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ABSTRACT

Connecting the Grid Side Converter of Doubly Fed Induction Generators (DFIG) in series presents some ad-
vantages compared to the traditional parallel connection. The series converter acts as a Dynamic Voltage
Restorer, improving the DFIG capability to deal with disturbances in the grid, specially symmetric and asym-
metric faults. However, a drawback of this scheme is to control the power during subsynchronous speeds. For
this operating condition, the stator voltage should be higher than the grid voltage, which may result in machine
saturation. This paper proposes a control strategy for the series-based DFIG to avoid the need of the stator
voltage from being higher than the grid voltage. The proposed solution for this issue is based on phase shifts of
the voltages and currents and a coordinated control, considering several wind turbines, to achieve a unity power
factor at the point of common coupling of the wind farm. The proposed solution overcomes the saturation
problem, as it does not depend on the stator voltage magnitude variation. The validation is performed by

computational simulations using the MatLab Simulink environment.

1. Introduction

In the last two decades, the growth of the share of wind power in the
world’s energy production was consolidated as one of the best choices
to meet growing energy demand through a renewable energy source. In
2015, a new wind power installation record was achieved, adding more
63,600 MW around the world [1]. From this period onwards, the
amount of new installations was slightly reduced, comprising new
51,402 MW in 2016 and 52,552 MW in 2017. Wind energy, by the end
of 2017, can supply more than 5% of the global electricity demand. For
many countries, wind power has become a pillar among the strategies
to phase out fossil and nuclear energy [2].

Due to its converter using only a fraction of the machine nominal
power and a wide range of operational speeds, DFIG-based wind tur-
bine was the first variable-speed wind turbine configuration widely
installed, and, even nowadays, its lower cost is still an important ad-
vantage when compared to the full converter wind turbines [3,4].

The increasing penetration of wind energy worldwide has en-
couraged power system operators to develop grid codes to face the new
challenges of this type of power plant. The grid codes requirements can
be divided in two main groups related to static and dynamic operation.
The static requirements comprise the load flow at the point of common
coupling (PCC) for the transmission grid, while dynamic requirements
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comprise the expected behavior of wind turbines under fault and dis-
turbances conditions [5].

Among the dynamic requirements, the Low-Voltage Ride-Through
(LVRT) capability is considered the most challenging one for wind
turbines design and manufacturing technology [6]. DFIG-based wind
turbines are sensitive to grid disturbances, especially to voltage sags
[7]1. A voltage sag at the PCC induces high currents at the rotor and
stator windings of DFIG. As the rotor converter is connected to the rotor
windings, the converter is disconnected for protection, while the cur-
rents are elevated and DFIG control capability fails. Consequently, DFIG
can only provide active support to the grid during or after a disturbance
when its rotor protection is not enabled [8,9].

Another challenging dynamic requirement for wind turbines is the
operation under unbalanced grid voltage conditions. Unbalanced three-
phase conditions are common in weak grids and are caused mainly by
asymmetrical loads, heavy single-phase demand, transformer windings,
asymmetrical transmission impedances, and grid faults [10]. Even a low
level of voltage unbalance produces oscillations in the electromagnetic
torque of the DFIG and unbalances in the currents at the stator and
rotor. The National Electrical Manufacturers Association (NEMA) in
Standards Publication no. MG 1-1993 does not recommend operating
the asynchronous machine under voltage unbalances above 5% [11].

In the last years, several solutions have been proposed for increasing
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the LVRT performance of the DFIG and complying with demanding grid
codes. Some of these solutions propose different control structures, for
example, in Ref. [12] a heightened state-feedback predictive control
structure is used to surpass the performance of the PI and PI Resonant
controllers. Another solution is to employ an extra device, as for ex-
ample, the STATCOM [13] or a SVC [14], which can be controlled to
inject reactive power during faults to support the voltage. However, as
can be seen in Ref. [13], this solution is not capable of limiting the RSC
overcurrents. In this sense, current limiters can be used to limit wind
park contribution to the fault current [15] or a series grid side passive
impedance for damping the stator flux oscillations [16]. It has been
noticed that although this is a good solution for voltage sag levels from
15%, it results in relevant peaks of electromagnetic torque [16]. An-
other solution is the use of series dynamic resistors, as proposed in [17],
which is, on one hand, a low-cost solution, but on the other hand, the
use of this solution limits the injection of reactive power from DFIG to
the grid to assist the grid recovery.

