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Abstract—In this paper, the interactions of the torsional
dynamics of the wind turbines and power modulation for oscilla-
tions in DFIG-based wind generators are investigated. One major
concern of active power modulation is its interaction with wind
turbine’s torsional dynamics. A study case with wind turbine
torsional dynamics modeled is derived from [1]. Both active
power modulation and reactive power modulation controls are
developed in this paper. The paper successfully demonstrates
the presence of interaction between active power modulation
and torsional dynamics and the absence of such interaction in
the case of reactive power modulation. Linear system analysis
and root loci approach are employed to demonstrate such
interaction. Simulation results in MATLAB/Simulink furth er
verifies the analysis. The major contribution of this paper is: i) the
demonstration of the potential disadvantage of wind generation’s
active power modulation, and ii) the identification of reactive
power modulation in wind generation as an alternative for inter-
area oscillation damping.

Index Terms—Doubly fed induction generator (DFIG), Inter-
area Oscillation Damping, Active Power Modulation, Reactive
Power Modulation

NOMENCLATURE

Pm, Pe mechanical and electrical power
Tm, Te mechanical and electromagnetic torques
ωs, ωr stator frequency and rotor rotating speed
rs, rr stator and rotor resistances
Ls, Lr stator and rotor inductances
M Mutual inductance between rotor and stator
λqs, λds q andd axis stator flux linkages
λqr , λdr q andd axis rotor flux linkages
λqm, λdm q andd axis air gap flux linkages
iqs, ids q andd axis stator currents
iqr, idr q andd axis rotor currents
vqs, vds q andd axis stator voltages
vqr, vdr q andd axis rotor voltages
Ps, Qs stator active and reactive power
Ht Inertia constants for the turbine (s)
Hg Inertia constants for the generator (s)
Dt Damping coefficients of the turbine
Dg Damping coefficients of the generator

Dtg
Damping coefficient of the flexible coupling
between the two masses

Ktg Shaft stiffness
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A Ctive power modulation has been applied in HVDC
to enhance the oscillation stability [2]. Such method

has its disadvantage. Active power modulation results in
a corresponding change in the generators’ electromagnetic
torque. Such modulation can interact with the torsional dy-
namics if the frequencies of electric network oscillations
and torsional oscillations are close. This phenomena have
been observed in literature [3]. Reactive power modulation
to enhance oscillation stability has been used in shunt reactive
power compensation devices, such as SVC and STATCOM
[4]. In [4], the addition of damping controller was shown to
modulate the reference voltage. Since the voltage magnitude is
closely related to the reactive power, the addition of damping
controller can be thought as reactive power modulation.

Doubly-fed-induction-generator (DFIG)-based wind energy
system is the state-of-the-art technology. The advantage of
DFIG-based wind generation is its active/reactive power con-
trol capability through its rotor side converter (RSC). Con-
sidering the high penetration of wind power in future grids,
the use of DFIGs to damp oscillations has been discussed in
literature [1], [5]–[7].

Power System Stabilizer (PSS) for a wind turbine employing
DFIG is given in [5] and the objective there is to damp oscil-
lations. The DFIG control in [5] is based on flux magnitude
and angle control (FMAC). An auxiliary damping control is
added to modify the flux angle reference, which is obtained
from an PI controller to track the active power reference. In
[6], an auxiliary signal derived from the rotor speed is added
to the rotor phase angle control to enhance the low-frequency
damping of the system. The control structure in [6] is derived
based on FMAC in [5]. Contribution of DFIG to oscillation
damping has been summarized in [7]. Reference [7] points out
that active power modulation is a powerful tool to introduce
additional damping to interarea oscillations.

While the FMAC for DFIG converters is presented in [5],
[6], [8], majority of the control schemes for DFIG including
the commercial technology of DFIG are based on stator-
voltage oriented vector control [9]–[11]. In vector control
scheme, active power control and reactive power control are
realized byqd-axis loops. An auxiliary damping control based
on vector control scheme is more practical and can be realized
for the existing DFIG wind generators.

