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Abstract

This paper presents a new robust and effectiveraostrategy to mitigate symmetrical
voltage dips in a grid-connected doubly-fed inductigenerator (DFIG) wind energy
conversion system without any additional hardwar¢he system. The aim is to control the
power transmitted to the grid so as to keep thetrdal and mechanical quantities above their
threshold protection values during a voltage dgmsrent. To achieve this, the references of
the powers are readjusted to adapt the wind erm@rgyersion system to the fault conditions.
Robust control strategies, combining the meritslafing mode theory and fuzzy logic are
then proposed in this paper. These controllersdareved from the dynamic model of the
DFIG considering the variations in the stator flggnerated by the voltage drop. This
approach is found to yield better performance tbémer control design methods which
assume the flux in the stator to remain constantnmplitude. This control scheme is
compliant with the fault-ride-through grid codesigfhrequire the wind turbine generator to
remain connected during voltage dips. A seriesrofigtions scenarios are carried out on a 3
MW wind turbine system to demonstrate the effectass of the proposed control schemes

under voltage dips and parameters uncertaintiegions.

Keywords
wind turbine, doubly-fed induction generator, posveontrol, fuzzy sliding mode control,
voltage dip.
Nomenclature
V,, | wind speed (m/s)
R rotor radius (m)
QO DFIG rotor speed (rpm)
J | turbine total inertia (kgn°)
f turbine total friction coefficient (Nrs/rad)
v,i | voltage (V), current (A)
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real power (W), reactive power (VAR)

~

P,Q
T.,, | electromagnetic torque ( Nm)
R

R, R, | rotor and stator resistanc®)(
L., L, | rotor and stator inductance (H)

flux (WD)

U
M | mutual inductance (H)

o | leakage coefficient = 1 — M?/L.L,

0,0, | rotor and stator position angle (rad)

w,, ws | angular speed, synchronous speed (radi/s)

number of pole pairs

x4 | desired signal

X | state variable of the control signal

A positive coefficient

n system order

Acronyms

DFIG | doubly fed induction generator

LVRT | low-voltage ride-through

RSC rotor side converter

GSC grid side converter

VC vector control

FSMC | fuzzy sliding mode control

MPPT | maximum power point tracking

1. Introduction

Electric power quality has become a vitally impattegssue that involves all actors, whether
they are network managers or users of these neswdtie term ‘power quality’ is a broad
concept which covers both the continuity of thecleal supply and the quality of the voltage
and current waveforms. The main phenomena thatffact this quality are frequency and
voltage fluctuations, voltage dips, harmonic cutsesr voltages.

The continuity of electricity supply may be affettby a fault in the network (e.g. voltage
dip) which may result in the disconnection of aem@tion unit. This causes a deficit in the
supply of power to the loads and a loss of theteted network stability.

A voltage dip is a sudden drop in the voltage whighges between 10% and 90% of its
nominal value, and which may last from ten milliseds up to one minufeA voltage dip can
be due to several reasons: a short circuit in gteark, a partial disconnection of the power
supply, heavy currents due to the starting of larg#ors, and large currents due to electric

arcs or saturation of transformérs.
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With the increasing penetration of wind energy istribution grids, many countries around
the world have started to impose new grid codeschviestablish the guidelines and
requirements for the interconnection of wind getwsato the grid. One of the most stringent
technical requirements for the grid-connection aidvgenerators is their ability to resist to
voltage disturbances in the network. To fulfillghiiechnical requirement, generators should
remain connected to the network and should be tblegain normal operation after the
occurrence of a fault. This capability of the gexter to stay connected is defined by the term
low-voltage ride through (LVRT).

Currently, the DFIG is the most commonly used \@ésspeed generator in wind power
applications. However, it is very sensitive to netkvdisturbances and more particularly to
voltage dips'

\oltage drops, even located far from the DFIG, canse an over-intensity of current in both
the rotor and stator of the machine, and an oveagelat the DC bus. Without protections,
this may lead to the deterioration of the powervesters and possibly their breakdotn.
Moreover, these voltage drops are accompanied byvam-speed of the turbine which
deteriorates its normal operatidn.

