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Abstract—A radical energetic change is needed nowadays generation, as well as increasing the annual energy production
and enhancing renewable energies should play a main role. For (AEP) of such energy generation systems is considered a key
its superior performance and lower losses, SiC devices are contribution to the actual society.
identified as a potential technology to improve wind energy

generation systems AEP. A 2 MW PM generator based WGS — Perid

(Wind Generation System) is modeled, and Si IGBT, hybrid and — || Permanent Magnet :}
full SiC MOSFET devices are tested in different operation —_—

points, as well as different locations. Higher efficiency in the p > _,'J T _,'J

converter based on SiC MOSFETs is observed in all the e q l 3

operation points. This leads to an increment in AEP, mostly in
regions with lower average annual wind speeds, making them
more interesting for wind energy. The work is replicable tuning —
the simulation models to obtain precise results for an exact
WGS.
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The actual society is seeking a radical energetic revolution
due to critical climate change [1]. The United Nations 2030
Agenda will try to “Ensure access to affordable, reliable,
sustainable and modern energy for all”” [2]. In addition, one of
the Horizon Europe research initiative missions is
“Adaptation to climate change including societal Fig. 2. WGS model diagram.
transformation”[3]. For this reason, looking for efficiency
improvement in power electronics related to renewable energy
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Fig. 3. Hours a year for different average annual wind speed locations.
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Fig. 4. Annual working hours percentage for different
average annual wind speeds.

SiC semiconductors can be used to enhance wind energy
performance [4]-[11], reducing the volume of the passive
components, the cooling system requirements, and
increasing the converters efficiency, in full converter (FC)
configuration. However, the effect of that efficiency
improvement is having on the AEP in regions with different
average annual wind speeds has not been evaluated. This
paper analyses the way SiC semiconductors (hybrid, Si
IGBT and SiC diode, and full SiC MOSFET) affect the AEP
of wind generation systems (WGS), with permanent magnet
(PM) generator and FC configuration, Fig. 1. The analysis
is carried out by simulation, connecting models of every
component of the system, Fig. 2, considering different
locations, by using Weibull distributions with form factor 2
[12]-[16], providing the wind speed and the annual hours at
a certain wind speed.

II. PM BASED WIND GENERATION SYSTEM MODELLING

A 2 MW WGS with PM generator and FC configuration
have been modeled. In this section, every model used for the
whole simulation, Fig. 2, is explained in detail.

A. Wind profile model based on Weibull distribution

A Weibull distribution with form factor 2 is used to
determine the wind profile of a location, depending on the
average annual wind speed. Thus, wind speed and the hours
at every wind speed are provided to the wind turbine model.
This Weibull distribution can be seen in Fig. 3.

B. Wind turbine model

This model is an aerodynamic representation, based on
look up tables from manufacturers. The example is
percentage for the selected turbine, depending on the annual
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presented in [17]. Mechanical power and working hours are
estimated for different locations. The turbine can work with
average wind speed of the location is shown in Fig. 4. This
wind speeds from 3 to 25 m/s. The working hours shows
that over 80 % of the hours can be used to generate energy
in locations with average wind speeds superior to 6.5 m/s.

C. PM generator model

The mechanical power is converted to electrical power
by the generator model, using analytic equations in [4]. It
provides voltage, current and power factor to the converter
model for every mechanical power. Electrical input
variables are generated for the converter model.

D. Device model

Datasheet information is used to represent the devices
performance, as done in [l11]. A comparison of the
conduction and switching characteristics of the selected
modules is shown in Fig. 5 for every semiconductor
technology. The silicon IGBTs used for the generator side
and grid side characteristics are similar, so considered equal
in this study.

