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Abstract—This work presents a control strategy to improve
the performance of full-converter wind turbines under distorted
conditions, particularly with regards to the harmonic rejection
capability under grid frequency variations. Resonant filters are
often added to the grid-side converter control to achieve a proper
operation against network disturbances. However, in weak power
networks where frequency deviations are expected, these schemes
can lose some performance since they are susceptible to grid fre-
quency drifts. The proposed control structure allows us to adapt
the grid frequency involved in different control blocks via a fre-
quency-updating outer loop; thus, the control algorithm is tailored
so that full-converter wind turbines inject a harmonic-free current
even under severe harmonic distortions and frequency-varying
conditions. This facilitates that wind farms overcome most net-
work disturbances such as imbalances, harmonics, and frequency
drifts, as well as to fulfill demanding grid code requirements
and power quality standards. We also introduce a thorough
output filter modeling and design, guidelines for the current
reference calculation, computational time delay compensation,
and discrete-time domain control description. A state observer is
proposed to reduce the amount of sensors needed in the control
stage; consequently, a simpler hardware, higher reliability, and
lower cost implementation can be accomplished. Several tests,
disturbances, and comparisons with other control approaches are
performed to validate and illustrate the advantages of the control
strategy.

Index Terms—Active damping, grid frequency variations, state
estimation, voltage source converter (VSC), wind energy conver-
sion system (WECS).

I. INTRODUCTION

A. Background

ANUFACTURERS’ improvements in high-power

switching devices, which can now individually manage
up to 3.6 kA and 1.7 kV [1], facilitate that wind turbines
based on full-converter topologies increase their rated power,
becoming an attractive option in the market [2]. Full-power
converter-based wind energy conversion systems (WECSs) can
be implemented without gearbox (direct-drive scheme), which
presents several advantages: the compact and simple design
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with less moving parts decreases complexity and maintenance
costs; frictional losses are reduced, and they are also more
appropriate for large offshore generators.

The expected wind energy penetration levels and increasing
number of high-power voltage source converters connected to
the grid have generated concerns about harmonic-related issues.
Power system operators are raising the power quality require-
ments and limiting the total harmonic distortion (THD) of the
grid-injected current (see [3] and [4] for further details, and
IEEE/IEC standard recommendations). Therefore, the reduction
of harmonic injection is more relevant and the selection and de-
sign of the converter output filter become critical [5].

B. L versus LCL Output Filter

Inductance (L) filters present a simple design and control;
however, for low-switching-frequency applications, the L filter
requires a high value of inductance to fulfill the existing grid
standards. In megawatt applications, a high value of the filter
inductance becomes expensive and limits the bandwidth of the
controller [6]-[8]. On the other hand, using inductance—capac-
itor—inductance (LC'L) filters entails several advantages such
as: to use relatively small inductor values; to reduce the output
current THD; to diminish the size and cost of the output filter
and to avoid compromising the bandwidth of the controller
[8]-[11]. Nevertheless, the LC'L filter requires the inclusion of
a shunt capacitor bank and presents lightly damped oscillations
at the LCL filter resonance.

C. Passive Versus Active Damping Strategies

There are two main approaches to reduce the lightly damped
oscillations in an LC'L filter: the passive and the active damping
controls. The first one, by introducing a damping resistor in the
LCL shunt branch, is able to increase the filter damping and
to reduce the resonance peak [3], [4], [8]. This scheme presents
a simple control strategy, since traditional /. filter controllers
can be used. However, in megawatt applications, the damping
resistance required for a satisfactory performance usually re-
sults in high power losses and the inclusion of cooling systems
which decrease the total WECS efficiency, turning the passive
damping approach unacceptable or not practical [6], [12], [13].
In [14], a passive damping approach with reduced power losses
is proposed. On the other hand, the active damping control, by
implementing a controller which uses LC L filter information,
allows us to mitigate the resonance without using any physical
resistor [S]-[7], [13]-[20].

There are three techniques to achieve the active damping. One
of them includes an additional internal loop into the controller
using a measured or estimated state of the LC'L filter (such as
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Fig. 1. Schematic representation of a variable-speed wind energy conversion system based on a direct-drive full-converter scheme.

capacitor current [6], [7], [21], capacitor voltage [5], [17], [18],
[22], or converter-side current [13], [20]); another one uses a
filter-based approach [12], [16] and in the remaining one, a full
feedback of the LC'L states is considered [14], [15], [19], [23],
[24]. The last technique allows us to shape the closed-loop Bode
plot placing all the eigenvalues in a predefined location and ob-
taining a higher performance.

