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An improved sliding mode control for reduction of harmonic currents in grid system
connected with a wind turbine equipped by a doubly-fed induction generator

Introduction. The implementation of renewable energy resources into the electrical grid has increased significantly in recent years.
Wind power is one of the existing resources. Presently, power electronics has become an indispensable tool in wind power plants.
Problem. However the associated control usually has an impact on increasing the harmonic distortion, especially on the output
voltage. Goal. This paper proposes a new sliding mode control strategy, applied on a rotor-side of a doubly-fed induction generator.
The main goal is to meet the electrical power requirements, while responding to the power quality issues. Methodology. The wind
energy conversion system must be able to not only track the maximum power point of the wind energy, but also to mitigate the
harmonic currents caused by the non-linear loads. To achieve this goal, the power converters are driven by the proposed sliding
mode control strategy. The corresponding two gains of the sliding surface are well selected using a particle swarm optimization
algorithm. The particle swarm optimization algorithm solves a constrained optimization problem whose fitness function is a prior
formulated as the sum of two mean square error criterions. The first criterion presents the tracking dynamic of the reference active
power while the second one presents the tracking dynamic of the reference reactive power. The novelty lies in the implementation of
the particle swarm optimization algorithm in conventional sliding mode control strategy, in which the proposed-improved sliding
mode control strategy is developed. The wind energy conversion system control uses the principal of the vector oriented control to
decouple the control of the active power from that of the reactive power. Results. The improved sliding mode control strategy is
applied to control separately theses powers in the presence of non-linear loads. The energy assessment of this strategy is analysed
using the wind energy conversion system model based on SimPower sofiware. Originality. The obtained simulation results confirm
the superiority of the proposed-improved sliding mode control strategy in terms of reference tracking dynamics and suppression of
harmonic currents. References 23, tables 2, figures 11.

Key words: doubly-fed induction generator; wind energy conversion system; bidirectional converter; particle swarm
optimization; sliding mode control.

Bcemyn. Buxkopucmanns 6i0H08II08AHUX 0dcepell eHepaii 6 eleKMpPUYHill Mepexci OCMAHHIMU poKamMu 3Ha4Ho 3pocio. Enepeis eimpy
— 00uH i3 icHytouux pecypcie. Huni cunosa enexkmponixa cmana nHe3amiHHum iHCIpymeHmom gimpanux erekmpocmanyii. Ilpoonema.
IIpome, 6ionogione ynpagninua 3a36udaii Mae 6NaU8 Ha 30inbUeHHs 2APMOHIIHUX CROMBOPEHb, 0COOUB0 Y 6UXIOHIl Hanpysi. Mema.
Y yiti cmammi npononyemuca noéa cmpamezisi ynpasiinHs KOBIHUM PENCUMOM, WO 3ACTNOCO8YEMbCS HA OOYI POMOPA ACUHXPOHHO2O
eenepamopa 3 noosiliHum oscusnenusam. OcHogna mema — 3A0060IbHUMU GUMO2U OO0 eNeKMpoeHepeii, Supiuyouu 6ionoeioHi
npobaemu 3 akicmio enekmpoenepeii. Memoodonozia. Cucmema nepemeopeniis enepeii 6impy noUHHA MaAMy MOICTUBICMb He MiNbKU
siocmedicysamu MoyKy MAKCUMATLHOI NOMYJICHOCMI 8impy, ane i NOM'SKULy8amu 2apMOHIUHI CMPYMU, BUKIUKAHI HEATHIHUMU
HasanmasceHuamMu. JIis 00cseHeHHs yicl Memu Culo6i nepemeoproéayi KepyiomvCs 3anponoHO8AHOI0 CMpPAmezicio YpaeiinHs
KOB3HUM pencumom. Bionosioni 0sa koegiyicnmu nocunenms nosepxmi Ko3anHs 006pe 6UOUPamMvbCs 3 BUKOPUCIAHHAM AN2OPUIMMY
onmumizayii poro yacmuHokx. Ancopumm onmumizayii pow 4ACMUHOK SUpiuye 3a0ayy onmumizayii 3 0OMednceHHAMU, DYHKYIA
npudamuocmi aKoi 3a30aneziob copmynbo8aHa AK cyma 080X Kpumepiig cepeouvoksadpamuunoi noxudxu. Ilepwuii kpumepiil
penpe3enmye OUHAMIKY 6IOCMEJICeHHs emAlOHHOI aKmueHoi nomyosicHocmi, a Opyeutl — OUHAMIKY 6IOCMEJCeHHs emAalOHHOT
peaxmusnoi nomyocnocmi. Hoeuzna nonseae 6 peanizayii aneopummy onmumizayii poio 4acmuHoK y mpaouyituii cmpameeii
VAPAGNIHHA KOB3HUM DEJCUMOM, 6 AKill po3pobiena 3anpononHo8aHA NOKPAWeHA Cmpameis YNpAasNiHHA KOG3HUM PEeNCUMOM.
Vnpasninua cucmemoro nepemsopenns emepeii 6impy GUKOPUCHOBYE NPUHYUN BEKIMOPHO-OPICHIMOBAHO20 YNPAGIIHHA, U006
BIOOKpeMUmMU YAPAGIIHHA AKMUSHOIO NOMYIICHICIIO GI0 YNPAGHIHHA peakmugHolo nomyoicnicmio. Pezynemamu. Yoocxouanena
cmpamezia ynpaeninHa KOG3HUM DENCUMOM 3ACHOCOBYEMbCA Ol PO3OLIbHO20 YNPAGIIHHA YUMU NOMYAICHOCIMAMU 34 HAAGHOCHI
HeninitiHuX Haganmadxcenv. Enepeemuuna oyinka yici cmpameeii ananizayemocsa 3a 0ONOMO2010 MOOeNi cucmemu nepemeopeHus
eHepeii 6impy Ha OcHO8I npocpamuozo 3abesneuenns SimPower. Opuzinanvuicms. Ompumani pe3yiomamu  MOOen08aAHHSA
niomeepodicyloms nepesazy 3anponoHo8anol YOOCKOHANeHOI cmpameii YAPAGIIHHA KOB3HUM PeNCUMOM 3 MOUKU 30pY emAaloHHOI
OUHAMIKU CIedICeHHs Ma NPUOywents 2apmoniinux cmpymis. biomn. 23, tabm. 2, puc. 11.

