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Abstract—This paper presents a damping control to mitigate
sub-synchronous interactions (SSI) in doubly-fed induction gener-
ator (DFIG) wind turbines connected to series-compensated lines.
This issue has gained attention due to the recent SSI phenomena
reported in DFIG wind farms located near series capacitors. Two
approaches which add a supplementary damping control signal
are compared: one of them, integrated to the grid-side converter,
and the other one, to the rotor-side converter. The SSI damping
controls are designed using a multi-input multi-output state-space
methodology. This allows to easily tune a high performance
controller using several measurements and control inputs. Small-
and large-signal stability analyses, robustness aspects, impact of
the supplementary controls on the system modes, and influence
of different operating conditions on the SSI are also discussed.
The obtained results show that the supplementary control is
able to properly damp the sub-synchronous oscillations of DFIG
wind turbines by updating the existing DFIG control systems
without the inclusion of expensive additional damping devices,
and reducing the risk of wind generation tripping.

Index Terms—Resonance mitigation, series compensation,
subsynchronous control interactions (SSCI), subsynchronous
resonance (SSR), wind energy conversion systems (WECS).

I. INTRODUCTION

IND power plants are rapidly increasing in number and

being located in areas with favorable wind conditions,
usually far from load centers [1]. This additional wind power
generation can be accommodated either by building new trans-
mission lines or by enhancing the power transfer capability of
the existing lines using series compensation [2]. Series capac-
itor compensation is being increasingly considered because it is
a well-known technology and a cost-effective solution to en-
hance the transient stability and power transmission capacity
of the required corridors [3]. Several wind farms in the United
States and Canada are expected to be, or already are, connected
to series-compensated lines to evacuate bulk power from wind
resources [4]. However, series capacitor compensation can pro-
duce adverse effects such as sub-synchronous interactions (SSI)
with other power system components [5].
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Recently, two SSI incidents between doubly-fed induction
generator (DFIG) wind farms and series-compensated lines
caught the attention of system operators and the research com-
munity. In the first event, in the southern Electric Reliability
Council of Texas (ERCOT) system, a 345-kV transmission
line was tripped after a fault and, subsequently, the wind
farm became radially connected to a 50% series-compensated
line. As a result, the system experienced both over-voltages
and growing sub-synchronous oscillations (SSO), causing
equipment damage [6]-[9]. The second event, in southwestern
Minnesota, was in a 150-MW DFIG wind farm connected to a
60% series-compensated line, also reporting growing SSO that
were not detected by conventional relays [10].

Several studies on SSI considering series-compensated wind
farms based on squirrel-cage induction generators [4], [11] and
DFIG [2], [12]-[17] have recently been performed, but only
analysis of the SSI has been accomplished. As countermeasures
for these SSI, it can be mentioned: 1) detection algorithms to
trip the wind generators [6], [10], 2) bypass filters across the
series capacitor [5], 3) approaches using flexible ac transmis-
sion systems (FACTS) (for example, thyristor-controlled series
capacitor (TCSC) [3] and static synchronous compensator
(STATCOM) [18], [19]), and 4) modifications of wind turbine
control systems (like power converter controls available in
DFIG wind turbines). The last solution is the most suitable
from an economic point of view, because it avoids the installa-
tion of expensive additional damping devices, such as FACTS
or bypass filters [5], [9].

Countermeasures based on control system modifications are
cheap, avoid generator tripping, and can be quickly imple-
mented. Two approaches can be considered for DFIG wind
turbines: one of them adds an SSI damping control signal in the
reactive current control loop of the grid-side converter (GSC)
[20]-[22] (as in a STATCOM scheme), whereas the other one
adds the damping control signal in the rotor voltage through
the rotor-side converter (RSC) [23]. A second distinction can
also be made, depending on whether SSI damping controls use
either local or remote measurements. Until the present time,
only a few SSI mitigation solutions based on modifications
of the DFIG wind turbine control system are found in the
literature [20]-[23]. However, these proposals only consider
simple proportional controls or lead-lag compensators with
one measurement and one control input. These single-input
single-output (SISO) control approaches do not take the perfor-
mance advantages of using several measurements and multiple
control inputs. Multi-input multi-output (MIMO) approaches
are attractive to consider because they present more degrees
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Fig. 1. Classification of the sub-synchronous interactions.

of freedom in the control design and, therefore, higher perfor-
mance and robustness can be obtained.

