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Abstract — This paper presents a three-phase to single-
phase six-leg converter for a wind energy conversion
system based on Doubly-Fed Induction Generator (DFIG).
The converter is composed of six legs and is divided
in three parts: the grid-side converter (GSC), which is
responsible for power factor and DC-link voltage controls,
the stator-side converter (SSC), which guarantees the
control of the stator voltage, and the rotor-side converter
(RSC), which is responsible for vector control of the
generator. One of the converter’s legs is shared by grid-
side and stator-side converters. The main advantages of
the proposed configuration compared to other topologies
presented in the literature are providing balanced three-
phase voltages to the DFIG, simple control system and
not having any limitation with respect to synchronization
between grid and stator voltages and DC-link voltage. The
system model, pulse-width modulation (PWM) and control
strategies are discussed and simulation and experimental
results are presented in order to prove the feasibility of the
system.

Keywords - DFIG, THREE-PHASE TO SINGLE-
PHASE, WECS.

I. INTRODUCTION

Energy demand has increased significantly in the last
decades and, to ensure the energy security, renewable sources
have been increasingly explored [1]-[4]. Wind energy is one
of the most competitive among renewable energies. Low
cost generation systems are based on wind turbines with fixed
speed, usually using squirrel cage induction generator (SCIG).
The generator is connected to the grid (single-phase or three-
phase source) and the reactive power and grid voltage cannot
be controlled [5],[6]. In variable speed systems, the generator
is connected to the grid through an AC-DC-AC converter.
Employing either SCIG or permanent magnet synchronous
generator (PMSG), the generator is connected to a full power
AC-DC-AC converter, meaning that all of the generator power
is processed by the converter [7]-[13].

When only single-phase grid is available (common
condition in rural or remote areas), the connection between
a three-phase generator and the single-phase grid can be
obtained from a three-phase to single-phase converter. In
[5] a three-phase SCIG was connected to a single-phase grid
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by means of a five-leg converter, in which the generator
side converter was composed of three legs and the grid side
converter was composed of two legs, all sharing the same DC-
link. In [14], a low-cost system was proposed to connect
a three-phase SCIG to a single-phase grid. The generator’s
phases were delta-connected and a capacitor was parallel-
connected to one of the phases, using the Steimetz connection.
In [11], a three-phase SCIG is connected to a single-phase
grid using parallel converters in order to reduce the current
per leg in the grid, reducing, in turn, semiconductor losses and
switches current rating.

On the other hand, very few single-phase to three-phase
wind energy systems based on doubly-fed induction generator
(DFIG) were discussed in the literature [15]-[17]. A structure
of a single-phase grid connected to a three-phase DFIG was
discussed in [15], which is illustrated in Figure l.a. An
inverter is connected to the three-phase rotor of the DFIG,
while the three-phase stator is connected to a single-phase
grid. Needless to say, the DFIG stator operates under
unbalanced condition, which brings high complexity to the
control system in order to adjust speed, stator reactive power
and grid power factor. Besides, the inverter uses a floating
capacitor, since the system operates employing the single
external feeding (SEF) concept, which complicates even more
the control system.

Other possible structure was proposed in [16], in which a
DFIG is composed of a three-phase rotor, fed by an inverter,
and a single-phase stator, which is connected directly to
the grid. This configuration avoids the unbalanced operation
observed in the topology of Figure l.a, but single-phase
DFIG with three-phase rotor is not easily found in trade.At
last, in [17] the authors proposed three single-phase to three-
phase converter topologies for DFIG composed of eight,
seven and six legs. Pulse-Width Modulation (PWM) and
control strategies were presented and a semiconductor losses
analysis was performed. According to this analysis, the
best performance was achieved with the seven-leg topology
illustrated in Figure 1.b. Note that there is a shared leg between
the DFIG stator and the grid. This requires synchronization
between the grid voltage and stator voltage, otherwise the level
of DC-link voltage and the power processed by the converter
may increase. However, the six-leg topology is not interesting
at all, because the dc-link voltage is bigger than the seven-leg
topology. It has to use the double of dc-link voltage.

This paper proposes a single-phase to three-phase topology
in which the DFIG is directly connected to the single-phase
grid and the converter processes only part of the overall output
power. The converter is divided into three parts as shown in
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Fig. 1. Topologies discussed in (a) [15]. (b) [17].

