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Small-Signal Stability Analysis of Full-Load
Converter Interfaced Wind Turbines

Thyge Knuppel, Vladislav Akhmatov, Jgrgen N. Nielsen, Kimddnsen, Andrew Dixon, Jacob @stergaard

Abstract—Power system stability investigations of wind farms and provide necessary voltage support [6]—[8]. With insiieg.
often cover the tasks of low-voltage-fault-ride-through, voltge penetration of WECS and increasing size of each installed
and reactive power control, and power balancing, but not much v new stability considerations arise. A topic of increasing

attention has yet been paid to the task of small-signal stability. . t is the effect of WF t ll-si |
Small-signal stability analysis needs increasing focus since the'Mportance is the etiect o S on power system small-sigha

share of wind power increases substituting power generation Stability, including influence on power system oscillagon
from conventional power plants. Here, a study based on modal In the literature a number of studies analyze the impact

analysis is presented which investigate the effect of large scaleof fixed- and variable-speed WTs on power system oscilla-
integration of full-load converter interfaced wind turbines on tions [9]-[13]. In [9]-[11] comparisons are presented of th

inter-area oscillations in a three generator network. A detailed . fl ¢ illati f WEs based fixed
aggregated wind turbine model is employed which includes all Influence on power system osciiialions o S based on fixed-

necessary control functions. It is shown that the wind turbines SPeed induction generators (FSIGs) and doubly fed inductio
have very low participation in the inter-area power oscillation.  generators (DFIGs). The references found that FSIG ineseas

Index Terms—wind turbines, wind farms, power systems, the ,‘?'amping .Of t.he power OSCi"?ltionS' [9], [11] also ﬁ”O! a
model, small-signal stability, modal analysis positive contribution to the damping from the DFIG machine
while [10] note that the DFIG does not have any significant
effect on the damping. Reference [12] analyzes the influence
of the voltage/VAR control mode of a WF based on DFIGs

HE present and scheduled rapid increase of installel inter-area oscillations. The study found that increasive

capacity of wind energy conversion systems (WECS) afénetration of wind power generally had a favorable effect,
in particular large wind farms (WF) are changing the role angith increased frequency and damping of the inter-area mode
the impact of wind power on operation of power systemgetween a weak and a stronger system. With the WF in
This development is already noted in the grid codes frogdltage control mode [12] finds that, for some parameter-set
some transmission system operators, where large WFs afeadverse interaction is noticed; it is, however, noted tha
termed power park modules and must comply with similahese effects can be avoided with appropriate tuning of the
requirements to those for other generation units. voltage controller.

One aspect of this is the system ancillary services, whichReference [14] develops a small-signal dynamic model of an
today in many countries are usually provided by conventiongggregated fixed-speed WF using a sensitivity approach based
units based on synchronous generators. However, as the pin-singular value decomposition. In [15] the same authors
etration of wind power increases, production from converxtend the work from [14] to include variable-speed WECS,
tional units is displaced and it may be necessary to secyigmely DFIG and full-load converter interfaced WTs.
adequate system ancillary services from WECS. In a numbera few publications have investigated the possibility of
of publications the ability of wind power to provide primaryysing variable-speed WFs actively to damp power system
and secondary frequency reserves [1]-[4] are investigated oscillations [16]-[18].
well as voltage and reactive power control [5], [6]. In some |n this paper the impact of full-load converter interfaced
countries, for instance Denmark, WFs are already applied fgind turbines on small-signal stability, e.g. particijpatiin
ancillary services, e.g. frequency reserve. power system oscillations, is investigated. The analysis i

Regarding power system stability investigations, considehased on a three generator network, which illustrates some
able attention has been paid to low-voltage-fault-ridedlgh aspects of the dynamic behavior of the UK power system,
capabilities of the wind turbines (WT), ie. the ability of thenamely inter-area oscillations between major areas of the
WTs to stay connected during external disturbances in tlie ggystem.

