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Efficiency Impact of Silicon Carbide Power
Electronics for Modern Wind Turbine
Full Scale Frequency Converter
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Abstract—Power electronics is an enabling technology found in
most renewable energy generation systems. Because of its superior
voltage blocking capabilities and fast switching speeds, silicon
carbide (SiC) power electronics are considered for use in power
conversion units in wind generation systems in this paper. The
potential efficiency gains from the use of SiC devices in a wind generation system are explored by simulations, with the system modeling explained in detail. The performance of the SiC converter is
analyzed and compared to its silicon counterpart at different wind
speeds, temperatures, and switching frequencies. The quantitative
results are based on SiC metal–oxide–semiconductor field-effect
transistor (MOSFET) prototypes from Cree and modern Si insulated-gate bipolar transistor (IGBT) products. A conclusion is
drawn that the SiC converters can improve the wind system power
conversion efficiency and can reduce the system’s size and cost due
to the low-loss, high-frequency, and high-temperature properties
of SiC devices, even for one-for-one replacement for Si devices.

ploited to reduce generation losses and increase net energy
production. The low losses, along with high temperature tolerance, can also be used to improve the reliability of the
converter and reduce the thermal management requirements.
Moreover, fast switching has the potential to reduce the filtering
passive component size and cost, thus, the total cost of the
system. Reference [13] provides a simulation for the efficiency
performance of SiC-based converters that might be used in a
wind turbine and it provides quantitative comparison with commonly used Si converters. This paper also provides quantitative
results, but simulations have been updated by using experimentally tested characteristics of more recently developed SiC
metal–oxide–semiconductor field-effect transistor (MOSFET)
and Schottky diode device prototypes.

Index
Terms—Converter,
modeling,
metal–oxide–
semiconductor field-effect transistor (MOSFET), silicon carbide
(SiC), wind generation.

II. W IND T URBINE S YSTEM AND M ODELING

I. I NTRODUCTION

V

ARIABLE speed capability allows a wind turbine to
operate at speeds which produce the greatest amount of
power and minimizes torque perturbations in the drive train
[1]–[5]. This capability tends to decrease the overall cost of
energy because the amount of energy generated is increased and
the cost of the drive train and its maintenance are reduced. Since
the voltage and frequency of the generated power vary with the
turbine speed, a converter is required to reconcile the output
with the fixed voltage and frequency of the grid [6]–[10].
Several technical and market reports [11]–[13] have recognized silicon carbide (SiC) power electronics as a potential
technology for wind turbine power converters. The primary
benefits of SiC-based power devices include low losses, high
temperature tolerance, and fast switching. These can be ex-
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A wind turbine system is designed based on the National
Renewable Energy Laboratory’s (NREL) baseline wind turbine
described in [14]. It is composed of a 1.5 MW wind turbine,
a permanent magnet (PM) generator rated at 690 V, a bidirectional full scale frequency converter comprised of two backto-back inverters, and a utility filter (simplified as a single
inductance), as shown in Fig. 1 [15]. The wind energy is converted to electricity by the PM generator and then transferred
to the utility. In this process, the converter plays two roles:
1) to control the generator to capture as much wind energy as
possible and 2) to deliver the energy to the utility. In both roles,
the power loss in the converter is of utmost concern, which not
only determines the design of the converter, but also affects the
other components in the system, such as the filter. The converter
efficiency will be demonstrated by the simulation results, and
the effect of applying SiC devices on such a system is also
analyzed. The associated modeling work will be presented in
this section.
As shown in Fig. 2, the system modeling is composed of four
models: wind turbine model, device model, converter model,
and thermal model. The system inputs are input power, the
speed of the generator, ambient temperature, and the switching
frequency of the converter. The output will be the system
efficiency. The four models are connected by parameters. For
example, wind turbine and device models provide parameters
for the converter model, and the output of the converter model
is fed to the thermal model. Then, the junction temperature
obtained from the thermal model is provided to the device
model, which starts the next calculation step based on the new
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Fig. 1. Wind generation system structure with full scale converter.
TABLE I
WIND GENERATION SYSTEM PARAMETERS

Fig. 2. System modeling diagram.

