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Abstract: A three-phase ac/dc converter with low-voltage stress and current total harmonic distortion (THD) for micro-scale wind
turbines is proposed in this study. A coupled inductor and buffering capacitors are integrated in the proposed converter to reduce
the voltage stresses on the main switch and diodes. Moreover, the discontinuous conduction mode power factor correction
technique is adopted to reduce the generator current THD. Corresponding operation principles of the proposed converter are
also analysed and illustrated. A prototype with rated output power 200 W was constructed for evaluating the validity and
performance of the proposed converter. From the experimental results, it can be seen that the voltage stress of all the active
switches and diodes is reduced to half of the output voltage. Owing to the reduced voltage stress, the generator current THD
and converter efficiency are both improved with respect to the conventional three-phase single switch ac/dc converter. The
efficiency is improved to about 92% which is 10% higher than the conventional single switch rectifier and the current THD is

reduced by 2-6%.

1 Introduction

In recent years, the wind power generation systems have
attracted a lot of attentions because of the greenhouse effect
and the fuel crisis. Most of the wind power systems are
made as large scale because the cost to performance ratio is
higher. However, the small-scale systems would be more
suitable for the urban applications because of the safety
concern and space limitation. In the recent market study
about the small wind turbine in USA [1, 2], the small wind
turbine market grew about 14% and additional capacity
with 9.7 MW is developed in 2007. The small wind
turbines (<15 kW) installed in UK and USA in 2010 and
2011 are about three quarters of all the installed small wind
turbines. The ‘micro-scale’ wind power generation system is
defined as a subclass of the small-scale system with the
capacity below 1 kW.

In micro-scale applications, the two-stage converter
composed of a three-phase diode bridge rectifier and a dc
converter is widely used to convert the three-phase ac
power from the permanent magnet synchronous generator
(PMSQG) into the dc power with specific voltage level [3-5].
There is only one switch controller required in the
conventional two stage topology. However, the
non-linearity of the diode bridge rectifier will cause
significant total harmonic distortion (THD) in the generator
currents which will result in not only serious pulsation in
the generator output power but also additional power losses.
Therefore an active power factor correction (PFC) technique
was proposed to mitigate the current harmonic distortions
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resulted from the diode bridge rectifier [6]. There is still
only one active switch required in this topology which
keeps the advantage of simple controller. Moreover, the
current THD because of the diode bridge rectifier can be
greatly improved by using discontinuous conduction mode
(DCM) PFC technique with a LCL filter [7]. To achieve
lower output voltage ripple and higher efficiency, a variable
duty control method is proposed in [8]. The half-bridge and
full-bridge three-phase ac/dc converters are also used to
achieve better performance on generator current THD [9-
11]. Although these topologies can provide better
performance on the current THD, the controller would
become more complex because of the control algorithm for
more active switches and the field orientation control of the
generator.

In the topologies mentioned above, the voltage stress of the
active switches is as high as equal to the output dc voltage.
However, the generator electromotive force (EMF) in
micro-scale systems is usually in the range of only a few
tens volts and the generator current amplitude would be as
large as a few tens amperes. Such high current and voltage
stresses would result in significant switching losses. To
reduce the switching losses, an auxiliary soft-switching
circuit may be applied to the main switch [12, 13].
However, the additional circuit will increase not only the
cost but also the controller complexity. Another way is to
reduce the voltage stress of the main switch with integrating
a coupled inductor [14, 15]. Although the number of
components will be slightly increased, the control algorithm
will not be complicated.
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In this paper, a single switch three-phase ac to dc converter
with reduced voltage stress is proposed. In the proposed
converter, a coupled inductor and buffering capacitors are
integrated to reduce the voltage stress on the main switch
and diodes. The secondary winding of the coupled inductor
is series-connected with a voltage buffering capacitor to
reduce the voltage stress on the active switch. The
switching loss of the proposed converter can be greatly
reduced because of the lower voltage stress. As a result, the
THD is effectively reduced and the converter efficiency is
extremely increased about 10% higher than the
conventional single switch DCM boost rectifier.