; o . The impact on the oscillatory inter-area mode is analyzed
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I. INTRODUCTION



system. The right eigenvectowp;, describes how the activity of the
Full-load converter interfaced WTs effectively decouple thith mode is distributed on the state variables, while the left
generator dynamics from the dynamics of the grid, and tldgenvectoryp;, weighs the contribution of the state variables
WT generators hence cannot contribute to power system os-theith mode. The entrywise product ¢f and+? is thus
cillations. However, as the WTs and the WFs are controlled tomeasure of the importance of the states within the indalidu
provide ancillary services with voltage- and frequencymrfy modes and is referred to as the participation factors
it is likely that the control capability of the WTs and WFs can T
interact with the system dynamics e.g. other generatorsdn t Pi = (1% $aitpiz - Gnithin] ®)
system. Participation factors are used to identify statésch or in compact notation
play a dominant part in the oscillatory modes. T
The paper is organized as follows. In section Il the basis for P=0oxV )
the analysis is established with a description of modaly@ial \yhere © denotes the entrywise product of two equal sized
power system oscillations, and the analyzed WECS conceplatrices.
Section Il presents the study case, the case studies p&fr  The eigenvalues provide important information on the dy-

and the results from the analysis. Finally, the discussimh a5mics of the system, i.e. the frequency and damping of any
conclusion are found in sections V and VI, respectively.  ggcillations. If theith eigenvalue is given a3, = a + jb,

the natural frequencyy,,, the damped frequencyy,, and the
damping ratio(, are defined as

Power system oscillations are inherent in interconnected rad rad —a

power systems based on synchronous generators [19]. Powgr= v/ a? + b2 {} a= {] , ¢(=— []
system oscillations and the application of eigenvalue yaigl sec Wn

as means of analysis are well described in the literatuge, é-rom classical control theory of continuous time systerhs, i

Il. METHOD

sec|’

[20], [21]. is given that mode\; is asymptotically stable only i& < 0.
It should be remembered that power systems in general
A. Eigenvalue Analysis are non-linear while the modal analysis is based on a linear

The analysis is based on the non-linear set of systearHPrO?Ch' Thus_, the results fro_m the modal analysis are only
. . . - valid in proximity of the linearization point and should be
equations, dynamic relations as well as network equations, ~ . . :

. . . . . ; . ; grceived as a snapshot of the dynamic system behavior. To
which are linearized in an operating point to obtain a lined)’! Lo . !

. : gain deeper insight into the dynamic behavior of the system,

system in the classical state space form . L .
a series of modal analysis is often conducted where certain
x = Ax+ Bu ) system parameter(s) are gradually changed. Analyzing the
y = Cx+ Du movement of the eigenvalues in the complex plane reveals the
influence of the varied parameter to overall system dynamics

wherex"*! is the state vectom™ ! the input vectory™*! small-signal stability.

the output vectorA™*" is the system state matriB3"™*"
the input matrix,C"™*™ the output matrix, and™*" the o
feed forward matrix. To analyze the dynamic performance B Power System Oscillations
the system in (1) it is often useful to perform a similarity In an interconnected power system the speed of the syn-
transformation to diagonalize\, i.e. decouple the systemchronous generators will constantly adjust according édriin
dynamics. balance between generation and demand, where a production

, surplus will cause overspeeding of the generators; and vice

Adi =g, fori=1,2,...,n @ verga. It must be noted tf\at thegapplied governor contra is t
where the eigenvalue\;, is found as the solution of keep the synchronous speed, i.e. the nominal grid frequency
within a required narrow range of operation.
det(A — A1) =0 ®) Power s?/stem oscillationsgare tygically divided into three

and wherel is the identity matrix andp?*! the right eigen- groups depending on its global (or local) scale.
vector for theith eigenvalue, also commonly referred to as « inter-area oscillations where a group of generators in one

the mode-shape for thgh mode. Similar to the formulation area oscillates against a group of machines in another
in (2), the left eigenvector is defined as area, typicallyf € [0.1 0.3] Hz
WiA = Aaps, fori=1,2.....n ) . intra-area} oscillatiorjs where a group of ggnergtors in one
area oscillates against a group of machines in the same
wheres! *™ is the left eigenvector for théth eigenvalue. area, typicallyf € [0.4 0.7] Hz
In compact notation for alh eigenvalues, the right and left « local-area or intermachine oscillations involve genera-
eigenvector matrices are defined as tors which are located close to each other, typically
B T f €1]0.7 2.0] Hz. This includes adverse interaction be-
D=[p1 ... 6u] C=[0] Y] ... 0] ®) tween equipment control systems.

