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This  work  analyzes  the dynamics  involved  in subsynchronous  interactions  between  wind  farms  and
series-compensated  transmission  lines.  This adverse  phenomenon  may  arise  when  doubly-fed  induc-
tion  generators  are  radially  connected  to  an  ac  transmission  line  with  series  capacitive  compensation.
The  resulting  subsynchronous  oscillations  can produce  the  system  instability  and  cause  a severe  dam-
age  to the  wind  turbines.  The  study  is carried  out combining  tools  from  bifurcation  theory,  eigenvalue
analysis  and  nonlinear  time-domain  simulations.  The  impact  on the  subsynchronous  mode  due to the
variation  of  a set  of key  parameters  is  considered.  These  parameters  include  the  series  compensation  of
the transmission  line,  the  wind  speed  (generated  power),  the  wind energy  penetration  level,  and  a  gain
oubly-fed induction generator
ifurcation analysis

of  the  internal  control  loop  of  the  wind  turbine.  The  bifurcation  study  determines  that  the  underlying
mechanism  associated  with  the  appearance  of  subsynchronous  oscillations  can  be  explained  by  means
of  Hopf  bifurcations  of  the  equilibrium  point  and  their  corresponding  limit cycles.  In  addition,  the satu-
ration  of  the  wind  turbine  converters  plays  an important  role  in  the dynamics,  introducing  non-smooth
bifurcations  that are  also  analyzed.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The location of large wind farms (WFs) is mainly determined
y the availability of the wind resource. In many cases the optimal
egions are distant from the load centers, and long ac transmission
ines are necessary to deliver the wind power. In order to max-
mize the power flow over these long lines (typically more than
00 km [1]) the inductive reactance is often compensated using
eries capacitors. This is a cost effective way of improving power
ransfer increasing the transient and voltage stability limits, and
educing losses by sharing the power flow between parallel lines
2]. It is well known that this kind of compensation can introduce
he risk of subsynchronous interactions (SSI) in which two or more
arts of the electrical system exchange energy at one or more of

he natural frequencies of the combined system below the nom-
nal frequency [3,4]. In general, the SSI phenomenon is classified
nto three main categories: (i) sub-synchronous resonance (SSR),

∗ Corresponding author at: Depto. de Ing. Eléctrica y de Computadoras, Universi-
ad Nacional del Sur, Av. Alem 1253, (8000) Bahía Blanca, Argentina.
el.: +54 02914595180.

E-mail addresses: grevel@uns.edu.ar (G. Revel), aleon@iiie-conicet.gob.ar
A.E. Leon), dalonso@uns.edu.ar (D.M. Alonso), jmoiola@uns.edu.ar (J.L. Moiola).

ttp://dx.doi.org/10.1016/j.epsr.2016.05.009
378-7796/© 2016 Elsevier B.V. All rights reserved.
when a series compensated line interacts with a turbine-generator;
(ii) sub-synchronous torsional interaction (SSTI), when a turbine-
generator interacts with a power electronic controller; and (iii)
sub-synchronous control interaction (SSCI), when a series com-
pensated line interacts with a power electronic device (see [4–6]).
In addition, the SSR category can be divided into mechanical and
electrical events as: (a) torsional interaction (TI) and torque ampli-
fication (TA), when the line interacts (in steady state or transiently,
respectively) with the mechanical part of the turbine-generator,
and (b) induction generator effect (IGE) when the line interacts
with the electrical part of the generator. Notice that mechani-
cal SSR (TI and TA) and SSTI involve fixed mechanical torsional
modes of the turbine-generator, whereas the resonance frequency
concerned with IGE depends on the electrical parameters of the
generator and the grid. It is worth to mention that the frequency of
SSCI depends not only on the grid parameters but also on the con-
trol tuning, and since the turbine-generator mechanical parts are
not involved, the resulting oscillations can grow faster than those
arising in mechanical SSR [4].

Subsynchronous interactions in WFs  based on doubly-fed induc-

tion generators (DFIG), received special attention in the last few
years. The most significant incident occurred in 2009 in Texas,
where after a contingency, two  WFs  became radially connected to a
series-compensated line (the nominal compensation was  50%, but

dx.doi.org/10.1016/j.epsr.2016.05.009
http://www.sciencedirect.com/science/journal/03787796
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rectangle denotes the vector control in d–q coordinates consisting
in two  internal proportional-integral (PI) loops, and two external
PI loops with smaller bandwidth.2 The internal loops control the
44 G. Revel et al. / Electric Power Sy

fter a change of the grid topology it was above 75%). The event
riggered subsynchronous oscillations (SSO) due to the interaction
f the series capacitors of the transmission line and the current
ontrol loop of the DFIG, causing severe damages not only to the
apacitor bank but also to the wind power converters. It was con-
luded that SSO were caused mainly by the rotor current control
oop of the DFIG, and it was classified as a SSCI phenomenon [3,4,7].

 modal analysis performed in [6] reveals that increasing the gain
f that control loop shifts the subsynchronous mode towards the
ight-half-plane (reducing its damping). In addition, the mechan-
cal modes of the wind turbine are not affected by parameter
ariations (TI and SSTI do not appear). This incident captured the
ttention of power system operators and researchers. The effect of
ifferent parameters and operating conditions on the main modes
f interest (sub and supersynchronous, electromechanical and tor-
ional modes) were investigated in [8,9] using small signal and
odal analyses, and time domain simulations. The problem was

lso analyzed using the Nyquist criterion on a derived impedance
odel in [10]. A procedure to study SSI in wind farms was pre-

ented in [11] and a general methodology was proposed in [12].
itigation strategies using dedicated controllers were analyzed in

6,13–18], and using Flexible AC Transmission Systems (FACTS) in
19–21]. SSO also appeared in a 150 MVA  DFIG wind farm located in

innesota, USA. In this case, the triggering condition was similar
o the one experienced in Texas, i.e., after a fault on the system
he wind farm became radially connected with a corridor with
0% of series compensation [22]. Another incident was  reported

n the north of China, where a 3000 MVA  wind generation (com-
osed mostly of DFIG turbines) experienced very low-frequency
scillations [23,24]. The problem was associated to SSI and in this
ase, the oscillations vanished after the successive disconnection of
eneration units.

