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Abstract—The development of wide-bandgap (WBG) power
semiconductor devices has opened up new areas of applications
which were previously dominated by silicon based IGBTs. This
paper presents one such application where a multi-megawatt
permanent magnet synchronous generator based wind energy
conversion system (PMSG-WECS) is used for medium voltage
(MYV) grid integration. The conversion of the low output voltage
of the PMSG to medium voltage brings about a multitude
of advantages including reduction in the cable diameter and
consequently the cost and weight of the system. WBG devices
enable the use of high frequency transformers which makes
it possible to install the system on the tower of the wind
turbine. With these kinds of installations, it becomes necessary to
investigate the reliability of the system, since maintenance of the
systems leads to additional incurred costs. This paper provides a
mission-profile (i.e. wind speed and ambient temperature) based
analysis, in order to determine the temperature rise in the devices
and consequently, its effects on the lifetime of the devices. An
analytical lifetime model has been used and the damage produced
on the transistors has been quantified using Palgrem Miner rule.
This analysis can be helpful in understanding the impacts of
having a tower-top converter system on the overall cost.

Index Terms—Foster Thermal model, Modular Converter, Per-
manent Magnet Synchronous Motor, Reliability, Silicon Carbide
devices, Thermal Performance, Wind Energy Conversion Systems
(WECS)

I. INTRODUCTION

HE past few years have experienced a widespread growth
in wind power generating capacity. According to the
world wind energy market, the year 2017 witnessed 52 GW
of new installations [1]. Fig. 1 shows the global cumulative
installed wind capacity for the last seventeen years.
Increased penetration and stochastic nature of the wind de-
mands more controllability of Wind Turbine (WT) and requires
WT to provide ancillary services for wide spread adoption and
smooth grid integration. The doubly-fed induction generator
(DFIG) with partial-scale power converter (WT type C) and
permanent magnet synchronous generator (PMSG) with full-
scale power converter (WT type D) are generally used. The
DFIG provided advantages in terms of its weight, lower
maintenance costs and lower cost per KW since the converter
for these system are 30% of the rated power [2], [3]. Compared
to the DFIG based concept, the PMSG provides advantages
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Fig. 1: Global Cumulative Installed Wind Capacity. An increasing trend is
noticed in the wind power installed capacity owing to the maturity of the
technology while competing successfully with heavily subsidized incumbent
technologies [1].

due to the elimination of the slip rings, full power and speed
controllability and simpler or even no gearbox structures. But
since now the converter has to be rated for full power the
total system efficiency would reduce for WT type D systems.
However, in the event of the grid faults, type D wind turbine
demonstrates better controllability compared to the type C and
therefore it is most preferred solution for new installations in
the countries with the stringent grid codes.

MV PMSGs (in ranges of 4.16 kV) are bigger in size
as compared to their LV (690 V) counterparts due to the
insulation requirements. Therefore, LV PMSGs are generally
preferred for lower power levels. With the increase in power
levels, the LV PMSGs (with LV converters) suffer from a
major disadvantage due to the fact that the current rating of
the cables becomes high. This increases the weight and the
cost of the entire system. A line-frequency transformer can be
a solution for stepping up the voltage rating in order to reduce
the current ratings. However, the line-frequency transformer is
bulky and expensive [5]. This calls for an approach to replace
the line frequency transformers by solid state transformers
(SSTs) in order to enable MV integration with the grid [6].
With the multitude of advantages offered by the SST, the use of
power semiconductor devices brings forward reliability issues
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Fig. 2: Flowchart for the reliability analysis of power devices caused by long term thermal cycles [4].

which are not very prominent in line-frequency transformers.
In addition, the reduction in the converter size enables tower
top installation of the converters which makes their reliability
analysis even more important.

The main components of the power converter used for such
a system include power switching devices (MOSFETs or 1G-
BTs and diodes), dc-link capacitors and high frequency trans-
formers (HFTs) [7], [8]. Numerous factors like thermal stress,
mechanical stress etc. can cause failure in the power devices.
However, the most frequently observed failure mechanism is
attributed to the thermal stresses caused by the temperature
swings and the increased mean junction temperature in the
device [9], [10].

In this paper, a thermal and reliability analysis has been
carried out on the power semiconductor devices using the
procedure shown in Fig. 2. Rainflow analysis method is used to
identify the corresponding temperature swings of each thermal
cycle. An analytical lifetime model is used and the damage is
quantified by Palgrem Miner rule. The reliability of the dc-
link capacitors and the high-frequency transformers have not
been taken into account in this study.

