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Fault Ride-Through Enhancement of
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Abstract—A control strategy is proposed to enhance the opera-
tion, under network disturbances, of a wind turbine driven doubly
fed induction generator (DFIG). The scheme allows us to overcome
low voltages, imbalances, and harmonic distortions at the point of
common coupling. The control law is designed using a feedback lin-
earization approach plus resonant filters; this law directly controls
the DFIG stator powers from the rotor voltages, unlike the most
used nested two-loop approaches. An accurate control of the active
and reactive powers delivered to the grid permits us to fulfill se-
vere grid code requirements and to improve the fault ride-through
capability. Under unbalanced conditions, the reference currents
of both grid- and rotor-side converters are coordinately chosen to
simultaneously eliminate the double-frequency pulsations in the
total active power and electromagnetic torque. Several tests and
disturbances to provide a realistic assessment and validation have
been performed, showing the adequacy of the proposed controller.
Comparisons with other control approaches with different objec-
tives are also presented to illustrate the advantages regarding elim-
ination of the double-frequency ripples and harmonic rejection
capability.

Index Terms—Distorted voltage, fault ride-through (FRT) capa-
bility, feedback linearization, grid code, resonant controller, wind
energy conversion system (WECS).

I. INTRODUCTION

ARTABLE-SPEED wind turbines based on doubly-fed in-

duction generators (DFIGs) are nowadays an extended and
mature technology [1], while wind energy conversion systems
(WECSs) are increasing their participation in the power genera-
tion matrix displacing conventional fossil-fuel generators. In or-
der to prevent possible adverse effects (transient stability, power
quality, and system inertia reduction) produced by the high
wind power penetration, network operators are ever-increasing
the grid code requirements, assigning several network support
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tasks to WECS [2], [3], such as more severe fault ride-through
(FRT) capabilities, additional reactive power injection to the
grid [4], short-term frequency regulation (transiently releasing
active power [5], [6]), stability enhancement [7], and oscillation
damping [8]. For all these functionalities, a more precise control
of the DFIG stator active and reactive powers is required.

On the other hand, WECS are usually located in rural ar-
eas, far away from strong grid buses where wind resources are
abundant, so that the WECS point of common coupling (PCC)
often presents unbalanced and distorted voltages [9]. Unbal-
anced voltages cause several drawbacks in the DFIG wind tur-
bine [10]. First, due to the low negative-sequence impedance of
a DFIG, high negative-sequence currents flow in the stator re-
sulting in overcurrents and overheating. Second, the interaction
of negative-sequence voltages with positive-sequence currents
produces a sustained double-frequency (2w) pulsation in the
electric power and electromagnetic torque. These pulsations are
not negligible and generate a high stress in the turbine mechan-
ical system, contributing to the gearbox fatigue or even to the
damage of the rotor shaft, gearbox, or blade assembly [11].
These electrical and mechanical problems, beyond a certain
amount of imbalance, can activate DFIG protections and discon-
nect the windmill [12], [13]. Apart from imbalances, harmonics
can also be present in a weak electrical network. If the con-
troller does not take into account these voltage harmonics, then
stator currents will be distorted as well, along with an increase
in the machine copper and iron losses. Considering that power
quality standards demand that harmonic-free currents must be
delivered to the grid, then both imbalance and harmonics have
to be properly addressed in the controller design stage.

II. BACKGROUND
A. Classical Control Strategies for DFIGs

Direct torque control (DTC), direct power control (DPC), and
vector control (VC) [14] are among the most widespread strate-
gies for DFIGs. Some disadvantages of the DTC strategy are
that its success depends on an accurate estimation of the instan-
taneous electrical torque and rotor flux, and that it is influenced
by machine parameter variations. Since the DPC relies on a few
signal measures, sensors need to be precise and so DPC has low
robustness to measurement noise. Both DTC and DPC strategies
must have a small control sampling time and large sensor band-
width to be inside their defined hysteresis bands. On the other
hand, although the VC is more complex to implement than DTC
and DPC algorithms, the inclusion of proportional-integral (PI)
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controllers increases its robustness to unmodeled dynamics, pa-
rameter variations, and measurement noise [14]. For this reason,
VC has some advantages over DTC and DPC, being more used
in DFIG applications and studies [15].