The main contributions of this paper are: 1) SSI mitigation in
DFIG wind farms by adding a supplementary damping control
designed using a MIMO state-space approach, 2) comparison
of the GSC and RSC control loops to perform the SSI damping
action, and 3) small- and large-signal stability analysis to thor-
oughly describe and assess the performance and robustness of
the base scenario and controlled cases over a wide range of oper-
ating conditions. Additionally, the proposed auxiliary damping
control is integrated to the existing converter vector controls
without removing them. In this way, it could be more acceptable
for system operators and manufactures who are usually conser-
vative to fully replace the well-known PI control structures.

II. BACKGROUND

In this section, different definitions are introduced and
discussed to better explain the SSI phenomena. Formally, SS/
is a general term that defines two power system elements ex-
changing energy with each other at one or more of the natural
frequencies of the combined system below the synchronous
frequency [6]. According to the different elements involved
(e.g., series capacitor, generator, mechanical system, power
electronic control), the SSI can be classified into [6], [23]-[25]:
sub-synchronous resonance (SSR), sub-synchronous torsional
interaction (SSTI) and sub-synchronous control interaction
(SSCI). Fig. 1 shows the different SSI categories.

A. Sub-Synchronous Resonance

SSR is a condition where a series capacitor compensated
system exchanges significant energy with a turbine-generator
at a frequency below the synchronous frequency [26]. In a ra-
dial series-compensated power system, the electrical resonance
frequency is given by

Jor = ifs./% (1)

where f; is the synchronous frequency, .. is the reactance of
the series capacitor, and xy, is the total reactance of the trans-
mission line, transformers, and generator. Small disturbances
excite stator currents at frequencies = f.,., and the positive-se-
quence component of these currents produce a stator flux at fre-
quency f.,. Consequently, currents in the rotor winding will be
induced at the complementary frequency f, = f, — f.,, where

torque amplification
(TA)

fo is the rotor electrical frequency. These rotor currents result
in sub-synchronous stator voltage components which may en-
hance the stator currents to produce a self-excitation phenom-
enon [3]. On the other hand, the interaction of the aforemen-
tioned stator flux, rotating at sub-synchronous frequency fe.,
with the rotor de flux, rotating at frequency f,, develops an elec-
tromagnetic torque at a frequency f. = f, — f.[26]. If the fre-
quency f. of this torque component is close to a mechanical nat-
ural frequency of the drive-train system, torsional interactions
can produce undamped oscillations between the drive-train and
the electrical network.

The SSR is a classical problem mainly associated to con-
ventional synchronous machines (e.g., thermal power plants)
closely connected to series-compensated transmission lines;
however, such interaction is also possible in wind power plants,
as anticipated by the pioneer work [27].

There are two types of SSR phenomena [28]: first, the self-ex-
citation or steady-state SSR [involving both induction generator
effect (IGE) and torsional interaction (TI)], and second, the tran-
sient SSR [or shaft torque amplification (TA)].

1) Induction Generator Effect: Self-excitation of a series
capacitor compensated system alone, assuming constant rotor
speed, is caused by induction generator effect [26]. The IGE in-
volves only the electric machine with the network, but not the
turbine mechanical system. That is, if the rotor is considered to
be rigid, only the IGE phenomenon is present.

