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Abstract—Subsynchronous resonance (SSR) phenomenon ininteraction, the network mode should have a frequency of 57-
wind farms connected with series compensated transmission 59 Hz. This requires a very high level of series compensation

network has been researched in recent literature. Mitigathg SSR

using FACTS devices such as TCSC, SVC and STATCOM has

also been explored in the literature. The ability of the powe
converters in doubly-fed induction generator (DFIG) wind farms
in mitigating SSR has rarely been investigated. In this pape
the DFIG converters will be explored for SSR mitigation. The
investigation in this paper includes the design of auxiliay SSR
damping controller and selection of control signals. Reside-
based analysis, root locus diagrams, and time-domain simation
in Matlab/Simulink will be carried out. The major contribut ions
of the paper are: 1) investigation of the potential of wind fam
converters for SSR mitigation and 2) identification of an eféctive
control signal for SSR damping controller to simultaneousy

enhance both sub- and super- synchronous resonance modes.

Index Terms—Doubly Fed Induction Generator, SSR mitiga-

which rarely happens.

The rotor speed has been used in SSR mitigation control
[1], [3]. A preliminary study exploring the capability of ¢h
grid-side converters (GSC) of a DFIG in mitigating SSR is
presented in [10]. The rotor speed of the wind farm is used
as the input signal to the auxiliary SSR damping controller
added to the GSC's reactive power/voltage control loop. The
control scheme is demonstrated to enhance the SSR damping.

A question naturally arises: Is there a better signal fohsuc
SSR damping controller? Since the network resonant mode is
the major cause of SSR, measurements closely related to such
mode should be chosen as control signals. Hence both the
line current and the voltage across the series compensation

tion are chosen and their effectiveness in control design will be

discussed in the paper.
Therefore, the objective of the paper is two-fold:

g to investigate the potential of SSR mitigation in DFIG

|I. INTRODUCTION

Subsynchronous resonance (SSR) phenomenon in win
farms connected with series compensated transmission net- cor?vertgrs . N
work has been researched in recent literature [1]-[3]. The® to identify a contro! .S'gf‘a' for SSR mitigation and for
mitigation of SSR using FACTS devices in series compensated overall system stabilization enhancement.
transmission line connected with wind power has been pre-The paper is organized as follows. Section Il presents the
sented in the literature. In [1], Varne al explored TCSC and Study system, the DFIG converter controls and the auxiliary
SVC'’s capability in SSR mitigation while in [3], STATCOM's damping control for SSR mitigation. Section Il presents
capability in SSR mitigation is explored. The state-of-tre residue-based analysis and root local diagram based werific
wind energy systems use DFIGs with back-to-back powgpn to choose a control input signal. Section IV presengs th
electronic converters. The capability of such converters $imulation results to demonstrate the effectiveness oSt
maximum power point tracking and voltage/reactive pow&lamping controllers. Section V concludes the paper.
control [4], compensation for unbalanced grid conditioBp [
and oscillation stability [6], [7] has been explored in the

literature. However the control ability of these convestar The study system based on IEEE first benchmark model
mitigating SSR has not yet been investigated. _ for SSR studies [11] is shown in Fig. 1 where a DFIG-based
A grid side converter (GSC) of a DFIG has a similafying farm (100 MVA from the aggregation of 2 MW units) is

topology of a STATCOM yet exchanges both active angnnected to a 161 kV series-compensated line. The caftecti
reactive power in fast speed. Hence, the objective of thi@pa ponavior of a group of wind turbines is represented by an