B. Straight-Line and Nested Control of DFIG Stator Powers

Several approaches control the stator powers in a cascade
way by controlling the rotor currents (see [10], [11], [16]-[22]).
First, a fast inner rotor-current control is designed, and then an
outer stator-power control is implemented. Any major interac-
tion between both nested control loops is prevented by designing
the outer stator-power loop to respond more slowly than the in-
ner rotor-current loop. On the other hand, a faster stator-power
control can be made by choosing a straight-line control from the
rotor voltages to the stator powers [23], which avoids interaction
between nested inner and outer loops, and allows easy control
tuning.

Even though the straight-line control approach involves more
mathematical operations, it presents several advantages regard-
ing the control performance of the stator powers. However, an
obstacle arises when it is attempted to control directly the stator
active and reactive powers. As is mentioned in [23] and [24],
the marginal stability of the DFIG zero dynamics avoids the
implementation of an input—output control when an exact direct
inversion is made (for instance, from rotor voltages to stator
powers). This internal dynamics has an oscillatory behavior and
it is not appropriate for practical implementations. For this rea-
son, most of the DFIG approaches are based on the aforemen-
tioned nested two-loop structure. Nevertheless, this obstacle can
be overcome by using a simplified second-order model, instead
of the full fourth-order model when the DFIG electrical dynam-
ics is considered in the controller design. A control law based on
feedback linearization is proposed in [25] with the rotor slip and
the terminal voltage as control outputs. However, as explained
previously, to properly fulfill grid codes and additional network
support tasks we choose the DFIG active and reactive powers
as control outputs.

C. Unbalanced and Distorted Voltage Conditions

In the past years, several works have introduced strategies
to deal with unbalanced conditions in DFIG-based WECS
[10]-[13], [18], [19], [26], [27]. They can be classified into
the following categories: the first approach [10], [13], based on
a dual VC, independently controls the positive- and negative-
sequence currents in two different reference frames; the second
category [11], [19], [26] uses a proportional plus resonant con-
troller which allows tracking constant and sinusoidal references
without steady-state error. A main-auxiliary control strategy is
also presented in [18], whereas other alternative schemes are
proposed in [12] and [27]. However, all of these control strate-
gies are based on the nested two-loop control approach. On the
other hand, papers on strategies which directly control the DFIG
stator powers [23] do not introduce controllers to overcome un-
balanced conditions.

In addition, when a controller able to ride through unbalanced
conditions is designed, several objectives have to be taken into

account. The main target of a controller under imbalances is to
nullify the 2w pulsations in both the total active power delivered
to the grid and the DFIG electromagnetic torque. This is simul-
taneously accomplished only if a coordinated control between
the grid- and rotor-side converters is considered [13], [18], [26].
When converter coordination is not developed, only one of the
2w pulsations can be mitigated, as it was done in [10]-[12],
[19], [27]. An additional advantage arises when 2w pulsations
in the total active power and electromagnetic torque are simul-
taneously nullified, named that the 2w pulsations in the dc-link
voltage are also largely reduced.

The aforementioned works only consider unbalanced volt-
ages, and do not take into account the presence of voltage
harmonics in their control proposals. These harmonics make
distorted currents to be delivered to the grid, drawback that can
be overcome by adding resonant filters for each harmonic in the
controller design. This was implemented in [28], where a nested
two-loop control was used and imbalances were not considered.

D. Summary of the Features of the Proposed Control

1) Straight-line control from the rotor voltages to the DFIG
stator powers is attained, unlike the most used nested two-
loop control.

2) Under unbalanced conditions, the 2w pulsations in the
total WECS active power and the DFIG electromagnetic
torque are simultaneously nullified, reducing the dc-link
voltage oscillations as well.

3) Alarge FRT capability is achieved, along with an accurate
reactive power injection under low voltage events.

4) Harmonic-free currents are delivered to the grid when
voltage harmonics arise at the PCC bus.

5) A more robust synchronization is accomplished by us-
ing a voltage-oriented approach, unlike the field-oriented
approach which needs a precise flux estimation.

6) The controller tuning is carried out in the discrete-time
domain, which makes its implementation in digital signal
processors easier.

