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This paper studies the effects of voltage sags caused by faults on doubly-fed induction generators to over-
come grid faults. A wide range of sag duration and depth values is considered. It is observed that sag
duration influence is periodical. Sag effects depend on duration and depth and on the fault-clearing pro-
cess as well. Two approaches of the model are compared: the most accurate approach, discrete sag, con-
siders that the fault is cleared in the successive natural fault-current zeros of affected phases, leading to a
voltage recovery in several steps; the least accurate approach, abrupt sag, considers that the fault is
cleared instantaneously in all affected phases, leading to a one-step voltage recovery. Comparison
between both sag models reveals that the fault-clearing process smoothes sag effects. The study assumes
that the rotor-side converter can keep constant the transformed rotor current in the synchronous refer-
ence frame, thus providing insights into wind turbine fault ride-through capability. The voltage limit of
the rotor-side converter is considered to show the situations where the rotor current can be controlled.
Finally, a table and a 3D figure summarizing the effects of the most severe grid faults on the rotor-side
converter to overcome the most severe faults are provided.

© 2014 Published by Elsevier Ltd.

Introduction

According to current transmission system operator grid codes,
modern wind turbines (WTs) must achieve fault ride-through
capability (i.e., they must not disconnect from the grid when a
sag occurs, ensuring electricity supply continuity [1]), and they
also must contribute to the system stability during and after the
fault clearance by means of the active and reactive current during
and after the event.

Doubly-fed induction generator (DFIG)-based WT is the most
common concept for WT energy systems [2]. This concept has a
high susceptibility to voltage sags. Most studies on DFIGs exposed
to sags deal with their control under such disturbances. However,
few papers concern the most severe grid fault conditions that can
damage the rotor-side converter (|3,4] are examples for symmetri-
cal and unsymmetrical sag events, respectively).

In [5], the authors developed an analytical model for DFIGs
exposed to sags. In this model, the rotor-side converter is protected
against large over currents caused by sags by a simple control
strategy: the rotor current in the synchronous reference frame is

* Corresponding author. Tel.: +34 93 4015890; fax: +34 93 4017433.
E-mail addresses: alejandro.rolan@upc.edu (A. Roldn), pedra@ee.upc.edu
(J. Pedra), corcoles@ee.upc.edu (F. Cércoles).
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kept constant at its pre-fault steady-state value during the entire
transient. This control strategy also maintains DFIG controllability
as established in current grid codes (i.e. not only to stay connected
during the fault, but also draw active and reactive current during
and after the fault). As the model is analytical, it allowed a large
number of scenarios to be easily studied. The voltage limit of the
rotor-side converter was also contemplated in the study.

The present paper is a continuation of the above work. DFIGs
under voltage sags are exhaustively studied by considering a wide
range of sag duration and depth values, and the situations where
the rotor current can be controlled are analyzed. The impact of
voltage recovery on DFIGs is also investigated. It is observed that
sag effects are smoothed when sags are modeled discrete (sags
modeled with a voltage recovery in several steps). The simulations
are carried out with Matlab. The results provide insights into the
fault ride-through capability of DFIG-based WT in order to over-
come the most severe grid faults, whose effects are summarized
in a table and a 3D figure.

Voltage sag modeling

In this paper, voltage sags are characterized by duration (At),
depth (h), fault current angle (y/), typology and fault-clearing

Energ Syst (2014), http://dx.doi.org/10.1016/j.ijepes.2014.05.031
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process modeling [6,7]. Note that the sag depth (h) for the symmet-
rical sags is the remaining voltage with respect to the pre-fault
(nominal) voltage. The sag depth in the unsymmetrical sags is
defined by a simple voltage divider on the sequence circuits in
radial feeders, as detailed in [6].

According to [7] grid faults can be fully cleared in different
ways. All the possibilities are classified into fourteen cases,
denoted as A1, Az, A3, A4, A5, BY C, D, E1, Ez, F1, Fz, G1 and Gz. As DFIG
stator windings are isolated wye or delta connected, the grid zero-
sequence voltage has no influence on DIFG behavior. Consequently,
this paper only contemplates the following voltage sags: A;, Az, A,
As, C, D, Fy, F5, G; and G,, which are shown in Table 1.

