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Abstract

Many strategies have been proposed to improve the reliability of Modular Multilevel Converters (MMCs). However,
the redundancy factor selection to support a converter fault tolerance operation is an important field to be explored.
This work proposes a combined reliability model for the correct selection of the additional number of cells to achieve
a target lifetime. This model combines both wear-out and random failures data and compute the required redundancy
factor for a given reliability target. The proposed model is evaluated through a reliability-oriented case study, whereas
four device voltage classes in a 13.8 kV/17 MVA MMC STATCOM are considered.

Keywords: Modular Multilevel Converters, Reliability, Redundancy Design, Wear-out Failures, Random Failures .

1. Introduction

Modular multilevel converter (MMC) is considered
the next generation of converter for medium and
high voltage applications [1]. Among the MMC
topologies, the single-delta bridge cell (SDBC) is
generally used in STATCOM and energy storage
applications. Moreover, the double-star chopper cells
(DSCC) is widely employed in STATCOM, HVDC
and in some applications from electrical drives systems
[2, 3]. The MMC topologies consist of the cascaded
connection of low voltage bridges, aiming to achieve
a high voltage capability.  Nevertheless, in some
applications, it is necessary to associate a large number
of cells, compromising the system-level reliability.
Therefore, the MMCs reliability has been receiving a
huge attention in the last years.

Some works propose a Design for Reliability (DfR)
approach as a solution to ensure a target lifetime for

the power converters [4]. In this concept, the design o

is accomplished to avoid the system to move forward
to the wear-out zone, where the failure rate grows
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faster, as shown in Fig. 1 [5]. As a result, the
probability of wear-out failures can be reduced during
the design phase. Although the wear-out failures can be
predicted and even avoided, the catastrophic events are
unpredictable and are defined by constant failure rate
[6]. Thereby, to overcome these events, redundant cells
shall be added during the converter design.

Wear-out
period

Random failure/
Constant failure rate

Early life
period

Failure rate A(t)

Operation time (hours, years, etc.)

Figure 1: Typical failure rate curve — bathtub curve.

The redundancy factor can be defined as the number
of additional cells to ensure the converter operation
after a predefined number of failures [7]. An empirical
redundancy factor of 10% is proposed in [1]. On
the other hand, some works propose the evaluation of
the redundancy factor based on the failure rate of the
devices [8, 9, 10]. Nevertheless, these works only
consider the constant failure rate region of the bathtub
curve, shown in Fig. 1. Hence, the only reliability tool
considered in these models is the FIT (failure in time),
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which is defined by the number of random failures
during a specific time.

Although reliability-based strategies have been
proposed for MMCs [8, 9, 10], the redundancy factor
selection considering both influence of constant and
wear-out regions still missing. Therefore, this work
proposes a combined reliability model to select the
correct redundancy factor, to achieve a target lifetime,
even with a predefined number of random failures. To
evaluate this concept, a reliability-based case study is
conducted considering different redundancy factors for
four device voltage classes in a 13.8 kV/17 MVA MMC
STATCOM.

This paper is outlined as follows. The design of the
MMC-STATCOM is described in Section 2. Section 3
presents the combined reliability modeling. In section 4
this model is evaluated through a reliability-based case
study. Section 5 presents the results obtained. Finally,
the conclusions of this work are stated in Section 6.

2. The DSCC-MMC STATCOM
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Figure 2: Schematic of the DSCC-MMC STATCOM.

The three-phase MMC in double-star configuration
is presented in Fig 2. The impedance L, represents the
converter connection to the grid. The six MMC arms are
composed by an inductor L,,,, k non-redundant cells
and m redundant cells per arm. The total number of cells
per arm is n, where n = k + m. All cells consist of two
IGBTs S and §,, two antiparallel connected diodes D,
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and D,, an energy storage capacitor C. There is usually
a switch S 7 in parallel with the cell, bypassing it in case
of failures.