Kniouogi  cnosa: acMHXpOHHHI TreHepaTop i3 NOABIHMM JKUBJIEHHAM; CHCTeMa IlePpeTBOPeHHs eHeprii BiTpy;
JBOHANIPABJICHUI N1ePEeTBOPIOBAY; ONITHMI3allisl POI0 YACTHHOK; KePYBAHHS KOB3HUM Pe:KHMMOM.

Abbreviations
APF Active Power Filter PRC Proportional Resonance Control
BTB Back-To-Back PSO Particle Swarm Optimization
DFIG Doubly-Fed Induction Generator PWM Pulse-Width Modulation
DPC Direct Power Control RSC Rotor-Side Converter
DTC Direct Torque Control SMC Sliding Mode Control
GSC Grid-Side Converter THD Total Harmonic Distortion
HSF High Selectivity Filter VCS Vector Control Scheme
MPP Maximum Power Point VOC Vector Oriented Control
MSE Mean Square Error WECS |[Wind Energy Conversion System
NLL Non-Linear Loads WPP Wind Power Plants
PMSG  |Permanent Magnet Synchronous Generator WT Wind Turbine

Introduction. The incorporation of renewable energy is one of the existing resources whose potential
energy resources into the electrical grid has increased demand has increased due to domestic and industrial
significantly in recent years. Among of them, the wind
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necessities. This growth is mainly due to the advanced
technology used in the design of WECS, reducing the cost
of producing electrical energy and enabling it to be
competitive with other traditional sources such as fossil
fuels, petroleum, natural gas, and so on. A lot of research
has focused on DFIG systems in their structures. These
have several advantages, including speed control, current
harmonic reduction and four-quadrant active and reactive
power control. As its rotor speed can be operated at any
wind speed, the DFIG system is therefore able to deliver
high mechanical power and, in economic terms, it
becomes more attractive than other existing conversion
systems, thanks to its conversion rate, which is generally
around 30% of the nominal power, allowing thus to
generate the electrical energy at a lower cost [1].
Currently, power electronics has become an
indispensable tool in WPPs to ensure such required
specifications such as steady state stability, high energy
efficiency, regardless of changing wind conditions. In
fact, these tools are often providing many important
functionalities to WTs, including the control of several
electrical quantities such as stator terminal voltage and
frequency, active and reactive power and so on.
Nevertheless, the associated control effort usually has an
impact on increasing the harmonic distortion, especially
on the output voltage of existing converters. As a result,
the occurrence of inadequate harmonics has unfortunately
become the main issue for the majority of wind energy
designers as well as the company managers [2]. The
attenuation of the effect of such harmonics on the DFIG
system can be performed through proper regulation of the
existing converters in the control loop. Similarly, the
power quality problem can also be posed of serious
challenges where its remedy has been discussed by
several researchers [1, 2]. On these grounds, many control
strategies have been proposed to overcome these
drawbacks. Among them, a control strategy was
published in [3] where the WECS is designed to operate
partially as an active filter. Also, another control strategy
that can be employed to simultaneously generate active
and reactive power where an extra active filter is
incorporated into a DFIG wind system having a variable
speed [1]. Similarly, a modulation technique was
proposed in [4] for shunt active filter operation, in which
the existing harmonics in the WECS output current are
well mitigated. The corresponding feedback control
system incorporates a PMSG as well as an AC/DC current
converter. Also, a PWM control strategy including a five-
leg converter was proposed in [5] where the given
performances are compared by those provided by the
conventional six-leg topology. The main shortcoming,
compared to the six-leg BTB converter, lies in the
restriction of increasing the DC link voltage for the same
operating point. In parallel, a PRC strategy was developed
in [6] for a stationary reference frame to mitigate, as
much as possible, the existing harmonics in the rotor
current and in torque pulsations. In the same direction, a
VCS was suggested in [7, 8] for rotor-side control of a
stand-alone generator based on a wound rotor induction
machine. The main aim of the proposed control scheme is
to keep a constant terminal voltage with stationary
frequency at the generator output. In the same way, the

