all of the open-switch faults in the rectifier must be
considered.

C. Open-circuit faults detection of the three-level converters used in WTSs

The current pattern is divided into four patterns depending on the location of the
open-switch fault. An Sy, open-switch fault prevents the generation of negative
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Fig. 2.19 Current flow process with a small modulation index and a large current (reprinted from
[12], Fig. 5)

current, and an S,z open-switch fault prevents the generation of positive current. An
Sx1 open-switch fault makes the current zero for some duration in the negative
current, while the current becomes zero for some duration in the positive current
when an S,4 open-switch fault occurs.

The range where the current distortion occurs can be defined as shown in
Fig. 2.20. In each range, a switch open-circuit fault makes the current zero.

In the discussed detection method, the current can be divided into three ranges,
as shown in Fig. 2.21, to separate the four patterns. The time of the zero range 7z,
is used to detect the location of an open-switch fault. The current belongs in one of
the three ranges. If an S, open-switch fault occurs, no current flows in the negative
range. An Sy; open-switch fault prevents current from flowing in the positive range,
and the current is in the zero range for a longer time.

If the previous sign of the current was positive and if the current is in the zero
range for half of a period, this indicates an S, open-switch fault, as shown in
Fig. 2.21c. In the case of an Sy; open-switch fault, the previous sign of the input
current is negative, and all of the other characteristics are the same as those in the
Sx2 open-switch fault detection method.

The detection method for the T, of Sy, and Sy3; open-switch faults is expressed
as:

if Cpresign = Positive, Sy, fault

if Cpresign = Negative, Sy3 fault (2:5)

1
D3 = Ry3Thyr = Rz — <T.
23 234 half 232fY z {

where Ry; is the detection parameter, C,,, sign1x i the previous sign of the current,

Thqy 1s half of the current period, and f; is the angular frequency of the PMSG.
The previous sign of the current is determined when the input current enters the

zero range and the time of the zero range is calculated, as shown in Fig. 2.22.
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Fig. 2.20 Current distortion range depending on the position of a switch open-circuit fault
(reprinted from [12], Fig. 6)

Sx1 and S,4 open-switch faults are also detected by calculating 7, ;.. When the
current is sinusoidal, 7p and Ty are almost the same, and 7, is small. However, an
Sx1 open-switch fault leads to a decrease in Ty and an increase in 7, as shown in
Fig. 2.21b, and an Sy4 open-switch fault decreases 7p and increases Tj,.
Therefore, the detection method for Sy; and S,4 open-switch faults is expressed as:

1
Dy = RysThuyy = Riy —— <Ty

o (2.6)

if Cpresign = Positive, Sy fault
if Cpresign = Negative, Sy4 fault

where Ry is the detection parameter.

To determine the zero range value, the current ripple is considered. 10% of the
current is used in this study. 7T}, for open-switch fault detection is changed
depending on the angular frequency because the period of the current is propor-
tional to the speed of the PMSG.

e Determination of the R,3 and R4 values

In the determination of the R,3 and R4 values, the zero range value due to each
open-switch fault should be considered. When an S,, or S,; open-switch fault
occurs, T, is almost the same as a half period of f; (1/2 f;) regardless of the system
parameters. Therefore, if R,3 is lower than 1, it is possible to detect Sy, and Sy;



48

Current

2 Open-Circuit Fault Detection Methods ...

ZeroMax

|~1) Positive range

N

ZeroMin

| 2) Zero range

|~3) Negative range

TN R

(a) Normal state

Fig. 2.21

Current
?)Max |-1) Positive range
q— - \ - — ﬁ —— 7 | 2) Zero range
‘ ZeroMin |- 3) Negative range
RisThay |
I¢ ¢ e »
Tp Tzr Ty
(b) Sy, fault
Current
ZeroMax 1) Positive range
lq. .............. R F5) Zero range
‘ ZeroMin 3) Negative range
| R23 Thalj
T, P T 7

(c) Sy, fault

Concept of the open switch fault detection method (reprinted from [8], Figs. 9, 10, 12)
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Fig. 2.22 Block diagram for the detection of the previous current sign and the calculation of the
zero range duration (reprinted from Ref. [8], Fig. 11)

open-switch faults, and the detection performance can be improved by decreasing
Ry5 close to 0.