is to explore the control capability of DFIG-based wind farmequivalent lumped machine. This assumption is supported by
in mitigating SSR through an auxiliary damping controllér aayeral recent studies [12]-[15] that suggest that winchfar
the GSC. : i . aggregation provides a reasonable approximation for syste
~ The unique feature of SSR phenomena in wind famMsierconnection studies. This approach has also beerigedct
interfaced with series compensated network is that indacti;, system studies [16], [17] which points out that “simutas
generator effect (IGE) due to the network resonant osoiat o 1,k system dynamics using a single machine equivalent is
mode is the major cause of SSR. This feature has begtﬁ'equate for most planning studies”.
identified by the authors in [8]. The low shaft stiffness ohdi 1,0 recent studies [1], [3] on SSR in wind farms have
turbine drive train leads to low frequency torsional mod#s [ poth ysed the IEEE first bench mark model or its derivation
which rarely interact with the network resonant modes in the,y 4n aggregated self-excited induction generator madel t
electric system. The frequency of torsional modes in Windyresent the wind farm. In [1], the power rating of the wind
turbines can be as low as 1-3 Hz. In order to have torsiongln, js 746 MW and the transmission voltage level is 500 kV.
L. Fan and Z. Miao are with Dept. of Electrical Engineeringiérsity of In [3], the power rating of the wind farm is scaled down to
South Florida, Tampa FL 33620. Emails: fll@ieee.org. Ph¢#®3)974-2031. 100 MW and the voltage level of the transmission network is
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reduced to 132 kV. In this paper, an aggregated DFIG modelv Whn
is used and the voltage level of the transmission network f
chosen to be 161 kV. The machine and the network paramet{ "

are listed in Appendix. The length of the transmission lige i " " Vor
approximately 154 miles for which it is reasonable to irstal Kre +ST” i +ﬁ —>
series compensation. T - i

When individual wind turbines are aggregated, the aggre-
gated inertia is scaled up. However the base power is alsoQ: Kk +Ke | K+ Ka | Yo
scaled up, therefore, the per unit value of the inditidoes not : STy, fig+ ¢ ST,

change. The same also happens to other machine parameters
such as impedances. Therefore, the parameters of a 2MW
DFIG in per unit values can continue to be used for the

equivalent wind generator. Fig. 2. RSC control loops.

Loomw B. Auxiliary SSR Damping Control
It has been identified in [2] and [8] that the RSC control

690v 161kv

is i E
— Vi .) =, Ve e loop gains negatively impact the SSR network mode and these
| . & x " gains have to be limited. It is therefore not suitable to erel
Yoo ' Lo SSR mitigation through RSCs. Instead, the focus is on GSC.
. T T Supplementary control for SSR damping is proposed in
ir lg . .
T STATCOM control [20]. The GSC is similar to a STATCOM in
RSC | T | GSC terms of the topology. The difference between STATCOM and

GSC SSR mitigation is the consequent impact. For example,
' _ a GSC is connected to a RSC through an DC-link. Hence,
T o v e o e 00 oo SSR mitgation in GSC may cause mpact on both GSC and
voltage of the network is 161 kV. RSC outputs. Similar as the SSR mitigation technique in
STATCOM, the supplementary control is added in the GSC
The differential equations based model of the study syste@active power/voltage control loop for tlkeaxis to modulate
for SSR study has been presented in [8]. Detailed modhe terminal voltage demand as shown in Fig. 3. This is Option
analysis of system modes and impacting parameters have béen
studied in the authors’ previous research [18]. In this pape Another option of modulation (Option 2) is through the
detailed discussion on differential equations and impacti DC-link voltage reference modulation. The dotted box and
parameters are omitted. The focus will be using residlige show the SSR damping controller and the injection point
method to select SSR mitigation input signal. As a summafylodulation of the dc-link voltage reference is expected to
the complete dynamic system model includes the series cogause more oscillations on the real power exchange through
pensated network model, the wind turbine aerodynamic modéle dc-link and the electromagnetic torque.
the torsional dynamics model, the induction generator jode
the dc-link model and the DFIG’s converter controls. The
auxiliary SSR damping control will be designed and added
in for SSR mitigation study. Vet

A. DFIG Converter Controls

Both rotor-side converter (RSC) and grid-side convertel"
(GSC) controls are modeled in this study. Cascaded control
loops similar to the ones in [19] are adopted in this paper.
The control loops are shown in Figs. 2 and 3.