As faults are cleared by the circuit breaker in the natural fault-
current zeros, unsymmetrical faults involving two fault currents
(i.e., 1-phase-to-ground or 2-phase faults) are cleared instanta-
neously (or abruptly) in all affected phases. This is the case of
sag types C and D, which can be indistinctly modeled as abrupt
or discrete sags.

In contrast, symmetrical or unsymmetrical faults involving
three fault currents (i.e., 3-phase faults, 3-phase-to-ground faults
or 2-phase-to-ground faults) are cleared in two or three steps,
leading to a discrete voltage recovery. Furthermore, these faults
can be fully cleared in different ways, resulting in four discrete
symmetrical sag types (A1, Az, A4 and As) and four discrete unsym-
metrical sag types (Fy, F2, G; and G).

Table 1 also shows the evolution of the events during voltage
recovery according to [7]. For example, a sag of type A, is an event
composed of a sag A, (symmetrical with respect to phase a) during
the fault, which evolves into a sag F,, (symmetrical with respect to
phase a) after the first voltage recovery, and later into a sag C,
(symmetrical with respect to phase b) after the second voltage
recovery. Note that faults caused by sags C and D are cleared in
one step, as said previously.

DFIG-based WT characteristics

The chosen 2 MW DFIG-based WT is described in [5]. The fol-
lowing three WT operating points are studied (s being the mechan-
ical slip):

(1) Point 1: rated power and s = —0.27.
(2) Point 2: 0.5 times the rated power and s = —0.09.
(3) Point 3: 0.1 times the rated power and s = 0.33.

DFIG exposed to voltage sags
DFIG dynamic equations

The DFIG dynamic equations written in transformed variables,
using the Ku transformation [8] and considering the motor sign
conversion, are

Vst = [RS + Ls(p +]’ws)}isf + M(p Jrjws)irf
Vit = [Re + Li(p + jsas)]ire + M(p + jses)is (1)
Tm = 2pMIm(isi;) S = (Ws — p®m)/Ws,

where subscripts s and r stand for the stator and the rotor, subscript
f stands for the forward component of the transformed variable, is
the number of pole pairs, p is the time differential operator d/dt,
T is the electromagnetic torque, s is the mechanical slip, w, is
the generator speed and ws = 27tf; is the pulsation of the stator volt-
ages (f; is the frequency of the stator voltages, and T = 1/f is the per-
iod). Note that all rotor magnitudes in (1) are referred to the stator.

DFIG control strategies during voltage sags

The DFIG behavior during a voltage sag is influenced by two
main topics. On the one hand, large rotor currents which cannot
be tolerated by the rotor converter are produced during and after
the event [9]. On the other hand, current grid codes require to
the DFIG to remain connected to the grid, with specific control of
the active and reactive currents during and after the fault [3]. Three
philosophies can be adopted for the DFIG strategy design:

(1) To disconnect the wind turbine from the grid.

(2) To use a crowbar: a set of resistors short-circuits the
machine’s rotor. The DFIG remains connected to the grid
but it cannot be controlled, as its rotor is short-circuited.

(3) To ensure electricity supply continuity by means of a control
strategy in the rotor converter: the DFIG remains connected
to the grid and the rotor converter keeps working. However,
the philosophy of control during the sag is not a trivial topic
and there are very different strategies that can be adopted,
depending on the goal to be achieved (| 10] compares differ-
ent control strategies, while [11,12] detail refined control
philosophies). The control strategies can be summarized
into two types:

- To reduce the rotor current: it can be suppressed during the
sag [13] (thus it has the same problem as the crowbar), or it
can be reduced up to a certain value [14]. Another option
would be to maintain the pre-event rotor current, as in
[15,16].

- To reduce the rotor voltage [17,18]: in this case it is possible
to reduce or damp the stator and the rotor fluxes.

The main problem when using a control strategy is the appear-
ance of large rotor voltage peaks (when controlling the rotor cur-
rent) or large rotor current peaks (when controlling the rotor
voltage) that appear after voltage recovery (see Section ‘Comments
about the proposed control strategy’ for more details). However,
these peaks are smoothed when considering the discrete model
for the sag. This is an interesting topic, as there are no studies in
the literature regarding DFIG-based WTs under voltage sags con-
sidering the fault-clearing process.

I should also be noted that the different control strategies result
in different DFIG behaviors, with their own strengths and weak-
nesses. Thus, the use of one or another control philosophy depends
on the goal to be achieved. In the present paper it is assumed that
the transformed rotor current is kept constant in the synchronous
reference frame in order to protect the rotor-side converter from
the large rotor current peaks.

