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Mitigation of Subsynchronous Resonance
in a Series-Compensated Wind Farm
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Abstract—The rapid growth of wind power systems worldwide will likely see the integration of large wind farms with
electrical networks that are series compensated for ensuring
stable transmission of bulk power. This may potentially lead
to subsynchronous-resonance (SSR) issues. Although SSR is a
well-understood phenomenon that can be mitigated with flexible
ac transmission system (FACTS) devices, scant information is
available on the SSR problem in a series-compensated wind farm.
This paper reports the potential occurrence and mitigation of SSR
caused by an induction-generator (IG) effect as well as torsional
interactions, in a series-compensated wind farm. SSR suppression
is achieved as an additional advantage of FACTS controllers which
may already be installed in the power system for achieving other
objectives. In this study, a wind farm employing a self-excited
induction generator is connected to the grid through a series-compensated line. A static var compensator (SVC) with a simple
voltage regulator is first employed at the IG terminal in addition
to the fixed shunt capacitor for dynamic reactive power support.
The same SVC is shown to effectively damp SSR when equipped
with an SSR damping controller. Also, a thyristor-controlled
series capacitor (TCSC) that is actually installed to increase the
power transfer capability of the transmission line is also shown to
damp subsynchronous oscillations when provided with closed-loop
current control. While both FACTS controllers—the SVC and
TCSC—can effectively mitigate SSR, the performance of TCSC is
shown to be superior. Extensive simulations have been carried out
using EMTDC/PSCAD to validate the performance of SVC and
TCSC in damping SSR.
Index Terms—Flexible ac transmission systems (FACTS),
self-excited induction generator (SEIG), series compensation,
static VAR compensator (SVC), subsynchronous resonance (SSR),
thyristor-controlled series capacitor (TCSC), wind power systems.

I. INTRODUCTION
NVIRONMENTAL pollution and shortage of conventional fossil fuel are the two major concerns which have
led to the global emergence of wind energy as an effective
means of power production. Wind generating capacities have
increased from negligible levels in the early 1990s to more than
50 GW today [1], [2]. This shift to wind energy will inevitably
lead to large wind turbine generators (WTGs) being integrated
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into electric power grids. It will be further necessary to transmit
the generated power through transmission networks that can
sustain large power flows. It is well known that series compensation is an effective means of increasing power transfer
capability of an existing transmission network. However, series
compensation is shown to cause a highly detrimental phenomenon called subsynchronous resonance in electrical networks
[3], [4].
Flexible ac transmission systems (FACTS) can provide an
effective solution to alleviate SSR [5]–[9] and thyristor-based
FACTS controllers have been employed in the field for this purpose [10], [11]. Wind turbines are subject to mechanical modes
of vibrations related to turbine blades, shaft, gear train, tower,
etc. [12], [13]. In the case of wind turbine generators operating
radially on the end of a series-compensated transmission line,
there is the potential for induction-machine self-excitation SSR
[14], [15].
The main motivation behind this work is to utilize
thyristor-based FACTS devices for mitigation of SSR. The
FACTS devices may be already installed for achieving other
objectives and SSR damping function can be additionally included, or the FACTS devices can be exclusively connected for
mitigating SSR. For instance, an SVC may be already located
at the wind farm for dynamic reactive power support or for
other power-quality (PQ) improvement purposes. Similarly, a
TCSC may already be inserted in the transmission network to
increase the power transfer capability, and the large capacity
wind farm may now need to evacuate power through this
series-compensated network.
In this paper, both an SVC at the wind farm terminal and
a TCSC in series with the line are applied to damp subsynchronous oscillations. The SVC performance is examined with
both voltage controller and an auxiliary SSR damping controller
(SSRDC). The TCSC is equipped with a current controller. The
performance of SVC and TCSC in damping SSR is investigated
over a wide range of operating conditions.
The organization of the paper is as follows. The two mechanisms of SSR—induction generator (IG) and torsional interaction (TI) effects—are briefly described in Section II. Section III
outlines the study system configuration. Section IV proves the
potential occurrence of SSR both due to IG and TI effects in
a series-compensated wind farm. Section V covers the control
system design of the SVC and TCSC. The performance of the
SVC in mitigating SSR is shown in Section VI. The comparative
performance of SVC and TCSC in obviating SSR is presented
in Section VII. Finally, Section VIII concludes this paper.
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B. Torsional Interactions

