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Abstract—This paper studies the lifetime of semi-
conductor switches of a dual-active-bridge (DAB) DC-
DC converter for wind turbine applications. Quasi-two-
level operating modular multilevel converters (MMC) are
used as the building blocks of the DAB converter. One
of the established lifetime models is used for the lifetime
estimation of the switches. Measurement data of an on-
shore wind turbine for three hundred days is used as the
mission profile. It is shown that the short-term thermal
cycles (cycles with frequency in the range of switching
frequency) are detrimental to the lifetime estimation of
the auxiliary switches of the MMCs’ submodules. Thus,
neglecting the short-term thermal cycles will overestimate
the lifetime of the auxiliary switches by several orders
of magnitude. On the other hand, these cycles will not
affect the lifetime of the bypass switches considerably. It is
also shown that the thermal stress on the secondary-side
auxiliary switches is more severe than the primary-side
ones. It is suggested that two parallel devices should be used
for the secondary-side auxiliary switches; as a consequence,
a reasonable lifetime is achieved for the secondary-side
auxiliary switches.

Keywords—DC-DC power conversion; modular multi-
level converter (MMC); three-phase dual-active-bridge
(DAB); thermal stress; reliability.

I. INTRODUCTION

It has been shown that the generated electrical power
from offshore wind parks located far away from the shore
can be collected with lower costs if MVDC collection
grids are used instead of the existing MVAC collection
grids [1]. High-power DC-DC converters are required to
realize the MVDC collection grid. They boost up the low
voltage output of wind turbines to the medium voltage
level of the MVDC grid. Moreover, galvanically isolated
DC-DC converters are favored over non-isolated ones
due to the high step-up ratio between the two grids for
this application [2].

The dual-active-bridge (DAB) configuration, pro-
posed in [3], is a suitable candidate for this applica-
tion, since its intermediate transformer provides galvanic
isolation between the primary and the secondary sides.
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Modular multilevel converters (MMC) can be used as
the building blocks of the DAB, to enable the possibility
of achieving medium voltage levels by stacking the low
voltage submodules. Moreover, quasi-two-level (Q2L)
modulation of the MMCs will provide the possibility to
increase the power density by reducing the size of the
passive components [4].

The semiconductor switching devices (MOSFET or
IGBT) are some of the key components inside the
converters. When designing the power devices for con-
verters, reliability is one of the main concerns, since it
is intuitive to have a device which can be operated for
a long time [5]. Another detrimental factor to the device
lifetime is the cyclic peak-to-peak ripple in the device’s
junction temperature, which is related to the mission
profile. Therefore, a lifetime analysis of the converter’s
switches by considering the mission profile is needed [6].

One of the benefits of the Q2L-modulation of the
MMC is the possibility of using smaller devices for the
auxiliary switches—the switches that insert the submod-
ules’ capacitors in the current flow path—compared to
the bypass switches due to the short conduction period
and lower peak currents of the auxiliary switches [7].
The design of the submodules and the operation of the
Q2L-operating MMC-DAB is investigated in detail in
[4], [8]. However, the thermal stresses on switches under
this operation are not studied. This paper is intended to
fill this gap by providing insight over the thermal cycles
of switching devices for the converter mentioned above
under the Q2L-modulation. The converter is intended for
wind turbine applications, and measurement data from a
wind turbine is used as a mission profile for lifetime
studies. The converter is modeled in MATLAB using
SiC MOSFETs from Cree due to their low switching
losses. The junction temperature profiles of switches
and respective estimated lifetimes are provided in the
forthcoming sections.



II. CONVERTER CONFIGURATION

The configuration of a three-phase DAB converter
is shown in Fig. 1(a). Two inverters are connected in
a front-to-front structure with a three-phase medium-
frequency-transformer (MFT). Each of the two bridges
generates periodic waveforms on their three-phase termi-
nals. The active power can be transmitted from one side
to another if there is a phase shift between the waveforms
of the two bridges [3]. In this paper, the modular multi-
level converter (MMC)—shown in Fig. 1(b)—is used as
a building block of the DAB converter. Each arm of the
MMC is formed by a series connection of half-bridge
submodules. The switches inserting the capacitors in the
current path are denoted as auxiliary switches, and the
rest are referred to as bypass switches as they bypass the
submodules.

