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1. INTRODUCTION

The significant increase in the consumption of electricity produced from fossil or nuclear energy that
has harmful effects on the environment has prompted researchers to find innovative ecological solutions.
Wind energy is one of the most important and promising renewable energy (green energy) sources in the global
economy in terms of development [1]. Presently, the variable speed wind farm based on the doubly-feed
induction generator (DFIG) is the most extensively used in the wind energy production facilities as shown in
the Figure 1, and again in the wind power generation units above 1MW (Méga watt). The DFIG is an
asynchronous wound rotor machine whose stator windings are directly connected to the electrical grid, while
the rotor windings are connected to the electrical grid via two static reversible power frequency converters
(inverter/rectifier) [2-4]. With a converter control system, the wind turbine is controlled to continually optimize
the power produced by researching the maximum power operating point each time. However, DFIG is sensitive
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to grid perturbations due to its direct connection to the grid, its power electronics and more particularly during
grid voltage dips.

Sudden drops in mains voltage result current peaks in the electrical circuit of the machine rotor and
over voltages at the dc-link connections. Without protection, the power converters are destroyed and their
destruction is possible. In addition, they are accompanied by over speed of the turbine, which leads to
a deterioration of its normal operation and disconnects it from the grid [5-8]. A new strategy is introduced
LVRT for DFIG in low voltage in the network. The objective of this LVRT strategy is to maintain the wind
turbine connected to the grid [9-13] to ensure the operational safety of the wind farm and the high quality of
the energy injected into the grid in the case of a voltage sag [14, 15] This strategy is divided into two
categories: active methods by improving the control strategy [16-19] and passive methods by adding physical
protection [20, 21].

Wind Farm-DFIG’S HV: High Voltage
MV: MediumVoltage
GB: Gear Box

WIQ) 690V / 22KV
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Figure 1. Overview of the 60MW wind farm

The model of the DFIG generator in the park referential is expressed by two equations associated with
the stator and the rotor [22]:

N o | dPS

U$ =R, + d—ts @
e

by =R,0p + 22 )

dt

The statoric and rotoric fluxes have expressions:
s = Lis + Mi, 3)
by = Ly, + Mi “)
By replacing the rotor flux with its expression in (2), we obtain:

M Mdgl

Ls dt
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In normal functioning, the stator voltage vector is of fixed amplitude v, and rotates at synchronization
speed o,[23].

U3 = Vee Vst (6)
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By neglecting resistance Rg, and by replacing V§ By its expression in (1), the flux of the stator is calculated by
integrating the stator voltage, we obtain:

ps — Vs ,jwst
¢S_jwse s (7)

By applying a change of reference, the expression of the stator flux is expressed:
¢r = eIt ®

with:  @L:Stator flux expressed in a reference related to the rotor
@3:Stator flux expressed in a reference related to the stator
The expression (8) then becomes:

> M ; el _ _
e = L—SgVSeJWST wwith: w,, = gw, = w, —w, 9)

In normal operation, and from the expression (13) we observe that the voltage is proportional to the slip g,
therefore of small amplitude. Assuming that a symmetrical and partial voltage dip occurs instantly at t,, with
an amplitude variation of V; toV,.

(10)

N

L [elvstfort < ¢,
V,e/stfort > t,

V, Voltage before fault, while V,is the voltage after the appearance of the default.
The evolution of the flux during the voltage drop is expressed:

jws 1 1)
V2 jwert (

—=-e/ VST fort>t

Jws f 0

N { V—lejWSthort<t0
The flux cannot change from one @,value to another @,instantly, there must be continuity, so to ensure
a progressive change of the flux, and a DC component of the flux appears.
Using (4) and (1), the stator voltage becomes:
The low values of the DFIG quantities, the last term can be neglected, so we obtain:

Rs 7 d$s
Ui =t 12)

The expression of the flux is calculated by solving the preceding differential equation:

t
=2 gjwst g 17V2 7o =L
os(t) = e to——e Bwithty = (13)

