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Abstract

This paper deals with the control of
doubly fed induction generators to ride through
unbalanced voltage sags. A control strategy is
proposed by choosing certain current reference
values in the positive and negative sequences so
that the torque and the dc voltage are kept
detailing the control scheme of each converter
while considering the effect of the crowbar
protection. The control strategy is validated by
means of simulation.

I. INTRODUCTION

WIND power is one of the most promising
renewable energy sources after the progress
undergone during the last decades. However, its
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The general scheme under analysis can be seen in
Fig. 1. The DFIG is attached to the wind turbine by
means of a gearbox. The DFIG stator windings are
connected directly to the grid while the rotor
windings are connected to a back-to-back converter
(see Fig. 2). The converter is composed of the grid
side converter connected to the grid and the rotor-
side converter connected to the wound rotor
windings. The converter set points are established
by the so-called high-level controller. It uses the
knowledge of the wind speed and the grid active
and reactive power requirements to determine the
optimum turbine pitch angle and the torque and
reactive power set points referenced to the
converter.

integration into power systems has a number of

technical challenges concerning security of supply, , Iper  ipg) .
in terms of reliability, availability, and power Jo Ly, = = v b te

) N = ; l %
quality. Many relevant contributions have been fDCEJ AN —
recently done to face such challenges, ranging from il c Lo
the control of active [1] and reactive [2] power, to ) ..,Fﬁvcb _I ] £ _I W L A
the modeling [3], [4] of different classes of wind -~ N —AW—
turbines Such oscillations are provoked by the im Ly Lo
negative sequence components injected by the L/mlp—“ Ye ,m’r , !, = Y
unbalanced disturbance.

This paper has been organized as follows. Fig. 2. Back-Back converter

In Section I, the control scheme under balanced
conditions is discussed. The unbalanced case is A. Grid-Side Converter
analyzed in Section I11. The proposed technique is In the grid-side converter, the dc bus voltage
validated by means of simulations in Section IV. " and reactive power references determine the current
The obtained results are discussed in Section V, and references, which determine the voltages to be
finally, the conclusions are summarized in Section applied in the grid side.
VI 1) System Equations: In a synchronous reference

frame, the grid-side voltage equations can be
written as
The dc bus voltage can be expressed as

ooy Aoy =120 iy
e Zl={liy @

Active and reactive power provided by the
grid-side converter can be written as Pz = 3/2(vzq ilq
. +vzdild ) and Qz = 3/2(vzq ild — vzdilq).
Fig.1. General System scheme The dc bus volt?ge can be expressed as
I CONTROL SCHEME UNDER © — %0+ [, Gwer—ivenan &
BALANCED CONDITIONS
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2) Reference Quantities: The grid-side converter
controls the reactive power and dc bus voltage. The g-
axismay be aligned to the grid voltage allowing active
and reactive decoupled control. To control the
reactive power, a ild reference is computed as

L 20 _

Hd = Bvng (3)
The active power, which is responsible for the
evolution of the dc bus voltage is controlled by the ilg
component. A linear controller is usually designed to
control the dc bus voltage.

3) Current Loops Implementation: The current
control is

) 3 . .
Q. = 5 (Vsqisd — Vsdiag) - (9)

2) Reference Quantities:  Orientating  the
synchronous reference qd with the stator flux vector
so that Asd = 0, the rotor current references can be
computed as

i %'i-j'. s54 .1f1!f_;._1 ird +¥sd ‘}'-\'i
y LE T ;
{ " } = : . (10
¥ 2L:1;,
bed

3PM I,

3) Current Loops Implementation: The control of
the current is done by linearizing the current
dynamics using the following state feedback.

done by the following state linearization feedback {”w } _ { Urg + M (we — wr)isa + Lr (wWe — wr)ira }
[18] Urd ?:'rd — M (U-"(' - Jva} f‘s‘(; - L‘r' (\’-4-"(. - U-"r') 1‘r'r,r-

(11)
Uig _i‘llll' + Vg — £-!1--"-'I: 'l-.'-ll
= ' ' 4)
{ Vid } { —ipg + Lyw, iy, } {

where the "viq and “vld are the output voltages of the
current
controller. The decoupling leads to

d (i _,EL 0 ilg
E{m}_ 0o - {f:fs}Jr
B. Rotor-Side Converter
In the rotor-side converter, the referenced
torque and reactive power determine the current

references, which determine the voltages to be
applied in the rotor side.