From the point of view of a sub-synchronously rotating
stator flux, the synchronous generator acts as an induction
machine [5]. Consequently, for both synchronous and induction
machines, the slip at the sub-synchronous frequency is

.f@T - f;
Sasr fer - (2)
From the equivalent circuit of an induction machine, the equiv-
alent rotor resistance at the sub-synchronous frequency is given
by [13]
/
o G)

Sssr

ssr __
R =

If the rotating stator flux at frequency f.,., produced by the
sub-synchronous stator currents, is slower than the rotor elec-
trical frequency f.,. < f,, the rotor-side resistance RZ;T will
be negative (viewed from the stator terminals) [3], [13], [19].

When the magnitude of the resistance [27]" exceeds the sum
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of the stator and network resistances, the system has a nega-
tive damping at the sub-synchronous frequency, and growing
voltage and current oscillations will be experienced.

In a DFIG wind turbine, the electrical resonance frequency
fer 1s usually lower than the rotor frequency f,, and the slip
Sssr 18 negative. When the wind speed increases, the corre-
sponding optimal rotor frequency f, also increases, and the slip
is more negative and larger. Accordingly, the absolute value of
the equivalent negative resistance RZ;" decreases and, there-
fore, there is more damping for the SSO; the opposite happens
when the wind speed decreases. On the other hand, when the
compensation level increases, the frequency f.. increases as
well, and the slip is less negative and smaller. As a result, the
absolute value of 127" will increase, reducing the SSO damping
[22], [29].

2) Torsional Interaction: TI is the interaction between the
turbine-generator mechanical system and a series-compensated
electrical network [26]. The turbine-generator shaft responds
to power system disturbances with oscillations at its torsional
resonance (or natural) frequencies f,,. These rotor torsional os-
cillations rendering to the generator terminals produce stator
voltage components at the frequencies f.,, = f, = f». When
the sub-synchronous frequency f., = f, — f» of the voltage
component is close to an electrical resonance frequency fe, of
the network, the resulting stator current produces a flux and,
consequently, a torque which reinforces (or mutually excites)
the rotor torsional modes.

This can produce large magnitude torques and sustained or
growing oscillations which can lead to fatigue damage, lifetime
reduction, and even failures in turbine-generator shafts [26]. Fi-
nally, the TI phenomenon involves both electrical and mechan-
ical dynamics, and may occur when the electrical resonant fre-
quency fe., is near the complement of one of the torsional reso-
nance frequencies f,, of the mechanical drive-train system [3].
The TT oscillation frequencies are fixed and determined by the
known torsional modes of the turbine-generator shaft.

As wind turbines present several mechanical modes related
to turbine blades, shaft, gear box, tower, etc. [3], [27], the TI
phenomena may be of concern in these cases. However, lightly-
damped torsional modes in wind turbines are generally at low
frequencies, which should not be a problem because high series
compensation levels are required to reach these mechanical res-
onance modes [2], [11], [13], [25].

3) Torque Amplification: Following a significant disturbance
in a series capacitor compensated system, the resulting electro-
magnetic torque on the machine rotor oscillates at a frequency
fr = fo— fer. If this frequency is near a torsional resonance fre-
quency f,, the generated transient shaft torques could be much
larger than those produced by the same disturbance in a system
without series capacitors. Higher torques can also result if the
fault duration time (or clearing time of fault) reinforces the ini-
tial transient response [26].

B. Sub-Synchronous Torsional Interaction

SSTI defines the problem of a turbine-generator near a power
electronic controller when the mechanical system resonates
with the negative damping of the controller at sub-synchronous
frequencies [6], [25]. Power electronic controllers (such as

those in HVDC links, FACTS, and any control device that
responds rapidly to power variations in the sub-synchronous
frequency range) can exhibit negative damping at sub-syn-
chronous frequencies, which can cause undamped oscillations
in the fixed mechanical torsional modes of drive-train systems
[23], [30]. The SSTI is also included in the category of de-
vice-dependent sub-synchronous interactions [26].