2 Three-phase ac to dc converters for
micro-scale wind turbines

Fig. 1 shows the basic configuration of a micro-scale
standalone wind power generation system. It is known that
the wind power is a kind of unstable renewable power
sources because the wind speed is always changing.
Therefore an energy storage composed of a dc converter
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Fig. 1 Micro-scale standalone wind power generation system

and batteries is always required in the standalone system for
buffering the wind power variation and stabilising the dc
output power. For providing the output dc power, a
three-phase ac to dc converter is required for extracting the
wind power from the generator. The extracted wind power
is maximised or limited by the three-phase ac to dc
converter according to the load demand and the storage
condition. The PMSG for small scale wind turbine can be
equalised to a three-phase sinusoidal voltage source with
three-phase inductances as shown in Fig. 2 [16, 17]. The
three-phase inductances stand for the total inductances with
consideration of the mutual inductances in the stator
windings. In the three-phase model of PMSG, the
equivalent series resistance of each phase is relatively small
and could be negligible in small machines. Owing to the
consideration of controller complexity, only the topologies
with single switch are concerned in this study. A
conventional topology of the three-phase ac to dc
converters as shown in Fig. 2a is widely used because of
the advantages of low cost and easy implementation. It is
seen that the three-phase ac wind power is firstly converted
into the pulsating dc power by a full-bridge diode rectifier.
For micro-scale wind turbines, the diode rectifier is always
followed by a boost dc converter for stepping up the
voltage for dc link. There is only one active switch required
to be controlled for extracting the wind power. However,
the generator currents THD would be high because of the
well-known disadvantage of the non-linearity of the
full-bridge diode rectifier. The current THD would not only
result in additional power losses but also the torque ripple
to the shaft of the wind turbine. Moreover, the voltage
stress of the active switch and diode in the boost dc
converter are all equal to the dc bus voltage.

For improving the current THD, a single switch
three-phase converter with DCM PFC shown in Fig. 2b is
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Fig. 2 Conventional single switch three-phase ac/dc converters

a Two stages converter with diode bridge rectifier and boost dc converter
b Single switch DCM PFC boost converter
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Fig. 3 Proposed single switch three-phase ac/dc converter

proposed in [6]. However, the voltage stresses of the active
switch and the diodes are still equal to the dc bus voltage.
Moreover, because of the high peak current from the DCM
operation, the switch losses would be signification in this
topology. To improve the mentioned disadvantages in the
topology shown in Fig. 2b and keep the advantages of
low-current THD and simple control topology, a coupled
inductor and two buffering capacitors are integrated in the
proposed converter as shown in Fig. 3 to reduce the voltage
stresses. The DCM PFC technique is also adopted in the
proposed converter to reduce current THD.
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Fig. 4 Operation modes of the proposed converter

a Mode 1
b Mode 11
¢ Mode III
d Mode 1V
e Mode V
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3 Operation principles of the proposed
converter

According to relation between each phase voltage of the
PMSG, there are six intervals in one cycle. The interval of
e, > 0 > e, >e. is taken as an example for describing the
operation principles of the proposed converter. It can be
seen that the operation principles in the other intervals
would be similar because of the symmetry of a balanced
three-phase system. Basically, there are five operation
modes in one switching cycle of the proposed converter
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operated in this interval. Corresponding equivalent circuits in
each operation mode are shown in Fig. 4. The output side is
assumed to be connected to a well-regulated dc link. The
dc-link voltage is always regulated by the energy storage
composed of batteries and dc converters. The equivalent
model of the coupled inductor is composed of primary
leakage inductance Lj;, magnetising inductance L,
secondary leakage inductance L;, and an ideal transformer.
The inductance of the coupled inductor is designed to be
relatively much smaller than the input inductors. Therefore
the voltage drop on the coupled inductor would be
negligible. In the following analysis, all the components are
assumed ideal. The relative waveforms of the active switch,
diodes and coupled inductor are shown in Fig. 5.

