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Abstract

The increasing penetration of Wind Power Plants (WPPs) has several impacts on the power system operation, such
as voltage instability. Under such conditions, the literature suggests the use of static synchronous compensators
(STATCOMs). Additionally, the Modular Multilevel Converter (MMC) is featured as a very suitable topology for
STATCOM application. Therefore, this paper contributes to the knowledge in the field by analyzing the effect of
the modulation strategies in losses and lifetime of a 17 MVA MMC-STATCOM. These analyses use two well-know
modulation strategies: Phase-Shifted Pulse-Width Modulation (PS-PWM) and Nearest-Level Control (NLC). The re-
sults indicate that both strategies have similar conduction losses, although PS-PWM has almost twice more switching
losses. As a result, the PS-PWM has annual energy consumption 31.4% higher than NLC. Regarding the lifetime
evaluation, the results show superior performance for the NLC, for cell-level and system-level, with lifetime 25.6 and

10.6 times longer than PS-PWM, respectively.

1. Introduction

The increasing penetration of wind power and grow-
ing size of Wind Power Plants (WPPs) have a signif-
icant impact on the power system operation and pose
technical challenges to the improvement of voltage sta-
bility. In fact, large WPPs are mainly located in areas
far from load centers, which results in low short-circuit
ratio (SCR) at the point of common coupling (PCC) [IL].
Under such conditions, the technical literature suggests
the use of the Static Synchronous Compensators (STAT-
COM) [2 13]. The STATCOM device is connected in
parallel with the electric grid, as illustrated in Fig. [T}
and can provide/absorb reactive power, thus controlling
the bus voltage level and improving reliability, stability
and power quality in medium and high voltage distribu-
tion networks [4]].

Moreover, the modular multilevel converter (MMC)
is considered as the next generation converter for
medium and high voltage grid STATCOM applications
[5,16]. The MMC combines excellent harmonic perfor-
mance and low switching frequency. Additionally, the
MMC structure is modular and fault-tolerant, resulting
in high reliability and design flexibility [5. [7].

An important issue related to MMC is the employed
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Figure 1: Schematic system diagram.
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modulation strategy [8]. In this context, different strate-
gies have been proposed in the literature, resulting
in different switching patterns and power losses [6].
For instance, references [9, [10l [11] present compar-
isons among modulation strategies in terms of power
losses, thermal stress, output current THD and number
of switching events. Nevertheless, a comparison of the
modulation strategies regarding the converter life con-
sumption was not previously reported.

In this context, this paper contributes to the knowl-
edge in the field by comparing two very popular mod-
ulation strategies employed in MMC: Phase-Shifted
Pulse-Width Modulation (PS-PWM) and Nearest-Level
Control (NLC) [8]. These strategies are compared in
terms of power loses and life consumption of the power
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semiconductors. The analysis is based on mission pro-
file of reactive power measured in South-eastern Brazil.
Component-level and system-level reliability are evalu-
ated through Monte Carlo simulations.

This paper is outlined as follows. Section 2 presents
the MMC topology and modulation strategies studied.
Section 3 describes the lifetime evaluation method. Sec-
tion 4 presents the case study and the parameters of the
simulated model as well the obtained results. Finally,
the conclusions of this work are stated in Section 5.

2. Topology and Modulation Strategies

The STATCOM topology analyzed in this work is the
Double-Star Chopper Cell MMC (DSCC-MMC), pre-
sented in Fig. 2| In this topology, there are N cells per
arm and each cell contains four semiconductor devices
(S1, S2, Dy and D,) and a capacitance C. In general,
there is a switch S 7 in parallel with the cell bypassing it
in case of failures. The arm inductance is represented by
Ly, and the grid inductance, by L,. Moreover, i, and i;
are the upper and lower arm currents, respectively. The
grid voltage and current are represented by v, and i,
respectively.

Upper arm

Lower arm

Figure 2: Schematic of the DSCC-MMC STATCOM.