full harmonic component compensation technique of the
grid current was adopted in [9]. The corresponding RSC
control structure is modified, in which a filtering task is
incorporated. Also, an efficiency assessment of the
electrical part of the WECS was reported in [10] where
the two BTB-PWM inverters, which are supplied with
voltage and connected between the stator and rotor, are
used to improve the bidirectional power flow.
Accordingly, the second inverter, which is disposed on
the grid side, serves as an active power filtering to remove
the harmonics, generated by the nonlinear load, while
providing the required active and reactive power to the
DFIG rotor.

Different alternative control strategies have been
developed for wind power generation in the electrical
grid. Among them, the VOC and the two direct control
strategies such as the DTC and the DPC are becoming the
most widely used in real world applications [11].
Furthermore, some other nonlinear control strategies have
been proposed in the literature where the best known is
the SMC, which has proven to be the most attractive
during the last decades. This is due to its inherent
properties to overcome complex challenges that are
caused by the presence of unmolded dynamics, the
neglect of high frequency dynamics, the presence of
model uncertainties, the variation of model parameters,
the presence of load disturbances, and the persistence of
the effect of sensor noise. To this purpose, it is important
to emphasize that the SMC-based synthesis of a robust
controller, taking into account all the previous obstacles,
is crucial for the active and reactive power control of the
DFIG equipped with a wind turbine [12]. Nevertheless,
this control strategy has the capacity to provide good
reference tracking dynamics, high robustness in the
presence of the preceding factors, and a good tradeoff
between the two preceding targets. However, it also
presents various misfunctions when strict specifications
are considered. Among them, the undesired phenomenon
known as «chattering» occurs during the operation of the
WECS near its operating point. The drawback that results
from this phenomenon is often associated with improper
selection of sliding surface gains where trial and error
selection is typically performed, leading thus to control
inaccuracy, dramatic performance degradation and high
thermal loss in power devices. To overcome this problem,
the PSO algorithm is introduced in the conventional-
SMC-based synthesis where their gains are properly
optimized. This can be done by solving the constrained
optimization problem whose fitness function is perfectly
minimized. The manner of the incorporation of the PSO
algorithm in conventional SMC strategy constitutes
therefore the main contribution of this paper.

Goal. In this paper, the actual behavior of WECS is
primarily modelled near its operating point. Then, the
VOC principal is used for decoupling the active power
control from the reactive power one. Finally, the
improved-SMC-based synthesis is applied to ensure the
proper reference tracking dynamics where the suppression
of harmonic currents is considered.

System description. The WECS is mainly
composed by a DFIG equipped with a wind turbine. Its
stator is connected to the grid while the BTB PMW
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converter is connected between the DFIG rotor and the
grid. The grid-side converter GSC is used to provide bi-
directional power flow that is generated from the rotor-
side converter RSC, stabilizing thus the DC link voltage
and achieving unity power factor. Figure 1 shows the
block diagram of a grid-connected DFIG wind turbine.