Active power modulation for interarea oscillation damping
has been investigated in [1], in which the active power
modulation is shown to be more effective than reactive power
modulation using bode plots. However, active power mod-
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ulation may interact with the torsional dynamics. In wind
turbines, the torsional stiffness and the torsional oscillation
frequency are quite low. If active power modulation resultsin
low-frequency oscillations in wind generators, then thereis a
possibility of these interacting with torsional oscillations. On
the other hand, reactive power modulation is immune from the
interaction since reactive power is not directly related with the
electromagnetic torque. Hence, a preliminary study on reactive
power modulation is conducted by the authors in [12]. Active
and reactive power modulation methods have been briefly
mentioned in [13] without detailed analysis and comparison
of the two methods.

This paper presents a thorough analysis of the interaction
between power modulation and torsional dynamics. First, the
torsional dynamics will be modeled for wind turbines. Both
active/reactive power modulation will be compared for their
impact on torsional modes. The same study system employed
in [1] will be used to study the interaction problem. Compared
with [1] where the focus is on the electrical dynamics, this
paper presents a bigger picture including both the mechanical
dynamics and the power system electrical dynamics.

The remainder of the paper is organized as follows. Section
II introduces the model of a DFIG-based wind generator
including its control system and power modulation block.
Section III presents the study system and its characteristics.
Section IV presents the analysis of active/reactive power
modulation analysis using root locus and eigenvalue methods.
Section V investigates the interaction between the torsional
mode and inter-area oscillation mode under active and reactive
power modulation methods. Section VI presents the time-
domain simulation results which corroborate the analysis in
Section V. Section VII concludes the paper.

II. M ODEL OF DFIG-BASED WIND GENERATOR

The model of DFIG-based wind generator includes aerody-
namics, turbine shaft dynamics, DFIG machine dynamics, DC-
link capacitor dynamics, and RSC and GSC control systems.
Mei and Pal have pointed out in [14] that DFIGs have a pair
of mode related with the stator electromagnetic transient that
can be unstable under certain condition, such as improper
converter controller parameters. However with reduced order
model of DFIG where such transients are ignored, the unstable
mode cannot be observed. Mishra andet al points out in [6]
that for a mode associated with the voltage across the dc-link
capacitor can have detrimental effect on the system stability if
not properly damped. Therefore, for accurate controller tuning,
in this study, the model of DFIG includes the stator transients
and the dc capacitor dynamics.

In [1], a single mass model is used to represent the turbine
shaft-generator rotor system. The single mass model cannot
showcase the turbine shaft mode. In this study, the interaction
of active power modulation with the turbine shaft mode is
the focus. Hence a two-mass model is adopted for the turbine
shaft- generator rotor system.

A. DFIG model

Fig. 1 shows the equivalent circuit of a DFIG in the
synchronousqd reference frame, where theq-axis leads thed-

axis by900. Stator and rotor voltage equations inqd reference
frame can be obtained as follows:

{

Vs = rsIs + jωsλs +
dλs

dt

Vr = rrIr + j(ωs − ωr)λr +
dλr

dt

(1)

whereVs = vqs − jvds andVr = vqr − jvdr. The flux linkage
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Fig. 1. The equivalent circuit of DFIG.

expressions are given as:
{

λs = LsIs +MIr

λr = LrIr +MIs
(2)

whereLs = Lls + M , Lr = Llr + M , λs = λqs − jλds,
λr = λqr − jλdr, Is = iqs − jids, andIr = iqr − jidr.

From (1) and (2), a set of differential equations with stator
and rotor currents as state variables, stator and rotor voltages
as inputs can be established. While the rotor voltages are
determined by RSC control scheme, the stator voltages will
be determined by the network interface. A detailed modeling
approach of DFIGs can be found in [15].

The electromagnetic torqueTe can be expressed as

Te = λqmidr − λdmiqr (3)

whereλqm = λqs − iqsLls andλdm = λds − idsLls. λqm and
λdm are theq-axis andd-axis air gap flux linkages.

