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Abstract—This paper deals with subsynchronous resonance
(SSR) phenomena in a capacitive series-compensated DFIG-based
wind farm. Using both modal analysis and time-domain simula-
tion, it is shown that the DFIG wind farm is potentially unstable
due to the SSR mode. In order to damp the SSR, the rotor-side
converter (RSC) and grid-side converter (GSC) controllers of the
DFIG are utilized. The objective is to design a simple proportional
SSR damping controller (SSRDC) by properly choosing an opti-
mum input control signal (ICS) to the SSRDC block, so that the
SSR mode becomes stable without decreasing or destabilizing the
other system modes. Moreover, an optimum point within the RSC
and GSC controllers to insert the SSRDC is identified. Three dif-
ferent signals are tested as potential ICSs including rotor speed,
line real power, and voltage across the series capacitor, and an opti-
mum ICS is identified using residue-based analysis and root-locus
method. Moreover, two methods are discussed in order to esti-
mate the optimum ICS, without measuring it directly. The studied
power system is a 100 MW DFIG-based wind farm connected
to a series-compensated line whose parameters are taken from
the IEEE first benchmark model (FBM) for computer simulation
of the SSR. MATLAB/Simulink is used as a tool for modeling
and designing the SSRDC, and power system computer aided
design/electromagnetic transients including dc (PSCAD/EMTDC)
is used to perform time-domain simulation for design process
validation.

Index Terms—Doubly fed induction generator (DFIG), eigen-
value analysis, subsynchronous resonance (SSR), sustainable
energy, wind power.

I. INTRODUCTION

D UE to the recent rapid penetration of wind power into the
power systems, some countries in central Europe, e.g.,

Germany, have ran out of suitable sites for onshore wind power
projects, due to the high population density in these countries
[1]–[4]. Moreover, it has been found that the offshore wind
power resources are much larger than onshore wind power
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sources [2], [4]. Therefore, offshore wind farms have a great
potential as large-scale sustainable electric energy resources
[5]. One promising solution for offshore wind farm is that
of doubly fed induction generator (DFIG), which has gained
recent attention of the electric power industry [6]–[9].

Because of their larger size and breadth, offshore wind farms
require higher voltage and more robust transmission schemes to
achieve adequate efficiency [4], [10]. The transmission system
options to transmit the wind power to the shore are high-voltage
ac (HVAC) or high-voltage dc (HVDC) [11]–[15]. Studies
show that transmitting the offshore wind power through less-
expensive HVAC is technically feasible for distances larger than
250 km, if series-capacitive compensation is provided for the
transmission line [4].

However, a factor hindering the extensive use of series-
capacitive compensation is the potential risk of subsynchronous
resonance (SSR) [16]–[22]. The SSR is a condition where the
wind farm exchanges energy with the electric network, to which
it is connected, at one or more natural frequencies of the elec-
tric or mechanical part of the combined system, comprising the
wind farm and the network, and the frequency of the exchanged
energy is below the fundamental frequency of the system. This
phenomenon may cause severe damage in the wind farm, if not
prevented [22]–[24].

In order to address the SSR problem in DFIG-based wind
farm, this paper studies SSR damping in DFIG-based wind
farms by designing an SSRDC using residue-based analysis and
root-locus diagrams. Three signals are tested as ICS including
rotor speed, transmission line real power, and voltage across
the series capacitor, and the optimum ICS is identified using
both residue-based analysis and root-locus method. Moreover,
several possible points of the rotor-side converter (RSC) and
grid-side converter (GSC) controllers of the DFIG wind farm,
where the SSRDC can be introduced, are studied and the
optimum points are identified.

The SSR damping using DFIG-based wind farms has also
been studied by Fan and Miao in [25]. Their goal is to design
an auxiliary SSRDC for the GSC controllers using eigen-
value analysis method in order to increase the stability of both
subsynchronous and supersynchronous (SupSR) modes. Only
averaged converter models are used for validation. The novel
contribution of the current work over [25] can be summarized
as follows.
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1) All different points of the RSC and GSC are tested in
order to find the optimal point to insert the SSRDC.

2) The discussions presented based on small-signal stability
and eigenvalue analysis in MATLAB/Simulink are val-
idated using detailed time-domain simulations in power
system computer aided design/ electromagnetic tran-
sients including dc (PSCAD/EMTDC), including con-
verter switching models.