R =
R =

Fig. 1. Equivalent circuit diagram of a generic induction machine.
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II. SUBSYNCHRONOUS RESONANCE
Subsynchronous resonance occurs in a power system network
when the mechanical system of the generator exchanges energy
with the electrical network [3], [4]. Series compensation in the
line results in excitation of subsynchronous currents at an electrical frequency given by

This form of self excitation involves both electrical and mechanical dynamics. This may occur when the electrical resonant
frequency is near the complement of a torsional resonant freof the turbine-generator (TG) shaft system [3], [4].
quency
The torques at rotor torsional frequencies may then get amplified and potentially lead to shaft failure.
C. Transient SSR
Transient SSR generally refers to transient torques on segments of the
shaft resulting from subsynchronous oscillating currents in the network caused by faults or switching operations. This usually occurs when the complement of the electrical network resonant frequency gets closely aligned with one
of the torsional natural frequencies.
III. SYSTEM CONFIGURATION
A. Choice of the System Parameters

(1)
where is the reactance of the series capacitor,
is the reactance of the line including that of the generator and transformer,
and is the nominal frequency of the power system.
These currents result in rotor torques and currents at the comas
plementary frequency
(2)
These rotor currents result in subsynchronous armature voltage
components which may enhance subsynchronous armature currents to produce SSR. There are two aspects of the SSR.
1) Self excitation involving both an induction generator effect
and torsional interaction.
2) Transient torque (also called transient SSR).
A. Induction Generator Effect
Self-excitation of the electrical system alone is caused by the
induction generator effect. This can be explained in the case
of a wind farm comprising self-excited induction generators
(SEIGs) from the generic equivalent circuit of an SEIG drawn
in Fig. 1. As the rotating mmf produced by the subsynchronous
frequency armature currents moves at speed , which is slower
than the speed of the rotor , the resistance of the rotor (at the
subsynchronous frequency viewed from the armature terminals)
is negative, as the slip “ ” of the induction generator is negative. This is clear from the equivalent circuit shown in Fig. 1
(3)
When the magnitude of this resistance exceeds the sum of the
armature and network resistances at a resonant frequency, there
will be self-excitation, and the subsynchronous electrical current will tend to increase rapidly.

Wind farms with tens or even hundreds of similar wind turbine generators (WTGs) have been erected, leading to largescale wind power projects [1]. The choice of the study systems
in this paper is based on the rating of wind farms functioning in
Ontario, Canada, as well as the wind farms operational worldwide. In Ontario, 100-MW capacity wind farms are already in
service, for instance, the Kings Bridge North II Wind Farm near
Goderich and the Erie Shore Wind Farm at Port Burwell.
In the U.S., the King Mountain Wind Range in Upton County,
TX, consists of 214 wind turbines of 1.3 MW each leading to
a capacity of 278.2 MW [21]. Moreover, several alternatives of
integrating 500 MW to 1000 MW conventional induction wind
generations are being investigated into the Dakotas transmission system, for export to the Twin Cities, Wisconsin, Iowa,
and Illinois [14]. In [20], a conventional synchronous generator is replaced with an equivalent 500-MVA rating wind turbine. Based on these practical systems, the system studies in
this paper are conducted for a wind farm having a power output
varying from 100 to 500 MW. Most studies are reported for a
realistic wind power generation of 100 MW. Since a majority of
existing WTGs are based on SEIGs [1], the studies in this paper
are conducted with SEIG-based WTGs.
B. Actual Study System
The transmission network of the study system is derived essentially from the IEEE first benchmark model of SSR studies
[16]. There are two separate systems which have been investigated. First of all, a set of coherent induction generators is connected to grid through a fixed series-compensated line which is
depicted in Fig. 2. An appropriately large number of 1000-hp
self-excited double-cage IGs [18] are assumed to be connected
together in the wind farm to provide a net power output which
can vary from 100 to 500 MW. As IGs do not have an internal
excitation system, additional reactive support is needed to operate the IGs with a power factor in the range of 0.98–0.99 lagging [14]. Two study systems are considered. In Study System
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Fig. 2. Study System 1: WTG shunt compensated with SVC.