Several researchers have addressed the conceyRaf during network faults and proposed
control strategies for the DFIG which can be didid&o two classes: A real method based on
improving the control strategy of the DFIG and asgiee method which consists of

introducing hardware protectiofdable 1 gives a summary of these methods.

TABLE 1 LVRT methods for a wind system

Real methods Passive methods
Blade pitch angle control Energystorage
Crowbar

Control improvement (RSC, GSC) FACTS devices (SSTATCOM, DVR)
Capacitysizing

In, ® the authors propose the use of energy storagensystonnected to the DC bus via a DC-
DC converter. When the fault occurs, these devadesorb the excess of energy at the DC
link, and thus protect the converters against ewediages. After clearance of the fault, this
energy is re-injected into the grid. These enetgyage devices are essentially batteties,
super-capacitors.

Crowbar systems are mainly employed to dissipas pewer during network faulfs.A

crowbar circuit consists of a high-power resistorseries with a switch. The advantages of
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this structure are its low cost and simplicity ¢§ control structure. However, crowbar
systems cannot improve the injection of reactivegrao the grid.

FACTS (Flexible AC Transmission Systems) are anotdmion for keeping wind systems
connected to the grid in case affault. Examples of these are the STATCOM (Static
Compensator) and the SVC (Static Var Compensdtogeneral, they are used to increase the
reactive power control capacity.Another device is the DVR (Dynamic Voltage Restpre
which works by injecting a compensating voltageotiyh a transformer to support the grid
during a voltage dip® All these methods are based on the addition afvaare devices which
increase the total cost of the system. Alternajivether works have focused on modifying
converter control strategies.

For the real LVRT methods, different control apmtues have been proposedXithe authors
studied the performance limits of vector controireldt torque control, direct power control,
adaptive control and predictive control were atsebtigated>™*®

Most variable-speed wind turbine systems use vexdntrol, which can be modified to meet
the LVRT requirements of grid operators. The awhol’ proposed a modified vector control
scheme by introducing the variation of flux in t®upling terms between the d-and g-axes.
This control approach was further extended to ihelboth the flux magnitude and phase
angle’?° and in,* an improved version of this control scheme wappsed.

Other more advanced control strategies have alsn pmposed to overcome the limitations
of classical proportional and integral (Pl) corierd. Among these, sliding mode contrdl,
second-order sliding mode contfdlfuzzy type-2 controt? fuzzy control tuning by genetic
algorithms?® fuzzy second order integral terminal sliding medeatrol?® passivity controf/
and backstepping contro.

To sum up, whichever the method used, for the wunbine to fulfill the LVRT requirements,
three physical quantities must be closely contdolliring a voltage dip to prevent their
protections to trigger. These quantities are: ttational speed of the generator, the stator and
rotor currents, and the DC bus voltage. The LVRpatdity requires that the wind turbine
system must be able to limit, store and/or dissipatl power and contribute to restore the
voltage by injecting reactive power.

The authors it} presented a comprehensive review of the existiathous and future trends
of the DFIG in compliance with LVRT requirement$iely concluded that if RSC can counter
the grid disturbance effect then the use of addtidnardware such as crowbar, DC chopper,
etc. can be avoided. They finally suggested to domwre on the development of robust

nonlinear control techniques.
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In all these previous works, the authors assumatl ttie flux in the stator is constant
amplitude to simplify the design of their contreleHowever, ding a voltage dip, since tt
stator is directly connected to the network, tregstflux is expected to decrease. Theref
neglecting the dynamics of the stator flux may detate the transient performance of
system during fault conditior

The solution poposed in this article to re-adjusthe references of the powers so that du
the fault the reapower is reducedand the reactive power is injectéal help the voltage
return to its nominal valueThe control scheme proposed tegulate th powers to their
reference values is based leuzzy Sliding Mode Gntrol (FSMC) conce|. The design of the
controller is carried outonsiderini the dynamics of the stator flux generated by thiéage
dip. The aim is to control theeal and reactive powers of a DFIG-bagedd turbinesystem
to keepthe electrical and mechanical quantilabove their thresholdaluesduring a voltage
dip.

