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Abstract: An improved hybrid submodule employs a direct current (DC) short current protection
function to improve the reliability of a high-voltage direct current (HVDC) system. However, it
increases the number of circuit components to implement the protection. So, we need to evaluate
the relationship between the protection function and the increased number of circuit components to
assess whether the improved hybrid submodule (IHSM) is suitable to practical application or not
from the viewpoint of reliability. Although conventional part count failure analysis considers the
type and the number of parts, it cannot reflect the operational characteristics of the submodule. To
overcome this problem, we design a fault tree that reflects the operational characteristics of IHSM
and calculates the failure rate by using MIL-HDBK-217F. By part count failure analysis (PCA) and
fault-tree analysis (FTA), we prove the high reliability of IHSM compared to half-bridge, full-bridge,
and clamped-double submodules.

Keywords: clamped-double submodule (CDSM); fault-tree analysis (FTA); full-bridge submodule
(FBSM); half-bridge submodule (HBSM); high voltage direct current (HVDC) system; improved
hybrid submodule (IHSM); mean time between failures (MTBF); part count failure analysis (PCA)

1. Introduction

Various studies are underway on high-reliability submodule circuit topology for
stable conversion and the supply of power using a high-voltage direct current (HVDC)
system [1–13]. The half-bridge submodule (HBSM) is the most commonly applied to the
HVDC systems thanks to the simple circuit structure and small number of parts, which
is advantageous in terms of failure rates. In order to improve the reliability of the HBSM,
a parallel half-bridge structure or full-bridge submodule (FBSM) can be applied with
100% redundancy [5–10]. However, these submodules do not protect the system from
overvoltage or over-current when a DC short-circuit current occurs in the HVDC system. To
solve this problem, a clamped-double submodule (CDSM) with a DC short-circuit current
protection function was introduced [6,11]. CDSM adds one insulated gate bipolar transistor
(IGBT), two diodes, and one capacitor to the structure of the FBSM to absorb the energy of
the DC short-circuit current into the capacitor when the DC short-circuit current occurs
and clamp the voltage with two diodes to prevent overvoltage. However, the conduction
loss increases as the IGBT is always in turn-on condition during normal operation. In
addition, DC short-circuit current will result in switching loss as the IGBT turns off. Above
all, the problem is that the probability of failure increases as the number of parts increases.
The improved hybrid submodule (IHSM) was introduced with the aim of minimizing
the increase in the number of parts while providing protection against a DC short-circuit
current such as a CDSM [6,12]. The IHSM can reduce one diode compared to CDSM and
effectively protect the HVDC system from DC short current with the same protection as
CDSM. In general, a decrease in the number of parts tends to reduce the probability of
causing a failure, resulting in a decrease in the overall failure rate. However, this is a simple
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comparison that takes into account only the number of parts and requires comparison
with the failure rate analysis that reflects the operational characteristics of the submodule.
Reliability analysis methods suitable for high-power conversion systems include part count,
Markov, fault tree, and binary distribution analysis [8–10,14–21]. Except for the fault-tree
analysis (FTA), the reliability analysis method is widely used and takes into account the
types of components, the number of parts that make up the power conversion system, the
combined state of parts, etc., but it is difficult to analyze the impact of certain functions of
the power conversion system on the failure of the entire system [8–10].

In this paper, the failure rate of the IHSM submodule, which has a DC short-circuit
current protection function but has fewer parts than CDSM, is compared and analyzed us-
ing FTA. The failure-rate analysis is performed by considering the operating characteristics
of the IHSM and the change in the number of parts for implementing the DC short-circuit
current protection function using the fault tree. The correlation of added function, number
of parts and failure rate is compared and analyzed compared with conventional HBSM,
FBSM, and CDSM.