3. Reliability Modeling

The reliability function R(#) and failure rate A(¢) are
highly important tools for reliability modeling. R(¢)
represents a group of samples that can properly work
during a specific time, and the A(f) is the failure
rate of a system. As shown in Fig. 1, A(#) varies
regarding the specific operation region. The early
period is defined by manufacturing constraints and it
is infeasible to deal with it in the application level.
Nevertheless, the constant failure region and wear-out
period depend on failure events and system behavior.
Thereby, reliability-based strategies can be applied to
control the failure rate and ensure continuity of service
during a target lifetime. In this section, the reliability
modeling of a MMC in both failure regions is described.

3.1. Constant Failure Region
In the constant failure region, the same failure rate
for the devices is considered. Hence, the cell-level

reliability function is given by [9]:
Rcell,cf(t) = e_/l””l,

ey

where A its failure rate. Assuming that the failure
rate of each IGBT module is independent, the cell-level
failure rate is A..; = 24;6pr. The failure rate depends
on the technological complexity of the devices and some
factors that can be included in the A;5p7 formulation as
given by:

@)

where A, is the component base failure rate, mry is the
temperature factor, mg is the electric stress factor, my
is the application factor. For standard power modules
(IGBT with anti-parallel diode), a base failure rate of
100 FIT is commonly employed [9]. The factors are
given by:

Aigpr = AT TA,

1 1
-2114 (Tﬁﬂ}’ﬁ)

nr=e , 3

ms = 0.045¢", 4)
| 0.7 switching

= { 1.5 linear application )

where V; is the voltage stress factor and 7' is the device
junction temperature.
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3.2. Wear-out Failure Region

The failure rate evolution in the wear-out region
can be modeled as illustrated in Fig. 3. [Initially,
the mission profiles are defined. The conduction,
switching losses and thermal impedances of the power
modules are obtained from look-up tables based on the
datasheets. The hybrid thermal model proposed by [11]
is employed in order to estimate the junction (7';) and
case temperature (7.) of each power device.

Thermal loading computation Static damage computation

Mission Profile l T, T,

o I,

A4 A4

Power Losses
look-up table

Cycle Counting| |Cycle Counting
(Rainflow) (Rainflow)

TlATl tl Tl ATl tl

Lifetime models (WB, CS, BP) l

N/,wh A//f(.r Nr:bp
Miner’sl Miner’s Miner’s
Rule Rule Rule
LC,, LC, LC,,

(b)

(a)

Monte Carlo simulation

Monte Carlo [—
Simulation | =

Weibull CDF

Equivalent Static
: F(x)

Values

LC

(c)

Figure 3: Wear-out analysis flowchart: (a) Translation of the mission
profile into thermal stresses; (b) Static damage computation through
reliability model; (c) Monte Carlo simulation for computation of
component and system-level reliability.

The static damage is calculated from the lifetime
model provided by ABB for HiPak IGBT power
modules [12]. Based on the converter profile, a rainflow
counting method is employed [13] in order to identify
the characteristics of each cycle. The lifetime model
returns the number of cycles to failure Ny of the bond
wire (BW), chip solder (CS) and baseplate solder (BP)
using the 10% failure rate approach (Bjo lifetime).
Thus, the life consumption (LC) of the devices is
obtained from Palmgren-Miner’s rule [14].

Since the power devices presents parametric
variations due to the manufacturing process and stress
variation [15], the lifetime is usually expressed in
terms of probabilities. Therefore, the dynamic values
obtained by rainflow algorithm are transformed into
equivalent static values. Then, a statistical analysis
based on Monte-Carlo simulation is performed [16].
The lifetime distribution obtained from Monte Carlo
simulation is fitted with the Weibull PDF f(x) [15],
where x is the operating time. The cumulative density

function (CDF), also called unreliability function F(x),
is obtained through the integral of PDF. Since only the
reliability of the power devices is taken into account
in this study (i.e., S1, S», D; and D), the unreliability
function for each MMC chopper cell can be calculated
as:

4
Reeitwr(x) = H (1 = Feomp (X)), (6)
i=i

where Fcopmpi)(x) is the unreliability function of each
power device.

