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ABSTRACT This paper presents a high-gain three-phase interleaved rectifier operating in DCM, with dual
input, for application in small wind generators. The two input diode bridges promote the sharing of the
current, resulting in a significant reduction of the converter’s current stresses when compared to previous
topologies. A theoretical analysis of the proposed converter was performed, followed by a simulation study,
and experimental tests with a physical prototype. The simulations compared the proposed three-phase
rectifier with three other three-phase topologies, demonstrating its operation with significantly reduced
current stresses and smaller input inductors. The experiments compared the operation of the converter
when working with a three-phase power supply, and a wind turbine in association with an MPPT method
using the Perturb and Observe (P&O) technique. For an output power of 1 kW, on a 400 V DC bus and an
input RMS line voltage of 114 V, the structure’s obtained efficiency was higher than 95%. Furthermore,
the experimental results confirmed that the rectifier operates with sinusoidal input currents, low current
ripple, and high power factor for all the tested scenarios.

KEYWORDS Three-phase rectifier, Discontinuous Conduction Mode, Three-phase interleaved rectifier

I. INTRODUCTION

Due to the growing demand for energy worldwide, combined
with the need to reduce environmental impacts related to
its production, renewable energy sources are considered
essential for diversifying and expanding a country’s energy
matrix [[I]-[5]. In this scenario, wind energy has been
widely studied, gaining particular notoriety in recent years,
presenting a generation capacity with a tendency of growth
at a global level [1]-[3], [6], [7]].

In wind systems, the conversion of wind energy into
electrical energy is done by using a wind turbine and an
electrical generator [8]]. Small wind generators, with a power
range between 1 kW and 15 kW, are used in situations where
the implementation of larger generators is unfeasible, as is
the case in urban areas [9]—[11]. In small systems, the wind
turbine is used with a permanent magnet synchronous gen-
erator (PMSG), operating with a variable output frequency
and low voltage, due to the wind speed variation. Therefore,
for the system to be connected to the grid, it is necessary
to use static converters to adapt the generated energy to the
desired standards, with two types of converters being used
to carry out this task: a rectifier followed by an inverter [9],
[LLO].

Regarding the rectifier stage, the most basic topology
mentioned in the literature is the diode bridge rectifier [[11]],
[12]. Although this topology is simple, with few components
and low implementation cost, it has a low input power factor,
due to the current with high total harmonic distortion (THD)
drained from the PMSG. Moreover, it is unfeasible to track
the maximum power point (MPP) in this type of rectifier,
making this topology unsuitable for wind generation [[11],
[12]. A more appropriate option for application in small wind
conversion systems is the three-phase boost rectifier operat-
ing in discontinuous conduction mode (DCM) [13], [14].
This topology presents a significant improvement regarding
the power factor, as well as the THD of the input current,
compared to the diode bridge rectifier in its most basic
configuration. However, its operation presents high current
stress and low-frequency distortion in the input current, in
addition to requiring the use of a high-frequency filter at
the converter input. An improvement of such topology can
be found in the three-phase boost DCM multiphase rectifier
[15]], where current stress is reduced as a consequence of
multiphase operation and the need for the input filter is
eliminated. Nevertheless, the low-frequency interference in
the input current remains present. Furthermore, the rectifier
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introduced in [16]], presents even lower current stress in
the switches, in addition to reducing the low-frequency
interference in the input current. Based on such topology,
the three-phase three-level DCM interleaved boost rectifier,
proposed in [17], was developed, presenting improvements,
such as reducing the voltage stress on the switches to half of
the output voltage, in addition to a greater static gain, while
maintaining the positive aspects of [[16].

The topology presented in this article is based on the
three-level DCM interleaved boost rectifier [[17]], and aims
to further improve the matter concerning the structure’s
current stresses, promoting a considerable reduction through
an operation with a double input rectifier bridge. The pro-
posed topology is presented in Section II of this paper,
which includes a description of its principle of operation,
a theoretical analysis of the converter, and a description
of the maximum power point tracking (MPPT) method
used in the experiments. In Section III, a simulation study
was conducted, presenting a comparative evaluation of the
proposed rectifier against three other three-phase rectifier
topologies. Section IV presents the experimental results, and
the conclusions are provided in Section V. Lastly, Section VI
is dedicated to acknowledgments.