In the RSC control loops, the reference torque is obtained
through the lookup table. When wind speed is greater than thg 3. supplementary control schemes in the GSC contrg koo SSR
rated speed, it is a constant value and is the optimal torguiggation through either the terminal voltage modulatimndc-link voltage
corresponding to the measured rotating speed. Through tRfsulation.
lookup table, the wind turbine is able to extract the maximum
wind power. Theg-axis loop is to regulate the active power
and thed-axis loop is to regulate the reactive power. I1l. COMPARISON OFCONTROL INPUT SIGNALS

In the GSC control loops, the-axis loop is to regulate the  The unique feature of SSR phenomena in wind farms inter-
dc-link voltage and thel-axis loop is to regulate the terminalfaced series compensated network is that induction gesrerat
voltage as shown in Fig. 3. effect due to the network resonant oscillatory mode is the

SSR damping



major cause of SSR. This feature has been identified inaafrequency of(60 — f,,) when the stationary circuits are

recent paper [8]. Torsional interactions in wind farms ameer observed from the synchronous rotating reference frame. Th

because the torsional modes have a low frequency due to spersynchronous mode is reflected in the electromagnetic

low shaft stiffness of wind turbine drive trains [9].
The rotor speedv, is used in SSR mitigation control [1], chronous rotating reference frame, this mode will be olesbrv

[3]. In this paper, alternative or better control signalg ato have a frequency af60 + f,).

identified. Since it is the network mode that is of the utmost The relation of the network mode (Mode 2) with wind

torque which is not a circuit variable. Hence in the syn-

concern, measurements closely related to such mode shagded and the compensation level has been analyzed in [8]:
be chosen as control signals. Both the line current magmitut) the higher the compensation level, the less the damping
and the voltage across the series compensation are chosénhe network mode; and 2) the lower the wind speed, the

Their effectiveness in control will be discussed in thedaling

subsections.

A. System Modes

For the study system, the following system modes are list
and their characteristics are identified using mode sha
or participation factors. The shaft mode with a very low

frequency € 1 Hz) is not listed in the tables.

less the damping of the network mode. This relation has been
demonstrated in the eigenvalue analysis in Table | and II.
Mode 3 has a relatively large damping and hence Mode 1
and Mode 2 are the dominant system modes.
dFrom Table | and II, at 7m/s and 75% compensation level,

Fﬁgg network resonance mode has a frequency of 20 Hz in the

ynchronous reference frame based analysis, which imdicat
a 40 Hz resonance mode in the line currents in the physical
system. The electromagnetic torque will have both a 20 Hz

TABLE | mode and a 100 Hz mode.
SYSTEM MODES AT VARIOUS WIND SPEEDS WITH A COMPENSATION
LEVEL 75%.
B. Residues
Mode Mode 1 Mode 2 Mode 3 ) ) ) )
7m/s | —7.9+ ;6287 | 6.0+4125.5 | —11.5+;94.0 For different control signals, residues correspondinchto t
gm;s —;-i’iﬁggg-g Oigliiﬂg’éoo —Z-Ziﬂ_ggi dominant system modes will be computed. The state-space
m/s — . J . —1. J . —4. J22. . . . .
Tomis | —6.8 £ 76200 | 23 £7191.3 | —49 L7215 model and the transfer function of a single-input singlépati
plant can be expressed as:
TABLE Il X = AX+Bu @)
SYSTEM MODES AT VARIOUS COMPENSATION LEVELS AT7M/S WIND Y = CX (2)
SPEED Y(S) RZ
U - G(S) - 21:1 ..... n B\ (3)
Mode 1 Mode 2 Mode 3 (s) s i
25% | —5.3+;522.6 | —1.9+ ;230.7 | —4.1+E;95.1 R, = CV,W;B (4)
50% | —6.6 £ 4580.1 | —1.3E j172.4 | —5.9 F j95.2
75% | —7.9+j628.7 | 6.0£,125.5 | —11.5+;94.0 where X is the vector of state variables} is the system
0% | —8:6+76527 | 10.5:£71093 | —15.9£786.5 matrix, B is the input matrix,C' is the output matrix)y (s)