To selecting R4, the zero range value T, caused by an Sy; or S,4 open-switch
fault should be considered. Regardless of the open-switch fault, 10% of the current
is contained in the zero range, and its range 0, is expressed as:

1
0, =2 x sin”! (10) =11.5° (2.7)

To consider the time of the zero range 7, caused by an Sy, or Sy4 open-switch
fault, the system parameters shown in Fig. 2.23 are used. The voltage—current
equation is expressed as

BackEMF — Vs /0
L rec = ac - ! (28)
’ R +j27nfLs

where V., is the rectifier input voltage and 0 is the phase angle difference between
the input voltage and the Back EMF.
0 is represented as:

g — _ luree X 2mfLs  360°
" BackEMF — I, ,,.Ry ©

Fig. 2.23 PMSG circuit
PMSG .
model (reprinted from [8§], Rectifier

Fig. 13)
E—
—_—
L R L

s
Back EMF
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When an Sy, or Sy4 open-switch fault occurs, the range of the zero current 0y,
is expressed as:

O,
Ofats = 0+ 5 (2.10)

For selecting R4, the requirement can be expressed as:

0, 1 1 Opun 1
180°37, <427 < 180°2 21

Consequently, the values of R,3 and R4 are in the range of 0-1, and R,3 should
be larger than R4 because the T, for Ss, and Sy3 open-switch faults is longer than
that for Sy, and Sy4 open-switch faults. R4 should satisfy (2.11).

The location of an open-switch fault in a rectifier can be detected using (2.5) and
(2.6). Sy, and S,3 open-switch faults satisfy both (2.5) and (2.6). However, Sy; and
Sx4 open-switch faults satisfy only (2.6). Therefore, an open-switch fault is detected
using (2.6), Then (2.6) is used to determine the location of the open-switch fault.
The proposed detection method is applied to three-phase currents.

e Detection principle for open-switch faults in NPC inverters

There are two current patterns caused by open-switch faults in an inverter with a
unity power factor. These are the same as those in the cases of Sy, and Sij;
open-switch faults in a rectifier. In the non-unity power factor case, although S,
and S,, open-switch faults create different current patterns, these faults generate the
same pattern for at least one-quarter of a period of the current (from the starting
point of the zero current), as shown in Fig. 2.24.

Therefore, (2.6) can be used to detect an open-switch faults in an inverter. The
previous sign of the current and the duration of the zero range are determined in the
same procedure of the rectifier, as shown in Fig. 2.22. The detection equation for
open-switch faults of an inverter is expressed as:

1
Dup,low = upA,lowThulf = Iup,lowm > TZ,Ix
if Cpre,sign,ix = Positive, Sy, fault or Sy, fault (2.12)
if Cpre,sign,ix = Negative, Syafault or Sy fault

where I, is the detection parameter. A grid frequency of 60 Hz is used for f,
and 1, ;,,, should be in the range of 0-0.5 due to the zero power factor.

The location of an open-switch fault can be classified into an upper-side (S,; and
Sx>) fault or a lower-side (Sx; and Sy4) fault using this detection method. When the
open-switch fault detection method using the duration of the zero current is applied
to a back-to-back converter using the NPC topology, a block diagram of the
open-switch fault detection method for the back-to-back converter is shown in
Fig. 2.25.
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Fig. 2.24 Current distortion and a-phase pole voltage of open-switch faults for a power factor of
0.5:a S,, b Sy, € S5, d Syy (reprinted from [8], Fig. 8)

C. Experimental results of the switch open-circuit fault detection in NPC
three-level rectifiers/inverters

The steps for switch fault detection in NPC three-level rectifiers/inverters is as
follows:

(1) Calculation of the current sign (C,, sign) as shown in Fig. 2.22

(2) Calculation of the zero range using (2.5) and (2.6)

(3) If it exceeds only Dy4, an Sy; or Sy4 open-circuit fault occurs. Then the final
position of the open-circuit fault is determined by C,,. sign. If it exceeds D4 and
Dy3;, an Sy, or S,3 open-circuit fault occurs. Then final position of the
open-circuit fault is decided by C,,. sien-

Figure 2.26 shows the experimental setup and the simulation and experimental
parameters are shown in Table 2.6.