= 0] 1,
0 .-I—I { r“l,'l_" } .

(5)

1) Machine Equations: It is usually assumed that
when the Stator and rotor windings are placed
sinusoid ally and symmetrically, the magnetically
saturation effects and the capacitance of all the
windings are negligible. The relation between
voltages and currents on a synchronous reference qd
can be written as

0 M 0 L
r, L.w, 0 M, iag
{ —Low R, —Mw 0 w it
+ 0 sMw, R, sLw, iy
L,‘,._.uw 0 —sL,w R, J i

Linkage fluxes can be written as

I Xag L. 0 M 0 fsq
0 L, 0 M
R - et (7

e [ M 0 L, 0 irg
l; 0 M 0 L, g
The torque can expressed as
r,, — %P.—U (Gagird — fudirg)- (8)

The reactive power yields

By neglecting stator current transients, the

decoupling leads to
d [ irg = 0] (i = 07 [in,
W{m}_ N { 0 L} {:} N { 0 J—} {a }
' ' (12)

C. Current Controllers Tuning

Controllers have been designed using the so-
called internal mode control (IMC) methodology. The
parameters of a Pl controller to obtain a desired time
constant  are obtained as
K, = % K, =1 (13)

The currents and voltages have been limited
according to the converter operating limits. Pl
controllers have been designed with anti wind up in
order to prevent control instabilities when the
controllers exceed the limit values.

D. Crowbar Protection

The so-called crowbar is connected to avoid
over voltages in the dc bus due to excessive power
flowing from the rotor inverter to the grid-side
converter, guaranteeing ride through operation of the
generator when voltage sags or other disturbances
occur. The crowbar is triggered when the dc voltage
reaches a threshold vcrow—c and disconnects when it
goes below another threshold vcrow—d.

11. CONTROL SCHEME
UNBALANCED CONDITIONS

In this section, nonsymmetrical voltage sags
are considered. Such unbalanced sags imply negative
sequence components in all the relevant quantities.
This section analyzes a whole back-to-back converter
taking into account both the positive and negative
sequence components, and proposes a technique to
control optimally both the dc bus voltage and the
torque when unbalanced voltage sags occur.

As far as unbalanced systems are concerned,
it is useful to express three-phase quantities xabc =
{xa, xb, xc}T in direct
and inverse components as

UNDER
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jute £ —jue t—j8n ;
R N N e & (14)
where x = 2/3 (z, + axy + a’z.), a =73, x¥ =2k 4+
_;r':r{:, and x" = rj] —I—j:r,';. In this section. voltages, currents,
and fluxes are regarded as a composition of such positive and
negative sequences.

A. Grid-Side Converter Analysis

1) Voltage Equations: Considering two rotating
reference frames at +we and —we , the voltage
equations for the positive

and negative sequences yield

. . L di, g

Vi~ Viga = (Fy + jw.Ly) i,a + Ly i (15)
n n . =1 di;:',l.'f

Vzgd — VYigd — [RT - .?"*’c'L'E} Ygd + L’E At (16)

2) Active and Reactive Power: Active and reactive
power
can be written as [13]

3
B=3 [FPio + Peos cos (2wet) + Fsin sin (2w.t)]  (17)

) = % [0 + Cheos c0s (2w t) + Quein sin (2w, t)] (18)

Where
Py vl vE, vy L
FBisin _ ‘”;Ir‘l 7?-"?.-} 71"?.-; ?-'J:’d E’fq
Qo o own, =ty el i
Q'I Cos | 1 ;Ir‘- 7?"‘?.'} 1"?-'; ?'J,d | !'!':';
Csin —ur, v, vl v, J

(19)

It can be noted that both active and reactive

power have three different components each, and

hence with the four regulatable currents ipld , iplqg ,

inld , and inlqg , only four of such six powers can be
controlled.