Figure 2. The grid-side converter (GSC), which is responsible
for power factor and DC-link voltage controls, the stator-side
converter (SSC), which guarantees stator voltage control, and
the rotor-side converter (RSC), which is responsible for vector
control of the DFIG. Compared to other topologies presented
in the literature, the proposed system has the advantages of
providing balanced three-phase voltages to the DFIG, simple
control system and does not have any limitation with respect
to synchronization between grid and stator voltages and DC-
link voltage. The structures illustrated in Figure 1 will
be considered as conventional topologies for benchmarking
purposes. The proposed system was previously analyzed in
[18], but this paper adds information regarding the controllers
design and new experimental results of the proposed rotor
control system.

II. MACHINE MODEL

The induction generator model in d — g generic reference
frame is given by [19]:

o d e
S rsz§+E¢§+]wg¢§ (D
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where j = /=1 is an imaginary number, % = x5, + jxi, is
the vector of variable x in generic reference with n = s,7 (s =
stator and r = rotor), x = v,i, 9, and 3(z) is the imaginary part
of z. Furthermore, ¥, i and (;3 are vectors of voltage, current and
flux, respectively; @, is the rotation speed generic reference
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frame and , is the electrical rotor speed; ry and r, are the
resistance of the stator and rotor, respectively; /;; and [}, are
the leakage inductances of stator and rotor, respectively; /,, is
the stator-rotor mutual inductance; c, is the electrical torque;
P pair of poles; Py and Q; are the stator active and reactive
powers, respectively.

III. SYSTEM MODEL

The proposed configuration illustrated in Figure 2 consists
in three parts: grid-side, stator-side and the rotor-side
converters (GSC, SSC and RSC, respectively).  These
converters depict a single-phase AC-DC-AC converter with a
share leg (leg s). The mathematical model of the system is
given by:

e, = Tq4il +lu% +rai2+la% +vg ®)
o = st b L )
i o= gt (10)
i o= igti (11
i3 = —ig (12)
Vg = Vglo—Vs0 (13)
V2 = V510 = Vs0, (14)

where r, and [, represent the resistance and inductance of
inductor filter, respectively, v, and v3; are the voltages of the
GSC and SSC, respectively, vg10 and vy are the pole voltages
of the GSC and SSC, respectively, vy is the pole voltage of the
shared-leg between the GSC and SSC, i, is the grid current, iy,
i> and i3 are the currents of GSC and SSC and i, iy and ig3
are the generator currents. From (8) the voltage of the grid-
side converter (v, = vg10 — Vs0) can be used to regulate the grid
current and from (9) the voltage of the SSC (v = v510 — vs0)
can be used to control the line machine voltage vy3 since the
line voltage vy, is already defined by the grid voltage. The
model of the RSC is similar to that of the conventional three-
phase system [19].

IV. CONTROL STRATEGY

Figure 3 shows the control block diagram of the proposed
system. The control block is divided in the DC-link voltage
and power factor control (realized by means of the GSC),
the line voltage control (realized by means of the SSC) and
the active and reactive power control (realized by means of
the RSC). The grid-side converter control consists of two
cascaded control loops. In the outer loop, the capacitor DC-
link voltage vc is adjusted to its reference value v utilizing
a PI type controller, represented by block Rc. The output of
the DC-link voltage control is the amplitude of the reference
current of the single-phase grid (I;). The instantaneous
reference current (i) is synchronized with the grid voltage by
means of a Phase Locked Loop (PLL) scheme [20] represented
in Figure 3 by block Gj,. In the inner current loop, the grid
current control is implemented using a resonant controller
described in [21]. This controller is represented by block R,.
The output of the current control defines the reference voltage
Vg
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DFIG Vector Control

Fig. 3. Control block diagram converters GSC and SSC.

At the stator-side converter, the line voltage control is
realized also using a resonant controller, represented by block
R;. As the voltage vy; is already defined by the grid voltage,
because the grid source is directly connected to the generator,
the amplitude of grid voltage is estimated by block Ggp to
ensure the balanced three-phase voltages. As presented in
Figure 3, the Ggnp block extracts the amplitude of the e,
(i.e., V) multiplying the grid voltage e, by an unity sinusoidal
signal. The angle of the sinusoidal signal is obtained using
a PLL scheme and it is approximately equal to the angle of
the grid voltage. Thus, with a Low Pass Filter (block LPF),
the amplitude of the grid voltage is extracted (V). Then, the
reference line voltage vi3, is determined by the block G, and
it is compared to the measured line voltage vs32. Thereafter,
the controller (Ry) determines the reference voltage v3,.

