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Abstract: Power electronics, as an enabling technology in most renewable energy systems, is gaining
attention as the penetration of renewable energy sources increases. Wide-bandgap power electronics
are of particular interest due to their superior voltage blocking capabilities and fast switching
speeds. They can viably be considered in the renewable energy sources, especially as the penetration
of wind energy is expected to increase by a great extent in the upcoming years. In this paper,
a comparison of Silicon Carbide-based and Silicon-based wind energy conversion systems has been
performed, as it is crucial in understanding the benefits of adopting wide-bandgap-based solutions at
a commercial level. For this analysis, a 2 MW permanent magnet synchronous generator-based wind
conversion system with a bidirectional full-scale frequency converter comprised of two back-to-back
inverters is considered. The efficiency, cost, and total volume of the passive components comparison
have been conducted for Silicon- and Silicon Carbide-based converters. The comparison presented is
a fair comparison, meaning that the converters are designed with modules of the same power ratings.
Wind energy systems are compared both for the same switching frequency (low switching frequency
suitable for IGBT modules) and also considering a Silicon Carbide-MOSFET-based converter working
at high switching frequencies. The comparison is performed in PLECS simulation tool, using the
PLECS libraries for different modules obtained from the manufacturers’ experimental data. The
results show the benefits of using the Silicon Carbide-based converter when it comes to volume
reduction in the passive components and provide insights to what is missing in order to achieve
overall system volume and cost savings.

Keywords: SiC devices; Si devices; wind energy converter; efficiency comparison; direct-driven
PMSG wind turbine

1. Introduction

Global warming concerns and the depletion of fossil fuels have brought the need for
alternative energy sources. Renewable Energy (RE) sources are playing a major role in green
energy goals and can viably be utilized to overcome the gaps and supply green energy. The
raising targets of REs in many countries are confirming this fact [1]. Recently, the record
new additions of installed RE power capacities can be attributed to the low levelized cost
of energy (LCOE) and technological innovation, particularly for solar photovoltaics and
wind power.

Among the commercially available wind energy converters [2], the variable speed
wind energy converter offers many benefits when compared to other commercially avail-
able types, such as the capability to have higher power density and minimize torque
perturbations in the drive train. It is due to the capability of the wind turbine to operate at
speeds that produce the greatest amount of power [3]. In the case of full-capacity converter
wind energy systems, the power converter is of the same rating as the generator and, in
this case, the generator is fully decoupled from the grid and able to operate in a full speed
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range. This is not the case with doubly fed induction generator (DFIG)-based wind energy
conversion systems, where only a fraction of the converted power passes through the
converter (usually around 30%), resulting in reduced converter costs in comparison to the
wind energy systems using full-capacity converters [4].

Nowadays, there is considerable interest in the application of the multiple-pole syn-
chronous generators, either with permanent magnet excitation or with an electromagnet.
They are driven by a wind-turbine rotor without a gearbox or with a low ratio gearbox [5].
The use of a synchronous generator leads to the requirement for a fully rated power
electronic conversion system to decouple the generator from the network. A multi-pole per-
manent magnet synchronous generator (PMSG) with a full power back-to-back converter
offers reduced losses and lower weight when compared to the externally excited SG [6].

Many technical solutions of wind turbine electrical systems are related to power
electronics, owing to the possibility to control the wind turbine generator, improve dy-
namic and steady-state performances, and decouple the generator from the electrical grid.
It is especially true in the case of PMSG-based wind farms, as they are being increasingly
integrated to power grids. For this reason, the reliability of the PMSG system is becoming
crucial and, in particular, the cost and the reliability of the power electronics system, as most
of the power is processed by the power converter [7,8]. To reduce the maintenance cost,
direct-driven wind turbines using low-speed PMSGs are a viable technology, as the costs
for these turbines are reduced due to the elimination of the gearbox and brushes. However,
a low-speed generator requires a larger diameter to accommodate the large number of
poles on the perimeter, which is leading to increased generator and installation costs [9].

