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ABSTRACT This article presents an investigation of sub-synchronous resonance (SSR) issues in doubly-
fed induction generator (DFIG) based wind plant and proposes an optimal control scheme for its mitigation.
The article firstly reviews the causes of SSR, namely compensation level and wind speed in DFIG-based
wind plant. The proportional resonance controller with harmonic compensators (PR+HC) is designed to
mitigate SSR without compromising total harmonic distortions (THD) in the power signal. The series
compensated IEEE first benchmarked model energized with a 100MW DFIG-based wind plant is used
as a platform in MATLAB/Simulink for the implementation of the proposed scheme. The comparative
analysis of the designed PR+HC controller is carried out with the conventional Proportional Integral
(PI) controller to validate the optimal response of PR+HC controller. In addition, high performance of
PR+HC in coordination with a flexible AC transmission (FACT) device in terms of damped oscillations
and low THD is achieved. The overall simulation results are analyzed in both time domain and frequency
domain to authenticate the damped, low harmonic, and smooth response of proposed scheme under varying
compensation level and wind speeds.

INDEX TERMS Renewable energy resources, DFIG-based wind plant, flexible AC transmission devices,
harmonic compensators, optimization, proportional resonant controller, sub-synchronous resonance.

I. INTRODUCTION
The boost in affinity for utility scale renewable energy
resources (RERs) has been observed in the advanced world
due to the rapid exhaustion of fossil energies and a shift
in energy policy towards carbon free electric resources [1],
[2]. Currently, wind energy resources are leading the electric
power market among the existing RERs [3], [4], [5]. Utility
scale wind energy plants are installed at the windy areas
regardless of consumers load points, and the energy can be
delivered to the load centers through a transmission network.
As the load demand increases, more wind plants has to be
installed, requiring an expansion of the transmission network
by laying extra lines.

The associate editor coordinating the review of this manuscript and

approving it for publication was Arturo Conde .

However, installation of a new transmission line for
marginally extra load demand is not cost-effective and
obtaining the right of way (ROW) for new lines is usually
not permissible in highly populated areas. Alternatively, the
power transfer capacity of the existing network is augmented
through fixed series compensation (FSC), which can also
increase the margin of transient stability [6], [7]. Despite
the financial benefits with FSC, it can be prone to the
consequences of sub-synchronous resonance (SSR) due to the
direct interaction of FSC transmission lines and generating
plants [8].

The extensive integration of wind plant resources to the
grid has modified the existing power system characteristics
and made it more complex [9]. The phenomenon of SSR
in doubly fed induction generator (DFIG)-based wind plants
gained significant consideration when it occurred in the
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southern utility grid in Texas in 2009 [10]. Similarly, SSR
oscillations were also identified in Minnesota, and the most
recent SSR case in DFIG-based wind plant was observed in
Hebei province, China, in 2012 [11], [12]. The investigation
analysis reveals that such sub-synchronous oscillations (SSO)
are similar to the induction-generator effect (IGE), which is
actuated by exceeding the rotor negative resistance from the
overall network resistance at a frequency lower than rated
system frequency, i.e., sub-synchronous frequency [13]. Such
an IGE can occur in wind plant-based DFIG integrated with
an FSC transmission line, depending upon the level of series
compensation and wind speed [14].

To counteract such events, various strategies has been
presented to mitigate the oscillations due to SSR in GFIGs.
These strategies can be classified into two types: flexible
AC transmission systems (FACTS)-based and control-based.
The FACTS-based strategies use electronic-based switched
devices such as thyristor-controlled series capacitor (TCSC),
static synchronous compensator (STATCOM), and gate-
controlled series capacitor (GCSC), etc., [15], [16], [17].
These devices can mitigate SSR oscillations in DFIG-based
wind plants significantly but compromise on the harmonic
distortions in the power signal due to their electronic
switching and are costly [18]. Alternatively, the control-
based strategies are cost-effective but result in low-damped
and late-settling response of electrical variables compared to
FACTS strategies. Control-based strategies at both rotor-side
converter (RSC) and grid-side converter (GSC) of DFIG have
been extensively studied in the literature. The conventionally
used proportional-integral (PI) controller is adopted by the
IEEE first benchmarked model integrated with DFIG-based
wind plants due to its simplicity and easy implementation.
An additional linear controller is employed at the GSC to
restrict the SSR oscillation; however, its optimal response is
constrained to the power rating of GSC [19]. To overcome the
issue of GSC capacity, an additional controller is proposed
at RSC; in other words, the linear converter gain is divided
into both sides of the back-to-back converter [20]. However,
this design requires measurement of the voltage of the
series compensator and is prone to sub-synchronous control
interaction (SSCI). Taking advantage of multi-input-multi-
output (MIMO), the authors in [21] presented a control
scheme on the basis of optimal state feedback. In [22],
a control scheme for SSR damping is proposed through phase
compensation using lead-lag filters. This technique is simple
to design and tune compared to the previously mentioned
model-based schemes.

