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Abstract—In this paper, the interactions of the torsional
dynamics of the wind turbines and power modulation for oscila-
tions in DFIG-based wind generators are investigated. One ajor
concern of active power modulation is its interaction with wnd
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 ae
developed in this paper. The paper successfully demonstres
the presence of interaction between active power modulatio
and torsional dynamics and the absence of such interactiomi
the case of reactive power modulation. Linear system analis
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 k: i) the
demonstration of the potential disadvantage of wind generéon’s
active power modulation, and ii) the identification of reactve
power modulation in wind generation as an alternative for irter-
area oscillation damping.

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

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 shuntiveac
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 magnitud
closely related to the reactive power, the addition of dagpi
controller can be thought as reactive power modulation.

Doubly-fed-induction-generator (DFIG)-based wind eyerg

system is the state-of-the-art technology. The advantdge o
DFIG-based wind generation is its active/reactive power-co
trol capability through its rotor side converter (RSC). €on
sidering the high penetration of wind power in future grids,

NOMENCLATURE the use of DFIGs to damp oscillations has been discussed in
Py, P. mechanical and electrical power literature [1], [5]-{7].
Tpy T mechanical and electromagnetic torques Power System Stabilizer (PSS) for a wind turbine employing
W,y Wy stator frequency and rotor rotating speed DFIG is given in [5] and the objective there is to damp oscil-
Ty T stator and rotor resistances lations. The DFIG control in [5] is based on flux magnitude
L, L, stator and rotor inductances and angle control (FMAC). An auxiliary damping control is
M Mutual inductance between rotor and statoradded to modify the flux angle reference, which is obtained

Ags» Ads g andd axis stator flux linkages
Agry Adr g andd axis rotor flux linkages
Agm» Aam ¢ @ndd axis air gap flux linkages
Ggss ds g andd axis stator currents

Qgry Tdr g andd axis rotor currents

Vgs, Uds ¢ andd axis stator voltages

Vgr, Vdr g andd axis rotor voltages

P, Qs stator active and reactive power

H, Inertia constants for the turbine (s)
H, Inertia constants for the generator (s)
Dy Damping coefficients of the turbine
D, Damping coefficients of the generator

between the two masses
Ky Shaft stiffness
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from an PI controller to track the active power reference. In
[6], an auxiliary signal derived from the rotor speed is atlde
to the rotor phase angle control to enhance the low-freguenc
damping of the system. The control structure in [6] is dative
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 contro

Damping coefficient of the flexible couplingcheme, active power control and reactive power control are

realized bygd-axis loops. An auxiliary damping control based
on vector control scheme is more practical and can be rehalize
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-



ulation may interact with the torsional dynamics. In windgxis by90°. Stator and rotor voltage equationsgi reference
turbines, the torsional stiffness and the torsional asgilh frame can be obtained as follows:
frequency are quite low. If active power modulation resiits {

low-frequency oscillations in wind generators, then thisra
possibility of these interacting with torsional oscillais. On
the other hand, reactive power modulation is immune from tf\]/vqwerev v — v and V. — o — i The flux linkage
interaction since reactive power is not directly relatethvtie s = Yas = JVds = Var = JUdr- g
electromagnetic torque. Hence, a preliminary study ontieac

‘/S - TsIs + jws)\s + ddAts (1)
Ve =r.I. + j(ws - wr))\r + d;\tT

power modulation is conducted by the authors in [12]. Active fo - Jads L b ez

and reactive power modulation methods have been briefly — Y

mentioned in [13] without detailed analysis and comparison, ) dA| M dA, v,
of the two methods.