B. Machine-Side Converter Analysis

1) Voltage Equations: Considering two rotating
reference frames at +we and —we , the voltage
equations for the positive and negative sequences can
be obtained as

VvEY _ [Le M d[iF
vff}_ M L, a:t{ir;}

R, + jL.w. JM . il
- |:j.-‘|.f[.-.uc. —w,) Ry + L (w. — w,.}] { i }
200
v L. M7 d [i"
Vo } - [M r_.,] E{ }
[ R, — jwe Ly — Fote M ]
H+iM(—w, —w,.) R, 4+ L. (—w, —w,.)

{EY. e
2) Stator Power Expression: The apparent stator
power can be expressed as

S, =P +jQ. = Ev#ij.

Taking into account x, = =%, + j:r,';,j.. and rearranging it gives
S, = P, + jQ.. with

P = 3 [Po + Pcou cos (2t + 260)

+ Pagin sin (2w, t + 26y )] (25)
3
(:?as = E [(:?as‘l] —+ (g?_licos COs {2\'*;(-1: —+ 291]}
+Qesin Sin (2.t + 260 )] (26)
where
R 2 . o
Fao vl v, oy vl
Beos vl S L o P
R o il o T )
Prsin v, —vly —uh, vl Py
Qo | vy —vhy Vg — vl | )
acas Uiy —via v, —vk i,
W ad Sa el g
Qesin l —uly — v, "-’P,’ L J
: = o e R
27>
Substituting stator currents in (27)
oo vly viq v vie
Picos via  wE,  vip v
)
Fesin 1 vl —vl; —vE, v,
Q-0 I. | T ‘
Clacos L —vgy vy —vly
Qsin —vhy  —Uig vhy vig J
» AL P
A — M,
AP _ AP
A Az i
B " - (28)

Aga — Mz,

AT, — MET,
3) Rotor Power Expression: The apparent rotor
power can
be expressed as

. 3 .
S, =F +jQ, = E'V_,.l: (29)
g — E( e —wp JE4 5000 P S L T L L
r=5le v, +e v,
w (f.”i (e —we )i+ jen lf) + g3 (we e jt—jfrg 1:! }*_ (30)
Using (14), we have
3 P IPE Ti T *
8, = 3 [VEE*® 4 v
+ E_:,iZ-.;. t+ 2580 Vf:i_ff* 4 c_f—?-_;. r—,i2l"-'_-0v:3 13"’] . 3D

Taking into account x! = T+ j:rf,,‘.. and rearranging and an-
alyzing the active rotor power

3
P, = 3 [Pro + Preos cos (2wt + 26,.p)
+ Prin sin (2w, t + 26,4)] (32)
where
.
] P m ST Trd
Pri] Ved q’e.-r,' Ved ?"-"4‘ -n
i
Preos b = | vl ol vy vl e (33)
i
. ) Wn a5 by "
Frain Ueg —Ved — Vg Ved 1.',.”
g

4) Torgue Expression: Analogously, electrical torque can be

B} (22) expressed as
Using (14), we have P3 .
S g (I:P-f?:'ﬂz + 3o VP L g dwet—J80 vrij I'= 279 [f'u + Lsin sin (Qw"t'] + oo cos ['_Qwr- t}] S
a T - & - &
e { (c_r'uu'.-.! 1 jl’:l}‘ii:* + (c—_i'u-'.-_l'—_r'ﬂn)“i::x} (23) where
. . . P,
S, = viil* + vlil” o e [ _‘:\fq Ala _"‘*'::q Ald —| i:”“
+ d Tt I e —JRwei—i200 mgpe (a4 Teos ¢ =7 | Ala Mg —hlg —A é;”
& . . - . wd
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C. Reference Current Calculation