Fig. 5 (a) shows the conduction characteristics of every
semiconductor technology. As it can be observed, the SiC
devise performs better than Si devices in low current. This
characteristic is achieved due to the resistive behavior of the
SiC MOSFET, while Si IGBTs suffer a direct voltage drop
in conduction. Fig. 5 (b) shows switching energies for every
current. It can be seen that SiC MOSFETSs require lower
energies than Si IGBTSs, making them more efficient at high
switching frequencies. Switching and conduction
characteristics are provided to the converter model
considering the effect of the junction temperature.

Selected semiconductors can be seen in TABLE. I. In
the Si converter, different modules are selected for
generator and grid side, for design optimization.

E. Converter model

Analytical equations presented in [18] are used to
describe the 2L converters performance in every operation
point ( 1 )-( 6 ). The device model provides the required
semiconductor data, and the current and voltage waveforms
are taken from the generator model. The converter model
calculates conduction and switching losses. The efficiency
of the converter in every operation point, together with the
AEP of the WGS are calculated for the three
semiconductors technologies as well as different locations.
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Fig. 5. Device characteristics comparison, (a) conduction, (b) switching.



TABLE. 1. Devices Selected for the WGS

Technology and part number Rated voltage [V] Rated current [A] Configuration generator side Configuration grid side
Si IGBT: SKiiP 2414 GB17E4-4DUW V2 1700 2400 2 in parallel /

Si IGBT: SKiiP 3614 GB17E4-6DUW V2 1700 3600 / 1 module
Hybrid: 2MSI400VAE-170-53 1700 400 10 in parallel 7 in parallel

SiC MOSFET: CAS300M17BM2 1700 225 17 in parallel 12 in parallel

The generic expression of conduction losses are shown
in(1)[18].

Pcona = Ve * lav + Row * Ius (1)

Being ( 2 ) the resulting expression of a MOSFET, (3)
for an IGBT and ( 4 ) In the case of a diode. ma is the
modulation index ( 5 ). The parameters for each
semiconductor are introduced in every operation point. The
Vi factor present in the IGBT and diode equation represents
the direct voltage drop presented in Fig. 5 (a), and is zero in
the case of SiC MOSFETs.

1 I2
Pcond MOSFET = 2 <R0N max) +ma - cos( @) -

4
<RON Imax )

1 2
Pcond_icBT = 2 <Vth =2 + Ron - nrx> +ma -

(2)

3
Imax RON : Irznax ( )
reos(p) -\ Vi gt —5
1 I I2
Pcond_pioDE = 5 <Vth =2+ Ron - n::x> —ma-
4
Imax RON : Irznax ( )
reos(p) -\ Ve gt —o
ma = e
- Vdc/ (5)
2

Switching losses are calculated with ( 6 ). Parameters a,
b and c are obtained for each semiconductor using curve
fitting technique from the curves presented in Fig. 5 (b).

v a b-I c- 12
w:fsw' bus <E+ max+ ;nax) (6)
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III.  SIMULATION AND DISCUSSION

In this section, the simulations that have been performed
are explained, and the results of those simulations are
shown. In addition, the real life application of those results
as well as their impact in the actual and future society
challenges are studied.

In the first simulation, the efficiency of the converter for
every operation point and semiconductor technology is
calculated. Next, AEP is calculated for different locations
and semiconductor technology. Then, the increment on the
AEP is computed depending on the semiconductor and the
location.

A. Impact on the converters efficiency

The efficiency of the three converters has been
calculated by the converter model, and shown in Fig. 6. SiC
MOSFETs based converter has better efficiency in every
wind speed, even if the efficiency difference is greater at

low wind speeds. This is due to the conduction
characteristics of Si IGBTSs and SiC MOSFETs, mentioned
previously. The forward voltage drop present in the IGBTs
does not penalize SiC MOSFETSs, which have a resistive
response in every operation point. This effect is attenuated
when wind speeds increases, increasing also the current in
the converter.

At nominal wind speed (12.5 m/s), the difference
between efficiencies is fixed. This is due to the fact that no
more than nominal power can be generated by the wind
turbine. In this point, pitch-angle control is applied to keep
the turbine in MPP (Maximum Power Point), delivering
also the maximum current to the converter. This working
point is kept until cut-off wind speed is reached at 25 m/s.