C. Sub-Synchronous Control Interaction

SSCI is an interaction between a power electronic control
system and a series-compensated electrical network [6], [25].
The SSCI is not related to the mechanical shaft system, and nei-
ther TI nor SSTI phenomena are involved, so the resonance fre-
quency is not fixed, changing under different system conditions
and converter control algorithms [9]. If protective measures are
not considered, SSCI oscillations can build-up quickly, com-
pared with mechanical interactions, because they are a purely
control/electrical phenomenon [23], [25], [30].

SSI events have recently shown that control systems associ-
ated with DFIG wind turbines can present a negative resistance
to the grid under sub-synchronous conditions [1], [5], [7]. This
problem arises over a wide range of slip frequencies, and is pri-
marily caused by the fast action of the rotor current control loop,
which produces an effective increase in the rotor-side resistance;
because of the described physics of the rotating machines, this
is seen as a negative resistance from the stator perspective [1].
Therefore, it is not the traditional IGE phenomenon [6].

Full-converter wind turbines have not exhibited SSCI prob-
lems [1], [5], [25], because the GSC decouples the machine from
the sub-synchronous network resonances [31].

III. DFIG WIND FARM MODELING

In our study, the wind farm was represented by an aggre-
gated model, using the weighted average impedance method
[4], [11], [32]. This approach provides a reasonable approxima-
tion, and it is common practice in this kind of studies [2], [9],
[15], [24]. The DFIG model consists of the three-phase stator
and rotor windings (equations taken from [33]), the back-to-
back voltage-source converters [34], the power curve of the
wind turbine [35], and the mechanical drive-train system repre-
sented by a six-mass model [36], [37]. To calculate the eigen-
values in the modal analysis, an average dynamic model of the
voltage-source converters was considered [34]. The network
transmission lines were represented with electromagnetic tran-
sient models using equivalent 7 circuits [38]. The parameters of
the electrical network were extracted from [6]-[9], and shown
in Fig. 2.

Fig. 3 shows a block diagram of the considered DFIG con-
verter controllers, where we described both the inner current
control loops and the outer control loops (e.g., maximum power
point tracking (MPPT) technique, ac terminal voltage control,
and dc-link voltage regulation). The MPPT algorithm was
implemented through the current-mode control scheme, which
measures the rotor speed and uses the turbine power-speed
characteristic to obtain the optimal active power reference (see
further details in [39]). The terminal voltage was regulated by
the DFIG reactive current loop via a control with slope (or
droop control) [40], and the dc-link voltage was controlled
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Fig. 2. Portion of the series-compensated transmission system in the south of Texas that experienced sub-synchronous oscillations in October 2009.
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Fig. 3. DFIG vector control and place where the supplementary SSI damping control signals are added.

using the GSC active current loop. The control of the DFIG  decoupling terms [39], [41], [42], whereas the synchronization
currents was achieved through the classical vector control based was accomplished using the phase-locked loop presented in
on PI structures in the d-q reference frame with feed-forward [43] and [44].
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Fig. 4. Displacement of the eigenvalues when the gain of the rotor current control is varied, considering different cases of series compensation levels and wind
speeds. a) High wind speed (maximum generated power). b) Medium wind speed. ¢) Low wind speed (minimum generated power).

IV. DESCRIPTION OF THE SSI PHENOMENON

A. SSI Event in a DFIG Wind Farm and Case Study

In October 2009, in the southern ERCOT system (see left-side
plot in Fig. 2), an SSI incident was reported when, following
an N-1 contingency, a DFIG wind farm was radially connected
to a series-compensated line. The 345-kV Ajo-Nelson Sharpe
line was tripped after a single line-to-ground fault and, subse-
quently, the Zorillo wind farm became radially connected to the
Rio Hondo series-compensated line. Immediately after the line
outage, sub-synchronous growing currents and voltages were
recorded, and in a short period of time, damages occurred in
both series capacitor and wind turbine equipments [5].

To obtain a network configuration similar to the ERCOT
system where this SSI event took place, the circuit breakers
of the Ajo-Nelson Sharpe line were opened, due to a planned
outage or a contingency, leaving the wind farm radially con-
nected to the series-compensated line (see single-line diagram
in Fig. 2). This case study is used to analyze the SSI phenom-
enon and assess the proposed controllers.