This paper presents a thorough analysis of the interaction
between power modulation and torsional dynamics. Firgt, th
torsional dynamics will be modeled for wind turbines. Botlfig- 1. The equivalent circuit of DFIG.
active/reactive power modulation will be compared for thei _ .
impact on torsional modes. The same study system employ@dPressions are given as:
in [1] will be used to study the interaction problem. Compuhre {

As = LsIs+ MI,
Ar = LI, + MI;

with [1] where the focus is on the electrical dynamics, this
paper presents a bigger picture including both the mechhnic

dynamics arjd the power system electrlcal dynamics. where L = Lys + M, Ly = Lin + M, Ay = Ape — jhae,
The remainder of the paper is organized as follows. Secug\n . . .. . as
= )\qr _.])\drn Is = 1gs — Jlds» and]r = lgr — Jldr-

Il introduces the model of a DFIG-based wind generator ; . . .
including its control system and power modulation block, From (1) and (2), a set of differential equations with stator

Section Il presents the study system and its charactes’istiand rotor currents as state variables, stator and rotoagedt

Section IV presents the analysis of active/reactive pow 'npl.JtS can be established. While the rotor voltages are
. . . : etermined by RSC control scheme, the stator voltages will
modulation analysis using root locus and eigenvalue metho

Section V investigates the interaction between the toedio e determined by the network interface. A detailed modeling

mode and inter-area oscillation mode under active andiveactapproaCh of DFIGs C?‘” be found in [15]
The electromagnetic torquE. can be expressed as

power modulation methods. Section VI presents the time-
domgm S|mulat_|on results which corroborate the analysis i T = Agmidr — Admigr 3)
Section V. Section VII concludes the paper.

)

whereg, = Ags — igsLis and gy, = Ags — iasLis. Agm and
Il. MODEL OF DFIG-BASED WIND GENERATOR A\am are theg-axis andd-axis air gap flux linkages.
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 systen%. Wind Turbine Torsional Dynamics Model
Mei and Pal have pointed out in [14] that DFIGs have a pair A wind generator consists of the generator rotor, turbine
of mode related with the stator electromagnetic transieat t shaft, gear box and blade. To take into account both the
can be unstable under certain condition, such as improfending flexibility and the torsional flexibility, a threeass
converter controller parameters. However with reduceciordmodel is used in [16]. In this paper, a two-mass model is used
model of DFIG where such transients are ignored, the urestabd represent the wind turbine by only taking into considerat
mode cannot be observed. Mishra agtdal points out in [6] the torsional flexibility. Such a model is also used in selvera
that for a mode associated with the voltage across the #c-lipapers [14], [17] when discussing wind turbine mechanical
capacitor can have detrimental effect on the system dtaflfili dynamics. The purpose of our study is to capture the torkiona
not properly damped. Therefore, for accurate controlleiny, dynamics. Using a two-mass model is sufficient in this case
in this study, the model of DFIG includes the stator transiento investigate the torsional dynamics we are interested.

and the dc capacitor dynamics. The equations of the two-mass model are listed as follows:
In [1], a single mass model is used to represent the turbine A
shaft-generator rotor system. The single mass model cannd2Ht “57 = — (D¢ + Dig) Awy + DigAwy + Ty — Tig

showcase the turbine shaft mode. In this study, the interact { 2H, 95> = —(D; + D;y)Aw, + DygAw; + Tyy — T.
of active power modulation with the turbine shaft mode is deg = Kygwe(Awy — Aw,)

the focus. Hence a two-mass model is adopted for the turbine (4)

shaft- generator rotor system. where D; and D, are the damping coefficients of the turbine
and generatorD,, is the damping coefficient of the flexible

A. DFIG model coupling between the two massd$; and H, are the inertia

Fig. 1 shows the equivalent circuit of a DFIG in theconstants for the turbine and the generator, #&hg is the
synchronougd reference frame, where theaxis leads thel- shaft stiffness.



MPPT

ES
®
[
=
o
o g
®
N
H

Y

DFIG

Fig. 2. DC link with V;. andV, representing RSC and GSC voltage phasors.
Ve = %(vqr —jvar), Vg = 5 (vag = jvag). vgr andug,. are quadrature
axis and direct axis RSC voltages,; andvg, are quadrature axis and direct
axis GSC voltages.