Proposed current control strategy

To study DFIG behavior under voltage sags, the next two
assumptions are made:

(1) The rotor-side converter can keep constant the rotor current
in the synchronous reference frame, iy at its pre-fault
steady-state value. Moreover, the control is assumed ideal,
which means that the controlled variable is adjusted instan-
taneously to satisfy the set point requirement, i.e., i;f is kept
constant throughout the event. It should be noted that the
current control loop bandwidth has, in practice, a finite
value. However, the authors have considered an ideal con-
trol as the first approximation to study the problem. This
approach could be considered an idealization of the control
strategy used in [15,16], where an hybrid current controller
is proposed: the standard PI current controller for non-

Energ Syst (2014), http://dx.doi.org/10.1016/j.ijepes.2014.05.031

Please cite this article in press as: Rolan A et al. Detailed study of DFIG-based wind turbines to overcome the most severe grid faults. Int J Electr Power

141

142
143
144
145
146
147
148

149

151
152
153
154
155
156
157
158
159
160
161
162
163
164

166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185

186

187

189
190
191
192
193
194
195
196
197
198
199
200


http://dx.doi.org/10.1016/j.ijepes.2014.05.031

JEPE 2877 No. of Pages 12, Model 5G
4 June 2014

Classification of the three-phase voltages at the equipment terminals: sag during the fault and evolution of the sag during the voltage reco
[71)

. No zero-sequen
Evolution of the
Type A,

event Evolution of the event
C C C
s c. TypeD | 5y,
a a a
b b

b

AAAAAAAAAAAAAAAA

W"?o'ovc'o'o'o'o'c'o'o'c'o'o'cM

Type A4 °: A, °: Fy, °: c Type F, C: F, C: Cy
b b b b b

| e SR —

4
(]
AAAAAAAAAAAAAAA

v‘w‘v‘v‘v‘v‘v‘v‘vW‘W"‘

Please cite this article in press as: Rolan A et al. Detailed study of DFIG-based wind turbines to overcome the most severe grid faults. Int J Electr Power
Energ Syst (2014), http://dx.doi.org/10.1016/j.ijepes.2014.05.031



http://dx.doi.org/10.1016/j.ijepes.2014.05.031

201
202
203
204
205
206
207
208
209

JEPE 2877
4 June 2014

No. of Pages 12, Model 5G

4 A. Roldn et al./Electrical Power and Energy Systems xxx (2014) XxxX-Xxx
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Rotor-side
converter

(a)

Fig. 1. DFIG-based WT. (a) Basic scheme in the literature; and (b) scheme with the simplifications considered in this paper.
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Fig. 2. DFIG exposed to symmetrical sag types A; and As (modeled with abrupt and discrete recoveries) and to unsymmetrical sag type F, (modeled with abrupt and discrete
recoveries). Sag characteristics: h = 0.1, At = 5.5T and = 80°. WT operating point 1: P, and s = —0.27. The shaded area corresponds to the situations where the rotor current

can be controlled.

faulted behavior and a hysteresis current controller for over-
current protection during system faults (this current con-
troller maintains the pre-fault current).

(2) As sags occur during a short time interval (around 100 ms),
it is also assumed that the mechanical speed cannot change
significantly during the event.

According to the first assumption, by substituting pi,f=0 in (1),
results in

Vst = [Rs + Ls(p + jows)]ise + jorsMire

. . . . 2
Uit = (Re+ jsaLo)i + M(p + s )i @
The current is is obtained from the first equation of (2):
. 1 . . . .
Diy = L [vst — (Rs + jasLs)iss — jaosMiye], 3)
S

and by replacing (3) in the second equation of (2), we obtain
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. Ry . . M
U = lrf+M|:_fs+]ws(5_l) Isf + 5 Vst
S

. M?
R +jows <5Lr - Ls) L.
(4)

Fig. 1 shows the basic scheme of the DFIG-based WT in the lit-
erature (Fig. 1(a)) and the scheme considering the aforementioned
two assumptions (Fig. 1(b)).