3) Using both eigenvalue analysis and time-domain simu-
lations, it is shown why the RSC cannot be used as a
potential insertion point for the SSRDC.

4) It is shown that the improper selection of the input control
signal (ICS) to the SSRDC may not only result in unstable
SupSR mode but also can make other system modes, such
as electromechanical and shaft modes, unstable.

5) Two methods are discussed to derive the optimal ICS to
the SSRDC, and the methods are validated using time-
domain simulations.

This paper is organized as follows. In Section II, the stud-
ied power system and its small-signal stability modeling is
briefly described. In Section III, the SSR phenomenon in fixed
series-compensated DFIG is briefly presented. In this section,
time-domain simulation in PSCAD/EMTDC is also presented
to verify the eigenvalue analysis. In Section IV, the RSC and
GSC controllers of DFIG used in this paper are described. In
Section V, an SSRDC is designed using residue-based and root-
locus methods. Using these two methods, the optimum point
within the DFIG converter where to insert the SSRDC and opti-
mum ICS to the SSRDC are identified. The optimum converter
and ICS should enable the SSRDC to damp the SSR mode
using a simple proportional gain, without destabilizing other
system modes. The proportional controller is chosen, over other
options, such as lead-lag compensators and state compensators,
for its simplicity and for the fact that the root-locus method
can be used for determining the proportional gain value. More
complex compensators have a larger number of parameters and
tend to require trial-and-error parameter tuning, which is time-
consuming and undesirable. In Section VI, the effectiveness
of the SSRDC design process is validated using time-domain
simulations in PSCAD/EMTDC. In Section VII, two methods
are discussed to locally estimate the ICS. Finally, Section VII
concludes this work.

II. POWER SYSTEM DESCRIPTION

The studied power system, shown in Fig. 1, is adapted from
the IEEE first benchmark model (FBM) for SSR studies [22].
In this system, a 100-MW DFIG-based offshore wind farm is
connected to the infinite bus via a 161-kV series-compensated
transmission line [26], [27]. The 100-MW wind farm is an
aggregated model of 50 wind turbine units, where each unit
has a power rating of 2 MW. In fact, a 2-MW wind turbine
is scaled-up to represent the 100-MW wind farm. This simpli-
fication is supported by several studies [12], [28] showing that
an aggregated wind farm model is adequate for power system
dynamics studies.

The differential equations for eigenvalue analysis are obtai-
ned directly using the parameters of the system. Detailed modal

Fig. 1. One line diagram of the studied power system. RL, transmission line
resistance; XL, transmission line reactance; XT , transformer reactance; Xsys,
system impedance; XC , fixed series capacitor; Xtg , transformer reactance in
GSC; Vs, generator’s terminal voltage; iL, line current; ig , GSC current; is,
stator current; and ir , rotor current [2], [22].

analysis of the power system modes have been described in the
authors’ previous research in [29] and [30]. A sixth-order model
is used to represent the induction generator (IG) stator and rotor
current dynamics, whereas a third-order model is used to repre-
sent the shaft system. The high-frequency switching dynamics
of the GSC and RSC are neglected in the dynamic modeling
process, but both the inner and the outer control loops of RSC
and the GSC are modeled in this paper. The dynamics of the
dc link between RSC and GSC are also considered, which is
represented by first-order differential equations. Additionally,
a fourth-order model is considered for the series-compensated
transmission line. Thus, the complete system model is of 22nd
order.

III. SSR ANALYSIS IN SERIES-COMPENSATED DFIG

A series-compensated power system with a compensation
level defined as K = XC∑

X excites subsynchronous currents at
a frequency given by [21]

fn = fs

√
XC∑
X

(1)

where
∑

X is the entire reactance seen from infinite bus, fn
is the natural frequency of the electric system, and fs is the
fundamental frequency of the system.

At this frequency, the slip, given by (2), becomes negative
since the natural resonance frequency fn is less than the elec-
trical frequency corresponding to the generator rotor speed fr

S =
fn − fr

fn
. (2)

If the magnitude of the equivalent rotor resistance, i.e.,
Rr

S < 0, exceeds the sum of the resistances of the armature and
the network, there will be an equivalent negative resistance at
the subsynchronous frequency, and the subsynchronous current
would increase with time. This phenomenon is called induction
generator effect (IGE) [21] and only involves rotor electrical
dynamics [21].