Among the solutions present in literature, the use of a Dynamic
Voltage Restorer (DVR) has been proposed to fully or, at least, partially
compensate either voltage dips or voltage unbalances at the machine
terminals [8,18-22]. The main benefit of employing DVR during dis-
turbances is it decouples the stator voltage from the grid voltage, al-
lowing the continuous operation of DFIG during disturbances.

Nevertheless, for a more economical solution, the DVR can be in-
tegrated into the DFIG, replacing the Grid Side Converter (GSC) and
resulting in the Series DFIG configuration, as proposed in Ref. [23]. In
this topology, the GSC is connected in series to the grid, using an in-
jection transformer or capacitors, namely Series Grid Side Converter
(SGSC). This configuration provides the DFIG the benefits of a DVR
connected to its terminals [24-32].

For the series DFIG, the method used for processing the rotor active
power is different from the one used for the conventional DFIG. As the
GSC is connected in series, the machine and the converter present the
same current and, as a consequence, the control of the rotor power
should be based on controlling either the voltage magnitude or the
phases between current and voltage of the converter and the machine.

The method found in the literature for processing the SGSC power
assumes that the DFIG power factor should be kept unitary, keeping the
voltage of the injection transformer connected to the SGSC aligned to
the grid voltage [23,25]. As a result, the method results in stator voltage
magnitude changes to allow the control of the SGSC power exchanged
between the rotor circuit and the grid. However, in the subsynchronous
operation, the control results in an increase of the stator voltage to
absorb active power from the grid. This increase in the stator voltage
may lead to the saturation of the machine stator flux. Consequently,
such power processing control is not able to exchange the rotor active
power to the grid using the entire range of operating speeds expected of
a DFIG and, for these operating conditions, this configuration operates
in suboptimal operational points related to the wind power conversion
[24,25].

This drawback discouraged studies on DFIG using the series con-
figuration. In effect, the literature available considers the DFIG oper-
ating in a narrower range of speeds [27,30,33-35]. As a consequence,
the SGSC is far more present in the literature as a complementary
converter than substituting the original GSC, which represents a sig-
nificant increase in complexity and cost.

Therefore, the objective of this paper is to enable the full operation
of the series DFIG. It is proposed a solution for controlling the power
exchanged by the SGSC with the grid based on voltage and current
phase shifts instead of voltage magnitude changes. The proposed so-
lution, however, results in DFIG operating out of the Unitary Power
Factor Operation - UPFO. To overcome this, it is proposed a coordinate
operation of the wind farm considering a power factor compensation by
controlling a pair or a group of wind turbines. To the best of our
knowledge, this type of solution has not been reported in the literature.

The paper is organized as follows: Section 2 presents SGSC - based
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Fig. 1. Two-converters series DFIG topology.

DFIG architecture, the main equations applied for modeling and the
controls reported in the literature for the Rotor Side Converter — RSC
and for SGSC. Section 3 comprises the proposed solution to overcome
the drawback in subsynchronous speeds and Section 4 illustrates the
validation of the proposed solution through the results obtained by
computational simulations. Section 5 presents the main conclusions.

2. System architecture, modeling and controls

Despite the different coupling method of the SGSC, DFIG opera-
tional principles and the power flow remain the same, as shown in
Fig. 1.