III. DFIG MODELING

The DFIG-based WECS is schematically represented in
Fig. 1. The considered wind turbine mechanical system consists
of two lumped masses (the wind turbine and the electric ro-
tor) connected through a nonrigid shaft [16]. As mentioned, the
DFIG electrical system can be represented by a second-order dy-
namic model obtained from the full fourth-order model, which is
accomplished by neglecting the stator-flux dynamics zbdq =0,
as justified in [29] and [30]. This second-order electrical model
in a synchronous reference frame, in a per unit system, can be
written as follows (see [25], [29]-[31]):

T0€y = —€y + (Ls — L) ig — o€ QpAw —e,q (1)
Théy = —ely — (Ly — LL) iy + The, QpAw + ey (2)

. . .. . , , .
where iy, = 1y + Jiq, €0 = €4¢ + jerq, and €y =€ T ey
are the stator current, rotor Voltage, and transient electromotive
force voltage vectors, respectively. Aw = w — w; is the rotor
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slip, Rs, Ls, and L, stand for the resistance, self-inductance,
and transient inductance of the stator winding, respectively, and
7(, is the rotor transient time constant. Expressions (1) and (2)
represent the DFIG differential equations (where ¢;; and e;, are
dynamic states), whereas the algebraic equations (where ¢, and
1, are algebraic states) are

0=—Rsig — L;iq + e& — Vg 3)
0= —Ryiy + Liiq + e; — v, )

and vg4, = vy + jug is the stator voltage. Finally, the DFIG
stator powers are related to the stator currents by

Ds = Vqlq + Vgl (5)

qs = 'Udiq - qud. (6)

IV. STRAIGHT-LINE CONTROL OF DFIG STATOR POWERS

Feedback linearization is a powerful tool to control coupled
nonlinear systems. This technique achieves high performance
tracking by choosing auxiliary control inputs in a particular
way to accomplish an exact linearization in the whole operating
range, so that the original system becomes a linear decoupled
one. A guideline of the control law derivation is introduced in
this section, and further details of the feedback linearization
control theory can be consulted in [32]. Equations (5) and (6)
show that, by managing the stator currents 74 and i,, we can di-
rectly control the DFIG active and reactive powers. The control
outputs i and %, are obtained from the algebraic equations (3)
and (4) as

R (e, —vg) — L. (e/ —w
id: 6( d d) ;s(q fI) (7)
R2 4+ L2
L R, (e;—vq)—i—L’s (e} —va) ®
! R2 + L2 ’

First, the DFIG second-order electrical model, given by (1) and
(2), along with the control outputs (7) and (8) is written in a
matrix form as

x=f(x)+G(x)u )
y =h(x) (10)
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e, eyl

—6; =+ (LS — L;) iq

!
A o

o 7AW
€d (Ls Ls)lq +G;QBAUJ

A T A . T
5 u:[erd erq] s y:[ld Zq]

— GQQBALU

!/
T

A 1 (-1 0
6o ml-7 |y )
1 r I JAY OV
hoo 2 (1] = ot [ e
h’2 Re + Ls Ry (eq - UQ) + Ls (ed - Ud)
where x, y, and u are the state, output, and input vectors, re-

spectively. Next, the control law linearizing the system (9), (10)
results (see (6.96) in [32] for further details)

lera er]” =B () ([ua w,]" —a) (D
where
A [Lg nghl} A[thl}
E(x)—{Lg]hQ Lohn )’ a(x) = Loy | (12)

A simplified notation within Lie derivatives is used, where
Leh; = aha"%f denotes the Lie derivative of h; with respect
to f [32]. Then, by considering the DFIG system the matrices
of (12) yield

T (Rsid—FL;iq + Ud) QpAw + Rsiq — Lgig + Vg

Ela:[ 0
/ . / . . . N
70 (Rsiqy — Liig+v,) QpAw — Ryig — Lgiy — vy

Therefore, from (11) the rotor voltages result

. . ! /
erd = Lsiqg — Rgiqg — vy + 7( (Liug — Rsuyg)

— 70 (Rsia + Liig +vq) QpAw (13)
Crq = L,siq + Rgig + vg + T6 (Llsuq + Rsud)
— 7'6 (Rsiqg — Llig+ vg) QB Aw. (14)

Finally, by differentiating with respect to time the control out-
puts iq and 4, from (7) and (8), and using the control law (13)
and (14), the following two decoupled first-order linear systems
are obtained:

15)
(16)

Iq = Ug
Zq = Uq.