Figure 2.27 shows distorted currents caused by open-switch faults in a rectifier
at 600 rpm. The negative current remains zero for some time after the zero crossing
point when an S,; open-switch fault occurs, as shown in Fig. 2.27a. An S,
open-switch fault prevents the flow of positive a-phase current for some time after
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Fig. 2.25 Block diagram of the open-switch fault detection method in a back-to-back converter
(reprinted from [8], Fig. 14)

Table 2.6 Simulation and experimental parameters

Generator

Rated power 11 kW Rated power 191 Vrms
pole 6 pole 1450 rpm
Stator resistance 0.099 Q Stator resistance 4.07/4.65 mH
System parameter

DC-link voltage 600 V DC-link voltage 380 Vrms
DC-link capacitance 1100 pF DC-link capacitance 60 Hz
Switching frequency 10 kHz Switching frequency 100 ps
Detection parameter

Ry4 10.075 | Ros/Lupiow 103

the zero crossing point, as shown in Fig. 2.27b. The negative current in the a-phase
becomes zero when an S,, open-switch fault occurs, as shown in Fig. 2.27c. An S,;
open-switch fault prevents the flow of positive current in the a-phase, as shown in
Fig. 2.27d. This characteristic of open-switch faults, which is verified by experi-
mental results, is the same as that of the simulated results.

Figure 2.28 shows the performance of the open-switch fault detection method in
a rectifier at 600 rpm. T is always smaller than D;4 for normal operation.
However, T, increases when the current is zero because of an open-switch fault.
Then, an open-switch fault is detected when T, exceeds Dx (x = 14 and 23). The
detection signal, which is indicated by the red line, represents the location of the
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Fig. 2.26 Experimental setup of a back-to-back converter using a NPC three-level topology
(reprinted from [8], Fig. 15)
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Fig. 2.27 Current distortion caused by open-switch faults in the rectifier of a PMSG at 600 rpm
(reprinted from [8], Fig. 16)

open-switch fault. The open-switch fault detection method determines the location
of the open-switch fault using 7z, and the previous sign of the current, as shown in
Fig. 2.28. Each fault detection signal is sent within one period of the current.
Figure 2.29 shows the performance of the open-switch fault detection method in a
rectifier at 1200 rpm. Because an angular frequency of 1200 rpm is twice that of
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Fig. 2.28 Experimental results for the proposed open-switch fault detection in the rectifier of a
PMSG at 600 rpm (reprinted from [8], Fig. 17)

600 rpm, D4 and D,3, which are calculated using (1) and (2), decrease in mag-
nitude by half, and their values are shown in Fig. 2.29. Similar to the case in
Fig. 2.28, T, increases after an open-switch fault occurs, and the location of the
open-switch fault is determined within one period of the current.

Figure 2.30 shows the performance of the open-switch fault detection method in
an inverter at a unity power factor. In the inverter, Sy; and S, (Sx3 and Sy4)
open-switch faults lead to the same current pattern shown in Fig. 2.30. An
open-switch fault is detected when T ;, exceeds Dypjow- A value of 1 for the red
line, which is the detection signal, indicates that there is one Syx; and Si,
open-switch fault. Meanwhile, a value of 2 for the red line indicates that there is one
Sx3 and S,4 open-switch fault. The open-switch fault detection method determines
the location of the open-switch fault, as shown in Fig. 2.30. Each fault detection
signal is sent within one period of the current.

Figure 2.31 shows the performance of the open-switch fault detection method in
an inverter at a power factor of 0.5. In this case, S,; and Sy, (Sx3 and S,4)
open-switch faults lead to different current patterns. An Sy, (Sy3) open-switch fault
leads to a zero current for a longer duration than an S4; (Sx4) open-switch fault, as
shown in Fig. 2.31. Although the power factor is not unity, the open-switch fault
detection method accurately determines the location of the open-switch fault. Each
fault detection signal is sent within one period of the current.
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Fig. 2.29 Experimental results for the proposed open-switch fault detection in the rectifier of a
PMSG at 1200 rpm (reprinted from [8], Fig. 18)

2.4 Switch Open-Circuit Fault Detection Method
for T-Type Three-Level Inverter

There are three switching states for three-level topologies. The first switching state
is named P, and this means that S;; and Sy, are ON and that S, and S,4 are OFF.
The next switching state is named O, and this means that Sy, and Sy3 are ON and
that Sy; and S,4 are OFF. The switching state N means that S,; and Sy, are OFF and
that Sy3 and Sy4 are ON. Depending on the current direction and switching state,
there are six current paths in the T-type topology, as shown in Fig. 3.32.