A. System Modes and Participation Factor

Table I shows the eigenvalues of the system when the wind
speed is 7 m/s and the compensation level is 55%. In Table I,
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TABLE I
EIGENVALUES OF THE SYSTEM AT 55% SERIES COMPENSATION

AND 7 m/s WIND SPEED

TABLE II
PARTICIPATION FACTORS AT 55% SERIES COMPENSATION

AND 7 m/s WIND SPEED

eigenvalues λ13 to λ22 represent nonoscillatory stable modes.
Furthermore, complex conjugate eigenvalues λ11,12 are related
to the PI regulators.

Participation factor is a measure of the relative participation
of jth state variable in the ith mode of the system. The mag-
nitude of the normalized participation factors for an eigenvalue
λi is defined as [31]

Pji =
|Φji||Ψij |

n∑
k=1

|Φki||Ψik|
(3)

where Pji is the participation factor, n is the number of modes
or state variables, Φ is the right eigenvector, and Ψ is the left
eigenvector.

Table II shows the participation factors of the system modes
of interest when the wind speed is 7 m/s and the compensation
level is 55%. In this table, larger participation factors in each
column are bold. By looking at this table, one can readily find
the participation of each state variable in system modes. Based
on Table II and using participation factors related to λ9,10, one
can see that this mode is associated primarily to the q-axis stator
current iqs, the q-axis rotor current idr, and the dc-link voltage
vdc.

Through examination of participation factor analysis and the
actual frequencies of the system modes, λ5,6 and λ7,8 are iden-
tified to be the electro-mechanical mode and the shaft mode,
respectively. Eigenvalues λ1,2 with the oscillating frequency
20.46 Hz and λ3,4 with the oscillating frequency 98.74 Hz are
the SSR and SupSR modes, respectively. Table I also shows that
the SSR mode at 55% compensation and 7 m/s wind speed is
unstable, as the real part of this mode is positive.

Fig. 2. Transmission line real power PL at 55% compensation level and 7 m/s
wind speed.

Fig. 3. Wind power P̄ω (p.u.), wind turbine shaft speed ω̄m (p.u.), and wind
speed Vω (m/s) relationship.

B. Time-Domain Simulation

In order to confirm the eigenvalue analysis provided in
Table I, time-domain simulation is also presented. Fig. 2 shows
real power of the transmission line when the series compen-
sation is 55% and the wind speed is 7 m/s. Note that in the
given simulation result, the system is first started with a series
compensation level, i.e., 50% at which the wind farm is sta-
ble, and then at t = 0.5 s, the compensation level is changed.
As this figure shows, as we expected from Table I, the system
is unstable, and the oscillating frequency is about 20.45 Hz,
which matches well with what is calculated in Table I using
modal analysis ( 128.55452π = 20.46 Hz).

IV. DFIG CONVERTER CONTROLLERS

In order to achieve high efficiency in the DFIG wind farm,
the maximum power point tracking (MPPT) is used [32]. Fig. 3
shows the wind power versus wind turbine shaft speed in per
unit for various wind speeds with the indication of MPPT curve.
To enforce operation on the MPPT curve, for a given wind
speed Vω, the optimum reference power and optimum rota-
tional speed are obtained. The GSC and RSC are designed to
enable the DFIG to work on the MPPT curve. Figs. 4 and 5
show the block diagrams of the two controllers, respectively. In
this paper, the RSC controller is responsible for regulating the
electric torque Te and stator reactive power Qs. Moreover, the
GSC is responsible for controlling the dc-link voltage Vdc and
the IG terminal voltage Vs.
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Fig. 4. RSC controllers.

Fig. 5. GSC controllers.

The SSR damping is achieved using an additional SSRDC
on either the GSC or RSC, operating on a single ICS as illus-
trated in Figs. 4 and 5. The SSRDC block is represented in
Fig. 6, which is based on proportional gain KSSR and washout
filter. The value of the KSSR for each ICS is obtained using
root-locus method, such that 6% damping ratio is obtained for
the SSR mode. The 6% damping ratio is chosen arbitrarily, but
the procedure can be used for any desired value of damping
ratio. Moreover, a washout filter, which is a high-pass filter,
is included in the SSRDC block to eliminate the effect of the
SSRDC on the steady-state operating condition. Usually, the
value of the washout filter time constant Tw is chosen to be
between 5 and 10 s. In this paper, Tw = 5 s. [31].

