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The increasing integration of decentralized production from renewable
energies on the electricity grids should contribute to improving the stability
and quality of the energy produced. The main objective of this work is to
prove how renewable energy sources can improve the quality of electrical
energy in the grid. In particular, controlled by the oriented flux technique, a
double-feed induction generator DFIG driven by a wind turbine is together
used to produce active power to the electrical network and to compensate the
current harmonics generated by a non-linear load, which leads to improve the
supplied energy quality. The Active filtering function consists first of all in
identifying the current harmonics using the theory of instantaneous active
and reactive powers quality (PQ). Then, the closed loop based on the fast
terminal sliding mode control (FTSMC) control allows both the generator to
follow the optimal operating point of the wind turbine and to compensate for
the current harmonics. The Analysis and simulation results using
MATLAB/Simulink confirm the effectiveness and the limits of the proposed
methods and also show the performances of the law control which provides
flexibility, high precision and fast response.
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NOMENCLATUR

DFIG Doubly Fed Induction Wy Pulsation of rotor currents (rd/s)
RSC Rotor side converter p Number of pole pairs of the DFIG
GSC Grid side converter Q, Mechanical angular speed (rd/s)
WECS Wind Energy Conversion  vg4, Ugq Direct and quadratic stator

MPPT Maximum Power Point Vrd, Urgq Direct and quadratic rotor

lrarlrg d-q rotor currents P, Qs Active and reactive stator powers
Dsa, Dsq d-q stator flux Tem The electromagnetic torque (N.m)
Bra) Drgq d-q rotor flux components. Vg The RMS value of the network
isq, Isq d-q stator currents. Vg1, Vs, Usz Three phase voltages.
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lrarirg d-q rotor currents. Sa,Sq d-q components of sliding

L, L, Stator and rotor B., 0, Active and reactive rotor powers

Ly Magnetizing inductance Vsar Usp Components of the stator voltage

o Blondel dispersion in the of reference.

Rg, R, ) Stator and rotor resistances lser isp Components of the stator current

Vdc DC link voltage in the af reference.

Wg Pulsation of synchronism ichi,icnzr icns  Currents of the non-linear load.

THD% Harmonic distortion rate p,p Continuous and alternative
components of Active power.

SAPF Shunt Active Power Filter q,q Continuous and alternative

components of reactive power.

1. INTRODUCTION

The development of power electronics, the increase in powers involved and the progressive
flexibility of the semiconductors use have encouraged the association of statics powers converters with
electrical machines. These devices based on electronic components absorb a non-sinusoidal current and
therefore behave as harmonic generators consuming reactive power; these are the main cause of electrical
network disturbances and harmonic production [1]. When using linear loads on an electrical network, the
current and the voltage is at the same frequency imposed by the grid. The presence of non-linear loads
includes common office equipment such as computers and scanners, fluorescent lighting, battery chargers
and variable-speed drives, contribute to generate a harmonic current. This will cause additional losses and
reduce the performance of the equipments [2]. Therefore, power quality problems have become an important
concern nowadays. Standards for mitigating harmonic current effects have been recommended to limit
problems not only result in degradation of the power factor, but also lead to failures of sensitive devices and
equipment overheating [3].

Wind is the second widely used renewable energy source after hydropower [4]. More the wind is
one of the lowest-priced energy sources available today. These decentralized sources can not only behave as
active generators in the distribution networks, but must produce system services (reactive power
compensation) like conventional generators and participate in improving the quality of electrical energy
(active filtering function) [5], [6]. In the first time, passive filters had been introduced to eliminate the current
harmonic effects. However, these types of filters are highly sensitive to random variations in power system
parameters and can cause resonances parallel according to the source impedance [7]. Active power filters
have been developed to overcome the disadvantages of passive filters and to provide a more reliable and
flexible compensation. This allows for a more stable network. Hoon et al. [8], an isolated shunt active power
filter is tested to reduce the harmonic currents produced by a non-linear load. The simulation results of the
grid currents after filtering shows a THD% harmonic distortion rate (12.08%) which can be more improved.