In this work, the SSI in DFIG-based WFs  are analyzed using
ools from nonlinear dynamics theory aiming to complement
he previous analytical and numerical studies. Nonlinear analysis
echniques, including bifurcation theory, offer powerful methods
o study problems characterized by the appearance of nonlin-
ar oscillations when certain parameters are varied. They have
een successfully used to study the dynamical behavior of power
ystems in diverse contexts, such as stability analysis [25–30],
ntegration of wind energy [31,32], and the SSR phenomenon in
onventional synchronous generators [33,34]. In this study, bifur-
ation theory is used in combination with classical methods, such
s, eigenvalue analysis and nonlinear time-domain simulations. A
ower system consisting of a DFIG-based WF exporting energy
hrough a series-compensated corridor is considered. The impact
n the system dynamics due to changes in different key param-
ters such as the series compensation level, the wind speed, the
ain of the rotor current controller and the WF  rated power (pen-
tration level) is investigated. Towards this end, the mechanisms
bifurcations) leading to SSCI, are analyzed using one-, two- and
hree-parameter bifurcation diagrams. The main contribution con-
ists in providing a detailed description about the influence of
he bifurcation parameters on the SSCI phenomenon, revealing
he mechanisms responsible for the loss of the local stability
f the operating point (equilibrium). The amplitude and stabil-
ty of the emerging periodic oscillations (limit cycles) are also
omputed. Since the control scheme of the wind turbine includes
aturation limits, non-smooth bifurcations of limit cycles are also
nalyzed.

The paper is organized as follows. In Section 2, we describe the
odel and we define the dynamics in the context of piecewise-
mooth systems. The nonlinear dynamical analysis varying one
arameter at a time is performed in Section 3, and in Section 4 two-
nd three-parameter bifurcation diagrams are developed. Finally,
ection 5 presents the conclusions of the analysis.
Fig. 1. Single-line representation of the power system considered.

2. Power system model for SSCI studies

The power system considered in this study (see Fig. 1) consists
in a DFIG-based WF  connected to a 7000 MVA/50 Hz equivalent
network via a series-compensated transmission line of 500 kV
and 354 km long. The nominal generation capacity of the WF  is
500 MVA, although different values of the rated apparent power
will be considered in order to investigate the impact of the penetra-
tion level on the SSCI phenomenon. The line parameters correspond
to a portion of the Patagonia corridor of the Argentine intercon-
nected system. The Patagonia region (south of Argentina) is very
attractive for the development of wind energy projects (due to
high power densities and capacity factors), hence a large quan-
tity of wind generation is expected to be added in the near future.
Since, practically all the wind energy generated will be exported
to the bulk load centers using this radial corridor, the transmission
system operator is planning to enhance the transport capabilities
not only by including new parallel lines, but also using fixed series
compensation.1 In this study, the first part of the corridor (354 km,
between the cities of Choele-Choel and Puerto Madryn) is consid-
ered (see a diagram of the system in [18]). It is assumed that the
power demand on this corridor is satisfied by internal conventional
generation, and all the power generated by the WF is delivered to
the interconnected power system (equivalent network) through a
series compensated line. Thus, the attention is focused on the SSI
problem in order to perform a detailed non-linear analysis using
bifurcation tools. This enables a direct interpretation of the asso-
ciated dynamics as well as the extension of the results to more
general cases. The multi-parameter bifurcation analysis, is use-
ful in the determination of feasible operating regions, as well as
in the identification of non-feasible regions where equilibria and
sustained oscillations coexist due to smooth and non-smooth (sat-
urations) nonlinearities. A brief description of the models used in
this study with a complete list of system parameters and typical
power flows are given in Appendix A.

2.1. Wind farm model

The WF  is represented by an aggregated model of DFIG wind
turbines. The mechanical part of the generator is modeled using a
six-mass system, while the turbine characteristic is approximated
using the power curve given in [35]. A classical vector control
scheme in d-q coordinates for DFIG machines is implemented (see
details in [36,37]). The electrical variables of the wind turbine are
shown in Fig. 1.

The control scheme of the RSC is shown in Fig. 2(a). The blue
1 Preliminary studies suggest that the series compensation of some important
lines in the Patagonia corridor will be around 70%.

2 The PI controllers have anti-windup action based on the back-calculation
method [38].
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Fig. 2. Vector control of the power converters of the DFIG. (a) RSC. (b) GSC. PI controllers are implemented in the standard form, i.e., PI(s) = K[1 + (Tis)−1]. The limits for the
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of the DFIG control loops plays a relevant role in this phenomenon,
and is revealed by varying the gain K of the rotor current PI con-
trollers (denoted Kir). The SSCI is also affected by the compensation
omponents with priority are constant and indicated with (—), while the limits for
eferences to color in text near the reference citation, the reader is referred to the w

otor currents ird and irq, by adjusting the RSC voltages vrd and

rq, respectively. Their references iref
rd

and iref
rq are computed by the

xternal loops. The d-axis outer loop controls the total active power
 injected by the DFIG according to the reference Pref, obtained
rom a maximum power point tracker (MPPT) algorithm. The q-axis
oop controls the total reactive power Q according to the reference
ref, obtained from an external voltage regulator [PI with droop
−1
v = 5%, in Fig. 2(a)]. Notice that in this simplified system the
quivalent WF performs voltage regulation on the connection node.

The control of the GSC is represented in Fig. 2(b). The vector
ontrol (green rectangle) is achieved by two PI current loops, reg-
lating the converter voltages vgd and vgq. The d-axis current igd is
sed to maintain the voltage of the dc-link at the reference value
ref
dc

with a PI controller. The q-axis current igq can be used to inject
eactive power to the grid, but in this case the reference is set to
ero (iref

gq = 0).