This makes it easier to design the auxiliary control signals ugy
and u,, as it will be developed in the next section.

At this point, it is worthy to deal with an eigenvalue analy-
sis which exposes the marginal stability issue. The eigenvalue
movement of the closed-loop system when increasing the con-
trol gain is presented in Fig. 2. An approach controlling the
DFIG stator currents using the fourth-order electric model is
represented with square marks. The proposed approach using
the simplified second-order electric model is shown with solid
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circle marks, and the eigenvalues of the open-loop case are
shown with asterisk marks. When increasing the control gain,
for both control approaches, the eigenvalue associated with the
rotor-flux dynamics can be damped and placed in a desired loca-
tion. However, the first scheme makes the eigenvalue associated
with the stator-flux dynamics to have a real part equal to zero
(marginal stability) for all control gains. On the other hand,
the proposed approach allows us to impose a desired rotor-flux
dynamics, and almost does not affect the stator-flux dynamics.
This results in a stable DFIG operation and a high-performance
and implementable controller, as will be shown in Section VII.

V. CONTROL DESIGN TO RIDE-THROUGH DISTORTED AND
UNBALANCED CONDITIONS

A. Dynamic Extension of the System

After the input transformations (13) and (14), the DFIG elec-
tric model was simplified to a pair of decoupled first-order
linear systems (15) and (16). Note that these systems have a
structure of the general form & = u, or in the Laplace domain
G(s) = gé;; = %, which can be digitized by using the zero-
order hold (ZOH) discretization as follows [33]:

vy - z{few) =

where Z stands for the z-transform and 7, is the control sam-
pling time. The discrete system transfer function (17) can be
written in a state-space representation as

a7

(18)

In order to build the control signal uy, the following must be
taken into account. In general, the grid voltage can be considered
as a sum of several frequencies. For instance, the main com-
ponents are +w (fundamental), —w (imbalance), —bw, +7w,
—11w, +13w, ... (harmonics). In a reference frame rotating to
the synchronous speed, the aforementioned frequency compo-
nents are shifted to Ow (dc component), 2w, +6w, £12w, ...,
etc. A PI controller could be implemented to track dc compo-
nents; however, to guarantee a null steady-state error for 2w

Tpg1 = o) + Tiuy.

components and a rejection of harmonic components in the
PCC voltage, resonant filters (high gain paths) should be added
to the controller, with resonant frequencies at 2w (imbalances),
+6w (harmonics —5w and +7w), +12w (harmonics —11w and
+13w), etc. In the continuous time domain, a resonant filter with
resonant frequency w, is given by

s
s2 +w?’

Gy (s) = (19)
A discrete state-space representation of the continuous transfer
function (19) can be obtained either by using a discretization
via the ZOH method (further details of the ZOH discretization
can be consulted in [33]) or by using the “c2d” command of
MATLAB. Then, it results

he | = A hY" + B 5 (20)
where
w, A
hy = [z aar ]’ @1
w, A0 -1
AT = [1 2cos(er5)} (22)
per & sin(wTy) [‘1} . (23)
Wy 1

The current tracking error is denoted as s, = x;, — x}, where
indicates the reference current value. By combining the system
model (18), the PI regulator, and the resonant filters at frequen-
cies 2w, 6w, and 12w [using the resonant model (20)], we can
obtain an extended system model as follows:

Wit+1 = Awy + Bu, — B, 2}, 24)
where the following vectors and matrices are defined:

wi 2z, g b by hee ]l (25)

1 0 0 0 0

A T 1 0 0 0
A=|B 0 A 0 0 (26)

B 0 0 Avs 0

B2 0 O 0 Ave

B2[1, 0 0 0 0] 27)
B,2[0 7, B* Bw B«:]’ (28)

