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Reliability analysis and reliable
operation of three-level ANPC
inverter

Xiaolin Zheng*, Xiaoxiao Huang, Peiyu Chen, Zhigiang Chong and
Zhongchen Yuan

State Grid Tianjin Electric Power Company Electric Power Research Institute of China, Tianjin, China

The three-level active neutral-point-clamped (3L-ANPC) inverters have been widely
used in medium-voltage high-power electrical drives. The purpose of this paper is to
achieve the reliable operation for 3L-ANPC inverters by reliability analysis and
optimal switching and control strategies, while the performance of output
waveforms of inverters is maintained. This paper starts by analyzing the power
loss and the reliability of power semiconductor devices. On this basis, a
mathematical model is derived for online condition monitoring of semiconductor
devices. Then, the modulation strategies of the passive commutation mode and the
active commutation mode are designed for the 3L-ANPC inverter, and the power
loss distributions are analyzed among different semiconductor devices accordingly.
Finally, three optimized strategies are designed to improve the reliability of the 3L-
ANPC inverter under different load conditions based on different commutation
modes and the developed reliability model. Both the simulation using MATLAB
Simulink as well as PLECS have been conducted to verify the validity of analysis
and control for improving reliability of 3L-ANPC inverters in this paper.

KEYWORDS

three-level active neutral-point-clamped (3L-ANPC) inverter, loss calculation,
electrothermal network, reliability, commutation

Introduction

Multilevel inverters have been widely used in medium-voltage high-power electrical
applications. With multilevel inverters, low rating power devices can be applied to high-
voltage and high-power area, and the problem that output voltage is limited by rated voltage of
semiconductor devices can be solved (Wang et al., 2017; Zhang et al., 2019; Quan and Li, 2020).
At the same time, as the number of levels increases, the electromagnetic interference as well as
the harmonic components of output voltage and output current are reduced. Therefore, the
innovation of topologies and control strategies of voltage-source multilevel inverters have
drawn a lot of interests. A lot of research work have been devoted to several popular multilevel
topologies, including neutral-point-clamped (NPC) inverter (Wang et al, 2018), flying
capacitor inverter (Wu et al., 2022), cascaded H-bridge inverters (Song and Huang, 2010)
and so on.

In the 1980s, Nabae et al. (1981) proposed the three-level neutral-point-clamped (3L-NPC)
inverter topology, as shown in Figure 1A. Compared with the two-level inverter topology, each
phase leg is connected to the neutral point “O” by two clamping diodes for the 3L-NPC inverter.
This enables each phase leg to output the third voltage level through these clamping diodes, and
increases the number of voltage levels. In particular, the 3L-NPC inverter can be used for
medium-voltage (MV) applications with the rated voltage from 2.3 kV to 6.6kV, such as the MV
wind energy conversion and grid-connected inverters for photovoltaic (PV) generation as well
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Topologies of 3L-NPC inverters. (A) Diode-clamping 3L-NPC inverter. (B) 3L-ANPCinverter

as energy storage. Besides, the 3L-NPC inverters can also be employed
in high-power motor drives for compressors, fans, propulsion, etc (Gu
et al., 2021).

However, the 3L-NPC inverters have problems in terms of
reliability. This topology suffers from the drawback of unequal loss
and junction temperature distribution among the semiconductor
devices, which limits the increase in switching frequency and
capacity of the inverter (Bruckner et al, 2005; Bruckner et al,
2007). In 2001, the topology of the three-level active neutral-point-
clamped (3L-ANPC) inverter is proposed, which overcomes the
defects of 3L-NPC inverters, as shown in Figure 1B (Bruckner and
Bemet, 2001). The clamping diodes connected to the neutral point of
3L-NPC inverters are replaced by the clamping insulated gate bipolar
transistors (IGBTSs) in the 3L-ANPC inverters. The 3L-ANPC inverter
topology increases the switching states and current commutation
types. Thus, the junction temperature of semiconductor devices can
be balanced to improve the reliability of the system by using different
commutation processes (Andler et al., 2014).