.2. Limitation of the DFIG control signals

The reference signals of the DFIG vector control and the voltages
f the converters are limited using a priority scheme [39]. The RSC
rioritizes the reactive power injection (q-axis), since it is required
o maintain the terminal voltage in case of a fault near the WF  (sat-
sfying the grid code regulations). Therefore the components with
riority for the RSC are iref

tq , iref
rq and vrq, with fixed limits given by

he maximum moduli of the total current (īt), the rotor current (īr)
nd the rotor voltage ( v̄r), respectively [see Fig. 2(a)]. The limits
f the d-axis non-priority components iref

td
, iref

rd
and vrd, denoted ĩt ,

r and ṽr , respectively, are adjusted according to the correspond-
ng q-axis components. On the other hand, the GSC prioritizes the
ctive power injection (d-axis), since its main goal is to regulate
he voltage of the dc-link. In this case, the components with prior-
ty are iref

gd
and vgd, with maximum moduli īg and v̄g , respectively.

he ones without priority are iref
gq and vgq, with variable limits ĩg and

g̃ , respectively. Notice that the limits are imposed to the internal
ariables of the controllers and not directly to the states (e.g., the
eference iref

gd
is limited but not the state igd).

Suppose a generic internal variable � ∈ R2 with components �1
nd �2, and that the priority is assigned to �1. If the modulus of �
ust be limited to �̄ (i.e., a circle of radius �̄ in the plane �1 − �2),

he priority scheme imposes that �1 has to be limited to ± �̄ (fixed)
nd �2 to ±�̃ (variable), where �̃ =

√
max(  �̄2 − �2

1, 0). These

imits can be written as the zero sets of the real valued functions

1(�) = �̄ − |�1| and H2(�) = �̄2 − (�2
1 + �2

2), defining in the plane
1 − �2 five regions Si, i = 1, . . .,  5 as depicted in Fig. 3. The borders
etween the regions are defined by the non-empty intersections
nes without priority are variable and denoted with (∼). (For interpretation of the
rsion of this article.)

of the closure of the sets Si, i.e., �ij = S̄i ∩ S̄j . On each region Si,
the dynamics is represented by (different) smooth dynamical
systems, and the borders �ij are referred to as discontinuity
(switching) boundaries. This setting defines a piecewise smooth
(PWS) system: ẋ = Fi(x, �; �) for � ∈ Si (i = 1, . . .,  5), where Fi
are sufficiently smooth functions in a domain D ⊂ Rn. Thus, in S1
(light blue region in Fig. 3) none of the components are restricted,
and the corresponding smooth function is F1 = F (i.e., the model of
the system without restrictions). But, for example, crossing �12
from S1 to S2 (upper green region), the component without priority
�2 becomes limited to �̃ =

√
�̄2 − �2

1, resulting in the system F2

(i.e., F with �2 = �̃). When �14 is crossed from S1 to S4 (yellow
region to the right), the prioritized component �1 is limited to
�1 = �̄ and �2 = 0, defining the system F4.

The vector control of the DFIG converters has limits on five inter-
nal signals, and the corresponding restrictions define two functions
H1,k and H2,k (k = 1, . . .,  5), and five regions Si,k for each signal. There-
fore, the complete PWS  system is obtained by combining these
conditions and defining the associated smooth functions Fi with the
corresponding restrictions on the five signals with limits. Notice
that the non-smooth phenomena analyzed in this paper involve
crossing of a single boundary at a time.

3. Nonlinear analysis of SSCI

Subsynchronous control interaction between DFIG-based wind
farms and series compensated transmission lines is an entirely elec-
trical phenomenon, with non-fixed frequency [4]. The bandwidth
Fig. 3. Regions Si and discontinuity boundaries �ij of the generic limitation scheme.
(For  interpretation of the references to color in text near the reference citation, the
reader is referred to the web version of this article.)
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ig. 4. Loci of the relevant eigenvalues. (a), (c) and (e) are obtained varying � for v
ame  wind speeds and � = 70%. The columns denote three gain values of the rotor c

evel3 (�), the wind speed (vw) and the rated power of the WF  (SB).
n this section, the dynamics is analyzed in terms of these param-
ters, varying one of them at a time, using the software package
atcont [40]. The software is robust and accurate in detecting

mooth bifurcations in ordinary differential equations and com-
utes the normal form coefficients of codimension-one and -two
ifurcations of equilibrium points and limit cycles. It is also robust

n continuing limit cycles even in the presence of non-smooth
estrictions. The detection of non-smooth bifurcations is carried out
y checking the functions H1,k and H2,k for each solution obtained
rom the continuation, capturing the value of the parameter when

 boundary is reached. The maximum continuation step is adjusted
n order to determine the non-smooth phenomena with a good
ccuracy.

.1. Loci of the relevant eigenvalues

The loci of the most relevant eigenvalues of the system under
tudy are shown in Fig. 4, where three different values of the rotor
urrent controller gain Kir are considered. Let us describe in detail
he case with nominal gain Kir = 0.025, shown in the second column.
he cases with Kir = 0.015 and Kir = 0.035 are shown in the first and
hird columns, respectively.

Fig. 4(c) depicts the eigenloci varying the compensation level �,
ith the rated power of the wind farm fixed at SB = 500 MVA  and

our different wind speeds. When the compensation is very low,
he subsynchronous mode has an acceptable damping for all wind

onditions (see the eigenvalues for � = 1%, denoted by squares).

hen � is increased, this mode moves towards the right-half plane,
ecreasing the frequency and damping. It becomes unstable (e.g.,

3 The compensation level is defined as the ratio between the reactance of the
ompensation capacitor (XC) and the reactance of the transmission line (XL), i.e.,

 = XC/XL .
.5, 6.5, 8, 10}  m/s  and SB = 500 MVA. (b), (d) and (f) are obtained varying SB for the
t control loop: Kir = {0.015, 0.025, 0.035}.

� > 55% for vw = 5.5 m/s, or � > 94% for vw = 10 m/s) due to a Hopf
bifurcation. On the other hand, the supersynchronous mode moves
towards the left and the frequency increases. Therefore, there is a
small reduction of the damping factor, but less considerable than
the one suffered by the subsynchronous mode. Fig. 4(c) also shows
the effect of the wind speed variation. For example, for a fixed
compensation � = 70% (empty circle markers in the figure), the
damping of the subsynchronous mode is reduced when the wind
speeds decreases (and becomes unstable for vw < 6.5 m/s). The
same behavior is observed for other values of � and Kir. Thus, for
low wind conditions, the system is more susceptible to undergo
SSCI.

