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Abstract—This paper proposes the use of a three-phase high-
frequency semicontrolled rectifier for wind energy conversion sys-
tems based on permanent magnet generators. The main advan-
tages of the topology are: simplicity, since all active switches are
connected to a common point, robustness, as short-circuit through
a leg is not possible, and high efficiency due to reduced number
of elements. As a disadvantage, higher but acceptable total har-
monic distortion of the generator currents results. The complete
operation of the converter and theoretical analysis are presented.
Additionally, a single-phase pulsewidth modulation inverter is also
employed in the grid connection. Experimental results on 5-kW
prototype are presented and discussed.

Index Terms—Grid-connected systems, power factor correction,
three-phase pulsewidth modulation (PWM) rectifiers, wind energy
conversion systems (WECSs).

1. INTRODUCTION

CCORDING to the U.S. Department of Energy, as men-
A tioned in the International Energy Outlook 2006 (IEO)
report of Energy Information Administration (EIA), the global
consumption of energy will grow at an annual average rate of
2% between 2003 and 2030. The forecast for the growth of de-
mand for energy, specifically in the electric form, is even higher,
i.e., 2.7% per year [1].

Either for ambient, strategical, or geographic issues, the gen-
eration of electric energy from wind energy systems has grown
quickly, changing from a global installed power of 4.8 GW in
1995 to 58 GW in 2005, at annual average growth of 24% [2].
Considering the current estimations of increase in the demand
for electric energy generation in the next few years, one con-
cludes that the generation of electric energy from wind systems
tends to continue [3], [4]. As the electrical power available from
a wind energy conversion system (WECS) based on permanent
magnet (PM) generators cannot be delivered directly to the grid,
power electronics plays a decisive role in overcoming this limi-
tation [4].

Although small WECs have been used in remote locations
where conventional grid is not available, recently, small WECS
are being considered to be used in parallel with the local grid.
Then, at low wind speeds, the WECS feeds partially the loads
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and at high wind speeds, the exceeding energy is injected to
the grid. This leads to the reduction of the utility bill with
consequent amortization of the initial investment cost. Within
this context, cost and efficiency of small WECS are essential to
the economical viability and practical implementation.

Then, this paper proposes a grid-connected, variable-speed
WECS feasible to low-power applications. Robustness, sim-
plicity, low cost, and high efficiency are inherent characteristics
because few semiconductor elements are used. The operating
principle, theoretical analysis, as well as experimental results
obtained from a 5-kW prototype are presented and discussed.

II. WIND ENERGY CONVERSION SYSTEMS

The wind turbine basic principle is to convert the linear mo-
tion of the wind into rotational energy, which is used to drive an
electrical generator, allowing the kinetic energy of the wind to
be converted to electric power. The captured power of the wind
(P,) for a wind turbine is given by [4]

P, = 1paAvu3 (D
2
where “p,” is the wind density, “u” is the wind speed, and “A,”
is the area swept by the turbine. The mechanical power (P,,)
generated by the wind turbine from captured power of the wind
depends on the power coefficient (C,) of the wind turbine, as
shown in the following:

P, = P ()\75) P, (2)

where C, is a function of tip-speed ratio A and pitch angle /3,
which is developed satisfactorily in [3].

Any WECS is basically composed of three parts: the wind
turbine, electrical power generator, and electronic power pro-
cessing system. Horizontal-axis wind turbines (HAWTs) with
two and three blades are the ones that allow the best exploita-
tion of the available wind energy [4]. Three-bladed HAWTs are
more commonly used than two-bladed ones because they are
less susceptible to the tower shadow effect and achieves higher
power coefficient.

Fig. 1 shows that the maximum extraction of the wind en-
ergy is achieved by keeping parameter A constant; therefore,
the rotational speed of the turbine is supposed to vary with the
wind speed, since variable-speed WECSs provide better energy
extraction. Then, fixed-speed WECSs, as that one directly con-
nected to the power grid or the one proposed in [6], imply bigger
wind turbine blades.

The possibility to control the frequency and amplitude of the
generated voltage through the excitation, independently of the
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Fig. 3. Variable-speed WECS connected to the grid based on PMSG.

speed rotation, has made the doubly fed induction generator
(DFIG) the main choice in variable-speed WECSs of great size
directly connected to grid (see Fig. 2) [8], [9].

