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Abstract—This paper proposes the optimised control and filter
design of a 12 kW 3-phase 2-level wind inverter specifically
taking into account the intermittent nature of the input power.
In particular, the applied control scheme aims at optimising
the low-load efficiency, which corresponds to the most frequent
operational condition in time, by varying the switching frequency.
Specifically, a silicon carbide (SiC) converter is addressed, which
operates at relatively high frequency, thus enabling a significant
reduction of the filter elements. So, the output filter design also
needs to be optimised to ensure that the inverter electro-magnetic
performance and the size reduction enabled by SiC are kept.
That is achieved by designing a variable inductor based on soft
saturation core material.

Index Terms—metaloxide semiconductor field-effect transistors
(MOSFETs), two-level voltage source converter (2L-VSC), small-
scale wind turbine, variable inductor, closed control loop.

I. INTRODUCTION

Wind power converters have to function under intrinsi-
cally intermittent input power availability conditions and, in
particular, operate most of their lifetime at relatively low
load conditions. So, it is important to optimise their design
and behaviour taking the intermittent nature of the source
into consideration. Power semiconductor devices based on
SiC exhibit many advantages in industrial applications power
electronics: higher switching frequency, higher temperature
capability, higher power density and higher reliability [1].
Nowadays, the commercially available power MOSFETs that
satisfy the above benefits are with voltage ratings of 400, 650,
900, 1200 and 1700V for both discrete and module packages,
and Schottky diodes with ratings up to 8kV [1]. This recent
commercialization is expected to have the potential to deliver
revolutionary impact on power electronics industry in the
future. According to the availability of SiC power MOSFETs
on the markets; the main areas that can be utilized by this
technology are home appliances, switching power supply, PV
inverters, speed drives, solid state transformers and small-scale
wind turbines.

Most published studies have focused particularly on the
benefits of SiC over Si in wind turbines [2]–[6], indicating the
benefits to improve efficiency and higher switching frequency
capability and higher power densities due to the heat-sink
and inductor sizes reduction. However, in this study the aim
at optimising the low load operation and energy efficiency
rather than only the power efficiency taking advantage of
the characteristics of SiC and the intermittent nature of wind
power availability.

Small-scale wind turbines are mainly used to supply elec-
tricity to homes, farms, and small business in rural areas and
developing countries. They differ from their large-scale wind
turbine in their rating, size, generator type, and the topology of
the power electronics conversion system [7]. For small-scale
wind conversion system in the power ranges up to 100kW, it
is a trend to use a PMSG in industry applications especially
for a directly driven wind turbine with benefits of size and
weight reduction. As there is no reactive power needed, the
conversion system is a simple 3-phase diode rectifier with dc-
dc boost converter connected to 2-level 3-phase inverter as
shown in Fig.1 [8], [9].
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Fig. 1: Small scale wind turbine power conversion system.

The focus is on the inverter stage in this work, so that, the
wind turbine model under the maximum power point tracking
is simplified by a current source connected in parallel with the
DC link capacitor of the grid-side inverter as shown in Fig. 2
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Fig. 2: Simplified model of small-scale wind turbine under MPPT.

The input signal of the current source is:

Iw =
Pw,opt

Vdc
(1)
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Where, Pw,opt is the optimal wind turbine output power and
Vdc is the DC link voltage of the converter.

A commercial wind turbine system and probability based on
actual measured wind data are considered in this study. Fig.3
shows the output power curve of a 10kW small-scale wind
turbine, and the wind speed distribution versus wind speed. It
is seen that wind turbines spend most of their operational time
working at low output power (the region of interest).
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Fig. 3: The wind speed distribution (blue data) and wind output
power (red data) versus wind speed.

II. INVERTER EFFICIENCY AT DIFFERENT LOADS
In this section, a SiC-based three-phase inverter has

been designed and built in the lab to deliver a through
characterization performance of 1200V/20A SiC MOSFETs
(CCS020M12CM2 from CREE). The inverter was 12kW 3-
phase 2-level used for small-scale wind turbines, and its
parameters are shown in Table I. To deliver a demonstration of
the inverter power cell characterization, a series of measure-
ments of the power losses and efficiency are performed for
different power loading upto 12kW input power at heatsink
temperature of 60oC, which is a reference temperature for
some industrial applications , and different switching fre-
quency from 16kHz to 32kHz. The dead-time of 500ns and
DC-link voltage of 720V are considered. The test was made
with a variable three-phase resistive load to emulate the grid
connection at different power loading.