2.4.1 Switch Open-Circuit Fault Detection Method Using
Current Distortion

A. The effects on current depending on the position of an open-circuit fault

The current paths of inverter and rectifier operations are different. For inverter
operation with a unity power factor, most of the positive current flows through the
paths of Fig. 2.32b, c, and most of the negative current flows through the paths of
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Fig. 2.30 Experimental results for the open-switch fault detection in an inverter at a unity power
factor (reprinted from [8], Fig. 19)

Fig. 2.32d, e. Therefore, in a NPC inverter, the P-switching state of Fig. 2.32d is
made infeasible by an Sy; or Sy, open-switch fault regardless of the position of the
open-switch fault. This means that NPC inverters have a structural limitation to
realizing tolerance control without additional devices. On the other hand, in rectifier
operation with a unity power factor, most of the positive current flows through the
paths of Fig. 2.32a, b, and most of the negative current flows through the paths of
Fig. 2.32¢, f. These paths do not include the current flowing through Sy; and S,4.

e S, open-circuit faults

In T-type three-level inverters, S; open-circuit fault makes the P-switching state
infeasible. This means that the current path of Fig. 2.32d cannot be generated. If
R-L load is connected to the output of the inverter, an S4; open-circuit fault leads to
variations of the load voltage, and an undesired current flows through the
O-switching state instead of the P-switching state. However, the grid voltage and
back EMF of the motor drive do not generate any current due to the impossibility of
the P-switching state.
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Fig. 2.31 Experimental results for the open-switch fault detection in an inverter at a power factor
of 0.5 (reprinted from [8], Fig. 20)

e S,, open-circuit faults

In T-type three-level inverters, an Sy, open-circuit fault influences the
O-switching state. Therefore, the current path of Fig. 2.32e cannot be generated.

e S,3 open-circuit faults

In T-type three-level inverters, an S,; open-circuit fault influences the
O-switching state. This is related to the current path of Fig. 2.32b which cannot be
generated.

e S,4 open-circuit fault

Sx4 open-circuit faults lead to the impossibility of the N switching state. As a
result, the current path of Fig. 2.32c cannot be generated. Similar to Sy
open-circuit faults, in the R-L load condition, current is generated by the feasible
O-switching state. On the other hand, there is no current in grid-connected and
motor drive applications when an S, open-circuit fault occurs regardless of the
validity of the O-switching state.
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Fig. 2.32 Current paths depending on the current direction and operating state

The feasible and infeasible switching states of T-type three-level converter
depending on the position of the open-switch fault are summarized in Table 2.7.

B. Switch open-circuit fault detection method for T-type converters [6]

e The classification of upper switch (Sxi, Sx) and lower switch (Sx3, Sx4)
open-circuit faults

Under normal conditions, the average of the phase current is zero. However, in
faulty cases, the value of the phase current’s average is changed. If an open-switch
fault occurs in Sy or S,,, the average of the phase current is a negative value
because the positive phase current is distorted as shown in Fig. 2.33. If an
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Table 2.7 Feasible and infeasible switching states of a T-type three-level converter depending on
the position of an open-switch fault

Position of open-switch fault Feasible switching state Infeasible switching state

S N (Fig. 2.32¢, f) P (Fig. 2.32d)
O (Fig. 2.32b, ¢)
P (Fig. 2.32a)

So N (Fig. 2.32¢, f) O (Fig. 2.32¢)
O (Fig. 2.32b)

P (Fig. 2.32a, d)
S.3 N (Fig. 2.32¢, f) O (Fig. 2.32b)
O (Fig. 2.32¢)

P (Fig. 2.32a, d)
S N (Fig. 2.32f) N (Fig. 2.32¢)
O (Fig. 2.32b, ¢)
P (Fig. 2.32a, d)

i I

(a) 20.0 'r

{Fa:ll occurs

-20.0
I,

Time (50ms/div)

Fig. 2.33 Phase current in a T-type three-level inverter with RL load depending on the position of
an open-circuit fault: a Sy;, b Sy, € Si3, d Sx4 (reprinted from [6], Figs. 6-9)
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open-switch fault occurs in Sy; or S,4, the average of the phase current has a
positive value because the negative phase current is distorted in the faulty leg.