Regarding the control strategy, this work uses the
same approach of [12], which employs the following
controls: output current control, circulating current con-
trol and individual balancing control. The output cur-
rent and circulating current control are related with the
MMC topology and do not depend on the modulation
strategy. On the other hand, each modulation strategy

employs different individual balancing control struc-
tures [8]].

Regarding the modulation strategies, two different
approaches are compared: PS-PWM and NLC. PS-
PWM is a technique in which the cells are controlled
independently. The voltage reference waveform is pro-
duced for each cell by the control actions of the output
current control, circulating current control and individ-
ual balancing control, which are added and normalized.
As illustrated in Fig. [3] each cell voltage reference is
compared with a carrier triangular which generates the
switching pattern for the corresponding cell [6]. The N
arm carriers are equally phase shifted inside half period.
Additionally, a phase displacement between upper and
lower arms is inserted in order to obtain the 2N + 1 level
modulation [[13]].
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Figure 3: Schematic of PS-PWM strategy.

The main goal of the NLC, as shown in Fig. @] is
to sample, with the nearest available level, the refer-
ence signal. Besides, this reference is normalized and
multiplied by N before sampling. The nearest available
level can be formulated mathematically by applying the
round(x) function. Furthermore, the NLC requires a
sorting algorithm to ensure cell-energy balancing. In
this work, the cell tolerance band (CTB) algorithm is
employed [8} [14].
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Figure 4: Schematic of NLC strategy.

Furthermore, the switching frequency should be min-
imized, in order to minimize the switching losses. In
this context, the literature recommends for the PS-PWM
the switching frequency of 3.5 times the line frequency
[12] [15]. However, even with this frequency, the PS-
PWM has unnecessary cell transitions [16]. For this
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Figure 6: Operation of NLC.

reason, the NLC [17] emerged as an alternative, since
it works at lower frequencies, compared to PS-PWM.
Indeed, the NLC can results in a steady-state switching
frequency as low as line frequency [8]].

As an example, Fig. [5|and Fig. [f]illustrate the modu-
lation process for PS-PWM and NLC, respectively, con-
sidering an unlimited capacitance and 4 cells per arm.
As observed in Fig. [5] for the PS-PWM, the switching
is carried out every time the carrier signal is lower than
the reference, independently of the need. On the other
hand, Fig [6] shows that the switching frequency is the
same as, the reference signal. Although this example
is for an unlimited capacitance, according to the litera-
ture, the NLC operates with lower switching frequency
than PS-PWM. Therefore, the NLC tends to have lower
switching losses and less stresses on the power devices
during the MMC operation.

3. Lifetime Evaluation Procedure

The lifetime evaluation flowchart is shown in Fig.
The lifetime evaluation procedure is focused on the
semiconductor devices. The complete analysis includ-
ing capacitors, printed circuit boards and other compo-
nents is out the scope of this work.

Measurements of reactive power (Q) and ambient
temperature (7,) mission profiles are employed. The

losses in the semiconductor devices are obtained from
look-up tables based on the data provided in datasheets.
This work employs the hybrid thermal model proposed
by [18, [19] in order to estimate the junction (7;) and
case temperature (7,) of each power device. In addi-
tion, it is considered one heatsink for each cell.

Afterwards, it is necessary to employ a cycle counting
algorithm, in order to convert the temperature profiles in
regular series with constant average value (7 ;,), peak
(AT;.) and heating time (t,,). This task is performed by
a rainflow algorithm [20} 21]].

The power device lifetime is usually expressed in
terms of Life Consumption (LC), which indicates how
much life of the device has been consumed or damaged.
The LC is obtained by using the Miner’s rule [20], as
follows:

n;

c=>y
Ny

ey

where n; is the number of cycles obtained from rain-
flow algorithm and N/ is the number of cycles to failure
obtained for each stress condition. In this work, Ny is
evaluated through the lookup tables provided by ABB
for Hi-Park power modules [22]. This model analyzes
Ny in all critical joints of the modules using 10% failure
rate approach (B, lifetime). In addition, LC is com-
puted separately for bond wire, base plate solder and
chip solder and for each diode and IGBT [23}, [24]].