The converters are modulated with quasi-two-level
(Q2L) modulation technique [4], [8]. Fig. 2 illustrates
the phase-to-ground voltage waveform of the converter
shown in Fig. 1(b), which operates with Q2L modulation
and has six submodules per arm. At wt = 6a, all of
the submodules of the upper arm in phase-A’s leg are
bypassed, and the AC terminal is clamped to the positive
DC rail. Between wt = 05 and wt = 04, a transition from
the positive DC rail to the negative DC rail happens.
The submodules of the upper arm are inserted one-by-
one while the submodules of the lower arm are bypassed
sequentially. During the transition time, Tiansition, the
upper and the lower arms share the phase current among
themselves. This modulation is called complementary
switching [4], [8].

III. MISSION PROFILE AND LIFETIME MODEL
A. Mission profile

Since the converter is intended for wind turbine appli-
cations, a wind turbine mission profile is required for this
study. Wind speed and generated electrical power mea-
surements for 300 days were available for a 2 MW on-
shore wind turbine. The turbine is located in Munkagard
area nearby Tvaaker community in Sweden [9]. Fig. 3
shows the measured wind speed and generated electrical
power from the turbine mentioned above for 300 days
with the measurement frequency of 1 Hz.

B. Lifetime model

The two major failure mechanisms inside the power
devices are bond wire degradation and solder fatigue. Ac-
cording to the study in [10], the thermal cycling stresses
which in the range of seconds are mainly responsible for
the former failure mechanism; while the slow thermal
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Fig. 1. Topology of the converter. (a) The three-phase DAB DC-DC

converter. (b) The modular multi-level converter (MMC) building-
block.

0.5V, - -
DC T I v AG
L F V
L j
% I i
< [ ,
:D -: ' 4 T 1"
> L Y/ divell
Lo i
1
1
05Vnc —— — .
0 /3 27/3 m 47/3 57/3 27
wt [rads]
Fig. 2.  Phase-to-ground waveforms of the Q2L-MMC-DAB con-
verter.

cycling stresses caused by ambient temperature varia-
tions are more related to the latter one. For this study,
measurement data for the temperature inside nacelle was
not available. Therefore, for the simplicity of analysis,
the heat sink temperature is set as a fixed value, which
means the slow thermal cycling stresses are neglected. In
that sense, the bond wire degradation is the main factor
to be considered when conducting the lifetime analysis
in this work.

Different lifetime models for silicon-based power
devices have been summarized in [11]. For the SiC
MOSFETsS, the research on the lifetime models is still
ongoing [12]. However, if the bond wire degradation is
the only factor which needs to be investigated, some
experience from previous works can still provide a rea-



'S
=i

w
=

|

Wind speed [m/s]
=S S

50 100 150 200 250 300

TNALI

O

50 100 150 200 250 300
Time [day]

(b)
Fig. 3. Three hundred days mission profile of a wind turbine with

one Hertz measurement frequency. (a) For the wind speed. (b) For
the generated electrical power.

sonable estimation of the lifetime. Therefore, a lifetime
model which seperates the effect of solder fatigue in [13]
is used to calculate the life cycles, Ny, of the switches
with respect to the temperature swing, ATj, and the
medium junction temperature, T,

Y
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Ny =A x (AT})" e

1)

X eXp( ) X f diode
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kb X J}m
where the parameters are given in Table I. The parameter
of the load pulse duration t,, which used in this study is
different from the value in [13]. For the thermal cycles
which are longer than one second, ¢,, is selected as 1s;
while for the thermal cycles shorter than one second, ¢,
is selected as 0.07 s.

TABLE 1. LIFETIME MODEL PARAMETERS
Parameter Value Parameter Value
A 3.4368 x 1014 ey -4.923
B1 —9.012 x 10~3 1/K ar 0.31
Bo 1.942 C 1.434
E, 6.606 x 10~2 eV ~ -1.208
ky 8.62 x 102 eV/K Fdiode 1

The accumulated damage D of the switch under a
single run of this mission profile can be determined by
Miner’s rule [14],

D= Z Nfz @)

where IV; can be determined from the Rainflow counting
algorithm and Ny; can be calculated from (1). The
inverse of D is the repetition rate, IV, for the considered
mission profile. For example, if N, equals to 1, then the
switch can only withstand a single run of the considered
mission profile, which is 300 days.

IV. SIMULATION AND ANALYSIS
A. Case Setup

The converter’s model is implemented in MATLAB.
The converter is rated for 2 MW. For simplicity, it is as-
sumed that the primary and the secondary side DC links
have the same voltage ratings. The converter is switched
with 5 kHz as a further higher switching frequency might
not be beneficial for improving the power density [15].
The transition time is assumed to be constant and equal
to 5% of the fundamental period for all power levels.
Since the objective is not a study on the transformer, the
MFT is modeled as a leakage inductance to only form the
required waveforms of the DC-DC converter. The value
of the leakage inductance is determined using the method
explained in [16]. Table II depicts the specifications of
the converter under simulation.