D. Measurement Schemes

Some proposals introduce active damping controllers mea-
suring all system states (converter- and grid-side currents and
shunt capacitor voltage) [14], [15], [20]; however, this is not
suitable for practical implementations, and measurement reduc-
tion is often preferred. Physical sensors can be replaced by soft-
ware or virtual sensors based on state estimators to achieve a
hardware simplification and higher reliability [24], [25]. In [5],
[6], [22], open-loop estimators are used to obtain the capac-
itor and/or grid voltages. Closed-loop estimators based on the
Kalman filter and Luenberger observer are also designed [9],
[19], [21], [26] to improve the estimation performance of open-
loop schemes. Different measures are estimated, such as: con-
verter-side current and capacitor voltage [19]; capacitor voltage,
grid-side current, and grid voltage [26]; capacitor voltage and
capacitor current [9]; grid voltage [21], etc. In this way, addi-
tional sensors are avoided and the active damping approach can
be implemented using the same measurements as a traditional
L filter controller.

E. Unbalanced and Distorted Voltage Conditions

In order to achieve a proper operation of WECS converters,
it is very important to consider grid disturbances in the con-
trol design stage to fulfill grid codes and to avoid a series of
drawbacks which arise under distorted grid voltages. Under un-
balanced conditions, the interaction of negative-sequence grid
voltages with positive-sequence converter currents produces a
sustained double grid frequency (2w, ) pulsation in the injected
active power. This power pulsation also generates a 2w, os-
cillation in the dc-bus voltage which can stress the switching
devices and propagates the power pulsation to the turbine me-
chanical system. In addition, grid voltage harmonics distort the
injected currents. As power quality standards demand a nearly
harmonic-free current, both imbalances and harmonics must be
properly addressed in the controller design.

F. Grid Frequency Variations

Active damping approaches are proposed in several works
without considering imbalances and harmonics [5], [8], [11],

[14]-[20], [22] or grid frequency deviations [7], [9], [10], [26]
in their controller designs; therefore, they are not fully appro-
priated for wind turbines connected to weak buses, or perform
poorly when grid distortions arise at the connection point. On
the other hand, approaches using resonant filters to reject har-
monics can be susceptible to grid frequency drifts, particularly
on those of higher resonance frequency. An appropriate control
approach must be able to tune itself depending on the grid fre-
quency.

To overcome the above drawbacks and to improve the wind
turbine performance, we proposed a control structure which al-
lows us to adapt the grid frequency involved in different control
stages via a frequency-updating outer loop. Therefore, the grid-
side converter control is tailored so that full-converter wind tur-
bines inject a harmonic-free current even under severe harmonic
distortions and frequency-varying conditions. In this way, wind
farms can adequately fulfill demanding grid codes and power
quality standards [27]. It will be shown that an Z.C'L output filter
controlled by an active damping approach and the proposed fre-
quency-updating scheme results in a power quality improve-
ment (lower THD in the output currents), especially in weak
power networks subject to frequency variations.

II. FULL-POWER CONVERTER BASED WECS

A. Wind Turbine

The WECS considered is of a variable speed turbine and
gearless type (direct-drive). The mechanical system is repre-
sented by a two-lumped-mass model. The electrical machine
consists of a 3-MW permanent magnet generator, the parame-
ters of which are taken from the Siemens wind turbine STW-3.
0-101, and are included in Fig. 1 along with the WECS config-
uration and data.

B. Machine-Side Voltage Source Converter

The machine-side converter is an insulated gate bipolar tran-
sistor (IGBT)-based two-level converter connected through a
filter to the generator stator. A rotating dq control aligned with
the rotor position (d-axis) is chosen to control the stator cur-
rents. The reference current i is set to zero to avoid demag-
netization, while the current 4, is used to regulate the dc-link
voltage. The reference current 47 is calculated via a dc-voltage
PIregulator plus a feed-forward term to minimize the dc voltage
variations [28].
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C. Grid-Side Voltage Source Converter

The grid-side converter is also an IGBT-based two-level con-
verter connected to the grid via an LC filter and a step-up trans-
former. This converter manages the active and reactive powers
injected by the full-converter wind turbine, and it will be devel-
oped in the following sections.