This paper is organizeds follows:Section 2 describes the problewfsthe gric-connected
DFIG wind energy conversn system during voltage dip, and pnetsethe solution to th
LVRT requirementSection 3is devoted to the modeling of the system in viewhs RSC
control. The proposed FSMC conl scheme is derived in Section 4n&ily, the simulation

results and conclusicare presentein Section 5 and 6 respectively.

2. Problem Statement and Proposed Solution

The wind energy conversion syst(WECS)studied in this paper is based oDFIG and is

depicted in Figure 1IThe WECS power electronics interface with grid consists of two
converters: theRotor Side Convert (RSC) for the control of the reand reactive stator
power of the DFIG and th@rid Side Converter (SC) for the control othe DC bus voltage

and reactive powerxchanged with the netwo

Gear box

(

Filter

~ T ~ [T —
— AT ————
= | T|-= AN~ —————
tttttt trtett
| Control | | Control |
tr 1

Psref eref vdc?”ef eref
FIGURE 1 Wind energy conversion system based on a .
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Under normal operating conditions, the generatedtetal power?,,,. is equal to the power
recovered by the turbing, (when losses are neglected). Since the stator efDRIG is
directly coupled to the grid, if a fault such awatage dip occurs, the generator magnetic
field and rotational speed will be directly affattend consequently this will limit the power
transmitted to the grid. At the appearance of thieage dip, the power captured by the turbine
will be greater than the power transmitted to thd.grhis causes an over-intensity of current
in both the rotor and stator in order to compengat¢éhe decrease in the power caused by the
voltage dip.

The problem lies in the management of the exces®pdP = P, — P,;,. inside the system.
To ensure that the LVRT is fulfilled, this excedspower must not cause any electrical and
mechanical quantities of the DFIG to drift aboveiththreshold values and trigger the
protection.

To protect the system during voltage dips, gridrafmes in several countries request that the
real power injected by wind turbines into the dledl grid should be reduced to maintain the
stability of the system. In addition, the WECS dddwe able to supply the required amount of
reactive power to help restore the voltage toasimal value.

To overcome this, the solution proposed in thiskwsrto adapt the power references during a
voltage dip so that during the fault, the statat astor currents are maintained at their initial
values before the faulf. The real power is then reduced, and the reactveepis injected
into the grid. These power references are giverduations (1) and their detailed derivation

is provided in Appendix A.

Py = (575) P (51)
Sref — 1+g tmax vy

(@srer = Qs l(?)z B (Z_pﬂ

Whereg is the DFIG slipyy is the voltage at the instant of tfeult andv,, is the nominal

(1

voltage. When a voltage decrease is detectedetbeence powers are re-adjusted to adapt the
operation of the machine to the new supply conaiitio

However, due to the limited rating of the powerwenter (around 30% of the rated power), it
becomes difficult to achieve full power control &evere fault conditions. The control will be
mainly affected by the severity of the fault. Sneeav control strategy is proposed in this paper

to regulate the real and reactive powers of the@W#a the RSC.
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3. Proposed modeling approach for the RSC controller design

Unlike other research studies which consider thg fh the stator constant in amplitude to

simplify the control design methodology, the appto@roposed in this paper considers the
dynamic of the flux during the transients. Duringatage dip, the stator flux will decrease

because the stator is directly connected to thevarkt and this should be taken into

consideration during the design of the controller.

In a rotating Park reference frame, the direct gumadrature components of the DFIG voltage
and flux are expressed as:

Vsq = Rslsd + dt s(psq
do
< Usq Rslsq + d_;q + WsPsa
2
_ . d(Prd ( )

Vra = errd + dt — WrPrq
. doyg

\Vrq = errq + 7 + WrPrqg
(Psa = Lsisq + Mirq
@sq = Lsisq + Miyq

. , 3
prrd = Lrl.rd + M'_'sd ()
Prq = Lrqu + Mlsq

The stator real and reactive powers are given by:

P, = vy4isq + V-1

{ S ~ sd .sd sq .sq (4)
Qs - vsqlsd — VUsq- lsq

It should be noted that the quadrature componenhefflux is not equal to zero during a

voltage dip, hence the stator currents are obtaased

i= Osa — Mirq
sd —
Lg
. (psq - Mirq
e =T
S

Substituting these currents equations into (3):