The new extended state vector wy, is built with the system state
x) (stator current 74 or i,), the integrator state of the PI 7y,
and the internal states h}*, h;®, and h;'* of the resonant filters
2w, 6w, and 12w, respectively. If it would be necessary to con-
sider more harmonics for a particular application, they could be
simply added in the diagonal of the matrix A, in (26). This ex-
tended system allows us to calculate the control input uy, using
a state-space design method. Therefore, the control input uy, is

obtained feeding back all the extended states
up = —Kwy, + er;; (29)

where K is the control gain matrix and K, = K(1). Then, by
replacing the control law (29) in the extended system (24), the
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closed-loop system is obtained as

wii1 = (A —-BK)w; + (BK, — B,) ;. (30)

B. Control Gain Synthesis

The feedback gain matrix K is chosen so that the matrix
(A — BK) is stable and gives a desired closed-loop system
response. This can be made by using linear techniques such
as the optimal quadratic regulation [33]. The optimal con-
trol gain is obtained by minimizing the cost function J =
Sory (WZ Qwy, + uf Ruk). This index J could be easily min-
imized by using the “dlqr” command of MATLAB.

A block diagram of the whole control scheme is presented in
Fig. 3, where the different stages of the strategy are shown.

VI. REFERENCE CURRENT CALCULATION
A. Reference Currents of the Rotor-Side Converter

Under unbalanced conditions, the DFIG stator apparent
power can be partitioned as follows [13], [26], [34]:

2 o
Ss = 5 Vabel
3 abe

ES
+ Jwst — —jwst s+ Jwst s— —jwst
(vdqe s +qu€ s 17,€ 54 17,¢ s

= (ps + pss Sin 2wt + ps,. cos 2w, t) +

+ 7 (gs + qss 8in 2wt + s cOs 2w;st) 31)

where ps and g, are the constant (dc) components of the stator
active and reactive powers, whereas pss, Psc, Qss, and gs. are
the amplitude of the sine and cosine 2w oscillation terms of
active and reactive powers, respectively. Symbols (+), (-), and
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Block diagram showing the implementation of the proposed strategy as well as the different stages of both rotor- and grid-side converter controls.

() are used to indicate a positive sequence, negative sequence,
and conjugated value, respectively.

Likewise, the electromagnetic torque of the machine can be
written as (see [13] and [35])

2 .
Te = *gIm {Yabeinpet

= Teo + Tes SiN 2wt + To cOS 2wist. (32)

Expanding the current and voltage vectors in (31) and (32), the
following relations are obtained:

ps =igug +iguy +igv, +ifvf (33)
g =i 5 + i;v; —igu, — z;v;“ (34)
Tes = igthg — iy — i ¥y +igyy (35)
Tee = i Uf +iJ g — i, —igwy . (36)

In order to eliminate the 2w ripple in the electromagnetic torque,
its oscillating terms in (32) must be nullified (7.s = T.. = 0).
On the other hand, the reference of the DFIG active power py is
obtained from a maximum power point tracking (MPPT) algo-
rithm which, by using a lookup table of the turbine maximum
power curve and measuring the rotor speed, gets the optimal ac-
tive power [21]. The reference of the reactive power ¢} injected
by the DFIG is calculated from a typical grid code curve (see the
right-side plot in Fig. 5) which relates the injection of reactive
current with the voltage amplitude at the PCC [4], [36]. Tak-
ing into account these considerations, from the equation system
(33)—(36), the reference currents of the rotor-side converter are
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i v vl —v, Uy qa a7
iy e B I R 0

il Ly v e owp] Lo

If the stator currents follow the aforementioned references, the
active and reactive powers injected by the DFIG will be p% and
qx, whereas the 2w pulsations in the electromagnetic torque
will be eliminated. To accomplish these objectives, we use all
the control freedom degrees of the rotor-side converter; in the
next subsection, we will coordinate the rotor-side and grid-side
converters to nullify the 2w pulsations in the total active power
injected by the WECS under unbalanced conditions.

