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This study presents a novel auxiliary damping control strategy to depress subsynchronous resonance
(SSR) oscillations in nearby turbine generators. In the proposed control strategy, SSR damping is achieved
by adding turbine generator speed as a supplementary signal at the active power loop of the rotor-side
converter (RSC) of doubly-fed induction generator (DFIG)-based wind farms. To design the SSR auxiliary
damping controller, a transfer function between turbine generator speed and the output active power of
the wind farms was introduced to derive the analytical expression of the damping coefficient. Then the
damping effect of the active power of the DFIG-based wind farms was analyzed, and the phase range to
obtain positive damping was determined. Next, the PID phase compensation parameters of the auxiliary
damping controller were optimized by genetic algorithm to obtain the optimum damping in the entire
subsynchronous frequency band. The last, the validity and effectiveness of the proposed auxiliary damp-
ing control were demonstrated on a modified version of the IEEE first benchmark model by time domain
simulation analysis with the use of DigSILENT/PowerFactory.

� 2015 Elsevier Ltd. All rights reserved.
Introduction

Series capacitive compensation is an important approach to
improve the transfer capability and transient stability of existing
transmission systems. However, the extensive use of series com-
pensation can cause SSR, in which electrical networks exchange
energy with the generator shaft system at frequencies less than
the nominal frequency of the transmission line; this phenomenon
results in turbine-generator shaft failure and instability of the
power system [1,2].

To prevent the turbine-generator shaft from failing and to
depress SSR oscillations, flexible AC transmission system (FACTS)
devices (e.g., SVC, TCSC, STATCOM) [3–12], are widely utilized to
effectively relieve SSR. These devices should be enhanced with an
auxiliary damping controller to provide the extra damping charac-
teristic. Although, the FACTS devices can depress SSR, but installa-
tion of such device is expensive, so utilizing FACTS may not be cost
effective.

Wind energy is the fastest-growing form of renewable energy in
the world because it is clean, non-polluting, and abundant. Wind
farms with a scale of hundreds of MW level are increasingly being
developed and connected to power systems. Doubly fed induction
generators (DFIGs) are widely used in wind power plants because
of their capability to decouple control of real and reactive power.
With the integration of large-scale wind farms into power systems,
some researchers have used the control capability of DFIG to damp
power system oscillations; however, most studies have focused on
damping inter-area low-frequency oscillations [13–16], whereas
relatively very few studies have reported on damping SSR. Ref.
[17] proposed the auxiliary control of a DFIG-based wind farm to
damp SSR oscillations in nearby turbine generators by addition of
a supplemental signal at the grid-side converter of the DFIG. How-
ever, the auxiliary controller requires the precise measurement of
the angular speed deviation of each shaft segment. The controller
parameters are obtained by a time-consuming trial-and-error
approach, and the damping mechanism is also not analyzed. There-
fore, the use of DFIG-based wind farms to damp SSR oscillations in
the entire subsynchronous frequency band and the damping mech-
anism should be further analyzed.

This study presents the application of auxiliary damping control
to the rotor-side converter (RSC) of a DFIG to damp SSR. A transfer
function between turbine generator speed and the output active
power of wind farms was introduced to derive the analytical
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Fig. 1. Schematic of a DFIG-based wind farm connected to the IEEE first benchmark model.
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expression of damping. The effect of the active power of the DFIG-
based wind farms on system damping was analyzed, and the phase
range to obtain positive damping was determined. Then, a new
auxiliary damping control strategy was proposed. The PID phase
compensation parameters of the auxiliary damping controller were
optimized by genetic algorithm to obtain optimum damping in the
entire subsynchronous frequency band. Finally, the IEEE first
benchmark model, modified by the inclusion of the DFIG-based
wind farms, is used to demonstrate the performance of the pro-
posed auxiliary damping control to suppress SSR oscillations by
time domain simulation analysis with the use of DigSILENT/
PowerFactory.
Power system model with DFIG based wind farm

To evaluate the effectiveness of the proposed strategy on auxil-
iary damping control, the well-known IEEE first benchmark model,
modified by the inclusion of DFIG-based wind farms, is used
(Fig. 1). The system consists of an 892.4 MWA turbine generator
connected to an infinite bus through a radial series-compensated
line. The rated voltage is 539 kV, and the frequency is 60 Hz. A
DFIG-based wind farm (200 MW from the aggregation of 2 MW
units) is connected to bus A via a transformer. Fig. 1 shows that
G represents the turbine generators; C, the DFIG-based wind
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Fig. 2. Schematic of the
farms; D, the turbine shaft system; and E, the infinite power grid.
RL + jXL is the power transmission line impedance, Xc is the cap-
tance of the series compensation capacitor, and Xsys is the reac-
tance of the transmission line to the infinite power grid. The
complete electrical and mechanical data are given in Appendix.