(5)

( . LM
Qrq = 0Lypipg + L_(psd
i p (6)

Prq = ULrirq + L_(psq
s

Now, substituting the flux equations into (2) yild
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( dirg . M M dgsg
j% = Relya + 0Le =37 = 0r0lrtrg = 0r 050 + =gy
N
. d' M d(psq (7)
lvrq = Rylpg + 0oLy —— I 14 Wy 0Ly ig + er Psq + L I

Using equations (4) and (7) the following relatioips between the stator powers and the

rotor voltages are obtained:

(P

Mvsq UsqPsq .
s = [Urq —€q — e<PtI] [Rr + (oL,)s '(_ Lg )] + L, + Vsalsa -
1 Mvsq VUsq®Psd ,
= +e, + A= + —
@5 = [vra + g + ega] [Rr + (oL)s ( L, )] L, Usatsa

Wheree,; ande, are the coupling terms between agesndg. e, ande,, are related to the
stator flux and its dynamics. These terms are ddfioy:
o = M(m _ %)
{ed = w,0Lyiyg | 0% T L \VrPsa T e
eq = Wyr0Lyiyg d(psq>
dt

I 9
ke(pq L, <0Jr‘Psd +
To control the powers of the DFIG at the desirddrences, equations (8) must be reproduced
in the opposite direction by imposing rotor voltagen the machinevf,,v,4). But these
equations show that there is a strong coupling éetmthe powers and voltages. Therefore,
the control must be designed to compensate forcthupling effect, the variation of rotor
speed, the stator flux and the dynamics of the flaxachieve this, each axis component must
be controlled independently i.e. each having its @entrol loop (power controller and rotor

current controllers).

4. Fuzzy Sliding Mode Control

A type of robust control law, simple to calculatedamplement, even for nonlinear systems,
is sliding mode control. However, once the slidiegime is reached, the discontinuity in the
control generates high frequency oscillations, kmoas chattering. This is a major
shortcoming in sliding mode control, as it can léadmprecise control, and generate noise in
the systeni’ To eliminate this chattering phenomenon while initig the robustness and
performance, the discontinuous component is reglagea fuzzy logic structure.

In general, to achieve this type of control twgpstenust be performed: choice of the sliding
surface and the synthesis of the control laws.

4.1. Choice of the diding surface
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The choice of the sliding surface concerns not dné/ necessary number of these surfaces,
but also their shapes depending on the applicatr@hthe intended purpose. Generally, the
number of sliding surfaces is chosen equal toiteed the control system.

To apply this control scheme to the DFIG, fourigligsurfaces must be selected to control the
real and reactive powers as well as the rotor otsr& hese surfaces are selected according to
the error between the references input signalgteheasurement signéfs.

The most commonly used surface to obtain the glidegime and which guarantees the

convergence of the state towards its referencefinetl by
d
SX) = (E + )" le (10)

Wheree = X,..; — X.

If e,, e,, e; ande, denote the errors of the real power, reactive poge@adrature and direct

rotor currents respectively, then:

el Psref - PS ]

32 eref - QS
=|. . (11)
€3 L"Qref - qu
e . .
4 lrdref —lrd

Letn = 1in (10), then the control surfaces have the foilmxform:

S(P) Foop = B ]

S@Q) | _{9srer — Qs
lsarq)‘ - lirqre - irqj (12)
S(ird) irdref - iT‘d

4.2. Synthesis of the control laws

The control action is designed to bring the eregts, ,e; ande, to zero under any parameter
uncertainties and grid disturbances conditions.