Regarding the power electronics interfacing renewable energy sources, significant im-
provements in Silicon (Si) power device technology have been produced in recent decades,
causing this technology to be reliable and cost-effective. Newer power devices based on
wide bandgap (WBG) materials, such as Silicon Carbide (SiC) and Gallium Nitride (GaN),
are being developed in recent years. For renewable energy application, they can be seen
as preferred devices as they offer several benefits when compared to their Si counter-
parts [10-12]. The most important ones are: lower losses, higher temperature, and high-
frequency operation. Due to the lower losses, the net energy production can be increased
and, thus, the cost of the converter itself can be potentially decreased. In addition, the use
of SiC devices require a smaller cooling system and the output filter volume and weight
can be reduced, causing, in this way, a direct impact on the system cost and decreasing the
levelized cost of the energy (LCOE) of wind energy systems.

In order to understand the real benefits of SiC-based conversion systems, it is necessary
to conduct a comparison with Si-based conversion systems. In the literature, there have
been many recent works comparing SiC- and Si-based conversion systems for different
kind of wind energy systems, as shown in Table 1. In [13], a 2 MW DFIG-based wind
energy system has been considered and conclusions regarding the efficiency increase and
volume reduction have been conducted. In [14], a PMSG-based 10 kW small-scale wind
turbine is considered, where a performance benchmarking of Si-IGBTs- and SiC-MOSFETs-
based inverters have been performed, pointing out the benefits in reduced filter volume,
DC-link capacitor volume, and heatsink volume. In [15], a 2 MW PM generator-based
wind generation system has been compared for the converters with Si IGBT, hybrid, and
full SiC MOSEFET devices in terms of efficiency and annual energy production. However,
considering the converters with different power ratings, it is not clear which is the switching
frequency of the simulated operating points. Another not so recent work [16] considered
the 1.5 MW PMSG-based wind conversion system benchmarking for Si- and SiC-based
converters in terms of their efficiencies. Furthermore, in this case, the system was sized
differently for the IGBT and SiC devices, as the SiC devices were commercialized for lower
currents, i.e., 50 A. Many devices and many converters needed to be connected in parallel.
In a recently published paper [17], the 2 MW PMSG-based wind conversion system was
considered and a fair comparison was introduced (in terms of device rating). A comparison
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of the efficiency and volume was conducted, showing a higher efficiency for the SiC-based
converter and the total volume reduction.

Table 1. Literature review.

References Generator Same Device Ratings Compared Variables

[13] DFIG/2 MW No Efficiency and volume

[14] PMSG /10 kKW No Effl.(:lency, cost, volume, and energy
savings
Conduction characteristics, switching

[15] PMSG/2 MW No energy, efficiency, and annual energy
production

[16] PMSG/1.5MW No Efficiency, losses, and volume

[17] PMSG/2 MW Yes Efficiency and volume

This work, however, is not showing the cost analysis, which is of the same importance
as the efficiency and volume analysis in order to provide the full picture for decision
making. In order to extend the analysis and fill the missing gap, this work is considering
the same system, i.e., a 2 MW direct-driven PMSG wind turbine model with a bidirectional
full-scale frequency converter comprising two back-to-back inverters but is also offering the
overall system comparison including the efficiency, volume, and cost. The fair comparison
considers the converters designed in the same way, with the half-bridge modules of the
same ratings. The wind energy systems are compared for both the same switching frequency
(i.e., considering low-switching frequency suitable for the IGBT module) and considering
also the high switching frequencies for the SiC-MOSFET-based converter. The comparison
is performed in the PLECS simulation tool, with PLECS libraries for different modules
obtained from the manufacturers’” experimental data.

2. Wind Turbine System and Modeling
2.1. Wind Turbine Model

The extractable power from the wind is provided by [18]:
P = LonR2c, (A 1
= JoTRPe, (A, B) M

where p is the air density, R is the turbine blade radius, v is the wind speed, and ¢y, is the
power coefficient. The power coefficient c, is a function of the tip-speed-ratio A and the
blade angle B. In the model, the power coefficient is implemented using a lookup table or
approximated using equations. The variable speed control of the wind turbine allows for
maximizing the power coefficient and thus the extracted power. The power coefficient can
be approximated by [19]:

cp(A, B) :0'22(1)\2-00-4,55)6355 .

1

1 1 003
AT A+008p Bl

®)

The wind turbine system is composed of a 2 MW wind turbine, a permanent mag-
net synchronous generator rated at 690 V, a bidirectional full-scale frequency converter
comprising two back-to-back converters, and an LCL filter, as shown in Figure 1. The dq
electric model of the PMSG can be obtained using a Park transformation with an angle
rotating in synchronization with the rotor electric angle 6, [20]:

. d. . .
v3 = Rsig + ELdzd — welLgiy 4)
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Figure 1. Block diagram of the wind turbine converter: (a) The overall system, (b) The control of the
machine-side converter, and (c) The control of the grid-side converter.