The WECS in Fig. 2 allows the processing of high power
levels, since the power converter processes only about 30% of
the rated power [10]. On the other hand, the reduced number of
poles of the DFIG demands the use of gearbox between the wind
turbine and the generator, implying increased weight, size, and
maintenance need, reducing its efficiency and reliability [8].

An alternative to the DFIG is the PM-synchronous generator
(PMSG), which can be designed with higher number of poles
to avoid the use of gearbox. Being a synchronous generator,
all the generated power must be conditioned through a power
converter, before it can be used (see Fig. 3), restricting the power
processed by this type of WECS.

The PMSG presents some advantages when compared with
the DFIG [11], [12], which are as follows:

1) it does not require any external excitation current, which

reduces losses;
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2) light weight;

3) small size;

4) high reliability;

5) low maintenance;

6) high efficiency;

7) smaller wind turbine blade.

Although the main disadvantage of the PMSG is the high
cost of the PM material and power converter, the absence of the
gearbox makes the PMSG the main choice for small WECSs
(<100 kW).

A. Power Processing Topologies Applied to PMSG

InFig. 3, the rectifier stage can be based on the Graetz rectifier
that produces variable voltage in the dc link. Then, the inverter
stage operates with poor device utilization, since it operates with
low modulation ratio in higher power operation [12]. In order to
supply a constant-voltage dc link of the inverter stage, a dc—dc
stage is introduced between the conventional rectifier and the
output stage [13], as shown in Fig. 4.

However, the rectifier stage of the power converter used in
systems, such as that in Fig. 4, causes high distortion of the
current and voltage of PMSGs, implying several undesirable
effects to the generator, such as [15], which are as follows:

1) increased heating due to iron and copper losses at the

harmonic frequencies;

2) reduction in machine efficiency;

3) loss of the torque production;

4) increased audible noise emission;

5) eventual occurrence of mechanical oscillations.

In order to avoid these problems, it is interesting to use sys-
tems capable of emulating resistive loads for the PMSG, result-
ing in low total harmonic distortion (THD).

In grid-connected applications, a step-up dc—dc converter,
with current—source input characteristic, can be used in the
WECS of Fig. 4. The simplicity of control, the reduced number
of components, and the predominant need to increase the gener-
ated voltage make the boost converter the main choice [16]-[21]
in this WECS, as shown in Fig. 5.

Fig. 5 shows that in the rectifier stage the instantaneous con-
duction losses are caused by the voltage across the diodes (about
2Vy, where V, is the voltage drop in one rectifier diode). Also, the
instantaneous conduction losses in the dc—dc stage are caused
by the conduction of the boost diode D, or switch S;,. Then, one
can see that there are always three semiconductors in the current
path from the generator side to the dc-link side, which reduces
the efficiency of this topology. Also, power factor correction
is achieved only in discontinuous-conduction mode. Then, this
structure becomes feasible for small WECSs.
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Another option to achieve high power factor in the generator
side is to use a pulsewidth modulation (PWM) rectifier in the
WECS, as shown in Fig. 6.

The traditional topology applied in high-power WECS is
shown in Fig. 7 [9] and uses the back-to-back converter [22],
[23]. In the rectifier stage of this structure, the currents can
be modulated in both half cycles. However, the half-bridge con-
nected switches demand the use of bootstrap-integrated circuits,
and the occurrence of eventual short-circuits through the leg is
possible.

Fig. 8 shows a WECS that uses a variation of the back-to-back
converter [24], proposed in [25]. Only four semiconductors are
used in the rectifier stage of this topology. Moreover, the small
number of components and voltage balance across the dc-link
capacitors limit the use of modified modulation techniques for
the optimization of losses [26], [27].

III. PROPOSED WECS

The WECS in Fig. 9 is composed of a PMSG rated at
5 kVA, being connected to a power factor correction semicon-
trolled rectifier. The latter structure uses three insulated-gate
bipolar transistors (IGBTs) and three diodes [29]. The dc—ac
stage of the wind system is a single-phase full-bridge topology
with unipolar modulation. The rms current injected into the grid
provides regulation of the dc-link voltage.

The main advantages of the proposed WECS when compared
to standard WECSs are as follows.