A. DFIG Vector Control

There are two main DFIG control strategies: the Direct
Power Control (DPC), where the reference voltages are
obtained from the direct control of active and reactive
power [22]; and Voltage Oriented Control (VOC), where the
reference voltages are obtained from the cascade control of
the active and reactive power with the dg components of the
rotor current in the stator voltage reference [23].

The VOC was the strategy used in this work. Block diagram
of the control RSC is shown in Figure 4. The reference d-axis
is chosen to align with the stator voltage, resulting in null value
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for the stator voltage component g-axis (vy, = 0). Thus, from
(3), (6) and (7) it is possible to write the equations of active and
reactive power of the stator as functions of the rotor currents
as:

LY
P, = _Mird (15)
s
l V
0, = ’"lvsd it (16)
)

In (15) and (16) it is noted that the active and reactive power
are decoupled in terms of the dg currents of rotor. In this
way, the method of control is based on decoupled control of
active and reactive power. The reference dg rotor currents
are obtained using two PI controllers, where the active power
loop defines the i’; component and the reactive power loop
determines the i); component. The current control is realized
in the stationary reference frame. Then, the currents i), and
iy, are obtained from coordinate transform e/%, 9, where 9 is the
angle between the stator voltage reference frame and the stator
reference frame. They are compoared to the measured values
and controlled by resonant PI controllers (PI-R), obtaining the
rotor voltages in the stator reference frame. From the rotor
position and coordinate transform e /¢, where € is the angle
between the stator reference frame and the rotor reference
frame. The rotor reference voltages are determined in the
rotor reference frame, and then the voltages v}, v}, and v};
are obtained from dg-123 block, based on Park’s transform.
The rotor voltages are used in the PWM strategy.
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Fig. 4. Block diagram of power system.
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Fig. 5. Block diagram of current control system.

1) Design of Current Controllers: From the equations of
the dynamic modeling of the DFIG, a current control loop is
defined, as illustrated in Figure 5. G;(s) is the transfer function
of the current plant, G, (s) is the voltage source represented by
a first order transfer function with time constant 7, and G;(s)
the transfer function of the PI controller.

1
S IS -
Gils) = Irf(s) _ rZ(S) _ lrs, 17
Vrd(s) qu(s) &S‘Fl
Tsr
VS* V':S‘*
GV(S) _ r;j (S) (5 (S) 1 (18)
Ve(s)  Viy(s) T+l
K;; sz
= 1 1
Gei= S(K”-F) (19)
12
=1- ﬁ (20)
ly—ol
Fsr = ( S) 21
I

where o is leakage coefficient, I; (I; = l;;+ 1) and I, (I, =

I +1,) are the inductances of stator and rotor, respectively.

The closed loop transfer function shown in (22) is obtained by

canceling the current plant pole (s = — & ) with the zero of the

PI controller (s = —%). The gains Kj; and K,; are calculated
pi

in order to obtain real and identical poles of the closed-loop
transfer function Gy;.

Kii/rsr

Gls) = 2
fI(S) T,s2+s+ (Kii/rsr) 22
!
Kii= 4STrv (23)
I
Kyi=2" (24)

2) Design of Power Controllers: The power control loop is
shown in Figure 6, in which G, (s) and G,(s) are the transfer
functions of the active and reactive PI controllers, respectively;
G,(s) and G,(s) are the transfer functions obtained from (15)
and (16) and Gy;(s) is the internal loop of the current control,
which is approximated to a first-order function.