In Fig. 1, in the two-converters series topology, SGSC is coupled to
the grid by a series injection transformer. Consequently, unlike the
conventional DFIG, the stator terminal voltage (Us) depends not only on
the grid voltage (Ug) but also on the voltage output of SGSC (Usgsc)-

Furthermore, Usgsc establishes the power exchanged between the
grid and SGSC. SGSC power, in turn, is given by the rotor power flux of
DFIG, therefore, it depends on the turbine mechanical power (P,,) and
on the machine slip (s). Stator and rotor power fluxes are given by Egs.
(1) and (2), respectively:

—_— Pm
Q-9
s L
1-9 @
As previously mentioned, SGSC voltage output is responsible for

controlling the power of the back-to-back converter exchanged with the
grid. Active and reactive SGSC powers are given by, respectively:

@

PR=—

3)
C)

where, Usgscq and Usgseq are the direct and quadrature voltage com-
ponents induced by the injection transformer of SGSC, and Iy and I,
are the direct and quadrature components of the stator current.

Assuming a UPFO, where the stator voltage, the stator current, and
DFIG voltage are aligned and according to the adopted reference, they
have only the direct component (Uy = 0, Iy = 0, Usgscq = 0, Ugg = 0).
The grid, quadrature voltages are given by:

Psgsc = Usgsca- Isa + Usgscq- Isg

Qscsc = Usgscq- Isa — Uscsca- Isg

Ugd = Bu/La 5)

Usgscd = PscsclIsd (6)

U = B/Lq @
Replacing (5) in (6) and (7):

Uscscd = (Psgsc!/Bn) Uga (8)

Usa = (B/Bn) Uga ©)

Appling the relationship of the stator and rotor power with the slip,
given by (1) and (2), the Egs. (8) and (9) can be rewritten as, respec-
tively:

s
Usgsca = (T) Ugd

(10)
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Where, Pyssc P g
Upa = Uy + U 12 P
g /sd sGscd 12) > PS l]s ;E
These equations reveal that the converter and the machine stator .
voltages assume different levels during the operation, which are fol- Fig. 3. UPFO for subsynchronous speeds.
lowing discussed.
We. Ugd 1 .
. Usgscq = = =i
2.1. Supersynchronous operation Bn L (18)

The maximum operating rotor speed of a DFIG based wind turbine is
20% above the synchronous speed, which, according to (11), results in
a stator voltage 17% lower than the grid voltage. A stator voltage lower
than its nominal value implies a reduction of the machine flux and of
the machine capacity in this operating condition.

As compensation, is possible to apply a phase shift in stator voltage
through the SGSC control. Therefore, controlling the power at the
super-synchronous speeds without changing the magnitude of the vol-
tage in the machine stator, avoiding to change the machine stator flux.
This control strategy keeps the unitary power factor, as the stator cur-
rent is aligned with DFIG terminal voltage, as shown in Fig. 2. This
solution was first presented in Ref. [25].

The method is based on controlling the quadrature component of
the stator voltage (U,) to keep a unitary stator flux Igpl=1.
Considering a unitary grid voltage module |U,| = 1, for Igl =1, the
magnitude of the stator voltage (U;) must be the same of the magnitude
of the grid (Up).

Considering the dq frame referenced to U, and I; aligned to U, the
SGSC active power injection occurs when Uy < U,. Therefore, to reach
a unitary module for the stator voltage, its quadrature component must
be set as:

=1 — Ug?

In this case, the quadrature component of the stator voltage (Us,) is
responsible for reactive power flowing from the machine stator.
However, the stator current (I;) is aligned to the grid voltage (U,),
which means that all the reactive power provided by the machine is
absorbed by SGSC, as shown by (14).

Uy 13

Qs = Qsesc a4
Qscsc = Usgscy- Lsa (15)
Q Il ('%' i )
s = we gl | == — iy
ol W a6

Substituting (15) and (16) in (14) and considering Iy = Bn/Uyq as
seen in (5), yields:
- ird)

The aim is to reach a unitary stator flux, therefore lg| = 1 must be
substituted in (17).

we. l@l. Upa (g1
UsGscq = e B

P, L, aa7)

L

<
<

 Circle of [Uy=1

Fig. 2. Space vector diagram of super synchronous operation.
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The Eq. (18) is used as reference for SGSC control to reach a unitary
stator flux.