(1) Mode I [t0-t1]: Owing to the DCM operation, the energy
stored in the three input inductors L;—L; should be totally
released before #=10, that is, before starting this mode.
Then, the active switch Q is turned on at =10 for the wind
power PM generator to deliver energy into the three input
inductors L;—Ls. Each of the inductor currents is increased
from zero with the slope approximately proportional to the
corresponding input phase voltage. Because of the relation
of the three phase back EMF in the interval, that is, ¢, > 0>
e, > e, the diodes Dy, Dps and D are therefore turned
on. Moreover, the secondary winding current i;, would be
reversely increased for the buffering capacitor C, to release
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Fig. 5 Relative waveforms of the proposed converter
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the pre-charged energy in the last mode to the buffering
capacitor C;. Therefore the diode D, is conducting for this
current loop. The energy stored in the coupled inductor is
also increased in this mode. The primary winding current
iz1 is then equal to the summation of the inductor current i;
and the secondary current i;;. While the discharging of
capacitor C; is finished, the secondary current i;, would
become zero and the diode D, would be negatively biased
for ending this mode. In this mode, the voltage stress of the
diode D; is equal to Vg.— V¢ and diode D, is reversely
biased by the capacitor C;.

(2) Mode II [t1-t2]: In this mode, the active switch QO is still
turned on and the diode D; is turned off. The primary current
of the coupled inductor is equal to the inductor current i,
because the loop of the secondary winding is opened, that
is, i;=0. It can be seen that the three input inductors L,
the primary leakage L;; and the magnetising inductance L,
are included in the conduction loop. Compared with the
traditional three-phase DCM boost converter, the coupled
inductor is added in the conduction loop. Therefore to keep
the increasing slope of the current i; approximately
proportional to the phase voltage e,, the inductance of the
coupled inductor should be sufficiently smaller than the
input inductor for keeping the voltage drop on the coupled
inductor negligible.

(3) Mode III [t2—t3]: At t=12, the active switch Q is turned
off for releasing the energy stored in three input inductors
L1—L5 to the load side. The diode D, is turned on to release
the energy of the leakage inductance L; to the buffering
capacitor C;. Therefore the voltage stress on the switch Q is
clamped to the capacitor voltage V. The voltage on the
primary winding would then become negative because of
the capacitor voltage V¢, and the induced voltage on the
secondary winding would become negative as well. As a
result, the diode Ds; is then forward biased and the
secondary winding current i;, starts to increase for
transferring the energy on the magnetising inductance to the
load side. The reverse voltage on the diode D, is therefore
equal to Vg, — Vcy because the diode Dy is turned on in
this mode. After the energy of the leakage inductance is
totally released, that is, i;; =0, the diode D; is then turned
off and this mode is ended at #=13.

(4) Mode 1V [t3—t4]: In this mode, the diode D; is still turned
on for continuously releasing the rest energy on the three
input inductors and the magnetising inductance to the load
side. It is seen that the secondary current i;, is then equal
to the input inductor current #; in this mode. Although all
the energy stored in the three input inductors is totally
released to the load side, that is, all the inductor currents
are zero, the diode Ds is then turned off and this mode is
ended at r=14.

(5) Mode V [t4—t5]: In the last mode, the active switch and
diodes all remained turned off. Therefore the output power
is only provided by the output capacitor C in this mode.
This mode is ended at r=¢0 and then the active switch Q
would be turned on again for the next cycle of the five
operation modes.