P,, Grid

| pgear Y N
/R box r -
RSC (APF) GSC

T -

Converter

NLL
Fig. 1. Block diagram of the grid connected DFIG wind turbine
in the presence of NLL

In general, the NLL often unfortunately injects
harmonic current into the grid where the desired
controller for active and reactive power regulations must
be operated as an active filter, in which the existing
harmonic currents and voltages are well absorbed. Also,
from Fig. 1, the node law imposes that:

Ig=1p -1y (1)
I,=1,—1,. (2)

The stator current /, of the DFIG is assumed to have
a non-sinusoidal waveform close to that of the NLL
current /;. The converter is designed to supply a pure
sinusoidal current /.. Then, the harmonic current [, thus
represents the current that the APF (rotor converter) must
generate. Therefore, and in accordance with (1), the grid
current [, will be clear of unwanted harmonic
components. To be in agreement with these assumptions,
the suggested WECS must generate the same harmonic
components as the non-linear current but with opposite
phases. This may be performed by investigating the
correct control circuit of the rotor converter. Keep in mind
that this control circuit may also be used to achieve
decoupled control of active and reactive power. The NLL
currents must be measured. Following that, the measured
load currents (I1,, 11, 1) are converted using the abc to
o—f (stationary reference frame) transformation. The
NLL current is equal to the sum of the fundamental
frequency and various harmonics, as shown below:

ILa =1Laf +1Lah > 3)

Lig=Irg +11p 4)
where (Ipgn, I1m) and (I I15) are the NLL current's
harmonic and fundamental constituents.

Based on (3), (4) and by deducting the load current
from its fundamental component, the harmonic components
of the NLL current can be expressed. The approach
depicted in Fig. 2 can be utilized to distinguish the
harmonic of NLL. In this figure, the Park transformation is
applied to convert the o—f current components to d—g
(synchronous) reference frame. The HSF is used to extract
the fundamental component from o—f components. The
HSF is a band pass filter as in Fig. 2 [8].

It should be noted that the design of the controller
design based on the SMC strategy for tracking both

reference active and reference reactive powers requires
prior modeling of all parts involved in the actual WECS
behavior, such as wind-turbine part, the rotor-side and
stator-side of the converter.
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Fig. 2. Harmonic isolation of the whole load harmonic current

Modeling of actual WECS behavior. Modeling of
wind turbine. A wind turbine collects the wind through
its blades and transmits it to the rotor hub. The kinetic
energy of the wind is accordingly converted into
mechanical power, generating thus a mechanical torque.
Also, the rotor shaft generates an electrical energy and
transmits it to the grid. Since the wind energy is found in
the form of kinetic energy where its amplitude depends on
the air density and the wind speed [12, 13]. The power of
the wind P, being found in the form of kinetic energy
when it crosses at the speed V,, air density o and the
surface area S. It can be expressed by:

Pv:%'p'S'V\?' (5)

The wind turbine can usually only recuperate a part
of the preceding power P,, resulting thus the power P, that
is expressed by:

1 2 3
Pt:E'p'n"R 'Vv'Cp: (6)

where R is the radius of the wind turbine; C, is the
corresponding power coefficient, which is given as a
function of the wind speed, the rotation speed and the
pitch angle.

Also, C, is often given as a function of the tip speed
ratio A, which is defined by:

1= QR ’ 7
v

where ), is the angular speed of the rotor.

Furthermore, the wind power P, and the power
extracted by the wind turbine P, are expressed in terms of
the power coefficient C,. Hence, one can obtain:

1
8=;Cp(w)-p-S-V3, (8)

where the coefficient C,(4,/) has a theoretical limit,
called BETZ limit. It is defined by:

-G
cp(x,ﬂ)—cl-(%—c3~ﬁ—c4} At Cgr. (9)
i

The numerical values of the parameters C, are
experimentally given by:

C1=0.5176; C,=116; C3=0.4;

(10)
C4=35; C5=21; C4=10.0068,
while the parameter 4, is expressed by:
1 1 0.035 (11)

4 (A+0.08-8) g3+1
It is worth noting here that the power conversion
coefficient C, is expressed as a function of the tip speed
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ratio A and the pitch angle S of the rotor blades. Their
evolution, depending on A for different values of S, is
illustrated in Fig. 3 [14].

Fig. 3. Evolution of C, as a function of A for different £ values

From Fig. 3 it seems that the power conversion
coefficient C, reaches its maximum when the pitch angle
p is zero and the tip speed ratio 4 becomes optimal.
Therefore, the corresponding curve is shown in Fig. 4.

