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1. INTRODUCTION

Wind power was firstly used by sail ships in the Nile some 5000 years ago. The Europeans used it to grind
grains and pump water in the 1700s and 1800s while in sailing ships [1]. The use of wind turbines to generate
electricity can be traced back to the late nineteenth century with the 12kW DC [2]]. The stimulus for the development
of wind energy in 1973 was the price of oil and concern over limited fossil-fuel resources [1]]. There are a few issues
to worry about regarding the future energy production in the world. Now, of course, the main driver for use of wind
turbines to generate electrical power is the very low C'O and they are competing with electric utilities in supplying
economical clean power in many parts of the world and help limit climate change.

Today, Wind energy already plays a significant role in several European nations, and countries like China and
India are rapidly expanding their capacity both to manufacture wind turbines and to integrate wind power into their
electricity grids. The U.S. led the world in wind power installations for the third year in a row in 2007 [3]. Global
wind capacity increased by more than 20, 000M W, with 5,244 MW installed in the U.S. Spain and China were the
second and third largest markets last year with 3, 515M W and 3, 449 MW of wind power capacity added respectively.
According to European Commission targets, wind energy will continue to grow in Europe and will reach 69, 900M W
in 2010 [7]. In Germany, for example, wind power accounted for almost 10% of total electricity consumption in 2014
[6]. Such is the growth of wind energy that in the EU, 44% of new electricity generation capacity installed in 2015 was
wind power. Total generation of the world has increased by 17.4% to amount to 841TW hours in 2015 [3]]. According
to the Global Wind Energy Association, the global wind power installed capacity is 486.66GW by the end of 2016
(4].

Major factors that have accelerated the wind-power technology development are as follows: [2]]

e High-strength fiber composites for constructing large low-cost blades.
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Falling prices of the power electronics.

Variable-speed operation of electrical generators to capture maximum energy.

Improved plant operation, pushing the availability up to 95 percent.

Economy of scale, as the turbines and plants are getting larger in size.

Accumulated field experience (the learning curve effect) improving the capacity factor.

The electromagnetic conversion is usually achieved by induction machines or synchronous and permanent
magnet generators. Squirrel cage induction generators are widely used because of their lower cost, reliability, con-
struction and simplicity of maintenance but when it is directly connected to a power network, which imposes the
frequency, the speed must be set to a constant value by a mechanical device on the wind turbine [8]. With increased
penetration of wind power into electrical grids, DFIG wind turbines are largely deployed due to their variable speed
feature and hence influencing system dynamics, it is an induction machine with wound rotor and a four-quadrant ac-to-
ac converter setup connected to the rotor winding [9]. Although requiring a gearbox, the DFIG requires a converter of
only 25% of the generator rating for an operating speed range of 0.75 to 1.25 per unit (p.u.) and is considered a lower
cost, proven technology solution. DFIGs have long been considered as a good choice for variable speed generation
systems [10], [11].

Power electronics loads inject harmonic currents in the ac system and increase overall reactive power de-
manded by the equivalent load [12]. These distortions, which are caused by harmonics, are one of the major power
quality concerns in the electric power industry. And do not meet harmonic current content restrictions, as imposed by
several international standards such as IEC 61000 and IEEE519 [13]]. Different solutions to minimize the effects of
nonlinear loads in electric power systems (nonsinusoidal voltages, harmonic currents) have been proposed in numer-
ous researches. As a mater of fact, there are various types of compensators proposed to increase the power system
quality. Traditionally, switched capacitors banks are used to compensate for reactive loads [13]], [14]. However, the
capacitance of the PFC and the source inductance create a parallel resonance. The other solution is to rectify it with
line-commutated switches. Several strategies were proposed for diode rectifiers to further reduce the (12m 4 1)**
harmonics [[13]]. Several other solutions:

o Included additional active/passive components within the DC circuit.
e Proposed a parallel connected diode rectifier with an active interphase reactor.

e Proposed series-connected double three-phase diode rectifiers with auxiliary circuits. A problem of them is that
the operation of the auxiliary circuit is very complicated.

e Proposed to use a series active filter, and use a square-wave inverters-based dominant harmonic active filter.
(131, [15].

