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Abstract. The aim of this study is to enhance DFIG based Wind Energy Conversion Systems (WECS)
dynamics during grid coupling. In this paper, a system modelling and a starting/coupling procedure for
this generator to the grid are proposed. The proposed non-linear system is a variable structure system
(VSS) and has two different states, before and after coupling. So, two different state models are given
to the system to analyse transient stability during the coupling. The given model represents well the
transient state of the machine, through which, a behaviour assessment of the generator before, during and
after connection is given based on simulation results. For this, a 300kW DFIG based wind generation
system model was simulated on the Matlab/SIMULINK environment. We judge the proposed procedure to
be practical, smooth and stability improved.

1 Introduction

Environmental concerns about global warming, and exhausting fossil fuels are the reason behind renewable energy
sources emerging so to fulfil society’s energy demand. Among all the renewable energy sources, wind energy is becoming
mainstream and competitive with conventional sources of energy. The capacity of cumulative installed wind power
increased from 6.1 GW in 1996 to 486.8 GW by 2016. It is predicted, following this trend, that the cumulative wind
capacity would reach 800 GW by the end of 2021. More than 54 GWs of clean renewable wind power, for example, was
added across the global market in 2016 [1-4].

This exponential growth in wind turbines plants had surely led to growing requirements in wind energy technology
for better controlling the turbine as well as modelling the wind system. Most of the challenges in the wind power
technology come from the fluctuating nature of wind flow applied to wind turbines. It can be noted that if newer
technologies can overcome most annoying challenges in the future, a big part of the world’s electricity demand can be
provided only by wind energy [3]. Mainly, the aim of wind turbine systems development is to continuously increase
output power. Modern high-power wind turbines are capable of Adjustable Speed Operation to overcome several
drawbacks which were found on fixed speed generators. Many topologies based on different types of generators have
then been proposed, and recent developments seek to avoid most of their disadvantages like the full-seized converters
and filters in the case of synchronous generators.

Among adjustable speed generator, Doubly Fed Induction Generators (DFIGs) based wind turbines have become
popular due to their numerous advantages including lower converters size and cost, variable speed operation at constant
stator frequency, higher efficiency and independent control of both active and reactive powers.

Power control of the machine (MPPT and active/reactive power control) was the subject of recent researches.
The grid is modelled as a stable and balanced voltage in most of the conventional control schemes [5-8]. However,
many researchers have tried to propose new control schemes addressed to unbalanced networks to overcome such
unfavourable conditions [9-12].

Another important axis of research related to the DFIG based WECS, is the rotor EMF, FACTS devices
(such as STATCOM and SVC) and Energy Storage System (ESS) improvements in DFIG for Low Voltage Ride

# e-mail: soulaymen.kammoun@gmail . com
> e-mail: souhirsallem@gmail.com
¢ e-mail: mbakammoun®@gmail. com



Page 2 of 12 Eur. Phys. J. Plus (2017) 132: 470

Gearbox Grid

DFIG Coupling Transformer
contactor

*%

Fig. 1. Schematic diagram of a doubly fed induction generator based wind turbine.

Through (LVRT) purposes. For example, in [13] and [14], it was proven that by means of FACTS devices used in wind
farms, instability caused by load voltage bus fluctuation was healed within a short time. It was also found in [15] that in
the DFIG model the system became stable in a short time when using the Demagnetization Current Controller (DCC).
Two detailed investigations were made in [16] and [17] of transient events, respectively, with and without active LVRT
capability and with and without non-linear—type supercapacitor Energy Storage System (ESS), and it was found that
the system became stable quickly when those devices (Active LVRT / Supercapacitor ESS) were incorporated into the
reduced order DFIG model. So far, power control in DFIG wind generation systems either for balanced or unbalanced
conditions is deeply investigated.

Although the control of variable speed wind turbines is an important area and obviously widely developed by
researchers and manufacturers, there is not much to be found in the available literature about practical solutions or
how manufacturers are doing to connect DFIG based wind turbine to the grid [18-20]. Most of the research papers
are dealing with post-coupling problems.