There are a variety of options for the ICS, as shown in Figs. 4
and 5. In this paper, rotor speed ωr, transmission line real
power PL, and voltage across the series compensation VC are
examined, and the optimum ICS is identified with the help of
residue-based analysis and root-locus diagrams, as explained in
the next section.

Fig. 6. SSRDC block diagram.

V. ICS AND CONVERTER SELECTION FOR SSRDC
DESIGN

In this section, using residue-based analysis and root-locus
method, an optimum ICS to the SSRDC is introduced. The
optimum ICS should enable the SSRDC to damp the SSR with-
out decreasing or destabilizing the other system modes. The
SSRDC can be inserted at different points of the RSC and
GSC controllers, identified as ARSC–FRSC and AGSC–FGSC

in Figs. 4 and 5. These insertion points are examined to find out
where the SSRDC could be introduced.

A. Residue-Based Analysis for Identification of Optimum ICS

The state-space model and transfer function of a single-input
single-output are defined as [31]

Ẋ = AX +BU (4)

Y = CX (5)

where A, B, and C are the state matrix, the control matrix, and
the output matrix, respectively.

The transfer function G(s) can be factored as given in (6)

G(s) = C(SI −A)−1B =
Y (s)

U(s)
=

n∑
i=1

Ri

s− λi
(6)

where λ1 . . . λn are the n eigenvalues and R1 . . . Rn are the
corresponding residues.

For a complex eigenvalue λi, the residue Ri is also a complex
number and can be expressed as [31]

Ri = CΦiΨiB (7)

where Φi and Ψi are right and left eigenvectors, respectively.
The residue can be considered as a vector having a cer-

tain direction. If the magnitude of the residue is large enough,
then a smaller gain is needed for the feedback control sys-
tem. Furthermore, the angle of the residue could determine the
location of the closed-loop pole in root-locus diagram.

B. Analysis of Rotor Speed (ωr) as ICS

Table III shows the residues of the SSR, SupSR, electro-
mechanical, and shaft modes when ωr is used as ICS
and SSRDC is implemented at different points of the RSC and
GSC controllers, identified in Figs. 4 and 5 as ARSC–FRSC and
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TABLE III
RESIDUE OF THE SSR AND SUPSR, ELECTRO-MECHANICAL, AND SHAFT MODES AT Vω = 7 m/s AND K = 55%: ωr AS ICS

Fig. 7. Root-locus diagram with ωr as ICS with SSRDC implemented: (a) in GSC controller at point AGSC and (b) in RSC controller at point FRSC.

AGSC–FGSC, respectively. From this table, it is observed that
with the SSRDC implemented at points ARSC, BRSC, DRSC,
or AGSC, a very large gain is needed to move the SSR mode
from the right-half plane (RHP) to the left-half plane (LHP),
since the magnitude of the SSR residues for these points is very
small. Moreover, due to the opposing directions of these modes,
at high gain, the stability of other system modes may decrease
or even destabilize the system.

These shortcomings are visualized using root-locus dia-
gram shown in Fig. 7(a), where SSRDC with ωr as ICS is
implemented at point AGSC. Note that × and + signs in the
root-locus diagrams shown in this paper indicate the open-loop
and closed-loop system poles, respectively. As seen in Fig. 7(a),
a very large SSR gain, i.e., KSSR = 10e4, can yield the desired
6% damping ratio for the SSR mode; however, the SupSR mode
becomes unstable for this gain. Therefore, this signal cannot be
used as ICS at points ARSC, BRSC, DRSC, or AGSC.

Using ωr as the ICS and placing the controller at the remain-
ing points, the smaller gain necessary to stabilize the SSR mode
still causes destabilization of the non-SSR modes. This occurs
because the residues of the SSR mode do not have the same
polarity as the residues of the other modes, as should be clear
from Table III. For example, at point CRSC, the residue of the
SSR mode has opposite polarity compared to all residues of

the other modes given in Table III. Conversely, when taking
FRSC as the control point, stabilizing the SSR mode will result
in decreasing the stability of the SupSR mode and the electro-
mechanical mode. The root locus for this control point, shown
in Fig. 7(b), shows that as the SSR mode moves to the left and
becomes stable, the SupSR and the electro-mechanical modes
move to the right. In particular, the electro-mechanical mode
becomes unstable first, whereas the SupSR mode moves only
by a small amount. This was to be expected given the larger
amplitude of the electro-mechanical mode residue (4.5029)
compared to the SupSR mode residue (0.0381).