Active power filters are gaining more popularity due to their ability of handling higher switching frequencies
by using faster power switches [16]. One of the active power filters, the shunt active filter has been researched and
developed, and it has gradually been recognized as a feasible solution to the problems created by nonlinear loads. It is
used to eliminate the unwanted harmonics and compensate fundamental reactive power consumed by nonlinear loads
with injecting the compensation currents into the AC lines [[17], [18].

A new technique was launched by P. Poure and all [[19] and developed with Abolhassani and all [20], [21]]
integrated doubly fed electric generator instead of the active filter (IDEA) for variable speed wind energy conversion
systems, in another paper Abolhassani and all [22] proposed approach consists of a synchronous generator with modi-
fication to its field excitation; Preceded by it Fuyuto Takase and all [23]). It is shown that, by injecting 2"%, 4*" and 6th
harmonic currents into the field, a standard synchronous generator can be modified to generate 5*” and 7" harmonics
in the stator winding connected to the electric utility. But in a mechanical point of view of this technique, strong
torque ripples because of the harmonic currents, the end of the current harmonics compensation in the absence of the
wind and heating of the machine by eddy currents and hysteresis within the magnetic circuit with rapid destruction
[24]-[26].

In response to these concerns, this paper presents the analysis, control and simulation validation of a vector
controlled variable speed DFIG supplying a connected grid. Two back-to-back PWM voltage-fed inverters connected
between the grid and the rotor are used to allow bidirectional power flow.

The purpose of the grid side converter is to maintain the dc link voltage constant. It has control over the active
and reactive power transfer between the rotor and the grid and used to compensate the harmonics currents, while the
rotor side converter is responsible for control of the flux, and thus, the stator active and reactive powers [30].
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A vector control approach is adopted which enables the independent control of the active and reactive power
flowing between the grid and grid-side converter. An LC-filter between the voltage-source converter VSC and the rotor
DFIG is used to reduce the switching frequency harmonics injected in the line currents and eliminate high dv/dt, to
avoid the overlap phenomenon in Diode Bridge, and ensure a good pace of current. We see also the absence of torque
ripple and the continuity harmonic current filtering in wind absence. And generate power to the grid if nonlinear load
arrest or both.

2. DFIG, ELECTRICAL MODEL WITH AN LC FILTER
The equations of a DFIG in a synchronously rotating dq reference frame, with the g-axis aligned along the
stator flux vector position are given by

. d(bsd
VYSd = Rslsd + dt - ws(bsq (1)
do,
Vsq = Rslsq + itq + ws(bsd (2)
Rotor equations:
_ . d¢7‘d
Via = Rytrg + dt - qubrq 3)
do,
V;'q = Rrirq + th + wrd)rd (4)

where Vi = [VaaVig|T , Vi = [ViaVig]T s is = lisaisg)” and i, = [irqirg]T , are the stator-side, rotor-side
voltage, stator-side current, and rotor-side current, respectively. w, represent the rotational speed. The superscripts
s and r represent the space vectors that referred to stator and rotor references. Contrary, the correlation between the
fluxes and the currents, in space vector notation, is given by:

Stator flux
¢Sd = Lgtsq + Mirqg = ¢s )
@sq = Lstsqg + Mig =0 (6)

Rotor flux
(brd = Lyipqg + Migq (N
¢'rq = Lrirq + Misq (8)

R, L, represent the resistance, inductance, respectively. The subscripts 7, s stand for rotor side, stator side and
M magnetization.
The electromagnetic torque can be expressed using the d-g components as follow:

pM . .
T, = T(Zrd¢sq - qu¢sd) 9)
Where p is the number of pole pairs Generally, the dynamic equation for a generator-wind turbine system
[27]], [28]] is used to described the rotor mechanical speed w,,,, mechanical torque 7;,, and electromagnetic torque 7,
as

dw, p p2M . . f
dt = ij - TLS(ZTd(bSq - qugbsd) - jwm (10)

Where J is inertia constant, f friction coefficient, T, can be calculated from (11)), 7},, is the output torque
of wind turbine and can be obtained from the optimum torquespeed curve between the cut-in wind speed and limited
wind speed as [28].

nnzémﬂﬂﬁgd%iﬁ (11)
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Figure 1. C), characteristic of wind turbine

Where p is the air density being 1.225kg/m?; C'p is the performance coefficient of the wind turbine which
is a function of the tip speed ratio, A, and the blade pitch angle, 5°. In this model, the wind speed V,, represents the
mean value of the upstream wind and A is the area swept by the turbine blades.