4 Experimental results

To evaluate the validity and the performance of the proposed
converter, the prototype circuits of the traditional DCM boost
PFC converter [6] and the proposed converter are both
constructed with rated output power 200 W. The prototype
circuit parameters are shown in Table 1. It can be seen that
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Table 1 Prototype circuit parameters

Rated power P, teq
DC bus voltage Vpc 200V

Generator inductance Lg 100 uH
Generator equivalent series resistance Rs 40 mQ
Filter capacitor C; 4.7 uF
Boost inductor L 56 uH
Switching frequency £ 20 kHz
Turn ration of coupled inductor 1:1
Leakage inductances Lgq, Ly, 2uH, 2 yH
Capacitors Cy, C, 2 uF
Capacitors C,,C, 2 wF
I LeCroy
Vs i

Fig. 6 Measured active switch voltage vps, input inductor current
i; and active switch current ipg (100 V/div; 10 A/div)

the generator equivalent series resistance of each phase is only
40 mQ. The resistance could be reasonably neglected because
the voltage drop on the resistance would be much smaller than
the generator EMF. For example, if the generator phase
current is 10 A, the voltage drop on the resistance would
only be 0.4 V. Fig. 6 shows the waveforms of the active
switch voltage vpg, the input inductor current i; and the
active switch current ipg. The input inductor current i; is
controlled at DCM for achieving power factor correction.
The active switch current ipg is composed of the input
inductor current i; and the discharging current of capacitor

Fig. 7 Measured terminal voltage and phase current of the wind
generator (20 V/div; 5 A/div)
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Fig. 8 Measured voltage waveforms on active switch Q and diodes
D1, D2 and D3 (100 V/div)

C, as illustrated in the operation mode /. The pulsating
component in the input inductor current i; would be filtered
out by the filter capacitor C;. Fig. 7 shows the terminal
voltage and phase current of the wind generator. It can be
seen that the pulsating current on the input inductor current
iy is filtered out and the phase current i, is then nearly
sinusoidal. The voltage waveforms of the active switch Q
and the three diodes Dy, D, and D; are shown in Fig. 8. It
is seen that all the voltage stresses are all reduced to half of
the output dc voltage, that is, =100 V. Fig. 9 shows the
waveforms of active switch voltage vpg, input inductor
current i; and output diode voltage vp; of the traditional
DCM boost converter proposed in [6]. It is seen that the
voltage stress of the main switch and diode is as high as the
output voltage, that is, =~200V. Fig. 10 shows the
measured current THD and efficiency of the proposed
converter and the DCM boost PFC converter within output
power range 20-200 W. Compared with the traditional
DCM boost PFC converter, the proposed single switch
topology can efficiently reduce the current THD by about
2-6% for a micro-scale wind power generation system. The
efficiency of the traditional converter is only about 80%
because of the higher voltage stress and high-peak current
because of DCM operation. The efficiency of the proposed
converter is improved to about 91-92% because of reduced
voltage stress and switching losses. Fig. 11 shows the input

LeCroy
L L VDS &
12 I

Fig. 9 Measured active switch voltage vps, input inductor current
i; and output diode voltage vp; of the traditional DCM boost
converter (100 V/div, 10 A/div)
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Fig. 11 Input current THD and efficiency of the proposed
converter under different input voltage

current THD and efficiency of the proposed converter under
different input voltage. It is well known that the maximum
output power is theoretically proportional to the cube of the
rotating speed of the permanent magnetic wind power
generator and the terminal voltage is approximately
proportional to the rotating speed. Therefore from Fig. 11, it
can be seen that the proposed converter is capable of
converting the ac power from the micro-scale wind power
generator into a specific dc output power.
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5 Conclusion

A single switch three-phase ac to dc converter with reduced
voltage stress and current THD is proposed in this paper. A
coupled inductor and two buffering capacitors are integrated
to reduce the voltage stresses of the active switch and the
diodes. As a result, the switching loss on the main switch
can therefore be reduced. Both the prototype circuits of
the traditional single switch DCM boost converter and the
proposed converter are constructed for evaluation the
performance. From the experimental results, it can be seen
that the proposed converter can provide better performance
on the wind generator current THD and the power
conversion efficiency. The power conversion efficiency is
greatly improved to about 92% which is 10% higher than
the conventional single switch DCM boost converter and
the current THD is reduced by about 2-6% as well.
Moreover, the voltage stress on the main switch and diodes
is greatly reduced to about half of the output dc voltage.
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