0.45
G

0.4

‘Cpmaxa /lopt
0.35
0.3 F
0.25
0.2+
0.15
0.1
0.05 8
L 1 i
0 5 10 15 20

Fig. 4. Extraction of the curve defining the maximum power
conversion coefficient Cpmax

0

Also, the rotor torque 7, can be computed from the
received power P, and the speed of rotation €, of the
turbine. Therefore, the simplified equation that defines the
rotor torque is given by:

3 42
7 - p-m-R Vs

-G, (12)

where C, indicates the torque coefficient, which depends
heavily on the power conversion coefficient C, according
to the following equation:

C,(A)=2-C,(2). (13)

Using the adequate model that resulting from
momentum theory requires a priori knowledge of both
expressions C,(4) and Cy(A). Indeed, these two last ones
depend essentially on the geometrical characteristics of
the blades. Therefore, they are adapted to particular
characteristics such as the site where the WECS is
located, the desired nominal power, the control type such
as pitch or stall, and the WECS operation in variable or
fixed speed.

Modeling of DFIG. The DFIG design model is
determined by applying the conventional modeling in the
Park reference frame. Therefore, the corresponding
voltage and flux equations are expressed by [12, 15]:

- dyy
Vsd Rs"sd+ > —Wg W
(14)
Ly ,
Vsq - RV “lsq + dt T oy WYsqs
- dyy
Vrd:Rr'lrd+ . W Wiy
(15)
. 4
Vig =Ry iy +Trq+wr “Wrd>
Yird :Lr 'ird +Lm 'isd; (16)
Yrq =L, 'irq +L, 'isq;
Wed =Lg isqg + Ly iyg; 17)

Wsqg = Ls Isq T Ly irg-

Also, the electromagnetic torque is expressed by:

3 . .
TemZE'(‘//sd'lsq_‘//sq'lsd) (18)

and both active and reactive powers are expressed by:

Ps :%'(Vsd g T sq 'isq);

(19)

3 . .
Qs = E : (Vsd 'lsq - Vsq “Lgd )’ (20)

where V and i are the voltage and current, respectively;
R and L are the resistance and inductance, respectively;
v and o are the flux and angular speed of the DFIG,
respectively; P and Q are the active and reactive powers,
respectively.

Also, from (14)-(20), the indexes d and g represent
respectively, the electrical components, which are located
in the d—axis and the g—axis, while the indexes r, s and m
represent respectively the values of the rotor, the stator
and the magnetization.

Design controllers for DFIG wind turbine. Design
controller for GSC. The proposed control for this
converter is the VOC strategy, which employs a rotational
reference frame (d—¢q) oriented to the space vector of the
grid voltage (Fig. 5). Thanks to this kind of strategy, it is
possible to achieve the two main targets of the converter on
the grid side, i.e., the control of the DC bus voltage as well
as the power transmission performed by the converter using
the controlled reactive power transmission.
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Fig. 5. Control loop performed in the grid-side converter
(g subscript demonstrates grid-side components)

Accordingly, the difference between the reference

DC voltage V;us and the measured DC voltage V,,

becomes the input of the Vj,, regulator. Indeed, the iz
regulator is used to remove the discrepancy that is
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*
occurred between the reference current iy, and the

current igz,. It allows to regulate the active power P, of the
grid. Similar, the i, regulator is used to control the

reactive power O, of the grid, in which the difference
*
'qg ~lqg
For better performance in the dynamic responses,
there is additionally one coupling component in each
equation that is best incorporated in the control as a feed-
forward term, as illustrated in Fig. 5 (at the output of the

current controllers) [16]:
Cqf =05 Ly igg

is removed [16].

€2y
edf =W Lf . idg . (22)
Design controller for RSC The rotor-side converter is
designed to control the DFIG output power to grid. It is also
used to control the power factor across the DFIG [1]. The
stator active and reactive powers serve as the control inputs
of the RSC. As mentioned previously, the aim is to operate
the DFIG as an APF. The SMC strategy is used for the RSC
where the block diagram of RSC is shown in Fig. 6.
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Fig. 6. Control loop performed in the rotor-side converter

Assuming that a reference frame 1is rotating
synchronously with the stator flux and we suppose that the
network is stable, the stator flux 4, is becoming constant
and equal to ;. On the other hand, the stator flux s,
becomes zero, i.e., g = Y W, = 0. Also, for the generators
utilized in the wind turbine the stator resistance R; may be
ignored, resulting in ¥V, =0 and Vy, = V= @y 4.

Conventional SMC strategy The SMC strategy is a
very powerful nonlinear tool that has been widely
employed by researchers, especially in the last decades
[15, 17]. It consists in moving the system behavior along
a predetermined sliding surface, where a numeric control
signal is applied [12]. Moreover, the state trajectory of the
closed-loop system must be oriented towards the sliding
surface S(x) = 0 and maintained constantly around this
surface using the switching logic function U". In general,
the basic SMC law is commonly expressed by [18, 19]:

U,=U0%+uU", (23)
where U is the equivalent control law that is applied
when the existing states of the system are located in the
slip plane.