3.3. System-level reliability

Assuming that each cell is independent and identical,
the complete cell-level reliability can be realized
through the product of constant and wear-out reliability
functions [5], as follows:

Reen(x) = Rcell,cf(X)Rcell,wf(x)- @)

Therefore, the MMC arm-level reliability function
can be evaluated as follows [17]:

k
Rarn(®) = | | Reeuy (0. @®)
=1

However, Eq. (8) 1is suitable only when
non-redundant cells are employed. Basically, the
redundant cells are usually operated in active mode
or standby mode. The active mode operates with or
without load-sharing effect [18]. In this work, only
active redundant cells operating without load-sharing
effect are taken into account.  Thus, when one
component fails, the load on the remaining surviving
functional components is not changed. Therefore, the
MMC arm-level reliability can be evaluated through the
k-out-of-n model, given by [9]:

n

Rp() = " ChRean() (1 = Reen(x))"™".
p=k

©))

In general, Eq. (9) is reduced to the Eq. (8) forn = k.
Thus, the MMC system-level reliability is given by:

6
Rupac () = [ | Rypm)- (10)

=1
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4. Redundancy Factor Design

From the industry point of view, the converter shall be
designed to achieve a reliability level R(x) for a defined
target lifetime x, regarding its specific application [19].
Therefore, this work proposes a scheme to evaluate a
redundancy factor to satisfy a pre-defined criterion of
MMC reliability. Thus, a combined reliability model
that includes both constant and wear-out regions is used,
as described in Eq. (10). The redundancy factor design
flowchart is shown in Fig 4.

?

Computation of
arm-level reliability

R

cellwf | Wear-out

Analysis

R ..
Constant [ __cellcf
failure rate

MMC-level reliabilit
k-out-of-n model

Figure 4: Flowchart for the redundancy factor design.

Initially, the cell reliability is calculated by Eq.
(7). Thus, the MMC system-level reliability can be
evaluated by Eq (10). Afterward, the MMC reliability is
analyzed for a given lifetime target. Since the required
MMC reliability is not met (i.e., Eq. (10) < R(xp)),
redundant cells shall be employed. Then, the number
redundant cells (m) is incremented until the reliability
criterion is reached (i.e., Eq. (10) > R(xp)). Finally, the
minimum required redundancy factor can be obtained
as follows:

m
RF = — 11
=, an

5. Case Study

Based on the topology presented in Fig. 2, the
simulations were performed using the PLECS and
MATLAB software systems, aiming to estimate the
lifetime, energy losses and cost of each design. A 17
MVA MMC-STATCOM with line voltage of 13.8 kV at
the point of common coupling (PCC) is considered. The
control strategy used in this work is based on reference
[20]. Table 1 presents the main circuit parameters.

The converter is submitted to a mission profile based
on a reactive power (Q) and ambient temperature (7,)
measurements in southeastern Brazil, as presented in
Fig. 5.
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Figure 5: Mission profiles with a sampling time of 5 min: (a) Reactive
Power; (b) Ambient Temperature.

Table 1: Main parameters of the MMC for four proposed designs.

MMC specifications

Parameters

G G G Cy
k 33 17 13 9
Ve (kV) 28 28 28 28
Ve kV) 1.7 33 4.5 6.5
Vi kV) | 0.85 | 1.65 | 2.15 3.11
Liymyms  (A) 460 | 460 460 460
Ceenr (mF) | 9.54 | 492 | 3.76 2.61
Ly, (mH) | 446 | 8.70 | 11.82 | 17.08
L, (mH) | 1.5 1.5 1.5 1.5
Sfow (Hz) | 210 | 210 210 210
Ry, (K/W) | 0.13 | 0.07 | 0.05 0.03

Table 2 shows the part numbers employed in the
MMC designs. Four different ABB HiPak IGBTs
modules solutions with blocking voltage capability
range between 1.7 kV and 6.5 kV are considered.
Commercially available modules with rated current
close to 800 A are selected. The heatsinks are evaluated
in order to ensure similar temperature stresses (i.e., T
below 150 °C) in each IGBTs module solution [20].