II. 13.8 KV, 5 MW WIND ENERGY CONVERTER

The wind energy converter as depicted in [5] is taken for anal-
ysis. It should be noted that the cascaded H-bridge structure
as shown in Fig. 3(a) is built using SiC MOSFETs. Although
these devices have a comparatively lower current rating than
silicon IGBTs (with similar voltage ratings), the operating
frequency can be pushed to much higher values which helps
in reducing the size of the magnetics [11].

A. Topology of the Wind Energy Converter

The grid side AFEC is based on a two-stage modular struc-
tured power converter. Each module has a ac-dc stage followed
by an high frequency isolated dc-dc stage. The input ac-dc
stage is star connected CHB structure where ten H-bridges are
connected in series in each phase and the output of the isolated
dc-dc stages are connected in parallel. The dc-dc converter
is based on single phase Dual Active Bridge (DAB) which
provides the galvanic isolation through the high frequency
transformer [12], [13].

With this configuration, a maximum of twenty-one level
phase voltage can be generated. This helps in reducing the

harmonic contents in the voltage which in turn reduces passive
filtering requirements on the grid side. The system parameters
are listed in Table I. The PMSG side converter system is not
considered for this analysis.

TABLE I: Parameters of the system

Dual Active Bridge (DAB)
No. of DABs 30
Devices used CAS300M17BM2
Turns ratio of HFT 1:1
VA rating of HFT 167 kVA
Operating frequency of HFT 10 kHz
System Inertia Constant

13.8 kV input side CHB
No. of H-bridges 30 (10 H-bridges per phase)
Device used CAS300M12BM2

Grid side Inductance 2.5

Switching Frequency 5 kHz

75 ms

B. Control Strategy implemented for the CHB of the wind
energy converter

This stage interfaces the system to the MV grid (13.8 KV).
Each of the H-bridge DC bus is actively controlled at 1.2 kV.
This paper adopts a phase-shifted-PWM technique to control
the individual dc buses [14], [15]. With this technique an
effective switching frequency of 90 kHz is achieved which
reduces the filter requirements for the grid side. The average
dc bus controller generates the d-axis current reference and
the g-axis current reference is set as zero as unity power
factor operation is desired. The average dc bus PI controller
is designed based on the power balance model [16]. The
bandwidth of the average dc bus PI controller is kept at one
tenth of the dg-axis current controller bandwidth to maintain
the system stability. Fig. 3(b) shows the implemented system
level controller.

III. PERFORMANCE EVALUATION OF THE 1.7 KV SIC
MOSFET BASED POWER BLOCK

The key element in building the whole converter sys-
tem is the 1.7 kV SiC-MOSFET module [17]. Wolfspeed
CAS300M17BM2 module is used as the semiconductor switch
on the MV side converter in this design [18].

A. Electrical Performance

The module performance is evaluated by performing Double
Pulse Tests (DPT) since the exact conditions for the swithing
energy results are not provided on the datasheet. The total
switching loss as a function of device current is presented in
Fig. 4(a). As compared to the same rated Si-IGBTs the total
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Fig. 3: (a) Schematic of the PMSG based solution with a cascaded H-bridge structure built with SiC MOSFETs. The power conversion stage is designed in a
modular fashion and has two stages: MV output stage at the 13.8 kV grid side and the LV input side at the PMSG. (b) Control structure of the WECS. The

control for the PMSG is not carried out in this study and the torque reference
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Fig. 4: (a) Switching Losses for the SiC MOSFET module CAS300M17B2.
The switching losses are measured at room temperature. The relation between
the switching energy and temperature is extracted from the datasheet and an
extrapolation technique is used for calculating the switching energy losses
at higher temperatures. (b) On-state resistance of SiC MOSFET module
CAS300M17B2. The values are directly taken using an LC'R meter. Mea-
surements with the LC'R meter provides identical results as provided in the
datasheet.

switching loss is much less for this SiC-MOSFET. The on-
state resistance values are measured using a LCR meter [19]
and is shown in Fig. 4(b) and is the values are compared to
the datasheet.