The control law U" is alternated between —k and +k
where k> 0. It is defined by:

U" = k-sgn[S(x)]. (24)

Also, the sigmoid function occurred in (24) is
defined by:

~1 if S(x)<o0;

senlS(x) {1 it S(x)>0.

According to the SMC principal, the control law U"

has often stabilized the WECS behavior, in which the

given power conversion becomes maximal and the

corresponding speed ratio reaches its optimal point A,.

This closed-loop stability requires often to satisfy the
Lyapunov condition that is expressed by:

S(x)-S‘(x)< 0,

(25)

(26)
where S(x)=di—(tx) denotes the derivative of the sliding

surface, which is expressed as a function of the variable to be
controlled (x). This last will be considered as either the active
power or the reactive power that is delivered by the WECS.
The goal is first to decouple the control of the active
power P, from that of the reactive power ;. Then, the
desired controller based on the conventional SMC
strategy should keep good track of both reference powers
PS*
harmonics occurring in the duty currents should be taken
into account. These requirements need detailing some
equations such as the rotor currents and their derivatives
as well as the sliding surfaces and their derivatives.
Furthermore, the relationships between reference stator
powers and the reference rotor currents are given by:

and Q:, in which a proper suppression of all

I =—= P I 27
E Vs'Lm ’ 7
* V. L *
Lg=—— Q=g (9)
" ws'Lm Vs'Lm '

Noted here, that the reference reactive power Q: is

set to zero and the reference active power PS* can be
expressed is related to the synchronous speed @;, and the
electromagnetic torque 7,,, can be expressed by:
£
P =9Q,-T,,. (29)
Moreover, the derivative of rotor currents, in d—axis
and g—axis, are expressed by:

d;"=17_U(qu—Rr-qu—g~ws-l7~a-1rd—g~ws~fo':f_ z}GO)
d7, 1
d;l: :Lr.O_(V;’d_Rr'Ird+g'ws'17'o"qu)’

where g and o are respectively the slip and dispersion
coefficient.

In general, the active power becomes directly
proportional to the rotor current in g—axis, while the
reactive power becomes proportional to the rotor current
in d—axis. Accordingly, the control surface of each power

is expressed by:

rq —1 rq > (31)
%

S(0)=Irq~1a - (32)

Knowing that the appropriate reference tracking

dynamics necessitates that all sliding surfaces as well as
their derivatives must be equal to zero, i.e., S(P) = 0,

S(Q) =0, S(P): 0 and S‘(Q): 0. These require that the

s(p)=1
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plot of P, (with respect to Q) is exponentially converged

to the one of the corresponding reference powers P:

(with respect to Q: ). Therefore, all previous sliding
surfaces necessarily become attractive and invariant,
where the key to the success of the SMC strategy strongly
depends on respecting the attractivity relationship of
Lyapunov [17], given by (26).

Control law used for active power control This
part focuses on finding the two parts of the control law

Vig (equivalent control vector) and ¥, (switching part

of the control) that constituting the rotor voltage V,,,
given in g—axis. Accordingly, the derivative of the sliding
surface S(P) is computed using (30)-(32), which yields
also (33) as follow:

. L. .
S(P)=L A I

m Vs

(33)

1 Ly Vs
L o '(qu _Rr'qu —8 Wy 'Lr'”']rd _g'T .

From (33) the control law V,, is determined and then

decomposed into the two control laws V,7f and Vg,

where V,, =V +V5 . The resulting rotor voltages in

g—axis are given by:

_L .L '0 .k .
rq:#'Ps _]th+Rr'Irq+g'ws'Lr'O-'Ird+
L Vs (34)
Lm'Vs
el slsle]
Ly
rel]q = _LS 'Lr = Ps* _quh +Rr 'Irq +
L Vs (35)
m'Vs.
+g-w5-L-o-Iy+g- L
s
Vi =L, o-v-sgn[S(P)]. (36)

Control law used for reactive power control
Similarly, the derivative of the sliding surface S(Q) is

first computed and the control law V,, is then extracted as
follows:

S'(Q){L—LQE—I'WJ—

Ly g Ly Vs (37)
1
_L’ACO_(Vrd_Rr'Ird+g'ws'Lr'0"1rq>
V L Sx
V.,=L.. s ___ S .0 -1 +R. -1 ,—
rd r O{Lm'ws L, -V, Oy th} rArd (38)

—& Wy 'Lr 'U'Irq +Lr 0V 'Sgn[S(Q)]'
According to (38), the two control laws Vrfiq and

V% are expressed by:

v, L sk
Veq:L -0 S - S 'QY—IthJ‘f‘
rd ' (Lm Wy Lm 'Vs ’ (39)
+R, - 1g — g o 'Lr'o-'[rq;
=L, -0-v,-sgn[S(Q)]. (40)

The block diagram that explains the SMC
implementation for active and reactive power controls of
the DIFG equipped with a wind turbine is given in Fig. 6.