D. LCL Filter Modeling for the Control Design

1) Model in the Continuous-Time Domain and Stationary o3
Reference Frame: Applying the Kirchhoff laws to the LCL
filter circuit, the following model in a per-unit (p.u.) system re-
sults (see [11], [15], and [18]):

1 .
Q_Llaﬁ = — Riyg —eqp + Vap Q)
B
1 .
Q—Lglgaﬁ = — Rylgag — Vas + Vgap 2
g
1 . . .
Fotvaﬂ = lg(xﬁ - laﬂ (3)
B
where ing = [in i5)7, igag = [iga 195]", and vag = [v, va]?

are the converter-side current, grid-side current, and shunt
branch voltage, respectively. The converter internal voltage is
related to the duty cycle and the dc voltage by e.s = 9, 5Vdc.
By choosing the state vector as

X = [iag 1gas vag]T = [t 18 {ga 9g3 Va 'Ug]T (€))

a space-state representation of the LC'L filter model (1)—(3) is
given by

Xx=Ax+Be+B,v (5)

where vectors e, 5 and v, g are simply called e and v.

2) Model in the Discrete-Time Domain and Stationary «f3
Reference Frame: The system (5) can be digitized by using the
zero-order hold (ZOH) discretization [29]. Therefore, in the dis-
crete-time domain, the LC'L filter model is represented as fol-
lows:

Xptp1 = A,Xk + B’ek + B;Vk (6)

where the discrete matrices are obtained from the con-
tinuous one as A’ = AT, B/ = [ ¢ATdrB and
B, = fOT" eA7d7B,, being T, the control sampling time.

3) Model in the Discrete-Time Domain and Rotating dq Ref-
erence Frame: The system (6) is transformed to a rotating dg
reference frame in which the controller tuning of Section V will
be easier. First, we introduce the discrete Park transformation
at the sample times k and & + 1

_ |cost —sinb;
P = [sin@k cos 0, } )
| cosbryr —sinfpy
Py = [sin Opr1  cosOrpyr ®)
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since the transformation rotates at the network angular speed, it
verifies: A = wyty, and Opy1 = wytry1 = wy(ty + Ts). Then,
the transformations (7) and (8) allow us to define the matrix

cos(wyT)
sin(w,T,)

— sin(wyTy)

) 2 1 _
A=PraP, = cos(wyTy)

©)

For a generic vector f @8 it can be written f]f 1= Pufy 7 and
f,‘:jlrl = Py fy fl; consequently, by applying the Park trans-
formations (7) and (8) to the system (6), it results

P, lxi, = AP 'x" + B'P,le{! + B/P, 'vi’. (10)
Finally, premultiplying (10) by Py 1, the desired LC'L filter
model is obtained

xZil = Ax}iq + Bezq + Bgvzq (11)

where the following matrices are defined A 2 Py, A’ P,
B = P, B'P; ', and B, = P, B, P, .

4) Computational Time Delay Model: The following equa-
tion, in the stationary «/3 reference frame, is introduced to con-
sider the computational time delay

epy1 = Uy. (12)
This model represents a one-sample time delay which empha-
sizes that we cannot control the converter internal voltage e,
while the measurement process is achieved at the sample k. We
need to define an auxiliary control input u which goes one-
sample time behind (e; = uy_1). In this way, the controller
takes into account the computational time delay, allowing a high
bandwidth and avoiding stability problems. The discrete model
(12) can be transformed to the rotating dg reference frame by
using (7) and (8) and proceeding as in (11), yielding

dg _ dq
€11 — Qu;”.

(13)

1II. LCL FILTER DESIGN

As LCL filter designs implemented in low-power and high-
switching-frequency applications are not suitable for megawatt
filters which use low switching frequencies [14], we will de-
scribe briefly the LCL filter design. Commercially available
IGBT switches for megawatt applications present pulsewidth
modulation (PWM) commutation frequencies up to a few kilo-
hertz [1] (in our study, we assumed fopwm = 1.7 kHz). As
explained in [8], the LC'L resonance frequency fres has to be
placed between ten times the grid frequency and one-half of the
commutation frequency to avoid low- and high-frequency sta-
bility problems. Therefore, we set fres = (1/2) fpwm. To max-
imize the use of the existing WECS equipment, we proposed
the step-up transformer inductance as the grid-side inductance
of the LC'L filter. In the per-unit system, a typical transformer
inductance for this application is about 5%, so L, = 5%. To
design the capacitance C; of the shunt capacitor bank and the
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Fig.2. Shunt capacitance C', and energy E, as a function of the converter-side
inductance L (p.u. values in %).