Fig. 2 shows the time evolution of the rotor voltages, V; apc, Sta-
tor currents, is ,ne, and electromagnetic torque, Ty, of the DFIG
exposed to symmetrical and unsymmetrical sags. The studied vari-
ables are expressed in pu according to the base values S, =2 MW,
fb =50 Hz, Ub =690 V, Ib = Sb/(\/gub) =16735 A, Tb = Sb/(wb/p)
= 12.73 KNm (where wy, = 27f, and = 2 is the number of pole pairs)
as

where Vy, = U,/v3 =398.4V is the per-phase base voltage. For
simplicity purposes, subscript pu is omitted in the remaining of
the paper.

Fig. 2 also shows the time evolution of ; ;04 (t), defined as

tralt) = |/ 2P0 = 20 = ). ®)

This variable 2, meq (t), which corresponds to the well-known
amplitude of the space vector of the rotor voltages [19], represents
the rotor voltage required to control the transformed rotor current,
irr, according to a desired control law. If V; .« is the maximum
amplitude of the fundamental per-phase voltage which can be gen-
erated by the rotor-side converter when ; noq (t) satisfies

Ur mod(t) < Vr max» (7)

the rotor current can be controlled or, in the control law of this

0 = Vranc(t) . £) = Is abe (£) T ) = T paper, the current ir can be kept constant.
yrabcpu( )— ) lsabcpu( )— ) mpu( )— T ) . .
V2V, V21, b The value of V; .« for the example of this paper is calculated as
(5) follows. V; nmax depends on the DC-link voltage, Vy. (reduced to the
stator), according to [4]:
3 1.5 3
’ Type Al, AS (abrupt) W
'é 2.05 pu 5 | E_
= & ~7N - - =
£ /'\\ Vr max I’\\ I'\\ v—é ool Nonmr’ \\—v\-'" Sem <
3 4 0\ /4 ) Iy 3 3 g
E R R e N S0 £
[ o & Qo BN g - &~
TP TV Q5P U 0P ¢
n n n
0 0
3 : 15
— Type A1 (discrete) 114 pu _
= = O~ a
& 2 & 1 £ 2 1.67 pu
% 124 pu 'é NN TINTNTS DT YNNI N %
o DR RV R PR I LI R R R TR TR T IR TSN =9
= 505 F Tper T e T e
0 0 0
3 ~ 1.5 3
= Type 5 (discrete) 1.14 pu =
= ’5 POV A AV VN =
& 2 a 1 E 2 1.66 pu
g 122 pu 'é i antabaa dal At ol M Ll St Sl | .?‘3
g & 05 PR TR TS IO TSP JRT IR R T TOL JOT JOPIRTIE POL N (=% 1 e P .
£ =0 F =TT e Saa- ~a
0 0 0
3 1.5 133 3
’ Type Az’ A4 (abmpt) ‘ M\/\f =
= 2.05 pu o~ =
=
&2 R s~ &
=} /'\\ /‘\ Zagh) \-; =~ SevsnS Naemon? LN <
SR e e e N 205 E
» O Yo ann e’ ", - ._:’ “.‘. -~
0 0 0
3 . 15 3
_ Type A2 (discrete) 1.14 pu _
= ’3 NNV O S S a
& 2 a2 |1 £ 2 1.67 pu
g 1.24 Pu A namemb Sl Sl ey P Pl S P S St al  Ny | .(&S
E 1 a. 0.5 el Al AR P Mt g btk ol Al A At At [=" 1 ——— ——— ———
N | s N E -._......‘.:.‘_‘__.._,..: o &E - Sew” S—— ~
0 0 0
3 . 15 3
_ Type A, (discrete) . 1.14 pu -
= = RO =
& 2 a2 1 ) 1.66 pu
g 'é o o P Ny NI SN NI N N frf
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0 0 0
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Fig. 3. Sag duration influence on DFIG exposed to symmetrical sags modeled with abrupt and discrete recoveries. Sag characteristics: h = 0.1, At =5T...8T and / = 80°. WT
operating points: 1 (P, solid line), 2 (0.5P,, dashed line) and 3 (0.1P,, dotted line). The shaded area corresponds to the situations where the rotor current can be controlled.
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Vr max — mvdc/27 (8)

where m is the modulation index. Considering the space vector
modulation technique (m=1.15) and a DC-link voltage of 1200V
(reduced to the stator), a maximum amplitude of V; p.x =690V
(reduced to the stator) or 1.22 pu is obtained. Note that V4. = 1200 V
for a DFIG-based wind turbine with nominal values 2 MW and
690V is high enough for the converter to become a full-converter
wind generation solution.