Substituting forP;, Q,, taking the derivatives of the surfaces and finallbstituting the
expressions of the current$qand i,q from the equations of the voltages, and v,

respectively, gives:
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des ]
p L Vs vqu B irq w4 Vrq _ Mw,psq — M dtq L
sref T o, "7 gL, LL,.o
. des
[ S(P) ] Q +USqM lra + oo +Urd+er(psq_M7d +B
. - Wil
! $(@) |= sref T L. of, """ gL, LiL,o (13)
\‘S(qu)‘| (Psq
arey o, ' oL, LL.o
d(Ps
. N lr_d woi VUrda ergosq +M 4
rdrer T g, T4 gL LL,o |

With 4 = (vsdisd + vsq(psq/Ls)’ B = (vsdisq - vsq(psd/Ls)l =1L
v,.q are the control vectors, to force the trajectonéshe system to converge towards the

r/Rr’ andirql irdl Urq:

surfaces.
, i + lfuz
'l:rq fuz
rd
Vrq e" + vf i ()
Urda fuz
Substltutlng the above expressions into (13), gives
des
p n vqu (leq + quz) L Urq Mw,@sq —M dtq 4
sref T oT, Ortra o L.Lo
: dgs
[S(P)] o 4 DM (R4 i g e MOrgs — M= B
! $(Q) | T L oT, e T gL, LL,.o (15)
S(irq)
des
L(ird) ; +lq+(l)l (v eq+vfuz)+er<P5d+M 1
rer o, T4 oL, LL.o
des
i + lr_d — Wplpg — (v:g fuZ) Maypsq + M dtd
i Tdref T g, T4 oL, LL,o

During the sliding mode and in steady state, tHaegsmof the surface and its derivative, and
the fuzzy control are equal to zero. Then equivademtrols quantities are derived from the

above equation, and are written as follows:

d@sq
oT L /. Vyq Mwr@sqa —M
ifd = ——2(B,, = A) = 0Tpwyiyg + o2 - A a
VgqM \ "TeS R, L¢R, (16)
d@sd
O'T L V. M(‘)r(ps M
.eq __ rd 4 dt
lg = oM (eref + B) + 0T, wrlpg +—— R, L.R,

10
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s

I L. lq M(‘)r(psd-l'M(pq
vrq =ol, (quref T, — + wrlrd> + I

s 17)
des (

eq L. lra . er(psq + M dtd
Via = GLT (lrdref + ﬁ - wrqu) - I
r s

During the convergence mode, for the condiS(X)S(X) < 0 to besatisfie(, the following

must hold:
Mqu fuz
. aT Lg
l[ S(P) ]l Mvsq fuZ
S
. (_Q) - 0T, Lg (18)
S(qu) _ 1 fuz
S(ird) GLT e
_ 1 fuz
O'LT rd

For theinput variables (sliding surfaces the real powerP, reactive powelQ and rotor

currentsi,4 andi,,) andfor the output varlablesz,c;z i/ vfc;‘z, JU%) the fuzzy setare

defined as: NB (Negative i@, NM (Negative Mediurjy EZ (Equal .ero), PM (Positive

Medium), and PB (Positivei§) and are shown in Figures 2 and 3.

NG ' NMEZPM ' PG

-
T

Degree of membership
o o o o
N £ (o] oo

T T T T

o

L L L L L L L L L
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
input

FIGURE 2 Membership functions for theput variable.

il ‘NG| M EZ VI S

<o o o
ES @ @

Degree of membership

o
N

o

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
output

FIGURE 3 Membership functions fithe outpuwariables
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The fuzzy rules are given ifable 2. Mamdani’s fuzzy inference ancémbership functiol
aggregation usethe max operator. The defuzzification of the cantnatput isbased on the
center of gravity method.

TABLE 2 Fuzzy rule base of the FSMC.

Fuzzy input NB NM EZ PM PB
Fuzzy output | NB NM EZ PM PB

According b the rules presented in Tabl andthe membership functions Figures 2 and 3,
and based on equation (1B)¢an benoticedthat if the surface is positive the fuzzy contro
imposes a positive output, hence the derivative ofstiméace is negativeand therefore the
convergence condition iguarantee. Alternatively, if the surface is negative, the fuz
controller imposes a negative output, hence thvalere of the surfaces positive,and again
the convergence conditionashieve..
Figure 4shows the overall structure of the proposed costbéme

FaMC FSMC

. g
o7 _ vl

| Fre P
F. {|Eq(16)1— | Irg i{Eq.(17) ﬁ de
_# + N + - | |
+ o P ™ 7 —»{ Invert
Forer T@r FLC o hindy dg [|¥rs o
2 u=
15;3 l?"l'-Tref ‘L"?,.q P -
2 | PWM |y
fuz i dr ﬂfus .
+ b pad Vrd Yra
eref—b@—-b FLC » TLC 123 e
+ + 35— + Vpg
- T + + +_ g