Many research works have been performed on control strategies
for 3L-ANPC inverters. Jiao and Lee (2015) proposed a new
modulation scheme for the 3L-ANPC phase leg. This method takes
advantage of the neutral path configuration and balances the loss
distribution through a reasonable selection of neutral current paths.
Zhang et al. (2016) also proposed a method to balance the conduction
loss and the switching loss of semiconductor devices by adopting
different control strategies. However, neither of the two methods
considers the effect of device junction temperature on loss and
lifetime. Bruckner et al. (2005) established an electrothermal model
to calculate the junction temperature of the device. It could balance the
junction temperature of the 3L-ANPC inverter through different
commutation actions and zero states. However, there is no clear
classification of different commutation actions, and the evaluation
of loss distribution is not sufficient.

To achieve reliable operation for 3L-ANPC inverters, the optimal
control strategies of the 3L-ANPC inverter are studied, and an online
estimation method is established for reliability and lifetime of 3L-ANPC
inverter based on the real time electrical characteristics in this paper. In
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particular, two different commutation modes are designed for the 3L-
ANPC inverter, and the loss distribution of each commutation mode is
analyzed accordingly. An electrothermal network as well as a loss
prediction model of a 3L-ANPC inverter is developed for the lifetime
evaluation. On this basis, the control strategies are proposed to improve the
system reliability under different types of loads, while maintaining the
output waveform performance of the 3L-ANPC inverter. Simulation has
been given to verify the effectiveness of the proposed reliability analysis and
reliable operation strategies for 3L-ANPC inverters.

Reliability analysis of semiconductor
devices

In recent years, power electronics has penetrated into many
industrial applications. Due to economic or safety considerations,
the system reliability is an issue that cannot be ignored. In the
literatures, the studies have been focused on several aspects of
reliability for power electronics, including formal reliability
assessment, design of fault-tolerant topologies, prognostics and
health management approaches, and so on (Hanif et al, 2019).
These approaches can evaluate and improve the system reliability
in the design stage. However, they are usually proceeded offline and
thus cannot prevent the system failure based on the real time
conditions. For this reason, this paper aims at proposing an online
estimation method for reliability and lifetime of semiconductor
devices based on the real time electrical characteristics, and
improving the reliability of the 3L-ANPC inverter by using optimal
control strategies. At first, the junction temperature calculation
process is utilized to evaluate the junction temperature of devices

in 3L-ANPC (Zhang et al., 2021).
Junction temperature calculation

The relationship between deterioration of semiconductor
devices and junction temperature is revealed by the LESIT Study
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(A) Simplified thermal equivalent circuit of IGBT and diode. (B) Two thermal equivalent circuit diagrams.

(Held et al., 1997). As expressed in Eq. 1, the number of thermal
cycles to failure Nydepends on the thermal swing AT;. T, represents
junction temperature in Kelvin, whereas R represents the gas
constant, and A, o, and Q are fitting parameters.

Q

Ny =A-AT% - o(afs) (1)

On the basis, Miner’s rule can be utilized to calculate the damage
effect of semiconductor devices (Raveendran et al., 2019).

N;
D:ZNﬂ

where the accumulated damage D can be linearly calculated by the

)

thermal cycles Nj in the ith stress range and the number of thermal
cycles to failure N in the ith stress range. When D becomes 1, the
device will fail.

The main IGBT losses are conduction losses and switching losses,
whereas the main diode losses are conduction losses and turn-off
losses (Zhang et al., 2021). Drofenik and Kolar (2005) provided a
general scheme for calculating conduction loss, where characteristic
parameters can be taken directly from manufactures’ datasheet.
Wintrich et al. (2015) provided the formula for switching loss
calculation, and the calculation results represents the energy in a
switching action. By summing up the conduction loss and the
switching loss, the total loss of a power device can be calculated.
The calculation methods above are sufficient for estimating the
expected power dissipation during converter operation mode in
practice.

In general, the thermal characteristics of a system can be described
by the thermal equivalent circuits consisting of power sources and
thermal impedances (Wintrich et al., 2015), as shown in Figure 2A.
Foster network and Cauer network are commonly used as the
equivalent thermal circuit, as shown in Figure 2B. In Cauer
network, the intermediate points within a block represents system
temperatures, while the intermediate points of Foster network do not
represent the actual physical location in the system. Thus, this paper
uses Cauer network to simulate the thermal impedance. In this way,
the junction temperature can be obtained by applying the total losses
to the Cauer network. The parameters of the thermal model are
obtained from the datasheet of semiconductor devices studied in
this paper.