B. SSI Phenomenon in DFIG Wind Farms

Eigenvalues and modal analysis tools are used to analyze and
understand the SSI phenomenon in DFIG wind farms connected
to series-compensated lines. The presented results correspond to
the case study in Fig. 2 with the Ajo-Nelson Sharpe line out of
service, and without the SSI damping control (base scenario).
The system eigenvalues are shown in Fig. 4(a), (b), and (c) for
high, medium, and low wind speeds, respectively. These fig-
ures show the movement of the eigenvalues when the gain of
the rotor current PI control, with the standard form G py (s) =
K(1+41/T;s), is varied from a low to a high value [arrows in
Fig. 4(a) mark the direction of the gain increase]. Each figure
presents three series compensation levels, namely: 20% (large
blue circle markers), 50% (red circle markers), and 80% (small

black circle markers). Using the participation factors, we iden-
tify the eigenvalues associated with the super- and sub-syn-
chronous modes, active and reactive power control loops, and
mechanical modes of the wind turbine [to avoid label overlap-
ping only indicated in Fig. 4(c)].

Studying the eigenvalue movement of Fig. 4, the following
remarks can be made. First, the main instability problem
is caused by the rotor current controller, which pushes the
sub-synchronous mode to the right-side plane when its control
gain is increased; this is a clear SSCI phenomenon. Second,
when the wind speed is reduced or the series compensation
level is increased, the sub-synchronous mode is destabilized,
loosing its damping due to the IGE phenomenon. Third, the
mechanical modes of the wind turbine are practically not af-
fected by the different parameter variations; therefore, at least
for this case study, TI and SSTI phenomena are not evidenced.
To summarize, the SSCI is the main cause of sub-synchronous
instability in DFIG wind farms connected to series-compen-
sated lines. There is also an overlapped IGE phenomenon,
which exacerbates the instability, but it does not seem to be the
dominant effect [23].

Some authors propose to diminish the rotor current control
gain to reduce the SSI effects; however, this can deteriorate the
DFIG control bandwidth and make it more difficult to fulfill the
fault-ride-through requirements of current grid codes [23]. In
the rest of the article, we prefer to enhance the DFIG control
with supplementary damping control signals to mitigate SSO
without diminishing the rotor current control gain.

V. SSI DAMPING CONTROL DESIGN

The dynamics of the system and wind farm can be repre-
sented by a set of differential equations, X = f (x,u) and y =
h (x, u), where x, y, and u are the state, output, and input vec-
tors of the system. The state vector consists of the dynamic
variables of the electrical and mechanical states of the DFIG
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wind turbine, vector control, converters, and equivalent elec-
trical network. To avoid communication time-delays, we de-
signed the SSI damping control by choosing the measurement
output vector, y = [iq i, ip ig]|”, consisting of the local
measurements of the d-q axis currents of the DFIG stator and
rotor windings, which were already measured by the standard
DFIG vector control.

In the analysis of the previous section, we observed that the
rotor current control loop, which manages the rotor voltages, has
a direct impact on the SSO damping. Therefore, these voltage
control inputs are expected to have a high controllability of the
sub-synchronous mode. The GSC reactive current can also be
considered to damp SSO (as in a STATCOM approach). On
the other hand, the GSC active current was discarded to damp
SSO because this control loop is used to regulate the dc-link
voltage. Consequently, we analyzed and compared two damping
approaches with different control input vectors: one of them,
Ugsc = LRs, Was added to the reactive current reference of the
GSC, and the other one, W, = [vps UQ_S]T, to the D-Q axis
rotor voltages (see Fig. 3).

Model reduction is often applied to obtain a lower order
model for the control design stage [45]. The following
state-space representation of the reduced system model was
obtained by using the balanced model truncation:

x, =A,x, + B,u 4)

Y= C,x, (5 )
where the vectorx,. € R™ %1 represents the internal states of the
reduced model, and n,. is the reduced model order. For details
of the reduction methodology, see [46] and [47].