C. Analysis of Transmission Line Real Power (PL) as ICS

Table IV shows the residues of the SSR, SupSR, electro-
mechanical, and shaft modes when PL is used as ICS and the
SSRDC is implemented at different points of RSC and GSC
controllers. As seen in this table, implementation of the SSRDC
at points ARSC, BRSC, and DRSC will require a very large gain
to move the SSR mode from RHP to LHP since the magnitude
of the SSR residues is very small. Moreover, even if this large
gain is provided, the residues of the SSR mode are in opposite
direction with the residues of the SupSR, electro-mechanical,
and shaft modes, and therefore, it is expected that with an

 
 

 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

6 IEEE TRANSACTIONS ON SUSTAINABLE ENERGY

TABLE IV
RESIDUE OF THE SSR AND SUPSR, ELECTRO-MECHANICAL, AND SHAFT MODES AT Vω = 7 m/s AND K = 55%: PL AS ICS

Fig. 8. Root-locus diagram with PL as ICS with SSRDC implemented in: (a) RSC controller at point DRSC and (b) GSC controller at point DGSC.

increasing SSR gain, the other modes will move in opposite
directions.

This is evident from the root-locus diagram shown in
Fig. 8(a), where SSRDC with PL as ICS is implemented at
point DRSC. As seen in this figure, although the SSR mode
becomes stable with a very large gain, i.e., KSSR = 4.8e5, this
makes the electro-mechanical mode unstable. Moreover, the
SupSR mode has a tendency to move to the RHP with increas-
ing the SSR gain. Therefore, this signal cannot be implemented
as ICS at points ARSC, BRSC, and DRSC.

For the other points of RSC and GSC controllers, i.e., CRSC

through FRSC, and AGSC through FGSC, if PL is used as ICS,
a smaller SSR gain will be needed to move the SSR mode from
RHP to LHP, since the magnitude of the SSR residues are larger
compared to the previous case. However, stabilizing the SSR
mode in these cases will result in decreasing the stability, or
even destabilizing the other system modes. This is because, the
residues of the SSR mode do not have the same polarity as the
other modes, as shown in Table IV. For example, at point FRSC,
the residue of the SSR mode has opposite polarity compared to
SupSR and electro-mechanical modes, as seen in Table IV.

As another example, with SSRDC implemented at point
DGSC, stabilizing the SSR mode deteriorates the stability of
SupSR and electro-mechanical modes. Fig. 8(b) represents the
root-locus diagram of the system for this case. As shown in this

figure, to have a 6% damping ratio for the SSR mode, a small
SSR feedback gain, i.e., KSSR = 8.9, is needed; however, this
can result in destabilizing the SupSR mode. Therefore, regard-
less of the chosen insertion point for the SSRDC, the line real
power PL is not a good choice for ICS and should not be used.

D. Analysis of Capacitor Voltage (VC) as ICS

Table V shows the residues of the SSR, SupSR, electro-
mechanical, and shaft modes when VC is used as ICS and the
SSRDC is implemented at different points of RSC and GSC
controllers. As seen in this table, the implementation of SSRDC
at points ARSC, BRSC, and DRSC will require a very large gain
to move the SSR mode from RHP to LHP since the magni-
tude of the SSR residues is very small. Moreover, even if this
large gain is provided to move the SSR mode to the LHP—since
according to Table V, the residues of the SSR mode at these
points are in opposite direction with the residues of the electro-
mechanical mode—it is expected that with an increasing SSR
gain, the electro-mechanical mode will be destabilized.

For the other points of the RSC, i.e., CRSC, ERSC, and FRSC,
even if the magnitude of the SSR residues corresponding to
these points is large, stabilizing the SSR mode in these cases
will also result in decreasing the stability, or even destabiliz-
ing the electro-mechanical mode, as the residues of the SSR
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TABLE V
RESIDUE OF THE SSR AND SUPSR, ELECTRO-MECHANICAL, AND SHAFT MODES AT Vω = 7 m/s AND K = 55%: VC AS ICS

Fig. 9. Root-locus diagram with VC as ICS with SSRDC implemented in: (a) RSC controller at point ERSC and (b) GSC controller at point AGSC.