Since there are eight degrees of freedom (the
rotor-side currents iprd, iprq , inrd, and inrg , and the
grid-side currents ipld , iplqg ,inld , and inlq ), eight
control objectives may be chosen. This implies that it
is not possible to eliminate all the oscillations

provoked by the unbalance. In this paper, the main
objective is to ride through voltage dips. To this end,
it has been chosen to determine the currents to keep
certain values of T¥, T* s, T*sin, and Q*g for the
rotor-side converter and P40 , P Acos , P Asin

. 25 st FE e
e E . . <—-<L
e i B+ = X ‘:"‘:‘ Reference. =
e | TER | e 1 | e$f_ S iz
s g ag | S | IR Comreter [ ) wors | Y05 | i3
R T S T Yo e
LR ERES N
va:r‘-_ﬁ {{:l
F T o ananf<= s Z=
B K= | BT e
iy =—o{ e 4 148) H (28) ige—, Fas | nd
S o IS B (—I = gl e = — e
. B
N A +_I_c
D T T e _“;} T 4[3&
¥ B 53{7 a2 Ve
fE Fig. 4
o] L
P e
Fig.3. General Control Scheme
Pr0 can be regarded as the average power delivered, D. Control Implementation
while Prcos and Prsin are the rotor power oscillating 1) Positive and Negative  Components

terms. Such terms will cause dc voltage oscillations,

and hanra theveran ha rancaled hyv rhnncinn

= Freas ‘in]::'i:'. = Frgin- (36)

leos
PIN ran he romniited ac
Py = P + P2 (37)
where P+E is the output of the dc voltage linear
controller.
The grid reference currents can be computed from
(19), (33),
(36), and (37) as

i via vl vla vly Pg
-';::r ’7 vZd L i’{‘-n’ vl 0
ird T olen, —em — vlg vla o
l'-;:'x L !"!_r — JJ L :, 7!'!_Ir_-' i Q?]
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i

P ) n noA .
Ved vEg Ved Veg 3
5 TR T e el -
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(2 i i
i

€
€
2
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q

The rotor reference currents can be computed from

(28) and

(35) as
iy —XE_ AP, —an, A 7!
[ - [ Al Az —ar, M‘rl,—‘
ind —ALy  Ala —AL, AL,
s L—f v —! vla J

F15
2 [L.Q2y — A vl + A2 v, — AT el + AT v,

(38

Calculation: The positive and negative sequence
components calculation is done by using the Clarke
transformation, rotating either ejwe ¢ or e—jwe t, and
finally, applying a notch-filter at 2we to eliminate the
opposite sequence. The technique is exemplified in
Fig. 4. For the rotor voltages and currents, the
rotation applied is either ej (we —wr )t or € (~we
—or)t.

2) Reference Orientation: The rotating references
have been aligned with the stator voltage so that vpsq
= 0. Nevertheless, vpsq has not been substituted in
previous expressions for the sake of describing
general results. Orientation may be done computing
the required #0 assuming a constant we or using a
PLL [21] to determine both we and 60.

' E. Controllers Linearization and Tuning
a) Grid-Side: Similarly to the balanced case
developed in
Section 11-A3, the control of the current is done by
linearizing the current dynamics using

e
zgd

(40
(41)

v - =P
- vl‘-:]'-:ir — Jide L" ]?-J-I'

— v:‘.’

n . =i
zqd T zgd — Yigd + Juw, L'l']!'-.l-l"

Since there are eight degrees of freedom (the

rotor-side currents iprd, iprq , inrd, and inrg , and the

. grid-side currents ipld , iplqg ,inld , and inlq ), eight
control objectives may be chosen. This implies that it
.ds not possible to eliminate all the oscillations