Sag characteristics influence

The stator current peak, is peak, and the electromagnetic torque
peak, T peak, (Obtained during the sag or after voltage recovery)
are chosen as indicators of DFIG sensitivity to voltage sags. They
are referred to the base values as

The required peak value of 7; noq (t) in the discrete sags of Fig. 2
is larger than the rotor-side converter voltage limit, V; n.x. How-
ever, this peak occurs only once, specifically after fault clearing
(unlike the required peaks in the abrupt sags of Fig. 2, which are
periodically repeated after fault clearing). Thus, this single peak
can lead to the misinterpretation that the rotor current cannot be
controlled. To solve this problem, a new variable is defined to
quantify if the rotor current can be controlled in an averaged sense

Ul’ mean

V2V

The mean value of the rotor voltage, v; mean, iS evaluated at the
first period after 2 moq (t) reaches its maximum value. The instant
t,in (10) is chosen as t; = tyr max * T/2 (tyr max 1S the instant when v,

ta+T
Ur mean = T / Ur mod(t)dt - Ur mean pu = (10)
ta

; speak _ Max{]isa(t)], lisp ()], [isc ()]} mod () is maximum). For example, the mean values of the rotor
s peak pu = V21, - V21, ©) voltage for the symmetrical sags in Fig. 2 are: o; mean =2.05 pu
T peak  Max{| T} (type A; and As abrupt), ¢; mean = 1.24 pu (type A; discrete), and
T peak pu = T, = T, . Ur mean = 1.22 pu (type As discrete). These values are highlighted
in Fig. 3.
3 1.5 3
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Fig. 4. Sag duration influence on DFIG exposed to unsymmetrical sag types C, D, F; and F, modeled with abrupt and discrete recoveries. Sag characteristics: h=0.1,
At=5T...8T and y = 80°. WT operating points: 1 (P,, solid line), 2 (0.5P,,, dashed line) and 3 (0.1P,, dotted line). The shaded area corresponds to the situations where the rotor

current can be controlled.
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It is apparent that if the symmetrical sags of Fig. 2 are modeled able sag durations for all sag types, defined as the durations
abrupt, the predicted rotor voltage necessary to overcome these causing the largest peaks on the DFIG variables, according to
sags is 2.05 pu; that is, a converter of 2.05 times the rated stator Figs. 3-5. The most unfavorable sag durations are periodical
voltage is required. However, if the same sags are modeled in a because the effects on the DFIG variables are also periodical.
more realistic way (discrete sags), the predicted rotor voltage (2) If sags are modeled discrete the peaks of the variables pre-
needed to control the rotor current is reduced to 1.22 times the dicted are smaller than if sags are modeled abrupt. Thus,
rated stator voltage. Assuming that the rotor-side converter power (the more realistic) discrete sags predict less severe conse-
is approximately s times the DFIG rated power (s is the machine quences than (the less realistic) abrupt sags.
electromechanical slip), it is necessary to protect the rotor-side (3) The discrete sag types A4 and As (sags with three-step volt-
converter properly in order to overcome the most severe sags. age recovery) are less severe than the discrete sag types A,
It should also be noted that the most severe sags are considered and A, (sags with two-step voltage recovery). This shows
in this paper; that is, sags originated at the point of common con- that the increase in the number of steps during voltage
nection. Nonetheless, faults in realistic situations are originated far recovery smoothes sag effects.
from the DFIG, causing less severe voltage depths at the stator ter- (4) When sags are modeled abrupt, the rotor voltage predicted
minals than those studied in this paper. Then, if the rotor-side con- iS ¥t mean > Vi max; that is, they predict that the rotor current
verter is properly protected to overcome the sags in this paper, it cannot be controlled. However, the more realistic discrete
will be able to overcome any fault occurring in realistic situations. sags predict that the rotor voltage iS #; mean < Vi max; that is,
they predict that the rotor current can be controlled.
Sag duration influence (5) Regarding the WT operating points, the largest peaks in all
variables occur when the DFIG delivers its rated power, P,,
All the simulated sags in Fig. 2 have the same duration to the electrical grid. In contrast, the smallest peaks occur
(At =5.5T). An exhaustive study including the range of sag dura- when the power delivered is 0.1P,. Thus, the WT operating
tion values 5T < At < 8T is presented in this section. The sag dura- point 1 is the most unfavorable.
tion influence on v mean, is peak aNd I'm peak is illustrated for the (6) Unsymmetrical sags are less severe than symmetrical sags as
symmetrical sags, Fig. 3, and for the unsymmetrical sags, the peaks in all variables studied are smaller.
Figs. 4 and 5. The three WT operating points in Section ‘DFIG-
based WT characteristics’ are considered. The following observa- From these results it is apparent that the effects of the fol-
tions can be made from the figure results: lowing pairs of sag types are similar: A; and A, (abrupt), A;