PS(S) Qs(s) I Vs
N O R
Kino K
ch = ch = 'Pq ( qus + 1) (26)
s Kipg
G = ! ~ ! 27
T 0ns+1)2 " 4T,s+1
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From (25)-(27) closed-loop transfer function is defined by:

InVsKppgs+lnVsKipg
41,7,
lm\/stpq+ls

Grp(s) = Gry(s) = VK, (28)

+ + 41T,

The denominator can be represented by polynomial
characteristic of a second-order system s> + 2 @,s + w,%,
where ®, is natural frequency and & is damping factor. Then
the gain is given by:

41T, @2
Kipg(s) = # (29)
1
Kppq(s) = V. (8L, 0, — L) (30)

where the values of the damping factor, natural frequency and
T, are £ = 0.8, w, = 9.5 rad/s and T, = 0.01s, respectively.

R(s)

v

Gep(s) » Gri(s) Gp(s)

Qi(s) + Iy(s) I7(s)
Gegls) —| Gyits)

Fig. 6. Block diagram of power control system.
V. PWM STRATEGY

v

Gys) >

The RSC can be commanded by using an adequate PWM
strategy for three-phase voltage source inverter [24]-[26].
Only the PWM implementation of grid and stator side
converters is highlighted in this paper.

In Sinusoidal PWM (SPWM) the reference pole voltages
are compared with a high frequency triangular signal to
determine the switch states. Considering that v is the GSC
reference voltage and v}, is the SSC reference voltage, they
can be defined based on the reference pole voltages by

Ve = Ve10— Vs (€19}
(32)

*
Vi = V510~ Vs0r
In order to determine the three pole voltages, an auxiliary
variable v; must be added. By making v; = v}, the reference

pole Voltages v 10> Vso and v, are determined by:

V10 Ve + vy (33)
Vg = Vi (34)
Vio = Vit (35)

The choice of the auxiliary variable v} is free in a range
defined by the limits of the pole voltages 4-v{./2.
The voltage vi must be chosen such that:

V;min < V < meax (36)
* Ve . * %

Vymin = _?C - mln{vga V32,O} (37)
* Ve * ok

Vimax = ?C - max{vg, V32, 0}7 (38)
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where v is the reference DC-link voltage. Once v} is
determined, the reference pole voltages vy, vy, and vj, are
obtained from (33) to (35).

VI. ANALYSIS OF GSC AND SSC

A. Normalized Currents Processed by GSC and SSC

The currents of the GSC and SSC are defined as iy, i, and
iz and are determined by (10)-(12). Figure 7 shows currents
RMS values normalized by nominal generator current (ig,).
The curves shown in Figure 7 were obtained considering four
different mechanical torques [100%, 75%, 50% and 25% of
the nominal (rated) mechanical torque] with the range of the
rotor speed being from 0.7 to 1.3 of the synchronous speed.
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Fig. 7. Normalized currents. (a) Current of the leg g1. (b) Current of
the leg s. (c) Current of the leg s1.

Figures 7.a and 7.b show that currents of the GSC (legs g1
and s, respectively) depend on the rotor speed of the DFIG.
In subsynchronous operation, the rotor absorbs power from
the grid. Because of this, the currents iy and i, present lower
values than those observed in the case of supersynchronous
operation. In addition, in supersynchronous operation, these
currents are greater than the stator current of the leg s1, shown
in Figure 7.c. As can be seen, currents i; and i, can be up
to 30% higher than the currents of the generator. From this
analysis, it is noted that the higher effort in the switch occurs
in supersynchronous operation with rotor speed of 1.3 pu, in
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which the device must handle 1.3 of the nominal current of the
DFIG.

B. Normalized Apparent and Active Power Processed by GSC

and SSC

The apparent powers of the GSC and SSC are defined as
Sgse and Sy, respectively. In this analysis, the stator reactive
power is null, then the stator active power is equal to apparent
power (Sy = Ps). The nominal (rated) apparent power of the
machine is defined as Sy,. Figure 8 shows the normalized
apparent power curves |Sgsc/Sg| and [Sgse/Ssn|. The apparent
powers Sggc, Sssc, are defined by:

1_ .

Swe = Sl (39)
1_

Sese = 5‘73213 (40)

where 7; and 7} are the complex conjugate of the vector
currents 7; and i3, respectively. These results were obtained
considering four different values for the mechanical torque
[100%, 75%, 50% and 25% of the nominal (rated) mechanical
torque] with the range of the rotor speed being from 0.7 to 1.3
of the synchronous speed. From Figure 8.a, it is possible to
see that the normalized apparent power processed by the SSC
represents only a fraction of the apparent generator power. For
example, when rated torque is applied, the power handled by
the SSC is approximately 60% of the DFIG’s rated power.