The averages of the other phase currents are also changed due to distortions of
the phase current in the faulty leg. However, if these values are used directly, they
may lead to a false alarm when harmonic components exist in the phase current or
when this system is notably under fast transients. To improve the accuracy of
detection, the normalized current method is employed. The normalized current can
be obtained by the following equation:

IS = \/ 135 +I§?

1, (2.13)
Iy =—
I
where x = a, b, ¢, and I, and 1, are the reactive and active currents in the stationary
reference frame, respectively.
The average of the phase current (I, 4,,) for one-fundamental period can be
expressed as:

2n

IxN,avg:/IxN (214)

0

Using these values, it is possible to identify the faulty leg and whether the
open-switch faults occur in one of the two switches Sy, and Sy, or in one of the two
switches S,; and Sy4. To improve accuracy, the threshold value I, is set. It is
summarized as:

IxN,avg > Iy U, = 1
IxN,avg < — Ithr . Uv =—-1 (215)
_Ithr <1xN,avg <Irhr : Ux =0

e An analysis of the characteristic difference between upper switch (S, Sy») and
lower switch (Sy3, Sx4) open-circuit faults

As mentioned above, by using the average phase current (Iyy,qvg), it is possible to
divide faults into upper switch (Sxi, Sx2) and lower switch (Sy3, Sx4) open-circuit faults.
However, the positions should be classified as Sy; and Sy, (Sx3 and Sy4) in detail.

To do this, it is necessary to analyze T-type three-level converter operation in the
case of a switch fault. The operation conditions can be divided into the R-L load
condition and the voltage condition. The T-type three-level converter operates as an
inverter, and the P-switching state, which is a valid switching state, leads to the
current flow. In the case of the RL load condition, when the P-switching state is
infeasible, current flows through Sy, as shown in Fig. 2.34. This circuit is the same
as that of the O-switching state. Although the O-switching state is not a valid
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Fig. 2.34 Current path of a T-type three-level converter with an Sy; open-circuit fault during the
P switching state

switching state, current flows because the current is determined by the output
voltage in the R-L load condition. However, in the case of the grid-connected
condition or the motor drive condition, since the current is affected by both the
output voltage and the grid voltage or the back EMF of the motor, current does not
flow if the P-switching state is infeasible as shown in Fig. 2.34.

In addition, two DC-link voltages are changed owing to the current variation of an
Sx1 open-circuit fault as shown in Fig. 2.34. The P-switching state transfers power
from two DC-link capacitors to the output under normal operation. However, an Sy,
open-circuit fault in the R-L load condition leads the current flow through the
neutral-point and it flows from the bottom capacitor. This means that S,; open-circuit
faults cause different voltage variations in both of the DC-link capacitors.

Sx2 open-circuit faults make the O-switching state infeasible which is not a valid
switching state. Therefore, it generates current directly and just operates as a
freewheeling path for the current. The current generated by a valid switching state
flows continuously through D,4 when an S,, open-circuit fault occurs. Sy,
open-circuit faults makes the same current flow, as shown in Fig. 2.35, regardless
of the condition of the load (R-L or voltage). DC-link voltage variation is also
generated by Sy, open-circuit faults. The current flows through the neutral-point
and it flows to the bottom capacitor which is the opposite situation when compared
to Sy, open-circuit faults.

Using the change of the two capacitor voltages, a faulty switch can be identified
between switch S,; and switch Sy, or between switch S,5 and switch Sy4. If V., is
bigger than V., the open-switch fault occurs in switch S,; or switch S,s.
Reversely, if V., is larger than V,.;, the open-switch fault occurs in switch Sy, or
switch Sy4.
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Fig. 2.35 Current path of a T-type three-level converter with an S, open-circuit fault during the
O switching state

To improve accuracy, the threshold value Vi, is set. It is expressed as:

Vtap — Viottom > Vinr : Vi=1
Vlap - Vbotrom < — Vthr : Vx = -1 (216)
—Vinr < Vtop = Viotom <Vinr : V= 0

C. Experimental results of switch open-circuit fault detection in T-type three-level
inverters

The steps for the fault diagnosis of T-type three-level inverters is as follows.

(1) Calculate the average of the normalized phase currents.