temperature information. Each model is explained in detail in
the following sections.
A. Wind Turbine Model
The wind turbine model is mainly a PM generator model,
whose function is to calculate the current, power factor, and
the modulation index, which are needed by the converter model
based on the input power and the speed of the generator. The
electrical parameters of the generator studied in this work are
listed in Table I. Assuming that the generator back electromotive force is in phase with the generator current, then a
simplified PM generator model can be developed using a dq
rotating coordinate system analysis. With this generator model,
the output voltage and current of the generator can be obtained.
They are also the ac side current and voltage of the rectifier
in the back-to-back converter. Then, based on the relationship
between the ac side and the dc voltage in an inverter with
sinusoidal pulse width modulation (SPWM) technique, the
modulation of the converter can be calculated. The full list of
equations can be found in [13].
B. Device Models
Device models describe the device characteristics related to
the operation losses. In this paper, they are look-up tables or
polynomial functions based on the curve fitting of test results.
Most recent SiC MOSFET prototypes were obtained and tested
for both static and dynamic characteristics, which were then
used for curve fitting.

TABLE II
DEVICES USED IN CONVERTERS

The prototype SiC MOSFETs listed in Table II were experimentally tested with a curve tracer at different ambient
temperatures, from 25 ◦ C to 300 ◦ C, with an increment of 25 ◦ C.
As expected, the on-state resistances of the MOSFETs increase
with temperature, as shown in Fig. 3(a). After scaling the rating
of the SiC MOSFETs to 1700 V and 1200 A, which is the rating
of the Si IGBTs used in this work (see Table II), not only the
on-state resistance (0.76 mΩ at RT) of the SiC MOSFETs is
smaller than that of the Si IGBTs (0.84 mΩ at RT), but also the
change rate of the resistances with temperature is smaller. The
on-state resistances of the SiC MOSFETs increase by 11.8%
when temperature changes from room temperature to 125 ◦ C,
compared to 41.8% for the Si IGBTs. Thus, the SiC devices
are more efficient in terms of having lower conduction loss,
particularly at higher temperatures. The transfer characteristics
of the MOSFETs in Fig. 3(b) change slightly with an increase
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Fig. 4. Switching test circuit.

Fig. 3. Static characteristics of the SiC MOSFET at different temperatures.
(a) Forward characteristics. (b) Transfer characteristics.

in temperatures above 150 ◦ C. This indicates that the change
in switching losses of the MOSFETs with temperature will be
small. This is confirmed by the switching tests (Fig. 6).
The circuit shown in Fig. 4 is used to obtain the switching
characteristics in Figs. 5 and 6. The ambient temperature of
the SiC MOSFETs is varied from 25 ◦ C to 225 ◦ C, with an
increment of 50 ◦ C. With a pure inductive load, the current
in the switches can be controlled by adjusting the duty ratio
of the first pulse when applying a double-pulse control signal.
Commercial gate driver IC HCNW3120 is selected to drive the
SiC MOSFETs. It generates a voltage of about 20 V at turn-on
and 0 V at turn-off. The gate drive board is separate from the
MOSFET, and its ambient temperature is room temperature. As
shown in Fig. 5, with a gate resistance of 10 Ω, the MOSFET

Fig. 5. Test waveforms of the SiC MOSFET (Cree) at 225 ◦ C. (a) Gate signal
waveforms. (b) Switching waveforms.

works functionally up to 225 ◦ C ambient temperature at a power
level of 200 V and 10 A. The peak gate current at this condition
is 280 μA.

24

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 58, NO. 1, JANUARY 2011

Fig. 6. Switching losses of the SiC MOSFET at different temperatures.

The switching losses, including both turn-on and turn-off
losses, are calculated at each test condition. They are plotted
versus the drain current at each tested temperature in Fig. 6. The
switching losses increase as the current increases, but change
very slightly when ambient temperature changes, while the
increase of the switching losses of Si devices is much more
obvious. For the Si IGBT used in the work, its switching loss
increases by 56.3% when case temperature changes from 25 ◦ C
to 125 ◦ C. Thus, the substitution of SiC devices for Si devices
will improve system efficiency, and with higher temperature
and higher switching frequency, the system will gain even more
benefits compared to the Si-based system.
C. Converter
A 1.5 MW converter is required to provide full power conditioning for the full output of the generator. Because no SiC
devices are presently available at this rating, the converter is
assumed to be composed of ten SiC-based converters that each
use twenty 10 A SiC MOSFETs for a power rating of 150 kW
each in the simulation, which are based on the devices listed in
Table II. The multiples in the current column mean the number
of devices in parallel and the number of converters in parallel.
Similarly, Si IGBT/diode modules with maximum available
ratings are selected to form a converter representing today’s Si
power electronic techniques. The Si modules are single-switch
modules with two single IGBTs and two single diodes rated
at 1200 A in parallel. To meet the power requirement for this
application, two such Si converters will be needed in parallel.
In addition, with the improvement of current ratings for
single SiC devices in the future, there will be no need to parallel
so many more SiC devices than Si devices to achieve a module
at the same power level. Presently, many research efforts have
been made to improve the single-device rating and develop
high-power modules [26]–[30]. The single SiC switch rating is