The methodologies mentioned above are related to the
linearized interpretation of the system, although the series
compensated transmission system integrated with wind plant
is non-linear in nature. So, the performance of the linear
controller can be affected during operations beyond the
linearized limit where the controller is designed. To handle
this limitation, partial feedback linearization (PFL) and high
switching frequency controller, i.e., sliding mode control
(SMC) schemes, are implemented for SSR dampening in

FIGURE 1. Adopted IEEE first benchmark model of a DFIG-based wind
plant.

DFIG-based wind plants. These nonlinear controllers can
ensure effective SSR oscillation mitigation in nonlinear
systems; however, the design process requires multiple stages
and lacks arrangement for harmonic elimination.

The key contributions of this article are listed below:
1. An optimal control scheme, i.e., proportional resonance

controller in coordination with harmonic compensators
(PR+HC), is designed to mitigate SSR in DFIG-based
wind plants without compromising total harmonic
distortions (THD).

2. The modified series fixed compensated IEEE first
benchmark model (IBM) integrated with DFIG-base
wind plant is adopted as a test environment for
the implementation of the proposed optimal control
scheme.

3. Simulation responses are analyzed in time domain and
frequency domain to authenticate the effective SSR
mitigating nature of the proposed scheme at various
compensation levels and wind speeds.

4. The THD reduction capability of the proposed control
scheme is investigated in one of the popular FACTS
devices, i.e., TCSC through fast Fourier transformation
(FFT) tool in MATLAB/Simulink.

5. The overall results of the above-mentioned analytical
approaches are compared with the conventionally
used well-tuned PI controller, individually and in
combination with TCSC, for the justification of the
better performance of the designed scheme.

The remaining paper is categorized as follows: system
modeling in Section II, control structure in Section III, results
and discussions in Section IV, and conclusion Section V.

II. SYSTEM MODELING
The IEEE first benchmark platform has been modified by
replacing the synchronous rotating machine with the DFIG-
based wind plant to analyze the SSR behavior in DFIG,
as depicted in Fig.1 [25], [26]. A 100 MW aggregated wind
model consisting of 67 turbines, each with a capacity of
1.5 MW, is employed for the study. The 575 V output voltage
of the DFIG is coupled with a 161 kV FSC transmission line
via step-up transformer for integration with a strong grid.

The detailed system parameters are given in Table 1
of appendix. The state-space representation of fundamental
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components for the test platform is required to analyze the
SSR effect as below.

A. WIND TURBINE MODEL
The mechanical output torque of wind turbine (Tmech) is
directly dependent on the square of the wind speed (WV ) as
in (1) as in [28].

Tmech =
ρRrACpW 2

V

2λ
(1)

The remaining dependent parameters ρ,Rr ,A, λ represents
the air density, the turbine‘s rotor radius, the sweep area
of the blade, and the tip speed ratio, respectively. However,
the power constant of the blade CP, which depends upon the
pitch angle of the blade ‘‘θp’’ and the tip speed ratio as follow.

CP = 0.5
(
RDc
λ

− 0.022 ∗ θp − 2.0
)
e
−0.255

(
RDc
λ

)
(2)

Here ‘‘D′′
c is the design coefficient of the blade and the tip

speed ratio ‘‘λ′′ can be calculated as in (3).

λ =
�mech.rR
WV

(3)

where �mech and rR are the mechanical angular velocity and
the rotor radius of turbine, respectively.