B. Thermal Performance

The electrical performance of a device is directly linked with
its thermal behavior through the power losses on the device
[20]. The conduction losses and the switching losses which
mainly constitutes the power losses are the main source of
temperature rise. An accurate thermal model is therefore,
imperative to estimate the junction temperature. The thermal

for the generator is provided manually.

model of the MOSFET module is provided in Fig. 5. It is
based on the Foster model [21]. A Foster model is used since
the parameters can be easily found from the datasheet. The
power loss in the MOSFET is dissipated through its junction
to case thermal resistance (FRyp(;—.)) which causes the junction
temperature of the MOSFET (7T’ ,/) to rise above the ambient
temperature (7ym,p)-

The power losses in the diode are also evaluated and a
similar analysis is made based on the Foster model. However,
it should be noted that in case of SiC MOSFETsS, the channel
conducts in the reverse direction (third quadrant operation)
making the diode conduct only during the deadtime [22]. This
leads to very low power losses in the diode as compared
to the MOSFET and hence the damage quantification due
to the diode temperature rise is not taken into account. The
cross effect of the MOSFET temperature rise with the diode
temperature rise is beyond the scope of the paper.

Fig. 5: Thermal model of a single device in the MOSFET module. The thermal
model of the diode is not provided here since the total losses in the diode is
very low and it is not included in the analysis [9].
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IV. MISSION PROFILE BASED ANALYSIS

Conventional analysis procedures are generally focused on
calculating the power losses under certain constant conditions.
This, however, might provide unreliable results since it does
not reflect the real field environment. With the introduction
of real time monitoring systems, accurate mission profile
data (i.e. wind speed and ambient temperature) are available
[23]. In order to analyze the reliability of a system it is
imperative to take the mission profile into consideration [24],
[25]. The mission profile can be a series of multi-time scales,
for example, a minute mission profile or a yearly mission
profile, and it is usually taken as the input for the loss
analysis in the field of power electronics converters [9]. The
mission profiles are different in different places and in different
seasons. Therefore, it becomes necessary to investigate the
reliability of power converter systems not only in short-term
conditions but also long term durations. Table II highlights the
major system parameters used for the analysis. The simulation
is carried out in PLECS [26].

TABLE II: Parameters used in the simulation

Dual Active Bridge (DAB)

13.8 kV input side CHB

Input dc-link voltage 12 kV
Output dc-link voltage 1.2 kV
Operating frequency of HFT 10 kHz

Power rating
Device used
Gate Resistance
DC-link capacitor

Input dc-link voltage 1.2 kV
Output ac rms voltage ~ 800 V
Switching Frequency 5 kHz
166.6 kW
CAS300M17BM2
58
4.7 mF

A. Power generated by the wind turbine
The electrical power generated by the wind turbine is obtained
using a power curve.

0, V < VeiOF U > Vg

q(v)
PT’

P(v) = Vi < < vy

VU SV < Vo
where v.;, V., and v, is the cut-in speed, cut-out speed and

the rated speed, respectively. P, denotes the rated power of
the wind turbine. The exponential power curve is given by

1
q(v) = 5pAky (v —v5;) (1)

where p is the air density (generally 1.225 kg/m3) and A is
the rotor area. k, and € are constants. Fig. 6 shows the power
profile of the wind turbine taken for analysis in this paper.

Power (MW)

S — B W B U &

=3
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Wind Speed (m/s)

Fig. 6: Power curve for the 5 MW, 690 V wind turbine with area A = 18627
m?, kp =1.8382,¢=23
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B. Estimation of operational losses and junction temperature
rise in the SiC MOSFET

The mission profile based analysis starts with the estima-
tion/measurement of the various losses and consequently the
increase in junction temperature, that occurs in the device at all
the operating points. Fig. 7(a) shows the total losses occurring
in one device along its whole operating range.

In order to calculate the junction temperature rise, the
thermal parameters of the device are fed into the simulation.
The parameters of the heatsink are based on realistic values. In
Fig. 7(b), the variation of the maximum junction temperature
over the whole operating range is depicted.
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Fig. 7: (a) Conduction losses, switching losses and total losses seen by one
device of the CHB through its full operating range. The gate resistance is
kept at 5 2 for the whole operation. (b) Maximum and minimum junction
temperature of the MOSFET. The ambient temperature is taken to be 25°C.

