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Abstract

Renewable energies are going through a major increment, mainly wind and photovoltaic energies, being
market competitiveness the main driver for their massive penetration. As power converters are used to
interface renewable energy systems with the utility grid, their optimization is crucial. For their superior
conduction and switching capabilities, silicon carbide (SiC) semiconductors are considered for their use
in the optimization of power electronics in doubly fed induction generator (DFIG) based wind energy
systems (WES). Potential efficiency gain and volume reduction due to the use of SiC semiconductors
are studied by simulation, explaining the models in detail. Commercial products are evaluated to
calculate cooling systems (CS) and output filters volumes. The performance and volume of SiC
converter is analyzed and compared to its Si counterpart, at different wind speeds and switching
frequencies. A design for maximum efficiency and minimum CS volume, and another for minimum
output filters volume without efficiency penalty are achieved. A switching frequency optimization is
performed to obtain the minimum combined volume between the CS and output filter, still improving
the Si converters efficiency at nominal wind speed conditions. The conclusion is that SiC
semiconductors can improve the power converters efficiency and overall size in DFIG WES.

Introduction

The use of conventional energy generation sources has increased the concern of reaching the irreversible
climate change point in the planet (this last decade has been the hottest one since data is collected [1]).
For this reason, a radical energy revolution is needed in our society and ruling organizations are working
in this direction. 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 transformation” [3].

Renewable energies have gone through a major increment in their use. By the end of 2018, the renewable
energies represented the 26.2 % of the world energy mix, having experienced a growth of 33 % in the
last year [4]. In addition, hydro, solar, wind, tidal and biomass have been receiving increasing attention
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from engineers, developers and scientific community in general since the 2000s [5], [6], being
Photovoltaic (PV) and Wind Energy Systems (WES) the main actors in the current scenario [4].

Market competiveness is the main driver for renewable energies high penetration into the energy mix
[7]. To improve this market competiveness, the system cost must be optimized in wind and solar energy
generation systems. In both energy generation systems power converters are used to interface with the
distribution grid [8]-[10], however, the use of power electronics lead to high losses, reducing the
efficiency and final available energy [11][12]. Silicon carbide (SiC) power semiconductors are identified
as a potential technology to overcome the before mentioned drawback in WES, in small scale turbines
[13]-{15] and MW power range [9], [16]-[18]. In addition, the use of SiC devices lower cooling systems
(CS) and output filters volume and weight, making a direct impact on the system cost and decreasing
the WES levelized cost of energy (LCOE) [13], [17], [19], [20].

As shown in the previous paragraph, there is wide literature work done analyzing the impact SiC devices
can have in fully rated wind power converters; however, main wind turbine manufacturers (Vestas,
Siemens-Gamesa, Acciona, General Electric, Mitsubishi, Alstom, Repower, e.g.), offer partial power
converter systems, based on doubly fed induction generators (DFIG) in the range of 2 MW. As the
converter processes only around 30 % of the power [21], this paper addresses the impact SiC devices
can offer in DFIG based WESs.

DFIG based wind energy system modeling

Based on a 2 MW DFIG wind turbine example in [21], the system shown in Fig. 1, is modeled. It is
composed of a 2 MW wind turbine, a DFIG with 2 pole pairs and a nominal stator voltage of 690 V, a
back-to-back converter connected to the rotor with its CS and a utility line filter, Fig. 2. The inputs of
the system are the wind speed, the switching frequency of the converter, the ambient and junction
temperature. The outputs are the volumes of the CS and the filter, as well as the efficiencies of the
converter and the generator. The models are connected by sharing variables. Three different
semiconductor technologies are analyzed, state of the art Si IGBTs, “hybrid” devices composed by a
Si IGBT and a SiC diode, and full SiC MOSFETs. Every component’s modeling is addressed in the
following sections.

Wind turbine model

The wind turbine model is mainly based on the aerodynamic behavior of a 2 MW wind turbine available
in one of the examples in [21]. Look-up tables are used to predict the wind turbine performance in every
operation point. The tip speed ratio is estimated depending on the wind speed, and using the data
provided in the manufacturers brochures, the mechanical power in the generators high speed shaft is
calculated. The working wind speed range of the selected wind turbine goes form 3 to 25 m/s.
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Fig. 1: DFIG based WES.
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Fig. 2: WES model diagram.
Generator model

The generator model is based on analytical equations derived from the DFIG electrical model [21]. The
input of the model is the mechanical power delivered by the wind turbine to the generators shaft.
Depending on the mechanical speed, the rotor consumes power from the grid, (sub synchronous
operation) or delivers power to the grid (hyper synchronous operation). In synchronous speed, the power
in the rotor is ideally zero [21], being also the power managed by the power converter zero. Close to
this operation point, the generator delivers very low currents to the converter Fig. 3.