B. Reference Currents of the Grid-Side Converter

The apparent power injected by the grid-side converter to the
grid can be partitioned as follows [37]:
2

ok
Sg = gvabc Lyabe

= (pg + Pys SIn 2wt + Py cOS 2wqt)

+ j (g + qys Sin 2wst + g4 cos 2wst) . (38)

The total WECS power is the sum of the powers from the grid-
side converter and the DFIG stator. Then, to eliminate the 2w
pulsations in the total WECS active power, we need to inject with
the grid-side converter the opposite 2w oscillating active power
which delivers the DFIG stator (pys = —pss and pge = —psc)-
Consequently, by proceeding as in the above subsection, the
reference currents of the grid-side converter can be obtained as
follows:

. _ 91

itk + + "

igd vy v, vy v, P

Rl _

7 _at + oy *

9a | Vg Yy Vg  Ya g (39)
Ggd —vo v, ub —uf —p

ga q d q d ss

F—%

) - - + + —

94 vy Vg U, U, Psc

The reference of the active power pj is obtained from a PI reg-
ulator which controls the dc-link voltage, whereas the reactive
power g contributes to compensate the reactive consumption
of the step-up transformer, lines, and cables which connect the
windmill to the PCC.

Matrices in (37) and (39) are singular when the squared mag-
nitude of the negative-sequence voltage equals the positive-
sequence voltage, i.e., (v > + v/ ?) — (v; % +v;%) =0 (see
[13], [38], [39] where similar equations were used). However,
this is a quite extreme case of unbalanced voltage, and, in such
cases, a limited action of the ripple elimination should be per-
formed not to exceed transient or normal operating ranges of
the machine and converters [35].

Unlike the controller stage designed in Section V where, by
using resonant filters, we allowed to track 2w-signal references
and to reject grid harmonics, at this reference calculation stage, a
sequence detection algorithm is required to obtain the positive-
and negative-sequence voltages needed to compute (37) and
(39). Fig. 3 shows where the resonant filters and the sequence
detention algorithm are used. The required extraction of the
positive- and negative-sequence components is accomplished
by using the technique described in [40].

VII. PERFORMANCE TESTING

This section presents the most relevant results regarding
the assessment of the proposed strategy. The system and con-
troller are implemented in the SimPowerSystems blockset of
SIMULINK/MATLAB. The power system configuration and
data used in tests are shown in Fig. 1. The control parameters
are K=[ 984 108 541 —548 725 —793 ], K, =984, and gains
of the dc voltage PI regulator K, =0.35 and K; =1.75. Outer-
loop PI control was synthesized according to the guidelines

presented in [21] and [41] using MATLAB SISO tools. The



LEON et al.: FRT ENHANCEMENT OF DFIG-BASED WIND GENERATION

disconnection is not allowed

781

normal
operation

Zone N

Zone C

N Zone B Zone D

02-f---

0.85

fault and Zone D
recove .

i reactive power
Zo0® consumption
o

I
]

I

I
S e -

0.5

Zone B i Zone A

I(reactive)

0 Itotal)

0015 05 1

Fig. 5.
(right-side plot), both from the Spanish grid code [36].

simulation conditions are wind speed v,, = 10 m/s, mechanical
torque 7}, =0.8 pu, and turbine speed w; =12.57 RPM.

To analyze the controller robustness, it is assumed that its
machine parameters are different from the actual plant parame-
ters. A 20% error is considered for the mutual inductance, L,,
(similar results are obtained for an error of —20%). Analyzing
this error is relevant because several DFIG parameters such as

! Ly I __L,
L,=L,+Lis, L=Lo+Liy, L\=L, — % and 7 =gLe de-

pend on this parameter. A 30% error in the stator resistance is
also considered.

A. FRT and Grid Code Compliance

A three-phase fault test with standard voltage sag, from the
Spanish grid code [36], is performed to evaluate the FRT capa-
bility and the grid code fulfillment. Fig. 4(a) shows the voltage
amplitude at the PCC bus. This is a hard requirement, as the low-
voltage condition puts the system at an operating state which is
far from the normal one. Moreover, the grid code demands the
WECS not only to remain connected but also to deliver reactive
power to the grid in order to support the voltage recovery [see
the dashed line @Q* in Fig. 4(b)]. For comparison purposes, in
Fig. 4(b) the injected reactive power using the proposed scheme
(dark line Q) and a conventional VC (light line QV°) is plot-
ted. The proposed scheme follows the reference power more
accurately than the VC, especially at the beginning of the fault
where synchronization with the stator flux and PI tuning of the
VC lose some performance. The active power injected by the
WECS during the fault is given in Fig. 4(c). In Fig. 4(d) an
increase in the turbine and rotor speeds can be observed, since
the low-voltage condition does not allow exporting all the wind
mechanical power. However, it only arises to +15%, where a
DFIG-based WECS can normally reach up to +£20% of the syn-
chronous speed. Finally, Fig. 4(e) presents the dc-link voltage
control during the fault period. A good dc voltage regulation
is performed by both schemes, although some little more over-
shoot at the beginning of the fault is seen in the VC.