Il. PROPOSED THREE-PHASE RECTIFIER

The topology of the proposed three-phase rectifier is pre-
sented in Fig. [I] In this double-input circuit, despite having
six inductive elements at the input, the current stresses are
divided between the switching legs through the two three-
phase bridges, thus reducing the current stress on both the
inductors and the switches. It is worth mentioning that
switches S7, Sy, S5, and Sg could be replaced with diodes
without affecting the converter’s operation. However, in
order to prioritize the reduction of the structure’s conduction
losses, the switches were maintained.
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FIGURE 1. Dual Input Interleaved DCM Three-Phase Rectifier.

A. Principle of Operation
To detail the topological stages of the converter operating
in discontinuous conduction mode, an interval of 60° (from

120° to 180°) of the electrical operation cycle (0° to 360°)
was considered. For switching commands, the duty cycle (D)
is considered fixed, with D = 0.5, and switches S5-S54/S5-
S operate with a phase difference of 180° in relation to
switches S1-S553/S6-S5s.

In the first operation stage, as depicted in Fig. [[a),
switches S5-S4/S5-S7 are commanded to conduct, and
diodes Da4,, Da,, Da,, Dp,, Dp, and Dp, are conducting.
In this condition, energy is stored in inductors L4, L 4, and
Lp, through switches Sy and S7, while energy is transferred
from inductors L4,, Lp, and Lp, through switches S; and
Ss.

In operation steps 2, 3, and 4, respectively shown in Fig.
2[b), Fig. 2[c), and Fig. [2(d), the energy transfer process
of inductors Lp,, Lp, and L4, is completed. Also, diodes
Dp,, Dp, and D 4, are reversed biased, respectively.

In operation step 5, as illustrated in Fig. [2fe), switches
S1-83/S6-Ss are commanded to conduct, and diodes Dy,
Dy,, Da,, Dp,, Dp, and Dp, are conducting. In this
condition, energy is stored in inductors L4, Lp, and Lp,
through switches S35 and Sg, while energy is transferred from
inductors L4, L4, and Lp, through switches S and Ss.

In operation steps 6, 7, and 8, respectively shown in Fig.
R(f), Fig. 2[g) and Fig. 2(h), the energy transfer process
of inductors L4,, L4, and Lp, is completed. Also, diodes
Dy,, Da, and Dp, are reverse biased, respectively.

The waveforms corresponding to the described operation
steps are shown in Fig. [3| The current signals of switches
Ss, S¢, S7 and Sg are equivalent to the ones of switches 57,
So, S3 and Sy with a phase shift of 180°.

B. Theoretical analysis
The mathematical analysis of the presented rectifier is based
on [18]I, [19] and [20].
The value of the input inductance is obtained through (T):
_ 3V3DV} X
AP .
Where,

e V), is the peak value of the input phase voltage [V];
e D is the converter’s duty cycle;

e P, is the input power [W];

e f, is the switching frequency [Hz].

The peak value of the current flowing through the input
inductors (I, ) is determined by @:

2v/3V,,D
L. = 3L F @

o 3L in f s
The ratio between the peak value of the input voltage (V},)
and the output voltage (V,,) is given by «, obtained through
@ v,

- 3)

The expression to calculate the RMS value of the input
current (. ¢) is shown in (E]):
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VoD?Va
Liney = FoLo /7
The power factor (PF) and THD can be obtained using
() and (6), respectively:
V2 T 2
Vot v [_2 a7 a@ﬁ}
2a2—1

2 2 ’
\/m tatatiar t b

1
THD =\| 5 — 1. 6)

Where, (3 is obtained through (7):

“

PF = )

b= g + arctan ( @)

o
Regarding the current stress in the switches, (8) and (9)
present the expressions for calculating the average and RMS

current values in the switches Sq, S4, S5 and Ss:

3V, D?
Linfsﬂ— ’

V3V, |D3
ISk,rms = L. fp 77 (9)

®)

ISk,med =

where k € {1,4,5,8}.

Considering switches Ss, S3, S¢ and S7, the average and
RMS values of the current flowing through these components
can be obtained by utilizing (I0) and (TI):

2V, D?