JWs s

The maximum amplitude of efappears at the start of the voltage drop:

rillgIVe+ (1 -V2) (1-)}
S

To;max

(14)

It can be observed from the preceding equation that the voltage induced by the stator flux is the sum of two
terms, the 15t term is proportional to the slip, so of low amplitude, whe 2™ reas the term its amplitude can be
large or small, depending on the trough width V; —V,. During voltage drops, the appearance of the DC
component at the flux, causes overvoltage at the rotor, if the rotor-side converter is not in if they can be
controlled, an overcurrent occurs in the rotor circuit, which can be harmful to the converter.

2. RESEARCH METHOD
2.1. Use of resistors SDR

The method consists in inserting resistors in series with the stator Figure 2, to elevate the stator voltage
and then decrease the DC component of the flux through the voltage chute. This would reduce overvoltage at
the rotor and therefore rotor current peaks. In addition, limiting the rotor current can also reduce overvoltage
at VVdc that could damage the converter.

DFIG use with combined strategy in case of failure of wind farm (Azeddine Loulijat)
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Figure 2. Intégration of résistor SDR in the DFIG

The choice of the value of the dynamic resistance is important; a high value resistance will result in
large energy dissipation, and lower voltages at the rotor. At the counterpoint a low resistance value will not be
a good tool to reduce the fault current. The dimensioning of the resistance is determined based on two
main objectives:

- The resistors must be of high value to limit the rotor voltage to the maximum input voltage tolerated by
the converter, in order to avoid its deterioration.

- The resistors must be small enough to prevent the stator voltage from exceeding the maximum
statorvoltage.

In the case of an electrical fault on the grid, the variation in the voltage at the rotor terminals is
expressed by:

V, = Vspr + V4 (1 — L) with L: degree of the voltage drops (15)

by replacing V; with its expression, the expression (14) becomes:

rLﬂs{vl|g|<1—L)+<1—g)Lv1—VSDR(1—g—|g|)}

To,max

(16)

the rotor circuit terminal voltage necessary to control the different electrical parameters must not exceed
the maximum voltage that the rotor-side converter can generate, hence the following condition [24]:

el’

r.O,max

< Vs max n

since the rotor-side converter can only produce a voltage lower than the continued voltage Vg, its maximum
output Vrsc max 1S calculated as follows:

v Zhe (18)
2 5RSC,max

by changing Vspr parVspr = Rsprls < Vsmax — Vi (1 — L), in, the result is:

1
Is

MVgc

Vilglt —L1) + (1~ gLV, - by = R = L1 = D) (19)

for the calculation of theRgpy resistance value, we considered the worst-case L =1. Thus, (19):

MV C Vsmax
o, S Roor <050 (20)

1A —gvi -

3
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by numerical application, we found: 0.058 pu < Rgpg < 1.25pu
with pu: per unit
Or:Rgprmax = 1.25pu = 0.275Q

RSDR,min = 0.058 pu = 0.013 Q

2.1.1. Control of resistor SDR

The control strategy is simple and easy to implement as shown in Figure 3, in normal operation,
the switch is closed and the resistors are in bypass mode, once the stator voltage has been applied drops below
the nominal value, the switch is open to let the current pass through the resistance.

>_ 0.7 o control
=" IGBT SDR

Compare to Constant
@_ Vsabr:—)\-’sdq 0.7 pu

Park transform

Figure 3. SDR control diagram

2.2. Protection by the CROWBAR circuit

More or less resistances (more rotor overvoltage the less resistance) will be connected according to
the voltage dip severity (a non-sever voltage drop will not activate crowbar) (1). The old WTG only provides
with this thyristor (passive crowbar stand), but for an extreme overvoltage (dip>85%) followed by
a disconnection of the machine, the crowbar circuit (2) is added as shown in Figure 4. All excess energy is
dissipated in the crowbar circuit resistors. The following Table 1 contains the conditions on the parameters
selected to control the crowbar circuit during a voltage drop.