Turbine generator shaft system model

The turbine generator shaft system consists of six shaft seg-
ments, namely, a high-pressure turbine (HP), an intermediate-
pressure turbine (IP), a low-pressure turbine (LPA), a low-pressure
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Fig. 4. Diagram of the auxiliary damping control system.
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turbine (LPB), the generator (GEN), and the exciter (EXC). All
masses are mechanically connected to one another by elastic
shafts. The shaft system motion equation is described as follows:
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DTHP ¼ 2TJ1
dDx1

dt þ D11Dx1 þ D12 Dx1 � Dx2ð Þ þ k12 Dd1 � Dd2ð Þ
DTIP ¼ 2TJ2

dDx2
dt þ D22Dx2 þ D12 Dx2 � Dx1ð Þ þ D23 Dx2 � Dx3ð Þ þ k

DTLPA ¼ 2TJ3
dDx3

dt þ D33Dx3 þ D23 Dx3 � Dx2ð Þ þ D34 Dx3 � Dx4ð Þ þ
DTLPB ¼ 2TJ4

dDx4
dt þ D44Dx4 þ D34 Dx4 � Dx3ð Þ þ D45 Dx4 � Dx5ð Þ þ k

�DTe ¼ 2TJ5
dx5

dt þ D55Dx5 þ D45 Dx5 � Dx4ð Þ þ D56 Dx5 � Dx6ð Þ þ k

8>>>>>>><
>>>>>>>:
where di, xi, TJi are the angular displacement, angular velocity, and
inertia time constant of the i-th mass of the shaft system, Ti is the
dynamic torque that affects the i-th mass of the turbine generators,
250 300 350 400/s)

200 250 300
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12 Dd2 � Dd1ð Þ þ k23 Dd2 � Dd3ð Þ
k23 Dd3 � Dd2ð Þ þ k34 Dd3 � Dd4ð Þ

34 Dd4 � Dd3ð Þ þ k45 Dd4 � Dd5ð Þ

45 Dd5 � Dd4ð Þ þ k56 Dd5 � Dd6ð Þ

ð1Þ
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Te is the electromagnetic torque of the turbine generator, and ki,i+1

is the rigidity coefficient between the i-th and i + 1-th masses. Dii

represents the self-damping ratio of the i-th mass, and Di,i+1 is
the mutual damping ratio between the i-th and i + 1-th masses.
The above equation can be simplified as follows:

DT ¼ ðTJp2 þ Dpþ KÞDd ð2Þ

where TJ, D are the inertia time constant and the damping diagonal
matrix, respectively, K is the rigidness coefficient tridiagonal
matrix, and p is the differential operator.
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Fig. 7. Best fitness and mean fitness vs. iteration times.

Table 1
Optimization parameters of the PID controller.

KP TD/ms TI/ms

Active power loop 1 5.9 82
DFIG-based wind turbine model

The typical DFIG configuration consists of a wound rotor induc-
tion generator, with the stator directly connected to the grid and
the rotor interfaced through a back-to-back partial scale power
converter, as shown in Fig. 2. The back-to-back converter is a bi-
directional power converter that consists of two conventional volt-
age source converters (an RSC and a grid side converter or GSC) and
a common dc-bus. Both GSC and RSC contain an internal current
controller and an external power controller. The slow power con-
troller provides a reference current to the fast current controller,
which further regulates the rotor current to the reference value.
The RSC aims to independently control the active power of the gen-
erator and the reactive power produced or absorbed from the grid.
The GSC aims to keep the dc-link voltage constant regardless of the
magnitude and direction of the rotor power and to guarantee con-
verter operation with unity power factor (zero reactive power).
This requirement means that the GSC exchanges only active power
with the grid, so the transmission of reactive power from the DFIG
to the grid is done only through the stator [17,18].