2. Failure-Rate Analysis Considering Operating Characteristics of IHSM

Figure 1 shows the circuit structure of the half-bridge submodule (HBSM), the full-bridge
submodule (FBSM), the clamped-double submodule (CDSM) with DC short-circuit current
protection, and the improved hybrid submodule (IHSM) that is used in HVDC [5–12].
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The HVDC submodule provides or removes capacitor UC voltage to the converter.
The simplest circuit structure is the HBSM in Figure 1a, and the FBSM in Figure 1b allows
for a 100% redundancy. The HBSM and FBSM are circuit structures that are faithful to the
basic operation of the submodule. However, there is no function to protect submodules
from a DC short-circuit current. Figure 1c is a CDSM with one IGBT, two diodes, and
one capacitor added to the circuit structure of the FBSM. When a DC short-circuit current
occurs, two capacitors absorb the short-circuit current energy and prevent overvoltage
by voltage clamping of the added diode [6,11]. The IHSM in Figure 1d has protection
against DC short-circuit current and is similar to the CDSM in circuit structure [6,12].
It has five IGBTs, six diodes, and two capacitors. Compared to CDSM, one diode is
reduced. However, the circuit operation to absorb the short-circuit current is asymmetric
and disadvantageous in terms of short-circuit current energy absorption and overvoltage
protection using capacitors rather than CDSM.

2.1. Operational Mode of the IHSM

IHSM is a structure that prevents overvoltage by absorbing short-circuit current energy
into capacitors by keeping IGBT Q5 at turn-on in normal mode and turning-off IGBT Q5
when a DC short-circuit current occurs. When a short-circuit current enters the SM (+)
terminal, a current path through the two capacitors is formed, but when a short-circuit
current is released from the SM (+) terminal, only capacitor C1 absorbs energy.

Figure 2a,b show the current path that charges capacitors C1 and C2 individually in
normal mode with which the IHSM is connected to the converter. If the current enters
the SM (+) terminal, turning on IGBT Q4 as shown in Figure 2a, capacitor C1 is charged
through diode D1 and D5, and turning on IGBT Q3, as shown in Figure 2b, enables the
individual charging of capacitor C2 through diodes D2 and D5. The charging of individual
capacitors is possible even when IGBT Q5 is in turn-off.

Figure 2c,d show the current path when the IHSM individually discharges capacitors
C1 and C2 in normal mode connected to the converter. When the current flows from the SM
(+) terminal, turning on IGBT Q1 as shown in Figure 2c discharges capacitor C1 through
IGBT Q5, diode D4, and turning on IGBT Q2 as shown in Figure 2d enables the individual
discharge of capacitor C2 via IGBT Q5 and diode D3. The discharge of individual capacitors
is impossible in abnormal mode where IGBT Q5 is turned off.

Figure 2e shows the current path through which the IHSM simultaneously charges
capacitors C1 and C2 in normal mode connected to the converter. When the current flows
from the SM (+) terminal, turning on IGBT Q1 and Q2, as shown in Figure 2e, capacitors C1
and C2 are simultaneously discharged through IGBT Q5. The simultaneous discharge of
capacitors C1 and C2 is impossible in abnormal mode where IGBT Q5 is turned off.

Figure 2f shows the current path through which the IHSM simultaneously charges capac-
itors C1 and C2 in abnormal mode connected to the converter. This is an operating mode in
which DC short-circuit current energy is absorbed into two capacitors and clamped by diode
D6 to prevent overvoltage. When current flows into the SM (+) terminal, capacitors C1 and
C2 are simultaneously charged through diodes D1, D5, and D2 as shown in Figure 2f. The
simultaneous charging of capacitors C1 and C2 is also possible in normal mode with IGBT
Q5 on.