Fig. 3. Study System 2: WTG with the transmission line compensated by a
TCSC.

1, an SVC is connected at the IG terminal for dynamic reactive
power support.
In Study System 2, SVC is not considered. Instead, the series
is replaced with a TCSC as shown in Fig. 3. The
capacitor
capacitive reactance of the TCSC is the same as variable line
series compensation. The detailed data for both study systems
are presented in Appendix A.
IV. SSR IN A SERIES-COMPENSATED WIND FARM
In this section, both the IG self excitation and torsional interaction effects are studied in the Study System 1 depicted in
Fig. 2. The system is first modified to remove the SVC so that the
possibility of SSR can be examined in a non-FACTS-equipped
series-compensated wind farm. A three-phase-to-ground fault is
implemented to study the potential of self excitation and transient torque SSR. The power-flow studies are conducted using
the DSA Power Tools software [17] and the electromagnetic
time-domain simulations are performed with PSCAD/EMTDC
software [18].
A. IG Self-Excitation Effect
The torsional system of the WTG is disabled in this investigation. Studies reported in this section show that there are two
factors which influence the self-excitation phenomenon of an
induction generator. These are:
• power output of the WTG;
• level of series compensation.
These factors are addressed separately.
1) Variation in Wind Generator Power Output: The electromagnetic torque is obtained for WTG power outputs of 100,
200, 300, and 500 MW to examine the onset of IG self-excitation. The results are depicted in Fig. 4. It is observed that
for a power transfer “P” of 100 MW, the IG self-excitation effect is not so prominent even with a series compensation level
%. Oscillations are visible in the electromagnetic torque
but they decay with time. However, as the power transfer level
is increased to 300 MW, oscillations of high magnitude appear
in the electromagnetic torque. When the power transfer level
reaches 500 MW, the oscillations start growing and eventually
make the system unstable. At this high power level, the IG operates at a much higher speed over the synchronous speed. This in-

Fig. 4. Electromagnetic torque for different WTG power outputs and same series compensation level.

creased power transfer makes the apparent negative rotor resistance exceed the sum of total armature and network resistance,
thus giving rise to subsynchronous oscillations. The dominant
electrical mode “ ” in this case is 20.54 Hz.
For each power-flow level, if the line resistance decreases,
these oscillations become larger and continue for a longer duration which is expected of IG self-excitation oscillations. However, the line resistance reduction is not a realistic option and is
hence not reported here.
2) Variation in Levels of Series Compensation: Next, the series compensation level is varied for 500-MW generator power