Analysis of SSR damping according to the active power of wind
farms

To analyze the mechanism of influence of the DFIG-based wind
farms on system SSR damping, the system model in Fig. 1 is simpli-
fied in Fig. 3, where E is the quadrature-axis transient electromo-
tive force of turbine generator G; VA is the voltage of bus A; VB is
the infinite bus voltage; d, cA is the phase angle difference between
E, VA, and VB; Pe, Qe are the active/reactive power output of the tur-
bine generator; Pg, Qg are the active/reactive power output of the
DFIG-based wind farms; PL, QL are the active/reactive power flow
through the transmission line; and X1, X2 are the reactance
parameters.

The output active/reactive power Pe/Qe of the turbine generator
can be expressed as:

Pe ¼
EVA sinðd� cAÞ

X1
ð3Þ

Qe ¼
EVA

X1
cosðd� cAÞ �

V2
A

X1
ð4Þ

Because of the active/reactive decoupling characteristics
of power systems, the voltage microvariation caused by active
power microvariation can be neglected. In other words, voltage
VA was considered as constant, and the linearization equation of
Eq. (3) can be expressed as follows:

DPe ¼
EVA cosðh0Þ

X1
Dd� DcAð Þ ð5Þ

where h0 = d0 � cA0. The subscript 0 represents an initial value.
Then, according to the active power balance of the transmission

line, the next linearization equation can be obtained:

VAVB cosðcA0Þ
X2

DcA ¼ DPe þ DPg ð6Þ

Eq. (5) was substituted into Eq. (6):

DcA ¼ k0Ddþ k1DPg ð7Þ
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where k0 ¼ X2E cosðh0Þ
X1VB cosðcA0ÞþX2E cosðh0Þ

; k1 ¼ X1X2
X1VAVB cosðcA0ÞþX2VAE cosðh0Þ

.

Next, Eq. (7) was substituted into Eq. (5), and DPe can be rewrit-
ten as follows:

DPe ¼
EVA cosðh0Þð1� k0Þ

X1
Dd� EVAk1 cosðh0Þ

X1
DPg ð8Þ

The above equation have two item, the first item is synchronous
torque, the last item is related to DFIG active power DPg, which
may produce positive or negative damping effects on the system
according to the phase relationship between DPg and turbine gen-
erators Dx. To analyze the damping effects of active power DPg on
the system, this study introduced transfer function GxP(s) based on
turbine generator speed x(t) and the output active power Pg(t) of
the wind farms (referred to as the active-speed transfer function)
as follows:

GxPðsÞ ¼
DPgðsÞ
DxðsÞ ð9Þ

Given the sinusoidal microvariation of turbine generators Dx
with amplitude A and frequency x0 (Dx = A sin (x0t)), the micro-
variation of active power DPg can be expressed as follows:

DPg ¼ AjGxPðjx0Þj sinðx0t þ \GxPðjx0ÞÞ ð10Þ

To analyze the damping effects of the last item of Eq. (8), we
define the component of the last item on Dx as active power
damping ratio DxP:

DxP ¼ �
EVAk1 cosðh0Þ

X1
jGxPðjx0Þj cosð\GxPðjx0ÞÞ ð11Þ
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When the phase angle between the range p
2 < \GxPðjx0Þ < 3p

2 ,
DxP > 0 and DxP were proportional to |GxP(jx)|. Therefore, to
enable the active power DPg of the DFIG-based wind farms to offer
positive damping on SSR, the phase angle range of active-speed
transfer function GxP(s) in the subsynchronous frequency band
(62.8–314 rad/s) should be satisfied as follows:

p
2
< \GxPðjxÞ <

3p
2

ð12Þ
Design of SSR auxiliary damping controller

Structure of the SSR auxiliary damping control

The diagram of the auxiliary damping control system is shown
in Fig. 4. SSR damping is achieved by addition of a supplementary
signal at the active power loop of the RSC. Turbine generator speed
Dx served as the input signal; after processing by time delay, filter,
and phase shift, a supplementary signal output of dynamic active
power DPg was provided and added at the active power loop of
RSC.

where Pg and Qg are the measured values of active/reactive
power from the output ends of wind farms; P�g ; Q �g are the set val-
ues of the active/reactive power of the converters, respectively; idr,
iqr are the rotor current values of shaft d and shaft q; ids, iqs are the
stator current values of shaft d and shaft q; udr, uqr are the rotor
voltages of shaft d and shaft q; lr, lm are the rotor self-inductance
and stator mutual inductance; and xs is the slip angular frequency.
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tion with auxiliary damping control.
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For an improved approximate time delay effect in the entire
subsynchronous frequency band, we use Pade approximation for
the time delay.