Is, med = L ; 10

S ¢ Linfsﬂ- ( )
2V,v D3

R CLATES (11)
" 2Linfs

where n € {2,3,6,7}.

The voltage to which the diodes and switches are subjected
has the same peak value, expressed by (12):
Vo
=Vs, = —
The input capacitance value for the three phases (Cy, k €
a, b, ¢) is calculated considering the load variation (AQ) and
the input capacitor voltage ripple (AV;,,). Equation (13)
presents the resulting expression:

AVe 8fsAVe
The output capacitance (C,,) has its value estimated by the

output power, P,, and by the variation in the output voltage,
AVg,, as shown in (T4):

Vb 12)

P

Ci

. (13)

in in

P,

Co=—-"""—.
2 fsVoAVe,

(14)

C. MPPT method
When powered by the wind turbine, the MPPT strategy
applied to the rectifier utilizes the Perturb and Observe
(P&0O) method, with the duty cycle (D) as the chosen control
variable [21], [22].

The method implementation relies on the calculation of
the input power based on measurements of the three-phase
voltages and currents. It compares the calculated power of
a given iteration k with the value calculated in the previous
iteration (k — 1) to determine whether the power increased or
decreased. Likewise, it evaluates the variation of the control
variable, D, between the previous and current iterations.
Finally, based on the results of the preceding steps, the duty
cycle is updated accordingly. The schematic of control of
the described MPPT method is detailed in Fig. 4] and Fig.
B] illustrates the algorithm’s logic.

lll. SIMULATION ANALYSIS: COMPARATIVE EVALUATION
WITH OTHER THREE-PHASE RECTIFIER TOPOLOGIES

In order to promote a more in-depth analysis of the dif-
ferences and advantages of the three-phase rectifier pro-
posed in this paper, a simulation study was performed
utilizing the software PSIM, version 2022.3. The aim of
this study is to compare the proposed three-phase rectifier
with three other three-phase topologies suitable for small
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wind turbine generation. The selected rectifiers include the
two-level three-phase boost CCM rectifier [23], the three-
phase boost DCM rectifier [13]], [14]], and the three-level
three-phase interleaved boost DCM rectifier [[17]]. The same
project specifications were considered for all rectifiers. Table
M presents a comparison between the rectifiers in terms of the
number of components, while Table [II| provides information
on the operating parameters of each rectifier.

Since the rectifier presented in this paper can still operate
properly when switches Sy, S4, S5, and Sg are replaced
with diodes, two possible configurations will be considered
for the component quantity comparison, presented in Table [I}
configuration 01 (Config 01) includes switches S1, Sy, S5,
and Sg, while configuration 02 (Config 02) replaces these
switches with diodes. As a result, the two configurations
will differ in the number of diodes and switches used.
As shown in the results of Table the current stresses
throughout the entire structure of the proposed three-phase

rectifier, including the inductors, switches, and output ca-
pacitors, were significantly reduced compared to the other
two topologies operating in DCM. Furthermore, these values
are close to those obtained for the CCM topology but with
input inductances approximately 15 times smaller. Therefore,
although the proposed converter presents six input inductors,
as shown in Table [I] the reduced current stress and lower
inductance values decrease both the cost and volume of these
components compared to the DCM and CCM structures,
which utilize only three input inductors.

Furthermore, the waveform of input current of phase A
(i4), for each rectifier topology considered in the simulation
analysis, is shown in Fig. [6[a), Fig. [|b), Fig. [6{c) and Fig.
[6ld), respectively. For the three-level three-phase interleaved
boost DCM rectifier [[17] and the dual input interleaved DCM
three-phase rectifier, an input series inductance of 300 pH
was considered in order to emulate the presence of a wind
turbine at the system’s input. The input PF and the THD
of the input current 7, are presented in Table From the
analysis of Fig. [6] and Table [II] it can be concluded that all
tested topologies achieved a high power factor and low THD.
Additionally, in a real-world application, where the rectifier
is connected to a wind turbine, the turbine’s inductance
would further reduce the THD across all rectifiers.