B. SHAFT MODELING
The shaft of a DFIG based wind plant is characterized by
the two-mass tortional dynamics. The wind turbine side shaft
is represented as a low-speed, while the DFIG side shaft is
represented as a high-speed secondmass. This two-mass shaft
is represented in state-space as below [28]:

d
dt

 ωt
ωr
Tg

 =


−Dt−Dg

2Ht
Dg
2Ht

−1
2Ht

Dg
2Hg

−Dg−Dt
2Hg

−1
2Hg

Ktgωg Ktgωe 0


 ωt

ωr
Tg



+


Tem
2Ht

−T ele
2Ht
0

 (4)

Here, Tem and Tele are the input parameters of the shaft model
and ωt , ωr , Tg are state-space variables, which represent the
speed of the wind turbine, the speed of the rotor and the
internal torque of the system, respectively.Dt ,Ht , andDg,Hg
are the damping and inertia constants of the wind turbine
and generator, respectively. Ktg represents the shaft stiffness
between the two coupled masses.

Moreover, due the coupling of wind turbine shaft and
generator rotor through a gearbox, the whole turbine cannot
be considered as a stiff. To accurately address this influence,
an extra equation has been incorporated to characterize the
twist of the whole shaft [27].

2Ht
d�mech

dt
= Tm − Tw (5)

Here Tw is the prime torque on the shaft by wind and Tm is the
mechanical torque acts on the rotor of generator. Further Tm

can be characterized as a twisting angle between the prime
wind turbine shaft and generator rotor as (6).

Tm = Kstif (θr − θm) (6)

Here, θr and θm are the positions of generator rotor angle and
wind turbine shaft, whereas Kstif is the stiffness coefficient.

C. DFIG MODELING
The dynamical model of order six is represented as [29].

Ẋ = ADXD + BDUD (7)

Here XD and UD represent the state input variables i.e.,
currents and voltages of DFIG as:

XD = [ids; iqs; i0s; idr ; iqr ; ior ] (8)

XD = [vds; vqs; v0s; vdr ; vqr ; vor ] (9)

The variables in (8), ids, iqs and idr , iqr denote the active
and reactive components of the stator and rotor currents,
respectively. Similarly, vds, vqs and vdr , vqr in (9) denote the
active and reactive voltage components of the stator and rotor,
respectively. while i0s, i0r and v0s, v0r are the zero sequence
currents and voltages are zero due to the balance system.

The constants of state variables AD and BD can be
represented as (10) and (11), as shown at the bottom of the
next page.

In the above (10) and (11), the parameters RS and Rr
denote the resistance, while XS and Xr denote the reactance
of the stator and rotor, respectively. However, XlS and Xlr
are the leakage reactance of the stator and rotor. Further, XM
is the mutual reactance between the stator and rotor.

D. DC-LINK MODELING
The dynamical response of the dc-link capacitor (Cdc) used
for coupling GSC and RSC can be represented by s first-order
dynamic model as [29].

CdcVdc
dVdc
dt

= PR − PG (12)

Whereas PR and PG are the rotor side and grid side powers
and can be calculated as:

PR =
1
2
(vdr idr + vqr iqr ) (13)

PG =
1
2

(
vdgiqg + vqgiqg

)
(14)

Here, vdr , vqr and idr ,iqr are the active and reactive parts of
the rotor side voltage and current. While vdg, vqg and idg,iqg
represent the active and reactive parts of the grid side voltage
and current, respectively.

E. MODELING OF FSC TRANSMISSION LINE
In general, the dynamical modeling of the FSC model is the
main area for SSR analysis [29]. The transmission line is
assumed electrically as a lumped RLC circuit and can be
implemented in the synchronous reference frame to model
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the FSC line. The dynamic equations for each phase are given
as [25]:

Rl .il + L
dil
dt

+ vFSC = vs − VB (15)

C
dvFSC
dt

= il (16)

The state-space characterization of the FSC transmission
line can be written as:

d
dt


iql
idl

vFSCq
vFSCd

 =


−
Rl
Xl

−ωe −
1
Xl

0
−ωe −

Rl
Xl

0 −
1
Xl

XFSC 0 0 −ωe
0 XFSC ωe 0




iql
idl

vFSCq
vFSCd



+ ωb


vqs−VBq

Xl
vds−VBd

Rl
0
0

 (17)

In the above (13)-(15), vs, VB and vFSC denotes source bus,
infinite bus and FSC voltages respectively, whereasRl ,Xl and
il denotes line resistance, reactance and current. However,
the remaining parameters with subscript d and q represents
the active and reactive parts of the mentioned parameters,
while ωe, ωb are synchronous reference and base speeds
respectively.