' Fig. 4. RSC control loops.
C. DC link model 19 control loops

The dynamics of the dc link with the capacitor between the
rotor and stator side converters are described by a first or§4]. In Fig. 4, the blocks along the dotted paths are involved

model in physical units: in the potential power modulation in a DFIG RSC. The active
dvge power modulation will modulate the active power reference
Cvac— = = Pr = B (5)  value while the reactive power modulation will modulate the
reactive power reference value. Pl controllers are employe
Where P. = %(vqriqr + Variar) ) in the control loops such that the measured power (active
= %(vqu’qg + Vdglidg) ’ polvver or reactive power) tracks the modulated referencespow
values.
P, and P, are the active power at RSC and GSC side
respectively. Note that all expressions are in physicatisuni . THE STUDY SYSTEM
D. DFIG Converter Controls
Both RSC and GSC controls are modeled in this study Om OG:‘

Cascaded control loops similar to those in [14] are adopte ——, .
in this paper. The control loops are shown in Figs. 3 and 4. __| 1
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Fig. 3. GSC control loops. Wind Turbine 7

The GSC control loops have two objectives: (a) thaxis Fig. 5. One-line diagram of a two-area system with a wind gaoe
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) theThe study system as shown in Fig. 5 is the classic two-area
d-axis loop is used to regulate the DFIG GSC reactive powgrur-machine system. Area 1 has two synchronous generators
Qq. each with 835 MW rated power and Area 2 also has two

The RSC control diagram is shown in Fig. 4 where thgynchronous generators, each with 835 MW rated power.
reference power is obtained through the maximum power poili four synchronous generators are identical and equipped
tracking (MPPT) lookup table. The wind turbine is able teovith turbine-governors. The parameters of the synchronous
extract maximum wind power from the lookup table. Tfte¢ generators [18] are shown in Table | of Appendix along with
axis loop is used to regulate the active power of the DFIG amurbine governor control blocks and parameters. A wind farm
the d-axis loop is used to regulate reactive power of the DFIBased on DFIG is connected to the grid in area one and
stator@s. represented by one aggregated DFIG. The rated exporting

Active power modulation for oscillation stability enhancelevel of the wind farm is 200 MW. The parameters of DFIG
ment has been applied in HYDC [2] while reactive power modind wind turbine shaft, RSC and GSC controls are shown in
ulation for oscillation stability has been applied in STAD® Appendix.



The system has several oscillation modes: i) local ele

Root Locus

tromechanical oscillations (1.2 Hz) due to one synchrono 2
machine swinging against a local area, ii) the inter-aredano
(0.75 Hz) due to Area 1 swinging against Area 1, and ii o
the wind turbine shaft mode (0.87 Hz). This study system ol @O
built in Matlab/Simulink. Generator 1 is equipped with a PS o *
to increase the damping of its local oscillation. PSS cantr £ ° ® &%
block and parameters are given in Appendix. g 0 kgxmﬁ%gm y x;@
E o
IV. ANALYSIS OF ACTIVE OR REACTIVE POWER el ®GX Qx
MODULATION ol <@
It has been suggested and verified in literature that f <ox/e
inter-area oscillation, the best control signal is the ratogle Bf
difference [19], [20]. Hence in this paper, the rotor angl e ‘ L
between Gen 3 and Gen #;() is selected as the controller i T realnds ’ °

input signal or plant output. In the active power modulatio..
method, the plant inpUt is the modulated active power Qrg. 6. Open-loop system loci without active power modoiatbased on
reactive power as shown in Fig. 4. Active power modulatiofe original model.
is first considered.