2.2. Subsynchronous operation

The phasor diagram in Fig. 3 illustrates UPFO at subsynchronous
speeds. As can be seen, for this operating condition, the stator voltage
needs to be operated above its nominal value, which results in the
machine operating at a saturation level. Therefore, it is unviable to
operate the machine at subsynchronous speeds with unitary power
factor [24,25] and the main purpose of this paper is to find a solution
for this drawback.

3. Control design
3.1. Subsynchronous operation

Assuming that DFIG can operate with a power factor different from
the unitary, it is possible to reach SGSC power control keeping the
module of the stator voltage at its nominal value. Therefore, is proposed
to accomplish this task by imposing a phase shift between the grid
voltage and the stator voltage. In this case, the machine operates with a
unitary power factor, keeping the stator voltage and current aligned, as
illustrated in the phasor of Fig. 4 (a).

In Fig. 4 (b), the stator active power is higher than the active power
injected into the grid. The difference between P, and P, is the active
power absorbed by SGSC, where, the active and reactive power of the
stator are given by:

B = Ug. L
QSZO

The active and reactive power of DFIG, which are exchanged with
the grid are given by:

19
(20)

Poric = Ugg- L (21)

Qpric = Uy L (22)

In addition, the active and reactive power of SGSC are given by:

Psgsc = By — B = (Uy — Ug). Iy

Qsgsc = Qg — Qg —

Although these equations show that it is possible to control SGSC
power exchange with the grid by controlling the phases of Usgsc and U,
simulation results have shown that phase shifts higher than 30° used in
SGSC produce distortions in U; and, as a consequence, electromagnetic
torque oscillations.

(23)

Qs = 0= []gq~ Iy (249)

p, &

A

a) Voltages e Current b) Active and Reactive Power

Fig. 4. Phasor diagram of subsynchronous operation.
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Fig. 5. Phasor diagram of the proposed solution for subsynchronous operation.

Thus, to avoid electromagnetic torque oscillations, the phase shift
between the stator voltage and the grid voltage, represented by 0, in
Fig. 4, should be reduced. The proposed solution is to deviate the angle
between the stator current and the stator voltage, which can be per-
formed by controlling the RSC. Fig. 5 (a) presents a deviation of the
stator current, which is represented by 0;. Deviating the angle of the
stator current allows obtaining the same power absorption by SGSC
with a lower phase shift between the stator and the grid voltages, as can
be seen in Fig. 5 (b).

Considering the new phase angles, equations of active and reactive
power of the stator are given, respectively, by the following equations:

B = Uy Iy + l]sq- Isq (25)
Qs = Iqu~ Isd - L]Sd' Isq (26)
The equations of active and reactive powers of DFIG are given by:

Pg = L(gd- Iy + Iqu- Isq (27)

Qg = qu. Iy — Ugd- ISq (28)

The power equations of SGSC are given by:

PSGSC = Pg - Ps = (l]gd - ljad) Isd + (L{gq - U&q) Isq (29)

Qsgsc = Qg —

Thus, the SGSC power depends on both angles, to 6, and 6;.
Considering that |I| = |Us| = |Ug| = 1.0 p.u., the active power absorbed
by SGSC as a function of the angles is presented in Fig. 6.

In Fig. 6, the phase shift of the stator current, 6; reduces the required
phase shift between the stator and grid voltages, 6,. For example, for a
SGSC power of 0.3 p.u. without the stator current phase shift, 6, must
be around 45°, with 6; = 20°, 6, is reduced to 30°.

Fig. 7 presents DFIG reactive power as a function of the stator
current phase shift, 6; and phase shift between the stator and grid
voltages, 6,. Considering the example of Fig. 6, despite of the same total
DFIG active power, the reactive power is 0.7 p.u. for 6, = 45° and
6; = 0° while Qg = 0.77 p.u, for 6, = 30° and 6; = 20°. Therefore, de-
viating not only 6, but also 6; slightly increases the total DFIG reactive
power.