TABLE II. SIMULATED DC-DC CONVERTERS’
SPECIFICATIONS
Parameter Value Parameter Value
VD& om 5kV Phom 2 MW
VDé“nom 5 kV fsw 5 kHz
Visw 1.7 kV Ttransilion 10 Hs
NSM 5 Lleakage 92 /’LH

1.7kV SiC MOSFETs, namely CAS300M17BM2
and C2MO0045170P are used for this study [17], [18].
The datasheet is used to calculate the conduction and
the switching losses based on the junction temperature
and the operational electrical parameters. The switches’
thermal behavior is modeled using a fourth-order Fos-
ter network representing the junction-to-case thermal
impedance. As measurement data were not available for
the inside temperature of the nacelle, it is assumed that
the case temperatures of the switches are constant at
40°C.

Direct simulation of a converter switching with 5 kHz
for 300 days of mission profile is not feasible. Therefore,
the study is divided into two parts; the first to calculate
the life consumption for long-term thermal cycles (i.e.
longer than one second) and the second to perform the
calculations for short-term thermal cycles (i.e. shorter
than one second). The converter is simulated for full-load
and partial loads and the steady-state junction tempera-
tures are stored. CAS300M17BM2 and C2M0045170P
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Fig. 4. Low-pass-filtered junction temperature profile for one of the
primary-side bypass switches.

MOSFETs are used as bypass and auxiliary switches,
respectively, of both the primary and the secondary
inverters. The average junction temperature profile of
the switches are obtained by combining the converter’s
power profile—shown in Fig. 3(b)—and the average
junction temperatures of the switches obtained from the
simulations. Fig. 4 shows the low-pass-filtered average
junction temperature profile for one of the primary-side
bypass switches.

The Rainflow counting algorithm is employed to
identify the number of thermal cycles in the junction
temperature profile. In addition to the cycle numbers,
the temperature swing AT and the medium junction
temperature 7, of the corresponding cycles are extracted
as well. Fig. 5 shows the Rainflow counting results for
one of the bypass switches of the secondary-side. Ny; of
each switch is calculated by inputting AT; and 7T}, from
the Rainflow counting into (1). Then the lifetime of the
switches is estimated by using (2) and the length of the
mission profile.

TABLE III. LIFETIME OF SWITCHES
e Bypass switches
Lifetime [years] Fro| o) 3 Fro} 75
Primary side 552 552 552 552 550
Secondary side | 2.7e+5 | 2.5e+5 | 2.7e+5 | 2.6e+5 | 2.5e+5
o Auxiliary switches
Lifetime [years] o) o) e F7) 75
Primary side 1.3e+8 | 2.3e+8 | 1.4e+8 | 2.1e+8 | I1.le+8
Secondary side | S.le+4 | 5.9e+4 | 4.9e+4 | 4.4e+d | 4.6e+4

B. Analysis of Results

Table III summarizes the lifetimes of the switches for
one of the inverter’s arms. Since complementary switch-
ing is used and the intermediate three-phase system is
assumed to be symmetrical, the same lifetimes will be
achieved for the corresponding switches of the other arms
of the primary and the secondary side inverters. As can be
seen, there is a variation in the lifetime of the switches
in different submodules of the inverter. The reason is
the sorting algorithm; the submodules are sorted every

Sequence number of cycles x10*
(@
54 T T T T T
52 H‘ ‘
50
T |
< |
42 !
40 “ M MHL \M Imm .Ml‘l ‘.I‘LM‘.M ““L i |”m m‘ ‘IHI .\H"\‘ 1w
1 2 3 4 5 6 7 8 9 10
Sequence number of cycles x10*

= =
(=} (=}
To S

Number of cycles
=
(=]

0 2 4 6 8 10 12 14
ATy [C]
(©
Fig. 5. Rainflow counting results for one of the secondary-side
bypass switches. (a) AT with respect to the cycle number. (b) Tim

with respect to the cycle number. (c) Histogram distribution of cycles
with respect to ATj.

half-cycle based on their voltages and the direction of
the phase currents—irrespective of the junction tempera-
tures. This causes a slight variation between the junction
temperatures of the switches of the submodules and
therefore affecting their lifetime. Another observation is
the long lifetime of the switches. This is due to the small
AT and the low average temperature of the switches, as
shown in Fig. 5.