1648

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 23, NO. 3, JULY 2008

both of these natural frequencies. Hence, Mass 1 models the
combined tower and wind turbine mechanical system and Mass
2 represents the inertia of the generator.
In this case, varying levels of power flow as well as series
compensation are considered to verify the existence of the torsional interactions.
1) Variation in Wind Generator Power Output: The WTG
power output is varied with a very high level of series compensation of 90%. Fig. 6 depicts both the electromagnetic torque
and mechanical torque between mass 1 and mass 2,
, for
varying levels of power flow of 50, 70, and 100 MW. It is observed that even at 70 MW power flow, the system becomes unand
.
stable with growing oscillations visible both in
2) Variation in Levels of Series Compensation: The mechanbetween Mass 1 and Mass 2 and electromagical torque
netic torque
of the WTG are depicted for varying levels of
series compensations of 50%, 65%, at 100 MW power flow in
Fig. 7. The results for 90% are already displayed in Fig. 6. It
is observed that with increasing series compensation levels, the
oscillations due to torsional interaction also get enhanced by
making the system eventually unstable even at realistic levels
of compensation of 65% [3]–[5], [19]. In each case, the electromagnetic torque signal displays both the torsional mode and
subsynchronous electrical mode oscillations superimposed on
it.
V. CONTROLLER DESIGN OF SVC AND TCSC
A. Controller Design of SVC

Fig. 5. Electromagnetic torque for different series compensation and the same
power-flow level.

output. The electromagnetic torque is depicted for 50%, 60%,
and 80% line compensation in Fig. 5 while that for 90% compensation is already illustrated in Fig. 4. It is observed that with
increasing series compensation levels, the oscillations due to IG
self excitation get enhanced, making the system eventually unstable. The electrical frequency in the electromagnetic torque
increases according to (1) and, consequently, the rotor torque
decreases as in (2).
frequency
B. Torsional Interactions
A very high level of series compensation is typically needed
as indicated by (1) and (2) to generate a rotor torque at a frequency in the close vicinity of the resonant frequency of the
wind turbine mechanical system (comprising rotor blades and
gear train). There are, in fact, two typical resonant frequencies
[12], [13].
1) 1.1 Hz corresponding to the tower sideways oscillations.
2) 2.5 Hz relating to mechanical systems.
A two-mass torsional system model is added to the IG model
in PSCAD [18]. Since both the frequencies are very close, only
one torsional frequency is considered to represent the effect of

In Study System 1, the SVC is mainly used to regulate
the wind farm bus voltage during disturbances in the system.
An auxiliary subsynchronous resonance damping controller
(SSRDC) is designed and added suitably to enhance the torsional-mode damping of the system. The general configuration
of an SVC with its voltage regulator and auxiliary controller is
shown in Fig. 8.
In this study, the voltage regulator is a simple PI controller
whose proportional gain is set to zero. The integral gain is selected by a systematic hit-and-trial method using time-domain
, which results in a fast rise
simulation [18] to give the best
time and minimal settling time with acceptable overshoot (10%)
in generator terminal voltage in response to a step change in the
. The auxiliary controller
can take
reference voltage
different structures depending on which control design technique is being employed [19]. The structure of the auxiliary subsynchronous damping controller (SSRDC) is shown in Fig. 9
where Sig represents the incremental value of the auxiliary
signal or the feedback signal. The different signals generally
considered as input to the auxiliary controller are line real power
flow, line current magnitude, bus frequency, bus voltage magnitude, etc. [6]. In this paper, the wind turbine generator speed
has been used as an auxiliary signal to damp
deviation
the unstable modes.
The SSRDC comprises a simple proportional controller
through a washout circuit. The purpose of washout circuit is to
prevent the auxiliary controller from responding to steady-state
power flow. The proportional gain of SSRDC is determined
from a systematic hit and trial using the nonlinear time-domain

VARMA et al.: MITIGATION OF SSR IN A SERIES-COMPENSATED WIND FARM

1649

Fig. 6. Mechanical torque between mass 1 and mass 2 (T ) and electromagnetic torque T for different power transfer levels at same series compensation.