* p}rovoked by the unbalance. In this paper, the main

objective is to ride through voltage dips. Hence, it is
important to keep the torque and dc bus voltage as
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constant as possible and to keep reasonable values of
reactive power. It can be noted that P40 , P+lcos ,
and P+Isin are directly linked to the dc bus voltage.
The dc voltage E is regulated by means of a linear
controller whose output is the power demanded by the
grid-side converter. Considering the power terms Pr0
, Prcos , and Prsin in the rotor side converter, Pr0 can
be regarded as the average power delivered, while
Prcos and Prsin are the rotor power oscillating terms.
Such terms will cause dc voltage oscillations, and
hence they Can be canceled by choosing

The decoupled system yields

Tif, g — il
f:ﬂ;r _ V:qd — Ygd (42

dif, 4 Viga — Hif,
't _ I

b) Rotor-Side: Analogously to Section 1I-B3

W =V — iM(we — w )i — jLo (e — wp )P
¥ = v — M (—w, —w, )i — L (~w, —w, )i
= > Notch xd%
i(awxt+ 6 Filt o
. e}( ) > Zfa:r Xis
xn% Clarke
X:;
—> Notch @
2 ey
er | x”
21 € e >

Fig. 4. Positive and negative components
calculation.

di® P — R,iP )
e (46)
dil v — Rl

o _ ¥y & Sl a7
dt L. !

c) Controller Tuning: The controllers can be
designed using classical linear control techniques. As
in Section 11-C, a Pl controller is used, tuned
according to IMC [19]. For a time constant 7z , the
parameters obtained yield Kp = L rand Ki = Rz .

_*"59 4
v | Jla-at|

e —>

SVPWM —>>1 _|

y Y
%ej(-a»-m)r S —>
v +
—>

Fig. 5. Output voltage calculation: rotor-side
converter example.

F. Output Voltage Calculation
The output voltages calculation is done by
summing the resulting positive and negative sequence

voltages in the stationary reference frame. For the
line side
v = glwet v!:" 4 g wetyn (48)

For the rotor side

v, = ol (e —w 1 v_':_’ 4 el —we —wr il-‘v::: )

The resulting voltages are limited according
to the converter rating. The final voltages can be
applied using standard space vector pulse width
modulation (SVPWM) techniques. The tsechnique is

exemplified for the rotor-side converter case in Fig. 5.

IV. SIMULATION RESULTS

In order to evaluate the ride-through
capability of the proposed scheme, the system has
been simulated with severe voltage sags, making the
control work at the maximum output voltage and
dealing with the triggering of the crowbar protection.
The data of the simulated system may be seen in
Table .

44) In order to compare the presented control
4ﬁ?’heme and some existing techniques, the following

ree cases have been studied.

T1 Balanced control case: It is the classical control
approach, which does not take into account the
possibility of unbalanced voltage disturbances. It is
described | number  of references [5]-[11]. In this
case, the synchronous reference frame is aligned with
the stator flux and the control is implemented, as
described in Section II.

T2 Unbalanced control 1: The technique
described in Section 11 is applied, with the exception
that it does not use the rotor power compensation.

T3 Unbalanced control 2: The technique described in
Section 11l is applied, also considering the rotor
power compensation.

It is known that such torque sign changes
can provoke serious damage to the turbine mechanics.
For the technique T3, the torque remains stable close
to —4000 N--m. Furthermore, the speed is clearly
more stable for the T3 case, as illustrated in Fig.
7.Regarding dc voltage bus evolution, it is shown in
Fig. 8(a) that the proposed technique T3 shows
important advantages over technique T2, which does
not compensate the rotor power. The dc voltage
oscillation for T1 is of 106 V while for T3 is 21 V,
meaning an oscillation reduction of more than 80%.

Torque [N+ m]
=1

Time [s]

a)
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Fig. 6. Torque response comparison of a two-
phase voltage sag of 50% using the standard control
technique T1 without considering unbalanced
conditions and the technique T3 proposed in this
paper. () Torque response for the whole voltage sag
time. (b) Torque evolution in the center of the sag.