A MIMO state-space approach was chosen for the control
design, so the control law was obtained by the state-feedback
controller u = —Kx,.. The control gain K € R™*" was
calculated based on an optimal quadratic technique (LQR) by
minimizing the cost function J = [ (y”Qy + u’Ru) d¢[48].
This approach takes advantage of the multi-variable nature of
the control system, and it is very simple to tune due to the phys-
ical interpretation of the design weighting matrices Q and R,
which were selected as a trade-off between the desired output
deviations (y) and the amount of control energy spent by the
actuators (u).

To implement the control law, the reduced states x,. are re-
quired, which do not have any physical meaning, and cannot
be measured. To overcome this limitation, the internal states X,.
were estimated from the measures y by means of a state ob-
server (or software sensor) [48] as follows:

%, = A%, +B,ut G(y - C.x.) (6)
where X, are the estimated states, and G € R™** is the ob-
server gain matrix. By defining the estimation errore = x, —X,.,
the error dynamics can be writtenas é = (A, — GC,.) e. Then,
the matrix G can be designed using the Kalman filter approach,
eigenvalue placement or optimal quadratic regulation; the latter
was used in our design [48]. A signal-conditioning and filtering
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stage was included in the control output to allow damping sig-
nals to act only on the frequency range of interest.

In the case study, we considered the reduced model order
n, = 11, the weighting matrices Q = [I2¥20.11°**], R, =
651°%2, and R,.. = 0.8 for the control law, and Q = 20 x
10317 *"» and R, = I*** for the observer design. A block di-
agram showing the structure of the proposed SSI damping con-
troller is presented at the top of Fig. 3.

VI. PERFORMANCE TESTING

Power system tests were performed using electromag-
netic transient models from SimPowerSystems blockset of
SIMULINK/MATLAB®. Nonlinear time-domain simulations
included a wide range of dynamic phenomena, from the wind
turbine mechanical system to power switching devices. On the
other hand, in the modal analysis, we calculated the eigenvalues
by writing the ordinary differential equations of each system
component in the MATHEMATICA® software package, and
the system eigenproperties were computed following the ex-
pressions given in [38].

A. Small-Signal Stability Analysis

Eigenvalue analysis was used to compare the performance
and robustness of three cases: 1) classical vector control [called
Base case, shown in Fig. 5(a)], 2) vector control plus the SSI
damping controller acting on the GSC control [Control-A case,
Fig. 5(b)], and 3) vector control plus the SSI damping controller
on the RSC [Control-B case, Fig. 5(c)]. Although series capac-
itor compensations are usually fixed, the compensation level
seen from the wind farm node can present some variations de-
pending on whether certain parallel lines are connected or not.
Fig. 5 shows the movement of the eigenvalues when the series
compensation level is fully varied from 1% to 100%, consid-
ering four wind speed scenarios. A yellow star marker indicates
the nominal 50% compensation level. An oscillating or unstable
behavior is observed in the Base case with a 50% compensation
level. In agreement with the previous analysis, in Fig. 5(a), a
damping degradation of the sub-synchronous mode is also seen
for lower wind speeds and higher compensation levels.

A good damping is obtained in the Control-A case around
the nominal series compensation level, but it loses performance
for high series compensation levels beyond the nominal point,
where the controller was tuned [see Fig. 5(b)]. Finally, the
Control-B case achieves a damping of the sub-synchronous
mode higher than the Control-A case. A better robustness
is also attained when the series compensation is moved far
from the nominal point of 50% compensation [see Fig. 5(c)].
Therefore, from the small-signal stability point of view, the
Control-B case presents a damping performance and robustness
higher than the Control-A case.