It should be noted that there are some other methods to measure
the junction temperature online besides prediction of junction
temperature with thermal model. the

Actually, junction
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temperature of the semiconductor devices can be carried out with
some sensitive properties. For example, the on-state V. of IGBT, the
on-state resistance Rpso, of MOSFET and the turn-off delay of
devices can be monitored to detect the junction temperature of
semiconductor switching devices online (Niu and Lorenz, 2018).
These methods are not dependent of the parameters in thermal
model, but the additional monitoring hardware are required in the
gating drivers or auxiliary detection circuits.

Device lifetime calculation

Once junction temperature and thermal swing are known, the
lifetime of the device can be estimated by combining Eq. 1, 2. It is
possible to calculate the accumulated damage of the device when
the power converter is working under a periodic mission profile.
However, a random mission profile will generate a random
junction temperature profile for the converter, and it is difficult
to extract thermal cycles directly. An effective cycle counting
algorithm is needed to identify thermal cycles from the load
history. The rainflow algorithm can extract thermal cycles from
random temperature profile and is widely used for fatigue analysis
(Andresen et al., 2018).

The IGBT junction temperature profile in Figure 3A is considered
as an example to illustrate the rainflow algorithm. Define the point at
which the first derivative from positive to negative as “peak”, and
define the point at which the first derivative from negative to positive
as “valley”. According to the first three points, X and Y are generated,
which represent the algebraic difference between the consecutive peak
points and the valley points. The range Y is the algebraic difference
between the first and the second points, and the range X is the
algebraic difference between the second and the third points. The
following are the procedures to determine the thermal cycles
according to temperature profile. Set the starting point as S, and
start from step 2.

Step 1: Find the next peak or valley. If there is no next peak or valley,
go to step 5.

Step 2: If there are less than 3 points, go back to step 1. Regenerate X
and Y with the 3 latest points that have not been discarded.

Step 3: Compare the absolute values of X and Y. If X < Y, go back to
step 1; if X > Y, go to step 4.
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Example of the rainflow algorithm. (A) IGBT junction temperature profile. (B) Equivalent thermal cycles according to temperature profile.
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FIGURE 4
Topology of a 3L-ANPC inverter.

Step 4: If Y contains the starting point S, go to step 5. If not, count Y
as a full cycle, then discard the peak and the valley contained in Y, and
go back to step 2.

Step 5: Count Y as a half cycle, discard the first point in Y, and
move the starting point S to the second point in Y. Then, go back to
step 2.

Step 6: Define all the ranges that have not been counted as a half
cycle.

Thus, the results of equivalent thermal cycles are shown in
Figure 3B. Based on the equivalent thermal cycles, the device
lifetime can be calculated according to Eq. 1, 2.

Model for online condition monitoring

According to the aforementioned calculation methods of loss,
junction temperature and lifetime, an optimal control strategy is
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presented based on the real-time electrical characteristics. The steps
are given as follows.

Step 1: Voltage sensors and current sensors are given to measure the
device’s voltage and current. The characteristic curves of devices can
be fit from the manufacturer’s datasheet, and power loss can be
calculated by the real-time electrical characteristics.

Step 2: Apply the calculated loss to the Cauer network, and the
junction temperature of the device can be estimated.

Step 3: The rainflow algorithm is used to extract thermal cycles from
the junction temperature profile history. These thermal cycles are used
for fatigue analysis, and the device lifetime can be calculated by using
lifetime prediction methods.

Step 4: According to the model for online condition monitoring, an

optimized control strategy is designed to improve the operation
performance and the reliability of the system in real time.
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TABLE 1 Switching states of a 3L-ANPC inverter.

Switching state

Switching status

10.3389/fenrg.2022.1124523

Terminal voltage

“p” 1 0 0 0 1 Vad2
“ou2” 0 0 0 1 0 ¢
“ou1” 0 0 1 1 0 ¢
“OL1” 1 1 0 0 1 o
“OL2” 0 1 0 0 1 0

“N” 0 1 1 1 0 Va2

TABLE 2 16 commutation types in the 3L-ANPC inverter.