B. Impact on the AEP

In Fig. 7, the AEP gain percentage with SiC based
semiconductors respect to the actually used Si IGBTs is
shown. It can be seen 1.65 % more AEP is gained in regions
with 9.5 m/s annual average wind speed using SiC
MOSFETs, and 0.8 % with hybrid technology. However, it
is observed that the lower the annual average wind speed of
the region is, the bigger the impact of SiC based
semiconductors is. An increment as high as 2.5 % is
achieved in locations with average annual wind speeds of
7.5 with SiC MOSFETSs, while 1.22 % is achieved with
Hybrid semiconductors.

Even if it must be said that locations with average wind
speed around 9.5 m/s are considered potentially interesting
for wind generation [19], an increment as high as the 2.5 %
on the annual energy production could make new locations
with lower average annual wind speed also interesting for
wind energy.

C. Application of the results

Fig. 8 shows the AEP in regions with different average
annual wind speeds, depending on the semiconductor
technology used in the converter. As expected, the higher
the average annual wind speed is, the greater the AEP is for
every technology, being the greatest for SiC MOSFETSs. In
regions with potential for wind energy generation, (7.5-9.5
m/s) [19], the evolution of AEP can be very well
approximated to first order equations for SiC MOSFETs,
hybrid devices and Si IGBTs, Fig. 8. Computing the first
order equations of the different technologies, it can be
calculated that same AEP can be obtained in locations with
around 0.065 m/s less average annual wind speed with SiC,
compared to the actually used Si technology. This opens up
the possibility to consider new locations for wind energy
generation, making this sustainable and renewable energy
source available to more communities.



100 -

O O ©
~N o0 O
1 1 1

Efficiency [%]
O O
W N

\O
B
1

\O
W

Hybrid
SiC MOSFET
—SSi IGBT

1 3 5 7 9 11
Wind speed [m/s]

13 15 17 19 21 23 25

Fig. 6. Efficiency of the converter at different wind speeds and the three different semiconductors.
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Fig. 7. AEP gain percentage depending on the average annual wind speed of the location for the three different

semiconductors, using as reference the actually used Si IGBTs.

On the other hand, it is observed that more energy can
be generated with SiC MOSFETs in the same location
without any CO2 emission. If the gained energy in a region
with average annual wind speed of 9.5 m/s was generated
with coal, 12238 Kg CO, would have been emitted in a year
[20].This is equivalent to 94138 Km of driving with a car
meeting the 2015 emission goal in EU [21]. All the
calculations refer to a single wind turbine, being the results
even more relevant in a whole wind farm. The integration
of SiC semiconductors in WGS can be a key action to tackle
the actual and future challenges of the society.

IV. CONCLUSION

This work has identified two contributions of SiC
devices in PM based WGS: First, the efficiency
improvement in the converter with SiC MOSFETSs, shown
in Fig. 6, leads to less cooling requirements. In some cases,
this reduction could cause the possibility to move from

4800 -

water cooled modules to air cooled systems. This action
would mean the saving of all the hydraulic circuit, as well
as replacing the consumption of the pump for the lower
consumption of a fan. Secondly, the efficiency
improvement generates an increment on AEP, Fig. 7. This
means more energy generated in a sustainable way, saving
the hazardous effects of conventional energy generation
plants. In addition, this increased capability to generate
energy makes new regions interesting for the wind energy
generation, Fig. 8. All the numbers and calculations carried
out in this paper are a generalist approach and without
considering auxiliary power losses. The work is replicable
in a certain location, with specifically tuned Weibull wind
distribution, wind turbine, generator and device models,
with the selected technology parameters, obtaining precise
results for an exact WGS.
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Fig. 8. AEP depending on the average annual wind speed of the location for the three selected semiconductors.
Linearization in the regions with wind energy generation potential included.
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