Rotor Speed [rev/m]

Fig. 7. Rotor speed comparison of a two-phase
voltage sag of 50% using the standard control
technique T1 without considering unbalanced
conditions and the technique T3 proposed in this

paper.

DD bus voltage [V]

T3 Crow—bar ﬂ

[ .] T2 Crowbar J
3 3% 5 0

5 s
Time [s]
(@)

'/\//\ AR T4 R AR ARNTLRN ARNDARNIZS V

toso-

1040}

Time [s]
{b)

e DB BT S I W Y B M R W N VN WY § N o m————— | —Enl
| '&-\,\
! 4 ’“W\A/VV\'\AN\\M/\,M\ANMfW\/\A/\,LMm%q

—

T3 Crow—bar n

T2 Crow—bar

“Time [s]
<)

Fig. 8. Comparison of the dc voltage response to a
50% two-phase voltage-sag using T3 or T2. (a) DC

voltage response for the whole voltage sag time. (b)
DC voltage evolution in the center of the sag. (c) DC
voltage response in the initial time of the sag.

The evolution of different voltages for the
technique T3 during the sag are shown in Fig. 9. It
can be noted that the grid voltage unbalance suffered
as a consequence of the two-phase sag is
compensated by also applying unbalanced voltages
both to the rotor- and grid-side converters..

Rotor-side conv ~ Grid-side conv

(a)

/\ /

nok/ \'

Grid

;/\/ \/ \/ \/\

Grid-side conv

Rotor-side conv

308
Time [s]
(b)

Fig. 9. Voltage response to a two-phase voltage sags
of 50 %. (a) Voltages

evolution for the whole voltage sag time. (b) Voltages
evolution in the center of the sag.

V. RESULTS AND
DISCUSSION

The technique T3 has proven to provide the
most optimum results. Such results are achieved by
implementing eight current control loops, whose
reference values are computed as described in (38)
and (39). The increased complexity of the control
scheme in comparison with classical “balanced”
control techniques allow to have more degrees of
freedom in the control and to apply unbalanced
voltage both in the DFIG rotor and the grid-side
converters.

IMPLEMENTATION

Concerning the obtained results, the most
relevant observed improvements can be summarized
as
1) An optimum torque control is achieved. After a
transient,
the desired torque is obtained. This is remarkable in
comparison to the behavior of the “balanced”
technique T1,
where the torque has important oscillations that may
result
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in serious damage to the mechanics of the wind
turbine.

2) The dc voltage oscillations are minimized as
shown in Fig. 8. This is obtained by compensating the
rotor power transients in the dc bus voltage control.
Instability of the dc voltage may lead to repetitive
limit cycles, where the crowbar is permanently
connecting and disconnecting.

3) Under balanced operation, the system operates
equally to the “balanced” techniques, not introducing
any unbalance in the power grid.. The DSP has to
develop the following tasks in each switching cycle:
1) Performing of the analog to digital conversion of
the measured voltages and currents shown in Fig. 3.
2) Acquisition of the position from an encoder or
resolver signal and computation of the rotor speed.

3) Determination of the grid electrical angle and
pulsation either assuming that the frequency is fixed
and known or using a phase-locked loop (PLL) to
determine both angle and frequency.

4) Computation of the qd components in the positive
and negative sequences, according to Fig.4. The
notch filters may be implemented using Butterworth
digital filters.

5) Execution of the PI current loops and computation
of the output voltage taking into account the feed
forward decoupling terms.

VI. CONCLUSION

This paper has presented a control technique
to deal with DFIG operation under unbalanced
voltage sags, taking into account the presence of
positive and negative sequence components in
voltages and currents. Both rotor- and grid-side
converters are considered, which detail the control
scheme to be used in each converter while
considering the effect of the crowbar protection. The
proposed technique achieves an almost constant
torque during the unbalanced sag and compensates
the rotor. power oscillations by ssdefining appropriate
grid-side converter reference currents so that the dc

voltage is kept stable. The control strategy has been
validated by means of simulations.
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