up to 1200 V and 50 A [29]. The largest SiC power module
reported in literature is 10 kV and 100 A [28]. There have
also been 1200 V, 600 A phase-leg-module prototypes under
development.
As high current rated SiC power devices and modules mature
in their development, future SiC inverters will be comparable
to the present Si IGBT inverters in terms of difficulty of paralleling devices and of complexity resulting from the additional
components such as gate drivers, connectors, etc. This will
enable the practical application of SiC inverters in such highpower systems as the wind turbine system discussed in this
paper.
Because of the unavailability of such high-power SiC modules at present, the best prediction of what will be achievable
when using SiC devices in the near future can be extracted from
the characteristics of presently available devices. Two assumptions are made for this prediction: 1) future SiC devices will
have the same performance as with today’s SiC devices, and
2) module packaging technology does not introduce parasitics
or issues other than those found in single device packaging.
The first assumption is a conservative one, while the latter
one is overly optimistic. Thus, actual performance will vary
slightly from the predicted performance in future SiC inverters
and will depend on the continued future device development
and packaging technologies for large current rated SiC power
electronic modules.
D. Power Loss Models
A widely used averaging technique [16]–[19] is employed
to study the inverter power loss. This technique takes a sample
from each switching cycle and then uses these values to find
the effective value at the fundamental cycle of the output. The
resultant equations are presented in the following paragraphs.
In these equations where ± appears, the upper sign should be
used for inverter calculations, and the bottom one is for rectifier
calculations. More details are provided in [20] and [21].
For SiC MOSFETs, the conduction loss is caused by on-state
resistance Ron . It is calculated by:


1
1
PM,cond = I 2 Ron,M
±
M cos φ
(1)
8 3π
where M is the modulation index, I is the peak of phase current,
and φ is the phase angle of the current with respect to voltage.
For the SiC Schottky diode and Si IGBT, the voltage drop is not
zero when the current is zero. Thus, there is an additional loss
associated with this voltage drop V0 . Conductive loss equations
are shown as (2) for the diode and (3) for the IGBT


1
1
2
PD,cond = I · Ron,D
∓
M cos φ
8 3π


1
M cos φ
∓
+ I · V0 ·
(2)
2π
8


1
1
±
M cos φ
PI,cond = I 2 · Ron,I
8 3π


1
M cos φ
±
+ I · V0 ·
.
(3)
2π
8
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Fig. 7.

Fig. 8. Thermal equivalent circuit of an inverter.

On-state resistance of the SiC MOSFET.

The value of Ron for each device may change with current
and temperature. Look-up tables or polynomial functions can
be used to express Ron based on the value obtained from
testing. For example, as shown in Fig. 3(a), the Ron of the
SiC MOSFET stays constant at any current level, but varies
with the temperature. Thus, it can be presented as a polynomial
function of temperature, whose parameters can be extracted
from test values by performing curve fitting. The test result of
Ron,M of the SiC MOSFET and its polynomial are shown in
Fig. 7. Similar mathematical expressions can be obtained for the
diodes and the IGBT, which are based on manufacturer values
[22], [23]. Because of the limited data points, the linear models
based on the data at two different temperatures are used for
Si devices.
As shown in Fig. 6, the switching energy loss of the SiC
MOSFET is a function of the current, and its change with temperature is negligible. Thus, it can be expressed as a polynomial
function of current by performing curve fitting:
E(i) = 0.8468i3 + 10.693i2 + 6.0128i μJ.