Fig. 10. Root-locus diagram with VC as ICS with SSRDC implemented in GSC controller at point: (a) BGSC and (b) CGSC.

mode and electro-mechanical mode point in opposite direc-
tions. This should be readily apparent upon examination of the
root-locus diagram, shown in Fig. 9(a), where the SSRDC with
VC as ICS is implemented at point ERSC. As seen in this figure,
although the damping ratio of the SSR mode becomes 6% with
KSSR = 80.1, this makes the electro-mechanical mode unsta-
ble. In conclusion, all controller insertion points on the RSC
are not viable.

However, when implementing the SSRDC at GSC con-
troller points, i.e., AGSC through CGSC, except the residues

of the shaft mode, all other residues point at the same direc-
tion with the residues of the SSR mode, as seen in Table V.
This shows that stabilizing the SSR mode by increasing the
SSR gain can also increase the stability of the SupSR mode
and electro-mechanical mode. This operation may destabilize
the shaft mode, though this destabilization will not happen
due to the much smaller magnitude of the residues of this
mode. Figs. 9(b) and 10(a) and (b) confirm this prediction, sta-
bilizing the SSR mode by increasing the SSR gain has also
increased the stability of the SupSR and electro-mechanical
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Fig. 11. Root-locus diagram with VC as ICS with SSRDC implemented in GSC controller at point: (a) DGSC and (b) EGSC.

Fig. 12. Root-locus diagram with VC as ICS with SSRDC implemented in
GSC controller at point FGSC.

modes. Moreover, no unstable shaft mode was observed by
increasing the SSR gain.

For implementation of the SSRDC at points DGSC through
FGSC, the residues of all modes point at the same direction
with that of the SSR mode, as seen in Table V. This shows
that by increasing the SSR gain, not only the SSR mode will
be stabilized, but also this will increase the stability of all
other three modes. Moreover, since the residue magnitude of
the SSR mode at these points are much larger compared to
that of the SSR mode at points AGSC through CGSC, a much
smaller SSR gain will be required to stabilize the system.
Figs. 11(a) and (b) and 12 represent the root-locus diagrams
of the system for the points DGSC through FGSC, respec-
tively, where the required SSR feedback gains to have 6%
damping ratio for the SSR mode are indicated in these fig-
ures. In conclusion, the optimal ICS is the capacitor voltage VC

and the optimal controller insertion points are DGSC, EGSC,
and FGSC.

VI. TIME-DOMAIN SIMULATION WITH SSRDC

To validate the results of Section V, the time-domain simula-
tion of system shown in Fig. 1 with the SSRDC is presented.
PSCAD/EMTDC is used to perform the simulations. In the
entire simulation, results given in this paper are as follows.

Fig. 13. Dynamic response of the transmission line real power PL when
the SSRDC is implemented at RSC. (a) SSRDC at FRSC with ωr as ICS.
(b) SSRDC at DRSC with PL as ICS. (c) SSRDC at ERSC with VC as ICS.

1) Initially, the compensation level is regulated at 50%,
where the system is stable, and then at t = 0.5 s, the com-
pensation level is changed to 55%, where the system is
unstable without SSRDC, due to the SSR mode.

2) The SSRDC gain KSSR in the simulation is obtained
using root-locus diagrams, as mentioned before.

A. SSRDC Implemented in RSC Controllers

Fig. 13 shows the dynamic performance of the transmission
line real power PL when the SSRDC is implemented at RSC.
Fig. 13(a)–(c) shows that as soon as the compensation level
increases from 50% to 55% at t = 0.5 s, regardless of which
ICS is used, the subsynchronous and SupSR oscillations appear
in the transmission line real power, and these oscillations damp
out in less than 0.25 s, but another oscillations start to appear in
the system dynamics making the wind farm unstable. The fre-
quency of these oscillations is in range of electro-mechanical
mode (λ5,6).
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Fig. 14. Dynamic response of the transmission line real power PL when
the SSRDC is implemented at GSC. (a) SSRDC at AGSC with ωr as ICS.
(b) SSRDC at DGSC with PL as ICS. (c) SSRDC at DGSC with VC as ICS.

Fig. 15. Dynamic response of the dc link voltage when SSRDC is implemented
at AGSC, BGSC, and CGSC. (a) Simulation time from t = 0.5 to t = 40 s.
(b) Simulation time from t = 0.45 to t = 1.5 s.