The torque equation and the mechanical model are provided by [20]:

3P . ..
T, = EE(Apmzq + (Lg — Ly)igiq) (6)
dw
]Ttm‘l'me:Te—Tm (7)
P
We = 5 Wn 8)

where R; is the stator resistance, L, is the stator direct-axis inductance, L, is the stator
quadrature-axis inductance, P is the pole number, | is the total moment of inertia, B is the
friction coefficient, w, is the electrical frequency, w;, is the mechanical frequency, T, is the
electromagnetic torque, and T, is the turbine mechanical torque. The main generator and
turbine parameters are listed in Table 2 [21].
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Table 2. Generator and other parameters.

Generator Parameters

Rated power (MW) 2
Nominal voltage (V) 690
Rated speed (rpm) 18
Number of Poles 60

Stator resistance (m() 7
Stator d-axis inductance (mH) 0.8
Stator g-axis inductance (mH) 1.54

Turbine Parameters

Rotor diameter (m) 82
Hub height (m) 78-108
Cut-in wind speed (m/s) 2.5
Cut-out wind speed (m/s) 28-34
Rated wind speed (m/s) 12
Other Parameters
DC-link voltage (V) 1200
Grid line-to-line voltage (V) 690

The PMSG terminals are connected to a DC bus through four controlled rectifiers
connected in parallel. Each controlled rectifier consists of a two-level AC/DC converter
controlled for maximum wind power extraction, as shown in Figure 1. The PMSG is
equipped with current sensors and a position sensor that is used to derive the shaft speed
too. The measured currents are transformed into the dq rotating reference frame using
Park transformation.

The machine-side converter is used to control the machine for maximum wind power
extraction. A cascaded control structure is used to control the PMSG with an inner machine
currents loop and an outer speed loop as shown in Figure 1b. The reference speed command
wy, is determined using the Maximum Power Point Tracking (MPPT) method. In the outer
loop, a speed controller utilizes the reference speed command w;, and the actual PMSG
speed wy, to generate the torque command. A maximum torque per ampere (2DOF speed
controller and MTPA) block is used to generate the reference d-axis and g-axis I3, machine
current commands. In the inner loop, the current controller (2DOF stator current controller
block) utilizes the reference current commands I";q . and the actual currents I, to generate
the command voltages Vj,. Finally, Inverse Park transformation and Space Vector Pulse
Width Modulation (SVPWM) are used to generate the gate signals for the machine-side
converter switches. In both the inner and outer loops, two-degrees-of-freedom (2DOF) PI
controllers [22] are used to control the speed and currents of the machine.

On the other side, the DC bus is connected to the grid through four inverters connected
in parallel and a three-phase LCL filter. Each inverter consists of a two-level DC/AC
converter. The grid voltages and currents are measured using voltage and current sensors.
Using the grid voltages, the grid angle 0, and frequency w, are derived using a Phased
Locked Loop (PLL) block. The grid angle 0, is used to transform the voltages and currents
into a dq reference frame rotating with the grid voltage vector. Another voltage sensor is
used to measure the DC bus voltage V..

The grid-side converter is used to control the DC bus voltage and the reactive power
injected into the grid. Again, a cascaded control structure with an inner grid currents loop
and an outer DC voltage loop is selected as shown in Figure 1c. In the outer loop, a DC link
controller (2DOF DC link controller /Reactive power command block) utilizes the reference
DC voltage command V., the actual DC voltage V., and the desired reactive power Q* to
generate the reference d-axis and g-axis I3, 2 grid current commands. In the inner loop, two
current controllers (2DOF grid current controller block) utilize the reference grid current
commands I;q 2 and the actual grid currents I;;, to generate the command voltages V.
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Next, the inverse Park transformation and SVPWM are used to generate the gate signals
for the grid-side converter switches. Again, 2DOF PI controllers are used in the inner and
outer loops.