Fig. 4(d) depicts the eigenvalues varying the WF  rated power
(SB), with the compensation fixed at � = 70% and different wind
speeds (the same colors are used to denote the previous wind
conditions). The behavior of the subsynchronous mode is slightly
different from the one observed varying �. Initially, the increase of
SB moves the subsynchronous mode towards the right, reducing the
damping and frequency [and in some cases it becomes unstable, as
shown in Fig. 4(d) and (f)]. This continues until the real part finds a
maximum value (for SB � 500 MVA), and then the mode turns back
towards the left. The movement of the supersynchronous mode is
similar to the one observed varying �.

Notice that regardless which parameter is varied (� or SB), the
mechanical modes (with frequencies around 2, 6 and 20 Hz) are
practically unperturbed. Therefore, in this case there are no tor-
sional interactions between the grid and the mechanical modes of
the wind turbine (also observed in [17]).

3.2. One-parameter bifurcation analysis varying �
As mentioned in Section 3.1, the system may  become unstable
due to a Hopf bifurcation. The associated dynamics is studied
performing a one parameter bifurcation analysis for the same
scenario of Fig. 4(c), i.e., SB = 500 MVA, nominal gain Kir = 0.025,



G. Revel et al. / Electric Power Systems Research 140 (2016) 643–652 647

F .The 

m = 10 m
t

a
d
a
i
o
s

g
e
s
m
c
u
(
t
c
b
g
n
t
t

c
t
c
t
l
5
c
b

T
c
u
p

i
(

ig. 5. Bifurcation diagrams varying �, with Kir = 0.025 (nominal) and SB = 500 MVA
ode  depicted in Fig. 4(c). (a) vw = 5.5 m/s. (b) vw = 6.5 m/s. (c) vw = 8.0 m/s. (d) vw

he  reader is referred to the web version of this article.)

nd four different wind speeds. The corresponding bifurcation
iagrams are shown in Fig. 5, with the parameter � in the abscissa
nd the terminal voltage (vt) in the ordinate. The equilibrium point
s denoted in black, and colors are used to represent the amplitude
f the limit cycles. In both cases, solid curves represent stable
olutions and dashed curves unstable ones.

Let us begin the description with the bifurcation dia-
ram for vw = 5.5 m/s, shown in Fig. 5(a). In this case, the
quilibrium point becomes unstable for � � 55.2% due to a
upercritical Hopf bifurcation (H−) when the subsynchronous
ode crosses the imaginary axis [see Fig. 4(c)], and a stable limit

ycle emerges4 for increasing values of �. The amplitude grows
ntil the reference current of the GSC reaches the maximum value
īg) for � � 56.4%. At this point, denoted by G(īg) (orange square),
he system grazes the discontinuity boundary associated to the
omponent with priority iref

gd
(in the generic scheme of Fig. 3, the

oundary is �14 dividing S1 and S4), and undergoes a non-smooth
razing bifurcation [42,43]. In this case, the grazing bifurcation does
ot change the stability of the limit cycle but it modifies the ampli-
ude of the oscillation, as can be observed when comparing with
he one obtained by removing the limiter block (cyan curve).

Fig. 5(b) shows the bifurcation diagram for vw = 6.5 m/s. This
ase is similar to the one shown in Fig. 5(a), but the grazing bifurca-
ion (green square marker) is due to the saturation of the reference
urrent of the RSC. The point is labeled G(ĩr), since it corresponds
o the component without priority iref

rd
. The amplitude of the oscil-

ation on the terminal voltage vt is larger than the case with vw =
.5 m/s. This phenomenon can be explained by the proximity of a
odimension-two singularity given by a degeneration of the Hopf
ifurcation, that will be explained in Section 4.1.

The bifurcation diagram for vw = 8.0 m/s  is shown in Fig. 5(c).
he Hopf bifurcation is now subcritical (H+) and an unstable limit

ycle is created for decreasing values of � (dashed red curve). This
nstable limit cycle grazes a switching boundary when iref

rd
(non-

rioritized) reaches the saturation value for � � 90%, at the point

4 The superscript (±) on the Hopf bifurcation denotes the sign of the first Lyapunov
ndex, and defines the stability of the emerging limit cycle: stable when it is negative
supercritical), and unstable when it is positive (subcritical) [41].
Hopf bifurcations (denoted H±) correspond to the crossing of the subsynchronous
/s. (For interpretation of the references to color in text near the reference citation,

labeled NSN(ĩr) (green square marker). The scenario is very different
from the previous cases, since now a stable oscillation (not present
in the system without saturations) is introduced by a non-smooth
saddle-node bifurcation NSN(ĩr). The mechanism associated to this
change in the dynamics is a codimension-two singularity (of limit
cycles) that it will be explained later by means of a two-parameter
bifurcation analysis. For increasing values of �, the stable limit cycle
evolves towards the right and suffers a second grazing bifurcation
G(īr), when the component with priority iref

rq saturates.
The bifurcation diagram for vw = 10 m/s  is shown in Fig. 5(d).

For this wind speed, the generator operates close to the maxi-
mum  ratings, and multiple grazing bifurcations are expected to
occur when oscillations arise. As depicted in the blow-up, the Hopf
bifurcation is subcritical (H+) and an unstable limit cycle emerges.
Almost immediately the cycle undergoes a non-smooth saddle-
node bifurcation NSN(ĩr) (green square marker) when the rotor
current reference iref

rd
reaches the limit. Then, the stable limit cycle

exhibits two consecutive grazing bifurcations without changing the
stability of the cycle. The first one G(ĩt) (cyan marker), due to the
saturation of the total active current of the machine iref

td
, and the

second G(īg) (orange marker) due to the active current of the GSC

iref
gd

. After the grazing bifurcations, the stable cycle collapses in a
smooth saddle-node of limit cycles CF (gray marker) and an unsta-
ble cycle emerges towards the left. This cycle suffers a non-smooth
saddle-node NSN(ṽr) (pink square marker) given by the saturation
of the d-axis voltage of the RSC vrd, and a stable limit cycle emerges
for increasing values of �. A similar structure of limit cycles was
observed in [42], induced by the limits of the AVR/PSS of a syn-
chronous generator.