B. Wind Turbine Torsional Dynamics Model

A wind generator consists of the generator rotor, turbine
shaft, gear box and blade. To take into account both the
bending flexibility and the torsional flexibility, a three-mass
model is used in [16]. In this paper, a two-mass model is used
to represent the wind turbine by only taking into consideration
the torsional flexibility. Such a model is also used in several
papers [14], [17] when discussing wind turbine mechanical
dynamics. The purpose of our study is to capture the torsional
dynamics. Using a two-mass model is sufficient in this case
to investigate the torsional dynamics we are interested.

The equations of the two-mass model are listed as follows:










2Ht
d∆ωt

dt
= −(Dt +Dtg)∆ωt +Dtg∆ωr + Tm − Ttg

2Hg
d∆ωr

dt
= −(Dt +Dtg)∆ωr +Dtg∆ωt + Ttg − Te

dTtg

dt
= Ktgωe(∆ωt −∆ωr)

(4)
whereDt andDg are the damping coefficients of the turbine
and generator,Dtg is the damping coefficient of the flexible
coupling between the two masses,Ht andHg are the inertia
constants for the turbine and the generator, andKtg is the
shaft stiffness.
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axis and direct axis RSC voltages.vqg andvdg are quadrature axis and direct
axis GSC voltages.

C. DC link model

The dynamics of the dc link with the capacitor between the
rotor and stator side converters are described by a first order
model in physical units:

Cvdc
dvdc

dt
= Pr − Pg (5)

where

{

Pr = 1

2
(vqriqr + vdridr)

Pg = 1

2
(vqgiqg + vdgidg)

. (6)

Pr and Pg are the active power at RSC and GSC side
respectively. Note that all expressions are in physical units.

D. DFIG Converter Controls

Both RSC and GSC controls are modeled in this study.
Cascaded control loops similar to those in [14] are adopted
in this paper. The control loops are shown in Figs. 3 and 4.
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Fig. 3. GSC control loops.

The GSC control loops have two objectives: (a) theq-axis
loop is used to keep the dc link voltage constant so the active
power through the GSC and RSC will be the same and (b) the
d-axis loop is used to regulate the DFIG GSC reactive power
Qg.

The RSC control diagram is shown in Fig. 4 where the
reference power is obtained through the maximum power point
tracking (MPPT) lookup table. The wind turbine is able to
extract maximum wind power from the lookup table. Theq-
axis loop is used to regulate the active power of the DFIG and
thed-axis loop is used to regulate reactive power of the DFIG
statorQs.

Active power modulation for oscillation stability enhance-
ment has been applied in HVDC [2] while reactive power mod-
ulation for oscillation stability has been applied in STATCOM
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Fig. 4. RSC control loops.

[4]. In Fig. 4, the blocks along the dotted paths are involved
in the potential power modulation in a DFIG RSC. The active
power modulation will modulate the active power reference
value while the reactive power modulation will modulate the
reactive power reference value. PI controllers are employed
in the control loops such that the measured power (active
power or reactive power) tracks the modulated reference power
values.

III. T HE STUDY SYSTEM

Fig. 5. One-line diagram of a two-area system with a wind generator.

The study system as shown in Fig. 5 is the classic two-area
four-machine system. Area 1 has two synchronous generators,
each with 835 MW rated power and Area 2 also has two
synchronous generators, each with 835 MW rated power.
All four synchronous generators are identical and equipped
with turbine-governors. The parameters of the synchronous
generators [18] are shown in Table I of Appendix along with
turbine governor control blocks and parameters. A wind farm
based on DFIG is connected to the grid in area one and
represented by one aggregated DFIG. The rated exporting
level of the wind farm is 200 MW. The parameters of DFIG
and wind turbine shaft, RSC and GSC controls are shown in
Appendix.
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The system has several oscillation modes: i) local elec-
tromechanical oscillations (1.2 Hz) due to one synchronous
machine swinging against a local area, ii) the inter-area mode
(0.75 Hz) due to Area 1 swinging against Area 1, and iii)
the wind turbine shaft mode (0.87 Hz). This study system is
built in Matlab/Simulink. Generator 1 is equipped with a PSS
to increase the damping of its local oscillation. PSS control
block and parameters are given in Appendix.