Indeed, the reason for the instability of the wind farm in
this case is not the SSR mode, but it is the unstable electro-
mechanical mode. This was expected from root-locus diagrams
shown in Figs. 7(b), 8(a), and 9(a). These root-locus figures
clearly show that increasing the SSR gain, to make the SSR
mode stable, causes the electro-mechanical mode to go unsta-
ble. Therefore, in spite of what kind of ICS is used, the SSRDC
cannot be implemented at RSC controllers.

B. SSRDC Implemented in GSC Controllers

Fig. 14(a) and (b) shows the dynamic performance of the
transmission line real power PL when the SSRDC is imple-
mented at GSC with ωr and PL as ICSs. Fig. 14(a) and (b)

Fig. 16. Dynamic response of the dc link voltage when SSRDC is implemented
at DGSC, EGSC, and FGSC. (a) Simulation time from t = 0.5 to t = 40 s.
(b) Simulation time from t = 0.45 to t = 1.5 s.

Fig. 17. Dynamic response comparison when SSRDC is implemented at
AGSC and DGSC.

shows that as soon as the compensation level increases from
50% to 55% at t = 0.5 s, the subsynchronous and SupSR
oscillations appear in the transmission line real power, but
only the former damps out in less than 0.25 s, whereas the
latter is sustained in the system and makes the wind farm
unstable.

In fact, the reason for the instability of the wind farm, when
variables ωr and PL are used as ICS, is not the SSR mode,
but it is the SupSR mode. This was expected from root-locus
diagrams shown in Figs. 7(a) and 8(b). These root-locus figures
clearly show that by increasing the SSR gain to make the SSR
mode stable, the SupSR mode goes unstable. Therefore, ωr and
PL cannot be used as ICSs, even when the SSRDC is installed
at GSC controllers.

Using VC as ICS with SSRDC implemented at GSC con-
trollers, on the other hand, can stabilize the wind farm, as
illustrated in Fig. 14(c). This was expected from the root-locus
diagrams shown in Figs. 9(b)–12.

C. Optimal Point for SSRDC Implementation in GSC
Controllers With VC as ICS

Fig. 15 shows the dc-link voltage Vdc, when the SSRDC is
implemented at points AGSC, BGSC, and CGSC. As seen in
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Fig. 18. Derivation of voltage across the series capacitor using qd-axis line currents (Method A).

Fig. 19. Derivation of voltage across the series capacitor using instantaneous line current (Method B).

this figure, the SSRDC has successfully damped the SSR mode,
and has made the wind farm stable, as expected from root-locus
diagrams given in Figs. 9(b) and 10(a) and (b). Fig. 15 shows
that implementing the SSRDC at points AGSC and BGSC gives
superior performance compared to implementing the SSRDC at
CGSC in terms of settling time.

Moreover, Fig. 16 represents the dc-link voltage Vdc, when
the SSRDC is implemented at points DGSC, EGSC, and FGSC

in GSC controllers. As seen in this figure, as expected from
root-locus diagrams shown in Fig. 11(a) and (b) and Fig. 12,
the SSRDC has successfully attenuated the SSR mode and
achieved wind farms stability. Fig. 16 shows that implement-
ing the SSRDC at points DGSC and EGSC brings slightly better
performance compared to implementing the SSRDC at points
FGSC in terms of settling time. This shows that the SSRDC can
interchangeably be implemented at points DGSC, EGSC, and
FGSC.

Furthermore, Fig. 17 compares the dc link with the SSRDC
implemented at point AGSC and DGSC. This figure shows that
implementation of the SSRDC at point DGSC causes much less
overshoot and settling time in DC link voltage compared to
when the SSRDC is implemented at point AGSC. This shows
that implementation of the SSRDC at DGSC, EGSC, and FGSC

is a better option compared to AGSC, BGSC, and CGSC.

VII. DISCUSSION OF FEASIBILITY OF SERIES CAPACITOR

VOLTAGE AS ICS

According to the discussion given in this paper, the optimum
ICS to the SSRDC is the voltage across the series capacitor,
VC . However, in practical applications of the wind farms, the
voltage across the series compensation may not be accessible
at the wind turbine for local controls. The question is “can
we derive the voltage across the series capacitor using local
measurements?” Fortunately, the answer to this question is Yes.
Here two methods are discussed to derive the VC from a local
measured signal.