To evaluate the switching losses in the rectifiers, Fig.
presents the voltage and current waveforms, vs and i,, for
one switch in each rectifier topology. In order to improve
the visualization of the current’s waveforms, the current
was multiplied by a factor of 20, so current and voltage
signals could be more easily analyzed and compared. As
illustrated in Fig.[7(a) the CCM topology exhibits dissipative
switching, with the switch voltage stress equal to the DC
bus voltage (400 V). In contrast, since the other three
topologies operate in DCM, Fig. [7[b), Fig. [7(c) and Fig.
[7(d) show Zero Current Switching (ZCS), with zero current
through the switch at turn-on. Additionally, in both the three-
level three-phase interleaved Boost DCM Rectifier [17]] and
the dual input interleaved DCM three-phase rectifier—both
three-level topologies—the voltage stress on switches is
reduced to half that of the CCM topology and the other
DCM topology, equaling half the DC bus voltage (200 V).
Consequently, switching losses are significantly higher in
the CCM topology due to the combination of dissipative
switching, elevated voltage stress on switches, and diode
reverse recovery, which further increases switching losses.

Considering the use of conventional silicon (Si) switches,
the IGBT is the suitable power switch for the two-level CCM
rectifier due to the highest voltage stress (400 V) and the
presence of ultra-fast intrinsic switch diode. The CCM op-
eration results in a high reverse recovery current, increasing
the switch turn-on losses. Thus, the use of MOSFET is not
recommended for this topology due to the slow intrinsic
diode that significantly increases the switch turn-on losses
and the high conduction losses for high voltage level opera-
tion. However, the IGBT presents the tail current increasing
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TABLE I. Component Quantity Comparison Across the Four Three-Phase Rectifier Topologies

Topology Inductors Capacitors Switches Diodes
Two-level three-phase boost CCM 3 : 6 0
rectifier [23|]
Three-phase boost DCM
. 3 + 3(filter) 1 + 3(filter) 1 7
rectifier [[13]], [14]
Three-level three-phzgs interleaved 3 5 5 8
boost DCM rectifier [[17]
Dual input interleaved three-phase 6 5 Config 01: 8 Config 01: 12
rectifier Config 02: 4 Config 02: 16

TABLE Il. Operation Parameters Comparison Across the Four Three-Phase Rectifier Topologies

Three-level three-phase . .
Operation parameters Two-level threef-phase Three-p‘hase boost interleaved boost DCM Dual input 1nterle‘aved
boost CCM rectifier [23] | DCM rectifier [13]], [14] B three-phase rectifier
rectifier [17]
Does it require a three-phase LC input filter? No Yes No No
Input RMS Line Voltage 114V 114V 114V 114V
Switching Frequency 20 kHz 50 kHz 51.4 kHz 51.4 kHz
Output Power 1 kW 1 kW 1 kW 1 kW
Output Voltage 400 V 400 V 400 V 400 V
Input Capacitor Value - - 5.29 uF 1.6 uF
Input Capacitor - Peak Current - - 599 A 1.05 A
Input Capacitor - RMS Current - - 328 A 0.36 A
Input Inductor Value 1.662 mH 46 puH 65.3 uH 109.48 pH
Input Inductor - Peak Current 7.14 A 20.15 A 154 A 7.54 A
Input Inductor - RMS Current 505 A 946 A 6.94 A 3.07 A
Output Capacitor Value 235 uF 235 uF 2x470 puF 2x470 puF
Output Capacitor - Peak Current S5.18 A 17.58 A 13.34 A 724 A
Output Capacitor - RMS Current 321 A 6.06 A 446 A 2.56 A
Switches - Peak Current 79 A 17.59 A 20.08 A 9.69 A
Switches - RMS Current 361 A 8.6 A 823 A 331 A
Switches - Voltage Stress 400 V 400 V 200 V 200 V

TABLE lll. Simulation Analysis - Power Factor and THD of the Studied
Rectifiers

Topology PF THD (%)
Two-level three-phase boost 0.999 408
CCM rectifier 23]
Three-phase boost DCM
. 0.997 5.21
rectifier [13]], [14]
Three-level three-phase
interleaved boost DCM 0.999 2.36
rectifier [[17]
Dual i interl
ual input inter! e.afved 0.995 286
three-phase rectifier

the turn-off losses, limiting the switching frequency lower
than 30 kHz.