3.3. Time-domain simulations of switching limit cycles

In order to illustrate the effect of the grazing bifurcations on the

limit cycles, distinctive time-domain simulations5 are performed.
Each column in Fig. 6 shows one period of a stable limit cycle
for three different wind speeds (5.5, 6.5 and 8.0 m/s). In all cases,

5 The simulations results were obtained with Matlab® .
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observed at values near the theoretical limits (for a given set of
parameters), they can be displaced affecting feasible operating
regions, when other key parameters are varied. A clear example
ig. 6. Reference signals involved in the grazing bifurcations of Fig. 5(a)–(c). Panels
g)–(i)  to vw = 8.0 m/s  and � = 95%.

he desired values for the references are depicted by dashed blue
ines, the transitions through the switching boundaries are denoted
y vertical lines, and the dotted gray horizontal lines indicate the
aximum value allowed for the component with priority and the
odulus of the corresponding signal. Since the size of the power

onverters of the DFIG is one-third of the turbine rated power, the
aximum moduli of the reference currents of the converters are

imited to 1/3 [pu].
From the bifurcation diagram of Fig. 5(a), for � = 56.4% the sys-

em undergoes a non-smooth grazing bifurcation G(īg) when the

omponent with priority iref
gd

reaches the limit. Hence, for � = 58%
he cycle exhibits the effect of this bifurcation, as denoted in the first
olumn of Fig. 6. This is a particular case, since the reactive current
f the GSC is zero, i.e., iref

gq = 0. Thus the limit ĩg does not affect the
ynamics and the priority scheme reduces to a conventional satu-
ation [see Fig. 6(a)]. According to the generic interpretation given
n Fig. 3, for 0 < t < t1, no restrictions are applied and ‖�‖ < �̄ [see
ig. 6(c)], the system is in region S1 and evolves on the horizontal
xis. When t = t1, iref

gd
reaches the limit īg , the system crosses the dis-

ontinuity boundary �14 from S1 to S4, where iref
gd

is limited. When
 = t2, the system crosses again the boundary �14 back to S1. Notice
hat the grazing bifurcation occurs when t1 = t2, for � � 56.4%.

The second column of Fig. 6 shows one period of the stable
imit cycle for vw = 6.5 m/s  and � = 78%. In this case, the component
nvolved in the grazing bifurcation [denoted G(ĩr) for � � 74.2% in
ig. 5(b)] is the rotor active current iref

rd
. This scenario is different

rom the one described above (first column), since the component
ith priority, iref

rq , never exceeds the limit īr [cf. Fig. 6(a) and (d)].

n the other hand, the component without priority iref
rd

, is limited
or t1 < t < t2. Recalling Fig. 3, at t = t1, the system crosses the discon-
inuity boundary �12, from region S1 to S2, and it returns to S1 at

 = t2.
The third column of Fig. 6 shows a stable limit cycle for vw =

.0 m/s  and � = 95%. At this compensation level the limit cycle
merged at H+ has suffered two grazing bifurcations, due to the
imitation of the rotor current. The first one (for � � 90%) corre-
ponds to the component without priority iref

rd
, and the second (for
 � 94.8%) to the component with priority iref
rq . Thus the effect is

bserved on both components as shown in Fig. 6(g) and (h). Accord-
ng to the diagram of Fig. 3, for 0 < t < t1, the system is in region S1,
.e., without restrictions. At t = t1, the modulus of the signal reaches
c) correspond to vw = 5.5 m/s  and � = 58%; (d)–(f) to vw = 6.5 m/s and � = 78%; and

the limit and the component without priority iref
rd

becomes limited,
entering region S2. At t = t2, the system crosses from region S2 to S4,
where iref

rd
= 0 and the component with priority iref

rq is limited. Then
it returns to S2 at t = t3 and to S1 at t = t4. Notice that when � � 94.8%
[bifurcation G(īr) in Fig. 5(c)], the cycle grazes the boundary �24
and t2 = t3. On the other hand at the non-smooth saddle-node point
NSN(ĩr) for � � 90%, the cycle grazes the boundary �12 and t1 = t4.

The case of Fig. 5(d), for vw = 10 m/s, involves multiple grazing
points as � is varied following the limit cycle. Nevertheless, the
behavior of the limited signals is similar to those explained above.

4. Two- and three-parameter bifurcation analyses

The analysis in Section 3 shows the general behavior of the
modes and the bifurcations associated to the SSI phenomenon,
when one parameter varies and the others are left fixed. Based on
these results, it is not trivial to determine how the modes and bifur-
cation conditions change when arbitrary values of the parameters
are selected. In this regard, a multi-parameter bifurcation analysis
clue us in how the dynamics related to SSI is organized, determin-
ing the distance to the instability (Hopf or limit cycle bifurcations)
for a given set of parameters and at the same time explaining the
changes in the dynamics observed in the different cases studied in
Section 3.2.

The bifurcation parameters used for the multi-parameter analy-
sis coincide with the ones considered in Section 3, i.e., �, vw , SB and
Kir. In order to describe the dynamics on a broad set of conditions,
the compensation level is varied within the maximum theoreti-
cal range 0–100%,6 and the WF rated power within 0–1000 MVA
(which is approximately the maximum power admissible by the
line considered in this study). In addition, the wind speed varies
along the MPPT curve, and three values of Kir are used. It is impor-
tant to notice that, although some of the phenomena may  be
6 Although a 100% compensation level is not reached in practice, a high value may
result after a contingency and the subsequent grid reconfiguration as in the ERCOT
case. In addition, in our case � only considers the inductance of the high voltage
transmission line and excludes the rest of the inductances such as the one from the
WF  internal grid.
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stable limit cycle is created when the supercritical Hopf curve H−

is crossed in the transition from region 1 to region 2 [Fig. 8(c)]. The
stable limit cycle of region 2 suffers a grazing bifurcation when the
curve G(ĩr) is crossed to get into region 3 [Fig. 8(d)]. The crosses in
ig. 7. Two-parameter bifurcation diagrams. (a) Varying � and vw with Kir = 0.025 an
f  the references to color in text near the reference citation, the reader is referred t

f such behavior will be presented at the end of this section, when
he effect of the rotor current control gain Kir is analyzed.