As the utility grid is susceptible for several types of fault, the wind turbine is likely also to be disconnected and
reconnected to the grid, and this, may be a few times per day. This explains our interest in this study of modelling
transient state during connection. There are so far two techniques for connecting a DFIG to the grid published. The
first technique relies on Direct Torque Control (DTC) [18], the second one relies on Field-Oriented Control (FOC) [19].
Although the simplicity of these techniques, they cannot guarantee a connection without a considerable impact to
the grid and/or the machine. High inrush currents may happen during connection if sudden parameters variation
occurs. Based also on FOC control, a synchronization algorithm is proposed in [20] as an improvement of [19]. The
d-axis current is controlled, so the stator EMF amplitude, frequency and phase angle concords with grid voltage. This
technique leads sometimes to some instabilities and especially rotor shaft stress with severe parameters variations.

In this paper, DFIG rotor windings are supplied (excitation) in a way to have a stator EMF synchronised with the
grid voltage in a simple way without automated control (but it could be), to keep it simple and understandable. A
simple values calculator computes corresponding values of frequency, amplitude and phase angle that make the stator
EMF synchronized with grid voltage. Furthermore, the generator is connected to the grid when the mechanical torque
is zero (so be the mechanical power), which prevents mechanical stress on the rotor shaft during the connection as
there is no power transmission between the grid and the generator.

Remainder of the work is divided into four sections. In sect. 2, the modelling and dynamics of the system components
are given. Section 3 deals with starting/coupling strategy steps using the new approach. Section 4 is devoted to
simulation of results and discussion. The last section of this work presents the conclusions.

2 Dynamics and modelling of the wind generation system

The topology of the generator under study is given in fig. 1. The rotor of the turbine is coupled to the doubly fed
induction generator through a gearbox. The electric generator is coupled to the grid system directly from the stator
side and through a bidirectional back-to-back power converter from the rotor side.

2.1 Wind turbine model

The mechanical torque extracted from the wind on the DFIG shaft is given by applying the actuator disk theory [21]:

1
Tm:meia (1)

Wm
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where wy, (rad/s) is the DFIG’s mechanical rotor angular speed and P, (W) is the mechanical power. P,, is a function
of the conversion ratio, the turbine’s characteristics and the wind speed. It is given by

1
P = 5 PR 0304, (2)
where C, (), ) is the power coefficient (Betz coefficient), p (Kg/m?) is the air density, R (m) is the rotor disk radius
and Vwinda (m/s) is the wind speed. Several models exist in literature for the power coefficient [22]. The model given
by eq. (3) will be considered as the most used and well adapted for variable speed wind turbines,

11
Cy(\, ) = 0.5176 < A6

—0.46 — 5) e 1+ 0.0068), (3)

where  is the blades pitch angle, A is the tip speed ratio (given by eq. (4)) and A;(X, ) is given by (5):

)\:w-R_ wm + R

Vwind B G- Vwind ’
where w is the turbine’s angular speed (rad/s) and G is the gearbox ratio,

1 1 0.035

N A+0083 B4l (5)

2.2 Generator model under loaded conditions

The DFIG can be modelled in grid-connected operation (loaded DFIG) in a synchronous reference frame by eqs. (6)
o (11) [23,24]. “d” and “q” subscripts represent, respectively, direct and quadrature components of the vector T
(T =Xg+1X,).

Electrical equations

Equations for stator windings are as follows:

{Vsd = Roloq + thsq — w1¥sq, (©)

Veq = RsIsq + 1/.}sq + wlwsda

wsd = LsIsd + MIT‘d7 (7)
wsq = LsIsq + MIrq7
where V,(4q) are the stator voltages, I 4, are stator currents, ¢,(qq) are the stator flux, w; is the stator current
pulsation, Ry and Lg are, respectively, the stator resistance and inductance and M = %msr, Mg, 1S the maximum
inductance value between a stator phase and a rotor phase.
For rotor windings:

{Vrd = RTI’I‘d + ¢Td - (wl - wr)qua (8)

qu = RrIrq + 'l/lfrq + ((,{)1 - wr)wrdv

{wm = Lylya 4+ M.,

9)
qu = Lrqu + MIsqa
where V,.(qq) are the rotor voltages, I,(4q) are the rotor currents, v, (qq) are the rotor flux, w, is the rotor speed in
electrical coordinates (w, = pwy,, p is number of pole pairs), R, and L, are, respectively, the rotor resistance and
inductance.
The electromagnetic torque is
3 M
Tem = ipf (Irdwsq - IT'q¢sd) . (10)

S
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Mechanical equation

Neglecting the friction effect on the rotor which affects the mechanical equation (11) only for small size machines, the
equation becomes as follows:

dw P

dt’” = 5 (T = Tem)- (11)

2.3 Generator model under unloaded conditions

An unloaded DFIG do not have exactly the same behaviour or dynamic with a loaded one. We have to take into
consideration that there are no stator currents as it is decoupled from the grid, but still, flux exists. The new equations
are given by egs. (12) to (17).