IV. A NALYSIS OF ACTIVE OR REACTIVE POWER

MODULATION

It has been suggested and verified in literature that for
inter-area oscillation, the best control signal is the rotor angle
difference [19], [20]. Hence in this paper, the rotor angle
between Gen 3 and Gen 1 (δ31) is selected as the controller
input signal or plant output. In the active power modulation
method, the plant input is the modulated active power or
reactive power as shown in Fig. 4. Active power modulation
is first considered.

The detailed model described in Section II is for dynamic
simulations. In controller design, linearized models at certain
operating condition are first derived from the nonlinear model.
The linearization can be done through a function in Matlab
called “linmod”. The linearized model has an order of 65 and
we are facing a large number of system modes. Some of them
are not of the interest in this study which focuses on electro-
mechanical dynamics. In order to simplify the linear model,
model reduction is used. The reduced model is only used in
controller design. When the controller is tested, simulations
are conducted based on the detailed model.

The method used for model reduction is the same as
that documented in our previous work [1]. The step-by-step
procedure is given in [1]. Fast dynamics beyond the interestof
electromechanical mode spectrum with adequate damping are
ignored. Modes with zeros and poles very close to each other
are also eliminated. Hence only few modes are preserved and
they are: the local oscillation mode, the inter-area oscillation
mode, the shaft mode and the governor mode.

The open-loop system loci of the original system is given in
Fig. 6. The root locus diagram of an open-loop system without
active power modulation is shown in Fig. 7. Comparison of
the two figures gives visual aid to understand which modes
are preserved and which modes are ignored. The root loci
diagrams in the rest of the section are all based on the reduced-
order models.

It is obvious that the system is unstable resulting in inter-
area oscillation. With proportional feedback, the dampingof
the interarea mode will be increased. However, the damping
of the shaft mode will be decreased. When the inter-area
oscillation has a 5% damping, it is found that the shaft mode
will have a negative damping which is desirable. Hence, an
improved controller is designed to avoid such a situation. The
method of designing the controller is based root locus diagram
and it is similar to the one used in [1]. The compensator is
designed and the root locus diagram of the open-loop system
with the compensator is shown in Fig. 8. It is seen from
Fig. 8 that, with an increased gain, the damping for the inter-
area oscillation mode increases while that of the shaft mode
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Fig. 6. Open-loop system loci without active power modulation based on
the original model.
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Fig. 7. Open-loop system loci without active power modulation based on
the reduced-order model.

decreases. However, the damping of the shaft mode will not
be negative. Fig. 8 also demonstrates the interaction between
the active power modulation and the shaft mode. It will be
undesirable if the damping of the shaft mode becomes too
small.

Since the interaction between active power modulation and
wind turbine shaft oscillation mode may not yield desired
results, reactive power modulation is investigated. The root
locus diagram of the open-loop system is shown in Fig. 9 and
the open-loop system with a compensator is shown in Fig.
10. In both Figs. 9 and 10, it is found that the shaft mode is
not affected at all by an increasing gain. Root locus diagrams
show that when reactive power modulation is considered, the
zero and the pole corresponding to the shaft mode are located
fairly close.

Using the reduced system model, two controllers are de-
signed, one for active power modulation and the other for
reactive power modulation. The transfer functions foractive
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Fig. 8. Open-loop system root loci with active power modulation.
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Fig. 10. Open-loop system root loci with reactive power modulation.

power modulationis given by:

H(s) = −40
(0.172s2 + 0.016s+ 1)(0.132s2 + 0.0098s+ 1)

(0.07s+ 1)(0.093s+ 1)(0.112s2 + 0.0049 + 1)
.

(7)
The transfer function forreactive power modulationis given
by:

H(s) = 98.45
(0.142s2 + 0.023s+ 1)(0.172 + 0.05s+ 1)

(0.12s+ 1)(0.21s+ 1)(0.092s2 + 0.0047s+ 1)
.