Generally [9], shunt active filters are intended to act in a direct and dynamic manner to compensate
harmonics or mitigate their effects on power systems. To achieve this goal, the method of identifying
harmonic reference values should respond in real time and accurately to ensure good filtering quality. The
algorithms for identifying harmonic references of currents or voltages are grouped in the literature in two
domains, the frequency domain or the time domain. The methods of identifying harmonics in the time
domain are characterized by a fast response time and a minimal computation compared to the methods in the
frequency domain [10]. The instantaneous powers method PQ introduced by Akagi et al. [11], uses the
Concordia's transformation of simple voltages and currents absorbed by the non-linear load, in order to
calculate instantaneous real and imaginary powers. The fundamental component of the powers is transformed
into a continuous component and the harmonic components into oscillatory components. This transformation
is necessary to keep only the term representing the harmonic components.

Ahmed and Ali [12], the grid side converter (GSC) of wind energy conversion sys (WECS)
equipped with DFIG was used as a shunt active power filter (SAPF) for improving the power quality. With a
control strategy using Pl controller, the quality of the currents injected into the network can be more
improved [13]. In previous work [14], we proposed a control algorithm to extract the optimum power point in
the WECS, that allowed the doubly fed induction generator DFIG to track the optimal operation points of the
wind turbine system under fluctuating wind conditions, and the tracking process speeds up over time. Indeed,
we had proposed an advanced maximum power point tracking (MPPT) technique. The control strategy
consisted in inserting a Kalman observer to estimate the mechanical torque, then to synthesize an MPPT
controller by back-stepping approach to generate the electromagnetic torque reference like in Figure 1. So, a
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high order sliding mode controller was synthesized in order to regulate both the electromagnetic torque and
the stator reactive power to achieve the control aims.

In this work, by using the same control of the rotor side converter rotor side converter (RSC) like in
Figure 2. We aim both to improve the power efficiency and to reduce the current harmonics generated by
non-linear loads. We investigate the non-linear control technique based to the new robust fast terminal sliding
mode control (FTSMC). The dynamic terminal sliding mode controller is formulated based on Lyapunov
theory such that the sliding phase of the closed-loop control system can be guaranteed, also chattering
phenomenon caused by the classical sliding mode control can be eliminated, and high precision performance
is achieved [15].

The document is organized: in section (2.1), the operational control objectives are presented. Then
in paragraph (2.2) the mathematical model of the DFIG is detailed. In section (2.3), the generation of
harmonic current references is developed, using the principle of the instantaneous power PQ method widely
used in the literature. In (2.4), the control law using fast terminal sliding mode control FTSMC is
synthesized. The performance of the controller is illustrated by simulations in section 3 and compared to the
simulation résults of the technique based on the second order sliding mode control developed in [10]. Finaly,
we conclude and a list of references complete the paper.

2. STRATEGY OF CONTROL
2.1. Control objective
There are two operational objectives of the control strategy:
— ldentify harmonic currents using the instantaneous power PQ method widely used in the literature. Then
define the equivalent rotor currents.
— Design a law using Fast terminal sliding mode control FTSMC to ensure a better harmonic distortion rate
of the network's currents and a unit power factor.
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Figure 2. Principle of the control strategy
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2.2. Modeling of the DFIG

The vector control of the doubly fed induction generator DFIG provides faster response dynamics
and better torque control accuracy. In this context, a vector control strategy with oriented stator flux has been
developed. The electrical equations from the generator in the park frame are written [16]:

The stator and rotor flux are expressed by:

Psq = Ls " isq + Ly " irq
Dsq = Ls " isq + Ly~ irq

, . 1
®Td=LT.lT‘d+LM."Sd ()
qu =L~ irq + Ly iSq
The relation (2) gives the stator and rotor voltages equations, [17]:
. a
Vsa = Rs isa + = — w5 Bsq
, ap
qu:RS'lSq+d_fq+wS'®5d ?