Figure 2g,h show the current path when the IHSM charges or discharges capacitors
C1 and C2 individually in abnormal mode connected to the converter. When the current
flows from the SM (+) terminal, capacitor C1 is charged through diodes D4, D6, and D3, as
shown in Figure 2g, and when IGBT Q2 is turned on as shown in Figure 2h, capacitor C2
can be discharged through diodes D6 and D1. The individual charging and discharging of
capacitors is only possible when IGBT Q5 is turned off.
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Figure 2i,j show the equivalent circuit when the IHSM is disconnected from the converter.
When the current flows from the SM (+) terminal, the normal mode in Figure 2i uses the
lower current path through diodes D4 and D3 and the abnormal mode has the current path
through diodes D4, D6, and D1, as shown in Figure 2j.
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2.2. Fault-Tree Design of IHSM
2.2.1. Main Fault Tree

This section describes the design of the fault tree considering the driving characteristics
of the IHSM, i.e., the risk of submodule operation including the DC short-circuit current
protection. A fault-tree analysis (FTA) is a method of designing a fault tree that logically
analyzes the causal relationship of a system failure and finds the probability of a system
failure. A logical and probabilistic quantitative failure rate reflecting the operational
characteristics of the submodule can be derived.

Figure 3 shows the fault tree taking into account the operational characteristics of
the IHSM. Define each sub-stage failure based on the condition that the capacitor of the
submodule is connected to or disconnected from the converter. [Capacitor connecting
failure] is divided into capacitor charging and discharging failure. [Capacitor charging
fault] is designed as an AND-gate combination of [Simultaneous C1 and C2 charging
function failure] that charges two capacitors simultaneously and [Individual C1 or C2
charging function failure] that charges separately. The [Simultaneous C1 and C2 charging
function failure], which charges two capacitors simultaneously, suppresses overvoltage
generation by absorbing energy by two capacitors and clamped by diode D6 in the event
of a DC short-circuit current. The [Individual C1 or C2 charging function failure] event
is the OR–gate combination of the individual charging function of C1 and C2 in normal
mode and the charging function of C1 in abnormal mode, and individual charging of C2 in
abnormal mode is impossible. A [C1 or C2 charging function failure] event is the OR-gate
combination of the individual charging function of C1 and C2 in normal mode and the
charging function of C1 in abnormal mode, and individual charging of C2 in abnormal
mode is impossible. When a DC short-circuit current occurs, overvoltage protection is
possible through the current path of both capacitors and the current path through which
C1 absorbs energy individually. Therefore, it has the AND-gate characteristic that the
failure propagates to the higher level only if both functions fail. [Capacitor discharging
fault] is designed as an AND-gate combination of events that discharge two capacitors
simultaneously and individually.

[Individual C1 or C2 discharging function failure] is an OR-gate combination of [C1
discharging function failure at normal mode], [C2 discharging function failure at normal
mode], and [C2 discharging function failure at abnormal mode]. The individual discharge
of C1 in abnormal mode is impossible. A [Capacitor disconnection failure] event is designed
under two conditions: current flowing into or current flowing out from the SM (+) terminal
when the submodule capacitor and converter are disconnected. [SM disconnection failure
when current flow out of SM] is designed based on the path of current flowing from the
SM (+) terminal to the converter when separating the converter from the submodule. It is
designed as OR-gate combinations of [Disconnecting failure using upper current path] and
[Disconnecting failure using lower current path].

2.2.2. Sub Fault Tree

This section describes the lower level of the fault tree according to the state of the circuit.
Figure 4 is a sub-fault tree for the event of [Simultaneous C1 and C2 charging function