The detailed model described in Section Il is for dynamic
simulations. In controller design, linearized models ataia
operating condition are first derived from the nonlinear elod ,
The linearization can be done through a function in Matlab 1 <ﬂ .
called “linmod”. The linearized model has an order of 65 and —
we are facing a large number of system modes. Some of them 7 ]
are not of the interest in this study which focuses on electro 5“"‘““““\ /
mechanical dynamics. In order to simplify the linear model, : ** o mereamone |
model reduction is used. The reduced model is only used in *
controller design. When the controller is tested, simalai
are conducted based on the detailed model. T /

Local mode

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 inteygst |
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 angd 7. Open-loop system loci without active power modolatbased on
they are: the local oscillation mode, the inter-area catilh ~ the reduced-order model.
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 withoyk.reases. However, the damping of the shaft mode will not
active power modulatlo_n 1S sh_own in Fig. 7. ComPa”SO” ‘He negative. Fig. 8 also demonstrates the interaction leetwe
the two figures gives visual aid to understand which modgs, active power modulation and the shaft mode. It will be

are preserved and which modes are ignored. The root I9gjqesirable if the damping of the shaft mode becomes too
diagrams in the rest of the section are all based on the reducg,,y.

order models. : ) . . .

It is obvious that the system is unstable resulting in inter- SINCe the interaction between active power modulation and
area oscillation. With proportional feedback, the dampifig wind turbine _shaft oscillation m_ode_ may nqt yield desired
the interarea mode will be increased. However, the dampifgFUlts, reactive power modulation is investigated. Thet ro
of the shaft mode will be decreased. When the inter-art¥us diagram of the open-loop system is shown in Fig. 9 and
oscillation has a 5% damping, it is found that the shaft mode open-loop system with a compensator is shown in Fig.
will have a negative damping which is desirable. Hence, &f- In both Figs. 9 and 10, it is found that the shaft mode is

improved controller is designed to avoid such a situatidre T N0t affected at all by an increasing gain. Root locus diagram
method of designing the controller is based root locus diagr show that when reactive power modulation is considered, the

and it is similar to the one used in [1]. The compensator F£T0 and the pole corresponding to the shaft mode are located

designed and the root locus diagram of the open-loop syst&fly close.

with the compensator is shown in Fig. 8. It is seen from Using the reduced system model, two controllers are de-
Fig. 8 that, with an increased gain, the damping for the intesigned, one for active power modulation and the other for
area oscillation mode increases while that of the shaft modsactive power modulation. The transfer functions éative
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Fig. 10. Open-loop system root loci with reactive power nmation.

power modulationris given by:

(0.17%s% + 0.016s + 1)(0.13%s + 0.0098s + 1)
(0.07s + 1)(0.093s + 1)(0.112s2 + 0.0049 +(1%)’

H(s)=-40

The transfer function foreactive power modulatiors given
by:

(0.14%s% 4 0.023s + 1)(0.17% + 0.055 + 1)
(0.12s 4+ 1)(0.21s + 1)(0.09%2s2 + 0.0047s —?81))

H(s) = 98.45

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 pldis, t
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 requifed

the system with a high plant gain.

V. SIMULATION RESULTS ANDDISCUSSION

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 at 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, thkative
angle differences, rotor speeds and electric power exmprti
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. Asgim
goes by, the oscillations increase and the system becomes
unstable.
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Fig. 11. Synchronous generator dynamic responses with ppleuentary
damping control. The first sub-figure shows relative rotoglesd21, d31
and d41. The second sub-figure shows rotor speeds of the four symehso
generators. The third sub-figure shows the output poweisldvem the four
synchronous generators.

Figs. 13 and 14 show the dynamic responses of the syn-
chronous generators and the wind generator, with the anyili
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Fig. 12. Wind turbine generation dynamic responses withuppementary Fig. 14. Wind turbine generator dynamic responses withvacfiower
damping control. The first sub-figure shows the speed of DRI®rr The modulation damping control. The first sub-figure shows theedpof DFIG
second sub-figure shows the mechanical torque. The thirdigute shows rotor. The second sub-figure shows the mechanical torqueethiitd sub-figure
the outputP and @ of the DFIG. Note that at steady state the cuReis shows the outpuf’ and@ of the DFIG. Note that the curv® is above curve
above curveR. The fourth sub-figure shows the terminal voltage magnitud€. The fourth sub-figure shows the terminal voltage magnitidthe DFIG.
of the DFIG.
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damping control added for active power modulation. It i g
found that active power modulation can effectively enhanc g —os} 1
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d21, 031 and d41. The second sub-figure shows rotor speeds of the four

o 5 1‘0 1‘5 20 synchronous generators. The third sub-figure shows theubptpver levels
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Fig. 13. Synchronous generator dynamic responses witlveagower
modulation damping control. The first sub-figure shows redatotor angles The plots are shown in Fig. 17 where dashed lines correspond