Electrical equations
As the generator is decoupled from the grid, and there is no voltage drop in the stator due to its resistance, there is

an EMF in stator terminals instead of a voltage that will be noted es.
For stator windings:

Eyq = 77213(1 + U—’lwsqv (12)
Esq = _wsq - wl"/}sda
wsd :MIrd7 (13)
Ysqg = MIpq.
For rotor windings:
Via = Relrg + 'l/.]rd - (Wl - wr)¢rq» (14)
qu = RrIrq + ¢rq + (wl - wr)¢'r'd7
rd = Lplrq + MIgq,
Yrd d d (15)
qu = LrIrq + MIsq'
The electromagnetic torque:
Ter, = 0. (16)
Mechanical equation
As the electromagnetic torque is zero, the rotational speed dynamics becomes
dw, p
= — Tm, ].7
dt J (17)
2.4 VSS modelling of the grid connected DFIG
Writing the above electrical loaded model into matrix mode gives
(W] = R[] + [£2][¥] + [V], (18)
with
[y-/] = [wsd ’L/)sq ’(/}rd qu]T = [Ll][ﬂ]a [Vl] = [_V:ed - ‘/sq Vfd ‘/rq]T, [H] = [Isd Isq Ird Irq]Ta
R;, 0O 0 O Ly 0 M 0 0 wr 0 0
R} = 0 —Rs 0 0 L = 0 Ly 0 M d (2] = —w; 0 0 0
"“lo o R o SO .V SO o =10 0 w—w 0
0 0 0 R, 0 M 0 L, 0 0 0 w1 — Wy
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As [L;] is a square matrix and its determinant is not zero, we can write also

9] = [Ry][L) ] + [£2][#] + [V4], (19)
] = [A]][#] + [V4), (20)

with [A] = [R][Ld] ™" + [€24].
For the unloaded model, rearranging eqs. (12) to (15) into matrix form gives

with

00 0 0 00 0 0
R, = 00 0 0 and Loy = 00 0 0
“~ 1o 0 R 0 “ 0 0 1/L, 0

00 0 R 00 0 1/L,

We note [L,_1] instead of [L,]~! as there is no invertible [L,] matrix. An invertible [L,,] matrix does not exist as
there are no stator currents and flux are only function of rotor currents.
Finally,

@] = [A][?] + [V, (22)

with [A,] = [Ry][Lu—1] + [24]-
To compile a single dynamic model, a trigger is inserted designing the coupling moment. This trigger is a Boolean

variable and represents in reality the coupling contactor. The combined model of the DFIG is then given by egs. (23)
and (24):

W] = (([Al] - [Ad]) trig + [Au]) [Z] + ((Vi] — [Va]) trig + [Va]) , (23)
dw, p .
e j(Tm —trig - Tem), (24)

with
1 if the coupling contactor is ON,
trig =

0 if the coupling contactor is OFF.

3 Proposed synchronisation procedure

The starting/coupling procedure is based on two controls. The first one is a mechanical control at the blades level.
The second control is an electrical control at the rotor windings supply voltage level. (Parameters of the generator
used are given in table 1 and table 2.)

Table 1. Wind turbine characteristics.

Parameter p (Kg/m?) G R (m)
Value 1.22 35 13.5

Table 2. DFIG characteristics.

Parameter P (kW) U (V) f(Hz) Rs(Q) R (Q Lss (mH) L, (mH) Lps (mH) J (Kg-m?) p
Value 300 690 50 0.0089 0.0137 12.53 12.53 12.67 100
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Fig. 2. Computation of mechanical equation in unloaded DFIG mode.

3.1 Mechanical control

Let a 7m/s wind speed and a 4° pitch angle. Figures 2(a) and (b) give computing of eq. (17), respectively, for
mechanical torque and rotor speed.