Device model

The device model provides the on and off energies required to switch each semiconductor, as well as
the conduction model. These data are obtained from the manufacturers brochures for Si, hybrid and full
SiC technologies. Fig. 4 shows the performance comparison between the selected technologies. As it
can be seen in Fig. 4 (a), the SiC MOSFET performs nearly as a resistive component in conduction,
while Hybrid and the Si IGBTSs have a direct voltage drop in conduction. This characteristic makes SiC
MOSFETs more efficient in conduction at low currents, which occur close to synchronous speed
according to Fig. 3.

Fig. 4 (b) analyzes the switching performances. Due to the unipolar nature of the MOSFET structure,
the tail currents that are present when switching bipolar devices are eliminated, achieving much lower
switching energies. This allows to increase switching frequency without penalizing efficiency
drastically with SiC MOSFETs, as it would occur with Si IGBTs and Hybrid devices. Table I shows the
semiconductors used in this paper.
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Fig. 3: Power managed by the rotor in a DFIG depending on the mechanical angular speed of the shaft.



Table I: Devices used in the paper

Technolo Voltage Current rating  Generator side Grid side Part number
gy rating [V] [A] configuration configuration
Si IGBT 1700 600 3 modules in parallel Zmodulesin gpiip 3614
parallel
. . 2 modules in 2MSI400VA
Hybrid 1700 400 4 modules in parallel parallel E-170-53
SiC . 3 modules in CAS300M17
MOSFET 1700 225 6 modules in parallel parallel BM2
800 {[——SiIGBT 400 1—st1GBT
— Hybrid —— Hybrid
600 SiC MOSFET 300 ~ SiC MOSFET
< =
2400 - £200 -
B :
200 - =100 -
0 —a—%. L e e e e O P 0 - : - . T : T . T . .
0 051 15 2 25 3 35 4 0 100 200 300 400 500
Vee-Vs [V] Ie-Tp [A]
(a) (b)

Fig. 4: Selected Si IGBT, Hybrid and SiC MOSFETs performance comparison, (a) in conduction, (b)
switching.

Converter model

The converter model uses analytical equations to describe the converters performance in every operation
point. As it can be seen in Table I, the currents in the generator side are higher, needing more modules
in parallel to operate in safe conditions. The converter is a 2L-Voltage Source Converter (2L-VSC)
driven by a PWM modulation, with a defined and fixed switching frequency. The converter model
calculates conduction and switching losses. In this point, it is important to remark the power processed
by the converter is only the power managed by the rotor, and not all the power generated by the wind
turbine, Fig. 1. Next, the equation list used to obtain the power losses in the converter is shown:

The generic conduction loss expression for every semiconductor is (1) [22].

Pcona = Ven - Lav + Ron * Iius €Y)

Being (2) the resultant equation for a MOSFET, (3) for an IGBT and (4) in the case of a diode and for a
2L-VSC. ma is the modulation index, (5). The parameters for each semiconductor are introduced in the
corresponding equations, and conduction power losses calculated. The Iy, factor present in the equations

referring to IGBTs and diodes is the representation of the direct voltage drop in conduction, analyzed in
Fig. 4 (a).
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Switching losses are calculated using (6) in a 2L-VSC. The parameters a, b and ¢ refer to the
coefficients of the second order polynomial that approaches the switching energy losses curve
provided in the datasheet, shown in Fig. 4 (b), as done in [16].

Vdc (a_l_b'lmax_l_c'lr%laX)

Py (6)
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Thermal model

The equivalent average thermal circuit is used to calculate the maximum allowable thermal resistance
to keep junction temperature in the semiconductors under the safe thresholds. However, as one of the
objectives of this paper is to evaluate the volume of the converter, a calculation to relate the maximum
allowable thermal resistance with the required CS volume needs to be added. To do so, commercial CSs
with forced air are analyzed. The required volume and the achieved thermal resistance are plotted for
each product, in order to identify a trend that can be approximated with an exponential curve, shown
with a black line, Fig. 5 (a). Every technology has different power losses, and as the switching frequency
also affects the power losses, every semiconductor and selected switching frequency combination will
require a maximum thermal resistance. Using the exponential approximation of the available
commercial CSs, the thermal model is capable to calculate the volume required in the cooling system
for every semiconductor technology and switching frequency combination.