B. Large-Signal Stability Analysis

The transient response of the system was evaluated by
applying a 100-ms fault in the Ajo-Nelson Sharpe transmis-
sion line, followed by the line outage. We considered a 50%
compensation level of the Rio Hondo-Lon Hill line, and a
wind speed of 9.75 m/s. The under-study cases are shown in
Fig. 6, namely: Base case (first column in Fig. 6), Control-A
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Fig. 6. Performance comparison of the Base, Control-A, and Control-B cases, considering a 50% compensation level and wind speed of 9.75 m/s. Plots (al)-(a3):
Line active power, (b1)-(b3): series capacitor voltage amplitude, (c1)-(c3): active (thin blue line) and reactive (thick red line) power injected by the GSC, (d1)-(d3):

three-phase rotor voltages.

case (second column), and Control-B case (third column). In
general, the Control-B case has a better damping performance
than the Control-A case, but both controls can properly damp
the SSO. The supplementary damping control action of the
Control-A case causes significant reactive power excursion in
the GSC [see Fig. 6(c2)], but the current is limited to the rated
value. This excursion in the reactive power of the GSC is the

control input or control action used by the SSI damping control
to damp the SSO. This is a disadvantage of the Control-A case
against the Control-B case, as the last one uses less control
effort (i.e., it slightly modifies the rotor voltage amplitude)
[see Fig. 6(d3)] to accomplish the damping of the SSO. This
is because the rotor voltage control input has a controllability
index of the sub-synchronous mode higher than the reactive
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between the generator and gear-box stages.

current control input of the GSC. Therefore, the control action
to damp the SSO required by the GSC damping control is larger
than that for the RSC damping control. The higher effective-
ness of the RSC control loop over the GSC control loop can
be explained because it modifies the effective rotor resistance,
which directly impacts on the SSO damping.

A test to assess the SSI damping control performance under
different wind speed conditions is also presented. Nonlinear
time-domain simulation results comparing several electrical and
mechanical variables are shown in Fig. 7, where the same fault
of the previous test was applied. In the Base case, the SSI phe-
nomenon becomes more severe as the generated wind power
lowers. However, in the Control-B case, we see a damped re-
sponse for all wind speed conditions. Both electrical and me-
chanical variables increase their damping, which improves the
delivered power quality and system stability margin, and re-
duces the drive-train mechanical stress as well.

Finally, a test using a 75% compensation level was accom-
plished to evaluate the control performance under a higher se-
ries compensation level (see Fig. 8). The results show that high
damping and good robustness are achieved by the proposed
strategy for different power system operating conditions.

VII. CONCLUSIONS

Recent events showed that SSI are a potential threat for DFIG
wind farms particularly if, due to contingencies or planned out-
ages, these wind farms operate radially in a series-compensated
transmission system. To reduce the risk of SSI and enhance
the power system operation, we proposed a control strategy
which modifies the existing DFIG control systems by adding
supplementary damping control signals. In this way, the instal-
lation of additional damping devices, such as FACTS or by-
pass filters, are avoided, and a cheaper and quicker solution
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Fig. 8. Test using a 75% compensation level and wind speed of 9.75 m/s. Base
case (thin blue line) and Control-B case (thick red line). Plots (a): Line active
power, (b): a-phase line current, (c): a-phase rotor voltage, (d): generator and
gear-box speeds, (e€): torque between the generator and gear-box stages.

is achieved. Besides, the auxiliary damping control was inte-
grated to DFIG vector control maintaining the well-known PI
control structures, becoming more acceptable for system oper-
ators. Two SSI damping control approaches were analyzed and
compared; the first one acts on the GSC control loop, and the
second one uses the RSC control loop. Both controllers were
designed using a state-space methodology able to manage sev-
eral measurements and control inputs. The RSC damping con-
trol presented a higher damping performance, lower actuator
control effort, and better robustness against changes in the oper-
ating conditions compared with the GSC damping control. Due
to space limitations, we could not include further tests and data,
but the obtained results showed that encouraging SSO damping
improvements over a wide range of operating conditions can
be obtained when supplementary controls are integrated to the
classical DFIG vector controls.
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