The MOSFET switch is recommended for the DCM
topologies due to the ZCS turn-on without the reverse
recovery of the intrinsic diodes. For this reason, the slow
intrinsic diode of the MOSFET is not a problem for the

DCM operation. The lowest voltage stress of the three-level
topologies (200 V) allows the use of very low conduction
losses MOSFET with reduced turn-off switching losses com-
pared to the two-level CCM rectifier. As a result, the DCM
rectifiers are usually designed with switching frequency
higher than the CCM rectifiers.

Therefore, to ensure a fair comparison, the switching
frequency for the two-level three-phase boost CCM rectifier
was set to 20 kHz in the simulation analysis. In contrast, the
DCM topologies operated at higher switching frequencies,
being 50 kHz or above.

Additionally, the design of the input inductors for each
rectifier was carried out, and the results are presented in
Table IV} The *Total volume’ column presents the combined
volume of all inductors used in the respective converter
topology. The analysis of the data in Table [IV| confirms that,
as expected, the core designed for the proposed rectifier has
the smallest volume. It is nearly five times smaller than the
core used in the CCM topology and about twice as small
as the cores in the other DCM topologies. This is due to
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the substantially lower inductance value compared to the
CCM topology, and the reduced current stresses compared
to the structures operating in DCM. Moreover, in terms
of total volume, the proposed rectifier continues to exhibit

the smallest value, despite utilizing six input inductors,
compared to only three in the other topologies.

Lastly, Table [V] presents a cost analysis, comparing all
rectifiers based on component costs. The main source of
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TABLE IV. Selected Cores for the Input Inductors

Core volume Total volume
Rectifier Selected Core
(cm?) (em?)
Two-level three-phase boost CCM
. E-65/13 36.4 109.2
rectifier [23]
Three-phase boost DCM E42/15 1.6 528
rectifier (T3], [T4) ' '
Three-level three-phase interleaved
. E-42/15 17.6 52.8
boost DCM rectifier [17]
Dual input interleaved three-phase
. E-30/14 8 48
rectifier

information regarding the price of the components was
the DigiKey Electronics website. For this evaluation, the
configuration considered for the dual input interleaved DCM
three-phase rectifier is configuration 02, presented in Table
[ Additionally, for the inductors, only the core costs were
considered to simplify the quotation process. This analysis
indicates that the most expensive topology is the three-level
three-phase interleaved Boost DCM rectifier , followed
by the dual input interleaved three-phase rectifier.

IV. EXPERIMENTAL RESULTS

To validate the rectifier’s operation, experimental tests were
conducted with a programmable three-phase power supply,
model ITECH IT7625, 300 V AC, 12 A RMS, and a
maximum power of 4.5 kVA. In order to emulate a DC
bus controlled by an inverter, to which the rectifier would
be connected in a real-life application, a programmable DC
power supply, model FCC 350-100i, was used to establish a
fixed voltage of 400 V on the rectifier output bus. A power
analyzer, model Fluke Norma 4000, was used to measure
the converter’s output power and efficiency. The rectifier’s
specifications utilized for the tests can be found in Table [V1]
images of the constructed prototype are shown in Fig. [§] (top
view) and Fig. E] (side view), and the experimental setup is

presented in Fig.

FIGURE 8. Rectifier prototype board - top view.

1 — Physical prototype

2 - DC power supply — DC
bus

3 - DC power supply — DC
motor

FIGURE 10. Experimental setup.

The rectifier’s efficiency curve, shown in Fig. @ was
obtained by controlling the converter’s output power as the
duty cycle was adjusted accordingly. Measures were acquired
for six different values of output power: 200 W, 400 W,
600 W, 800 W, 900 W and 1 kW. The waveforms of the
input currents and the input capacitor voltage of phase A
(ve,), for an output power of 1 kW, can be seen in Fig. @
The waveforms of the currents flowing through inductors
Ly, and Lp, can be found in Fig. [T3] The THD of the
input current i,, and the rectifier’s power factor, for an
output power of 1 kW, are presented in Fig. [T4] and Fig.
[T3] respectively. As can be seen in Fig. [I3] the rectifier
operates in DCM, and Fig. demonstrates its operation
with sinusoidal input currents, containing a low ripple. Fig.
[[3]indicates a high power factor of 0.997, and Fig. [T4] shows
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TABLE V. Component Price Analysis