Current Commutation type

+ P-OU1 P-OU2 P-OL1 P-OL2
N-OU1 N-0OU2 N-OL1 N-OL2
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FIGURE 5

Loss distributions. (A) Passive commutation mode. (B) Active
commutation mode.
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Reliability analysis of 3L-ANPC inverters

Figure 4 shows the topology of a 3L-ANPC inverter. Each bridge
consists of 4 IGBTs in series with antiparallel freewheeling diodes, and
the bridge is connected to neutral point O by clamping IGBTs. 3 types
of terminal voltage are generated by DC voltage source and DC-link
capacitors C1 and C2. The 3L-ANPC inverter has 6 effective switching
states, which are given in Table 1.

There are 16 different commutations in the 3L-ANPC inverter,
as shown in Table 2. Zhang et al. (2021) proposed a classification
method based on current flow paths to balance loss distribution of
power devices. 16 different commutations are divided into passive
commutation mode and active commutation mode, while different
commutation processes and different loss distributions are
introduction of two

reflected directly. Here 1is a brief

commutation modes.

Passive commutation mode

Figure 5A shows the loss distribution of passive commutation
mode. For 4 quadrants generated by the voltage and current of devices,
passive commutation mode is further subdivided into 2 commutation
processes of each quadrant. The difference between 2 commutation
processes in the same quadrant is switching state “O”. Compared with
OU2 and OL2, OUI and OLI can prevent turn-off losses caused by
antiparallel diodes D1/D4. Therefore, OU1 and OLI are selected as the
optimal states.

In passive commutation mode, the current paths flow through D5/
D6, as shown in the third row of the table in Figure 5A. The power
devices that generate losses are shown in the fourth and fifth rows of
the table in Figure 5A. By calculating the dwell times in a switching
period, the conduction loss of each device within a switching cycle can
be calculated accurately. The calculation of switching losses requires
the information of the switching state of each device and current flow
path in a switching period, then the switching loss of each device in a
switching period can be calculated accurately.

Active commutation mode

Figure 5B shows the loss distribution of active commutation
mode. Similarly, active commutation mode is further subdivided

frontiersin.org
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Control diagram based on balancing loss and lifetime distribution. (A) Constant load. (B) Periodic load. (C) Random load.

TABLE 3 System parameters.

Parameter Value  Description

Ve 600 V DC voltage

Cnh G, 2000uF DC-link capacitance

IGBT/FRED FF100R12RT4

f 50 Hz Fundamental frequency

M 0.9 Modulation index (2Vref/Vdc)

Ts 200us Switching period

T, 25°C Ambient temperature

Rth.ay 0.1K/W  Thermal resistance between baseplate and ambience

into 2 commutation processes of each quadrant Compared
with passive commutation mode, current flow path is related
to T5/T6 rather than D5/D6, which
distributions of 2 commutation modes. The power devices that

shows different loss

generate losses are shown in the fourth and fifth rows of the table
in Figure 5B. The calculation methods of conduction loss and
switching loss is the same as that of the passive
commutation mode.

Due to different current flow paths in active and passive
commutation modes, the loss distribution of 2 commutation

modes is completely different. However, an IGBT and a diode

Frontiers in Energy Research

will be turned on in any switching state “O”, thus the total loss of
passive and active commutation mode is very close. Therefore, it is
possible to design control strategies to optimize the loss
distribution of devices by using two commutation modes of the
3L-ANPC inverter without affecting system efficiency. Compared
to the passive commutation mode, the difference of active
commutation mode is to utilized different switching vectors,
and the conduction loss and the switching loss will occur in
different devices. Consequently, the power loss could be
distributed more evenly among different devices in the same
inverter leg. The total power loss is almost unchanged by using
the active commutation method compared to the passive
commutation method.

Optimal control strategy for reliability
Constant load

According to different types of loads, the control strategy of the
3L-ANPC inverter will be different. For constant load, this paper
proposes a loss balancing strategy based on comparing loss variance.
The implementation of balanced loss distribution is shown in
Figure 6A. Combined with the characteristic curves from the
manufacturer’s datasheet, the conduction loss and switching loss of
each device are estimated by real time voltage and current
measurement. On one side, the total loss is applied to Cauer
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Simulation results for constant load (simulated from 0 to 5 s). (A) Cumulative loss distribution. (B) Junction temperature distribution. (C) Selection of
optimal commutation mode (0 represents passive commutation mode and 1 represents active commutation mode).