TABLE I: Converter parameters and test conditions

Parameter Value
Input power rating, Pin 12kW
DC-link voltage, VDC 720V

DC-link capacitor CDC 56µF
Grid phase voltage, Vg 230V

Switching frequency, fsw 16-32kHz
Dead-time 500ns

Devices CREE CCS020M12CM2

The test setup schematic is shown in Fig 4: the converter
is powered by a dc power supply, and the power losses are
measured by Yokogawa WT3000E precision power analyser.
In this stage, to assess the performance of the power cell based
on three-phase SiC power module, the voltage measurements
are set before the filter inductor Lf to exclude the inductor
losses from the assessment.

The DC-link PCB is designed based on planar structure
to minimize parasitic inductance in the commutation loop
at high switching speed, and two sets of DC link is to
have a asymmetric parasitic inductance between the individual
half-bridge sections. High frequency ceramic capacitors are
fixed very close to inverter legs used to provide minimum
voltage overshoots. The carrier and modulating signals are
performed using a control platform based on Texas Instrument
TMS320C6713 floating point digital signal processor (DSP)
and Actel ProAsic3 field programmable gate array (FPGA),
and then processed to the gate driver to generate the required
switching sequence. The gate driver board is kept very close
and directly connected to the power cell in order to minimize
the driving loop and reduce the noise pick-up at the gate
signals.
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Fig. 4: Three-phase Inverter test setup.

The power cell measured efficiency against the output power
at different switching frequency and at 60oC heat sink temper-
ature, is shown in Fig. 5. At higher output powers, the perfor-
mance difference between different switching frequencies is
insignificant, it is clear by increasing the switching frequency
by a factor 2 implies a reduction in efficiency of less than
0.35% when working around 11.5kW output power and 60oC
heat sink temperature (less than 40 W difference in total power
dissipation). At light loads (the region of interest), in which the
wind turbines spend most of their operational time, however,
the efficiency is reduced gradually by increasing the switching
frequency. The reason for the efficiency reduction is due to the
domination of switching losses instead of conduction losses.
For example, at 400W output power which corresponds to
the starting wind speed, about 5% efficiency drop in the
performance curve is observed when moving from 16kHz to
32kHz switching frequencies.

Fig. 6 presents the annual lost energy calculated based
on the experimental measured power losses of the converter
power cell at different power loading and the hourly wind
speed distribution throughout the year in Nottingham. It is
clear that lost energy difference at high wind speeds, which has
a chance of small fraction of wind turbine operational time,
is almost negligible. The significant reduction of efficiency
at lighter loads in the region of highly probable wind speed
distribution, on the other hand, leads to a significant difference
in the lost energy throughout the whole year. To minimize the
lost energy at partial loads, one can consider the reduction of
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Fig. 5: Power cell measured efficiency vs. output power.

the lost energy by changing the switching frequency in the
region of light loading.
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Fig. 6: Annual lost energy vs. wind speeds at different switching
frequencies.

III. DESIGN OF VARIABLE FREQUENCY CONTROL

To improve the converter efficiency over a wide range of
operation, one important parameter is the switching frequency.
The switching frequency is varied by tracking the peak load
current based on the relation shown in Fig.7, which is extracted
based on the filter-inductor requirement to ensure the harmonic
distortion limits and the nature of wind speed distribution. This
relation is implemented in a C script in DSP of the control
platform to drive the operating switching frequency. Fig.8
shows an implementation flow chart for the variable switching
frequency algorithm. The algorithm can be run continuously,
the sensed input current are taken from the Analog-to-Digital
Converter(ADC). Next, the algorithm replaces the previous
sample of the current with the present sample, and averages
the number of samples per cycle to generate the rms and peak
current. Based on the current value, the switching frequency
(fsw[kHz]) will updated.

fsw =


16, 1A ≤ I ≤ 8A

0.003I2 + 0.002I + 13.86, 8A < I ≤ 17.5A

32, 17.5A < I ≤ 24.5A

IV. DESIGN OF VARIABLE INDUCTOR-FILTER

The minimum inductance value of the inductor-filter for var-
ious frequencies, i.e 16kHz to 32kHz, are calculated based on
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Fig. 7: Switching frequency and output current relationship imple-
mented in the control platform.
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Fig. 8: Variable switching frequency control algorithm flowchart.

(2) [10], taken into account the maximum output ripple current
of 20% of the peak current [11]. The switching frequencies
and the corresponding minimum required inductance are listed
in Table II.