(2) Using these values, identify the faulty leg and whether the open-switch faults
occur in one of the two switches S,; and Sy, or in one of the two switches S,3
and S,4.

(3) Identify the location of the faulty switch between Sy; and Sy, or between S,3
and S,4 using the change of the two capacitor voltages. Values of the diag-
nostics variables are shown in Table 2.9.

Figure 2.36 shows experimental results of the proposed fault diagnosis method
under the parameters of Table 2.8 when an open-switch fault occurs in switches S;;,

Table 2.8 Experimental parameters

DC-link voltage 200 V Fundamental frequency 60 Hz
Control period 100 ps Load 10 mH, 10 Q
Switching period 10 kHz Loy Vinr 0.08, 10 V
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Table 2.9 Values of the diagnostics variables
Fault position Diagnosis variables
Ua Ub UC Vx
Sa1 -1 +1 - +1
Sa -1 +1 - -1
Sa3 +1 -1 - +1
Saa +1 -1 - -1
sbl - -1 +1 +1
Ska - -1 +1 -1
Si3 - +1 -1 +1
Spa - +1 -1 -1
Sec1 +1 - -1 +1
Se> +1 - -1 -1
Se3 -1 - +1 +1
Sea -1 - +1 -1
a—Fault sccurs a lawer capacitor vebtage (50 Vidiv) a—Fuult occurs s sppes caphcilor valtage (50 Vidiv)
e e
| A wpper capachiar valtage (3 VY | 4 lower capacitor veltage (S0 Vidiv)
- MR AR AN ] ¥
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Fig. 2.36 Experiment results of the proposed fault diagnosis method (reprinted from [6],

Figs. 26-29)

Sa2, Sa3, and Sy, respectively. After the fault, the phase current is distorted, and the
upper capacitor voltage becomes larger than the lower capacitor voltage as dis-
cussed in the previous analysis. The faulty switch is detected within 30 ms. In all of
the cases, the faulty switch is identified accurately in about 50 ms. More time is
needed to detect the fault switch when an open-switch fault occurs in neutral-point



64 2 Open-Circuit Fault Detection Methods ...

switches (Sy, or Sy3) than when an open-switch fault occurs in half-bridge switches
(Sx1 or S,4). This is because the phase currents are less distorted in the
neutral-switch fault case than those of the half-bridge switch fault case. This
diagnosis time is closely related to the magnitude of the phase current, the size of
the capacitor, and the threshold value. Experimental results show that the proposed
fault diagnosis method precisely detects the faulty switch.

2.5 Switch Open-Circuit Fault Detection Method
for T-Type Three-Level Rectifiers

2.5.1 Switch Open-Circuit Fault Detection Method Using
Current Distortion

A. Analysis of T-type rectifiers in the presence of an open-switch fault.

Depending on the operating state and current direction, there are six paths as
shown in Fig. 2.37. In the rectifier, almost all of the current is generated when the
operating state is O, and the current continuously flows through a diode if the
operating state is changed to P or N. This means that the infeasibility of the
O-operating state leads to the zero current regardless of the P-operating state.

There are three paths when the current is positive. In the positive current part,
most of the current of the rectifier which has a unity power factor, flows through
paths (a) and (b). Therefore, the range of a-path (c) is small compared to ranges of
paths (a) and (b). Hence, an Sy; open-switch fault in the O-operating state is fatal to
rectifier operation and causes current distortion. On the other hand, an Sy
open-switch fault does not cause current distortion in the P-operating state because
the current flows through a diode. In the N-operating state, the current flows
through S,4. An S,4 open-switch fault has little effect on the current when the
rectifier is operated with a unity power factor. In addition, Sy; also does not affect
the current in the negative current part.

B. Current distortion of T-type three-level rectifiers in the grid-connected
condition [7]

Figure 2.38a shows the current, DC-link voltage, and pole voltage when an S,,
open-switch fault occurs. The S,, open-switch fault has a fatal effect on the input
current. In the negative current part, the valid O-operating state, which is shown in
Fig. 2.37e, becomes impossible. Therefore, the whole negative current cannot be
generated. Moreover, the DC-link voltage is largely changed. The negative current
of Fig. 2.38a is caused by the decreased DC-link voltage. When the DC-link
voltage is lower than the line-to-line peak voltage of the grid, the current can flow
into the DC-link capacitor from the grid through the diodes of the rectifier.
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Fig. 2.37 Current paths depending on the current direction and operating state

Although the P-operating state is possible, current does not flow because P is not
a valid operating state. The pole voltage of Fig. 2.38a does not have meaning in the
negative current part. This is because, when the input voltage is a valid operating
state O, the rectifier inner circuit can be an open circuit by an S,, open-switch fault
Fig. 2.40.