III. CONTROL STRUCTURE
The control structure of the proposed DFIG-based wind
platform is comprised of back-to-back converters, i.e., rotor
side and grid side, as in Figure 1.The pulse width modulation
(PWM) signals for these converters are maintained via a PI
controller conventionally. The purpose of the traditionally
used PI controller implemented in the benchmark series
compensated DFIG model is error compensation through
proportional and integral gains during steady state. However,
the PI controller has some constraints of sensitivity for
parametric variables and dynamic conditions, like during
large disturbances, the PI controller loses its anti-windup
capability. Additionally, until now, the presented controller
for DFIG convertersmust be designed for bothGSC andRSC,

which needs a lot of computations. Alternatively, this paper
presents a hybrid control scheme, i.e., PR with HC scheme,
which can provide damping to the frequencies other than the
system synchronous frequency only by optimal control of dc-
link voltage, i.e., Vdc at GSC.

A. DESIGN OF THE PROPOSED CONTROLLER (PR+HC)
The proposed control scheme is the coordination of two parts,
i.e., PR controller and harmonic compensators, as shown
in Fig.2. The fundamental PR controller is used for com-
pensation of error between measured and reference signal,
much similar to the PI controller, but the PR controller
maintains the synchronism due to its integration capability
near the resonance frequency. The second part is harmonic
compensators (HC) operating simultaneously with the main
PR controller to suppress the harmonic components in the
signal to enhance the power quality. The proposed scheme is
the digital implementation of s parallel-resonant fault current
limiter (PRFCL), which is a FACTS-based fault current
limiter that provides high impedance without phase shift for
fault current.

The proposed scheme provides high impedance gain at the
resonant frequency and low gain at other frequencies. So,
it can mitigate the SSR oscillation due to resonance between
line inductance and FSC matching without any steady-state
error in the power signal. The control scheme is implemented
for dc-link voltage regulation because it is the common link
betweenRSC andGSC. The fundamental part of the proposed
controller, i.e., PR controller, is comprised of two terms again
as the proportional term and resonant term expressed below
in (18) [30].

GPR (s) = KP +
2Kiωcs

s2 + 2ωcs+ (ω0)
2 (18)

Here, KP, Ki and ω0 are the proportional gain, integral gain,
and resonant frequency, respectively. The cutoff frequencyωc
is used in the transfer function to avoid instability by limiting
the ideal PR controller to a finite gain. The cutoff frequency
can be selected much lower than the resonant frequency i.e.,
1.6% of the resonant frequency [30].

AD = −BD



RS
ωS
ωb
XS 0 0 ωS

ωb
XM 0

−
ωS
ωb
XS RS 0 −

ωS
ωb
XM 0 0

0 0 RS 0 0 0
0 ωS−ωr

ωb
XM 0 Rr

ωS−ωr
ωb

Xr 0
−

ωS−ωr
ωb

XM 0 0 −
ωS−ωr

ωb
Xr Rr 0

0 0 0 0 0 Rr


(10)

BD = −ωb


XS 0 0 XM 0 0
0 XS 0 0 XM 0
0 0 XlS 0 0 0
XM 0 0 Xr 0 0
0 XM 0 0 Xr 0
0 0 0 0 0 Xlr



−1

(11)
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FIGURE 2. Design of PR controller with HC.

An additional part of the proposed controller is harmonic
compensators (HC), which is employed to minimize the
distortions in the power signal resulted by switching devices.
The non-ideal finite transfer function GHC(s) for damping the
harmonic components is given by (19) as follows.

GHC (s) =

∑
h=3,5,7

GHCh (s) (19)

whereas,

GHCh (s) =
2Kihωchs

s2 + 2ωchs+(hω0)2
(20)

The above harmonic compensators operate in parallel with
the fundamental PR controller to dampen the 3rd, 5th, and
7th harmonic frequencies. The damping factor (σ ) and cutoff
frequencies for corresponding harmonic components (ωch)
can be achieved using (21) and (22) as in [31] and [32].