failure] that charges two capacitors simultaneously. Five possible events, depending on
the operation of the IGBT and diode for generating the current path, consist of an OR-
gate combination.
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Figure 8 shows the event of charging C1 in abnormal mode during a lower stage
failure of [Individual C1 or C2 charging function failure] to charge individual capacitors.
It is designed as an OR-gate combination of IGBT-related failures and diode failures that
operate to generate current paths.
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Figure 9 shows the fault tree for the [Simultaneous C1 and C2 discharging function
failure] event of discharging two capacitors simultaneously. Five possible failures, depend-
ing on the operation of the IGBT and diode for generating the current path, consist of an
OR-gate combination.
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Figure 10 shows the event of [Individual C1 or C2 discarding function failure] among
the lower stage failures for the event of discharging individual capacitors. Four possible
failures, depending on the operation of the IGBT and diode for generating the current path,
consist of an OR-gate combination.
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Figure 11 shows the [C2 discarding function failure at normal mode] of lower stage
failure for the [Individual C1 or C2 discarding function failure] event that discharges
individual capacitors. Four possible failures, depending on the operation of the IGBT and
diode for generating the current path, consist of an OR-gate combination.
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Figure 12 shows the [C2 discarding function failure at abnormal mode] discharging
C2 during sub-stage failures for the [Individual C1 or C2 discarding function failure] event
that discharges individual capacitors.
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Figure 13 shows a sub-stage failure of the [Capacitor disconnection fault] event in
which the capacitor in SM is disconnected from the converter. [SM disconnection function
when current flow into SM] is a fault with current flowing into the SM (+) terminal.
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Figure 14 shows a failure in the lower stage of a failure event in which the capacitor in
SM is separated from the converter and with current flowing from the SM (+) terminal.
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Figure 14. Sub fault tree for disconnecting failure using upper current path.
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Figure 15 shows the failure of the SM capacitor in a lower stage of the failure event of
the SM capacitor being separated from the converter and with current flowing from the
SM (+) terminal.
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Figure 16 shows a sub fault tree for the event [IGBT Qx reverse current flow failure,
x = 3,4] design with an OR-gate combination of [Dx diode failure] and [IGBT Qx−2 switching
failure].
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The [Capacitor Cx charging function failure] and [Capacitor Cx discharging function
failure] events in Figure 17 design [Drift] and [Seal failure], which are the major failures of
capacitors themselves.
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2.3. Part Failure Rate Based on MIL-HDBK-217F

To calculate the failure rate of the IHSM fault-tree, it is first necessary to calculate
the basic component failure rate for the main parts of the submodule, i.e., IGBT, diode,
and capacitor. In this paper, the basic failure rate for each part is calculated using the
MIL-HDBK-217F failure library [19,20]. The rated power of the IHSM is 2.4 MW, and the
rating of the IGBT is 4.5 kV and 1200 A. We add a high-performance diode to parallel the
anti-parallel diode inside the IGBT, and the voltage and current ratings are the same as
IGBT. The capacitor has an operating voltage of 2750 V at −40 ◦C to 85 ◦C. The failure rate
is analyzed in an environment where the converter room is controlled at a constant range
of 20 ◦C to 30 ◦C.

2.3.1. Failure Rate of IGBT

Determine the part failure rate of IGBT from the fact that IGBT consists internally
of bipolar junction transistor (BJT) and metal-oxide-semiconductor field-effect transis-
tor (MOSFET) series combinations [8–10,21–25]. The failure rate of BJT is as shown in
Equation (1).

λBJT = λbπTπAπRπSπQπE

[
Failures/106h

]
(1)

where λb is the base failure rate (BJT) of 0.00074. πA applies 0.7 as an application factor.
πQ is a quality factor, which is 5.5 for commercial use. πE applies 6.0 because the IHSM
operates in an environment controlled by the environment factor. πT is a temperature
factor. The failure rate of the MOSFET is as shown in Equation (2).

λMOSFET = λbπTπAπQπE

[
Failures/106h

]
(2)

Here, the basic failure rate of MOSFET λb is 0.012, and the rated power is 250 W or
higher, so application factor πA applies 10. Quality factor πQ is applied to the commercial
product reference value of 5.5 and the environment factor πE is applied to 6.0 because the
IHSM operates in a controlled environment. πT is a temperature factor. Since IGBT consists
of series combinations of BJT and MOSFET, the failure of either will result in the failure of
IGBT. Thus, the failure rate of IGBT can be calculated by Equation (3) through the OR-gate
operation of the two elements.

λIGBT = 1 − (1 − λBJT)(1 − λMOSFET)
[
Failures/106h

]
(3)

2.3.2. Failure Rate of Diode

For the design of the IHSM, we use fast recovery diode (FRD) to supplement the
performance of the internal diode of the IGBT. The failure rate of the diode is as shown in
Equation (4).