Qs = (qu - Usq) Iy — (Ugd = Us). Isq (30)

3.1.1. Analysis under the power curve of a variable speed wind turbine
In order to show the active and reactive power of a wind turbine
with a SGSC based DFIG, in which the power processing is made

Electric Power Systems Research 173 (2019) 18-28

shifting the phases of the stator voltage and current by the SGSC and
RSC, the maximum power tracking curve of the aerodynamic model of
wind turbine is submitted to equations of the proposed methodology.
For such task, first, the power x angular speed curve is submitted to the
Egs. (1) and (2) to obtain the stator active power, rotor active power,
and machine slip. The results are given in Fig. 8 for subsynchronous
operation.

In Fig. 8, it is possible to see that the rotor active power and the slip
decrease as the wind speed increases. On the other hand, the stator
active power becomes close to the total DFIG active power as the DFIG
becomes closer to the synchronous speeds.

Considering |U| =|U,| = 1 and under the limit of 6,, in which the
stator current is still aligned to the stator voltage, the equations of
stator and DFIG active power can be written as:

R=1I (€19
P, = Iccos(6,) (32)

Therefore by Egs. (31) and (32) it is possible to obtain I and 6,
values until the limit of 6,. Further, using the limit value of 6,, the
values of 0; can be obtained by:

5
6; = tan~!| cotf, — —
Bsin, (33)

And the stator current is given by:
I; = Rcos(6;) (34)

With the values of 6, and 6; the DFIG reactive power can be cal-
culated by:

Q, = Isin(8, + 6) (35)

Using Egs. (31),(32),(33),(34) and (35) over the values of the Fig. 7,
the DFIG reactive power is obtained for maximum values of 8, of 90°,
30°, and 25°. The results are illustrated in Fig. 9.

As seen in Fig. 9, the lower the limit of 6,, the higher the DFIG
reactive power, due to the higher values of 6;. Therefore it should be
used the higher 6, possible, which is limited by the distortions in the
stator voltage. These distortions have been observed for 6, slightly
greater than 30°, thus a limit of 25° is considered for 6,. Fig. 10 illus-
trates the apparent power for different values of 6, which is calculated
considering the maximum current for subsynchronous operating con-
ditions.

Fig. 10 shows that the reactive power increase provided by the
proposed method does not lead the system to operate over the nominal
capacity. This is mainly because the proposed control is designed for
subsynchronous speeds and, as a consequence, for low power levels
absorbed from the wind.

3.1.2. Control system flowchart
In this section, a flowchart is presented in Fig. 11 to illustrate how
the decisions are made in the control. As seen, firstly the measured

0.7 T T o
—6=0
0.6 - °
I —6=5
L i
§ 0.5 —9i=10°
[ - . p=15°
'E 0.4 Bi 15
& 03| —0=20"
< 0 i
U o
8 02+ 6725
) —0=30"
0.1 A .
0.=35
0 —— | | | 1 1 1
0 5 10 15 20 25 30 35 40 45

Fig. 6. SGSC active power for different phase angles of voltage and current.
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DFIG total reactive power

Fig. 7. Total DFIG reactive power.
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0 | | | | | 1 | 1 | 0
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Wind Speed (m/s)

Fig. 8. Active power and slip as a function of wind speed for subsynchronous speeds.

value of the Dc-Link voltage is compared to the reference value and
error (delta) is calculated.

If delta is negative, the amount of active power absorbed by the
SGSC must be increased. To reach this goal, as seen in Fig. 11, if 6, is
lower than 25° it will be increased, but if 6, has already reached its limit
of 25°, 6; will be increased.

If delta is positive, the amount of active power absorbed by the
SGSC must be decreased. To reach this goal, the opposite procedure is
performed, if 6; is higher than 0°, it will be decreased. Otherwise, 6, will
have to be reduced.

3.2. Reactive power control

The proposed solution results in reactive power exchange between
the turbine and the grid. However, current grid codes related to the
power factor of wind parks usually require the control of the power
factor at the point of common coupling (PCC) in a typical range from
0.92 inductive to 0.92 capacitive.

As a solution, a coordinated control can be applied to the turbines of
the wind park to keep a specific power factor at PCC, which is con-
sidered a unitary power factor in this paper, but other values can also be

0.35 T T

used. The coordinated control is managed by the supervisory system,
which is commonly available in wind farms and provides the needed
communication structure to perform control among wind turbines.

