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1. INTRODUCTION

The worldwide concern about the environment hastéethcreasing interest in technologies for
generation of renewable electrical energy. One @fayenerating electricity from renewable source®igse
wind turbines. The most common type of wind turbis¢he fixed-speed wind turbine with the doubld fe
induction generator directly connected to the grid.

This paper focuses the analysis on the control @fitily Fed Induction Machine (DFIM) based
high-power wind turbines when they operate undes@mnce of voltage dips. Most of the wind turbine
manufacturers build this kind of wind turbines wittback-to-back converter sized to approximateBp 0
the nominal power [1]. This reduced converter degigpvokes that when the machine is affected btagel
dips, it needs a special crowbar protection. [Hcdibes a solution that makes it possible for wumbines
using doubly-fed induction generators to stay coteetto the grid during grid faults. The key of #@ution
is to limit the high current in the rotor in orderprotect the converter and to provide a bypasthie current
via a set of resistors that are connected to tter mindings, in order to avoid damages in the wimdine
and meet the grid-code requirements; it is alsaritesd in [3].

Worldwide, there is an ambition to install a laagaount of wind power and to increase the share of
energy consumption that is produced by wind turkifiehe interaction with the grid becomes incredging
important then [4]. This can be understood as fedlowwhen all wind turbines would be disconnectedase
of a grid failure, these renewable generators wilklike conventional power plants—not be able topsup
the voltage and the frequency of the grid during immmediately following the grid failure. This walitause
major problems for the systems stability [5]. Itlierefore worldwide recognized that to enabledasgale
application of wind energy without compromising teys stability, the turbines should stay connectethé
grid in case of a failure. They should—similar tongentional power plants—supply active and reactive
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power for frequency and voltage support immediatdtegr the fault has been cleared, which is noymall
within a fraction of a second.

Recently, some papers have been published thausdisthe protection of DFIGs during grid
disturbances [6]-[9]. However, most papers givielitnformation on the way the protection scheme is
implemented. Further, they give only limited infation on the behavior of the rotor voltage and euirr
during disturbances, while these signals are ingpoduring disturbances. Rotor currents or voltagasare
too high might destruct the converter in the ratiocuit. The main objective of the control stratggpposed
in this paper is to eliminate the necessity of thewbar protection when low-depth voltage dips occu
Hence, by using Direct Torque Control (DTC), witpbraper rotor flux generation strategy, during féelt it
will be possible to maintain the machine connedtethe grid, generating power from the wind, redgci
over currents, and eliminating the torque oscdlagi that normally produce such voltage dips.

In Figure 1, the wind turbine generation systenetbgr with the proposed control block diagram is
illustrated.

DFI Ps- O, .
stator 4P v
O ‘ ) /\/
Rotor side Grid side Grid
AL VsC 34690V
rotor | P,— O, Vo $o%0
_ g T
1y abe J J bl
Lf d Lfg
TSabc r T Sabc g
DTC o
P L3 Grid Side
| 2 VSC
‘ Reference Control
3 generation
| L}
Tem required -'I Vbus!required ngjequired
- ‘l//rlrEquired

Figure 1. Wind energy generation system based®DifiM

The DFIM is supplied by a back-to-back converteotigh the rotor, while the stator is directly
connected to the grid. This paper only considees ¢bntrol strategy corresponding to the rotor side
converter. The grid-side converter is in chargekéep controlled the dc bus voltage of the backaokb
converter and the reactive power is exchanged ¢firdle grid by this. As can be noticed from Figly¢he
DFIM control is divided into two different contrdllocks. A DTC that controls the machine’s torque{T
and the rotor flux amplitudeyf]|) with high dynamic capacity, and a second bldet generates the rotor
flux amplitude reference, in order to handle witle tvoltage dips. The simulink model of the wind rgiye
generation system based on DFIM is shown in Figurehe Figure 3 will be same for both without refeze
and with reference generation. The rotor flux refiee generation strategy is shown in Figure 4, vtsiche
only addition to the with reference generation.

When the wind turbine is affected by a voltage dlipyill need to address three main problems:
from the control strategy point of view, the dippguces control difficulties, since it is a pertuiba in the
winding of the machine that is not being directbntrolled (the stator); the dip generates a distuck in the
stator flux, making necessary higher rotor voltégenaintain control on the machine currents; amahot
special improvements are adopted, the power delivérough the rotor by the back-to-back conventst,
be increased due to the increase of voltage andrasr[3] in the rotor of the machine, provokingafily, an
increase of the dc bus voltage [10].

Taking into account this, depending on the dip deptd asymmetry, together with the machine
operation conditions at the moment of the dip (dpderque, mechanical power, etc.), implies tha th
necessity of the crowbar protection is inevitalleriany faulty situations. However, in this papecoatrol
strategy that eliminates the necessity of the ceswalgtivation in some low depth voltage dips ispqosed.
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Figure 2. Rotor flux reference generation strategy

2. PROPOSED METHOD

2.1. Mathematical Analysis
When a voltage dip occurs, the stator flux evolutid the machine is imposed by the stator voltage
equation

Vi=RySH(dPS/dt) 1)

In general, since very high stator currents are altbwed, the stator flux evolution can be
approximated by the addition of a sinusoidal anéxponential term [1] (heglecting Rs)

¥,=K.e" ' +K scosmd+Ky)
lI]|3S=|<5,e_K2t‘|'|<3,SiI']((Dst‘l'K4) (2)

Sinusoidal currents exchange with the grid willddeays preferred by the application during the
fault. It means that the stator and rotor currshtsuld be sinusoidal.