simulation using PSCAD software to result in fastest settling
time. The output of the SSRDC is then fed to the SVC voltage
regulator as shown in Fig. 9.
B. Controller Design of TCSC
The TCSC increases the power transfer capability of a transmission network in addition to several other functions [5], [6]. It
provides a rapid, continuous control of the transmission-line series compensation level thus dynamically controlling the power
flow in the line.
In Study System 2, the TCSC is assumed to be primarily employed in the network for controlling line reactance and thereby
the power flow. The SSR damping function is added through
constant current control for this study. It is reported [9] that
a TCSC operating at fundamental frequency offers a pure capacitive reactance to increase the power transfer capability of
the network. On the other hand, the same TCSC offers resistive and inductive impedance at subsynchronous frequencies
which assists in damping subsynchronous modes. The resistive impedance of the TCSC increases with the increased boost

factor which is the ratio of the capacitive reactance offered by
the TCSC and the total line reactance.
The general configuration of a TCSC will be shown next
(Fig. 10). For this configuration, the equivalent TCSC reactance
is computed per the following equation:

(4)
where
the angle of advance (before the forward voltage
is the firing angle of the thyristors.
becomes zero)
It is noted from (4) that a parallel resonance is created between
and
at the fundamental frequency, corresponding to the
, given by
values of firing angle
(5)
The different resonances can be reduced to only one by proper
choice of
in the range 90
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Fig. 7. Mechanical torque between mass 1 and 2 (T ) and electromagnetic torque T for different series compensation and same power flow; f = 0.8 Hz.

Fig. 11. TCSC constant current controller.
Fig. 8. Generalized SVC auxiliary control.

Fig. 9. Structure of SVC subsynchronous resonance damping controller
(SSRDC).

Here,
is the prefault or precontingency current calculated
from EMTDC/PSCAD line-current phasor. The main current
controller is a PI controller. The parameters of this controller are
also adjusted systematically through electromagnetic transient
simulation studies by systematic hit-trial to obtain the minimum
settling time or fastest damping.
VI. PERFORMANCE OF SVC IN THE MITIGATION OF SSR
Having demonstrated before that the SSR phenomenon can
potentially exist in the series-compensated wind farms, the
damping of subsynchronous oscillations (SSO) through SVC
control is now considered in this section.
A. Damping of IG Effect

Fig. 10. General configuration of a TCSC.

. As
is known,
can be calculated once a
proper value of is chosen to ensure a single resonant peak.
Once the
and
values of the TCSC are computed, a
closed-loop current control scheme is employed for the proposed application. The functional block diagram of TCSC is depicted in Fig. 11.

The performance of the SVC in alleviating the IG effect is
evaluated at the worst possible operating point of 500-MW
power transfer and 90% series compensation level. Fig. 12 depicts signals below with and without the SVC voltage regulator:
;
• electromagnetic torque of the generator
;
• generator rotor speed
;
• generator terminal voltage
.
• SVC reactive power
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Fig. 13. Performance of SVC in damping SSO due to the TI effect.

• mechanical torque between Mass 1 and Mass 2
;
• generator rotor speed
;
.
• SVC reactive power
The impact of the SVC voltage regulator and SSRDC is displayed in Fig. 13. It is observed that the SVC voltage regulator
damps the SSO due to the TI effect. Moreover, the damping is
substantially enhanced by SSRDC of the SVC.

Fig. 12. Performance of SVC in damping SSO due to the IG effect.

B. Damping of TI Effect
Torsional interactions become prominent at a power transfer
level of 100 MW. As a result, the damping performance of SVC
with respect to the TI effect is shown at 100-MW power flow and
90% series compensation. The signals reporting to demonstrate
the damping performance of SVC are:

VII. PERFORMANCE OF TCSC IN THE MITIGATION
OF SSR AND COMPARISON WITH SVC
Intuitively, a series device can directly influence the line
impedance of a network unlike a shunt device which always
imparts a reactance in parallel with the network. As mentioned
in Section V, increasing the TCSC series compensation offers
a more resistive and inductive impedance at subsynchronous
frequencies. Since TCSC is a series device, more resistance
will directly add on to the line impedance improving the system
damping. From these two factors, TCSC is expected to be more
effective in damping SSR both due to torsional interactions and
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Fig. 15. Performance comparison of SVC and TCSC in damping TI.