The typical lifetime target of power electronics
systems, from industry perspective, is described in [21].
For STATCOM applications, such as industrial and
wind power systems, it is reported an expected lifetime
of around 20 years [21, 19]. Thereby, the MMC lifetime
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Table 2: HiPak IGBT modules specifications for four proposed

solutions.

Voltage (V) | Current (A) Part Number Case
1700 800 5SND 0800M 170100 C
3300 800 5SNA 0800N330100 C,
4500 800 5SNA 0800J450300 Cs
6500 750 5SNA 0750G650300 Cy

target is defined as xy = 20 years of operation. From the
B lifetime approach, the MMC reliability R(xo = 20) >
0.99 is applied.

The overall cost of each design is mainly related
to investment in power electronics [22] and the
semiconductor conduction and switching losses [9].
Therefore, the overall cost is given by:

Cost = nK Vel + K E, (12)

where V. is the device voltage class and Iy, is the
rated device current. K, = 3.5 € /kVA is employed [22]
in this work. Based on loss penalty for transmission
system, the price per kilowatt-hour is K, = 0.11
€ /kWh [23]. Moreover, E. is the converter energy
consumption. Thus, E., is defined as the converter
energy consumption for xy = 20 years.

6. Results

Fig. 6 presents the junction temperature in D, for
all solutions. Based on the mission profile application,
the diode D, is the most stressed device in a cell.
As observed, the maximum junction temperature is
approximately 120 °C. All cases have similar thermal
stresses.

120

80

. . ! 40
180 240 300 365 298 301

() (b)
Time (days)

120

0 60

305

Figure 6: (a) Junction temperatures of the more stressed device D; in
a cell for 4 designs; (b) Detailed view of (a).

Considering the T, = 120 °C, the IGBT failure
rate is calculated by Eq. 2, as shown in Table 3. C;
presents the lowest FIT among the solutions.

Since the thermal cycling is obtained, the rainflow
algorithm and the lifetime model are applied. Table
4 presents the static LC in one year for the critical
joints of the power devices based on C; solution. The

240

250

Table 3: Parameters for evaluation of IGBT failure rate for different
MMC design.

Parameters C G, Cs Cy
nr 5.12 5.53 5.59 5.39
g 0.21 0.21 0.20 0.20
A 0.70 0.70 0.70 0.70

Aiger (FIT) | 75.26 | 81.29 | 78.26 | 75.46

Table 4: Static LC of devices by different joints based on C solution.

Devices BW CS BP
S, 4241072 | 229-10°° | 1.28-107°
S, 449-107* | 230-10°° | 1.30-107°
D, 7.38-107" | 2.46-107° | 1.56-107°
D, 9.37-107"% | 2.49.107° | 1.58-107°

baseplate solder is the most damaging factor. Therefore,
in the Monte-Carlo simulation, the wear-out failure in
the baseplate solder is analyzed [16].

Fig. 7 presents both wear-out and constant failure
rates contributions on the MMC system-level reliability.
The contribution of each failure rate in the system
reliability is derived from Eq. (7). For the sake of
simplicity, only the solution C; is illustrated in Fig.
7. As observed, the most significant contribution in
the MMC reliability is given by the constant failure
rate in the initial years. In addition, the wear-out
failure influences the reliability of the converter close
to converter end-of-life.

— 1
é — Wear-Out
= — Constant
= 057 - - Total |
Q
=
=
~ 0 - :
0 50 100 150

Lifetime (years)

Figure 7: MMC system-level reliability based on Ci: wear-out and
constant failure rates contributions factors and the total converter
reliability.