σ =
ωch

h.ω0
(21)

ωch =

∑
h=3,5,7

(h.ωc) (22)

The overall parameters for the designed control scheme are
listed in Table 2 of appendix.

IV. RESULTS AND DISCUSSION
The output response of the proposed control scheme is
analyzed by varying compensation level andwind speed at the
IEEE first benchmark series compensated DFIG-based wind
plant. To verify the SSRmitigation capability of the proposed
controller, the MATLAB simulation results are carried out
in both time domain and frequency domain. Further, the
comparative analysis is carried out with the conventionally
adopted PI controller to justify the damped oscillations
without actuating SSR at other frequencies. Additionally,
harmonic distortions in the power signal with PR+HC

FIGURE 3. Response of sub-synchronous oscillations in the time domain
(a, b, c) at different compensation levels.

controller and PI controller are calculated and compared
by hybrid operation of FACTS device, i.e., TCSC. The
detailed simulation results with three different techniques are
presented below to authenticate the harmonic-free damped
SSR oscillation.

A. TIME DOMAIN AND FREQUENCY DOMAIN RESPONSES
The behavior of the proposed scheme through time domain
simulations and frequency scanning is discussed at different
compensation levels and wind speeds.

1) IMPACT OF COMPENSATION LEVEL
The network impedance characteristics of the adopted IEEE
first benchmark DFIG-based wind plant are changed through
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FIGURE 4. Response of sub-synchronous oscillations in frequency
domain (a, b, c) at different compensation levels.

different compensation levels in percentage to the rated
impedance of the line. The FSC of various levels, i.e., 30%,
40% and 50%, is inserted at time 2.5 sec while keeping
the wind speed constant, i.e., 11m/s to analyze the impact
of compensation level. As the level of series compensation
increases, the system is becoming more prone to SSR
oscillations in the power signal as depicted by figure 3 and
figure 4. At some specific level of compensation where the
effective internal impedance of the DFIG becomes negative,
the sub-synchronous oscillations grow with time and the
system becomes unstable [14]. The proposed controller
is tuned in such a way that it provides high impedance
gain to the SSR at a particular sub-synchronous frequency.
The time domain responses in Figure 3 (a, b, c) clearly
show that the severity of SSR is directly proportional to

FIGURE 5. Response of sub-synchronous oscillations in the time domain
(a, b, c) at different wind speeds.

the compensation level. The response with conventional
PI controller gives critically damped oscillation at 40%
compensation as in Figure 3(b), and even becomes unstable
at 50% of compensation level as depicted by Figure 3(c).
However, in the case of the proposed PR+HC controller,
although there is an increase in oscillations with the level of
compensation, it has a significantly lowmagnitude and stable
response comparatively as presented in Figure 3(a, b, c).

To justify the optimal response of the proposed scheme,
frequency domain analysis reflects the same efficient
response as in time domain analysis at various compen-
sation levels. Figure 4(a, b, c) shows that the increase
in compensation level results in increasing magnitude of
power oscillation in per unit (p.u) and decreasing in sub-
synchronous frequency. However, in the frequency scanning
analysis the proposed scheme gives significantly minimum
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FIGURE 6. Response of sub-synchronous oscillations in the frequency
domain (a, b, c) at different wind speeds.

magnitude of SSO as compared to the PI controller, which
authenticates the time domain simulations numerically as
shown by data taps below.

2) IMPACT OF WIND SPEED
Another reason for sub-synchronous oscillation caused by
SSR in series compensated DFIG-based system is the wind
speed. The system‘s compensation level of 40% at 2.5 sec
is kept constant, while the wind speed is varied to investigate
the response of the proposed scheme at changing wind speed.
The dynamical responses of output power in p.u at varying
wind speeds, i.e., 8 m/s, 10m/s and 12m/s, are studied at
the time domain and frequency domain as well to verify the
magnitude of oscillations as shown by figure 5 and figure 6.
The time domain response with the PI controller at low

FIGURE 7. Response of sub-synchronous oscillations in the time domain
(a, b) at different compensation levels by including TCSC.

wind speeds, i.e., 8ms and 10m/s, gives unstable behavior
which tends toward stability as wind speed increases, i.e.,
at 12m/s, shows stable long lasting oscillations as shown
in Fig.5(a, b, c). However, these severe unstable amplitude
SSO at 8m/s are restricted to critically stable SSO with
proposed controller as depicted by Fig.5(a). As the wind
speed increases above critical speed, i.e., 8m/s for proposed
scheme, the system shows stable and fast settling with time
depicted by Figure 5(b, c).