and A, (discrete), A4 and As (discrete), C and D, F; and G,
(1) The effect of both abrupt and discrete sags on the variables (abrupt), F; and G, (discrete), F, and G, (abrupt) and F, and
of interest is periodical, as the values of these variables are G, (discrete).
repeated each cycle. Table 2 summarizes the most unfavor-
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Fig. 5. Sag duration influence on DFIG exposed to unsymmetrical sag types G; and G, modeled with abrupt and discrete recoveries. Sag characteristics: h=0.1, At =5T...8T
and / = 80°. WT operating points: 1 (P, solid line), 2 (0.5P,, dashed line) and 3 (0.1P,, dotted line). The shaded area corresponds to the situations where the rotor current can
be controlled.
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Table 2

Most unfavorable durations for each sag type and sag depths from which the rotor

current can be controlled (if rotor voltage equals stator voltage).

Type Model Most unfavorable Sag depth
duration (n=0, 1, 2...)

A; and A, Abrupt At=nT+T/[2 h > 0.45
A; and A, Discrete At=nT+0.7T h > 0.05
A4 and As Abrupt At=nT+T[2 h > 0.45
A4 and As Discrete At=nT+0.6T h > 0.05
Cand D Abrupt or discrete At=nT+0.7T h>02
F; and G, Abrupt At=nT+0.3T h>0.2
F; and G, Discrete At=nT+0.3T h > 0.05
F, and G, Abrupt At=nT+0.6T h>035
F, and G, Discrete At=nT+0.6T h > 0.05

Sag depth influence

The mean rotor voltage, ¥ mean, iS chosen as the variable to
study the sag depth influence on the DFIG. In the previous subsec-
tions, it is proved that this variable is very important when study-
ing the DFIG behavior under voltage sags because it defines the
situations where the rotor current can be controlled. The 3D graph-
ics in Fig. 6 illustrate the influence of sag depth, h, and power gen-
erated, P, on the mean rotor voltage for all sag types. In order to
illustrate the situations where the rotor current can be controlled,
sag depth and power generated take all possible values (0 <h <1
and 0 < P < P,), and the most unfavorable duration for each sag
type is considered (see Table 2). The 3D graphs also contain the
V: max plane: the rotor current can be controlled in the regions
where the #; mean plane is located under the V; .« plane. The min-
imum sag depths for the effective control of the rotor current
(based on the regions of the #; mean plane located under the Vi pax
plane in Fig. 6) are given in Table 2 as a summary.

The results in Fig. 6 show that:

(1) Discrete sags are less severe than abrupt ones as the #; mean
planes are always in a lower position than those corre-
sponding to the abrupt case. What is more, if sags are mod-

Vl" mean (pu)

Vr mean (pu)

eled with the more realistic discrete recovery, the model
predicts that the rotor current can be controlled for almost
all sag depths as almost all regions of the v; pean plane are
located under the V; y.x plane.

(2) Unsymmetrical sags are less severe than symmetrical ones
because the v mean planes are located in a lower position
than those corresponding to symmetrical sags.

(3) There is a similarity between the effects caused by the fol-
lowing sag types: A; and A, (abrupt and discrete), A4 and
As (abrupt and discrete), C and D, F; and G; (abrupt and dis-
crete), and F, and G, (abrupt and discrete). Note that the
same observation was made for the sag duration influence.

(4) In view of the above effects, sags could now be classified

into three typologies only:

Symmetrical sags (types A1, Az, A4 and As).

- Unsymmetrical sags due to 1-phase-to-ground or 2-phase

faults (types C and D).

Unsymmetrical sags due to 2-phase-to-ground faults (types

F, and G,, as they are more severe than F; and Gy).