is the plant outputU(s) is the plant input,)\; is the i-th
A pair of complex eigenvalues\(= o + jw) can be said system root,R; is the residue corresponding g, V; is the
to be a system mode with an oscillation frequerfcy= 5=.  i-th column of V matrix andW; is the i-th row of W matrix.
Damping ratio is defined @ = ——<—;. A positive real part  For a complex roof\;, the residueR; is a complex number
of an eigenvalue indicates an unstable system with a n@gatjyhich can be denoted by a vector with direction. In a root
damping. locus diagram;- R; represents the direction and speed of the
From Table | and Table I, it is found that Mode 1 is &josed-loop eigenvalug,; leaving the pole);. This concept
supersynchronous mode and Mode 2 is the network mog@s been approved in the first author's previous paper [21].
Both modes are related to the compensation level. ModeHance residues are effective in selecting control signats a
is identified through participation factor as a mode reldated designing controllers.
both rotor circuit dynamics and rotor speed dynamics. A simple explanation of the residue is also presented in
The network resonance mode with a frequencyfefin  this paper. Assume that all the dynamics due to the other
stators will have a corresponding component induced inr rotgigenvalues can be ignored and the open loop system dynamics
circuits with a frequency of+f, — f,,). Interactions of the ¢gn pe expressed by only one eigenvalieThen the plant
stator current and the rotor current lead to the electro®&gn tyansfer function becomess(s) = }_%j’\v- The closed-loop
torque. Hence in the electromagnetic torque, besides the {gtem with a gain controller will have a transfer functioithw
component, there will be two components, one with a frgne following denominator1 + K G(s) where K is the gain
quency of (60 — f,) (complementary of the SSR networkyf the feedback control. The root of the closed-loop system
mode) and the other with a frequency @0 + f,) for the s determined byl + KG(s) =0, 0.6, Ay = A\; — KR; = 0.

supersynchronous mode. In this study, the models are byjénce the shift in the eigenvalu®); can be expressed as
in a synchronous reference frame. Hence the network mode

reflected in a stationary circuit with a frequency ff has

AN, = —KR;. %)



VC as input signal

Therefore—R; determines the direction of motion and speed 015
of the closed-loop system root. The larger the magnitude of
R;, the more effective will be such feedback control.

The nonlinear system is first built in Matlab/Simulink. Lin-
earization at equilibrium points (or operating conditipnan
be conducted by an embedded Matlab function “linmod”. The
derived linear system is expressed in termstof= AX + BU
andY = CX. For this study system{/ is the input and
corresponds to the voltage injecting point at the GSC céntro
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system is derived based on one operating condition, wifh magenta) withV as the input signal.

operating condition changes (wind speed or compensation

level), residue changes as well. 025
Fig. 4 presents visual display of the residues at different

operation conditions for the SSR mode (in blue) and the super

synchronous mode (in magenta) when the rotating spged
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Fig. 4. Residues of the SSR mode (in blue) and the super symochs mode

(in magenta) withw, as the input signal.

signals leads to the following findings:

x10° The residues of the three signals for dc-link voltage mod-

ulation are also computed and plotted. To save the page,
the results are not presented. Observations lead to the same
conclusion thatl, is the best signal for the SSR mitigation
scheme.

1) The residue magnitude of the SSR mode when the rotor _
speedw, is the control signal is very small. Hence th&=: Root Locus Diagrams
feedback control needs a large gain.

2) Residues of the SSR mode and the supersynchrondiegrams. Figs. 7 and 8 are the root locus diagram when
mode are of opposite polarity when the rotor speged the rotor speed is used as the control signal for the two
or the line currentl;;,,. is chosen as the control signalmodulation scheme. For Option 1, with an increasing gain,
This will increase the difficulty of controller design. Athe SSR mode and the supersynchronous mode will move
simple proportional controller will enhance the dampingn opposite directions. To have a 5% damping ratio for the
of the SSR mode but will decrease the damping of tH8&SR mode, the gain should be selected to be 27000. The

supersynchronous mode.

The above three findings can be verified through root locus

supersynchronous mode will move towards right but will not

3) Residues of the SSR mode and the supersynchroneusss the imaginary axis. The entire system is thus stable. F
mode are of same polarity when the voltage across tftion 2, it is found that a right half plane zero is introddce
series compensatdr, is chosen as the control signalwhich makes the rotor speed an infeasible control signal.

The design of the feedback control design usivig

Figs. 9 and 10 are the root locus diagrams when the voltage

is fairly simple. A proportional feedback control isacross the series capacitty is used as the control signal.
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Fig. 7. Root locus diagram when the control signal is therrspeed and/;*
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Fig. 8. Root locus diagram when the control signal is therrspeed and’;,
is to be modulated. The “+” signs denote the locations ofs@oirresponding
to the gain.
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Fig. 10. Root locus diagram when the control signal is theacapr voltage
and V. is to be modulated. The "+ signs denote the locations of soot

In both modulation options, with an increasing gain, the SSiRTesponding fo the gain.

mode and the supersynchronous mode will both move towards
the left plane. To have a 5% damping ratio for the SSR mode,
the gain should be selected to be 26.0726 for Option 1 and 46
for Option 2.