The reference for the control is the reactive power at PCC, and then
the reactive power level of each wind turbine is adjusted considering
the control of the direct component of SGSC voltage.

In order to perform the reactive power control, the wind farm
should be divided into two groups: the first group with a leading power
factor and the second one with a lagging power factor, so that the net
power factor is the closest possible from required power factor, in this
case unitary.

Although it is more convenient that each group presents the same
output active power, it is not mandatory. Indeed, to start the process, it
is important to know the active power of each group, which can be
estimated by the measured wind speed of each turbine in the group or
obtained directly from the SCADA system of the wind farm. As the re-
active power contribution of the group can be divided by the number of
turbines, the groups can have a different number of turbines, which can
even operate under different wind speeds.

The control is performed by comparing the measured power factor
with the required power factor at PCC. If there is an excess of reactive

0.3

0.25

0.2

0.15

Reactive Power (p.u)

1 | 1 | | 1

01 1 1 1 1
9.5 10 10.5

11 11.5 12 12.5 13 13.5

Wind Speed (m/s)

Fig. 9. DFIG Reactive Power x Wind Speed for subsynchronous speeds.
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Fig. 11. Subsynchronous power control flowchart.
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Fig. 12. Impact of stator voltage on the turbine reactive power.

power, the reactive power of the group responsible for injecting re-
active power should be reduced. Otherwise, if there is a lack of reactive
power, the reactive power of the group responsible for reactive power
absorption should be reduced.

In order to decrease the reactive power contribution of a group of
turbines, the magnitude of the stator voltage, Uy, should be increased
related to Uy. As only a small fraction of the active power of turbines is
managed by the reactive power equalization control, changes of the
stator voltage magnitudes do not impose a relevant impact on the stator
flux.

To illustrate how the SGSC can change the reactive power provided
by varying the stator voltage, Fig. 12 brings the same projection of the
reactive power by wind speed seen in Fig. 9, considering 6, = 25°, but
varying the stator voltage module in a small range, from 0.95p.u to
1.05p.u.

As one can see in Fig. 12, the increase or decrease of the direct
component of stator voltage regulates the amount of power that must
be absorbed using the phase shift method, therefore the DFIG reactive

23

power changes. As a consequence, increasing the direct component of
the voltage in one group of turbines or reducing in the other allows
compensating the net reactive power at the PCC.

The main strategy of the coordinated reactive power control is il-
lustrated in the flowchart presented in Fig. 13. When PCC power factor
is different from the reference, the control is enabled.

According to the flowchart presented in Fig. 13, firstly the reactive
power is obtained from PCC and from each turbine. Q.. direction is set
as the positive reference, therefore, the group of turbines with Qg
aligned with Qp.. will have positive values of reactive power and the
group of turbines with Q, counter-aligned with Qp.. will have negative
values of reactive power.

Then turbines with positive values of Qg will have Uy increased to
reduce the reactive power level required for the active power absorp-
tion. Turbines with negative values of Qg will have Uy decreased to
increase the reactive power level required for the active power ab-
sorption.
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Fig. 13. Coordinated reactive power control flowchart.

3.3. Block diagrams

Figs. 12 and 13 present the control block diagrams of SGSC and RSC.
In these controls, the direct axis of the dq0 frame is aligned with the
grid voltage.

As one can see in Fig. 14, the reference value of the direct compo-
nent of SGSC voltage (Usgscq™®) is calculated first to balance the module
of the stator voltage (1Uy!) to the module of the grid voltage (| U, ], and
secondly to absorb or inject active power in the grid modifying the level
of active power to be controlled by the phase shifting and balancing the
reactive power between both groups of turbines. The quadrature com-
ponent of the SGSC voltage (Usgscq*) is responsible for keeping the Dc-

Qrcc*=0
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Link voltage constant in order to guarantee the correct power flow
between the rotor of the machine and the grid.