_ . d@yrq
Vrg = Ry lpg + dt _(Ur'@rq

d@rq
dt

kvrq =R, irq + +w, - Q)rd

The relation (3) define the stator active, reactive powers and the electromagnetic torque [18]:

Ps = vgq " igq + Vgq " isq
Qs = Vsq " lsq — Vsq " Isq (3)
Tey =0 Ly - (irdiSq - irqisd)

by setting the quadratic component of the stator’s flux to null value and neglecting the value of the stator
winding resistor RS, the voltage and flux equations of the stator winding are simplified in steady state as:

at (4)

{Qsd :®S = cte ﬁ—dQSdZO
RszO =4 de=0

Therefore, combining (1) and (4) we get the following simplified expressions:

. -Ly .

lSq = ? qu .
i — (Q_S _ LM'ird) ( )
Sd Ls Ls

Using the Blondel dispersion coefficient o, (1) and (2) we obtain the simplified expressions:

Wra — 1 (4, — Ryivg + Wy L,oiyg)
dt Lyo (6)
dirq _ 1 . . Ly
i LT_J(Urq - errq - WrLrUlrd — Wy E‘Ibs)
Moreover, relation (3) can be written as:
L .
PS = —ﬁ.vs.f.qu
. 1
Qsz\/g'Vs'(Q)s_LM'lrd)'Z (7
L .
Tey = —P'ﬁ'%'lm

2.3. References harmonic generator

Figure 3 shows the shape of the three-phase currents absorbed by the non-linear load formed by a
rectifier circuit. The principle of the instantaneous power method adopted here consists of the transition from
three-phase systems consisting of simple voltages and line currents to a system af using the Concordia
transformation. The Concordia transition matrix is [19]:
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1 22 2
(€] = flo i ®
2 2
Us1
Usa
s i
i ichl
Leha _ i
o] = el [ZZ] (10

The relation (11) gives the instantaneous active and reactive powers expressions.
P1_[Vsa Vsp [is‘a]
[Q] - —VUsp vSa] ig[; (11)

Each of the instantaneous powers consists of two components: direct and alternative.

p=p+p
s 12
&=q+q (12)
Where pand § represent the alternative components related to the interaction between the simple
voltages and the harmonic currents of the different orders. To extract the harmonic components from the
instantaneous active and reactive powers, we use a second order low-pass filter, as shown in Figure 3. From (7),
we define the rotor current references corresponding to the harmonic currents produced by the non-linear load.

—Lg
' Us.Ly

% _ q_LS)
Ly Us.Ly

irqch = ﬁ and irdch = ( (13)

Figure 3. Scheme for extraction of harmonic currents under MATLAB/SIMULINK

2.4. Dynamic fast terminal SMC controller synthesis
2.4.1. Principle of FTSMC controller
The classical commands by sliding mode ensure an asymptotic error convergence; while the fast
terminal sliding mode control (FTSMC) techniques ensure finite time convergence of the error [20].
Let us consider the generalized following sliding function:

s = 2(t) + ax(®) + Blx®)|7p - sgn(x(©)) (14)

Where a, 8 > 0 & q,p (g < p) are positive parameters.
When s tends to 0, x(t) tends to O in finite time. The relation (14) become:

2(t) = —ax(t) — Bx(t)/r (15)
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From relation (15), we write:
x o -% +a-x(p) = -B (16)

We choose the variable y as:

-9 -q

=% d - == d

y:xp _)_yzu.xp._x (17)
dt P dt

By combining the relations (17) and (18), we get:
L G DN (p;q)ﬁ (19)

dt P

Relation (19) can be written as:
24Py =0Q() (20)
The solution of this equation is [21]:
_ —ffpmar [t — [ p(eyat
y(t) = e hPOL . ([1o(t) - eh POt gt + () (21)