1) All switches are connected to the same reference in recti-

fier stage, simplifying the command circuit.

2) There are no switches in series in the rectifier stage, dis-

charging the possibility of short-circuit through a leg.

3) The small number of power stages increases efficiency

when compared to the topology shown in Fig. 5.

The main disadvantage of the considered WECS is the higher
harmonic content when compared to the traditional PWM back-
to-back topology, since only the positive half-cycle can be
modulated.

A. Rectifier Operation

The rectifier stage in Fig. 10 operates as a boost converter.
When one of the switches S1, So, or S3 is turned on, the current
flows through it and the current through the respective inductor
will increase, while the respective diode Dy, Dy, or D3 is reverse
biased. When switch Sy, S, or S3 is turned off, the respective
diode Dy, Dy, or D3 is forward biased, the current will flow
through it and the energy will be transferred to the dc link.

The input currents I,,, I, and I. can assume three states: null
(0), positive (+), or negative (—), resulting in 27 combinations.
However, only 12 combinations are physically pertinent, which
are shown in Table I.

Since a semicontrolled rectifier is used, combinations 10, 11,
and 12 cannot be implemented. Therefore, the negative half-
cycles of I, I, and I. cannot be modulated, resulting in the
theoretical waveforms shown in Fig. 11.

Fig. 11 shows that a complete period of the currents /,, /;, and
I, can be divided in nine sectors. Following the same criterion,
similar sectors can be subdivided in three groups: [1, 4, and 7],
[2, 5, and 8], and [3, 6, and 9]. Therefore, the description of
sectors 1- 3 is enough for the comprehension of the remaining
ones.

1) Sector 1: In this sector, currents /, and I, are positive,
and current /.. is negative. Thus, in this sector, the rectifier has
2 DOF, associated to the states of switches S; and So, resulting
in the four possible topological states, as shown in Fig. 12.

The corresponding equivalent circuits for these topological
states are shown in Fig. 13.

2) Sector 2: In this sector, current I, is positive, current [}, is
nearly null, and current /. is negative. Therefore, in this sector,
the rectifier has only one degree of freedom, which is associated
to the state of the switch Sy, resulting in the topological states
of Fig. 14. The corresponding equivalent circuits are given in
Fig. 15.
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TABLE I
POSSIBLE COMBINATIONS FOR THE INPUT CURRENTS Fig. 12. Topological states associated to sector 1.
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Fig. 13.  Equivalent circuits associated to sector 1.
Fig. 11. Theoretical waveforms of currents I, [;,, and I...
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3) Sector 3: In this sector, current [, is positive, current I, PMSGP T
is negative, and current /.. is nearly null. Thus, in this sector, the Sil[f 8glf 83
rectifier has only one degree of freedom, which is also associated

b
to the state of switch S;, resulting in the topological states @ ®)

of Fig. 16. The corresponding equivalent circuits are given in  Fig. 14. Topological states associated to sector 2.
Fig. 17.
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TABLE II
DUTY-CYCLE BEHAVIOR
Sector Duty Cycle Behavior
1 D, (o) =1- M Bsin(@t +30°) + /3 cos(wt +30%)
2 D, (o) =1- M 3 sin(wt +30°) +2 8 cos(er)
3 D, (of) =1- M 3 sin(or) + 2,8 cos(wr)
4 D, (o) =1- M 3 sin(wt —30°) + B3 cos(wt —30°)

DI(t, 0)
DI(t, 2p)

0 50 100 150 200
ot
Fig. 18. Duty-cycle behavior of switch S; to obtain reduced THD.

The fourth sector is analogous to the first one and the subse-
quent stages follow the same behavior described before. From
the obtained equivalent circuits, the equations presented in
Table II can be obtained, which describe the duty-cycle be-
havior to obtain lower THD. It can be seen from Fig. 18 that
there are the same discontinuities in the duty-cycle values dur-
ing the transitions among the sectors. This discontinuity implies
fast controller response in order to achieve low-current THD.

Valt) Ly Vg(t)
v
g
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Fig. 19.  Equivalent circuit of the rectifier seen from the input side.