converter-side inductance L, we used the LC L resonance fre-
quency, which can be written as

Qp [Ly+ L
fus = 5o T (14)
then, it is possible to plot the value C} as a function of the induc-
tance I (see dotted—dashed line in Fig. 2). This curve presents
the point pairs (L, C;) which build all the LCL filters which
have a fres = 1/2fpwm and L, = 5%. In order to reduce
the filter component size, we determined the optimal point by
minimizing the stored energy which can be used as a relative
measure of the size and weight of the filter [14]. The energy
E, 2 1/2L1% +1/2C, V2 in the per-unit system (in %) is pre-
sented with a solid line in Fig. 2. The minimum energy value
is attained by a converter-side inductance of I, = 5.88% (see
asterisk mark in Fig. 2); consequently, a shunt capacitor bank of
Cy = 12.8% (approximately 420 kVA) is considered.

IV. GRID-SIDE CURRENT REFERENCES

Several criteria to obtain the grid-side current references
can be chosen under unbalanced conditions. We compared two
schemes: the first one, called mode A, balances the ac-side
currents at the expense of a 2w, ripple on the dc voltage
(i.e., nullifying negative-sequence currents 1;; = i, = 0);
the second one, called mode B, eliminates the 2w, ripple in
the injected active power, and consequently reduces the 2w,
oscillations on the dc voltage, at the expense of an unbalanced
ac-side current. How to obtain the grid-side current references
in the mode-B case is described as follows.

The apparent power injected by the WECS to the grid can be
written as [30], [31],

g = (Pg + Dgs SID 2wt + pye €08 2w ,t)

+7(qq + qgs sin 2wyt + qge co8 2w,t)  (15)
where
o+t
Py = (17’9(] +i lwyd + 79(1 94q gg T t9qVgq (16)
, T
Qg =1lgqVqq T ‘qq gd gdugq ~ YydYq 17
+ - + I
Pgs =tgqVgq — ququ - a1 t5aVeq (18)
Dage —1+d7)gd+7 d?}gd+7gq gq+z’;q71;q. (19)

pg and g, are the constant components of the active and reac-
tive powers, whereas pgs and py. are the amplitude of the sine
and cosine 2w, oscillation terms of active power, which arise
under unbalanced voltages (see [28] and [30] for further de-
tails). In order to eliminate the 2w, ripple in the injected active
power, its oscillating terms must be nullified (pgs = pge = 0).
On the other hand, the reference of the WECS active power
pg is obtained from a maximum power point tracking (MPPT)
algorithm. The reference of the injected reactive power g, is
calculated from a grid code curve which relates the injection
of reactive current with the voltage amplitude at the point of
common coupling (PCC) [32], [33]. Therefore, from (16)—(19),
the grid-side current references are obtained as

isr = (Pt — gufys) (Mdn) ™t 0)
igy = (pg vl A+ gjod,A ) (A1A,) ! @1
id = (P — gy 2) (Aad2) 7 (22)
iyt = (—Ppug A+ e (A1An) T (23)

where symbols (), (), and (*) are used to indicate a positive
sequence, negative sequence and reference value, respectively

Whereas, it was defined A; = ;“(,2 + 7+ v, 24 vg7 and
Ay 2 vyd + vl — vgd2 — Vg, - A block dlagram describing

the reference calculatlon stage 1s shown in Fig. 3. The required
detection of the positive and negative sequence voltages under
distorted conditions is accomplished by using the technique de-
scribed in [34].

V. CONTROLLER DESIGN

A. Dynamic Extension of the System

The grid-side converter must manage its output current
fast and accurately to meet grid-code fault-ride-through re-
quirements under balanced conditions; it must also be able
to control the negative-sequence current under unbalanced
conditions (following the current references calculated in the
above section); additionally, when harmonics arise in the PCC
voltage, the WECS must keep an output current with a THD
of less than 5% to fulfill the power quality standards (e.g., see
IEEE 1547-2003 standard requirement). In a reference frame
rotating to the grid angular speed w,, the above specifications
can be met as follows: first, a PI controller is implemented to
track constant components (4w, frequency in the stationary
af reference frame, balanced condition); second, a resonant
filter with resonant frequency at 2w, is added to make a high
gain path in the controller, guaranteeing a null steady-state error
for 2w, components in the current references (—w, frequency,
unbalanced condition); third, resonant filters with resonant
frequencies at 6w, (harmonics —5w, and +7w,), 12w, (har-
monics —11w,; and +13w,), and so on are included to allow
WECS to inject sinusoidal currents under distorted conditions.