A. Derivation From Line Current in q − d (Method A)

The relation between the line current and series capacitor
voltage in q − d frame in Fig. 1 is as follows [2], [29]:

iqL =
1

ωbXC

d

dt
vqC +

ω̄e

XC
vdC (8)

idL = − ω̄e

XC
vqC +

1

ωbXC

d

dt
vdC (9)

or in a matrix and Laplace form

[
iqL
idL

]
=

⎡
⎢⎣

1

ωbXC
s

ω̄e

XC

− ω̄e

XC

1

ωbXC
s

⎤
⎥⎦[

vqC
vdC

]
. (10)

Using (10), the series capacitor voltage in q − d frame can be
obtained as

[
vqC
vdC

]
= KTAHT (s)

⎡
⎣ 1

−ωbω̄e

s
ωbω̄e

s
1

⎤
⎦[

iqL
idL

]
(11)

where

HT (s) =
s

s2 + (ωbω̄e)2
. (12)

Fig. 18 shows the block diagram used for the derivation of
voltage across the series capacitor VC from the line current IL.
The notch filter in this figure is used to eliminate the undamped
natural frequency in the HT (s) transfer function located at
ωtn = ωbω̄e. Moreover, in Fig. 18, KTA = ωbXC . In case the
exact value of the XC is not known, this gain can be used to
tune the SSRDC in order to obtain the required SSR damping
ratio.
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Fig. 20. Transmission line real power PL obtained with direct measurement of
VC , method A, and method B.

B. Derivation From Instantaneous Line Current (Method B)

The relationship between the instantaneous line current and
capacitor voltage is given as follows:

C
dvC−abc

dt
= iL−abc. (13)

Equation (13) shows that the capacitor voltage can be esti-
mated through the local current. Fig. 19 shows the block
diagram used to estimate the voltage across the capacitor. The
value of KTB in Fig. 19 is equal to 1

C . Even in case the exact
value of the series capacitor is not known, the SSRDC can be
tuned using KT to obtain the required SSR damping ratio.

C. Simulation Results

In order to examine the effectiveness of methods A and B in
estimating voltage across the series capacitor, Fig. 20 compares
the transmission line power with the VC as ICS for the SSRDC.
In this figure, VC is obtained using direct measurement, method
A, and method B. As seen in this figure, both methods A and B
can successfully estimate the voltage across the series capacitor.

VIII. CONCLUSION

In this paper, SSR mitigation in DFIG-based wind farm using
RSC and GSC controllers is studied. First, using eigenvalue
analysis, performed in MATLAB/Simulink and time-domain
simulation, performed in PSCAD/EMTDC, it is shown that the
series-compensated DFIG wind farm is highly unstable due
to the SSR mode. Then, to mitigate the SSR, an SSRDC is
designed using residue-based analysis and root-locus method,
and the designed SSRDC is implemented at different points
of the RSC and GSC controllers (see Figs. 4 and 5) in order
to identify the optimum points within these controllers for the
SSRDC implementation. The residue-based analysis is used to
identify an optimum ICS to the SSRDC among three tested sig-
nals namely generator rotor speed ωr, line real power PL, and
voltage across the series capacitor VC , and root-locus method is
used to compute the required SSRDC gain to stabilize the SSR
mode, while verifying the residue-based analysis. Moreover,
two methods are presented in order to estimate the voltage
across the series capacitor, without measuring it directly.

The optimum ICS and optimum point in RSC and GSC con-
trollers should enable the SSRDC to stabilize the SSR mode,
without destabilizing or decreasing the stability of other sys-
tem modes. In summary, the following results can be drawn
regarding the optimum converter and ICS.

1) Using the SSRDC design method presented in this paper,
ωr and PL can cause the SupSR mode or the electro-
mechanical mode (or even both of them together) to go
unstable, when used to stabilize the SSR mode, regardless
of the insertion point chosen for the SSRDC implementa-
tion. It may be possible to successfully use these signals
for SSR stabilization, but a more complex compensation
would be required, losing the simplicity of the pro-
posed proportional controller. The investigation of more
complex compensation options is left as future work.

2) Neither of RSC controllers can be used to implement the
SSRDC, regardless of what the ICS is.

3) All points of the GSC controllers can be used to imple-
ment the SSRDC, when the ICS is VC .

4) With VC as ICS, the implementation of SSRDC at points
DGSC through FGSC requires a smaller SSR feedback
gain compared to AGSC through CGSC.

5) Time-domain simulation in PSCAD/EMTDC verifies the
SSRDC design process.
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