Considering only the long-term thermal cycles might
not be sufficient to assess the stress on the switches
for this converter topology. Fig. 6 depicts the junction
temperature profiles of one of the submodules of the
primary-side and the secondary-side inverters for the full-
load operation and 30 fundamental cycles. The bypass
switches are conducting the currents for almost half a
cycle and have moderate temperature swings of 2.6 °C
and 0.8°C for the primary and the secondary sides
respectively. However, the auxiliary switches conduct
high currents for a fraction of the fundamental cycle,
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Fig. 6. Junction temperatures of inverters’ first submodule’s
switches’ at the full-load. The dashed line is the Junction temperatures
with two C2M0045170P in parallel as the auxiliary switches.

which results in severe temperature swings of 2.5 °C and
17°C for the primary and the secondary side inverters
respectively.

For the majority of the conduction period, the
primary-side bypass switches and the secondary-side
auxiliary switches conduct positive currents and operate
in the forward conduction mode. On the other hand,
the secondary-side bypass switches and the primary-
side auxiliary switches conduct negative currents, and
therefore, the MOSFETs are operating in the third-
quadrant. The conduction losses predominate in MOS-
FETs, and the operation in third-quadrant results in lower
conduction losses. Therefore, the primary-side auxiliary
switches and the secondary-side bypass switches—which
operate in the third-quadrant—are less thermally stressed
compared to their counterparts in the other inverter, as
shown in Fig. 6.

Fig. 7 shows the junction temperatures of one of the
submodules’ switches as a function of the power trans-
mitted by the converter. The solid lines are the average
junction temperatures, and the dashed lines depict the
maximum and the minimum temperatures of the switch.
As can be seen, the secondary-side auxiliary MOSFET
is the most thermally stressed switch in both full-load
and partial loads, therefore, expected to have a shorter
lifetime compared to other switches. To consider these
short-term temperature oscillations, the power profile—
shown in Fig. 3(b)—is binned into 200 power intervals.
Fig. 8 shows the duration of the power production from
the turbine for each power interval. The mean value of
the power in each bin is considered as the representative
of that bin, and the temperature profile for the representa-
tive power level is used to calculate the life consumption
of the switches.

The total life consumption of a switch can be cal-
culated by summing up the life consumption from the
long-term and the short-term thermal cycles. As the
same mission profile is used to calculate both of the life
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Fig. 8. The power distribution of the wind profile given in Fig. 3.

consumptions, the lifetime can be easily calculated by
dividing the length of the mission profile by the total life
consumption. Fig. 9 shows the lifetime of the primary-
side and the secondary-side inverters’ first submodule’s
switches. The thinner bars are the lifetimes considering
the short-term temperature cycles, and the thick bars
are without them. As can be seen, neglecting the short-
term cycles has a negligible effect on the lifetime of
the bypass switches. The reason is that the temperature
variations are insignificant for the bypass switches, as
shown in Fig. 7. However, there is a drastic decrease in
the lifetime of auxiliary switches when the short-term
cycles are considered—especially for the secondary side
inverter.

The secondary side submodules will reach the end
of their life in less than a year—as shown in Fig. 9—
if C2M0045170P is used as the auxiliary switches. Two
C2MO0045170P in parallel are used instead to solve this
issue. As can be seen, the lifetime of the secondary side
auxiliary switches can be extended considerably by this
change. Even though the lifetime of the primary-side
auxiliary switches can also be extended with the same
approach, it will increase the cost of the primary-side
auxiliary switches by a factor of two. Any which way,
the bypass switch will be the detrimental factor for the
lifetime of the submodule of the primary-side inverter.
It is noteworthy to mention that the application of the
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converter in this paper is unidirectional. Therefore, the
secondary-side auxiliary switches will always be more
stressed compared to the primary-side auxiliary switches.

V. CONCLUSION

The study of the Q2L-operating MMC-DAB’s—with
MOSFETs as semiconductor switches—revealed that the
primary-side bypass and the secondary-side auxiliary
switches have higher average junction temperatures com-
pared to the secondary-side bypass and the primary-side
auxiliary switches respectively. Moreover, it is shown
that the auxiliary switches are more thermally stressed
compared to the bypass switches due to the impulsive
conduction of currents. Therefore, it is important to
consider the switching frequency thermal cycles for these
switches. It is demonstrated that secondary-side auxiliary
switches will not be able to endure a single mission
profile; While their primary-side counterparts will have
an acceptable lifetime. To solve this issue, it is suggested
that two parallel switches can be used on the secondary-
side converter for the auxiliary switches. It is shown that
with this approach, the lifetime of the secondary-side
switches can be extended to an acceptable range.
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