Similarly, through another verification technique, i.e.,
frequency scanning, the magnitude of SSO is calculated
to authenticate the time domain results precisely given by
Fig. 6(a, b, c). The magnitude of SSO at power in per-unit
(p.u) with under rated wind speed (8m/s) by implementing
proposed schemes shows oscillations of 0.0728 p.u, but
the conventional PI controller results in dangerously high
magnitude of amount 0.289 p.u, depicted by Fig.6(a). As the
wind speed increases, the overall decrease in magnitude of
SSO can be seen as in Fig.6(b, c) which is 0.198 p.u with the
PI controller while it is minimized to 0.038p.u at the wind
speed of 12m/s.

B. TOTAL HARMONIC DISTORTIONS (THD) ANALYSIS
Various types of electronic based FACTS devices such as
STATCOM and TCSC are proposed to mitigate SSO in
series compensated transmission lines. These devices are
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FIGURE 8. THD analysis with the conventional PI controller (a) and the
Proposed PR+HC (b) at 30% compensation levels in coordination with
TCSC.

FIGURE 9. THD analysis with the conventional PI controller (a) and the
Proposed PR+HC (b) at 40% compensation levels in coordination with
TCSC.

comprised of electronic switches to control the impedance
of transmission according to the level of compensation.
Although FACTS devices can mitigate SSO effectively but

FIGURE 10. THD analysis with the conventional PI controller (a) and the
Proposed PR+HC (b) at 50% compensation levels in coordination with
TCSC.

can cause harmonic distortions in output power [16], [18].
The harmonic compensator (HC) is additionally included
as shown in Fig.2 at the fundamental PR controller to
aim enhanced power quality. The time domain response of
the proposed control scheme in coordination with TCSC
is carried out for two different compensation levels before
THD analysis as depicted by Fig.7. In coordination with
FACTS devices, it is shown that the designed control scheme,
PR+HC, provides comparatively damped and low transient
spikes when compared with the PI controller.

To authenticate the non-prominent domain response of
power in terms of harmonic analysis, total harmonic
distortions (THD) are calculated through fast-Fourier trans-
formation (FFT) analysis. The THD is investigated for three
various compensation levels while keeping the wind speed
constant at 11m/s. Considering compensation level of 30%
as shown by Fig.9, the THD for the PI controller with
TCSC is 9415.6% with the magnitude of 7.205e-5, while
for the proposed scheme the THD is 6804.3% with 7.07e-
5 magnitude. Further, for the 40% of compensation, the
THD due to TCSC with the PI controller and the proposed
scheme are 10045.4% and 8459.5%, respectively as depicted
by Fig.10. Similarly, for the compensation level of 50%, the
THD and magnitude of harmonic with proposed scheme,
i.e., 10637.8%, are lower than as with the PI controller,
i.e., 9597.5% as shown by Fig.10. The overall FFT analysis
authenticates that the proposed control scheme results in low
magnitude and minimum distortion in the power signal under
SSR condition of various compensations.
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V. CONCLUSION
This paper focuses on mitigating the SSR problem with-
out compromising on harmonic distortions at DFIG-based
wind plant connected to the series-compensated IEEE first
benchmark model. The control-based scheme is designed
by combination of a PR controller to dampen SSO and
HC to minimize the harmonic distortions. The proposed
scheme is effectively implemented for damping the SSR issue
and compared with the conventionally used PI controller
separately and in coordination with TCSC to validate the
performance of HC. The time domain and frequency domain
simulations authenticate the dampened and fast-settling
response of the proposed scheme. Additionally, the low THD
response validates the harmonic minimization capability of
the designed scheme in cooperative operation with TCSC
compared to the PI controller.

In the near future, the converter controlled FACTS devices
like STATCOM will be digitalized to mitigate SSR problem
in DFIG based wind plant. Furthermore, the Lyapunov
function based control of FACTS devices will be designed
for robust and stable response at the event of SSR in power
system.

APPENDIX

TABLE 1. Test case rated parameters.

TABLE 2. Control scheme parameters.
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