.1. Two-parameter analysis

The one-parameter bifurcation analysis shows that sustained
scillations developed in SSCI arise in a Hopf bifurcation of the
quilibrium point, followed by grazing bifurcations of the emerging
imit cycle due to saturations. One of the most relevant aspects is
he transition from the bifurcation diagram of Fig. 5(b), where the
imit cycle is stable and the grazing bifurcation does not change
he stability of the cycle, to the one shown in Fig. 5(c), where
he emerging limit cycle is unstable and the grazing produces a
on-smooth saddle-node bifurcation of limit cycles (generating a
table oscillation). The transition can be explained by performing

 two-parameter bifurcation analysis. First we deal with the same
arameters involved in Fig. 5, i.e., � and vw , using SB = 500 MVA  as
he rated power of the WF.  Then, we consider simultaneous varia-
ions of � and SB, for vw = 6.5 m/s. In both cases, the nominal gain
or the rotor control loop (Kir = 0.025) is used.

The two-parameter curves corresponding to non-smooth
ifurcations are obtained performing repeated one-parameter con-
inuations for consecutive fixed values of the second parameter.
hen, the points are joined together according to the type of bifur-
ation and the internal variable that reaches the limit. The rest of
he curves (smooth bifurcations) are obtained by direct contin-
ation of the corresponding singularity varying two  parameters
imultaneously.

.1.1. Bifurcation diagram varying � and vw

The diagram is shown in Fig. 7(a), where the abscissa is the com-
ensation level � and the ordinate is the wind speed vw . The Hopf
ifurcation curve of the equilibrium point is denoted in blue (H−)
nd red (H+), to indicate when it is supercritical and subcritical,
espectively. This curve divides the parameter space into a stable
peration region to the left and an unstable one to the right. Thus,
he lower the wind speed, the lower the compensation level where
he equilibrium point becomes unstable (triggering an SSCI). The
emaining curves correspond to limit cycle bifurcations. The dashed

urves are grazing bifurcations (G) and the solid curves denote
on-smooth saddle-node bifurcation of limit cycles (NSN).7 The
olid black curve is a smooth saddle-node bifurcation of limit cycles
r cyclic fold (CF).

7 The color of the curves corresponds to the ones used for the markers in Fig. 5.
 500 MVA. (b) Varying � and SB with Kir = 0.025 and vw = 6.5 m/s. (For interpretation
eb version of this article.)

The Hopf bifurcation curve changes from supercritical (H−) to
subcritical (H+) at (�, vw) � (76.33, 6.65), where the first Lyapunov
index of the Hopf bifurcation becomes zero [black dot in Fig. 7(a)].
This codimension-two singularity is known as generalized Hopf
bifurcation (GH), and it unfolds a curve of saddle-node bifurcations
of limit cycles [41]. This curve, denoted CF in the blow-up of Fig. 7(a),
interacts with the grazing bifurcation curve G(ĩr), at the point C.
This is a second codimension-two singularity, but now involving
limit cycles. At this point, the grazing bifurcation curve G(ĩr), which
does not modify the stability of the limit cycle, changes qualita-
tively to the non-smooth saddle-node bifurcation curve NSN(ĩr)
which destroys the unstable cycle and introduces a stable one [c.f.
Fig. 5(b) and (c)]. A similar structure was studied in [44] regarding
a buck converter. The schematic representation of the interacting
bifurcation curves is shown in Fig. 8(a), and the phase diagrams
corresponding to each region are depicted in Fig. 8(b)–(f). In these
diagrams the abscissa is the total active current (itd) and the ordi-
nate is the terminal voltage (vt). The stable equilibrium points are
represented by black dots (empty when they are unstable), the sta-
ble limit cycles with solid blue curves and the unstable cycles are
with dashed red lines. In region 1, there is only a stable equilib-
rium point [Fig. 8(b)]. This equilibrium becomes unstable and a
Fig. 8. Schematic diagram close to the generalized Hopf bifurcation (GH) in Fig. 7(a).
The phase portraits of regions 1 to 5 are depicted in panels (b)–(f), respectively.



650 G. Revel et al. / Electric Power Systems Research 140 (2016) 643–652

F b) Kir =
r

F
t
v
o
o
i
t
[
a
l
t

d
t
g
a
t
o

t
b
(
i
c
i
o

t
o
l
l
a
t
i
c

a
a

N
p
e
d

c

ig. 9. Three-parameter bifurcation diagrams varying �, SB and vw . (a) Kir = 0.015. (
eference citation, the reader is referred to the web version of this article.)

ig. 8(d) indicate the switching instants t1 and t2 where the sys-
em crosses the boundary �12 (as those shown in Fig. 6(d), for
w = 6, 5 m/s). The smooth cyclic fold bifurcation CF,  creates a pair
f cycles and thus in region 4 [Fig. 8(e)] there are three cycles,
ne unstable and two stable. The stable limit cycle created at CF
n region 4 collapses with the equilibrium point, when crossing
he curve H− going from region 4 to region 5.8 Then, in region 5
Fig. 8(f)], the equilibrium point is stable and it is surrounded by
n unstable cycle and a stable (non-smooth) cycle. Both cycles col-
apse and disappear at the non-smooth saddle-node curve NSN(ĩr)
hat separates region 5 from region 1.

The transition from the dynamics shown in the one-parameter
iagrams of Fig. 5(b) and (c), is a consequence of the codimension-
wo singularities represented in Fig. 8(a). The proximity of the
eneralized Hopf bifurcation GH also explains the sharp form of the
mplitude of the stable limit cycle in Fig. 5(b). Therefore, the struc-
ure depicted in Fig. 8(a) is the organizing center of the dynamics
bserved in the SSCI.