Fig. 5 shows the profile of the PCC voltage amplitude (left-
side plot) and the grid code curve which gives the reactive
current injection as a function of the PCC voltage (right-side
plot). In the latter plot, the WECS operating points throughout
the period of interest are included with markers. It is seen there

=

15 time (s) 109

Standard voltage sag waveform (left-side plot) and the grid code curve which gives the reactive current injection as a function of the PCC voltage

that the system fulfills the grid code requirements when the
proposed strategy is adopted. We defined five zones named N,
A, B, C, and D to easily connect both right- and left-side plots.

B. Unbalanced Test and Elimination of 2w Pulsations

A test involving an unbalanced grid voltage [see Fig. 6(a)],
produced by a near asymmetrical load or fault, is accomplished
to highlight the controller features of eliminating 2w pulsations.
At the test beginning, the DFIG control does not have any ripple
elimination characteristics activated (as in a conventional strat-
egy); at t=0.15 s the feature to eliminate the electromagnetic
torque ripple is included, and then, at ¢=0.30 s, the elimination
feature of the active power ripple is also connected. It is shown
in Fig. 6(b) that, before ¢t=0.15 s, the DFIG electromagnetic
torque has a 20% peak-to-peak ripple due to the unbalanced
condition but, after the activation of the elimination feature, the
electromagnetic torque ripple is completely nullified. Fig. 6(c)
shows the total WECS active power injected to the grid. There,
we also observe that large 2w pulsations are present in the ac-
tive power but, after the compensation feature is activated at
t=0.30 s, these pulsations are removed. An additional advantage
when ripple elimination of the torque and power is simultane-
ously achieved at t=0.30 s is that the 2w-ripple of the dc-link
voltage is highly reduced as well (see Fig. 6(d) after {=0.30 s).
The rotor, stator, and grid-side current waveforms needed to
attain the aforementioned elimination objectives are plotted in
Fig. 6(e)—(g), respectively.

C. Harmonic Rejection Capability

This last test is introduced to analyze the controller perfor-
mance when harmonics are present in the grid voltage. At the
test beginning, neither harmonics in the grid voltage nor the
harmonic rejection capability is included. At ¢=0.02 s, 12%
of fifth and 7% of seventh harmonics are added to the grid
voltage [as shown in Fig. 7(a)], and then, at ¢t=0.07s, the har-
monic rejection capability is connected. This test evaluates the
DFIG behavior with and without the proposed scheme. Fig. 7(b)
shows the high distortion in the DFIG stator currents before
t=0.07 s, when the controller with harmonic rejection capabil-
ity is not implemented (as in a conventional strategy). On the
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Fig. 6. Test with an unbalanced grid voltage and 2w-ripple elimination.

other hand, in Fig. 7(b), after the harmonic rejection capability
is activated at t=0.07 s, the DFIG currents become perfectly
sinusoidal and harmonic-free. The rotor voltages and currents
needed to attain the aforementioned harmonic rejection are plot-
ted in Fig. 7(c) and (d), respectively.

VIII. CONCLUSION

A DFIG control strategy able to precisely control the active
and reactive powers delivered by WECSs was proposed in this
study. This strategy fulfills severe FRT conditions and grid code
requirements, and overcomes various network disturbances. The
DFIG stator powers were directly controlled using a feedback
linerization plus resonant control to ride-through unbalanced
and harmonic distortions at the PCC. Double-frequency pulsa-
tions in the total WECS active power, electromagnetic torque,
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Fig. 7. Harmonic rejection capability under a distorted grid voltage.

and dc-link voltage were simultaneously reduced by coordinat-
ing the grid- and rotor-side converter controls. Several tests, dis-
turbances, and comparisons with conventional strategies were
performed to illustrate the adequacy and advantages of the pre-
sented strategy.
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