Y

Y

Q. Eq.(16) o ipg | EQ.{17)1 T i r _+ .
by Vg | dg e
fpy *— :
FSMC FSMC ra 123 %
|1
f-"'
DFIG
&:
* . [
B Led Lsyan
s 4= Power +—| dyg -+
Q. 4—| calculation |g4—— 123 -
foq i3 [#
Vs Vsyae
Ve, >
=g ¥ 8, PLL >
.‘—
&y

HBL ,"u'pfﬂ +— 0

FIGURE 4 Block diagram of the proposed control sys.
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5. Simulation Results

A simulation study is presented to validate theppsed control approach and demonstrate its

robustness and performance during voltage dips.slielation is based on a 3 MW wind

turbine, the parameters of the DFIG and turbine etodre listed in Table ¥.These results

are compared with classical vector control.

TABLE 3 DFIG and turbine parameter valuiés.

B, nominal power (MW) 3

U, nominal voltage (V) 690

f,  nhominal frequency (Hz) 50

V,, Nominal wind speed (m/s) 13

N, pole pairs 2

R, stator resistance @) 2.97

L, stator inductance (H) 12.241
R,  rotor resistance () 3.82

L,  rotor inductance (i) 12.1773
M  mutual inductance (mH) 12.12
] turbine total inertia (kgn?) 254

f  turbine total friction coefficient 0.0024

(Nm-s/rad)

vgc, Nominal dc-link voltage (V) 1200

¢ dc bus capacitor (F) 0.038
R  radius of the blades (m) 45

The simulated LVRT conditions for the wind turbiame as follows:

- The wind turbine must be operating at a criticabshold level before the fault. It

should be noted that these are the conditions umldieh the LVRT requirement is the

most difficult to fulfill, because the wind turbiraperates at its maximum power and

its speed is in the super-synchronous mode.

- Before the fault; the real power injected into tred is maximum, and the reactive

power is zero (unity power factor).

- During the fault, the real power is reduced, arelréactive power is injected into the

grid.

The voltage dip considered in this study has bempiied from Danish grid code. It is
illustrated in Figure 5 and has the following cltdeaistics:

13
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- Three-phasesymmetricalvoltages dip(since the term LVRT of national grid coc
refer to this type of fault.

- 40%drop in nominal voltage for C s.

- Linear rise to the ominal voltage over a period of 1 s.
This gradual riseharacterize the inductive loads present on the gAdter fault clearance,
these loads wilhave a high demarof reactive power, which prevetite return of the voltay
to its nominal value. Thisgtifies the shape of the vole dip patterns presented in Fic 5.
Since the duration of the fault relatively short compared to thtudtuatiors of the wind
speed, the latter will bessume constant during the fault and equaljfo= 13 m/s.
With this wind speedthe wind turbine operates at rated speed, whictesponds to a spe:

of the DFIG withMPPT control at 1950 rpm, a slip -30% in supesynchronous mod

700 | |

600 - .

V)

500 -

400 ‘ | '
24 245 25 255 26 265 27

Time (8)

FIGURE 5 Simulated voltage d underDanish grid code requireme.

Figure 6 compareshé responses of thwind turbine system usingectol control and the

proposed control scheme.

14
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FIGURE 6 Responseof the wind turbine system witRSMC and V(
(a) real stator power, (b) reactive stator powarréal rotor power, (i reactive rotor powe
(e) stator currents with FSMC, (f) stator curremith VC, (g) rotor currents with FSM(
(h) rotor currents with VC, (i) rotor speed, (j) Os voltage

Figures 6 c-f-h show thawhen vectorcontrol is used during the voltagdp, the stator

currents, rotor currents amotor powersexhibit significant fluctuationabovetheir maximum
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acceptable limits (the currents limit is 150% of iated value, and the rotor powers limit is
30% of its rated value). This will activate the f@aiions so that neither the converter nor the
DFIG will be damaged, and it leads to the discotinem®f the system. The excursions of the
responses of the current and rotor powers are dude poor tracking of stator powers
references (Figures 6 a-b).