Lf(min) =
Vdc

4fsw4IPP
(2)

TABLE II

fs(kHz) Lmin(mH)

16 2.3
24 1.5
32 1.1

Here, we investigate the use of Kool Mµ core material for
the design of variable inductor with SiC switches operating
at variable switching frequency, i.e 16kHz to 32kHz. This
material has a soft saturation behaviour: it permits lower
permeability at high currents, while higher permeability values
at low currents. However, inductors designed using ferrite
cores exhibit constant permeability over the dc bias current
range and the permeability sharply dropped when the core
operating close to saturation as shown in Fig.9.
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Fig. 9: The permeability of 60µ Kool Mµ powdered iron core and
gapped ferrite core versus magnetic field strength.

The material properties of the Kool Mµ LE114 E-core are
mentioned in [12]. It has a permeance of 445 for 60µ KoolMµ
and a relative permeability of 60 at no load and characterized
by a distributed air gap which has no issues with the fringing
flux.

Three single-phase Kool Mµ inductors were designed with
85 turns using 11×0.63mm round conductor resulting in
1.1mH inductance at the maximum current of 24.5A and
switch frequency of 32kHz. Some design simulations are per-
formed to calculate the variable inductance value at different
dc offset currents as shown in Table III, where the inductance
value is 2.97mH at 1A current which reduces to 1.07mH at
25A.

TABLE III

%µr µr I(A) L(mH)

100 60 1 2.97
85 51 5.7 2.73
70 42 11 2.25
55 33 15.9 1.77
35 21 25 1.07

The designed single-phase 60µ Kool Mµ inductor was
tested by impedance spectroscopy up to 20A dc bias current
(the current limit of the impedance analyser). The calculated
results are in agreement with measurements over the dc offset
current range as shown in Fig. 10.
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Fig. 10: Calculated variable inductance and measured values vs. dc
offset current

V. EXPERIMENTAL VERIFICATION

The three-phase two-level inverter with the technical param-
eters given in Table I will be used with the variable inductor for

the verification of the variable switching frequency technique
at low power demands. The final design of variable inductor-
filter together with the variable inductor are shown in Fig. 11.

Variable inductorInverter

Fig. 11: Hardware of variable inductor-filter with 3-phase 2-level
inverter.

Fig 12 shows the experimental phase current waveform at
full load: the current is processed in the fast fourier transform
(FFT) and its spectrum is shown in Fig. 13 and Fig. 14, which
indicates that the total harmonic distortion (THD), which is
less than 5%, and the first 40th current harmonics orders meet
the standard requirements [13], [14].
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Fig. 12: Experimental current waveform of the inverter at full power.

Fundamental (50Hz)=24.24, THD=4.68%
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Fig. 13: Current spectrum at full power.

The design also ensures that the power quality requirements
is attained over the whole range of wind turbine power loading.
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Fig. 14: Current harmonic limits for the first 40th harmonics at full
power.

The total demand distortion (TDD) gives better insight about
the impact of harmonic distortion at different loads, i.e the
THD could be very high at low loads, but its impact on the
system is low. Fig 15 shows the TDD is comply with the grid
requirements, which is less than 5% [13] over the whole range
of loading even at high THD at low power demands.
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Fig. 15: Measured current THD and TDD for various output power.

Yokogawa WT3000E precision power analyser is used to
measure the overall efficiency. The voltage output is measured
after the filter-inductor to include the inductor losses together
with the power cell losses. The gate driver and the control
signal losses are excluded from the measurements. The overall
efficiency with fixed switching frequency (32kHz) and vari-
able switching frequency (16kHz-32kHz) is presented in Fig.
16. The performance difference between fixed and variable
switching frequency becomes clearer at low power demand,
which corresponds to the most frequent operational time of
wind turbine. The converter achieved peak efficiency of 99%
with variable switching frequency.

For grid-connected applications, the annual cumulative lost
energy for SiC inverter with fixing switching frequency is
about 227.5kWh, and in contrast, 111.2kWh for inverter with
variable switching frequency as shown in Fig 17. This results
in a total lost energy saving up-to 51% by adapting variable
switching frequency concept.
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Fig. 16: Measured overall efficiency vs. Load operating at fixed and
variable switching frequency.
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Fig. 17: Cumulative energy loss of the two-level grid-connected
inverter based on fixed and variable switching frequency.

VI. CONCLUSIONS

Given the fact that wind turbines work at their low output
power for most of their operational time, the authors have
presented an approach to maximize the converter efficiency
by varying the switching frequency at the region of highly
probable wind speed distribution. This corresponding to an
increase in the annual energy delivered to the grid (about 51%
saving in the lost energy), while keeping the decrease in the
size of passive filter elements due to high frequency capability
of SiC MOSFETs. Finally, the electro-magnetic performance
of the inverter was experimentally demonstrated, meeting grid
quality requirements at full and partial loads.
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