As noticed in Fig. 7(a), for wind speeds between 6 and 8.5 m/s,
he limit cycle emerging at the Hopf bifurcation is affected mainly
y grazing bifurcations due to the saturation of the rotor current
green curves). At low wind conditions, vw < 6 m/s, the dynam-
cs of the limit cycle is governed by the saturation of the GSC
urrent. The curve associated to this saturation corresponds to graz-
ng bifurcations that does not change the stability of the cycle [cf.
range dashed curve G(īg)]. The dynamics involved in the interac-

ion between the grazing bifurcation curves G(ĩr) and G(īg) includes
ther non-smooth phenomena that exist for larger compensation
evels. For wind speeds vw > 8.5 m/s, the dynamics of the emerging
imit cycle involves additional phenomena as depicted in Fig. 5(d),
nd continued in the upper right corner in Fig. 7(a). In addition to
he non-smooth saddle-node curve NSN(ĩr), the rotor voltage also
ntroduces a non-smooth saddle-node curve NSN(ṽr), while the GSC
urrent and the total current, two grazing bifurcation curves G(īg)

nd G(ĩt), respectively. A smooth saddle-node bifurcation curve CF
lso arises in this parameter region.

It is important to notice that the non-smooth saddle-node curve,
SN(ĩr) in Fig. 7(a), remains very close to the Hopf curve. This is a
ositive fact for the system stability since the unstable limit cycle

merging from H+ only exists in a vicinity of the Hopf curve and
oes not affect the operating region for lower compensation levels.

8 It is also possible to reach region 3 from region 5 by crossing the subcritical Hopf
urve H+, collapsing the unstable limit cycle.
 0.025. (c) Kir = 0.035. (For interpretation of the references to color in text near the

4.1.2. Bifurcation diagram varying � and SB
The two-parameter diagram is shown in Fig. 7(b). In this case

the wind speed is fixed at 6.5 m/s. We  can distinguish two  differ-
ent situations depending on the value of SB. For 150 < SB < 500 MVA,
the compensation level for which the Hopf bifurcation occurs,
decreases for increasing values of SB. Whereas for SB > 500 MVA,
the increase of SB bends the Hopf bifurcation slightly towards the
right, i.e., the bifurcation occurs for increasing values of �. There-
fore, for this wind speed the equilibrium point does not undergo a
Hopf bifurcation if � < 75% for any value of SB.

Notice that in this case the Hopf curve also suffers a generalized
Hopf bifurcation (GH), and the structure shown in the blow-up of
Fig. 7(b) has the same features than the one shown in Fig. 8.

4.2. Three-parameter analysis

In order to show the effects of the compensation level (�), the
rated power of the WF  (SB) and the wind speed (vw) on the Hopf
and the generalized Hopf bifurcations involved in the SSCI phe-
nomenon, a three-parameter bifurcation diagram is performed.
Fig. 9 depicts the results for different values of the gain of the inner
RSC control loop used in the eigenvalue analysis of Fig. 4.

Here, the blue curves are supercritical Hopf bifurcations, the
red ones are subcritical Hopf and the black ones are the curves of
generalized Hopf bifurcations. The structure of bifurcation curves
involved in the interaction of smooth and non-smooth bifurcations
(point C in Fig. 8) can be found in a vicinity of the generalized Hopf
curves in Fig. 9. Moreover, there is a surface of non-smooth saddle-
node of limit cycles NSN(ĩr) that remains close to the subcritical
part of the Hopf surfaces.

It is worth noticing that the actual variations of the operation
point expected for a given WF  (for example, due to variations in
the wind speed) is a subset of the entire parameter space. In other
words, given the nominal power of the WF  (SB), the series compen-
sation level (�) and the rotor gain (Kir), the corresponding operating
points will only depend on vw , hence, they will define a vertical line
in one of the bifurcation diagrams of Fig. 9. If such line intersects the
Hopf surface, then the system will experience sustained SSO, if not,
this methodology offers a measure of the distance to the instability
by means of evaluating the proximity to the Hopf surface for all
possible operating points of the WF.  This figure of merit is valid for
steady-state operation, nevertheless it is known that as the oper-

ating point gets closer to the bifurcation surface the system will
become less robust to perturbations.

By comparing the three panels in Fig. 9, it is clear that the
decrease (increase) in the gain Kir, i.e., decreasing (increasing) the
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ator rotor (denoted as �1,. . .,5, respectively), and the corresponding
angular speeds of the masses (ω1,. . .,6). The inertia and damping
coefficients of the mechanical system are listed in Table A.1. The

Table A.1
System parameter values.

Description Parameter Value

DFIG (individual machine data)
Rated power SN 2 MVA
Stator voltage/frequency vs/fs 690 V/50 Hz
Number of poles Np 4
Gearbox constant Ngb 129.6
Turbine radius Rtr 46 m
Stator/rotor resistance Rs/Rr 0.0108 pu/0.0121 pu
Stator/rotor self inductance Ls/Lr 3.4640 pu/3.4720 pu
Mutual inductance Lm 3.362 pu
GSC inductance Lg 0.33 pu
dc-link capacitor Cdc 10 mF
dc-link nominal voltage vdc 1200 V
Inertia const./damping coeff. blades H1,2,3/D1,2,3 0.6388 s/0.004 s
Inertia const./damping coeff. hub H4/D4 0.0114 s/0.010 pu
Inertia const./damping coeff. gearbox H5/D5 0.0806 s/0.022 pu
Inertia const./damping coeff. rotor H6/D6 0.1419 s/0.010 pu
Damping/stiffness coeff. blades-hub D14/K14 4.8 pu/8.020 pu/rad
Damping/stiffness coeff. hub-gearbox D45/K45 1.4 pu/0.349 pu/rad
Damping/stiffness coeff.

gearbox-rotor
D56/K46 4.0 pu/11.67 pu/rad

Phase-locked loop
PLL PI controller Kpll/Tpll 87.96/0.022

DFIG RSC control (see Fig. 2)
Voltage droop constant kv 0.05
Terminal voltage PI Kvt/Tivt 13.5/3.6
MPPT algorithm see [35, Section III]
External loops PI Ker/Tier 0.5/0.075
Internal loops PI Kir/Tiir 0.025/0.0675
RSC limits īt /īr /v̄r 1.0/0.33/1.15