Figs. 11 and 12 are the root locus diagrams when the
current through the line or the series capacitor is used @s th
control signal. With an increasing gain, the SSR mode and
the supersynchronous mode will move in opposite directions
To have a 5% damping ratio for the SSR mode, the gain
should be selected to be 14 for Option 1 and 32 for Option 2.
The corresponding supersynchronous mode will move to the
right plane and have a negative damping. The entire system is
unstable.

Important finding from the root locus diagrams include:

« A right half plane zero will be introduced when the
rotor speed is used as the control signal for dc-link

Imaginary Axis

voltage modulation. This indicates that rotor speed is n%. 11,

a universally good signal for SSR damping.
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Root locus diagram when the control signal is the laurrent

and V;* is to be modulated. The “+" signs denote the locations of goot

« The root locus diagrams corroborate the residue-basgesponding to the gain.

analysis and the capacitor voltage is the best control



Root Locus In s-domain,A|V| can be expressed in terms APRI and
AJI) due to (8). The s-domain expression is given by:

600 005 —

AlV|(s) :|l(r'S“V*ws3V)A%I(s)+(s3v+wsm\/)mz(s)

{A|I|(s) L (RIARI(s) + TIATI(s))

¥ | VIO (s*+w?) (10)

0 - ] The above expression demonstrates the complicated re-
o . x lationship betweemA|V|(s) and A|I|(s). Assumptions are

| made to derive a simple expression betwe®[i’|(s) and

] A|I|(s). Let RV = JV at certain operation condition and
let ARI(s) = AJI(s). Equation (10) becomes

Imaginary Axis

_600|-005

All|(s) = (R + INARI(5)) a1
AVIs) = RS |

Fig. 12. Root locus diagram when the control signal is the laurrent ) ) o ] o ]
and V. is to be modulated. The “+” signs denote the locations ofsoot Finally a simplified relationship is derived:
corresponding to the gain. s

§2 + w?

AlV|(s) = K AlI|(s) = H(s)|I|(s) ~ (12)

signal. where K is a constant depending on the operation conditions.
H(s)/K is plotted in a Bode plot in Fig. 13. It is found from

D. Discussion of two signalg;,. and V.

Bode Diagram

The current magnitudd;;,,. and the capacitor voltage 100
magnitudé/, show radically different control characteristics at “
the SSR and super synchronous frequencies. One may wonde I \ super synchronous

what is the cause since the two phasors of the fundamenta
frequency have their magnitudes proportional to each other ol
and a 90 degree phase shift at steady state. ‘ ‘

To explain the relationship between the two phasors at 10 A\ i

270

Magnitude (dB)
)

SSR

dynamics, the concept of dynamic phasor [22] is used. We
assume that the network is operating under 60 Hz AC. The
instantaneous current and voltage have a relationship diye

Phase (deg)
w
&
3

-405 -
dve,p

a = iline,pa Wher@ =a,b,c. (6) 745%1 12)2 -
Frequency (rad/sec)
Therefore, the relationship of the two dynamic phosors of
the fundamental frequency (60 Hz) can be written as: Fig. 13. Bode plots for the transfer functidi(s).
A% .
C d? = I jine — jwsCVi ¢ (7) the bode plot thaf(s) at SSR frequency has a phase angle

of -270 degree while at the super synchronous frequency the
whereV; . andI;; are two complex phasors for fundamentabhase angle is -450 degree. There is a 180 degree difference.

frequencyw;. This can explain whyV. and I;;,. can have very different
The above equation will be separated based on real agwhtrol characteristics at the SSR and super synchronous
imaginary components: frequencies.
mv _ SRI+wT1
Ol ) (8) IV. SIMULATION RESULTS
jV — sIT—wRI
C(s?+w?)