Furthermore, in the previous evaluation, a fixed value
of time to failure under a certain operating condition is
obtained considering an ideal case in which all power
devices fail at the same time. However, in fact, the pa-
rameters could have variations due to the manufacturing
process and the variation in the stresses [21]]. Therefore,
[25] uses a Monte Carlo analysis, with the goal of com-
puting damage probability distribution.

The Monte Carlo analysis application first requires
transforming the dynamic values, Tjcm, AT jc and 1,,,
into equivalent static values, 77, ;. AT} and t,,, since
dynamic parameters cannot easily be modeled with a
distribution function. Moreover, the static values should
result in the same lifetime when used to the lifetime
evaluation process [21].

With the equivalent static values modeled by a normal
distribution, parameter variations are introduced into
the lifetime model (see Fig. [7). In addition, Monte
Carlo analysis with population of 50.000 samples is
simulated with the lifetime model. Then, the lifetime
yield for each sample is obtained and fitted with the
Weibull probability distribution f(x) [21]. In this con-
text, f(x) can be expressed by a probability density
function (PDF).
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Figure 7: Lifetime evaluation flowchart.

The reliability of the power device can be evaluated
by considering the cumulative density function (CDF)
of the Weibull distribution which is the integral of PDF
(F(x)), where x is the operation time. The CDF is also
called unreliability function and represents the propor-
tion of population failure as a function of time. Thus,
from F(x), the power device lifetime can be predicted
[21].

Finally, in order to obtain a system-level reliability
assessment based on the component-level, first, it is cal-
culated the unreliability function for each MMC cell, as
follows:

4

Fean() = 1= [ [ (1 = Fpi(x)) @)

i=1

where Fp;(x) is unreliability function of each device in
the cell (S, S», Dy or D). From Eq. @), the system-
level (MMC) can be calculated as:

6N
Fumc() = 1= [ [ (1 = Feann(x) (3)
n=1

4. Effect of modulation on lifetime

In the case study, it is considered a 17 MVA STAT-
COM with 17 cells per arm, cell capacitance 5 mF, arm
inductance 4.5 mH, connected to a 60 Hz network with
line voltage of 13.8 kV at the point of common cou-
pling (PCC). It is also used an ABB IGBT part number
5SSND 0500N330300 of 3.3kV-500A. In order to vali-
date the proposed design methodology and estimate the
lifetimes, a simulation model was implemented using
the PLECS and MATLAB software systems.

Fig. [8[a) shows the conduction and switching losses
for different operation conditions. These losses were es-
timated considering 40 °C as ambient temperature and
0.075K/W as heatsink resistance. As observed in Fig.
Bka), the conduction losses are almost the same for both
strategies. However, the PS-PWM presents switching
losses 1.95 times higher than NLC. This fact is justi-
fied by the effective switching frequency, illustrated in
Fig. [8|b) for the same operation conditions. Indeed, the
switching frequency is lower for NLC for all operation
conditions presented.
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Figure 8: For different operation conditions: (a) Conduction and
switching losses; (b) Effective switching frequency.

Fig. [0]shows the mission profiles used for the lifetime
analysis. Fig. [0[a) shows the reactive power. This pro-
file is based on measurements in South-eastern Brazil
during a week. In the reliability analysis, this profile is
replicated over one year. The ambient temperature pro-
file is shown in Fig. [P[b). This profile is also based



on measurements in South-eastern Brazil. However, the
measurements were carried out during one year. Also,
the data sampling time is 1 second for both profiles.
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Figure 9: Mission profiles: (a) Reactive Power (S, = 17 MVar); (b)
Ambient Temperature.