Filter model

A line filter is added in the output of the back-to-back converter to shape the output current, as shown
in Fig. 1. The inductance and capacitance values in the filter are calculated using expressions (7) and (8)
presented in [23].and [24] respectively. Vi is 1200V, Al is defined as 10 % of the I, and Att,q,
which refers to the required attenuation of the filter, is set to 0.01 in order to have enough damping in
the switching frequency [25]. m refers to the converter topology level, 2 in this case, as a 2L-VSC
converter is used.

L = Vac (7
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To calculate the volume of the inductor, the area product Ap technique proposed in [26] is used.
Equation (9) uses the factor k; to relate the area product and inductor volume. As this factor is dependent
on the switching frequency, a polynomial approximation is performed to calculate k; in [27], and shown
in (10). In the case of the capacitor, [24] identifies a relation between volume, the rated voltage and
capacitance for every technology. To estimate the required volume, commercial foil capacitors are
analyzed, considering their volume and rated voltage, Fig. 5(b). It is identified that the volume is linearly
dependent on the rated capacitance, for a same rated voltage. 1.2 kV series is selected, and the linear
expression shown in (11), represented with a black line in Fig. 5(b), is used to estimate the required
capacitors volume in the filter, introducing the capacitance value (s in micro farads (uF).

3 9
VolLf:kL«Ap4 9
k, =2.676 x 1075 - f;,, + 19.71 (10)

Volc, = 0.004C; + 0.0084 (11)
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Fig. 5: Volumes of different commercial components, (a) cooling systems, (b) capacitors.

Simulation and discussion

In this section, the performed study is presented. Three main analysis are done: the CSs volume and
converters efficiency optimization, the filter volume optimization without penalizing efficiency and total
volume optimization. The cooling system and the magnetic components are the major contributors to
the volume of a power converter [28], [29], being the power semiconductors volume negligible. In the
case of the analyzed back-to-back converters, the volume of the converters is mainly the one of the
cooling system, however, the volume of the filter is considered as part of the converter, playing an
important role in the total volume of the system. dc bus capacitors volume, control boards and the
volume required for connections is not considered in this analysis.

Fixed switching frequency for CS volume and converter efficiency optimization

First, the state-of-the-art WGS nominal operation is tested for the three semiconductor technologies.
Switching frequency is set to 2.5 kHz, and the systems efficiency is tested in all the wind speed range,
from 3 to 25 m/s, with the three semiconductor technologies, Fig. 6. The efficiency with SiC MOSFETs
is higher in all wind speed range, being the efficiency with Si IGBTs the lowest. Maximum power is
extracted from the wind turbine from nominal wind speed (12.5 m/s) to maximum wind speed (25 m/s),
however, due to the rotor angular speed, the converter manages maximum power at maximum wind
speed, Fig. 3, being this the point in where maximum losses occur. The maximum losses in the power
converter are considered to calculate the required cooling system volume for each semiconductor
technology, Table II.

Table II shows that an 11.92 kW loss reduction is achieved by replacing Si IGBTs with SiC MOSFETs.
This reduction means a 2.02 % increment in the converter efficiency at the maximum loss point, and
can bring a 53.01 % reduction in the cooling system volume. If hybrid devices are used, the achieved
CS volume reduction is 33.83 %.

Table II: Evaluation of the converter losses and required CS volume at 25 m/s wind
speed

Technolo Maximum power losses Efficiency Required CSs Required CS volume
gy kW] [%] volume [dm’] reduction [%]

SiIGBT 20.16 95.62 25.32 /

Hybrid 13.25 96.72 16.75 33.83

SiC MOSFET 8.24 97.64 11.89 53.01
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Fig. 6: Converter efficiency for different semiconductor technologies and wind speeds.

Switching frequency increment and filter volume evaluation

A second analysis is done varying the switching frequency of the converter. According to the device
analysis done previously and shown in Fig. 4 (b), the energy required to switch SiC MOSFETs and
Hybrid devices is lower than the one required in Si IGBTs. This characteristic allows to increase the
switching frequency using SiC based devices, without penalizing efficiency. As the converter spends
most of the time working at nominal wind speed (12.5 m/s), the evolution of power losses varying
switching frequency at this wind speed is analyzed, Fig. 7. Even if the three technologies efficiency
decreases linearly with switching frequency, the slope in SiC based converters is smaller than in the Si
IGBTs. Hybrid devices switching frequency can be increased up to 4 kHz, while SiC MOSFETs can
increase their frequency up to 23 kHz until Si IGBTs losses are matched.