λD = λbπTπSπCπQπE

[
Failures/106h

]
(4)

where the basic failure rate of the diode λb is 0.025, and the contact construction factor
πC is 1. Quality factor πQ is applied to the commercial product standard of 5.5, and
to the environment factor πE, 6.0 is applied, because the IHSM operates in a controlled
environment. πT is a temperature factor.

2.3.3. Failure Rate of Capacitor

Metallized film capacitors that are being utilized in the design of HVDC systems
suitable for high power applications are analyzed. The failure rate of capacitors is as shown
in Equation (5).

λC = λbπTπCπVπSRπQπE

[
Failures/106h

]
(5)
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where the basic failure-rate of the Metallized film capacitor (CH) is 0.00037, and the series
resistance factor πSR is 1.0. The quality factor πQ is 10, and the environment factor πE is
6.0. πT is a temperature factor.

2.4. Analysis of Failure Rate of IHSM Using Fault-Tree

This section calculates the failure rate of the IHSM by reflecting the part failure rate
calculated using MIL-HDBK-217F in the fault tree. Figure 18 shows the failure rate obtained
from the fault tree that reflects the operating characteristics of the IHSM, especially the
DC short-circuit current protection function. The MTBF (mean time between failures) is
expected to be 40,545 h (4.63 years) with 0.247 failures/104 h at 25 ◦C, and the failure rate
of 0.998 failures/104 h at 180 ◦C shows that the MTBF is reduced to 10,018 h (1.14 years).
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2.5. Comparison of HBSM, FBSM, CDSM, and IHSM
2.5.1. Comparison of Failure Rate

This chapter compares the failure rate of the FTA, which reflects the operational
characteristics and risks of the submodule, with the failure rate calculated by the part count
failure analysis (PCA). A comparative analysis of submodules is made when the same
design conditions are applied [8–10]. The IHSM has a DC short-circuit current protection
function and is a circuit structure with one diode reduced in the structure of the CDSM,
and one IGBT, two diodes, and one capacitor increased compared to the FBSM.

For PCA, even one component of a submodule can be seen as a failure of a submodule
if it fails, so each component has the characteristics of a parallel relationship failure as
given in Figure 19. In other words, the PCA obtained the failure rate of the submodule by
considering only the type, number, and coupling of IGBT, diode, and capacitor parts.
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Figure 20a shows the results of PCA-based failure rate comparison. Since the PCA
method is a reliability evaluation that only considers the type, number, and connection
status of parts, the failure rate usually increases as the number of parts increases. Since
only the number of parts differs under the same conditions, the failure rate is high in the
order of CDSM > IHSM > FBSM > HBSM with the most parts. CDSM and IHSM represent
a difference in the number of parts per diode, with a near similar failure rate, but CDSM
has a slightly higher failure rate than IHSM.

The FTA-based analysis, which takes into account the operational characteristics of
the submodules in Figure 20b, indicates that the failure rate is high in the order of FBSM
> CDSM > IHSM > HBSM. The addition of DC short-circuit current protection has the
effect of improving reliability, but the reliability of CDSM is generally lower than that of
HBSM due to the increase in the number of parts. It is noteworthy that the IHSM has a
lower failure rate than the HBSM at 40 ◦C or below, confirming that the DC short-circuit
current protection function is sufficient to improve reliability. This means that in the
converter room, which is controlled by an average of 25 ◦C, the number of parts with the
DC short-circuit current protection function increases significantly compared to the HBSM,
so the failure rate should generally be increased, but the DC short-circuit current protection
function has the effect of improving reliability by lowering the failure rate.
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2.5.2. Comparison of the Number of Parts