656

IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, VOL. 4, NO. 3, JULY 2013

Y l Digita
| Control Wind turbine based
Fre?uen%ﬁicked | 0, [ on a full-converter
oop (FLL) We 1 topology
I
( A - I Computational
: We { V'*'N 5 v+d : time delay compensation a I_
I & joc] 54 Current  |;+* I
S ¢ Control law
Vo] |Sotenee TS rtrences |15k | 2 o ]
! loori o8 1 Yedg | to eliminate | — I PI contro! time delay
I algorithm | 228 [ Ja] ) | .
I ~ €| _|active power | (for balanced tracking) I—
: pﬂﬂl a);s\ilgnal de signal ng-ripple, : qu, (Z)
| Y
! L / ‘S:) fu(llﬁll di Resonant filter at 2o, %
"""" g * |grid code an ! (for imbalances)
! | w,|MPPT Py 170 track ! C LCIE 1output ant
! —> [ Technique the MPPT ! ilter T
: Turbine characteristic curve 1 (for -50, & +7o, ADC
: A Grid codo jg egs. (20)-(23), : harmonic rejection) Ve = — igaak ——m—f—‘i .
4 . | - o
Wree| | \rement 9 l Gy sate | e, G a2 S
| ™ v v ) ! (for -11o, & +130, observer <— ADC
‘ ‘  Veec| Veee Reference Calculation |, harmonic rejection) R4 eqn. (40)| Vo Ve | Veos
\ 0.5 085 1 Stage ! o : w
1 ZOH
Fig. 3. Block diagram of the proposed control strategy.
A procedure to extend the system including the above ele- A B 0 0 0 0
ments is introduced as follows. To build the PI regulator, an in- 0 0 0 O 0 0
tegrator can be represented in the discrete-time domain as A2 T,C 0 1 0 0 0 (30)
¢ B“*2C 0 0 A 0 0
B»sC 0 0 0 Aws 0
— B¥12 Awiz
Nesr = M + Tusi (24) N coo 0o 0
T
4 4 B.=[0 @ 0 0 0 0] (31)
where s, = Cx;? — r}? indicates the tracking error of the A 5 T
L "dq k B,e=[B, 0 0 0 0 0] (32)
grid-side current, r,” is the reference current vector, and the A T
following output matrix is chosen [see (4)]: B,.=[0 0 T.I B~ 0 0] . (33)

A0 0 1 0 0 0

C_()()()l()()'

(25)

On the other hand, in the continuous-time domain, a resonant
filter with resonant frequency w,., is given by

L

G,‘(S) = 52—}——u)2

(26)

The continuous transfer function of two resonant filters (one for
the d-axis and another for the q-axis component) can be digi-
tized using the ZOH discretization and written in a state-space
representation as [29]

h;:_?_l =AY h}:’ + B¥s;. (27)
By combining the system model (11), computational time delay
model (13), PI integrators (24), and resonant filters at frequen-

cies 2wy, bw,, and 12w, [using the resonant model (27)], the
system can be extended to

Wil = Aowy + Beuiq + Bgevzq — BTEI'Z,(I (28)

where an extended state vector wy, is defined, along with the
following extended matrices:

dq

A wis 1T
wi, = [x% el g, hy? hys hi | (29)

B. Control Law Design Using the State-Space Approach

The control law u‘,iq is obtained feeding back the extended

states plus a feed-forward term to reduce grid voltage variations
[13], [15]. Therefore,

dq
u;,

(34

= -Kw; — K,Uvzq.
By substituting the control law (34) in the extended system (28),
the closed-loop system is given by
w1 = (A, - B.K)wy + (B, — B.K,)v¥ — B, .r{’.

Finally, the feedback gain matrix K is chosen so that the
closed-loop matrix (A, — B.K) has all its eigenvalues in
a desired location. This can be made by using the optimal
quadratic regulation [29] which, by minimizing the cost func-
tion J = 3,2, (wfQw, + ulRuy), obtains the optimal
control gain K.