TABLE 4 Loss and temperature comparison of different commutation modes.

Passive commutation mode

Active commutation mode Optimal commutation mode

Cumulative loss/] 1460.8 1460.8 1460.8
Variance of loss/J? 1783.6 924.8 894.5
Maximum device temperature/°C 34.4 33.7 334
Variance of temperature/°C* 5.97 3.76 2.92

network of the system to calculate the semiconductor junction
temperature, and the junction temperature affects the calculation
results of total power losses. On the other side, the loss is used to
compare two commutation modes of the 3L-ANPC inverter, and the
commutation mode with the lower loss variance is selected as the
optimal commutation mode. Finally, according to the optimal
commutation mode and the reference voltage, the control signal of
18 IGBTs will be generated, which will further determine the switching
states of IGBT's in the 3L-ANPC inverter.

The loss for variance comparison consists of two parts. One part is the
cumulative loss, which sums up the conduction loss and the switching loss
of each device from the whole load history. The other part is the
instantaneous loss, which the from different
commutation modes in the next switching period. However, different
commutation modes result in different loss distributions in the same
switching period. Therefore, continuously selecting the optimal
commutation mode with the lower variance will balance the

represents loss

cumulative loss distribution of all devices.
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Periodic load

For periodic loads, this paper proposes a lifetime balancing
strategy based on lifetime variance. The implementation of
balanced lifetime distribution is shown in Figure 6B. The
calculation method of power loss and junction temperature is the
same as the control strategy based on loss variance. However, the
difference is that the periodic load will produce higher junction
temperature fluctuations, so that the lifetime of each device can be
calculated. According to the junction temperature and the thermal
swing, the remaining lifetime of each IGBT module can be calculated
and saved after a load period by combining Eq. 1, 2. The remaining
lifetime variance of all IGBT modules is compared under different
commutation modes, and the commutation mode with the lower life
variance is selected as the optimal commutation mode, which is used
to run in the next load cycle. Finally, according to the optimal
commutation mode and reference voltage, the control signal of
18 IGBTs will be generated.
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FIGURE 8

Simulation results for periodic load. (A) Mission profile. (B) Accumulated damage of IGBT modules. (C) Selection of optimal commutation mode
(O represents passive commutation mode and 1 represents active commutation mode).

The lifetime balancing strategy intuitively demonstrates the
system reliability by the lifetime estimation model. The time until
the device fails can be calculated, thus device lifetime can be predicted.
But for aging devices that have experienced fatigue, the initial damage
of devices is still required.

Random load

Taking consideration of a more irregular mission profile, the
random loads will be tested for the proposed method. For random
loads, this paper proposes another lifetime balancing strategy
based on lifetime variance, and its control diagram is shown in
Figure 6C. The control strategy is similar to the lifetime balancing
strategy for periodic load shown in Figure 6B. The difference is
that as the load profile is random, and the junction temperature of

Frontiers in Energy Research 08

devices changes irregularly over time. The rainflow algorithm is
applied to extract the thermal cycles of devices from the device
junction temperature history.

Simulation results
Constant load

According to the loss balancing strategy based on constant load, a
circuit model as well as thermal model of the 3L-ANPC inverter is
built on MATLAB Simulink platform. The simulation parameters are
shown in Table 3 and the inductive load (R = 4Q and L = 10 mH) is
used as the constant load.