The idea is to let wind rotate the turbine’s blades with no connection to the grid from the stator side. Dynamics
of rotor shaft speed is given by fig. 2. It can be noticed that the mechanical torque returns to zero after reaching
a maximum value corresponding to the operating conditions (wind speed and pitch angle). When the latter reaches
zero, the rotor speed is then held at a steady state value. This criterion will be used for the generator connection to
the grid.

The choice of the pitch angle is arbitrary within a given wind speed. Each pitch angle gives a different value of the
rotor speed steady state (final value). This last must only remain into 70% to 130% of the synchronous angular speed,
so the slip will not exceed +30%, due to converters sizing charts [22,25]. In other words, the 4° pitch is not a unique
solution for a 7m/s wind speed.

3.2 Electrical control

As is done for synchronous machines, in unloaded operation, to each specific excitation corresponds a specific EMF.
Then, there is one excitation which gives a stator EMF identical to the grid voltage. The DFIG can be coupled to the
network without problems as soon as potential difference is zero between the stator and the grid. The excitation for
DFIG is the rotor voltage vector, s, which is expressed as follows:

Vg = ‘/7.\/5 6i<2ﬂf2t+gp2). (25)
There are three main factors in this voltage; a specific choice of these factors leads to a synchronization with the
grid. The factors are
— fo: Frequency of the rotor voltage.
— V,.: RMS of the rotor voltage.

— (o: Phase angle of the rotor voltage.

3.2.1 Frequency of the rotor voltage

The stator currents pulsation wg is the sum of rotor currents pulsation wy and rotor angular speed w,. To have a
synchronization between stator and grid currents pulsations, the following equation has to be respected

Ws = Wy + Wy = wy. (26)

For this step, the rotor angular speed must be known. The most common solution gathered in the literature and
put into practice by the industry to measure this value is by means of an encoder coupled to the rotor [22]. Once the
w, steady state is reached (like the case in fig. 2(b)) and determined, the frequency of the rotor supply voltage is given
by eq. (27),

w1 — Wy

fo=—0— (27)
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3.2.2 RMS of the rotor voltage

The relationship between stator and rotor flux is deduced from egs. (13) and (15):
_ M —
U, = L—(WT) (28)

So, the expression of the stator EMF is deduced by substituting eq. (28) into eq. (12):

_ M /- R
€s = _fr (WT + zwlwr) , (29)
e = —M (1, +iwii,) . (30)
7 can be given also by
Uy = (R, + iL,yw2)i,, (31)
_ U2
= . 32
! R, +1L,wy (32)

Stator EMF is given by the following eq. (33), then its RMS by eq. (34), knowing that once the steady state is
reached, 7, disappears in eq. (30),

(33)

EV2 = Muw, Viv2 ) (34)

Finally, to have an equality between the stator EMF and the grid voltage V1, the RMS of the rotor supply voltage
has to respect

R,.? + (Lywy)?

V. = Vi 35
Mw1 ! ( )

3.2.3 Phase angle of the rotor voltage

Unlike the two previous parameters, which depend only on the wind speed and the pitch angle, the phase angle depends
further on the position of the rotor at the feed time (¢t = 0).

The expression of the rotor supply phase angle is determined when analysing the following eqgs. (36) and (37) of
the rotor supply voltage after bringing it to synchronous reference frame:

Ty = er\/i ei(w2t+<ﬁ2)ei96—iu1t7 (36)
Ty = Vo2 /02 H0-01) (37)

where 6 is the mechanical angle between rotor and stator, 8 is the angular position of 75 and 6; is the angular position
of the grid voltage.
We can write the d-¢ components of the supply voltage from eq. (37) by egs. (38) and (39):

Vg = Vi/2 cos(fy + 60 — 0y), (38)
Vg = ViV/2 sin(fy + 60 — 0;). (39)

Neglecting the voltage drop due to the rotor resistance (R,I., =~ 0) and after transient state (when ¥,, becomes
zero) on egs. (14), the following equality condition of V,, has to be verified:

ViV/2sin (0 + 0 — 01) = —walq. (40)
Considering eq. (29), we can also write the “d” component of the rotor flux by

L,
Mw1 '

Wg=—-ViV2 (41)
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Fig. 3. Evolution of state of the coupling contactor and the pitch angle.