Where: C, = y(0). From relations (19), (20) and (21). We get the expression of y(t) as :

-9 _-9
Y@ ==L+l eT Ty e (22)
we assume that for t = ts: X(ts) = 0 and y(ts)= 0.
p—q, .
eTatS — BL+ay(0) (23)

B

From the initial state x(0) # 0 for t = 0, the convergence time ts is then expressed by [22]:

p-q
__p ax(0) P +8
tg = P ln( 5 ) (24)

2.4.2. Controller Synthesis
According to Figure 1, the global references of the rotor currents (ir;™, ir;™) consist of the references

of the MPPT block and of the harmonic reference generator. Initially, we define the following errors [23], [24]:

{el =iy —iry” (25)
ey, =iry —irg”
Let us consider the following sliding functions:
— 5 Q1/p1
Sq=¢é +ae  + Bie; (26)
. lh/pz
Sq = é; + aze; + pre,
When S1 and S2 converge towards 0, the errors el and e2 also converge towards 0 in finite time.
&, =—ae,— B eql/p1
1= 161 164
X lh/pz (27)
€; = —€e; — Bzez

From the relations (25) and (27) we get:
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dir, durg* Y.

_qz—q_alel_ﬁlel p1

dt dt (28)
dirg _ dir;* 2/p2

a C ar %t ﬁzez

Combining (6) and (28), we establish the following control laws:

durr* q1

v, = Lra% + Riry + Lyow,iry s — Lroaje; — p1L.oe; e (29)
dl'?‘l;* . . qz/p

vrg = Lo —% + Ryirg — Lyow,irg + Lyoaze, — B,L.0e, z (30)

3. SIMULATION RESULTS AND ANALYSIS

In this section, we use the previous equations to simulate both the generator, non-linear load and the
controller. In [25], we had already dealt MPPT system. Thus, in this simulation, we focus on the
performances of the FTSMC technique control and the mitigation of harmonic currents generated by a non-
linear load. Then, a comparison of its performance to that of the second order sliding mode adopted
previously is presented in [10]. System performances have been validated by simulation in
MATLAB/SIMULINK environment. The Tables 1 and 2 summarize the parameters of the turbine and DFIG
[26]. While Table 3 contain the controller’s parameters. The DC link voltage is initially set at 800V.

Figures 4(a) and 4(b) show the shape of the non-linear load currents and its harmonic analysis. The
non-linear load introduces harmonic currents with a high THD (THD=31.35%). To get satisfactory results
from the proposed method, the currents of the non-linear load must not exceed 10% of the nominal stator
currents generated by the DFIG.

Table 1. The parameters of turbine

Parameters Values  Parameters Values
Py 15MW  p 1.225Kg/m?
Nombre of Blades 3 Blade length  35.25m
Table 2. The parameters of DFIG Table 3. Controller parameters by FTSMC
Parameters  Values Parameters  Values Parameters  Values Parameters  Values
Pn 1.5MW L, 0.0136H 01 10 02 10
Rs 0.012Q Lm 0.0135H p1 11 p2 11
R, 0.021Q F 0.0024 N/rd/s o1 15 02 5
Ls 0.0137H J 0.175 kg.m Bs 500 B, 100
150 e Fundamental (50Hz) = 98.27 , THD= 31.35%
g NI load current ich? z 30
V\Lknd(um'nmm ‘E
] =
= =
] < 20
3 | 5
s i ; 10
- 7 |
& =
,; Eﬂn 0 1 1
el 09 = 0 100 200 300 400 500

005 0 3015 3.0

Time (Seconds) Frequency (Hz)

@ (b)

Figure 4. Shape of non-linear load currents and it FFT analysis; (a) non-linear load currents and (b) FFT analysis