Figure 7A and Figure 7B shows the distributions of cumulative loss
and junction temperature under three different working conditions. It
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FIGURE 9

Junction temperature of IGBT modules for periodic load. (A) Passive commutation mode. (B) Active commutation mode.
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A
Phase A IGBTI IGBT2 IGBT3 IGBT4 IGBT5 IGBT6
I/Nf 321%x107° 615x107° 574x107° 297x10™° 131x10™3 131x10™13
Phase B IGBT7 IGBT8 IGBT9 IGBT10 IGBTI1 IGBT12
I/Nf 297x107° 551x107° 570x10™° 3.07x10™° 131x107'%® 1.31x1071
Phase C IGBT13 IGBT14 IGBTI15 IGBT16 IGBT17 IGBTI18
I/Nf 3.09%x107™° 570x107° 590x10™° 3.07x10™° 131x107** 1.31x107
B
Phase A IGBTI IGBT2 IGBT3 IGBT4 IGBTS IGBT6
I/Nf 742x1071° 316x107° 293x10™° 7.07x1071° 4.64x 1072 4.61x 10712
Phase B IGBT7 IGBT8 IGBT9 IGBT10 IGBT11 IGBT12
I/Nf 7.07x1071° 293x10™° 3.05x10™° 7.01x107° 4.02x 1072 3,52 x 10712
Phase C IGBT13 IGBT14 IGBTI15 IGBT16 IGBT17 IGBT18
I/Nf 7.07x1071°  3.05%x10™° 3.05%x107° 7.01x 1071 4,05x 10712 4.05 x 10712
C
Passive commutation mode | Active commutation mode
Variance of lifetime 5.93x10°18 1.76x10718
Worst worn device T2 T2
T/°C 89.3 88.6
AT/K 14.7 13.0
Nf 1.63x108 3.16x108
Lifetime 20.6 years 40.1 years

FIGURE 10

(A) Accumulated damage in a load period in passive commutation mode. (B) Accumulated damage in a load period in active commutation mode.

(C) Lifetime estimation of different commutation modes.

can be seen that the cumulative loss of each power device using the
proposed commutation mode is between that using the passive
commutation mode and the active commutation mode separately.
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This is due to the optimal commutation mode can utilize the passive
commutation mode and the active commutation mode in an optimal
way, which has been as shown in Figure 7C. In Figure 7A and
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FIGURE 11

Simulation results for random load. (A) Mission profile. (B) Accumulated damage of IGBT modules. (C) Selection of optimal commutation mode
(O represents passive commutation mode and 1 represents active commutation mode).

Figure 7B, it also can be observed that the junction temperature = commutation mode becomes smaller. This indicates that the

distribution and the loss distribution using different commutation ~ commutation mode proposed in this paper can facilitate avoiding

modes are consistent, which verifies the analysis in Section 3. the premature damage caused by the excessive junction temperature of
For summarization, Table 4 lists the cumulative loss, the loss  some devices, so as to prolong the lifetime of the system and improve

variance, the highest junction temperature and the junction the system reliability.

temperature variance of different commutation modes. As shown

in Table 4, the cumulative losses of different commutation modes

remain the same. However, the loss variance and the junction Periodic load

temperature variance of the proposed commutation mode are

lower than those of the other two commutation modes. In For periodic loads, this paper proposes a lifetime balancing

addition, compared with the other two commutation modes, the  strategy based on lifetime variance. The simulation parameters are

highest junction temperature of devices wusing optimal also presented in Table 3. The load shifts between condition
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R=9Q,L=6 mHand R =2.25Q, L =1.5mH. The load period T} is
4s. The periodic load is connected to the terminal of the 3L-ANPC.
In simulation, we assume that the initial damage of all the devices is
the

commutation mode.

zero  and system initially operates in  passive

With the aforementioned periodic setting of resistive and
inductive load, the power of 3L-ANPC inverter is changed
periodically as shown in Figure 8A, where the mission profile
changes from 0.2p.u to 0.8p.u. And the power cycle is 4s. The step
change from the output power leads to the junction temperature
fluctuation of power devices. The accumulated damage of IGBT
modules in Figure 8B is calculated from the junction temperature
history of power devices. It can be seen from Figure 8B that the
accumulated damage will step up after each power cycle, and the
selection of the optimal commutation modes is based on the lifetime
variance of devices. According to the simulation results from
Figure 8C, the optimal commutation mode selected by the strategy
is always active commutation mode, rather than commutation modes
alternating, except that the system is initially set as passive
commutation mode.