The most severe grid faults

Table 2 summarizes the most severe grid faults which can be
overcome by the rotor-side converter. As specified in Section ‘Sag
duration influence’, the table shows the most unfavorable sag
durations for all sag types, according to Figs. 3-5. These most unfa-
vorable durations correspond to the control strategy considered
(constant rotor current in the synchronous reference frame); the
use of other control strategies may result in different unfavorable
durations.

As described in section ‘Sag depth influence’, Table 2 also
includes the minimum sag depths for the effective control of the
rotor current (based on the regions of the 7 mean plane located
under the V; ax plane in Fig. 6). Note that the discrete sag model
predicts that the rotor current can be controlled for almost all
sag depths.

Vl' mean (pU)

vl’ mean (pu)

Fig. 6. Sag depth influence on the mean rotor voltage of DFIG exposed to voltage sags considering all possible values of power generated. Sag characteristics: h=0...1, At is
the most unfavorable duration for each sag type and i/ = 80°. The rotor current can be controlled in the regions of the ¢ mean plane located under the V; yax plane.
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Comments about the proposed control strategy

The proposed control strategy protects the rotor converter from
the large current peaks. The assumption of constant rotor current is
a good way to properly control the power converter when the volt-
age sag starts and during voltage recovery, as there will appear no
rotor current peaks during the entire event.

During-sag li;¢ (£) = pre-fault steady-state value *

A
Abrupt
. (o) ] \I.*
sf .
\
Discrete

W @ mmeee)

li ; ()] e NANANAANAANAN

i

I?»Sf )l \/

I?»rf @)l

v

According to [20], we can state that the proposed control is
valid (in fact it is suitable) for Period 1 (very few cycles after the
voltage sag starts) and for Period 3 (voltage recovery). Moreover,
considering that most of voltage sag durations are around
100 ms (short-time durations), the presented approach is good
enough to provide fault ride-through to DFIG-based WTs [6]. Dur-
ing the fault event (Period 2) the authors recognize that the

During-sag li¢ (1)l = 0
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lv . ()l \T—
sf I .
\
Discrete

W O mmeee)

Iisf(z)l =\ f‘\/ V *
|il‘f (t)l u

Control of li¢ (#)l

During-sag v, ()| = pre-fault steady-state value
A

Abrupt

I

Discrete

IvSf o)l —I

W O

lip (1) M

i (1) OV
|7»Sf )l e Ya 9
A (@) N—" T

v

Iksf ol ~—
B ) e ANA
During-sag v (H)l =0
A
Abrupt

|vSf )l _I \r—_\

Discrete
Ivrf )l u
i (1)l VvV
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* Proposed control strategy.

Fig. 7. Types of DFIG control: control of |i,f| and control of |z. Sag characteristics: h=0.1, At =5.5T and / = 80°.
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proposed control is not an optimal control. Certainly, although this
control strategy also maintains DFIG controllability as established
in current grid codes (i.e., providing reactive current during the
fault) it is not as robust as other controls in the literature (such
as [13-16]). However, the proposed control has an important
advantage: it allows the electrical transient to be solved analyti-
cally, providing and an excellent tool for the comprehension of
DFIG dynamic behavior subject to voltage sags (the detailed ana-
lytical model is shown in [5]).

As the proposed control is analytical, it allows a large number of
scenarios to be easily studied. The current author’s work is a con-
tinuation of the previous work [5] because now DFIG under voltage
sags is exhaustively studied considering a large number of sag
durations and depths, which helps in the fault ride-through for dif-
ferent fault scenarios.

It is apparent that a constant rotor current results in a high rotor
voltage (as shown in previous sections, the required rotor voltage for
the most unfavorable sag durations and depths is higher than the
converter voltage limit). Other smoothing strategies would require
lower rotor voltages at the expense of increasing current peaks.

Let’s consider the control strategies commented in Section ‘DFIG
control strategies during voltage sags’: Fig. 7 shows the time evo-
lution of the DFIG variables when controlling the transformed rotor
current, |iifl, and when controlling the transformed rotor voltage,
|z, considering two cases: when the during-sag controlled vari-
able equals its pre-fault steady-state value (left side of Fig. 7)
and when it is reduced to 0 (right side of Fig. 7). It is observed that
the rotor voltage noticeably changes if the rotor current is kept
constant (top left of Fig. 7). Inversely, the rotor current clearly var-
ies if the rotor voltage is kept constant (bottom left of Fig. 7). Nat-
urally, if a variation in the rotor current is allowed in the control
(top right of Fig. 7), the during-sag rotor voltage peaks will
decrease. Conversely, if a variation in the rotor voltage is allowed
in the control (bottom right of Fig. 7), smaller rotor current peaks
will be produced during the sag.