B. Rectifier Dynamic Model

The rectifier can be modeled by the equivalent circuit in
Fig. 19, where V, (), V;,(f), and V.(¢) are the PMSG-generated
instantaneous voltages, L;, Lo, and L3 are the respective boost
inductances, and Vg (t), Vso(2), and Vs3(7) are the instantaneous
average voltages seen by each phase, as given by

Vs (t) (1= Dsy (t))
Vsa (t) | = | (1 = Dsa (1)) | Vae 3)
Vss (t) (1= Ds3 (t))

where Dg1 (), Dgo(2), and Dg3(f) are instantaneous functions of
the effective duty cycle of switches Sy, Sy, and S3, respectively.
Considering the PMSG-generated voltages balanced and the
absence of the neutral conductor, and applying the Kirchhoff’s
law to the circuit in Fig. 19, the dynamic model if the rectifier
is obtained and given in matrix form by

I, (s) . -2 1 1 Va1 (s)
I (s) | = 3ls -2 1 Vsa(s)|.
I (s) 11 =2 [Vss(s)

C. Rectifier Control

Through simulation studies, it was verified that constant-
frequency PWM controllers tend to increase the current THD
due to the discontinuities shown in Fig. 18. Then, the rectifier
control system uses the principle of hysteresis control. The input
currents through each phase (I,, I, and I.) are measured and
compared to the respective reference currents (I*,,, Iy, and I*.).
The reference current shapes are obtained from the respective
input voltages, and their peak values are given by a maximum
power point tracking (MPPT) algorithm. The employed MPPT
algorithm consists in measuring the frequency of the generator
voltage through a phase-locked loop (PLL) circuit. Then, the
current peak values are obtained from a preprogrammed table.

Switching operation occurs when the current limits are
reached, as shown in Fig. 20. With this technique, the obtained
line currents achieve low THD with a simple control circuitry.

The main disadvantage of the hysteresis control is the vari-
able switching frequency. However, switching frequency can be
maintained within acceptable range by adjusting the hysteresis
band.

D. Loss Estimation

In order to estimate the efficiency of the proposed con-
verter, a loss analysis was performed, considering the developed
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Fig. 20. Switching pattern of the hysteresis control applied to the rectifier
stage.
TABLE III
SEMICONDUCTORS AND MAIN PARAMETERS
Parameter  Especification | Parameter  Especification
S1,S,,S;  IRGPS0B60PD1 Sy IRGP50B60PD1
Dy, Dy, Ds HFA15PB60 Dy HFA25TB60
Vin 55V =220V D;,....D¢ 12F40
Vie 400 V Ve 400 V
Py 375 W-6k W
100
P cond1 _
80 T
P cond2 s 17
60| - T
40 Ak
20 /
0
0 2><103 4><103 6><103
Fig. 21. Estimated switching losses for the proposed rectifier stage (Psy1)

and for the conventional rectifier associated with a boost converter (Pgy2).

equations, the semiconductors, and parameters given in Table II1
and the respective datasheets.

Fig. 21 presents the switching losses in the semiconductors
for the proposed topology depicted in Fig. 10 (Pgy ;) and for
the conventional topology shown in Fig. 5 (Pyy2). It can be
seen that the total switching losses are near the same over the
entire power range. In Fig. 22, the calculated conduction losses
through the semiconductors for the proposed topology (Pcond1)
and the conventional topology (Pconq2) are shown. As it can
be seen, the proposed topology has less conduction losses due
to the fewer number of semiconductors. Fig. 23 compares the
estimated efficiency of the proposed rectifier stage (1) with
the conventional rectifier stage associated with the boost stage
(n2). It can be seen that the proposed rectifier has improved ef-
ficiency over the entire power range, mainly at low and medium
power levels, which is an interesting advantage in WECS
applications.
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Fig.22. Estimated conduction losses for the proposed rectifier stage (P.onq1)

and for the conventional rectifier associated with a boost converter (P.onq2)-
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Fig. 23. Estimated efficiencies for the proposed rectifier stage () and for
the conventional rectifier associated with a boost converter (7)2).