In Figure 5, it's shown the evolution of the wind speed at the system input. In fact, at t=3s a positive
step of 4.5 m/s is added to the wind speed. This allows to produce more wind power and generate higher
currents on the power system. Figures 6 (a) and 6 (b) show the shape of the electrical network currents
generated after compensation of the harmonic currents based on the technique of second order sliding modes.
While Figures 6 (c) and 6 (d) show the shapes of the currents when the FTSMC method has been adopted.
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One can note a fast convergence for the FTSMC technique compared to the method applying the sliding
mode of the second order. On the other hand, the FFT analysis of the network currents shows a better
harmonic rate for the second order sliding mode 0.76%; while the FTSMC technique provides a rate of
1.77%.
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Figure 6. Shape of the power network currents after compensation; (a) grid current with second order SMC;
(b) FFT analysis currents with second order SMC; (c) grid current with FTSMC controller; (d) FTT analysis
currents with FTSMC controller

Figure 7 (a) and 7 (b) show the shape and spectral analysis of the currents generated at the stator of
the doubly fed induction generator DFIG. It has a better harmonic distortion rate THD estimated at 0.71%.
Also, Figure 7 (c) shows a rapid convergence of the currents in the stator of the generator when the FTSMC
technique is adopted. Figure 8 shows for the FTSMC technique, the shape of the simple voltage and the line
current of the power system. Moreover, the system presents a unit power factor.
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Figure 7. Shape of the stator currents of the DFIG; (a) stator currents with second order SMC; (b) FFT
analysis of stator current with second order SMC; (c) Stator current with FTSMC controller; (d) FFT analysis
of stator current with FTSMC

Figure 9 shows the shape of the rotor currents when the wind speed changes from 9 m/s to 13.5 m/s.
It show small oscillations caused by the non-linear load. Figure 10 shows the shape of three-phase rotor
voltages. These are the DFIG control voltages generated by “RSC” the DC/AC converter. There is a
minimum of chatter phenomenon compared to a control by conventional sliding mode. Moreover, it leads to
reduce oscillations caused by the high frequency switching of a sliding mode controller. Finally, Figure 11
presents quadratic components of the sliding functions Sq and Sd. They are characterized by fast
convergences towards 0. This proves the robustness of the control law using high-order sliding mode.
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Figure 8. Voltage and current of one phase of grid Figure 9. Shape of the rotor currents of DFIG
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4. CONCLUSION

In this paper, an advanced shunt active filtering function of current harmonics generated by non-
linear load on the power system. The strategy used the control of a wind energy conversion system, both to
produce active power to the electrical network and to mitigate the current harmonic effects. The studied
system is composed of Turbine 1.5 MW three- blades and a doubly fed induction generator DFIG 1.5 MW
with the stator directly connected to the grid and the rotor connected to the grid through two converters
"RSC" and "GSC". The main objective is the development of an active filtering function performed by the
same control of the rotor side converter RSC. While the previous control was used only to allow the wind
generator to track optimum operating points under fluctuating wind conditions and to produce high-quality
stator energy. The technique of harmonic attenuation use precise identification of the harmonic currents and
compensation based on the widely used, instantaneous active and reactive powers theory "PQ™ which has
given very good results, despite the difficult adjustment of the regulator parameters based on second order
sliding mode.

The FTSMC technique adopted in this work, offers a rapid convergence of the currents and a higher
harmonic distortion rate compared to the value found by the second order sliding mode control. Despite a
little presence of chattering phenomenon compared to a classic sliding mode control for sure due to hidden
dynamics of the system. With a view to improving the control law proposed in our work, it is possible to
reduce the chattering phenomenon effectively when the fuzzy sliding mode control based on an equivalent
control is adopted. The strategy adopted is an attractive option for the network manager because its
implementation provides an economic investment for the system. Indeed, the system requires only
installation of two or three current sensors at the source station. Moreover, the strategy developed and
presented in this work meets with the objectives. This contributes to increasing the reliability of the WECS
and improves the quality and efficiency of energy provided to the electrical network.
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