The position 2 is then deduced from egs. (40) and (41):

w2

. Ly g1
05 = asin ( v ) +60,—6. (42)

Finally, knowing that o = wot + @2, the phase angle is then given by
Y2 = 92 — /UJth. (43)

This value of phase angle given by (43) with respect to the angular position given by (42) is the key to verify the
condition on eq. (40). This way, a full synchronisation between the stator and the grid is guaranteed.

3.3 Steps of the synchronisation

As soon as the blades begin rotating, as is shown in fig. 2(b), after a lap of time the rotor speed reaches a steady state
where the mechanical power (i.e. mechanical torque) is zero (fig. 2(a)).

The rotor can be supplied, from this moment, with a voltage given by eq. (25) with values corresponding to
eqs. (27), (35) and (43).

In the case of a pre-studied system and a constant wind speed, the rotor can be supplied from the beginning.
Otherwise, the system has to be let until w, (rotor angular speed) reach its steady state and measure it, as fa, V,. and
(o depend only on the rotor speed.

Then, the coupling contactor between the stator and the grid can be switched ON. The coupling is safe and smooth
as the potential difference between stator and grid is zero; also, there is no power flow as the mechanical power is zero.

Finally, blades control is given back to the pitch control system responsible for maximum power extraction from
the wind or power capture limitation for higher wind speeds.

4 Simulation results and discussion

Figure 3 gives the coupling instant and variation of the pitch angle as a simulation condition.

Let a 7m/s wind speed, and J was taken as 10Kg - m? instead of 100 Kg-m? to accelerate simulation. w, took
about 85s to reach its steady state. The rotor is supplied at this moment. The system detects full synchronization
with grid and connects the generator at 98.3s. At 110s, the blades pitch position is moved from 4° to 2°. From 112s,
the full power extracted from the wind is fed to the grid.

From fig. 4(a), 349.11rad/s is the rotor speed before coupling, this gives a —34.95rad/s pulsation for the rotor
supply voltage (i.e. a frequency of —5.56 Hz). The negative sign on fy corresponds to an over-synchronous operation
of the DFIG.
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Fig. 4. Rotor voltage supply parameters according to the rotor speed.

Figures 4(b), (¢) and (d) give, respectively, frequency, RMS and phase angle of the rotor supply voltage. The
blue curves (continuous lines) give computation of equations of the rotor voltage parameters from the beginning of
simulation. The second curve (dashed lines) in the same figure gives actual rotor control signal, which was chosen to
be supplied at simulation time 85 seconds.

The transient state for the rotor speed during the grid coupling is barely noticeable (variation amplitude is about
0.01rad/s), which confirms the stability of the proposed procedure as the rotor was not subject of mechanical stress.
The proposed technique showed its damping capability compared to the results given in [20].

As soon as the rotor is supplied with the parameters in fig. 4, the stator EMF appears and, after a small transient
state, it converges to the grid voltage value. The amplitude of the stator EMF vector is given in fig. 5(a). A zoom of
this figure during grid connection is given in fig. 6(a).

In fig. 5(b) the variation of the current is stable and the transient during the coupling has not exceeded 1% of the
rated value and converges in very short time to normal operation. This coupling procedure shows better results than
the ones given in the available literature so far [18,19]. Also, the proposed DFIG’s model allowed assessment of the
machine’s behaviour along the coupling process. None of the previous works proposed such modelling for the DFIG
in its different states and none of them showed state of these variables during connection.

The modelling and the behaviour assessment of the machine especially in unloaded conditions proved that func-
tioning of the DFIG is close enough to a wound rotor synchronous machine except for an AC excitation (inductor)
instead of a DC one. Unlike ordinary asynchronous machines, the DFIG is capable of producing an EMF even without
stator connection. This criterion was used to enhance DFIG-Grid connection where the inductor was fed in a precise
way to have the full synchronization.

Connection of the machine at zero mechanical power showed its damping efficiency where all variables affecting
the safety of the machine were stable and converged in a very short time after transient state.

As soon as the pitch angle is decreased, the mechanical torque increased according to mechanical equations of the
turbine (1) to (5). The mechanical torque rise causes, accordingly, an increase in the electromagnetic torque (explained
by the mechanical equation (11)), which implies the beginning of the current feed.

Figures 5(c), (d) and (e) represent, respectively, the generator active power, reactive power and turbine mechanical
power. The variation on these curves is according to the current evolution.