TABLE IV
RECTIFIER SPECIFICATIONS AND PARAMETERS

Parameter Specification
Rms input voltage range 95V-213V
Grid frequency range 60 Hz
Output voltage 400 V
Switching frequency range 10 —25 kHz
Input inductors 1 mH
Input power 0-55kW

TABLE V
INVERTER SPECIFICATIONS AND PARAMETERS

Parameter Specification
Dc link voltage 400 V
Grid voltage 220V
Grid frequency 60 Hz
Output inductor 1.5 mH
Switching frequency 30 kHz
Output power 0-5kW

IV. EXPERIMENTAL RESULTS

The proposed rectifier prototype was built and tested. The
specifications and parameters used in the prototype are shown
in Tables IV and V.

Fig. 24 shows the current through phase “a,” and the re-
spective phase voltage at rated power. Power factor is equal to
0.982 and the THD is about 18%. In a conventional Graetz rec-
tifier, typical power factor and THD are about 0.94% and 35%,
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Fig. 25. Rectifier current waveform for input line voltage of 213 V¢
(10 A/div, 5 ms).

respectively. This improvement in the power factor represents a
reduction of about 10% in the generator conduction losses.

Fig. 25 presents the three line currents for an rms input voltage
equal to 213 V and rated power. A good equilibrium among the
currents can be seen.

Fig. 26 shows the harmonic spectrum of the input current at
rated power, where the second-, fourth-, and fifth-order compo-
nents are the most relevant.

Considering that in the proposed converter the harmonic spec-
trum is more concentrated in low-order harmonics than in the
Graetz rectifier, and also that the THD for the proposed rectifier
is lower, additional gain due to the skin effect losses reduction is
achieved. While the winding resistances tend to be smaller due
to the reduced temperature of the generator, conduction losses
are even more reduced.

8.2%
Voltage THD = 0.799 %
7.38%
Current THD = 18.063 %
6.56%
Power Factor = 981.81m
5.74%
4.92%
4.1%
3.28%
2.46%
1.64%
o.825li I
0% I I | | I I IIIIIIII...II I.III .-ll.l-ll--lll_
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Harmonic magnitude as a % of the fundamental amplitude
Fig. 26. Harmonic spectrum of the input current (Vi, = 213 V,,,5 and
Pout = 5 kW).
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Fig. 27.  Grid voltage (1-100 V/div, 5 ms) and inverter—grid current (2-10 A/
div, 5 ms) waveforms.
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Fig. 28. Harmonic spectrum of the grid-injected current.
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Fig. 27 shows the inverter—grid current and the grid voltage
for a power factor around 0.998. The THD of the grid-injected
current is about 4.25%. The third and the fifth harmonics are the
most relevant components, as shown in Fig. 28.

Fig. 29 shows the dynamic response for step changes in the
rectifier input voltage from 95 to 70 V., and from 70 to
111 V,us. The response is slow, in order to keep the THD
of the grid-injected current low and achieve satisfactory volt-
age regulation. Fig. 30 shows the measured efficiencies. This
demonstrates the expected improvement when compared with
similar works.

V. CONCLUSION

A WECS feasible for micro and small turbines has been
presented in this paper. The main advantages of the proposed
system when compared to a conventional WECS are the use of
switches with the source connected to the same point, robustness
due to the absence of controlled switches in the same leg, and
high efficiency due to reduced number of components.
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To control the rectifier, the principle of hysteresis control is
employed. With this technique, the obtained line currents have
acceptable THD with a simple control circuit (<20%). The
inverter stage is based on one-phase full-bridge inverter using
symmetrical unipolar modulation.

The loss analysis demonstrated an expected losses reduction
in the ac—dc stage of about 0.5% when compared to the tradi-
tional Graetz rectifier associated with a boost converter, due to
a reduction in the conduction losses. This reduction occurs for
the whole power range, which is an interesting characteristic for
WECS applications. Considering that in the proposed converter,
the harmonic spectrum is more concentrated in low-order har-
monics than in the Graetz rectifier, and also that the obtained
THD in this case is lower, additional gain due to the skin-effect
losses reduction is achieved. Then, with reduced conduction
losses, the generator can operate cooler and the winding resis-
tances tend to be smaller, which reduces conduction losses even
more.

The experimental results obtained from a prototype rated at
5 kW have demonstrated the system effectiveness, as an average
efficiency above 90% for a wide power range has been achieved.
Besides the improvement in the converter efficiency, reduced
mechanical and electrical stresses in the generator are expected,
which improves the overall system performance.
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