From (38), (40), it is obvious that the desired
reference tracking dynamic requires the proper interaction
of all states of the system toward the switching surfaces,
ie., S(P) = 0 and S(Q) = 0. This still leads to the
occurrence of the chattering problem due to the existing

of the sigmoid function in both control laws VV’L'I and
V4 , in which the control law Vr'f] can either have the

gain —v; or +v;. In the other hand, the control law ¥,y

can either have the gain —v, or +v,. To overcome this
challenge, the implementation of the PSO algorithm to
optimize the two gains appearing in the two preceding
control laws becoming an indispensable key in the design
phase of the controllers. This enables to highlight the
improved version of the SMC strategy whose details are
discussed in the next part.

Improved SMC strategy In this study, the main
contribution lies in the selection of the two optimal gains

v and v, involved in the two control laws Vy;, and Vg

respectively. The corresponding bounded optimization
problem includes the fitness function J(X), expressed as
the MSE criterion. It consists of the sum of the two
squared errors e; and e,, produced by the simultaneous

tracking of the two reference powers P: and Q:.
Accordingly, the optimization problem can be expressed by:

min max{%i[ef()()ﬂ%()f)]}@l)

min  J(X)=
KXininSX <Xy | NT 2

XpinSX<X,

where both tracking errors e; and e, are defined by
eZ(X)zQs(X)_Qs

el(X)=Ps(X)_Ps and

respectively, X = (X 1L,X2 )T denotes the design vector to
be optimized where their components are constrained by
—v; =X| <+v and —v, =X, <+v, , Nand T denote the
total number of samples and the sampling time.

The PSO algorithm is implemented in a classical
SMC strategy to avoid the fast switching of the two gains
v; and v, from their positive to their negative values. In
fact, there is a multitude of unknown gains found between
the two positive and negative bounds for each gain of the
sliding surface. The objective is therefore mainly to focus
on finding the optimal gains during the tracking process
of the two reference powers. These optimal gains lead to
finding two feasible optimal commands, in which the
chattering problem of the SMC strategy is well solved.
The optimization process by the PSO algorithm is carried
out as follows: The PSO algorithm uses a swarm made up
of particles n,eN to know in search of the sub-optimal
solution X" e N*! which minimizes the objective function,
called J(X)eR. The position and velocity of particle

vectors i are given respectively by
X=Xy X0 Xio | and V= Vg Vi J -

They are determined by the iterative
expressions [20-22]:

following
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Vi =co W +e o '(Xibm’l _Xil)+

vy rdy et _xl) (42)

X,

where [ is the number of iterations previously provided by
the user; ¢y, ¢; and ¢, are respectively the inertia factor,
the cognitive (individual) and social (group) learning

relationships; rllj and r2l,,- are random numbers evenly

and Xbest,l

distributed over the interval [0, 1], X ,b estl e
are respectively the best position obtained previously by
the particle and the best position obtained in the whole of
the swarm at the current iteration /. In summary, the PSO
algorithm can consist of the following steps [21-23]:

e Step 1: initialize the n, particles with positions chosen
at random and which should previously be contained in the
lower and upper bound vector X, and Xiax;

o Step 2: cvaluate the fitness function for each
position;

Xibest,O

e Step 3: determine the initial solutions and

Xbest,O .

swarm >
o Step 4: check the stop condition. If it is satisfied, the
algorithm then converges to the desired optimal gains

" and v . Otherwise, go to the next step;

e Step 5: assign the new values obtained to all
particles (updates);
o Step 6: go back to step 2.
It should be noted that the PSO algorithm is

achieved by obtaining the two optimal gains v”' and

vgp ‘. They are multiplied by the constant value L,-o and

then used for computing the two optimal commands
nopt nopt . .
Vig and V,; . Knowing that the two equivalent

commands such as quq and V' VZ] are a priori computed

using (35), (39), respectively. The resulting four

preceding optimal commands are used to compute the two
opt opt

rotor Vg and ¥V

optimal voltages

(34), (38), respectively.