The MMC system-level reliability for the four
analyzed cases are shown in Fig. 8. As observed,
solutions with the highest number of cells present
smaller system-level reliability. The solution based on
the design C4 presents the highest reliability, 25.96%.
Furthermore, C| has the lowest reliability, 0.67%. All
solutions present reliability below the defined target.
Therefore, the redundancy factor design should be
applied.
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Figure 8: MMC system-level reliability function for different

solutions.

The redundancy factor effect in solution C; is
analyzed in Fig. 9. As observed, when m > 4, the target
is reached: R(20) > 0.99. For m > 6, the increase in the
number of redundant cells does not considerably affect
the MMC system-level reliability. Fig. 10 presents

the variation of the MMC system-level reliability as 2s0

function of the redundancy factor for design C;. As
observed, R(20) = 0.67% for m = 0. The system-level
reliability is increased to 99.79% when a RF = 15.15%
is applied, which corresponds to m = 5.

é 1} o o o FoN—
—~ m=3 m=4 m=5 m=6
s o _

2 05 m=2 ]
8 om=1

g 00 m=0

s 0 5 10 15 20
o~

Redundancy Factor (%)

Figure 9: MMC system-level reliability in 20 years based on C; with
different redundancy factors.
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— | —RF=15.15%
\5 0 5 [ | b

S |

g | 0.67%
® 0

0 50 100 150

Lifetime (years)

Figure 10: MMC system-level reliability function based on C; for 2
different redundancy factors.

Table 5 summarizes the results for all solutions
proposed in this work. The index 20 indicates that

’

the parameter was applied to the required target. E| = 200

€20
and Cost’ are the parameters based on the required

redundancy factor RF’ for each design. As observed,
when voltage rating of the power devices increases, the
required redundancy factor increases. This is related
to the number of converter cells (which reduces when

Table 5: Comparison of the redundant proposed designs for B;
lifetime approach (R(20) = 99%).

Parameters C G, C; Cy
RF (%) 15.15 17.65 23.08 33.33

E’cy (GWh) | 10.06 9.69 1032 10.63

Cost’ (ME€) | 349 352 387 4.08

the voltage increases) and with rounding (since the
number of redundant cells must be integer). Although
C, presents the lowest energy consumption, the best
cost-benefit for the B approach refers to C;.

Finally, Fig. 11 presents the solutions cost for
different reliability levels. As expected, the higher the
system-level reliability required, the greater the cost of
the solution. As can be seen, a line is traced for the
best trade-off between cost and system-level reliability.
The C; solution with m = 3 (RF = 9.09%) is the most
suitable design for a reliability level greater than 90%.
However, for more conservative designs, a reliability
level R(20) = 99% can be achieved with class C; and
five redundant cells (RF = 15.15%). In this case, the
cost is increased by 5.56 % for this extra reliability level.

m
1.1
1 ® @\mZS
r =3 oA A &
= \m @ . [ |
(6]
= 09 ;A
E ]
2
2 0.8
\/U ‘
Z 0.7 o
o~ Best cost-benefit: e C
C
0.6 | A (D By Lifetime : P
3
@ B, Lifetime m G
0.5 L I
3 33 3.6 3.9
Cost (10°€)

Figure 11: Reliability x cost of all MMC solutions for different
redundancy factors, considering a lifetime target of 20 years.

7. Conclusions

This work proposed a combined reliability model for
correct selection of the number of redundancy cells to
achieve a target lifetime. Both random and wear-out
failures are considered in the model. As observed,
random cells failures are dominant in the converter.
Nevertheless, wear-out failure has an influence on the
converter reliability close to the end-of-life period.
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Four different realizations of the MMC-STATCOM
were compared in terms of cost and power losses. As
a result, 1.7 kV is the most cost-effective solution to
achieve 99% of reliability level, during the whole target
lifetime. It was concluded that the redundancy factor
shall be chosen to achieve the required reliability with
the minimum number of redundant cells.

The proposed methodology can be easily extended
to other converter topologies and adapted for different
cost evaluation methodologies.  Finally, the most
cost-effective solution for different reliability criteria
can be evaluated.
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