On the other hand, with respect to the power of the GSC,
as can be seen in Figure 8.b, it depends on the rotor speed
and therefore on the rotor power flow. In subsynchronous
operation, the power is delivered to the rotor by the RSC.
Therefore, part of the power delivered by the stator is
transferred to the rotor by means of SSC and RSC, while
GSC delivers just a small part of power to the grid. For
example, with rated torque and rotor speed of 0.7 pu, the
power processed by the GSC is approximately of 30% of the
rated power (see Figure 8.b).

Now considering supersynchronous operation, the rotor
must deliver power. Therefore, all power processed by SSC
and RSC is delivered to the grid by means of the GSC.
Therefore, power processed by GSC increases. For example,
with rated torque and rotor speed of 1.3 pu, the power
processed by the GSC is approximately of 80% of the rated
power (see Figure 8.b). It is worth to point out that in all
cases neither the SSC nor the GSC process the total power
of the generator. It represents an advantage when compared
to full-rated systems, like the one illustrated in Figure 1.b.
From this analysis, it is possible to see that, in the worst case
(supersynchronous operation with rotor speed of 1.3 pu), the
SSC and GSC converters processed power of approximately
60% and 80% of nominal, respectively. This implies the use
of lower rated and cheaper devices.

For power flow analysis of SSC and GSC converters an
active power study was performed in Figure 9. Figure 9.a
shows the active power in the SSC. It is observed that at all
operating points the power is negative. This shows that the
active power flows from DFIG stator to SSC at all points.
Note that the highest power processing happens at the 1.3
pu rotor speed. This is because the generator works in
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supersynchronous mode, so the rotor provides power to the
RSC and increases the energy processed by the SSC. Figure
9.b shows the active power in the GSC. Unlike the SSC
converter, the GSC has positive active power at all operating
points, which means that the power flows from GSC to the
grid. For subsynchronous mode the power processed by
the GSC is low because the rotor absorbs a portion of the
SSC power flow, while for supersynchronous mode the rotor
provides power, so the GSC processes the rotor power flow
plus the SSC power flow.

VII. DC-LINK CAPACITOR

The methodology employed for the capacitors design can
be found in [27]. By means of harmonic spectrum analysis
of the DC-link current, the presence of dominant high or
low frequency components are determined. In single-phase
to three-phase systems the predominant component in the
capacitor current is twice the grid frequency, so according to
[27], the capacitance can be determined by:

Pl oad

C e ————
240stgridvripple

(41)

where C is the capacitance of DC-link voltage, P,,,; power of
DFIG, fgiq is the grid frequency, V; is the stator voltage in
RMS value and V;;pp is the ripple voltage of DC-link. For
the system parameters with a capacitance of 2200uF a ripple
of less than 1% was obtained.

VIII. SIMULATION RESULTS

In order to demonstrate the validity of the model and
PWM and control strategies for the proposed topology, digital
simulations have been performed. Current and power control
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gains are K;; = 350.5, K,; = 1.44, K;py = 0.07 and K,,py =
0.002. DFIG parameters used in simulation are shown in Table
I, while the setup parameters are shown in Table II.

Figures 10 and 11 illustrate the steady-state curves obtained
for the proposed topology. Stator active and reactive power
references were -500 W and 0 VA, respectively. The system is
working in supersynchronous mode with a speed of 477rad/s.
Power waveforms are illustrated in Figure 10.a, which shows
that both active and reactive powers assume their reference
values. And using Park’s transformation with stator voltage
reference frame [23], the obtained rotor current components
i;; and iy, are illustrated in Figure 10.b. From Figures 10.a and
10.b, it is possible to see that RSC control operated adequately.
Also, as shown in Figures 10.c and 10.d, stator line voltages
provided by PWM and control strategies are sinusoidal and
balanced, producing balanced currents, which is an advantage
when compared to topology of Figure 1.a.

On the other hand, PWM and control strategies operated
adequately providing sinusoidal grid current with high power
factor, as illustrated in Figure 11.a. The phase opposition
between the grid voltage and grid current shows that the
single-phase grid was receiving power of GSC. Also, DC-
link voltage is well adjusted to its reference value, as seen in
Figures 11.b and 11.c illustrates the converter currents, it is
observed that current i3 is equal to —is;3 and i and i, are a
linear combination of ig, is; and iy.