In Fig. 15, it is possible to notice that the quadrature component of
the stator current is only responsible for controlling the DC-Link voltage
after 6, reaches its limit, below this conditions the quadrature control of
the RSC just keeps the stator current aligned with the stator voltage.
The direct axis control is responsible for the DFIG active power,
tracking the curve of best efficiency of the turbine.

It is worth to mention that the controls are applied over the de-
composed positive sequence signals, in order to avoid that the negative
sequence components of a symmetric or asymmetric fault cause a re-
levant impact over such controls. As seen in Ref. [19], the decom-
position is made by Multiple Second Order Integrators - MSOGI’s [36].
Such care is taken, even considering that the operation of the proposed
controls under fault is out of the scope of the paper, due to the effect
that the decomposition process has to the positive sequence controls.
An alternative for such method is the use of Proportional Resonant
Controllers — PR’s [37].

4. Method validation

In this section, the power processing method is implemented in a
model of a Wind Park with turbines employing the SGSC based DFIG’s.
The test system is presented in Fig. 16. The model is developed using
Matlab/Simulink. The aim is to analyze the effects of the method over
the parameters of the asynchronous machine and converter.

The modeled test system is composed of seven 2MVA SGSC-based
DFIG’s, which are connected to PCC by a Y-A transformer. The DFIG
parameters are presented in Table 1. A load is connected to PCC and a
50km m-line connects the wind turbines to a 120 kV-system. The
120 kV system is modeled by a transformer, a mutual impedance, and a
120 kV controlled voltage source. A grounding transformer is connected
to the 25 kV section to avoid zero-sequence currents flowing in the grid.

The turbines are divided into two groups with slightly different
mean wind speeds. The first group, with three turbines, operates at
12.3m/s mean wind speed and the second group, with four turbines,
operates at 13 m/s. Therefore, the angular speed of group 2, identified
in the figures by T2, is slightly higher than the angular speed of group 1,
identified in the figures by T1, as shown in Fig. 17. Such difference at
the number of wind turbines is intentionally chosen to increase the
difference in the total power of both groups, as the group with the
turbines that operates with higher wind speed has also the higher
number of turbines. Therefore, increasing the level of actuation of the
Reactive Power Control.

As shown in Fig. 17, the angular speeds of groups 1 and 2 are, re-
spectively, 0.86 p.u. and 0.94 p.u. Likewise, group 2 presents a higher

U Usd
sabe_| abc U
> *
dq0 5q abc U SGSCabc
U ! N dq0
gd *|

U gabe_| abc U 7| Angle 9 Uscsc

dq0 849 | Estimator|

Fig. 14. SGSC control block diagram.
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< 0385 ) ) -
0 5 10 15 20 with the dqO axis referred to the stator voltage, are presented in Figs. 21

electromagnetic torque, which can be seen in Fig. 18. The electro-
magnetic torque of groups 1 and 2 are, respectively, —0.56 p.u. and

—0.62p.u.

The stator voltages of the turbines, with the dq0 axis, referred to
PCC voltage, are presented in Figs. 19 and 20. Likewise, stator currents,

Time (s)
Fig. 17. Angular Speed.

25

and 22.

The phase shifts of the stator voltages of groups 1 and 2 turbines
occur in the opposite direction. Therefore, the reactive power from each
group of turbines partially cancels each other. The calculation of angles
is performed, after the system reaches the steady state, by the arctan-
gent of g/d relation. The obtained values are 25° leading from PCC
voltage for group 1 and 21.5° lagging PCC voltage for group 2.

It is worth to emphasize that the current angles have only deviated
from the stator voltage angle when it reaches its limit of 25°. When
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Time (s)

Fig. 24. PCC Current.

calculating the angles of the stator currents of the turbines, using the
steady-state values presented in Fig. 22, it is possible to notice that the
stator current of group 2 is aligned with the stator voltage, due to the
limit of the stator voltage angle deviation that was not achieved. In
group 1, the stator voltage angle deviation reaches its maximum,
therefore the current has also its angle deviated reaching a phase shift
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of 11.2°. PCC voltage and current are presented in Figs. 23 and 24.