Further, for power system studies the eigenvector matdoes Many factors, beside the frequency of oscillation, do, hae
usually scaled to satisfgd = 1. determine the nature of the oscillations, and the concepts



of mode-shape and participation factor are used to coyrectl
identify the source, nature, and significance of a mode.

IIl. STuDY CASE

A. Characteristics of Case Network

The study is based on an eight node network which consists
of three synchronous generators, two loads, and an aggtegat
WEF; the single-line diagram of the network is depicted in
Fig. 1 and it represents a large network that has been reduced
to a small number of nodes. A similar network is applied
in [9] for the assessment of “Influence of Windfarms omig. 2. Mode-shape for generator rotor angle states forrter-area mode
Power System Dynamic and Transient Stability”. Althoughith PSS atG1 enabled.
the network is very simple it does assist in the understandin
of power oscillations between major areas of the UK power _ Southbound inter-area active power flow
system. The parameters for the synchronous generators, thi
network, and for load and generation are found as appendix
A. The system is tuned for a light load situation, where the
loads and the loading of each generator implies a southbound
active power flow of around@ 200 MW.
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England/Wales Lo Fig. 3. Generator active power production and inter-areaeapower flow
1] after three-phase short-circuit at HV terminals of transfer X .
TABLE |
X31 CHARACTERISTIC FOR INTERAREA MODE
A wq ¢
[-] [Hz] [l
—0.626 + 53.18 0.503 0.194
TABLE Il
F|g 1. Sing|e_|ine diagram of the ana|yzed case network. NORMALIZED ROTOR ANGLE PARTICIPATION FACTORS FOR INTERAREA
MODE

The dominant dynamic behavior of the network is an inter- State variable |p;;]

area mode betwee@’; and G,+G> the boundary of which 0 (Gh) 0.34

is marked in Fig. 1 by a dashed line. The inter-area mode is g%gig 8‘:1,)(7)

initially unstable but is stabilized with a power systembsta
lizer (PSS) connected &t;. The mode-shape for the inter-area

mode is plotted in Fig. 2. The dominant characteristic of the Now the WE is connected through a three-winding trans-
_system is summarized in Table | and the participation factogymer atG, with equivalent impedances fa¥, and the WF.
in Table 1. This approach is chosen since it allows connection of the WF

In Fig. 3 a time domain simulation is presented where githout altering the topology of the network.
three-phase short-circuit of suitable duration is appli@ad

then efficiently cleared, at the HV bus of the machine trans- .
former of G;. The ordinate is scaled to enhance readability Wind Turbine Technology

of the power oscillations. Immediately after the fast tianss ~ The WT concept for this study is a variable-speed, pitch
have decayed; is seen to oscillate againgt, for 1-2 cycles. controlled, full-load converter interfaced WT and is illaed
This oscillation is followed by the dominant5 Hz inter-area in Fig. 4 and further described in [22].

oscillation, noticed in both the inter-area active powewflo « Aerodynamic model. A variable wind speed aerodynamic
and in the active power production from the generators with model which includes power coefficient with pitch angle
a 180° displacement betweef¥; +Go and Gs. and tip-speed ratio.



1) Pserp Of G2 is reduced as penetration of wind power is
increased while the MVA rating is maintained

2) MVA rating of G4 is reduced as penetration of wind
power is increased while the loading@f, is maintained

3) As case?) but with the WF modeled as a constant

— = . impedance model with power factor 1.
= ~[ In all cases and for all wind power penetration levels, &ctiv
power production is shifted between orfl§s and the WF and
the power flow in the system is thus unchanged.