On the other hand, when the FSMC is used, thergtateers follow their references perfectly
(Figures 6 a-b). The stator and rotor currentsnaatained constant as shown in Figures 6 e-
g. In addition the rotor powers do not exceed thiits (Figures 6 c-d).

During the fault, the power from the wind is storikinetic energy in the rotor (due to its
large inertia, the rotor of the wind turbine hasagacity to store energ$).This causes an
increase in the rotor speee2(00 rpm). Note that this increase is about 40%ealoe speed

of synchronism 1500 rpm) for both control strategies (Figure 6i). Fbisttype of wind
turbine the increase in speed is acceptable, dit@es a short duration. However if the speed
is compared with the speed before fault, an ineredsabout 9.25% can be observed in the
case of VC, and 7.3% in the case of FSMC. Thixagned by the fact that with VC the
speed is not optimal in the nominal regime, becdlisee is a slight steady-state error in the
stator active power as shown in the zoom of Figare

After fault clearance, the energy stored in the@ras sent to the grid as active power and
subsequently, the rotor speed gradually returnk bmads pre-fault value. It can be observed
that FSMC leads to a better performance as compar¢@.

The DC bus voltage waveform is shown in FigureA6the onset of the fault, the rotor power
demand will be supplied from the DC link, this résun a decrease of the DC bus voltage.
When the fault is cleared, this voltage undergoeadisturbance and then is subsequently
regulated via the GSC and maintained within an @tedde level.

From these results, it can be noted that with tBME there is a good trackingf the
reference powers which significantly improve thédgor of the system during dip voltage.
The proposed control design strategy was basedind turbine model parameters which
have been assumed fixed. However, in a real syssaichh as the wind generator, these
parameters are subject to variations due to diftgpaysical phenomena such as saturation of
inductances, heating of resistors, etc.

Therefore, testing the robustness of the contraiteter parameter uncertainties is essential.
This test is carried out by varying the DFIG mogatameters. The resistances are increased
by 50%, and the inductances are decreased by 5B&crésponses of the real and reactive
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stator powers under pararaetincertainties are shown in FigureThe results demonstrate

good tracking othe real and reactive powereferences when usirkgSMC

5 X 10° (a) Real stator power with FSMC ) «10% (b) Real stator power with VC
Psref Psref
_PS without uncertainties _F’S without uncertainties
0r P, with uncertainties 0 --P_with uncertainties
2 z J
~ N = .
-2 i ™, -2 0, ==
LT
-4 L L -4 L L L L
24 25 26 27 28 29 30 24 25 26 27 28 29 30
x10%  (c) Reactive stator power with FSMC 6 105 (d) Reactive stator power with VC
ol "'Qs ref i ‘ i ‘ .Q ‘,—ef ‘
)
_QS without uncertainties 4r _Q without uncertainties||
s
o1+ Q with uncertainties T 2r --Q with uncertainties
< <
2 > O il et
0 H L 2
-1 - - - - -4 N . , ,
24 25 26 27 28 29 30 24 25 26 27 28 29 30
Time (s) Time (s)

FIGURE 7 Responses of the real and reactivtéor powersunder paramet uncertainties:
(a) real stator power with FSMC, (b) real statowpowith VC, (c) reactive stator power w
FSMC, (d) reactive stator power with'

These results show thaty badopting the proposedcontrol strategy without actional

hardware, the DFIlGased variab-speed wind turbineis able to fulfill the LVRT
requirements and meain connected durinvoltage dips when operatirag a critical threshol
level (if the voltage dip does not exceed 40% of the nohvioléage).

The strategy for the adaptation real and reactive powers referencksing voltage dip:
ensures that thelectrical and mechanical quantitdo not exceed their limitsThis strategy is
very much dependent on tperformance of the control sche of the pavers. Thishas been
addressed vighe application of FSMC whictakes into accounthe variation of the statt

flux.