Simulation results and discussion. The previous
system (Fig. 1) was modelled and simulated using
SimPower System Demo, MATLAB/Simulink. The
proposed control strategy is applied to a WECS equipped
with a 2MW DFIG. The system parameters are presented
in the Appendix 1. The optimal values obtained are
Vi = 1550.05211 and ¥V, = 525.0299 as shown in the
fitness plots (Fig. 7) provided by the algorithm during the
extraction process for 20 execution of the code.

Figure 8 is the simulation results for active and
reactive power response in case of sliding mode control.
In this case study, simulation results show clearly the
improvement of active and reactive power demand
obtained by applying sliding mode control in term of time
response and good reference tracking accuracy.

using

x 10" Functional value

12

10 60 80
Fig. 7. The obtained fitness curve through PSO

,x10"_Active Power, W ; x1¢ Reactive Power, W

0 5 0 Is 200 5 10 Is 20

Fig. 8. Active and reactive powers

The most significant harmonic components which will
spread in the grid side with a THD as depicted in Fig. 9.
After implementing the active filtering technique on the rotor
current control loop, the waveform became greatly improved
with better harmonic spectrum as displayed in Fig. 10.
Referring to the results obtained, THD values are put in the
table below (Table 1). The grid side inverter gives an active
and reactive power needed by the rotor of DFIG.

Table 1
THD of the grid current
THD without filtering, % | THD after filtering, %
26.22 2.45

Grid current wave form before filterin; Fundamental (50 Hz) = 16.59, THD = 26.22 %

<

Grid current, A

&
g
S

-1000
-1500 - 1,8 f.Hz

[1.
0
0 2000 4000 6000 8000 10000

14.‘12 IA.‘IA 14.16 14.18 14.2
Fig. 9. Grid current wave form and his harmonic spectrum
before filtering

Grid current wave form after filtering

. Fundamental (50 Hz) = 1114, THD = 2.45 %
1500 - T T 1

w3
g
S =

Grid current, A
=

&
g
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-1500
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Fig. 10. Grid current wave form and his harmonic spectrum
after filtering

The reference harmonic compensating currents is shown
in Fig. 10. Concerning V. regulation, the obtained result is
satisfying. In fact, as illustrated in Fig. 11, after a transient
state, V. follows perfectly its reference (V= 1190 V).
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Fig. 11. DC-bus voltage wave form

Conclusions.

In this article, a study concerning a wind turbine based
on a doubly-fed induction generator connected to the grid has
been elaborated. The goals were to implement a rotor current
control loop that would eliminate harmonic currents
generated from a coupled nonlinear load using an active
filtering concept, while also permitting independent
regulation of power flow from and to the generator. For this
reason, rotor converter was used as an active power filter. The
response was conclusive given the improvements (an almost
sinusoidal shape) obtained in the network current. Where we

have found that the total harmonic distortion decrease from
26.22 % (before filtering) to 2.45 % (after filtering).

In addition, the other goal was to regulate the
common DC bus voltage between the rotor converter and
the grid converter. In this study, we discovered that the
simulation results show clearly the improvement of active
and reactive power demand obtained by applying sliding
mode control in term of time response and good reference
tracking accuracy.

In summary, the following characteristics of the
proposed wind energy conversion system are highlighted
in the following points:

1. Possibility to recover the maximum quantity of
power from the input wind speed.

2. Using an active power filter to reduce the harmonic
currents.

Finally, in order to complete the suggested
investigation, the power factor must be corrected.
Additionally, the system should be implemented on a real
machine in order to explore the impact of the saturation
effect on the performance of the generator. These
considerations will be investigated in future work.

Conflict of interest. The authors declare that they
have no conflicts of interest.

Appendix 1
System parameters [16]
Parameter Value Parameter Value
Turbine |Radius, m 42 | DFIG |Speed range, rpm 900-2000
Nominal wind speed, m/s 12.5 Pole pairs 2
Optimum tip speed ratio A, 7.2 Magnetizing inductance L,,, mH 2.5
Maximum power coefficient C,pmax 0.44 Rotor leakage inductance L,, ptH 87
Air density p, kg/m’ 1.1225 Stator leakage inductance L,, uH 87
Inertia J, kg~m2 127 Rotor resistance R,, mQ) 26
Friction D, N-m-s/rad 0.001 Stator resistance R, mQ) 29
DFIG |Nominal stator active power, MW 2 Grid |Grid inductance L,, mH 0.4
Nominal torque, N-m 12732 Grid resistance R,, mQ 0.02
Stator voltage, V 690 Grid frequency £, Hz 50
Nominal speed, rpm 1500 Grid voltage V,, V 690
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