(8)
It is observed that active power modulation needs a smaller
gain than the reactive power modulation. This finding is
consistent with the observation in [1] where in bode plots, the
gain of the open-loop system of the active power modulation
is much high than that of the reactive power modulation.
In turn, when the feedback controller is designed to achieve
similar performance, a smaller controller gain is requiredfor
the system with a high plant gain.

V. SIMULATION RESULTS AND DISCUSSION

Time-domain Simulations are performed on the test system.
The power transfer between the two areas is 400 MW. A
temporary three-phase fault occurs at Bus 3 att = 0s and
is cleared after 0.1 second. Figs. 11 and 12 show the dynamic
responses of the synchronous generators and the DFIG when
there is no inter-area oscillation control. In Fig. 11, the relative
angle differences, rotor speeds and electric power exporting
levels are plotted. In Fig. 12, the rotor speed, mechanical
torque, electric torque and terminal voltage of the DFIG are
plotted.

The system suffers from low-frequency oscillations. As time
goes by, the oscillations increase and the system becomes
unstable.
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Fig. 11. Synchronous generator dynamic responses with no supplementary
damping control. The first sub-figure shows relative rotor angles δ21, δ31
and δ41 . The second sub-figure shows rotor speeds of the four synchronous
generators. The third sub-figure shows the output power levels from the four
synchronous generators.

Figs. 13 and 14 show the dynamic responses of the syn-
chronous generators and the wind generator, with the auxiliary
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Fig. 12. Wind turbine generation dynamic responses with no supplementary
damping control. The first sub-figure shows the speed of DFIG rotor. The
second sub-figure shows the mechanical torque. The third sub-figure shows
the outputP andQ of the DFIG. Note that at steady state the curveP is
above curveQ. The fourth sub-figure shows the terminal voltage magnitude
of the DFIG.

damping control added for active power modulation. It is
found that active power modulation can effectively enhance
the damping of the inter-area oscillation.
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Fig. 13. Synchronous generator dynamic responses with active power
modulation damping control. The first sub-figure shows relative rotor angles
δ21, δ31 and δ41. The second sub-figure shows rotor speeds of the four
synchronous generators. The third sub-figure shows the output power levels
from the four synchronous generators.

Figs. 15 and 16 show the dynamic responses of the syn-
chronous generators and the wind generator, with the auxiliary
damping control added for reactive power modulation. It is
found that reactive power modulation can also effectively
enhance the damping of the inter-area oscillation.

A comparison of active and reactive power modulation will
be done as follows. First of all, the dynamic responses of the
rotor angles (synchronous generators) are plotted together for
the three scenarios: 1) with no damping control, 2) with active
power modulation, and 3) with reactive power modulation.
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Fig. 14. Wind turbine generator dynamic responses with active power
modulation damping control. The first sub-figure shows the speed of DFIG
rotor. The second sub-figure shows the mechanical torque. The third sub-figure
shows the outputP andQ of the DFIG. Note that the curveP is above curve
Q. The fourth sub-figure shows the terminal voltage magnitudeof the DFIG.
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Fig. 15. Synchronous generator dynamic responses with reactive power
modulation damping control. The first sub-figure shows relative rotor angles
δ21, δ31 and δ41. The second sub-figure shows rotor speeds of the four
synchronous generators. The third sub-figure shows the output power levels
from the four synchronous generators.

The plots are shown in Fig. 17 where dashed lines correspond
to the first scenario and the solid lines correspond to the
second and third scenarios. From the plots, we can observe
the effectiveness of the damping controllers in damping out
the 0.7 Hz inter-area oscillation. Compared to the unstable
original case, the system becomes stable with the addition of a
supplementary control loop. The enhanced stability can further
help to improve transfer capability and move more wind power
to the market.