Previous study in [8] shows that when wind speed is 7m/s,
where R and J denote the real and imaginary parts of #he system can suffer SSR instability when the compensation
variable. For simplicity, the subscripts of the two phasams level reaches 75% due to IGE. In the simulation study,
omitted. initially, the compensation level is set at 50%. A 1s, the

In time domain, the magnitude of a phasor can be expressg@inpensation level changes to 75%. The dynamic responses
as|I| = (RI% + JI2)z. The linearized expression is hence®f the system with and without SSR damping controller are
given by: plotted. A pure proportional control will be used for the SSR

damping controller.
{A|I| = 1 (RIARI + IIATI) Total four scenarios were simulated and they are:

9
AlV| = ﬁ(mVAERV +3JVAJV) ©) « Case 1: no SSR controller is implemented.



o Case 2: A damping controller is implemented wiif,.

as the input signal and\V;* as the output signal. The —02f l
gain of the controller is 10. B :gg—VWWWWV\WNVWWWWV\WWWM
« Case 3: A damping controller is implemented withas ~ ~ -os| p
the input signal and\V;* as the output signal. The gain it "y . 5 s s 3

is chosen to be 30. ' '
« Case 4: A damping controller is implemented withas ~ _ 076y 1
the input signal and\V;;, as the output signal. The gain g 0'75M
is 46. & onr 1
0.731 , ! . L | 1

0.5 1 15 2 25
A. Case 1 1.04F -
Fig. 14 shows a comparison of the dynamic respons s zZEWMWWWwW
of the electromagnetic torqué, and the line currenty;,,.. > 0%t

The red denotes the system with the SSR damping control 0.82¢ ‘ ‘ ‘ ‘ ]

(Case 3) while the blue line denotes the system without S¢ 05 Y imeey 25 3
damping controller. It is found that the system without damp

Ing CQntrO| becomes unstablf:" when the _Ser'es compensag ;5. Dynamic responses @t andw,. a) Electromagnetic torqué.,
level increases t@5%, while with the damping controller, the b) rotor speedy,., c) terminal voltageV;. I;;,,. is used as the control signal.
system remains stable.
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Fig. 16. Dynamic responses. a) DFIG output poder b) DFIG exporting
Fig. 14. Dynamic responses @f. and the line current;;,.. The thick reactive powerQ., ¢) RMS voltage across the capacitvg, d) RMS line
line denotes the dynamic response with SSR damping castralhile the currentl;;,.. I;;,. is used as the control signal.
thin line denotes the dynamic response without SSR dammngaler. V.
is used as the control signal.

2 o7ef 1
= M
B. Case 2 gon
3 0.72L I I I L L el
In Case 2, a damping controller is implemented wit},. 05 1 15 2 25 3
as the input signal andV;* as the output signal. The gain of = ¢! ‘ ‘ ‘ ‘ ‘ 1
. . . . ) >
the controller is 10. The simulation results are shown irsFig = 04r 1
0.2

15-17. The system is unstable in this case. ' : : : : :
It is observed from Figs. 15-17 that there exist harmonics 0ok : \ \ \ :

the waveforms. The network resonance mode has a freque 1200 VA

of 40 Hz, which induces both 20 Hz and 100 Hz oscillation > 1198} ]

in T.. In the synchronous reference frame based simulati 05 1 15 2 25 3

results, the SSR mode has a frequency of 20 Hz while t

supersynchronous mode has a frequency of about 100 |

The two superimposed on each other result a waveform o5 . s ; Y 3

20 Hz with 5th harmonic. The simulation results confirms th time (sec)

analysis in Section Il that when the line current is used as

the input signal, the damping of the SSR mode increases wttilg 17. Dynamic responses. @)/wy, b) Tyg , €) Vac, d) the output of the

the damping of the supersynchronous mode decreases. SSR damping controlleAVssr. Ijine is used as the control signal.
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C. Case 3 and Case 4

In Case 3 and Case ¥, is used as the input SSR dampinc
controller signal. Either the terminal voltadgé or the dc-link
voltage V. will be modulated. Figs. 18-20 show the dynami
responses of the system with such kind of damping contsolle
The two modulation options are compared by plotting th 5
dynamic responses together. The red lines denote the dgna
responses for Case 3 whéf is modulated. The thick blue
lines denote the dynamic responses for Case 4 whgns
modulated.