C. Thermal Loading Profile

The thermal loading profile of the PMSG based WECS under
a yearly mission profile (Fig. 8) is shown in Fig. 9. The
calculation is based on a lookup table based method where
the losses and maximum junction temperature and calculated
for specific values of power injection. The mission profile is
then served as an input for this lookup table. It should be
noted that the variation in the power output due to change
in temperature (on account of changing air density) is not
taken into account. The increased junction temperature and
the junction temperature swings are the main precursor for
the failure of the device.
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Fig. 8: Yearly mission profiles from recorded data (3 h per sampling data).
The mission profile shows the wind speed at the ambient temperature for
a particular area. This profile changes depending on the site of installation.
The analysis shown in the paper is for this particular profile and the lifetime
of the converter might change depending on the wind profile and ambient
temperature at the location.
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Fig. 9: Maximum junction Temperature of the MOSFET considering the
mission profile shown in Fig. 8. The junction temperature raises above the
ambient depending on the power profile which is the main precursor for device
failure.

V. LIFETIME ESTIMATION

The lifetime estimation for the long term mission profile
is carried out and statistical techniques have been used to
estimate the damage and lifetime of one device. It should
be noted that the estimated lifetime is only for one device
and does not include the lifetime of the capacitors or other
components of the WECS.

A. Rainflow Method

A rainflow counting method [27], [28] is employed on the
long term thermal loading profile. This helps in the conversion
of randomly changing thermal loading profiles to regulated
thermal cycles. The rainflow counting method which extracts
the change in junction temperature (AT}), mean junction
temperature (7,,) and the number of cycles (tcycie) is used in
this paper. The counting results for thermal loading is shown
in Fig. 10 where a total of 563 thermal cycles have been
identified.

60
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Fig. 10: Rainflow counting results of the junction temperature profile with the
given temperature profile.

B. Lifetime Model and Damage Analysis

A lifetime model is used to estimate the total remaining life
of the device. Different methods have been provided in the

2018-ESC-0615

literature [29]. A lifetime model for Si IGBT (SKiM 63)
[9] has been used in this analysis since the research on the
lifetime models for SiC MOSFETs is currently ongoing [30].
However, the state-of-the-art Si lifetime model provides a good
estimation for the lifetime since it is based on the packaging
of the device.

N = A x (AT))* x (ar)?ATitho « [

E,
e ; 2
Xexp(kbejm)xfdode ( )

where A, «, By, f1, 7 and C are the model parameters as
shown in [30]. ar is the bond wire aspect ratio, fg;oq4c 1S the
diode chip-thickness and oy is the cycling period.

The damage modeling is done using Palgrem-Miner’s rule
[31] which states that the accumulated life consumption is
linearly dependent on the contribution of different thermal

cycles.
n;
LC = Z N, 3)

C+ (tON)FY
Cc+1

number of cycles to fail. Here, the particular value of LC' for
each cycle or each half-cycle is given by [31]
Uz

LC; =
Ny

“

where ¢ is the cycle number.

The expected lifetime can be calculated from the damage

caused by the identified cycles in typ which is the mission
profile period, as

imp

LF = —

LC

The accumulated damage is calculated for the long term
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Fig. 11: Rainflow Analysis results (a) Accumulated damage vs change in
junction temperature (b) Accumulated damage vs mean junction temperature
(c) No. of cycles vs change in junction temperature (d) No. of cycles vs mean
junction temperature.

mission profile and it comes out to be LC' = 1.5701 x 1077,
The expected lifetime from (5) comes out to be 20.2 years.
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This provides an idea regarding the lifetime of the CHB in a
WEC system. This analysis is based on the assumption that
there is no other incident on the device which might cause it
to degrade or fail.

VI. CONCLUSION

This paper analysis the reliability of a CHB in a MV power
conversion topology which interfaces a 690 V, MW PMSG
with a 13.8 kV grid directly based on a mission profile
approach. The use of SiC MOSFETs enables the converter to
use high frequency transformers allowing tower top placement
of the power electronics system. Even though the tower top
placement of the power electronics converter system reduces
the ground footprint, the cost of the maintenance of the
system increases. This calls for a reliability based analysis
of the power electronic converter. This analysis is helpful in
determining the relation between total cost and size of the
system and the cost incurred for maintenance. A mission-
profile based analysis is carried out taking into account the
wind profile and ambient temperature at a particular place and
estimating the damage and consequently the lifetime of the
system. In future, this analysis can be extended to determine
the lifetime of capacitors and the silicon based IGBT converter,
which can ensure the maintenance intervals more accurately.
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