Figure 2.38b shows the current, DC-link voltage and pole voltage when an S,;
open-switch fault occurs. Like an S,, open-switch fault, a valid operating state is
impossible. Therefore, an S,; open-switch fault makes the positive current zero for
some parts and causes DC-link voltage ripple. Open-switch faults of S,, and S, in
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Fig. 2.38 Rectifier waveforms: 1,, Ve, Viine-to-tine.peak» and V.. @ S5, b Sy3 (reprinted from [7],
Figs. 5, 6)

the b-phase and c-phase legs cause the same current distortion as those of the
a-phase leg.

To detect all of the open-switch faults without additional devices, current shapes
should be considered. The input current angle is the same as the grid voltage angle
with a unity power factor. Therefore, the grid voltage angle is used to detect
open-switch faults.
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By using the measured grid voltages, the d-axis and g-axis voltages are calcu-
lated as:

o _2E-E-F
ds — ————————
3
E,+E (2.17)

Ey,
VA

By using the d-axis and g-axis voltages, the grid voltage angle is calculated as:

E
0=tan ' (=2 2.1
tan (Eds) (2.18)

A calculated angle (0) of (2.18) is more accurate than the angle from the grid
current because the grid voltage always has a large value. Depending on an position
of the open-switch fault, the angle value which makes the current zero is different.
Figure 2.39 shows the angle range with zero current depending on the position of
an open-switch fault. The zero current range is changed by the DC-link capacitor
and load current. A large DC-link capacitor decreases the DC-link voltage change
and keeps the DC-link voltage higher than the grid rectifier voltage for a long time.
This means that the zero current range is expanded. On the other hand, a small
DC-link capacitor reduces the zero current range. A large load current also reduces
the zero current range because a large current flows of the load from the DC-link
capacitor. However, the start angle value of the zero current range is always the
same regardless of the DC-link capacitor value and load current. When an S,,
open-switch fault occurs, zero current is generated from the angle value n/2. In an
S.3 open-switch fault, the current becomes zero from the angle value 37/2.
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51\ / \ Y 5= A A
0 h, ’ _— 4 b= 0  nd ] ™
> A - \ / b \
i Y \—i/ X 2 \
o N S
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Fig. 2.39 Angle value with zero current according to the position of an open-switch fault in the
a-phase leg (reprinted from [7], Fig. 7)
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Fig. 2.40 Detection angle values according to the position of an open-switch fault in all of the
phases (reprinted from [7], Fig. 8)

Through considerations of b-phase and c-phase current distortions, the start
angle values which lead to zero current are defined as shown in Fig. 2.40. To detect
the position of an open-switch fault, the angle value and differential equation for
each of the currents are used, and the differential equation is defined as:

x=a, 0=mn/2~271/3,3n/2~51/3
x=b, O0=n/6~1/2,7n/6~41/3
0=5n/6~m 11n/6 ~2n

(2.19)

dl, Lln]—Lin—1]

Al =—=
dt Y}ault

where Ty, is a period of the differential equation and I, (x = a, b, ¢) is the
measured current. The proposed detection method monitors open-switch faults for
the /6 range from each start angle value.

The derivative value of the current at the detection angle range becomes zero
when an open-switch fault occurs because the slope of the current is steepest at the
zero crossing point of the current. The derivative value of the current has its largest
value at the zero crossing point of the normal current. Therefore, if an open-switch
fault occurs, a dramatic change can be observed because the current and the
derivative value of the current become zero at the zero crossing point of the current.