In order to verify the results, further studies are carried out by
using the PLECS software, which can combine electrical and thermal
quantities in simulation. The simulation parameters remain the same
as above. The simulation results are shown in Figure 9 when the
system works in the stable operation for 20s, in the passive
commutation mode and the active commutation mode respectively.
Figure 9 shows the thermal fluctuation AT from light load operation to
heavy load operation. According to the junction temperature
waveforms, the consumed lifetime 1/Nf of devices after a thermal
cycle is calculated with Eq. 1 and 2, as shown in Figure 10A and
Figure 10B. The data analysis and comparison of different
commutation modes are summarized in Figure 10C.

It can be seen from Figure 10C that the variance of consumed
lifetime of active commutation mode is significantly lower than
that of passive commutation mode in a load period. The
commutation mode with the minimum lifetime variance is
continuously selected as the best commutation mode according
to the data in Figure 10A and Figure 10B. It is found that no matter
how many load periods passed, the consumed lifetime variance of
active commutation mode is always with the minimum life
variance. In addition, as the most severe worn device in
different commutation modes, T2 in passive commutation mode
suffers ftrom higher junction temperature and higher junction
temperature swing rather than it in active commutation mode.
Thus, the system operated in the active commutation mode has
longer lifetime, and the active commutation mode is the optimal

mode in terms of reliability for the periodic load condition.

Random load

The proposed optimal control strategy for reliability is further
tested for the random load condition by simulation, and the
simulation parameters are also shown in Table 3. The rated load is
set as R = 1.8Q and L = 1.2mH, and the system operates randomly
below the rated power. The calculation period of rainflow algorithm is
4s. It is also assumed that the initial damage of all the devices is zero
and the system initially operates in passive commutation mode.
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Figure 11A shows the irregular mission profile of the inverter system
in a time period. The random mission profile generates random junction
temperature profile for the converter, and a calculation period is
considered to calculate the accumulated damage of devices by using
rainflow algorithm and lifetime model. Figure 11B shows the consumed
lifetime of all IGBT modules in phase A under random load. It can be seen
that the consumed lifetime of IGBT modules steps up after each
calculation cycle of rainflow algorithm, and the increment of
consumed lifetime is different in each calculation cycle due to the
random load profile. Figure 11C shows the commutation mode with
the minimum residual lifetime variance. It is found that the optimal
commutation mode is always with the active commutation, except that
the system initially operates in the passive commutation mode. It can be
concluded that the active commutation mode is the optimal mode in
terms of reliability for random loads.

Conclusion

In this paper, the analysis and optimal control strategies have been
presented to achieve the reliable operation for the 3L-ANPC inverter.
The conclusions can be drawn as follows.

1. A reliability model has been established for online condition
monitoring of the 3L-ANPC inverter, which includes power
loss, junction temperature and lifetime calculation of power
devices. This reliability model provides the theoretical basis for
design of optimal control strategies of reliability for the 3L-ANPC
inverter.

. Two commutation modes, i.e., the active commutation mode and
the passive commutation mode have been designed for the 3L-
ANPC inverter. The working principle and the power loss
distribution have been investigated for the 3L-ANPC inverter.
By combining use of the active commutation mode and the
passive commutation mode, the power loss can be distributed
more evenly among different semiconductor devices.

. Based on different commutation modes and the reliability
model, three optimal strategies have been proposed for
improving reliability of the 3L-ANPC inverter under different
load conditions. In the case of constant load, the optimal
strategy aims at power loss balancing among different
devices, while the optimal strategies are developed for
the periodic load and the random load based on lifetime
estimation.

It should be noted that the ANPC inverter needs two more
active switches to clamp the mid-point voltage in DC link
compared to the diode-clamping NPC inverter. But ANPC
can offer more flexibility in selecting the switching vectors.
Both the passive the
commutation mode could be used by ANPC to limit the

commutation mode and active
junction temperatures of difference semiconductor devices.
Moreover, more redundant switching vectors can be provided
by ANPC inverter than the diode-clamping NPC inverter.
Accordingly, higher fault-tolerant capability is owned by
ANPC. From both normal operation and faulty operation, the
ANPC inverter has higher reliability than the diode-clamping

NPC inverter with proper control strategies.
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The reliability analysis method is also suitable for monitoring the
junction temperatures of semiconductor devices in other power
converters. The reliable operation method based on choice of
commutation mode is applicable to other power converters with
redundant power routes, e.g., multiphase converters and paralleled
converters.
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