Fig. 14. Performance comparison of the SVC and TCSC in damping SSO due
to the IG effect.
Fig. 16. Variation of TCSC reactance in damping of the SSO.

IG effects. The following figures compare the performance of
the TCSC and SVC in damping the IG and TI effects. In case
of torsional interactions, TCSC closed-loop current control
performs even better than the SSRDC of the SVC.
A. Damping of the IG Effect
In this case, the damping performance of the TCSC is shown
for the worst possible operating condition of 500-MW power
flow and 90% series compensation. The signals utilized for examining the damping performance of TCSC are:
;
• electromagnetic torque of the generator
;
• generator rotor speed
.
• generator terminal voltage
These signals are depicted in Fig. 14 for the cases—without
any FACTS device, with an SVC voltage regulator (VR), and
with the TCSC current controller (CC).
The performance of TCSC is clearly superior in damping
SSO due to the IG effect for the case of 90% series
compensation.

B. Damping for TI Effect
Finally, the damping of TCSC in mitigating torsional interaction is investigated. The signals examined are:
;
• mechanical torque between Mass 1 and Mass 2
;
• generator rotor speed
.
• TCSC reactance
The first two signals are plotted in Fig. 15 for the
cases—without any FACTS device, with SVC–SSRDC,
and with TCSC–CC. Even though the SVC auxiliary controller
for SSR (SSRDC) improves the damping of the mechanical
torque between Mass 1 and Mass 2, the TCSC closed-loop
control provides much faster damping. The variation of TCSC
reactance in damping SSO is depicted in Fig. 16.
VIII. CONCLUSION
With the rapid growth of wind power penetration into the
power system grid, wind farms will likely be evacuating bulk

VARMA et al.: MITIGATION OF SSR IN A SERIES-COMPENSATED WIND FARM

power through series-compensated networks. This will render
the power system vulnerable to SSR. In this paper, two thyristorbased FACTS devices—SVC and TCSC—are applied to damp
SSR in this type of series-compensated wind farm. The following conclusions are drawn from extensive electromagnetic
transient simulation studies over widely varying levels of power
flow and series compensation.
• SSR is a potential threat in series-compensated wind farms
even at realistic levels of series compensation and practical
levels of power flow.
• SVC and TCSC are both effective in damping subsynchronous oscillations due to torsional interaction as well as
induction generator effects, when the system is subjected
to a severe fault.
• SVC–SSRDC provides improved damping of the torsional
interactions compared to a pure SVC voltage regulator.
• TCSC current control is better than SVC in mitigating SSR
even when the SVC is equipped with the SSRDC.
In this paper, the possibility of SSR occurrence is studied
with self-excited induction generators (SEIG)-based wind
farms. Studies are presently being conducted to investigate
the SSR potential with WTGs based on doubly fed induction
generators (DFIG) and ac-dc-ac converter-based synchronous
generators.
APPENDIX A
SELF-EXCITED DOUBLE-CAGE INDUCTION
GENERATOR (SEIG) [18] DATA
Power rating
1000 hp;
26.0 kV;
0.015
p.u.;
0.091 p.u;
0.0507 p.u.;
0.0095
0.0 p.u.;
0.0539 p.u.; and
p.u.;
0.1418;
0.5. Higher generator power output is obtained
by choosing an appropriate number of machines acting coherently.
APPENDIX B
TORSIONAL SYSTEM DATA
Power
p.u.

MW;

p.u.;

p.u.;

APPENDIX C
SVC DATA
100-MW power transfer

500-MW power transfer

Voltage regulator
SSR damping controller
s.
%.
SVC slope

.
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APPENDIX D
TCSC DATA
percentage series compensation
% % %
is calculated from (5) to avoid multiple resonances in TCSC reactance-firing angle characteristics.
.
TCSC current controller
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