Figure 12 shows the transient performance of the system,
when the reference of the stator power was changed from -250
W to -500 W at the time of 4.5 s. The reactive power reference
was kept null and DC-link voltage reference was maintained
400 V [see Figure 12.a and 12.b]. With the increase of the
power provided by the generator, the grid current increased as
shown in Figure 12.d.
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Fig. 11. Simulation results - steady-state. (a) Current and voltage
of the grid (ig and ¢g). (b) DC-link voltage (vc). (¢) SSC and GSC
currents (i1, ip and i3).

TABLE I
DFIG Parameters
Parameter Value
I 15.1Q
Iig 39.9 mH
Iy 6.22Q
Uy 19.9 mH
I 0.5238 H
P 1
Rated line voltage 220 Vrms
Rated power 0.55 kW
Frequency 60 Hz
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Fig. 12. Simulation results - transient-state. (a) Stator active and
reactive powers (Ps and Qs). (b) DC-link voltage (v¢). (c) rotor
speed (@;). (d) Current and voltage of the grid (i; and eg).
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TABLE II
Setup Parameters

Parameter Value
Inductance of inductor filter /, 12 mH
Resistance of inductor filter r, 0.55Q

Capacitance of the filter C, SuF

Capacitance equivalent of the DC-link 2200 uF
DC-link reference voltage v¢ 400 V

Grid phase voltage 220 Vrms
Switching frequency 10 kHz

IX. EXPERIMENTAL RESULTS

The topology presented in Figure 2 has been implemented
experimentally in laboratory. DFIG parameters are shown
in Table I and the setup parameters are shown in Table II.
The experimental setup is based on a Digital Signal Processor
(DSP) TMS320F28335 with a microcomputer equipped with
appropriate plug-in boards and sensors. Results were obtained
by oscilloscope Agilent DSO-X 3014A 100MHZ. The input
mechanical torque was provided by a squirrel-cage induction
motor (SCIM) of 0.55 kW fed by a WEG inverter. A photo of
the experimental setup is shown in Figure 13.

(b)

Fig. 13. Experimental setup. (a) Power converter. (b) SCIM plus
DFIG.

Figures 14 and 15 illustrate steady-state experimental
results, with a stator active and reactive power references
of -500 W and O VA, respectively. By measuring stator
voltages and currents, Park’s transformation is applied and
stator active and reactive powers are calculated according to
(6) and (7), respectively. Figure 14.a shows that the control
system adequately adjusts both active and reactive powers to
their reference values. Also, by measuring the rotor currents
and applying Park’s Transformation, current components i,
and iy, are the ones shown in Figure 14.b. PWM and control
strategies assure balanced stator line voltages, producing
balanced stator currents, as illustrated in Figures 14.c and 14.d.

Figure 15.a shows the rotor currents i1, i,» and i,3. They
are sinusoidal and oscillate at low frequency (slip frequency).
Grid current and voltage are illustrated in Figure 15.b. Note
that high power factor and sinusoidal current are provided by
the control system. It is possible to see the power flow from
the GSC to the grid. DC-link voltage is shown in Figure 15.c,
which is correctly adjusted to the value of 400 V.
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Fig. 14. Experimental results - steady-state. (a) Stator active and
reactive powers (Ps and Q). (b) d — g rotor currents (ix , and iﬁq). (c)

Stator line voltages (vs12, V523 and vg31). (d) Stator currents (i, isp
and ig3).
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link voltage (v¢).

X. CONCLUSION

This paper presented a three-phase to single-phase to wind
energy conversion system based on Doubly-Fed Induction
Generator.  The generator is directly connected to the
single-phase source and the system has the advantages of
reduced cost of the power converter (because the converter
process only part of the overall output power). In the
supersynchronous mode with rotor speed 1.3 times the
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synchronous speed, which is the worst case scenario, the
processed power by SSC and GSC was approximately 60%

and 80%, respectively.

In all analyzed cases, the power

processed by the converters is less than the generator rated
power, implying in the use of lower rated and cheaper devices.
Control and PWM strategies assured balanced stator three-
phase voltages. Simulation and experimental results showed
their validity and the feasibility of the conversion system.
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