6. Conclusion
The paper proposedfazzy sliding mode controFSMC) schemehat takes into account tl
dynamics of the stator fluk the control of realand reactive power of a DF-based wind

turbine during a voltage dip.
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The results demonstrate that FSMC provides a nmabast control of the DFIG during the
voltage dip conditions as compared to vector cénthedeed, the DFIG was able to
successfully overcome the voltage dip without ds@rting from the network. The system
was able to quickly regain its initial state of cgteon.

It should be noted that with FSMC it is possibleniprove the capacity of the DFIG to resist
against voltage disturbances so as to satisfy thestaints imposed by the LVRT
requirements without the need of any auxiliary kgnge. However, its capacity is limited by

the relatively small size of the power converters.

Appendix A: Calculation of powers references (equation (1))
Under normal conditions, the real and reactiveostabwers are expressed as:

( M
| P = _UnL_qun

4 sn
N
2 vM (19)
Lan =l L. lrdn
And in the case of fault, these powers are given as
( M
I Pgp = _UFL_quF
{ ° 20)
Vg VM | (
LQSF =l L. lraF

To have a power adjustment during the voltage itijg, necessary that the rotor currents are
maintained at the same levels as before faultiig. = i,qr andi,q, = iyqr

For this, the following equalities must hold:

( Py = p
sn Mvn — I'sF MUF -
Ly ( 03 L (9 (21)
LMvn wgLg Qsn | = Mv, \wsL Qs
Thus the relation between the powers before anidigltine default is given as follows:
( Vr
I Psp = Py <v_)

n

(22)

iosp = 0u (1) + w’fL - (Z_:)Z _ (Z—:)]

In our study the stator real power is controlledlsat the DFIG converts the maximum of the

available mechanical power from the turbine suglifdise losses are neglected, the converted
real power is expressed by:
P=Fk+PF =Fk+ghk=>0+9FkK (23)
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The statoreactive power is controlled so that the reactiower is zeroQg,, = 0).

Therefore, the refences of thistator powers are written as equation (1)

_ 1 Vg
o = (755 P ()

(@srer = o l(Z—F)Z B (Z_Fﬂ

With Q, = vi /wsLs

(24)

It shauld be noted that when thfault is cleared, the ratidvy/v,) =1 and the
term[(vg/v,)? — (vp/v,)] = 0, hence the reference values of raatl reactive power a

reset to their values before the fe

Appendix B: Determination of the PI controllers paramei

In the control of the RSC, four controllers weredrstwo for tle powers antwo for the rotor
currents.To simplify the design of the controllethe RSC isassumed ide@and the coupling
terms are neglectedhen, it can b noticed thathe transfer functions of the tvd andq axes
are identicabnd hence the controllers for the two loops arestimee

The block diagram of the clos-loop g axis control of the RSC gepicted in Figure

4

A
v

+ kP |+ , Kfm 1 ior | Mv P
psr'ef_’ Ps ; —P®—’ lrq i > - q _ S 5
Ky + < T K, "+ s R, +oL,s L,

FIGURE 8 Control block diagram in thg axis of the RS(

Figure 8 shows two eurol loops an internal loop for the control of the current aam
external loop for theontrol of the powe For the calculation of the controller parameter
the current loop, a*lorderclosec-loop transfer function is used. For thewer controloop, a
2" order closed-loop transféunctior is used.

The openoop transfer function of the currecontrol loop is given by:

K7+ K L2 25
p s |R.+ol.s Ts (25)

After calculation and identification, tifollowing PI1 controller parameteese obtained:
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] 3oL
(ki =222 — 0.0053
ty !
L (26)
tKiqu =—" = 0.1146

rq
tS

tsirq is the settling time of the closed-loop responsthefcurrent.
Similarly, for the power control loop, the closebp transfer function is given as follows:

(K{,’Ss+1<f5)Mv5
TLs

Hp(s) = (27)

P
Ls+K,, S Mg s K; M,
TL TLg

52

The controller parameters are obtained using a lsingole placement. The desired
characteristic polynomial is written as follows$: + 2ys + 2y 2.

After calculation and identification, the followiri®j controller parameters are obtained:

2yTL, — L,
ks =" 5 — 0,006
p M, 28
KPs = 2y°TLs 056 (28)
L\t My,
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