C. Grid Frequency Adaptation

In electrical networks with negligible frequency variations,
the LC L-filter control strategy can be implemented without up-
dating the grid frequency in the control algorithm. However, in
weak networks where the grid frequency can have some devia-
tion, it is important to consider this variation in the control de-
sign stage; otherwise, the harmonic rejection capability can be
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reduced. In order to improve the control performance, we pro-
posed an outer loop which updates the grid frequency in the ro-
tating dq reference frame, resonant filters, and sequence detec-
tion algorithm. Thus, the performance and operation of full-con-
verter wind turbines are enhanced; namely, negative-sequence
currents are controlled under imbalances, harmonic-free cur-
rents are injected under distorted conditions, and a self-tuning
feature is attained under grid frequency drifts. To obtain the grid
frequency, we implemented the frequency-locked loop (FLL)
technique described in [35]. A block diagram of the whole pro-
posed control strategy implementation is presented in Fig. 3.

VI. REDUCTION OF THE MEASUREMENTS

The control law developed in the previous section requires
the measurement of the converter- and grid-side currents (i, i, )
as well as the shunt branch voltage (v). In this section, a state
observer (software sensor) is developed to reduce the amount
of sensors. The dynamics of the LC'L filter system (11) can be
rewritten as

=Ax{, +dp (35)

Ye 1=Cx%, (36)
. A 5..dq S dg .
where the auxiliary vector dy_1 = Be,_; + B,v,” is de-
fined. The vectory = igq is the measured state (grid-side cur-
rent), and the estimated states are the converter-side current and
shunt branch voltage. To accomplish the desired state estima-
tion, a conventional prediction-type Luenberger observer can
be implemented, using the system (35), (36) as follows:
K= A +di 1+ G (v - CRY,) G7)
where the symbol (") indicates an estimated value, and the gain
matrix G € R%*2 should be chosen to guarantee that the esti-
mation error converges to zero. However, in the prediction-type
observer, the estimated state X% ¢ is obtained from measurements
of the output vector up to yk,l ; consequently, the estimation al-
gorithm does not use the information of the current output yy.
On the other hand, a different approach called filtering-type ob-
server allows us to use the information y, to estimate x},’. This
algorithm can be synthesized by the following equations [29]:

Adq —szq 1+ die1 + Glyr — )
i =Cx = C (AX[", +dy ).

(3%
(39)

By combining (38) and (39), the filtering-type observer structure
can be simplified as follows:

%! = (1- GC) (AX{, +di 1) + Gy, (40)

To find the G matrix first, we defined the estimation error as
dg A dg 4 . . .
x{ = x — %99, and obtained the estimation error dynamics

by subtracting (40) from (35), hence,

qu

= (A - GCA)x! (1)
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Fig. 4. Three-phase fault test and behavior of the main WECS variables.

Finally, the matrix G is designed using matrix techniques such
as eigenvalue placement or the optimal quadratic approach (the
latter is used in our design). Thereby, the matrix (A — GCA)
presents stable eigenvalues, and the estimation error converges
to zero with a desired rate.

VII. PERFORMANCE TESTING

The WECS configuration, LC'L filter, digital controller and
data used in the tests are shown in Figs. 1 and 3. The PWM
switching frequency is fpwm = 1700 Hz, and the sampling fre-
quency is fs = 3400 Hz (i.e., a sampling time of Ty, = 294 us).

A. Fault Ride-Through Capability and Reactive Power Control

A three-phase fault test was performed to evaluate the fault
ride-through capability and the grid code fulfillment. The fault
voltage sag was taken from the Spanish grid code, with a more
severe 150-ms zero voltage sag at the beginning of the fault
[see Fig. 4(a)]. Grid codes demand WECSs not only to remain
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Fig. 5. Transient and steady-state behavior of the observer. A-phase of the ac-
tual and estimated converter-side current.

connected under these voltage sags but also to deliver reac-
tive current to support the grid voltage recovery. The reactive
power required by the grid code (dashed line }*) and the in-
jected reactive power by the WECS (solid line ) are plotted
in Fig. 4(b) which shows that the proposed controller has more
than enough bandwidth to ride-through the severe fault, and
to properly meet the grid code requirement. The active power
injected by the WECS is also given in Fig. 4(c). Because the
low voltage condition does not allow us to export all the wind
mechanical power, there is an increase in the turbine and rotor
speeds [see Fig. 4(d)]. However, the speeds remain inside the
operating variable-speed range of the WECS and, after the fault,
the speeds gradually return to its optimal value (not shown in the
figure). Finally, Fig. 4(e) presents the dc-link voltage regulation
during the fault period, showing a good performance consid-
ering the extreme test.