PðsÞ ¼
Pm

i¼0
ðmþn�iÞ!�m!�ð�ssÞi

i!ðm�iÞ!Pn
i¼0
ðmþn�iÞ!�n!�ð�ssÞi

i!ðn�iÞ!

ð13Þ

where m, n = 2.
After time delay processing, the signal of turbine generator

speed deviation Dx was processed by the Butterworth filter to
obtain the SSR modal component.

To efficiently compensate for the phase in the entire subsyn-
chronous frequency band to satisfy the phase-frequency character-
istics of damping SSR from Eq. (12), the proposed transfer function
of the PID phase shift compensation is as follows:

GCðsÞ ¼ KP 1þ TI

s
þ TDs

� �
ð14Þ

where KP is the amplification gain, TI is the integral time constant,
and TD is the derivative time constant. With SSR frequency xi, we
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let the phase compensation angle be /i ¼ \GCðjxiÞ; and
tan /i ¼ TDxi � 1

TI
xi. With proper controller parameters, the

phases in the entire subsynchronous frequency band that can meet
Eq. (12) can provide effective positive damping.

Optimization of the PID phase compensation parameters

To ensure that auxiliary damping controllers can provide effec-
tive positive damping in subsynchronous frequency bands, the
proper phase compensation angle must be selected. Before calcu-
lating the phase compensation angle range, we must first deter-
mine the initial damping ratio and the initial phase angle range
without auxiliary damping control. The amplitude-frequency and
phase-frequency characteristic curve and the damping ratio curve
were obtained, as shown in Fig. 5.

Next, based on the condition of the phase compensation angle
range for positive damping from Eq. (12), the optimal parameters
for PID phase control can be obtained. These parameters enable
the controller to obtain effective damping controls in the entire
subsynchronous frequency band. In our study, the goal was to
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make the eigenvalue of the closed-loop system approach the left of
the complex plane as much as possible. The objective function is

T ¼minU1 maxU2 ReðkÞ
� �

ð15Þ

where U1 is the set of parameters of the PID controller (KP, TI, TD); U2

is the set of compensation level, which means the proportion of the
series capacitive reactance to the line reactance (XC/XL); and
maxU2 ReðkÞ means to search the eigenvalue with maximum real
parts (at given PID parameters) when the power system run at dif-
ferent compensation level U2. minU1fmaxU2 ReðkÞg means to search
optimum PID parameters to make the minimum value of
maxU2 ReðkÞ, in order to make the eigenvalue of the closed-loop sys-
tem approach the left of the complex plane as much as possible.

The calculation process optimized by genetic algorithm is
shown in Fig. 6.

In the figure, N1 is the total number of iterations in the optimi-
zation. The value range of PID parameters and compensation level
are set as: KP e (0.1, 10), TI e (1, 100), TD e (1, 100), XC/XL e (0.2, 0.8).
According to the above calculation process for the optimization of
the phase compensation parameters of the PID controller, the
changes in best fitness and mean fitness are shown in Fig. 7.

Table 1 shows the optimization of the phase compensation
parameters of the PID controller.

Based on the optimization parameters of the PID controller, the
amplitude-frequency and phase-frequency characteristic curve
and the damping ratio curve of active-speed GxP(s) with the auxil-
iary damping control strategy were obtained, as shown in Fig. 8.

Comparison of Figs. 5 and 8 indicates that after the intro-
duction of auxiliary damping control strategy based on the
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Fig. 10. Dynamic performance of the wind turbi
active power loop, the phase angle range of active-speed GxP(-
s) changed from p/3–p/2 to p/2–3p/2, which demonstrates that
the damping effects changed from negative to positive and pro-
vided positive damping in the entire subsynchronous frequency
band. Furthermore, the damping ratio curve shows that the
damping ratio changed from negative to positive, and the
damping ratio significantly increased compared with that
without auxiliary damping control. This result is consistent
with the findings on amplitude-frequency and phase-frequency
characteristics.