Figs. 23 and 24 illustrate that reactive power control succeed. The
reference for defining dq0 axis is the PCC voltage, therefore its q
component is zero. As the PCC current has also its ¢ component equal to
zero, is verified the compensation of the reactive power of both groups
of turbines.

The control, which keeps the total compensation of the reactive
power of both groups of turbines, is performed by changing the mod-
ules of the stator voltage of each group of turbines, more specifically
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Fig. 31. SGSC Power - Turbine 2.

acting over the direct component, as previously explained. The modules
from the stator voltages and of PCC voltage are shown in Fig. 25.

As seen in Fig. 25, group 1 of turbines present the stator voltage
magnitude reduced by SGSC in comparison with PCC voltage. There-
fore, there is an injection of active power in the grid, increasing the
power level to be absorbed by the stator voltage and current angle
deviation, consequently, the reactive power exchanged between the
turbine and the grid.

The opposite situation occurs with group 2 of turbines. SGSC in-
creases the stator voltage in comparison with PCC voltage. Therefore,
absorbing power and reducing the power level to be absorbed by the
stator voltage and current angle deviation, consequently the reactive
power exchanged between the turbine and the grid. The variation of the
stator voltages magnitude, in this case, is + 0.02 p.u., which does not
represent a saturation risk of the stator flux.

Figs. 26 and 27 illustrate the voltages at Dc-Link of the turbines of
both groups.

Figs. 26 and 27 show that Dc-Link nominal voltages were success-
fully maintained by the proposed control method, with constant values
after the turbines reach the steady-state operation. It can, therefore, be
stated that the posed method succeeds in the power processing task.

Turbines and PCC active and reactive power are presented, re-
spectively, in Figs. 28 and 29. In these figures, PCC active power is the
mean value between the values obtained from both groups. It must be
highlighted that the base value for PCC active power is two-fold the
base value for the stator active power (PCC- 4 MW, Stator-2 MW) and
that group two has one turbine more than group one. Therefore, the
difference seen in the power from both groups is due to different rated
power used, but they indeed are equal as the group 1 needs to have its
power multiplied by 3 and the group 2 by 4. Fig. 29 reinforces that the
reactive power compensation of the turbines is successful, resulting in
no reactive power at PCC.

The SGSC’s active and reactive powers from both groups of turbines
are shown in Figs. 30 and 31. As seen in the figures, the major part of
SGSCs powers is reactive power. Although, the reactive power control
allows to compensate such reactive power provided by both groups of
turbines, as already demonstrated. The phase opposition between the
SGSC reactive powers from the turbines of each group is also seen
comparing the Figs. 30 and 31.
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5. Conclusion

The use of a SGSC power control based on phase shifts of the stator
current and voltage is investigated as a solution for the rotor power
managing problem of SGSC-based DFIG when operating at sub-
synchronous speeds. A coordinated control is also proposed to reduce
the reactive power at PCC produced by wind turbines operating out of
the unitary power factor.

Simulation studies are provided to validate the proposed solution
regarding the aspects of DC-Link voltage maintenance and PCC reactive
power control.

Firstly, the results have shown that the proposed method succeeded
in controlling SGSC power flux for both groups of turbines operating in
different subsynchronous speeds. Considering the period when the
turbines are already in the steady state, it is possible to claim that the
voltages at DC-Link of the turbines were kept constant at their nominal
values and the stator voltage modules have their values near PCC vol-
tage, therefore, avoiding any saturation in the stator flux.

Secondly, the reactive power provided by each group of turbines
achieved the proposed reduction at PCC even with the turbines oper-
ating at different operational points. Therefore, the opposite phase shift
of the stator voltages and currents of each group of turbines, associated
with the UPFO-based control to deal with the difference between the
reactive powers was effective.

In this context, it is possible to conclude, based on the analyses of
the results, that the series-based DFIG configuration tends to be a good
solution considering cost, complexity, and voltage hide through capa-
city.

Among the future perspectives of this work, the response of the
series DFIG to symmetrical and asymmetrical faults during sub-
synchronous operation will be investigated to further explore the ben-
efits of this configuration and the control proposed in this paper.
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