021, 031 and d41. The second sub-figure shows rotor speeds of the foyp the first scenario and the solid lines correspond to the

synchronous generators. The third sub-figure shows theubptpver levels . .

from the four synchronous generators. second and third scenarios. From the plots, we can observe
the effectiveness of the damping controllers in damping out

Figs. 15 and 16 show the dynamic responses of the syhe 0.7 Hz inter-area oscillation. Compared to the unstable
chronous generators and the wind generator, with the auili original case, the system becomes stable with the addifian o
damping control added for reactive power modulation. It supplementary control loop. The enhanced stability catiéur
found that reactive power modulation can also effectivelyelp to improve transfer capability and move more wind power
enhance the damping of the inter-area oscillation. to the market.

A comparison of active and reactive power modulation will The dynamic responses of the electromagnetic torque of
be done as follows. First of all, the dynamic responses of thiee wind generator are shown in Fig. 18 where dashed lines
rotor angles (synchronous generators) are plotted tog&the correspond to the first scenario and the solid lines corragpo
the three scenarios: 1) with no damping control, 2) withvacti to the second and third scenarios. From Fig. 18, we can
power modulation, and 3) with reactive power modulatiommbserve more oscillations in the torque when active power
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Fig. 16. Wind turbine generator dynamic responses withtisea@ower Fig. 18. Dynamic responses of electromagnetic torque.
modulation damping. The first sub-figure shows the speed ¢&D6tor. The
second sub-figure shows the mechanical torque. The thirdigute shows
the outputP and Q of the DFIG. Note that the curv® is above curvey.

The fourth sub-figure shows the terminal voltage magnitudén® DFIG. 1.05F 1
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power modulation can be sought as this paper has shown. The
disadvantage of reactive power modulation is the intradact
of oscillations in terminal voltage profile.

modulation is applied. The waveform df. suggests that Another way to avoid the interaction is to design the
there are different oscillation modes. From the analysis #¢tiveé power modulation based controller with considerati
Section V, we find that the shaft mode becomes obvious due¥ptorsional dynamics. Parameters of the controllers wall b
decreased damping. In the case of reactive power modu)atiBRoSen bY trial and error or optimization to make sure that
the dynamic response &, is better than that of the casethe damping of both the electric oscillation mode and the

without any power modulation. This is because the reactij@'’sional mode can be improved. A recent paper in IEEE
power modulation will not excite the shaft mode. Trans. Power Systems [21] has practiced control desigrdbase

The dynamic responses of the terminal voltage of the wirRf POth eigenvalues and partial eigenstructure to achigse s

farm are plotted in Fig. 19. In the original scenarlg, has 90&ls-

sustained oscillations due to an unstable inter-arealaisoil

mode. In the active power modulation scenalipcan be kept VI. CONCLUSION

steady at its set value. Reactive power modulation apdgrent In this paper two methods for damping the interarea oscilla-

influences the terminal voltage and hence we can obsetishs in a DFIG-based wind farm, namely, active and reactive

oscillations in its waveform initially. As time goes, odations power modulation, are compared for their effectiveness in

in the terminal voltage will damp out. damping and their interaction with wind turbine’s shaft dy-
In summary, to avoid the interaction between the activeamics. A test system is built in Matlab/Simulink and a linea

power modulation and the torsional oscillations, reactiv&y/stem analysis is carried out. Both methods are effective i

Fig. 17. Dynamic responses of relative rotor andle.
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