2.2. Converter

A 2MW converter is required to provide full power conditioning for the generator
output. The half-bridge modules of the same power ratings (1700 V, 650 A) have been
chosen for this analysis, i.e., SiC-MOSFET module CAB650M17HM3 (Wolfspeed) [23] and
Si-IGBT module FF650R171E4P (Infineon) [24], as shown in Table 3. Three of these modules
are connected to form a two-level 3-phase inverter. The current through the devices is split
between diode and SiC-MOSFET /IGBT depending on the current polarity. In order to
reach the current rating of the turbine (2200 Ays), four of these back-to-back converters
are connected in parallel.

Table 3. Module parameters.

Parameters SiC HB Module IGBT HB Module
Vis 1700 V 1700 V
I/ 1. (25°C) 916 A 650 A
Iys/ I 694 A@90 °C 650 A @125 °C
Rps(on) (175 °C) 3.26 m() N/A
Qg 2988 nC@ —4/15V 7uC@ —15/15V
T; 175 °C 175 °C
Rg_on (min) 150 1.8Q)
Ry off (min) 150 270

2.3. Filter

An LCL-type filter was selected since it offers reduced size and increased attenuation
compared to an L-type filter. The main disadvantage of the LCL filter is that it requires
passive or active damping for stable operation, which may increase the complexity of
the system. The LCL filter consists of an inverter-side inductor L;, a grid-side inductor
L, and a capacitor Cy as shown in Figure 1. The LCL filter is designed as follows. First,
the inverter-side inductor L; is designed based on the current ripple and the switching
frequency as [25]:

2 Vg
"3 AL faw
where Al is the desired current ripple, Vj. is the dc bus voltage, fs is the switching

frequency, and m is the modulation index. Then the grid-side inductor L, is selected to as a
ratio of L;:

(1—m)m )

L =rL; (10)
where r is the ratio that is selected to be 15%. Finally, the filter capacitor is selected based

on the total harmonic distortion (THD) using;:

1

Cr=— (11)
I Ly(nfe2THR

where k; is the percentage ripple in the current k; = Alg /I (pear)-
Table 4 summarizes the values of the filter parameters at 3 kHz and 30 kHz.
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Table 4. LCL filter parameters for different switching frequencies.

Paramerters 3 kHz 30 kHz
L;[uH] 234.7 23.47
Lg[;lH] 35.2 3.52
Cf[yF} 799.5 79.95

3. Losses and Volume Analysis

The complete wind conversion system has been built in a PLECS simulation tool,
which is offering the possibility to the user to merge the thermal and electrical design and
provide the cooling solutions.

3.1. Converter Losses

The switching and conduction losses of the modules are inserted for each operating
condition (forward current, blocking voltage, and junction temperature) in terms of 3D
look-up tables. An example of such losses is shown in Figure 2, for SiC-MOSFET Figure 2a,
and Si-IGBT module Figure 2b. In the figures, the depicted energy, Ej,,, is afterwords
used to calculate the switching energy during the turn-on and turn-off processes in the
case of different external on-gate resistances Ry ,» and external off-gate resistances Ry ,ff.
In the case of the SiC-MOSFET module, the following equations have been used (provided
in the PLECS library and obtained as the curve fitting of the losses provided in the datasheet
in Figure 15 [23]):

Eon = Epase(—0.62834R?2 ,, + 16.4425R,; oy +30.1859) /53.4359 (12)

Eoff = Epase (0.38317R2 ¢ + 10.8655R o s + 12.8655) /30.0259 (13)

Instead, for the case of Si-IGBT module, the following equations have been used (pro-
vided in the PLECS library as the curve fitting of the losses provided in the datasheet [24]

(Eon = f(RG), Eoff = f(RG)):

Eon = Epase|—157.5114/ (Rg_on /1.8 +15.8189) — 0.0810(Rg o, /1.8) +10.43581]  (14)

Eoff = Epase[0.00028/ (Rg 077 /2.7 + 14.3878) + 0.0403(Ry or7/2.7) +0.9593]  (15)

In further analysis, the minimum external gate resistances recommended by manu-
facturers have been applied (Table 3). The losses have been verified experimentally by the
manufacturer in the standard double pulse-testing setup. A Cauer thermal network has
been utilized for the thermal description of the modules.

After the loss description was added in PLECS and the thermal network was created
for each converter, it was possible to select the appropriate heat sink. In this way, the
respective converter losses together with the junction and heat sink temperature can
be measured.