Figure 21 shows a comparison of the number of parts in the HBSM, FBSM, CDSM,
and IHSM. In the IGBT and diode comparison in Figure 21a, the HBSM has the smallest
number of parts. The number of parts of the submodule with DC short-circuit current
protection generally has the largest number of parts, and the CDSM has the largest number
of semiconductor devices. Figure 21b shows that the CDSM and IHSM have two capac-
itors, and the remaining submodules require one capacitor. CDSM and IHSM use two
capacitors to effectively inhibit overvoltage generation and to absorb short-circuit current
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energy, so it cannot be simply assumed that an increase in the number of capacitor parts is
uneconomical.
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2.5.3. Comparison of Voltage and Current Stress for Switching Devices

Figure 22 compares the voltage and current stresses applied to switching devices
according to the structure of the submodule. Temporary surge voltage by switching and
over-current by DC short circuit are excluded from analysis and compared based on the
average voltage and average current. At 2.4 MW, the voltage stress of IGBT and diodes in
HBSM, FBSM, CDSM, and IHSM is the same at 2400 V, and the current stress is 1000 A,
requiring the same current rating.

Figure 23a shows the analysis of the failure rate of the IHSM according to the PCA
method. A smaller voltage margin indicates a proportional increase in the failure rate.
However, PCA results alone make it difficult to determine the appropriate voltage margin
of the switching device. Figure 23b shows the results of the failure rate analysis of the FTA
method for the IHSM when changing the voltage margin of the switching device. The
smaller the voltage margin, the more proportionally increasing the failure rate, and the
relatively significant reduction in the failure rate when the voltage margin is set at 2.5 times.
However, when applying IGBT and diodes with a 2.5× voltage margin, the problem of
the component price increases, and efficiency degradation relative to reduced failure rates
should be considered.
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Figure 24 analyzes the failure rate according to the working voltage margin of the
capacitor of the IHSM. The switching device (IGBT and diode) is fixed at 1.875 times the
voltage rating, and the failure rate is analyzed when the capacitor working voltage margin
is changed to 1.04, 1.08, 1.15, 1.25, and 2.5 times. Changing the capacitor working voltage
margin with the voltage margin of 1.875 times for the IGBT and diode has little effect on
the overall failure rate of the IHSM. Therefore, if capacitors are designed to have a 1.15×
working voltage margin, they are not significantly affected in terms of failure rates and can
change the working voltage margin of capacitors considering the average applied voltage,
cost, size, and volume.
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3. Conclusions

In this paper, we analyze the failure rate of IHSM with DC short-circuit current
protection using fault tree and how increasing the number of parts and protection functions
affect the failure rate. PCA shows high failure rates in the order of CDSM > IHSM > FBSM
> HBSM. However, the results of the FTA show high failure rates in the order of FBSM >
CDSM > IHSM > HBSM.

In particular, when the submodule operates in a converter room controlled at an
average temperature of 25 ◦C, it can be seen that the number of parts in the IHSM increases
significantly compared to that of the HBSM but has a lower failure rate. This is a result
of IHSM’s DC short-circuit protection that can inhibit the increase in failure rates as the
number of parts increases. This also shows that FTA, which can reflect the operational
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characteristics of submodules, are a more advanced analysis method than PCA that simply
considers the number of parts, types, and connecting status.

In addition, the failure-rate comparison results, considering the number of parts in
the submodule, the voltage, and current stress applied to the switching devices, and the
voltage margin, provide guidance from various perspectives for submodule selection.
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Abbreviations

BJT Bipolar Junction Transistor
CDSM Clamped-Double Submodule
FBSM Full-Bridge Submodule
FTA Fault-Tree Analysis
FRD Fast Recovery Diode
HBSM Half-Bridge Submodule
HVDC High Voltage Direct Current
IGBT Insulated Gate Bipolar Transistor
IHSM Improved Hybrid Submodule
MOSFET Metal-Oxide-Semiconductor Field-Effect Transistor
MTBF Mean Time between Failures
PCA Part Count Failure Analysis
SM Submodule
UC Voltage Across the Capacitor of Submodule
λb The Base Failure Rate of Part
πA Application Factor of BJT
πC The Contact Construction Factor of Diode
πE Environment Factor
πQ Quality Factor
πSR The Series Resistance Factor of Capacitor
πT Temperature Factor
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