In case 1 the introduction of wind power does not displace
any conventional units and only the active power set-point
is reduced to accommodate the power produced by the WF.
While in case 2, the wind power displaces conventional units

Fig. 4. Wind turbine concept used in the analysis: full-loeshverter and the MVA rating ofGs is reduced accordingly. Case 3 is

interfaced WT. included to challenge the hypothesis of complete decogplin
by the converter between WT generator side and the grid. The
model in case 3 does not represent the complex dynamics of

b d the WF, however, it does illustrate the impact of the alternat
g?)i\r/e?t); an stegqenTer:gt\(/)\;.T COnVerter svstem comprises $ower injection point. In each case the size of the WF is varied

| generatorszide énd a network side coynverter incIICl)Jding amearly from 36 to 1000 MW in 10 steps.

To identify which effects the WF operating mode may have

required control. of the injected active and reactive POWE, the eigenvalue movement, the study is repeated for the WT
as well as DC link voltage control.

o DC link. Implements the link, including the DC Ca_opergtlng a(a) rated.po.vver output(b) in power trqckmg,_
. i and in(c) speed tracking; the results are presented in sections
pacitance, between the machine and the network si . .
converter “A, IV-B, and IV-C, respectively. Foi(b) and (c) case 3 is

. . negl n ntrol dynami re incl in th n
« Fault ride through. Monitors for system faults and shapes eglected as no control dynamics are included in the consta

the current injection into the grid upon detection impedance model.
I 9 P ' A list of dominant eigenvalues for the system is given in

In the study, an aggregated WT model is used and thgpe |iI: the inter-area oscillation is identified as.
analysis thus only considers the main interaction betwhen t
system and the WF, i.e. all dynamics internally in the WF as TABLE Il
well as any mutual interaction between the WTs are neglected. ~ QUALITATIVE DESCRIPTION OF DOMINANT EIGENVALUES
The WTs are operated in voltage control mode, regulating for X, Tnier-area modeG T C'3 againsiCs
1 p.u. at the WT terminal. A2 Primarily mech. syst. ofi1, G2 and PSS aG
A3 Excitation modeG1, G2

A4 \oltage controller common modé&;;, G2, WF
C. Generator Models X5  \oltage controller common modé&;;, Go, WF

o Shaft model. Implements a two-mass model of rotor,

The synchronous generators are modeled as round rotor
machines using the standard RMS model. The generators are

aggregated machines, each representing several smatler gn\pg Operated at Rated Power Output

larger generation units; the total capacity for each urgiiven . . . . .
in Table X. A comparison of the inter-area mode in the last iteration

nWith 1000 MW of wind power is given in Table IV. In all cases

GeneratorG; and G, are equipped with a static excitatio X L
\ 2 auipp the frequency of the inter-area oscillation is slightly mesed

system with AVR control and is implemented as an IEE ) i . .
type STLA excitation system. For generatdy an IEEE type as the_penetranon of YVInd power mcreases._Wh_en_the rating
ACA4A excitation system is employed. The system is stahﬂlizénc Gy Is reduced the inter-area mode damping is increased,

with a PSS connected 6t,, here an IEEE PSS 4B type modef"’h"e the damping is reduc_ed in case 1 where the MVA rating
is implemented, Is constant and the set-point reduced.

Generic models are employed for the steam turbines and TABLE IV
the associated governors. CHARACTERISTICS FOR INTERAREA MODE WITH 1000 MW OF WIND
POWER
IV. SELECTED CASES X my ¢
i i i i [] [Hz] []
_The aim of the stucjy is to analyze thg mf_luenge of increased Case T 03107297 0473 0172
w!nd power penetrauon on power osc_lllat|on_s in the system, Case 2 —0.792+ j3.05 0.485 0.252
with emphasis on the previously mentioned inter-area mode. Case3 —0.8614;3.04 0.483 0.273