3.2. Volume Analysis

In this section, both the heat sink and filter volumes are analyzed. When it comes
to the heat sink volume, liquid cooling has been considered due to the low values of the
thermal resistances. The heat sink volume analysis was based on the power loss of the
two converters (with both SiC-MOSFET and Si-IGBT modules) for different switching
frequencies and at a nominal wind speed of 12 m/s, considering an 80 °C heat sink
temperature, and 25 °C and 55 °C of the ambient temperature. The minimum required gate
resistances Ry o, and Rg_o ff were used, as they allow the lowest switching losses.
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Figure 2. Example of module base-switching energies during the turn-on E, for different tempera-
tures: (a) SiC-MOSFET, (b) Si-IGBT.

In order to evaluate the heat sink volume, it is necessary to calculate its

thermal resistance:
T, T,

rp = (16)

b tloss
where T}, is the heat sink temperature, T, is the ambient temperature, and Py, is the total
converter loss. Once the 7y, is calculated, it is possible to obtain the heat sink volume based
on the liquid cold plates cooling. Three different cold plates have been analysed from
three different manufacturers [26-28], as shown in Figure 3, with the flow rate of 4 L/m.
For the minimum volume [27], the curve fitting has been obtained:

00l yeatsink = 0.00036rh(_1'52) 17)

where v0lj,ea5ink is expressed in dm? and 7, in °C/W. In this way, the volume for different
thermal resistances can be obtained. The volume obtained with the fitting curve is including
only the volume of the cold plates and not the volume of additional components (as it can
be considered the same for the two conversion systems).
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Figure 3. The volume of liquid cold plate heat sinks from different manufacturers.
The filter’s inductors and capacitor volumes were calculated using [29]:
volp =k  A/* (18)
ZJOlC = chanom (19)

where Ay is the area product defined as the product of the core window winding area and
the cross-sectional area, Vo, is the nominal voltage, and k; and k¢ are the inductor and
capacitor coefficients, respectively.

4. Results and Discussion

In this section, the efficiency, volume, and cost comparisons have been performed
considering two wind conversion systems (SiC-MOSFET- and Si-IGBT-based), includ-
ing both the grid-side and machine-side converter. Figure 4 shows the efficiency of
the two conversion systems in the case of different switching frequencies. In particu-
lar, two values for the external gate on and off resistances are considered for the SiC-
MOSFET-based converter: the minimum ones required for a SiC-MOSFET-based converter
(Rg_on =1.5Q, Ry o¢r =1.5()) and the minimum ones required for a Si-IGBT-based con-
verter (Rg on =1.8 (), Ry opf =27 ). For the latter, the heat sink temperature of 60 °C is
considered, while in other cases it was 80 °C. For the Si-IGBT-based conversion system,
only one value of external on and off gate resistance has been considered, which is the
minimum required (Rg on = 1.8 (), Rg orf =27 ). The nominal wind speed of 12 m/s was
taken into account.

100.0

I
i . _ _ o
—SiC: Rg[o“J 159, Rg(oﬂ) 1.5Qat80°C

P - - o

SiC Rg(nn) =18Q, Rg\um =2.7Qat60°C

=~ ——IGBT: R =18QR_=27Qat80°C
glon) gloff)

99.0

= 98.0

Efficiency [%

97.0 —

96.0 — <

95.0 1 1 1 1
0 5 10 15 20 25 30
Switching frequency [kHz]

Figure 4. Efficiency for wind turbine converters at full power rating and different switching frequen-
cies and external gate resistances.
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The switching frequency ranges from 0 to 30 kHz for the SiC-MOSFET-based converter,
while Si-IGBT-based converter ranges from 0 to 5 kHz. The reason behind this choice is
that only the realistic conditions have been applied to both conversion systems. As for the
low switching frequencies (3 and 5 kHz), the SiC-MOSFET-based converter shows higher
efficiency, 2% higher in the case of a 3 kHz switching frequency and 4% higher in the case
of a 5 kHz switching frequency. For the optimal switching frequency for both converters
(30 kHz for SiC-MOSFET and 3 kHz for Si-IGBT converter) and minimum recommended
external gate resistances, the efficiency is rather similar, lower 0.6% for a SiC-MOSFET
-based converter.