Table 1. Settings valus

Setting Crowbar
Is (stator)> 151In On
Is (stator)< 051In Off
Vdc (max) = 942 On
Vdc (normal) = 800 Off
Vs GRID
‘ DFIG ' #’ G
_/ DC-LINK
- i
- e Vr T
RSC ( ) GSC Imeazured
Vdemensured
Imeasured x_:‘:Imn. |E
" or/and -
gg?"}“ll%f‘ Vdemassurad > Vide max
DIODE
BRIDCE
* T:THYRISTOR
D: DIODE
TR D TR-TRANSISTOR
u R1=3 ohm
§ R2=1 ohm
R3 R2 R1 R3=0.5 ohm
(1) (2)

Figure 4. DFIG with crowbar protection device
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2.3. Active method: modified control strategy

The main purpose of monitoring during a network failure is to limit the fault current. The proposed
method is simple to implement, based on flux control rotoric. Once the dip is detected, the rotor flux is
controlled to follow a fraction of the stator flux, and in this way, the fault current can be efficiently reduced.
Based on the expressions (3) and (4) and with the hypothesis that Ls/M=1, the current in the rotor winding has
an expression:

M
T LgL—M?

t ir (¢r - ¢s) (21)

when the voltage drop occurs, continuous and negative components appear in the stator flux, so the Rotor flux
can no longer follow the stator flux, and the difference between the rotor flux and the stator flux tends to widen,
giving rise to over-currents as shown in Figure 5. For this reason, in order to limit the fault current, therotor
flux must be controlled to follow the stator flux.

18 T T T T T T T T T

Rotor Flux

[ Stator Flux

Stator Flux , Rotor Flux (pu)

. FUSSP T— LV SR M U SR SO S———

0 i i i I I i I i
0z 04 06 03 = 1 12 14 16 18
Time (s)

Figure 5. Difference between rotor flux and flux stator without control, during the voltage dip

If we neglect the resistanceR ., the expression of V. became:

der
b=l (22)

expressions of stator and rotor flux in the référence (d, q) [25, 26]:

[Psa] [Ls O M 07[la]
|$sq| _ [0 Le 0 M||lsq] 23)
| ¢rd | M 0 Lr 0 | Ird
¢l Lo m o rllr,]
calculation of the rotor flux référence: @; = K¢ @, with0 < K; <1
, Kr—1
Ir = i, — s (24)
M
dos
Ur = KT? (25)

In (23) and (24) show that, for a low K value, the required rotor voltage is low but the rotor current intensity
is high, but for a high value K the rotor voltage is large, but the rotor current is reduced, so the behaviour of
this strategy is influenced by the value of K, a wise choice will allow for effective control. When the fault
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occurs, the stator flux @4 (0) at this time is maximum, if the rotor current is within the limits for the maximum
of the stator flux, it will probably not exceed the maximum of the current, during the whole fault, so Ky
should satisfy:

orLemin it s (0) = = (26)

T+Ms(0)r—max s
the expression of K_,,;, IS expressed by:

LsLy
Kr — maxs( ) (27)

S T-minT-min

0< Kp—min < 1is used provided that the maximum rotor voltage value is not exceeded. We take:
KT—min =09

2.3.1. Rotor flux control unit and Fault detection and commutation
A proportional type regulator is used, so that the rotor flux follows the reference. The expression of
the rotor voltage is:

A¢ra RyM RyLs

—_— = — = = 2
dt LsLy—L%g Psa LsLy—L2g bra+ Wgdrg + Vg = Vg =Vy + Vige (28)

dprq _ _ReM ben — RrLs brg — W Prg + Vg S Vg =V + 1V, (29)
dt LLy—L2g 1754 Lgly—L2g 174 sr¥rd rq rq q rqc

the model combines two control methods, the traditional method applied in normal operation, if a fault
isdetected, a switching is performed, and the system is controlled by the modified control strategy during faults.
fault detection is based on the comparison of the amplitude of the rotor current, in order to at a rotor current
value greater than 1.1 pu, the switch is activated and the control is performed by the modified controlstrategy.
The control model is illustrated in the following Figure 6.