The state observer was tested during a step reference in the
injected current. Fig. 5 shows the transient and steady-state
behavior of the actual and estimated converter-side current.
The observer is able to fast and properly estimate the states
without phase error. The 1.7-kHz commutation ripple is clearly
observed in the actual current; however, an additional advan-
tage is provided by the observer, since its filter action reduces
the commutation ripple and sensor measurement noises.

B. Asymmetrical Test

A test involving an unbalanced grid voltage was considered.
This imbalance could be generated by a large unbalanced load,
or may arise during a grid asymmetrical fault. The imbalance,
with an unbalanced factor of 31%, takes place at? = 0.05 s and
then at? = 0.23 s, is cleared [see Fig. 6(a)]. To compute the cur-
rent references during the asymmetrical fault, both modes A and
B of Section IV were implemented [see Fig. 6(c)]. The current
injected to the grid with both modes is presented in Fig. 6(b).
Fig. 6(c) shows that, when the mode A is used, after the be-
ginning of the imbalance at £ = 0.05 s, a nonnegligible 2w,
pulsation arises in the active power injected by the WECS to
the grid. However, at ¢ = 0.15 s, when switching to mode B,
this power pulsation is completely nullified, and the 2w, ripple
on the dc-link voltage is also reduced [see Fig. 6(d)]. Conse-
quently, a constant injected power under unbalanced conditions
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Fig. 6. Test with an unbalanced grid voltage.

is attained, and switching device and mechanical system stress
are decreased as well.

C. Harmonic Rejection and Grid Frequency Adaptation

A last test was introduced to analyze the controller perfor-
mance when harmonics and frequency variations are present
in the electric network. First, to obtain a distorted voltage
waveform, harmonics are added at £ = 0.04 s [see Fig. 7(a)];
then, a grid frequency step of —0.75 Hz is performed at
t = 0.13 s. Three control strategies were compared: 7) a
controller without neither harmonic rejection nor frequency
adaptation [Fig. 7(b)]; #¢) a conventional controller based on
resonant filters [Fig. 7(c)]; and i:¢) the proposed controller
with disturbance rejection and frequency adaptation [Fig. 7(d)].
Fig. 7(b) shows that, when using the controller ¢, there is a
high distortion in the injected currents after £ = 0.04 s, due
to the high distorted grid voltage and the relatively low output
filter inductance. The controller 47 can attenuate the current
harmonics in Sector B (time interval 0.04 s—0.13 s) but, after
the grid frequency variation at £ = 0.13 s, the current THD
increases to 6.38%. Finally, Fig. 7(d) presents the performance
of the proposed control algorithm, where the injected currents
are almost harmonic-free (THD below 1%) for both grid distur-
bances: voltage harmonics and frequency deviations. We also
included on the right-side of Fig. 7, the harmonic spectra and
THD of the PCC voltage and grid-injected currents, after both
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Fig. 7. Harmonic rejection capability and grid frequency adaptation of three different control strategies.

grid disturbances took place (time interval named Sector C in
Fig. 7). There, the power quality improvement of the proposed
strategy under distorted grid conditions is shown.

VIII. CONCLUSION

The operation of full-converter wind turbines under imbal-
ances, harmonics, and frequency deviations was enhanced by
means of an LC'L output filter controlled by an improved active
damping scheme. Unlike other LC L-filter controllers which are
only focused on the LC L. resonance damping, the proposed con-
troller addressed, in the control design stage, both the LCL res-
onance damping and most grid disturbances which can arise in
weak power networks. Below, there is a summary of the main
features of the proposal.

1) The harmonic rejection capability of the wind tur-
bine grid-side converter was improved, even under
frequency-varying conditions.

2) A state observer was designed to reduce the amount of sen-
sors, and consequently to accomplish a simpler hardware,
higher reliability, and lower cost implementation.

3) A large fault ride-through capability was achieved, as well
as an accurate reactive power control required by grid
codes.

4) The 2w, pulsations in the injected active power and dc-link
voltage were reduced under unbalanced conditions.

5) A discrete-time domain design considering the computa-
tional time delay permitted a high bandwidth controller and
easier digital signal processor implementation.
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