When it comes to the volume analysis, the respective volumes of the passive com-
ponents are shown in Figure 5. In particular, it shows: the grid-side and inverter-side
inductor volumes, capacitor volume, and total filter volume (red trace) in Figure 5a and, in
Figure 5b, the heat sink volumes of the SiC-MOSFET-based converter (red and light blue
trace) and the heat sink volumes of the Si-IGBT-based converter (green and yellow trace) at
25 °C and 55 °C ambient temperature. When it comes to the filter volume, it is clear that
the inverter-side inductor is the largest component in the filter (yellow trace in Figure 5a).
The capacitor volume is negligible when compared to other volumes. The overall filter
volume decreases as the switching frequency increases. This is not the case with the heat
sink volume, which increases with the switching frequency. When considering the different
ambient temperatures, i.e., 25 °C and 55 °C, the heat sink volume at 55 °C is 3.3 times
higher than the one at 25 °C.

1400.0 T
—+—Total Filter Volume
1200.0 — Filter Capacitor M
—sk— Grid-side Inductor
. 1000.0 — Inverter-side Inductor ||
&
=
=, 800.0 - .
L
E. 600.0 -
s
400.0
200.0
00 R Y VY R SR G S S S G & . om——m—
"0 5 10 15 20 25 30
Switching frequency [kHz]
(@)
100.0 T T
5 SiC Heatsink at 25 °C
80.0 - SiC Heatsink at 55 °C |
_ —©—IGBT Heatsink at 25 °C
E 600 IGBT Heatsink at 55 °C| |
g
=
= 400 -
>
20.0 — =
00 e’e"e/e m 1 % I
0 5 10 15 20 25 30
Switching frequency [kHz]
(b)

Figure 5. Different passive components volumes for different switching frequencies: (a) filter volume,
(b) heat sink volume.

It can be noted that for the optimal switching frequencies (i.e., 30 kHz for SiC-MOSFET-
based converter and 3 kHz for Si-IGBT-based converter), the heat sink volumes are rather
similar, which is confirmed also by Figure 4, where the efficiencies for these two points are
also similar.

Figure 6 shows an efficiency comparison for different wind speeds, considering 3 kHz
and 30 kHz switching frequencies for the SiC-MOSFET-based converter (blue and light
blue traces) and 3 kHz for the Si-IGBT-based converter (red trace) (Figure 6a), together
with a total volume comparison in the case of the nominal wind speed of 12 m/s (in dm?,
including the filter and heat sink volume) and a cost comparison of the converter, filter,
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and heat sink (in euros) (Figure 6b). The following parameters have been considered for
the comparison: the minimum required on and off external gate resistances for both the
conversion systems as in Table 3 and the heat sink temperature of 80 °C.
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Figure 6. Comparison of SiC-MOSFET- and Si-IGBT-based converters for different wind speeds and

30 kHz and 3 kHz switching frequencies: (a) efficiency, (b) cost and volume.

As for the cost analysis, the average prices for specific volumes from main distributors
have been taken into account, which have then been fitted in order to obtain the volumes
resulted in the analysis. For the heat sink, the average cost of the selected minimum volume
liquid cooling solution from [27] has been taken into account:

COStppatsink = 96.27928 + 29.62853 x (111172600 eatsin) (20)

As for the filter, the information on the different filters’ costs available in [30] has been
used to obtain the curve fitting:

cost fijter = 114.5 % vol fjjper + 857.2 (21)

where the prices are expressed in euros and the volumes in dm3.

For the 3 kHz case in Figure 6a, the SiC-MOSFET-based converter shows higher
efficiency for all the wind speeds considered, with the highest difference of around 2% at
maximum wind speed. When considering the most optimal switching frequencies for both
converters, the difference is rather restrained, having the SiC-MOSFET-based converter
at a slightly lower efficiency. The similar result is obtained also in other analyses that are
dealing with the SiC-MOSFET and Si-IGBT converter comparisons [13,16].

As for the volume, the heat sink volume is negligible when compared to filter volume
in all cases. The SiC-MOSFET-based converter with a 30 kHz switching frequency has the
lowest total volume, 4.52 times lower (4.17 times in the case of 55 °C ambient temperature)
when compared to a SIC-MOSFET-based converter at 3 kHz and 4.54 times lower (4.25
in the case of 55 °C ambient temperature) when compared to Si-IGBT-based converter at
3 kHz. When looking to the different costs, again, the heat sink cost is almost negligible
when compared to the cost of the filter and converter. The highest cost in the SIC-MOSFET-
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based converter is the converter cost, which is 7.5 times higher when compared to the
Si-IGBT-based converter. The filter cost, instead, for the SiC-MOSFET-based converter at
30 kHz is 4.54 times lower than the one at 3 kHz.