Three cases with a varying penetration of wind power
are investigated and compared to the base case with onlAn overview of the complex plane with dominant system
synchronous generation eigenvalues is shown in Fig. 5 for case 2, where the MVA



rating of G, is reduced as the WF output increases. #feristic is noticed for both case 1 and 2 and thus independent

comparison of dominant eigenvalues is given in Fig. 6 whe

of the size ofG,. Consider the movement of the eigenvalues,

the movement of the eigenvalues in Table Il for each case atg- o, in Fig. 6, it is interesting to notice the similarity

plotted together.
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Fig. 5. Movement of system eigenvalues with increasing patien of

wind power when the MVA ratind~» is reduced accordingly. Red: WF size
of 36 MW. Green: WF size of 000 MW.
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Fig. 6. Comparison of the three cases with the WF operatingted rzower

output.

Table V shows a comparison of selected participation fa

tors for the inter-area oscillation);, for the three cases.
Participation factors for generator rotor angles are shtown

between case 2 and 3; this could imply that the dynamics of
the WF mechanical system do not interact with those of the
synchronous generators. However, one should be careful whe
comparing case 2 and 3 since the complex dynamics of the WF
are not represented with the simple impedance model in case 3
The similarities in the eigenvalue trajectories disappelaen

the voltage controller modes are comparggh)s. In fact, in
case 3 after aroun@00 MW an unstable mode appears in
which dg-axis fluxes ofG; and G, are the main participants
(not shown in Fig. 6).

TABLE V
COMPARISON OF SELECTED PARTICIPATION FACTORS FOR THE
INTER-AREA MODE, A1, FOR THE THREE CASESFOR THEWF
PARTICIPATION FACTORS ARE SHOWN FOR MECHANICAL GENERATOR
ROTOR- AND SHAFT-ANGLE STATES, AND THE MAXIMUM PARTICIPATION
OVER ALL WF STATES.

State variables |pi| case 1 [pi] case 2 [p;| case 3
5 (G1) 25 0.36 0.35
5 (Ga) 0.16 0.08 0.06
5 (G3) 0.27 0.26 0.25
8g (WF) <1074 <1074 -
5 (WF) <10-6 <107° -
5s (WF) <10~% <10~* -
0.01 0.02 -

ij(\m ) (WF)

The mode-shapes of the inter-area mode with maximum
penetration of wind power are plotted in Fig. 7 and these
should be compared to the mode-shape in the base case
without wind power in Fig. 2. For case 2 and 3, where the
MVA rating of G is reduced, it is noted that the inter-area
characteristic withl80° separation between the vectors is less
pronounced than in the base case or in case 1. This behavior
is also noticed from the participation factors in Table Viwit
reduced participation ofr5 in the mode.

the synchronous generators, while mechanical angle dtates
generator, rotor, and shaft are shown for the WF. Furthermo
the largest participation factor for the WF states is given;

both cases this corresponds to the reactive current ctartro
in the WTs. In case 3, a simple constant impedance mo
represents the WF and no dynamic control are included in tie
model, hence the WF states are non-existing.

— G

— G,

— G,

Fig. 7. Comparison of the three cases with the WF operatingted r@ower

The WF participation in the inter-area oscillation is verputput. The mode-shape is computed for the last iteration with0 MW of

small with participation factors a hundred times smallemth Wind power.

those of the synchronous generators, cf. Table V. This chara



. TABLE VII
B. WF operated at Power Tracking COMPARISON OF SELECTED PARTICIPATION FACTORS FOR THE

As the available amount of wind changes Variab|e_speé\(|jTER-AREA MODE, A1, FOR CASEL1 AND 2. FOR THE WF PARTICIPATION
’ FACTORS ARE SHOWN FOR MECHANICAL GENERATOR ROTOR- AND

WTs changg the operating mod_e to extract maximum POWSHAFT-ANGLE STATES, AND THE MAXIMUM PARTICIPATION OVER ALL WF
from the wind. In power tracking mode, the mechanical STATES.