The function Cp, (A, 8) in has been modelled by using the equation proposed in [29].

. m(A—=3)
= (0.44 — 0.01 ——=]—0.0184(\ — 12
Cp,=1(0 0.0 676)3271[1570'35] 0.0184(A — 3) (12)
The tip-speed- ratio (TSR) is defined as:
Dw,.
A= 13)

D is the diameter of the area covered by the movement of the blades.
The maximum power point is obtained at Cl,q, = 0.48, with optimum tip speed ratio Ag = 8.1, and for a minimum
blade pitch angle 3, = 0. FigurdI|shows the W power characteristics, for various wind speed values as a function
of the rotational speed.

Equations (3)) and (6) give [30]:

. s M,
iua = = i (14)
. M
lsg = —L—zrq (15)
The electromagnetic torque 7, became:
M
Te = _Lirq¢s (16)
L,

Assuming that the stator resistance is negligible compared with the magnetizing reactance and also that the stator flux
vector has a constant magnitude and rotates at a constant angular speed equal to the supply frequency. Equations (1),

(2) are simplified to and [311:

Vea =0 a7
Viqg = ws¢s = Vs (18)

The stator active and reactive powers of a DFIG can thus be derived using equations (T4), (I3, and (T8)),
giving [19]:

M
Py = Vigisq + V;qisq = sqisq = _V;L irq
M (19)

Qs = sqisd - V:edisq = V:qusd = V:‘;(¢5 - fird)

As can be seen, P, and (), are proportional to and respectively. Provided the magnitude of stator flux is kept
constant, both power components can be controlled linearly by adjusting the relative rotor current components.

IJECE Vol. x, No. X, X X:



IJECE ISSN: 2088-8708 D 5

where the equation (3 and (@) based of equation filter LC show in Figurd?2] the current injected in the rotor is
i, , but iy is the current in output of converter, tension applied in the rotor represented by the capacitor voltage V., and
the only harmonic frequency absorbed from the capacitor filter, the general equation of inverter ,L.C filter and rotor is
given by (20), and (22)), where V;.4 and V,., is the translate frame abc to dq of [Vea Vey Vee| [321), [331.

i=[i iy V" (20)
and R, )
o
[4] = 01 _f; I 1)
o oo
iy = F(p)U+G({)V (22)
With F' and G define by the relations 23) and (24) [33]-[35]:
FS) =g +a2521+a3S+a4 @3)
o(s) = 1+ CyS(LS + Ry) o1

(LyS+ R.)(14+CyS(LyS+ Ry)) + (LS + Ry)
S: Laplace operator

The denominator coefficients in (23] are given by:

ay =L, L¢Cf,a0=L,R;C¢+ LfR,.Ct,a3 =L, + Ly + R.R¢tCy,as = R, + Ry If the all resistances
effects are neglected, relation (23) becomes:

1
F(S)~ 25
(5) L,L;CyS3+ (R, + Ry)S (2)
Finally, the resonance frequency of the LC filter is computed as:
1

A (26)

L.Ly

L+L; - f

Figure 2. Equivalent circuit of one phase LC filter system

f‘q:f‘ 31._}' Jal ﬂ;q Ird

Figure 3. Equivalent circuit of three phase LC filter system in dq frame
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3. CONTROL OF APF SYSTEM

Active filters are used to reduce harmonics generated by non-linear industrial loads. Usually the control
circuit of the filter detects the non-linear load harmonics and controls the active filter to inject the compensating
harmonic in the opposite phase.

Figure [d] shows the general structure of the active filter for non linear load [16].
Let us define 2 = i}/ — iis a state variable, where the complex vector of the reference current i,/ in the stationary
reference frame is given by:

i;;ef = Ifef exp j(wt + wrcf Z I7¢ exp j(mwt — @r¢f) (27)

withm = 6k £ 1, k = 1,2, 3.... and the angular velocity of the fundamental harmonic is w.

The grid converter allows the DC-bus voltage regulation and the operating at unity power factor. In this case, the
currents drawn from the grid are perfectly picture of harmonic currents, sinusoidal or both.