When looking to the SiC-MOSFET-based converter at 3 kHz, the only benefit can
be seen in the efficiency. This case collects the disadvantages of the other two cases for
the nominal wind speed (Figure 6b); it has a high volume due to the high filter volume
and the highest cost mainly due to the high converter cost, but it also has a high filter cost
as the switching frequency is low. It is interesting to notice the similar volumes and costs
for the 25 °C and 55 °C ambient temperatures, which is due to there being very little change
in the heat sink volume as the efficiency is rather high and, consequently, the thermal
resistance is higher, in this case causing the difference in the volume to be lower, as in
Figure 3.

Leaving aside the SiC-MOSFET-based converter with the 3 kHz switching frequency
and looking only at two converters in their optimal working conditions (i.e., 3 kHz for
Si-IGBT-based converter and 30 kHz for the SiC-MOSFET-based converter), it can be noted
that for the similar converter efficiency at nominal wind speed (12 m/s), the SiC-MOSFET-
based converter has a 4.54 times lower total volume filter cost when compared to the
Si-IGBT-based converter, while its total cost (converter, filter, and heat sink) is about 2 times
higher, mainly due to the high module cost.

In order to simplify the comparison, the cost function has been defined, based on
the weighted parameters obtained by using the Analytic Hierarchy Approach (AHP) [31].
Namely, different priorities have been defined for the efficiency, volume, and cost, i.e.,
equal, moderate, and moderate, respectively. The reason behind this choice is to provide
more importance to the cost and volume, as the the change in the efficiency is much lower
than the change in the volume and cost. The calculated weighted constants are provided in
Table 5.

After the weighted constants have been calculated, the efficiency, volume, and cost
have been normalized with the maximum base values resulting from the simulation, i.e.,
0.9914 for the efficiency, 853.42 for the volume, and 321,463.7 for the cost. The following
cost function has been applied to the normalized values:

fc = Ky /ey + Kyvy + Kzey (22)
Table 5. AHP and cost function.
Weighted Parameters
Efficiency (K1) 0.143
Volume (K3) 0.429
Cost (K3) 0.429

Normalized efficiency, volume, and cost

Efficiency (e;) Volume (v,) Cost (cy)

SiC-MOSFET at 30 kHz 0.973 0.22 0.763
SiC-MOSFET at 3 kHz 1 0.994 1
Si-IGBT at 3 kHz 0.979 1 0.401
Cost function results

SiC-MOSFET at 30 kHz 0.568

SiC-MOSFET at 3 kHz 0.998

Si-IGBT at 3 kHz 0.747

The results of the cost function (f.) are shown in Table 5. The SiC-MOSFET at 30 kHz
has the best result (the minimum value) regardless of the high total cost (Figure 6b).
The SiC-MOSFET at 3 kHz has the worst result, as the priority provided for the efficiency
was less than the one for the cost and volume. The Si-IGBT converter has better results
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than the one of the SiIC-MOSFET-based inverter at 3 kHz, since for the similar total volume
it has 2.5 times lower cost.

5. Conclusions

A 2 MW PMSG-based direct-driven wind conversion system was considered for this
analysis and an efficiency, volume, and cost comparison for Si- and SiC-based converters
was conducted. The simulations with the realistic thermal models of the modules have
lead to the conclusion that the application of a SiC-based converter in the wind generation
system will provide a similar efficiency to one of the Si-based converters, but will provide
a reduction in the system’s size. In particular, the reduction of 4.54 times (4.25 times
in the case of 55 °C ambient temperature) in the total volume necessary for the passive
components was observed, while the price increase was with a factor of 2. With the price
reduction in SiC-MOSFET modules, the benefits of this system will be more marked, as
the filter cost is much lower in this case. So, in order to have overall system cost and
volume savings with the SiC-MOSFET-based conversion system, the price of the SiC
devices should be substantially lower, at least 2 times in order to have an equal cost to
the Si-based system. Moreover, the cost function applied to the efficiency, volume, and
cost with different weights (less for the efficiency and equal to the cost and volume) has
shown that the SiC-MOSFET-based converter at 30 kHz has the best value, regardless of its
higher cost, when compared to a Si-IGBT converter, as the benefits in the volume reduction
were superior.
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