The dynamic responses of the electromagnetic torque of
the wind generator are shown in Fig. 18 where dashed lines
correspond to the first scenario and the solid lines correspond
to the second and third scenarios. From Fig. 18, we can
observe more oscillations in the torque when active power
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Fig. 16. Wind turbine generator dynamic responses with reactive power
modulation damping. The first sub-figure shows the speed of DFIG rotor. The
second sub-figure shows the mechanical torque. The third sub-figure shows
the outputP andQ of the DFIG. Note that the curveP is above curveQ.
The fourth sub-figure shows the terminal voltage magnitude of the DFIG.
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Fig. 17. Dynamic responses of relative rotor angleδ31.

modulation is applied. The waveform ofTe suggests that
there are different oscillation modes. From the analysis in
Section V, we find that the shaft mode becomes obvious due to
decreased damping. In the case of reactive power modulation,
the dynamic response ofTe is better than that of the case
without any power modulation. This is because the reactive
power modulation will not excite the shaft mode.

The dynamic responses of the terminal voltage of the wind
farm are plotted in Fig. 19. In the original scenario,Vt has
sustained oscillations due to an unstable inter-area oscillation
mode. In the active power modulation scenario,Vt can be kept
steady at its set value. Reactive power modulation apparently
influences the terminal voltage and hence we can observe
oscillations in its waveform initially. As time goes, oscillations
in the terminal voltage will damp out.

In summary, to avoid the interaction between the active
power modulation and the torsional oscillations, reactive
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Fig. 18. Dynamic responses of electromagnetic torque.
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Fig. 19. Dynamic responses of the terminal voltage of the wind farm.

power modulation can be sought as this paper has shown. The
disadvantage of reactive power modulation is the introduction
of oscillations in terminal voltage profile.

Another way to avoid the interaction is to design the
active power modulation based controller with consideration
of torsional dynamics. Parameters of the controllers will be
chosen by trial and error or optimization to make sure that
the damping of both the electric oscillation mode and the
torsional mode can be improved. A recent paper in IEEE
Trans. Power Systems [21] has practiced control design based
on both eigenvalues and partial eigenstructure to achieve such
goals.

VI. CONCLUSION

In this paper two methods for damping the interarea oscilla-
tions in a DFIG-based wind farm, namely, active and reactive
power modulation, are compared for their effectiveness in
damping and their interaction with wind turbine’s shaft dy-
namics. A test system is built in Matlab/Simulink and a linear
system analysis is carried out. Both methods are effective in
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the oscillations. The major finding of the paper is that the
the damping of the shaft mode decreases due to active power
modulation in wind farms while reactive power modulation is
immune to such risk.

APPENDIX

The parameters of synchronous generator are listed in Table
I, and the parameters of DFIG are given in Table II.

TABLE I
PARAMETERS OFSYNCHRONOUSGENERATOR

rs (pu) 0.003 Xls (pu) 0.19
Xq (pu) 1.8 Xd (pu) 1.8
r
′

kq1
(pu) 0.00178 r

′

fd
(pu) 0.000929

X
′

lkq1
(pu) 0.8125 X

′

lfd
(pu) 0.11414

r
′

kq2
(pu) 0.00841 r

′

kd
(pu) 0.01334

X
′

lkq2
(pu) 0.0939 X

′

lkd
(pu) 0.08125

The governor block is shown in Fig 20 and the parameters
are shown in Table II.

)1)(1(

)1(

31

2

sTsT

sTK

++
+

∑
41

1

sT+
ω∆

refP maxP

minP

mP

Fig. 20. Governor model of Synchronous Generator.

TABLE II
PARAMETERS OFSYNCHRONOUSGENERATORGOVERNOR

K 25
T1 (s) 0.2
T2 (s) 0.1
T3 (s) 0.3
T4 (pu) 0.01

A PSS consists of three blocks as shown in Fig. 21: a gain
block, a signal washout block, and a phase compensation block
[22]. The PSS transfer function is expressed as

Gain Washout Phase
onCompensati

ω∆ vK
w

w

sT

sT

+1 2

1

1

1

sT

sT

+
+

Fig. 21. Transfer function of PSS.

H(s) = 10
10s

1 + 10s

1 + sT1

1 + sT2

. (9)

whereT1 = 0.078 andT2 = 0.21.
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