(4)

Then, the effective switching power loss for an SPWMcontrolled inverter is expressed as:
Psw

1
= fsw ·
2π

25

2π+φ


E [i(θ)] dθ
φ

= fsw · (0.1797I 3 + 2.6733I 2 + 1.9139I) μW. (5)
The same method can be applied to diodes and IGBTs.
E. Thermal Models
The equivalent thermal circuit shown in Fig. 8 is used to
analyze the thermal response of the converter [17], [18]. It can
be solved in the frequency domain. The transfer functions are
shown as follows:
Zjjc (s) =

Rjj1
Rjj2
Rjjn
+
+ ··· +
1 + sτjj1
1 + sτjj2
1 + sτjjn

(6)

Zdjc (s) =

Rdj1
Rdj2
Rdjn
+
+ ··· +
1 + sτdj1
1 + sτdj2
1 + sτdjn

(7)

Zca (s) =

Rch
Rha
+
.
1 + sτch
1 + sτha

(8)

Fig. 9. Efficiency of SiC- and Si-based wind turbine converters at different
wind speeds and 3 kHz switching frequency.

In (6)–(8), R is the thermal resistance and τ is the thermal time
constant. Manufacturer data is used in the simulations.
III. S IMULATIONS AND D ISCUSSIONS
The simulation of this wind generation system is done for
wind speeds ranging from 6 to 11 m/s, which has the best
energy density for modern wind turbines. Different switching
frequencies are also studied. The junction temperature limit
for both the Si and SiC systems is assumed to be 150 ◦ C for
Case A (switching frequency of 3 kHz) and Case B (switching
frequency varies from 1 kHz to 50 kHz). In order to do a fair
comparison, the power losses of the SiC MOSFETs are scaled
corresponding to the rated voltage ratios of the SiC MOSFET
and the Si IGBT (see Table II). In other words, the on-state
resistance and switching loss used in the model assume that
1700-V devices were used for the SiC MOSFETs and Si IGBTs.
A. At Switching Frequency of 3 kHz
Currently, most commercial wind turbine converters are
switched at frequencies around 3 kHz. The generator is designed to work at rated power at the wind speed of 11 m/s. By
simulation, from 6 to 11 m/s, the converter efficiency (including
the rectifier, inverter, and the power loss of the filter shown
in Fig. 1) is shown in Fig. 9. At the whole speed range, the
efficiency of the Si converter is lower than that of the SiC
converter. More specifically, the average efficiency of the SiC
converter is 97.8%, compared to 93.5% of the Si converter. If
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Fig. 10. Average power losses of the wind turbine system when using Si and
SiC converters at 3 kHz at full power rating.

power-loss saving of the SiC device compared to that of the Si
device is defined by the difference of the power losses in the
two devices over the power loss of the Si device, the average
power loss saved by the SiC converter in this application is
about 58.4%. In the worst case (wind speed at 11 m/s), it is
about 43.2 kW.
The average power loss of each component in the two wind
power generation systems is shown in Fig. 10. The efficiencies
of the generators in the two systems are the same (96.4% on
average), whether the Si or the SiC converter is used. However,
for the Si-based system, the converter loss accounts for the most
loss, which is as large as 54.3% (compared to 32.9% of the
SiC-based system). Thus, it is necessary to reduce the loss in the
converter in order to improve the generation system efficiency.
The SiC converter is a good alternative.
B. At Frequency Up to 50 kHz
The power loss of the filter also accounts for a substantial
portion in the total system loss for both converters (12.1% for
Si-based versus 18.3% for the SiC-based system in Fig. 10).
The size and loss of the filter are related to the switching
frequency of the inverter. Increasing the switching frequency
of the inverter can reduce the size and loss of the filter, and thus,
the cost. Because high switching frequency capability is one of
the merits of SiC devices, an analysis was made to consider the
option of increasing the switching frequency of the converter in
this application.
As shown in Fig. 11, as frequency increases from 1 to
50 kHz, the efficiency of the SiC converter (not including
filter loss) at rated power and 25 ◦ C ambient temperature
linearly decreases at a rate of 1.1% per 5 kHz, and that of the
Si converter decreases much more quickly at a rate of about
4.9% per 5 kHz.
In practice, the switching frequency of a large power electronic Si IGBT cannot exceed a few kiloHertz because of the
large amount of loss. In this case, the efficiency of the Si
converter at 20 kHz is 73.1%, which is not acceptable. While for
the SiC converter, it has a relatively high efficiency of 85.9%,
even at 50 kHz. Thus, it is possible to improve efficiency and

Fig. 11. Efficiency of SiC and Si wind turbine converters at full power rating
and different switching frequencies.