Price ($) | Total Price
Topology Component Part Number . Total Cost
(Unit) $)
1 x CAP ALUM 240UF 20% 450V EKHJ451VSN241MR35M $ 8.40 $ 8.40
Two-level three-phase
. 6 x IGBT 600V 7.5A DPAK STGD3HF60HDT4 $1.37 $8.22 $24.84
boost CCM rectifier
3 x Inductor core NEE-65/33/13-3600 THORNTON - 215465 $274 $8.22
1 x CAP ALUM 240UF 20% 450V EKHJ451VSN241MR35M $ 8.40 $ 8.40
1 x MOSFETs Power TRS, 600V/16A RIK6014DPP-E0#T2 $5.54 $ 554
Three-phase boost
DCM rectifi 7 x DIODE GEN PURP 200V 6A SF64G $0.80 $ 5.60 $ 30.46
rectifier
3 x CAP PP 3.3UF 10% 200V RADIAL 399-R71VN433050H6K-ND $2.70 $ 8.10
3 x Inductor core NEE-42/21 /15-4000 THORNTON - 214515 $0.94 $282
2 x CAP ALUM 470UF 20% 250V SNAP TH | B43505A2477M000 $ 6.31 $ 12.62
Three-level three-phase | 2 x MOSFET N-CH 300V 15A TO220FL H5N3007FL-MO-E#T2 $ 3.61 $7.22
interleaved boost 8 x DIODE GEN PURP 300V 8A DPAK SDURD830 $0.63 $5.04 $ 50.05
DCM rectifier 3 x CAP PP 5.1UF 5% 200V RADIAL MKP385551040JPI2TO $ 7.45 $22.35
3 x Inductor core NEE-42/21 /15-4000 THORNTON - 214515 $ 0.94 $2.82
2 x CAP ALUM 470UF 20% 250V SNAP TH | B43505A2477M000 $ 631 $ 12.62
. . 4 x MOSFET N-CH 300V 7A D2PAK FQB7N30TM $0.78 $3.12
Dual input interleaved
. 3 x CAP PP 1.8UF 5% 250V RADIAL 399-R75PR4180AA30J-ND $ 2.64 $7.92 $ 38.08
three-phase rectifier
16 x DIODE GEN PURP 300V 4A DO201AD | SF45G $0.71 $11.36
6 x Inductor core NEE-30/15/14-4000 THORNTON - 215902 $0.51 $ 3.06
TABLE VI. Experimental Tests Parameters Tek Run [ ¥ 1 ] Trig’d
Parameter Value Ve,
Maximum output power 1 kW
DC bus voltage 400 V " : -
. (2 b le
Input line voltage (RMS) | 114 V _
Switching frequency 51.4 kHz ‘
Input inductance 80.7 uH
Input capacitance 2 uF
Output capacitance 2x470 uF
@& 5004 4.00ms 2.50MS/s Line /
5.00 A € 5« 100k points 0.00V
Value Mean Min Max Std Dev 26 Mar 2024
a low THD of i,, measured at 2.08%. Furthermore, the E,’E?f sk e s 5 762m s

converter’s efficiency presented satisfactory results, being
above 95% for the maximum output power applied, as

depic

96

Efficiency [%]
© ©
= &

el
w

92

ted in Fig. [T1]

0 200

400 600 800 1000
Output Power [W]

FIGURE 11. Rectifier’s efficiency curve.

To assess the rectifier’s performance when connected to
a small wind turbine, experiments were executed using a

FIGURE 12. Input currents (i, i, and i.) and input capacitor voltage of
phase A (v, )-

Tek Stop M 2.00ms

_[@® 2.0V J
D@ 5004 on @ 5004 2% JTgo0ps 5.00MS/5 O/
®D 404mV 7 16.0s ) 100k points 8.10 A

Value Mean Min Max Std Dev
[ 1 TS 846V 83.9 36.3 84.9 6.16
@D Frequency 113.6kHz Low signal amplitude 26 Feb 2024
16:41:20
(3 S 470 A 4.61 1.66 4.71 384m

FIGURE 13. Currents in inductors L4, and Lp, .

wind turbine whose technical specifications are detailed in
Table [VI} To perform the experiments, the turbine was
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Tek JIL @ Stop M Pos: —3.400ms  Harmonics
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hRME 52764 L4
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Save
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Frid HrADD2.CEY