3 calculation of the rotor,
ir,abe calculation of ¢Sd b flux reference
3 stator and '¢ sq

Is,ahc rotor fluxes

Figure 6. Overview of the modified control strategy

2.3.2. Feasibility of the modified control strategy

However, the maintenance of the disturbed state production of the proposed control is limited by
the relatively small size of the power converters compared to the overall system. The effect of the control is
affected by the severity of the defect, which is why we studied the feasibility area of the proposed DFIG strategy
against voltage dips. In effect, a voltage drop is characterized by two parameters: amplitude and duration.
The maximum amplitude is theoretically proven, while the maximum trough duration is obtained by
simulation. The criterion used is that the stator reactive power must remain within the limits imposed by
the Grid code during the fault. Indeed, during defects, only an absorption or supply of reactive power of 0.3 pu
is tolerated.

DFIG use with combined strategy in case of failure of wind farm (Azeddine Loulijat)
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a.  Maximum amplitude of voltage dip: The expression of reactive power:

1
LgLy—M?

Qs = %(Vsqlsd - Vsdlsq) with Iqs = (Lr(qu B M¢rq) (31)

with% ~ 1 and 0,4 = Ky @, the above equation can be simplified, and then gets:

M
Iqs ~ >
LgLy—M

(1 - KT)¢sq (32)

S0 the expression of Q, becomes:

3 M

Qs =—=

2 LyLy—M?2

(1 = Kp)osV, (33)

the flux @ during a voltage dip is replaced by their expression in the equation (33)

t
5. = 3 Mg gy M w4 Q2% o
Qs = — 2 (1= Kp) reivst 4+ 207w (34)

to find the maximum amplitude of the voltage dip that DFIG can support with the proposed strategy, a reactive
power control is studied. Indeed, the variations of the reactive power during the occurrence and disappearance
of the fault must be limited, to ensure stable system operation. The quantity of reactive power supplied during
the occurrence of the fault, must be less than a limit value of Q=0.3 pu.

In the hypothesis that the voltage dip occurs at t=0s, the expression (33) becomes:

3 M
2 LgLy—M?

0,(t=0)=- (1 - Kp)He (35)
Q,(t=0) <03 =>L >0.6998 => Consequently, the modified control strategy is valid for dip amplitudes
less than or equal to 0.3 = 30%.

b.  Duration of the dip: we simulated, by applying a 30% voltage dip, to determine the maximum duration of
the dip, that exceeding the quantity of reactive power absorbed during the fault disappearance, exceeds
the maximum value Qs =0.3 pu.

From Figure 7, we observed that: For a dip of 30% and duration of 0.4s, the reactive power surpasses
the maximum value at the time the fault disappears.Consequently, the optimal duration for a voltage dip of
30% is 0.3s.We have reduced the gravity of the voltage dip to: 25%, 23%, to see its effect on the maximum
acceptable duration. Figures 8 and 9 represent the simulations obtained. For a dip of 25% the maximum
duration=1s and for a dip of 23% the time limit=1.5s.

Power Reacive (pu)

15 2 25

0 05

0 0 1 Tme 18 2 25 I Tine(9
(a) (b)

Figure 7. The reactive power for dips of 30% and duration 0.3s (a) and 0.4s (b) respectively
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Figure 8. The reactive power for a dip of 25% and a duration of 1s (a) and dip of 23% the time

I normal control of the DFIG I

I modified control desacﬁ\'aﬁonl—

desactivation of SDR

Figure 9. Control diagram of the combined method

The maximum duration of the dip varies according to the degree of the dip, in fact for low voltage dip
the maximum duration of the dip is large compared to the high dips. The following Table 2 illustrates
for an amplitude and duration of voltage dips, the different grid codes, which the modified control solution
complies with:

Table 2. Grid code

Dip (%) Duration (s) Gride Code
30 0.3 -
25 1 Spain — Danemark
23 15 Spain — Danemark-allemand
<23 >15 Spain — Danemark-allemand

2.4. Combination of methods

Based on the results obtained in the preceding section, we have concluded that for the modified control
strategy, it is only valid for low voltage dips, and we found that the maximum amplitude of the dip is 30% of
the nominal voltage. While the SDR strategy used with conventional control, gives better results, even when
the voltage drop is total (100% of the dip) as shown in Figure 10. The idea of this strategy is to have a new tool

DFIG use with combined strategy in case of failure of wind farm (Azeddine Loulijat)
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to link the depth of the dip to the optimal solution. The method is based on the combination of two solutions
mentioned above to remedy the defects. For low dip levels (between 10-30 %) the modified control strategy is
used, disabling traditional control as well as the use of SDR hardware protection. While for large dips (>30%),
the modified control strategy is disabled, and the SDR is used with conventional control.

The modified control is activated in the case of overcurrents on the rotor windings (Ir >0.85 pu),
provided that the dip is exceeding 30% (Vg>0.7). The detection of the dip is determined by the voltage Vs.
The SDR strategy control is activated in the case of a dip of less than 30% of the nominal voltage (Vg<0.7).
Figure 9 represents the control diagram of the combined method. The modified control command is activated
in the event of overcurrents on the rotor windings (Ir >0.85 pu), provided that the trough depth is higher than
30% (Vg>0.7). The determination of the trough depth is determined by the voltage Vs. The SDBR strategy
command is activated in the event of a decrease of less than 30% of the nominal voltage (Vg<0.7).

3. SIMULATIONS RESULTS
To evaluate the effectiveness of the strategy, we applied different trough profiles from grid voltage.

3.1. First profile of the voltage dip

A series of voltage dips are applied to the grid as represented in Figure 10. In order to validate
the comparison of these two strategies, some parameters must be evaluated as shown in the following curves
as shown in Figures 11-14.

3.2. Second profile of the voltage dip

A series of voltage dips are applied to the grid as represented in Figure 15. In order to validate
the comparison of these two strategies, some parameters must be evaluated as shown in the following curves
as hown in Figures 16-19.

15

Voltage Grid (pu)
o

Time (s)

Figure 10. Profile of the first voltage dip
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Time (s) . Time (s) 25
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Figure 11. Power reactive of the DFIG, during the 1st profile of the voltage dip,
(a) with and (b) without the strategy
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Figure 12. Power active of the DFIG, during the 1st profile of the voltage dip,
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Figure 13. Rotor current of the DFIG, during the 1st profile of the voltage dip,
(a) with and (b) without the strategy
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Figure 14. DC-Link voltage, during the 1st profile of the voltage dip, () with and (b) without the strategy
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Figure 17. Power active of the DFIG, during the 2nd profile of the voltage dip,
(a) with and (b) without the strategy
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Figure 18. Rotor current of the DFIG, during the 2nd profile of the voltage dip,
(a) with and (b) without theStrategy
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Figure 19. DC-Link voltage, during the 2nd profile of the voltage dip, (a) with and (b) without the strategy

4.  CONCLUSION

This paper proposed a combined aproach between the passive and active methods to improve
the behaviour of DFIG in the event of a symmetrical voltage trough on the grid. MATLAB/SIMULINK
software simulation is performed to test these methods. The results show that the passive method has significant
advantages over the DFIG quantities regardless of the value and duration of the trough depth. However,
its major disadvantages are the complexity of the system and the cost of the material. Furthermore, the validity
of the active method is tested by the consumption of the reactive power when the depth and duration of
the voltage drop increase. According to the results, the active method is applicable for a voltage dip below then
30% deep with a maximum duration of 0.3s. Therefore, the ideal answer is a hybrid aproach which groups
the both methods.
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