rotational speed is kept constant, and the blade pitch angle

is fixed for maximum power extraction. For this study the WF Stage(\gln)ables p 1|()°;; el Ip 1|0c.g§e 2
active power output i9.69 p.u. on the WF base. 5 (Ga) 0.13 0.09
Table VI provides a comparison of the inter-area mode with 6 (Gs) 0-234 0-2_74
an installed WF capacity of 000 MW. The Table reveals that % mg S Sio-s
the oscillating frequency is reduced with more than 20 %, 5 (WF) <104 <104
0.01 0.01

while the damping is increased by app. 10 % and 35 % for
case 1 and 2, respectively.

mfx(h’l ) (WF)

TABLE VI . .
CHARACTERISTICS FOR INTERAREA MODE WITH 1000 MW oF wino  cOMpared to the no-wind setup and the frequency of the inter-
POWER area oscillation reduces.
pY wa ¢ TABLE VIl
[.] [Hz] [.] CHARACTERISTICS FOR INTERAREA MODE WITH 1000 MW OF WIND
Casel —-0.540+52.44 0.388 0.217 POWER
Case 2 —0.686 +32.47 0.393  0.264
A wq ¢
A ison of the dominant eigenval ted | 4 ha -
A comparison of the dominant eigenvalues are presented in Case I 0614 £ ;250 0412 0.231
Fig. 8. Case 2 —0.697 +52.59 0.423  0.260
N A Fig. 9 provides a comparison of the dominant eigenvalues.
1 2 . . .
a5 . Note how the predominant movement in case 1 of the inter-
g 3 fwzie *:;**N} 45| & ooy area mode), is to reduce the frequency of the oscillation.
=25 4
35
-0.65 -0.6 -0.55 -16 -15 -14 -13 -12
)\l )\2
A A
3 4 35
< 4.5
® 2 ———0 \
o > , g 3 1 m
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116 7 -0.7 -0.65 -06 -16 -14 -12 -1
-26 -24 -22 -2 -1.8 -7 -6 -5 -4 -3
\ Real Ay A,
5 8.5
8 oot p— g 118 /;i;;% sl e _
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Fig. 8. Comparison of the two cases with the WF operating at ptaeking. E Case2

-85 8 -7.5

The participation factors for the generator rotor angles . Real

well as the WF mechanical states are shown in Table V.

Again, the very low participation of the WF in the inter-aregig 9. comparison of the two cases with the WF operating atcspraeking.
oscillation is noted. The largest WF patrticipation is found i
the reactive current controller. The participation factors in Table IX show similar results
as presented in section IV-A and IV-B.

C. WF operated at Speed Tracking

At lower wind speeds it proves advantageous to reduce the V. DiscussioN
tip-speed ratio from rated speed in order to maximize theln this paper a modal analysis of full-load converter inter-
power extraction coefficient. This operating mode is agblidaced WTs is presented. The work focuses on the impact of
between cut-in wind speed and the rated rotational speediéreased wind power penetration on inter-area oscitiatio
the machine. In this study an operating point is selectetl wito this end, a three generator network is employed which is
an active power output di.31 p.u. on WF base. designed to illustrate some overall dynamics between major

The modal characteristics for the inter-area mode witireas of the UK power system. The WTs are modeled as
an installed WF capacity of 000 MW are summarized in an aggregated machine comprising all the grid significant
Table VIII. For both cases the damping has increased esmponents [22].



TABLE IX . . .
COMPARISON OF SELECTED PARTICIPATION FACTORS FOR THE Furthermore, it should be mentioned that the eigenvalue

INTER-AREA MODE, A1, FOR CASEL AND 2. FOR THEWF PARTICIPATION ~ movement in the modal analysis is influenced by several
FACTORS ARE SHOWN FOR MECHANICAL GENERATOR ROTOR- AND parameters SUCh as network impedance, eXCiter gain, PSS
SHAFT-ANGLE STATES, AND THE MAXIMUM PARTICIPATION OVER ALL WF . . . . .
design, operating point etc.; to mention just a few pararsete

STATES.
whereas this study has only covered a part of the parameter

State variables [pi] case 1 [p1] case 2 space.