Consequently, the proposed open-switch detection method uses the current value
and grid angle as shown in Table 2.10. Moreover, a block diagram of the sum-
marized open-switch fault detection method is shown in Fig. 2.41. For the final
decision determination of an open-switch fault, both of the fault alarms 1 and 2
have to be generated, which means that the input current has a smaller value than
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Table 2.10 Open-switch fault detection table

69

Detection angle range | n/6 ~ n/3 | /2 ~ 2n/3 |5n/6 ~ n /6 ~ 4n/3 | 3n/2 ~ Sn/3 | 1In/6 ~ 21
Detection 1] < A, L] < A, 1] < A, || < A, |1 < A, 1] <A,
boundary value [dI/dt| <B ||dI/dt| <B ||dI/df <B |[dI,/df<B ||dI/d|<B | |dI/df <B
Detection switch Sb3 S Se3 Sho Sas Se2
Angle range division for open-switch fault
Angle
E, Ey E, calculation Angle(6) Oy, =n/2~2n/3, 0, =3n/2~5x/3
,(E] O =n/6~n/2 ,0, =7n/6~4n/3
O=tan"| 2 b3 b2
E, Oy, =5w/6~n , 0 =1ln/6~2xn
Detection Angle Range
v
Fault Position detection of open Fault IGBT
Boundary value check | Alarm 1 ; L™
oun ar}(f;g)ue chee > switch fault >
(Table 2.10)
Fault
Alarm 2
L Iy 1 = dal, _1,[n]-1,[n-1] R Boundary value check
a7, (<A)

Fig. 2.41 Block diagram of the proposed detection method for a T-type rectifier (reprinted from
(7], Fig. 9)

the boundary value (0.2), and the derivative value of the current is smaller than the
boundary value (0.5).

In the discussed open-switch fault detection method, the boundary values of the
current and the differential equation of the current are important factors in the
performance of the open-switch fault detection. Ideally, an open-switch fault causes
the result of (2.19) to be O for some part of the current. Therefore, an open-switch
fault can be detected when the result of (2.19) is 0. In such a case, the boundary
values can be chosen as 0. However, boundary values should be used, excluding 0,
because currents contain ripple and noise components. Selecting boundary values

Table 2.11 Simulation and experimental results

DC-link voltage 150 vV Grid line-to-line voltage 150 Vrms
DC-link capacitor 550 pF Grid frequency 60 Hz
Switching frequency 10 kHz Load 333 Q
Control period 100 us A, B 05,02




70

2 Open-Circuit Fault Detection Methods ...

for currents should consider the current ripple, and this value should be larger than
the current ripple. However, a very large boundary.

C. Experimental results of switch open-circuit fault detection in T-type three-level
rectifiers
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Fig. 2.42 Currents and fault detection signal depending on the open-switch fault position

(reprinted from [7], Fig. 16)
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Fig. 2.43 Experimental results of open-switch fault detection (reprinted from [7], Fig. 21)
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The steps for the fault diagnosis of T-type three-level rectifiers

(1) Calculate the grid angle using (2.18).
(2) During 60° from the six points shown in Fig. 2.40, calculate (2.19).
(3) Determine the position of the switch open-circuit fault with Table 2.10.

The simulation and experiment was implemented under the parameter of
Table 2.11.

Figure 2.42 shows the input currents, fault detection angle, fault detection signal,
and derivation of the current flowing through a leg that contains a fault switch. The
open-switch fault occurs at 0.4 s, and the fault detection signal has a value of 1, 2,
3,4, 5, and 6 depending on the position of the open-switch fault. The fault detection
signal is generated by the rule of Table 2.10. In Fig. 2.42a, the fault detection signal
becomes 1 when the a-phase current and the derivation of this current go into the
boundary value at the detection angle n/2 of Table 2.10. The figures shown in
Fig. 2.42b—f, also show the open-switch fault detection process. An open-switch
fault of all the switches is detected in a period of the grid frequency (60 Hz)
regardless of the position of the open-switch fault.

Figure 2.43a, b show the input currents (I, and I,), DC-link voltage, and fault
detection signal when S,, and S,; open-switch faults occur. The a-phase input
current I, becomes zero at some part of the negative current due to the S,
open-switch fault in Fig. 2.43. When an S,; open-switch fault occurs, the a-phase
input current I, in some part of the positive current becomes zero. The DC-link
voltage has a ripple, as shown in Fig. 2.43a, b, and this value is 16 V. The
open-switch fault detection method identifies the open-switch fault and the position
of the fault switch. The fault detection signal becomes 1, which means that the
open-switch fault position is S,,. The fault detection signal becomes 2 after an S,;
open-switch fault occurs as shown in Fig. 2.43b. These results are the same as those
obtained in simulations.
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