The dynamic responses of Electromagnetic torgjuerotor
speedw,., and the terminal voltag®; are shown in Fig. 18. It
is clearly shown irl, there is a 20 Hz oscillation. This is the
SSR oscillation caused by a 40 Hz network resonance mo
In turn, the rotor speed will show a 20 Hz ripple.

The dynamic responses of the DFIG’s output powgiand
reactive powet)., the RMS voltage across the series capacitéig. 19. Dynamic responses. a) DFIG output power b) DFIG exporting
V. and the RMS current through the transmission lipg. reactive powerQ_e, ¢) RMS voltage across the capacitbr, d) RMS line
are shown in Fig. 19. The dynamic responses of the speedﬂgfeml””e' Ve Is Used as the control signal.
the rotating masses in the wind turbine, the torque between -
two massed,, the dc-link voltage and the output of the SSF
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damping controller are shown in Fig. 20. The 20 Hz oscillatio &£ 075 \\\N
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Fig. 18. Dynamic responses @t andw,. a) Electromagnetic torqué,
b) rotor speedv,, c) terminal voltageV;. V. is used as the control signal.

time (sec)

Fig. 20. Dynamic responses. @)/wy, b) Tt4 , ) V4., d) the output of the
SSR damping controlleAVssgr. Ve is used as the control signal.

Overall, the control signall{.) can effectively damp SSR
oscillations.

The performance of the auxiliary controller will be impatte
by the converter’s limitation on current and voltage. Sitiee
purpose of the paper is to choose a control signal through
small-signal based analysis. In the simulation studiesesin
the wind speed is low, both the machine and the converters

It is found that the magnitude of the oscillations in thavill have large reserves. Our future work will investigate
electromagnetic torqué,, dc-link voltageV;. will be greater different operating conditions and large signal distudzan

than whenV,,. is modulated.

scenarios to determine the effect of converter size on obheitr

The following observations can also be made from Figperformance.

18-20:

« Both the transmission line current and the voltage acro8s Discussion of the Remote Signal Issue

the series capacitor reflect the SSR oscillation well.

The analysis and verification carried out in this research

« Though the electromagnetic torque reflects the SSR osdkemonstrates that the capacitor voltage is an effectivéralon
lation, the rotor speed reflect mainly the torsional modsignal for SSR mitigation. The following question remaitine
« The terminal voltage shows SSR oscillation due to theontrol is implemented in wind farms and the series compensa

damping controller.

tion could be far from the location. Obtaining the remotansig



from communication links could be very expensive. Can ag\g
estimation algorithm be used to estimate the capacitoagelt
through the local current measurements?

TABLE Il
AMETERS OF A SINGLE2 MW DFIG AND THE AGGREGATEDDFIG IN
NETWORK SYSTEM

. . . Rated power 2 MW 100 MW
. Fortunately, the answer is Yes. T_he reIat|0n§h|p between th Rated voltage 590V 590V
instantaneous current through the ligeand the instantaneous X/ 0.09231 pu 0.09231 pu
voltage across the capacitor,, is given by: XM 3.95279 pu 3.95279 pu
X 0.09955 pu 0.09955 pu
dvep, . R. 0.00488 pu 0.00488 pu
G — mWherg =abc. (13) R, 0.00549 pu 0.00549 pu
. . H 35s 35s
Therefore, the capacitor voltage can be gsﬂm_ated thr(_ju@h t Xig 0.3 pu (0.189 mH)| 0.3 pu C-1Y mH)
local current measurements. The following figure (Fig. 21)[ DC link capacitor C T400QuF 50 x 14000 F
presents the estimation diagram of obtaining the estimateq DC link rated voltage 1200 vV 1200 v
voltage magnitude from the abc instantaneous current mea-
surements. Three integral units will be used to obtain aroth TABLE IV
. .y .y .y . . PARAMETERS OF THE SHAFT SYSTEM
set of signalsi/, i, and .. These signals are proportional
to the instantaneous capacitor voltage. Through abc to dq 0} 09s
reference frame transformation, three-phase balancéables Hy | 429s
can be transformed into two dc variables. The fundamental gl 8E3
. 2
component phasor magnitude can then be computed from the Do | 15 pu
two dc variables. Ki2 | 0.15 pu
iy YA
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