Fig. 12. Efficiency of SiC and Si wind turbine converters at full power rating
and different temperatures.

reduce the cost of the system at the same time by using the SiC
converter.
For example, by increasing the switching frequency of the
SiC converter to 6 kHz, its efficiency will be 95.6%, which is
the same as the efficiency of the Si converter switching at only
3 kHz, and at the same time, the size, loss, and cost of the
filter are reduced for the SiC-based converter because of the
2× higher switching frequency.
C. High Temperature Capability of SiC Converter
When operating at full power rating and using a switching
frequency of 3 kHz, the efficiency of the SiC converter decreases by only 0.2%, from 25 ◦ C to 150 ◦ C, as shown in
Fig. 12. However, the efficiency of the Si converter is lowered
by 3.2%, from 25 ◦ C to 150 ◦ C (see Fig. 12). Moreover, the
efficiency of the SiC converter is higher for the tested temperature range, and the efficiency difference is greater at higher
temperature. For example, the efficiency of the SiC converter is
6.3% higher than that of the Si converter at 150 ◦ C.
Therefore, the cooling requirement of the SiC converter can
be less than that of the Si converter, even with the same junction
temperature limit. For example, the junction temperature limit
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IV. C ONCLUSION
The simulations in this work has lead to a conclusion that
the application of a SiC converter in the wind generation
system will improve the system’s efficiency, provide more
output power, and reduce the system’s size and cost due to
the low-loss, high-frequency, and high-temperature properties
of SiC devices even for one-for-one replacement. More benefits
can be obtained by elevating the rated voltage of the system
in order to take advantage of the high voltage capability of
SiC devices. For any of these benefits to appear in a wind
generation system, however, will require that manufacturers of
SiC switching devices be able to produce sufficient quantities at
costs that can show an overall system cost savings in installed
cost and/or operating costs of the wind turbines.
Fig. 13. Cooling system of Si and SiC converters.

for all devices is chosen to be 150 ◦ C. As calculated by the
simulation, the thermal resistance of the heatsinks required by
the SiC converter is 0.11 K/W, assuming that the rectifier and
inverter of each back-to-back converter are mounted separately
on two heatsinks with the same thermal resistance value, and
totally there are ten such converters. The value of 0.11 K/W
can be realized by a natural or forced convection heatsink. To
illustrate the size of the heatsink, a commercial heatsink product
MF18-1515 from Conrad Engineering [24] is selected but may
not be the best. The required thermal resistance can be achieved
by forced cooling at an air flow rate of 27 cfm (12.7 l/s). Then,
the approximate volume of the heatsinks, not including the
cooling fans, is 23 480 cm3 .
Similarly, the thermal resistance of the heatsinks required by
the Si converter is 0.0035 K/W, assuming that all the devices
of each back-to-back converter are distributed equally on the
same heatsinks with the same thermal resistance value, and
totally there are two such converters. Liquid cooling is needed
to achieve such low values. If the Hi-Contact liquid cold plates
from Aavid Thermalloy, LLC [25] are used, the volume of
the heatsinks will be about 24 278 cm3 (and this does not
include any accessories such as pumps, tubing, radiator, etc.).
If the space occupied by the accessories is considered, the total
volume of the Si converter would be much larger than that of the
SiC one. Besides, the cooling management of the SiC converter
is much simpler, as shown in Fig. 13, and less expensive. Based
on the current market prices for the two kinds of heatsinks used
here, the cost of the heatsinks for the SiC converter is about 1/8
of that for the Si converter.
Furthermore, SiC devices can work at higher temperatures
(at least 300 ◦ C junction temperature) with proper packaging.
This can further reduce the size of the heatsinks. By simulation,
the required thermal resistance of the SiC converter can be
increased to 0.18 K/W under the same assumptions. If using the
same series of heatsink products and forced cooling conditions,
the thermal results value can be realized by MF18-75, which
has a shorter length compared to MF18-1515. The approximate
volume of the heatsinks, not including cooling fans, will be
11 624 cm3 (about 49.5% of that with 150 ◦ C temperature
limit). The SiC converter with a smaller heatsink is also drawn
in proportion to the other designs in Fig. 13.
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