Regarding the stator and rotor fluxes, is and A, respectively,
the way to reduce them during the sag is by means of controlling
the rotor voltage. However, note that after voltage recovery there
appear large peaks in all the variables. Another way to properly
reduce the stator rotor fluxes would be the use of a crowbar, as
shown in Fig. 8. Note that as it happens with the control of the
transformed rotor voltage, although the fluxes are reduced during
the sag, after voltage recovery there appear large peaks. It should
also be noted that these peaks are reduced when considering the
discrete model for the sag, which is one of the main contributions
of the paper.

All of this leads to the following conclusions:

(1) Certainly, although the proposed control strategy does not
reduce the stator and rotor fluxes during the fault (top left
of Fig. 7), the behavior of the machine after voltage recovery
is not worse than in the other cases: note that when the sag
ends, there appear peaks in all the variables, independently
of the adopted control strategy.

(2) The peaks that appear after voltage recovery are reduced if
the voltage sag is modeled discrete. In other words, the more
realistic approach for sag modeling (discrete sag modeling)
is less restrictive when analyzing the machine’s behavior
under such grid disturbances.

Lastly, it should be noted that with the proposed control strat-
egy, unsymmetrical sags are less severe than symmetrical sags.
However, the different severities of the balanced and unbalanced
voltage sags are due to the control philosophy adopted during
the event, which depends on the goal to be achieved, leading to dif-
ferent DFIG behaviors.
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Fig. 8. Crowbar influence on the DFIG variables. Sag characteristics: h=0.1,
At=5.5T and y = 80°.
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Conclusions

The effects of symmetrical and unsymmetrical sags on DFIGs
are studied under the assumption that the rotor-side converter
can keep constant the transformed rotor current in the synchro-
nous reference frame. The proposed control protects the rotor con-
verter from the large current peaks and maintains the DFIG
controllability as established in many transmission system opera-
tor grid codes; i.e. not only to stay connected during the fault,
but also to contribute to the system stability during and after the
fault clearance by means of the active and reactive current during
and after the event. The voltage limit of the rotor-side converter is
considered in the discussion on whether the rotor current can be
effectively controlled. The study helps in the understanding of
WT fault ride-through capability.

The simplification made in this study is very useful because
some interesting conclusions can be easily drawn: the situations
where the rotor current cannot be controlled correspond to rotor
voltage values larger than the voltage limit of the rotor-side con-
verter (assuming that rotor voltage equals stator voltage).

The results reveal that the sag duration influence on stator cur-
rent, rotor voltage and torque peaks is periodical as these peaks are
repeated every cycle. These peaks appear at the here-defined most
unfavorable sag duration, which is different for each sag type. This
duration is used to study the sag depth influence on the rotor volt-
age required to control the rotor current. It is observed that there is
a sag depth from which this current cannot be controlled. This
limit is less restrictive in unsymmetrical sags as these are less
severe than symmetrical ones.

Sag modeling and its influence on DFIG behavior are also dis-
cussed. The results show that (the more realistic) discrete recovery
sags are less severe than abrupt recovery sags (the most usual
approach in the literature) because the successive voltage recovery
steps in the fault-clearing process smooth the effects. What is
more, it is observed that the rotor current can be controlled for
almost all sag depth if voltage sags are modeled with discrete
recovery. Thus, abrupt recovery sags overestimate sag severity.
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This paper provides a very useful table (Table 2) and a 3D figure
(Fig. 6) which summarizes the most severe effects on the rotor-side
converter of DFIG-based WTs: most unfavorable sag durations and
minimum sag depths from which the rotor current can be
controlled.

Resemblances between the effects caused by the following pairs
of sag types are found: A;-A, (abrupt and discrete), Ay-As (dis-
crete), C-D, F;-G; (abrupt and discrete), and F,-G, (abrupt and dis-
crete). Therefore, when studying sag effects on DFIGs, it is enough
to consider only one sag type of each group.

In conclusion, the analysis of other controls for the DFIG rotor
current should consider the possible duration periodicity effect
and most unfavorable duration for each sag type, as well as a dis-
crete sag model.
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