DFIG GSC control (see Fig. 2)
dc-link PI controller Kvdc/Tivdc 0.35/0.2
GSC PI controllers Kg/Tig 1/0.01
GSC limits īg /v̄g 0.33/1.15

Electric network (bases: 100 MVA, 500 kV)
Transmission line length lline 354 km
Transmission line R /L 0.00275 pu/0.03384 pu
G. Revel et al. / Electric Power Sy

andwidth of the inner loop controller, brings the Hopf surface
owards the right (left), enlarging (reducing) the stable region.
herefore, decreasing the bandwidth of the rotor current control
oop reduces the risk of developing SSO. This and other modifica-
ions are analyzed in [4], nevertheless the authors also alert that the
eduction of the rotor gain can deteriorate the transient response.
lthough the analysis of the mitigation technique is beyond the
cope of this paper, the effect of Kir on the Hopf surface suggests
hat modifications on the power converter control, can be made
n order to damp the SSO. This is in concordance with the results
resented in [4,6] for the ERCOT system (Texas) and in [18] for the
atagonia corridor (Argentina), where a supplementary controller
s added to the RSC, that successfully damps the SSO with a small
ontrol action. Moreover, [15,16] propose other structures for the
upplementary controller acting on the GSC, that also produce good
esults. An important feature of the mitigation strategies is the sig-
al used as the control input. In this case, the typical choices are
he rotor speed, the current through the line and the voltage across
he series capacitor. In [13,19] it is shown that the voltage across
he capacitor has the best characteristics, but it requires a remote

easurement that introduces a time delay in the control loop. An
lternative to this signal is proposed in [13,17] where the volt-
ge across the capacitor is calculated integrating the line current.
ther SSO countermeasure strategies use FACTS such as static var
ompensator, thyristor-controlled series capacitor, gate-controlled
eries capacitor or static synchronous compensator. An updated lit-
rature review of different mitigation techniques, including those
sing FACTS devices and modifications to the power converters
ontrollers, can be found in [45].

. Conclusions

This paper shows a multi-parameter analysis of the SSCI phe-
omenon using a combination of classical methods (e.g., eigenvalue
nalysis) and bifurcation theory. Key parameters, such as the wind
peed, the compensation level, the WF  rated power and the gain
f the rotor current controllers, were varied in order to detect the
nset of SSCI. The subsequent loss of the equilibrium point stabil-
ty is due to a Hopf bifurcation, and depending on the parameter
alues, it can lead to a stable oscillation (when it is supercritical)
r to an unstable one (when it is subcritical). The two-parameter
nalysis reveals that this change in the stability is explained by
he presence of a generalized Hopf bifurcation. In addition, the
ustained oscillation observed in practice can be originated either
y the supercritical Hopf bifurcation or by grazing bifurcations of

imit cycles, a non-smooth phenomenon introduced by saturations.
hen the Hopf bifurcation is supercritical, the grazing bifurcation

oes not change the stability but limits the amplitude of the limit
ycle to a value practically constant. On the other hand, when the
opf bifurcation is subcritical, the emerging unstable limit cycle
anishes (changing the stability) due to a non-smooth saddle-node
enerated by the grazing bifurcation. This prevents the unstable
ycle from affecting the stable operating region. Thus, the grazing
ifurcation of the reference current of the RSC plays an important
ole in the oscillation arising in SSCI.

The effects of decreasing the gain of the rotor current control
oop (and its bandwidth), is clearly exposed by the displacement of
he stability boundary (Hopf bifurcation curve) to the right in the
orresponding three-parameter bifurcation diagrams, enlarging
he stability region (allowing higher series compensation levels on
he transmission line). The results obtained varying the rated power

f the WF  indicate that the wind energy penetration also restricts
he feasible operating region. In other words, it is observed that the
igher the power ratio between the equivalent grid and the wind
eneration, the higher the damping ratio of the subsynchronous
 Research 140 (2016) 643–652 651

mode. Finally, this kind of multi-parameter bifurcation analysis
offers a methodology to analyze the dynamics related to SSI on a
broad parameter set and can be used to determine the effectiveness
of a mitigation strategy by comparing the resulting bifurcation
diagrams with and without the supplementary controller. In other
words, it provides an analysis tool to verify that the dynamics
introduced by the new controller (often tuned for a determined
operating condition), does not generate any negative effect on the
system stability for a wide range of parameter values.
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Appendix A. State variables and system parameter values

The DFIG is represented by a fourth order model (zero sequence
is neglected) with the stator currents isd and isq, and the rotor
currents ird and irq, as dynamic states. A six-mass model is used to
represent the mechanical system. The state variables are the angles
of the blades, the hub, and the gearbox, with respect to the gener-
resistance/inductance
line line

WF  internal grid (gen. capacity:
500 MVA)

Rwf/Rwf 0.00206 pu/0.03885 pu

Equivalent grid short-circuit power Seq 7000 MVA
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Table  A.2
Power flows of a 500 MVA  WF operating at four different wind speeds (� = 50%).

Description 5.5 m/s  6.5 m/s  8 m/s  10 m/s

Equivalent grid voltage 1.0∠0◦ 1.0∠0◦ 1.0∠0◦ 1.0∠0◦
◦ 1.01 ◦ ◦ ◦

121.74
−4.52
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Terminal voltage 1.01∠2.88
WF  active power [MW]  73.64 

WF  reactive power [MVAr] −3.24

ower converters of the DFIG are represented by their correspond-
ng averaged models with the vector control schemes depicted in
ig. 2. In particular, the RSC control has four state equations asso-
iated to the PI controllers, plus two states corresponding to a
hase-locked loop (PLL), and one more belonging to the terminal
oltage controller (internal PI state). On the other hand, six dynamic
quations are used for the GSC: two for the GSC current igd and igq,
wo for the internal states of the PI controllers, and two for the
c-link. The electric network is modeled by six dynamic equations
epresenting the terminal voltage vtd and vtq, the line current ild
nd ilq, and the voltage across the series capacitor vcd and vcq. The
arameters of the transmission line are summarized in Table A.1.
he resulting model has 34 state equations.

Table A.2 shows the power flows of a 500 MVA  WF  operating at
our different wind speeds (vw = 5.5, 6.5, 8 and 10 m/s).
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