CH2 100% k4 10,05

CH3 100% RATH 200

FIGURE 14. Experimental THD of input current .
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300
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296V AR
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IIII Factar
A57

J/ Phase
Anagle
4731

CH2 7103y

<10Hz

CHZ 200E b 5.00mms
CHI 200m'  CHA 100my  MATH 20044

FIGURE 15. Experimental power factor.

connected to a DC motor powered by a DC power source,
model FCCT 400-10-1. In this scenario, the MPP of the
system is determined by the maximum power delivered by
the DC source. Fig. [I6] illustrates the waveforms of the
input currents and the input capacitor voltage of phase A
(ve,) when operating with the wind turbine, while Fig.
presents these waveforms for transient response condition.
The experimental results presented in Fig. [I6] demonstrate
that the rectifier still operates with sinusoidal input currents,
with a high power factor, and the results presented in Fig.
show that the input current waveform follows the input
voltage waveform from the moment the system is turned on.

TABLE VII. Wind Turbine Parameters

Parameter Value
Maximum output power 2 kW
Turbine radius 1.6 m
Maximum wind speed 10 m/s
Maximum line voltage RMS | 96 V

Tek Stop [ |

;y&ibxia > ﬂr@w
RV vy

8 8- R

FIGURE 16. Input currents (i, i, and i.) and input capacitor voltage of
phase A (vc,) when operating with the wind turbine.

[

50.0kS/s
10k points

|

29 Feb 2024
0.00V

14:13:02

Tek Prevu T 1

[

25.0ks/s

@/
10k points

29 Feb 2024
18.0Y

14:20:30

@ 00V 40.0ms
5.004 5.00 4

FIGURE 17. Rectifier’s transient response when operating with the wind
turbine.

To further analyze the converter’s operation with the small
wind generator, experimental tests were carried out utilizing
the MPPT strategy presented in Section II.C. The controller
utilized was the digital signal controller (DSC) 56F84789
from NXP Semiconductors. During the experiments, an
energy analyzer, model Fluke 434, was used to record data
of the converter’s input power, input RMS line voltages, and
input RMS phase currents. Fig. [I8] presents the wind turbine
power over time, and Fig. [I9 illustrates the wind turbine
power in function of the RMS line voltage v,., which is
proportional to the wind turbine rotation speed. As it is
possible to observe in both Figures, the MPPT algorithm
successfully tracked the point of maximum power, and the
converter operates consistently around the obtained value
(close to 390 W).

V. CONCLUSION

This article proposes a rectifier topology for operation in
the rectifier stage of small wind power systems, considering
power levels below 15 kW. The converter, which operates in
discontinuous conduction mode, can handle variable input
voltages (as occurs in variable speed wind turbines), and the
dual-input configuration allows for higher power demand ap-
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FIGURE 18. Windturbine power vs Time.
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FIGURE 19. Windturbine power vs RMS line voltage v,.

plications compared to single-input structures, as the current
stresses are shared between the two diode bridges.

The simulation study demonstrated that the current
stresses throughout the entire structure of the proposed three-
phase rectifier are significantly reduced compared to the
two other topologies operating in DCM. In fact, they are
close to those in the CCM topology, despite utilizing input
inductances approximately 15 times smaller. Moreover, the
inductor core designed for the proposed rectifier had the
smallest volume — nearly five times smaller than that of the
CCM topology and about half the size of the cores used in
the other DCM topologies. Thus, even though the proposed
converter uses six input inductors, the reduced current stress,
combined with lower inductance values, offers a reduction
in both cost and volume of these components compared to
the DCM and CCM structures that use three input inductors.

Experiments were performed in order to validate the
rectifier’s operation characteristics, employing a three-phase
power supply, a wind turbine, and a wind turbine in conjunc-
tion with an MPPT method. The experimental results from
all three scenarios demonstrate that the converter operated
with sinusoidal input currents, exhibited low current ripple,
and achieved a high power factor. Additionally, the rectifier’s
efficiency at the maximum applied output power (1 kW)
exceeded 95%.

Therefore, the proposed rectifier is suitable for applica-
tions in small wind turbines, presenting a topology with high
gain and considerably reduced current stresses.
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