The dead time between the coupling and the beginning of power injection is a procedure choice for the simulation
and is not imperative. It shows that the machine, meanwhile, is connected to the grid without power flow on both sides
since the potential difference is zero between the grid and the stator EMF. This proves the stability of the procedure
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Fig. 5. Proposed starting/coupling procedure consequences on system outputs.

as the machine finished connection to the grid, the power injection did not start and yet, there no harm to the machine
or the grid after connection.

A zoom of the torques figure (fig. 5(f)) during grid connection is given in fig. 6(b).

Disturbance during coupling is not remarkable for the stator EMF and the electromagnetic torque. Variation is
about 0.015V for stator EMF and 10 Nm for electromagnetic torque (representing about 1% of the nominal torque)
which does not affect the generator. The negative variation of the electromagnetic torque is transient state during this
brief lap of time. This functioning is permitted as long as the amplitude and duration are limited.

Figure 7 gives the curve “Mechanical torque — speed”, whose synchronization process and the variation of the
operating point in this plan during this procedure are explained further.

Point “A” is the first break point of the system as the starting point. The wind turbine is decoupled from the
grid and the blades are standstill. Once the brakes are released and under a certain wind speed, the operating point
moves to the second break point “B” according to the lower curve (in blue, corresponds to the 4° pitch). The system
is currently in “B”, the rotor is supplied with the proper voltage at simulation time 85s. The grid coupling contactor
is switched on by detection of the synchronism at 98.3s and the system is still in “B”. At 110s, the pitch angle is
reduced from 4° to 2°. The system then moves to point “C” in the upper curve (in red) at a constant speed. The
injection of power into the grid starts as soon as the system leaves the point “B” to the third break point “C”. From
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350 . . .

—p=4°
—p=2°

N W
wn O
oS O

Mechanical torque (Nm)
> @ o
(e} o o

W
je]
o

(=)

0 100 200 300 400
Rotor speed (rad/s)

Fig. 7. Critical operation break-points.

this operation point, the user can apply any type of possible control on the machine as it is coupled to the grid and
stable. Due to the non-linearity of the system model, usually, controls applied on DFIG wind systems are non-linear
controls (sliding mode control, backstepping control, etc.) based on stator flux orientation as this control technique
allows a decoupled control of both active and reactive powers [11,22,26].

5 Conclusions

An improved and practical starting/coupling procedure for a DFIG based WTG was detailed in this work based on
specific excitation inspired from what it is formerly done for synchronous generators. In fact, improvement involves
stability of the machine during synchronization. As the coupling process is done at no mechanical power and no
potential difference between the stator and grid voltages, no harmful operations were recorded during the connection.

A study of the system allowed its modelling for its different states, a loaded DFIG model, an unloaded DFIG model
and finally a VSS model combining the two states of the machine. Simulation results showed clearly that the proposed
model reproduces well dynamics of the DFIG all over the coupling process. Particularly, during coupling to the grid
(under model switching), the proposed procedure showed its efficiency, smoothness and safety, where system outputs
variations do not exceed 1% of nominal values (no currents or torque surges).

The results mean physically that the generator was not subject of harmful operations, i.e. no mechanical stress
on the rotor shaft nor perturbation in grid currents. The other advantage is that the proposed procedure is done
regardless the control that will be applied on the generator and set by the user once coupled to the grid.

Finally, since synchronous generators are deeply investigated, we will search for further similarities and look if
known and robustness-proved controls applied on these machines are valid also for DFIGs. In this case, DFIG’s can be
further exploited for more wind generation integration efficiency. Future works will involve more post-coupling issues.
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Nomenclature
P:  DFIG nominal power L,: L,+1L,,.
U: DFIG nominal line to line voltage Lgs: Inductance of a stator phase
fi: Grid frequency L's: Inductance of a rotor phase
p: Number of pole pairs L.,s:  Magnetizing inductance of stator phase
J: Inertia of the rotor shaft Lr: Ls X M
Vs Stator voltage M: Maximum coefficient of mutual induction
Uyt Rotor voltage in the synchronous frame s Stator current
U1: Grid voltage T Rotor current
wi:  Electric angular speed of the grid 2% Stator flux
wy:  Electric angular speed for rotor windings ¥, Rotor flux
wy: Angular speed of the rotor R,: Resistance of a stator phase
L: Les+ Lyys R,: Resistance of a rotor phase
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