Considering the mission profiles, the thermal stresses
in each cell power device were obtained. The case tem-
perature of D, (most stressed device) for the modula-
tion strategies is shown in Fig [I0] for one year and, in
detail, for a week. As observed in the zoomed view, the
PS-PWM presents the higher case temperature, and also
the higher temperature variation in one week.
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Figure 10: Case Temperature of diode D, during: (a) one year for
both modulations strategies; (b) one week for PS-PWM; (b) one week
for NLC.

The static life consumptions for the bondewire, base
plate and chip solder are obtained (Fig. [TT) using the
lifetime model (see Fig. [7) and Eq. (I). As observed,
PS-PWM has higher LC in all devices. In addition, the
higher LC is found for the base plate, as illustrated in

Fig. [TT(b). Therefore, the following evaluations only
considered LC in this device part.
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Figure 11: Life Consumption in the cell power devices for both mod-
ulation strategies (in semi-logarithmic scale).

Furthermore, considering the static damage in base
plate and the methodology employed in [21]], the equiv-
alent static values for each semiconductor device and
modulation are determined. The Weibull distribution
PDF is obtained employing the static values into Monte
Carlo simulation with 5% variation.

Due to the fact that D, has the highest LC, as shown
in Fig. [TT] it is presented in Fig. [T2]the Weibull distribu-
tion PDF only for D,, since it is the most relevant result.
Fig. [12]shows that the modulation strategy may cause a
large impact on MMC lifetime distribution, since NLC
presents a PDF longer than that of PS-PWM.

Lifetime (years) x10*

Lifetime (years) x10°

Figure 12: Weibull distribution PDF for D,

Regarding the lifetime, Fig. shows the results
of the unreliability functions. As observed, the diode
D, has lower lifetime into the component-level for both
modulations strategies. This is already expected, since
D, is the most stressed device in the cell. Concern-
ing the cell-level, considering the 10% failure rate ap-
proach, the PS-PWM presents the lifetime of the cell in
99.5 years, while NLC has 2550 years.

Based on cell-level, the system-level reliability as-
sessment is obtained, as illustrated in Fig. @ Also,



F(x) (pw)
!
{72

(a)

F(x) (pw)

Lifetime(years)

(b)

Figure 13: Unreliability function of the cell with the modulation: (a)
PS-PWM; (b) NLC.

as observed, for any proportion of failure Fypc(x) the
PS-PWM has the lowest lifetime.

Table |1 shows the time with the probability of 1%,
5% and 10% of the population is failed (B,) for each
modulation strategy. As observed, for each percentage
of failure, the NLC has higher lifetime. Also, Table E]
presents the lifetime extension related of the NLC. For
instance, NLC presents lifetime 10.6 times longer than
PS-PWM for B]().
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Figure 14: Unreliability function of the MMC.

Table 1: Lifetime Evaluation Results
PS-PWM NLC Lifetime extension

B, lifetime

B (years) 0.6 4.5 7.50
Bs (years) 1.98 19.5 9.85
By (years) 3.5 37.1 10.60

Finally, regarding the annual energy consumption,
PS-PWM results in 458 MWh of energy losses while
NLC results in 348 MWh. Therefore, the use of NLC
instead of PS-PWM results in a reduction of 31.4% in
energy consumption.

5. Conclusions

This work aimed to compare the modulation strate-
gies PS-PWM and NLC in DSCC-MMC STATCOM

application. This comparison was focused on power
losses and lifetime evaluation of the power devices.

Regarding power losses, both strategies have similar
conduction losses. However, PS-PWM has almost twice
more switching losses. As a result, for the mission pro-
files studied, the PS-PWM has annual energy consump-
tion 31.4% higher than NLC.

Regarding the lifetime evaluation, all results show
superior performance for modulation NLC. Indeed, in
cell-level and system-level, the NLC has lifetime 25.6
and 10.6 times longer then PS-PWM, respectively.

Therefore, it is possible to infer that the use of NLC
modulation strategy is more economically viable. In
fact, considering that the costs of implementation of
both strategies are similar, the NLC modulation presents
clear advantages related with reduced thermal stresses,
reduced power losses and extended lifetime of the con-
verters power modules.
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