Time domain simulation results

To evaluate the effectiveness of the proposed auxiliary damping
control to mitigate SSR, the IEEE first benchmark model, modified
by the inclusion of DFIG-based wind farms, was simulated with
the use of the simulation program DigSILENT/PowerFactory. The
compensation level XC/XL is to 0.55. At t = 0.1 s, a three-phase
short-circuit fault occurred at bus A and lasted for 0.025 s. The time
responses of the turbine generator torques and the angular accel-
eration during and after clearing fault with and without auxiliary
damping control are shown in Fig. 9. Fig. 10 shows the DFIG elec-
trical torque and the supplementary signal output of dynamic
active power DPg added at the active power loop of RSC.

Fig. 9 shows that when the auxiliary damping control of DFIG is
not in service, the turbine generator shaft electrical torque, tor-
sional torque, and angular acceleration exhibit severe torsional
amplifications (instability) after clearing fault. When the auxiliary
damping control of DFIG is in service, the turbine generator shaft
2 2.5 3 3.5 4
/s

n-damping control
mping control based on active power
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t/s

esponse of the wind turbines.

 dynamic active power ∆P added at 
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electrical torque, torsional torque, and angular acceleration are
stable. These results demonstrate the effectiveness of the proposed
auxiliary damping control in damping the SSR. Fig. 10(a) also
shows that the adverse effect of SSR is extended to DFIG when
the auxiliary damping control of DFIG is not in service, and the
DFIG electrical torques also exhibit severe torsional amplifications
(instability). When the auxiliary damping control of DFIG is in ser-
vice, a supplementary signal output of dynamic active power DP is
added at the active power loop of RSC, as shown in Fig. 10(b). The
DFIG electrical torque is stable.

 

 

Conclusion

A novel auxiliary damping control strategy to mitigate SSR with
the use of the active power control of DFIG-based wind farms has
been presented in this study. Modulating the active power of the
rotor-side converter of the DFIG to provide a positive damping
component to facilitates SSR damping.

A transfer function between turbine generator speed and the
output active power of wind farms was introduced to derive
the analytical expression of the damping ratio. The effect of
the active power of the DFIG-based wind farms on SSR damping
was analyzed, and the phase range to obtain positive damping
was determined. Then, a new auxiliary damping control strat-
egy was proposed. The PID phase compensation parameters of
the auxiliary damping controller were optimized by genetic
algorithm to obtain the optimum damping in the entire
subsynchronous frequency band. Finally, the effectiveness of
the proposed auxiliary damping control in suppressing SSR
oscillations is demonstrated through time domain simulation
of the modified IEEE first benchmark model. Results show that
the proposed auxiliary damping control can effectively damp
SSR oscillations.
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Appendix A

Network parameters
RL = 0.02 pu, XT = 0.14 pu, transformer ratio 26/539 kV,

XL = 0.50 pu, Xsys = 0.06 pu.
Turbine generator parameters

Xar ¼ 0:13 pu; Xd ¼ 1:79 pu; X0d ¼ 0:169 pu; X00d ¼ 0:135 pu; Xq

¼ 1:71 pu; X 0q ¼ 0:228 pu; X 00q ¼ 0:2 pu; T 0d0 ¼ 4:3 s; T 00d0

¼ 0:032 s; T 0q0 ¼ 0:85 s; T 00q0 ¼ 0:05 s:
Shaft parameters
HHP = 0.092897, HIP = 0.155589, HLPA = 0.858670, HLPB

= 0.884215, HGEN = 0.868495, HEXC = 0.0342165, KHP-IP = 19.303 pu/
rad, KIP-LPA = 34.929 pu/rad, KLPA-LPB = 52.038 pu/rad, KLPB-GEN

= 70.858 pu/rad, KGEN-EXC = 2.82 pu/rad.
DFIG parameters
Rated power: 2 MW, rated voltage: 690 V, rated frequency:

60 Hz, wind speed: 11 m/s, Rs = 0.00832 pu, Lls = 0.218 pu, Rr =
0.00935 pu, Llr = 0.236 pu, Lm = 2.905 pu, Hg = 0.5 s, Hw = 4.45 s,
Ks = 0.31 pu/rad.
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