By averaging the switching action of the semiconductor switches and applying the dq transformation to the resulting
average model, a large signal average model in dg frame is obtained. The equivalent circuit is shown in Figure[5] The
grid converter mathematical model is given by [/7], [8]:

,_
|E§ I-Q Fee)
T Turbine
Rgﬂ u
]
o = md
Diode rectifier i Lg? g m |
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Figure 4. Block diagram of the proposed method
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g _ ] e (28)
%‘/c - C%i(%(ddhzdh + dqhzqh) - Zo)

With L = Lg + Lpand R = Rg + Ry,
So, the current i, is given by:

. 3 . .
io = (5 (dariar + dgsiar)) (29)
ih =1n +ip (30)
Where
i harmonic current
1, POWET current
’i; = dgnign + dqhiqh (31)
io = Syias + Saipy + Ssicy and i, = Syian + Syivh + Syich (32)

s’ grid converter switch (GSC)

S rotor converter switch (RSC)

4. RESULTS AND ANALYSIS

The proposed control strategy is applied to a WECS equipped with a 12kW DFIG. The system parameters
are given in the table(1-4). The switching frequency of the RSC is chosen equal to 2.5k H z and GSC controlled with
6 A hysteresis band.

In the first time the non linear load is not connected, the grid side inverter gives an active and reactive power
needed by the rotor of DFIG, Figure [5] Figure [7] show the performance of implantation of the LC filter between the
rotor and RSC, where the ripple caused by the commutation frequency is eliminate in the stator current, active and
reactive power and torque. Figure [6]and Figure[§] the grid current spectrum, before and after put of LC filter, prove
the enhancement of the grid current THD which is reduced from about 5.83% to 2.6%.

Attime ¢t = 0.5s and ¢ = 0.6s an step in the reference of active power and reactive from 5K w to 10K w and
2kVar to 5KV ar respectively, present the good response to this control and stability of system.

In the second study at ¢ = 1s the diode bridge connected, the grid side inverter give power and compensate
harmonic current Figure 9] and figure [I0] illustrate the performance of the proposed method where the THD reduced
from 27.88% to 3.89% in the norm recommended.

Fi gure@] showed the correct tracking of the harmonic current to the reference, and the advent of the LC filter
where cancellation of the switching frequency at the stator current. The DC capacitor voltage is maintained constant
practically at its command value of 900V before ¢t = 0.3s, by the control of the GSC as shown in Figure[IT] During
active filtering operation, one can notice small oscillations of V;; at a frequency of 300 H z. However, these oscillations
do not affect the DC bus stability.

Developing a grid-connected DFIG strategy for the integration of wind power with .... (Hacil Mahieddine)
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5. CONCLUSION

In this paper, a novel approach has been proposed to manage and improve the quality of the grid power using
a WECS equipped by a DFIG. The RSC is controlled in such a way to manage between production of maximum active
power and power quality improvement without any over-rating. The performance of the grid side converter achieves
an active and reactive green power source with active filtering capability. The proposed topology has been shown
to be capable of reducing the torque ripple and providing an almost sinusoidal voltage to the grid with an optimum
SVM method is proposed to obtain the best line-current THD with reduced switching losses with an LC filter normally
required at the output of a PWM inverter rotor to assist in the switching device commutation and switching harmonic
filtering. Simulation results show excellent steady state and dynamic performances of the developed prototype.

Table 1. DFIG parameters

Variable designation value
L, Stator inductance 0.084 H
L, Rotor inductance 0.081 H
M Mutual inductance 0.078 H
R Stator winding resistor 0.455
R, Rotor winding resistor 0.62
J Combined moment of inertia of machine and turbine  0.3125 kg.m?
P Number of pole pairs 2

Table 2. Grid parameters

Variable designation value
L, Grid inductance  0.000115 H
R, Grid resistor 0.000592
F frequency 50 Hz
Vg Grid voltage 400 V

Table 3. Nonlinear Load parameters

Variable designation value
Ly DC side Inductance  0.005 H
Ry DC side Resistance 50

Table 4. GSC and LC filter parameters

Variable designation value
Ry, GSC Resistance 0.0062 €
Ly GSC Inductance 100 uF
Ry LC Resistance 1.7 m§2
Ly LC Inductance 0.0203 H
Cy LC capacitor 8.1057 uF
Cq DC bus capacitor 300 puF'
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