Using equations (7)-(11) the volume required for the line filter in a range of switching frequencies is
computed and plotted, Fig. 8, concluding that the filter volume is reduced exponentially with increasing
frequency. Rising the switching frequency from 2.5 kHz to 4 kHz a filter reduction of 29.38 % is
achieved using hybrid devices, while increasing the switching frequency up to 23 kHz with SiC
MOSFETs can reduce the filter volume in 80.09 %, achieving filter volumes smaller than 1 dm?, without
penalizing converters efficiency, Table III.
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Fig. 7: Converter efficiency for different semiconductor technology and switching frequencies, at
nominal wind speed.

Table I1I: Required filter volume reduction

o Required filter volume Required filter volume
Technology Switching frequency [kHz] d [dm?] qre duction [%]
SiIGBT 2.5 4.42 /
Hybrid 4 3.12 29.38

SiC MOSFET 23 0.88 80.09
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Volume optimization and optimum switching frequency evaluation

In this final approach, the total volume of the converter is optimized. Table II shows the volume
reduction achieved with SiC devices in the CS. In addition, the volume reduction in the filter due to
increased switched frequency is seen in Fig. 8. A combination of both volume reductions is pursued in
this section, but as Fig. 7 shows, increasing switching frequency to obtain a volume reduction in the
filter also increases the converter losses, increasing the required CS volume to keep the semiconductors
junction temperature under an adequate threshold (150 °C). Fig. 9 shows the required CSs volume for
every semiconductor technology and different switching frequencies. As only SiC MOSFETs keep
cooling systems volume under reasonable limits compared to the filter volume, Fig. 8 and Fig. 9, the
converters volume optimization is only performed for SiC MOSFETSs. In converters with Si IGBTs and
Hybrid devices, the total volume will be dominated by the CS; not getting any volume reduction when
increasing the switching frequency.

The filter volume, Fig. 8, and the required volume for the cooling system for SiC MOSFETs, represented
by the orange line in Fig. 9, are added in order to evaluate the optimum switching frequency to obtain
minimum volume. This analysis is shown in Fig. 10, where filter volume, CS volume and combined
volume can be seen for a SiC MOSFET based converter at different switching frequencies. The
minimum combined volume is achieved at 4.5 kHz switching frequency, being 15.69 dm>. As it has
been seen in Fig. 7, the SiC MOSFET converter has still better efficiency than the Si IGBT converter at
4.5 kHz switching frequency and nominal wind speed, so with this optimized design, CS volume, filter
volume and efficiency at nominal wind speed are improved with respect to Si IGBT based converter,
Table IV. It must be considered that dc link capacitor, as well as the volume of semiconductors,
connections and control boards is not considered in this analysis.
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Fig. 9: Required cooling systems volume for different semiconductor technologies and switching
frequencies.
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Table IV: Optimized SiC MOSFET based converter characteristics, compared to Si
IGBT based converter

Characteristic SiIGBT Optimized SiC MOSFET Unit
Switching frequency 2.5 4.5 kHz
Efficiency at nominal wind speed 96.02 97.67 %
Filter volume 4.42 2.86 dm?
Filter volume reduction / 35.29 %
Required CS volume 25.88 12.83 dm3
Required CS volume reduction / 50.42 %
Combined volume 30.30 15.69 dm3
Combined volume reduction / 48.21 %
Conclusion

This work has lead to the conclusion that SiC semiconductors can have an impact in DFIG based WESs
power converter design, taking advantage of their superior conduction and mostly switching
characteristics. Si IGBTs one to one replacement with hybrid devices or SiC MOSFETs can achieve
efficiency improvement together with cooling systems requirements reduction, maintaining the same
switching frequency. If switching frequency is increased in SiC devices, until the power losses are
equaled to those of IGBTs, the output filters volume can significantly be reduced. This paper also
identifies an optimum switching frequency to obtain minimum converter volume for a SiC MOSFET
based converter. If this strategy is adopted, cooling system and output filter volumes are reduced with
respect to the Si IGBT converter, and the efficiency at nominal wind speed operation point is still
improved.

For these reasons, it is concluded that SiC semiconductors impact in DFIG based WES is favorable not
only from the efficiency point of view, but also contributing to reduce auxiliary systems requirements
like the cooling system and output filter, achieving a 48.21 % of the combined volume reduction. The
inclusion of the volume required for the dc link capacitor, control boards, power semiconductors and
connections should be analyzed in the future, as it is not considered in this analysis. In addition, any cost
consideration will require the contribution of SiC semiconductors manufacturers, to evaluate the impact
on the overall cost of the system.
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