However, by checking the expressions that relagestator and rotor currents as a function of the
fluxes

iSs:(I—h/G|—rl—s)((I—rll—h)‘llss'\llsr)
iSr:(Lh/GLrLs)((Ls/Lh)‘PSr"PSs) ©))

It is appreciated that it is very hard to achiewaisoidal currents exchange, since only the rdtor f
amplitude is controlled by a DTC technique.

Consequently, as proposed in next section, a solutiat reasonably cancels the exponential terms
from (3) is to generate equal oscillation in theordlux amplitude and in the stator flux amplitudenally,
as it will be later shown that the quality of therrents is substantially improved with this os¢dly rotor
flux, rather than with constant flux.

2.1 Rotor Flux Reference Generation Strategy
As depicted in Figure 2, the proposed rotor fluxpitade reference generation strategy, adds a term
(Aly]) to the required reference rotor flux amplitudeading to the following expression:

A= Wdl- (Mslfeos) 4)

\Vs:Ls.i s+|—h.ir
y=L+Lis

or

Ys= Sq rt@’jds"’ \VZZQS)
V= sqrtfyat v qr) )

With |y4, the estimated stator flux amplitude duagl voltage of the grid (not affected by the dip).
This voltage can be calculated by several methfaisnstance, using a simple small bandwidth lowspa
filter, as illustrated in Figure 3. It must be highted that constants k Ks from (2) are not needed in the
rotor flux reference generation reducing its comitye Figure 4 shows the simulink model of rotouxl
generation strategy which depicts the actual modgiroposed rotor flux amplitude reference generati
strategy.
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Note that at steady state without dips presenpg,| the term will be zero. However, when a dip
occurs, the added term to the rotor flux referenitiebe approximately equal to the oscillations yoked by
the dip in the stator flux amplitude. For simplerderstanding, the voltage drop in the stator r@sc# has
been neglected. The magnitude of stator flux atak ftux can be calculated by (5) by knowing théues of
stator, rotor self inductance, mutual inductance stator, rotor currents at that instance or theesof
stator and rotor flux can be calculated by takihg square root of summation of squares of diredt an
guadrature axis fluxes of stator and rotor respelstias mentioned in (5).

3. RESULTSAND DISCUSSIONS

The simulated wind turbine is a 2 MW, 690 V, = &8 two pair of poles DFIM. The main objective
of this simulation validation is to show the DFIMHavior when a low depth [in this case 30%, astilated
in Figure 5(a)] symmetric voltage dip occurs witidawvithout the proposed flux reference generattoateyy
and at nearly constant speed. The simulationseafermed in MATLAB/Simulink.

During the dip, it is desired to maintain the tarquontrolled to the required value (20%), allowiag
eliminate mechanical stresses to the wind turbimgs issue is achieved, as shown in Figure 5(b) G(bdl,
only if the oscillatory rotor flux is generated. rRis purpose, the rotor flux is generated aceaydo the
block diagram of Figure 2, generating an equivadestillation to the stator flux amplitude [see Fig6(c)]. It
must be pointed out that DTC during faults is alwaited control strategy to reach quick flux coitr
dynamics, as well as to dominate the situationmiakting torque perturbations and avoiding mechanic
stresses. Consequently, the proposed control scheimdains the stator and rotor currents under gadfety
limits, avoiding high over currents, as shown igufe 6(d) and (e), either in the voltage fall ;reriThe
proposed strategy is analyzed for voltage fall Whi created by using three phase fault block. Heweas
predicted in theory, it is hard to avoid a deteaimm of the quality of these currents. Neverthgléshe rotor
flux is maintained constant, the currents will gattier till their limit values, as shown in Figuséd) and (e),
provoking in a real case, a disconnection of thedwiurbine or an activation of the crowbar protatti
Moreover, by mitigating the over currents of théorpthe back-to-back converter is less affectecthiy
perturbation, producing short dc bus voltage cattilhs, as illustrated in Figure 6(a).

Finally, it can be said that the proposed consaldeful at any operating point of the wind turbiae
well as at any type of faults (one phase, two phasie.). As shown in the Figure 3, the proposettegy is
analyzed for three phases ground fault. The pedaoma will be limited only, when the rotor voltagejuired
is higher than the available at a given dc busagelt
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Figure 3. MATLAB/Simulink model of proposed contgitrategy
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(d)

(e)
Figure 5. Simulation results of DFIM without propdsreference generation. (a) Stator voltage. (lofjde®
(c) Stator and rotor fluxes (d) Rotor currents.g&tor currents w.r.t. time t in secs

(b)
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Figure 6. Simulation resultsof DFIM with proposedarence generation. (a) DC bus voltage. (b) Texr¢r)
Stator and rotor fluxes. (d) Rotor currents (ef@taurrents w.r.t. time t in secs

;

4. CONCLUSION

The proposed control strategy of DTC for DFIM mrétigs the necessity of the crowbar protection
during low depth voltage dips. In fact, the dc bokage available in the back-to-back convertetegines
the voltage dips depth that can be kept under abr@imulation results for without and with refecenrotor
flux generation is shown. DTC controls the machorgue and the rotor flux amplitude and the voltdipeis
handled by the rotor flux reference generation.

It would be interesting to explore the possibilitygenerate a modified reference of rotor flux and
torque, in order to be able to address deepergmltigps without crowbar protection, which can be fiiture
scope of the proposed control strategy.
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