5 (G1) 0.28 0.32

5 (Go) 0.17 0.13

6 (Gs) 0.28 0.28 VI. CONCLUSION

§g (WF) < 10-6 <1076 . .

8 (WF) <10-5 <10-5 This paper presents a modal analysis of a full-load con-

s (WF) <107° <1075 verter interfaced WT to evaluate its influence on inter-area
max(|p1|) (WF) 0.01 0.02 oscillations. The analysis is repeated for various wind gow

penetration levels and for different WT operating modes.
With increased installed capacity of wind power, the study
The effect of increased penetration of wind power is afieund that the general trend for the inter-area mode is in-
alyzed through two cases. In one case the WF does mo¢ased damping and a decreased frequency of oscillation.
affect the number of on-line conventional units but only the The study found that the WT systems have a very low
active power set-point for these units; where in the secopadrticipation in the inter-area oscillation of the systeand
case, conventional units are disconnected to accommodagsce, that the WT does not interact with this mode of
the wind power. Modern variable-speed WTs have multiplescillation. These initial results could indicate that -
modes of operation and to analyze which effect these operatload converter does in fact decouple the network dynamics
regimes may have, the two cases are repeated for rated pofi@mn the WT generator dynamics, however, this requires more

operation, speed tracking, and for power tracking. investigations.

In addition to the two aforementioned cases, a third is
studied where the WF is merely represented as a negative APPENDIXA
impedance. For the modes dominated by synchronous genera- SYSTEM PARAMETERS
tor rotor angle states, the response is somewhat simildrato t
of the detailed model. However, the movement is quite differ TABLE X
ent for other dominant eigenvalues, such as those assciate GENERATOR RATINGS AND LOAD CHARACTERISTICS
with the voltage controllers. Furthermore, an unstable enod Generaiors Loads
appears after abo@0 MW of installed capacity, which is not [MVA] [MVA]
seen when the detailed WF model is employed. It is important gl o I 2338811?%%0
to realize that the negative impedance model does not pires Gg 21000 : !

the full-load converter interfaced WT and it illustrates the
importance of using models of sufficient accuracy.

The interaction of the WF with the power system oscillation TABLE Xl
is evaluated using participation factors and for all thelstd MACHINE PARAMETERS FOR ALL SYNCHRONOUS GENERATORS
cases the pattern is the same, with very low participation

7

_ _ T, 6.0857 s T, 1.653 s

from the WF in the oscillatory system mode. These results T, 0.0526 s 7 0.3538 s
indicate that the WT mechanical system is decoupled from H 3.84s D 0s
the dynamics of the grid by the full-load converter. Xq 213pu X 2.07 pu
As the installed capacity in the WF increases, a common X 0308 pu X, 0.906 pu
trend in the results is that the frequency of the inter-area ))({i g'igg EE Xq 0.234 pu

mode decreases; usually a sign of a reduction of the gemerato Sat. (1.0)  0.150 pu  Sat. (1.2) 0.7025 pu
synchronizing torque [20]; as given by

wo (8) TABLE XII
LINE REACTANCES ARE ON A100 MVA BASE WHILE TRANSFORMER
REACTANCES ARE ON RATED POWER BASE FOR EACH TRANSFORMER

whereK s is the synchronizing torque coefficient. The effect is - .
most pronounced when the WF is operating in speed or power §; gi ojz gz %g 02
tracking, which could be explained by the higher reactive X3 21% X3 283%
power control capability the WT has in these operating modes.
Increased capacity of wind power generally had a favorable
effect on the inter-area mode damping. Further studies will
look into how much of these effects that can be ascribed to

the WT and how much is an indirect effect, i.e. changes in th&l J. M. Mauricio, A. Marano, A. Gomez-Exposito, and J. L. Mar
tinez Ramos, “Frequency regulation contribution througtiakde-speed

operation of the remaining system due to the power injection  ing energy conversion systemswer Systems, IEEE Transactions
from a unit not based on a synchronous generator. on, vol. 24, no. 1, pp. 173-180, Feb. 2009.
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