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On Small-Signal Stability of Wind Power System
with Full-Load Converter Interfaced Wind Turbines

Thyge Knuppel, Vladislav Akhmatov, Jgrgen N. Nielsen, Kimdd¢nsen, Andrew Dixon, Jacob @stergaard

Abstract—Small-signal stability analysis of power system os- WPPs are already applied for ancillary services, e.g. freque
cillations is a well established field within power system analysis, reserve.
but not much attention has yet been paid to systems with a Regarding power system stability investigations, conside

high penetration of wind turbines and with large wind power . . .
plants. In this paper an analysis is presented which assess theable attention has been paid to low voltage fault-rideugro

impact of full-load converter interfaced wind turbines on power (FRT) capabilities of the WTs, i.e. the ability of the WTs to
system small-signal stability. The study is based on a 7 generator stay connected during external disturbances in the grid and
netvyork with Iightly damped inter-area modes. A detailed Wir_ld provide necessary voltage support [7]-[9]. With incregsin
turbine model with all grld releyant control functions is usgd in penetration of wind power and increasing size of each ilestal
the study. Furthermore is the wind power plant (WPP) equipped WPP new stability considerations arise. A topic of incregsin
with a WPP voltage controller and comparisons are presented. | . : ;
The models of wind turbine and WPP voltage controller are importance is the effect of WPPs on power system small-signal
kindly provided by Siemens Wind Power A/S for this work. The stability, including influence on power system oscillagon
study is based on modal analysis which are complemented with  The damping of critical inter-area oscillations is affettey
simulations on the nonlinear system. a number of factors such as network topography, generator ex
Index Terms—wind turbines, wind power plant, wind power citation control, HYDC control, transmission line powenfig
plant controller, power systems, small-signal stability, modal etc. [10]. Also, the presence of non-synchronous generatio
analysis units reportedly can have an impact on the damping of inter-
area oscillations. In [11]-[13] comparisons are presermid
the influence on power system oscillations of WPPs based on
fixed-speed induction generators (FSIG) and doubly fed in-
ITH the rapid development in installed capacity ofluction generators (DFIG). In the studies it is generallynit
wind power and with the increasing size of eackhat FSIG WTs increase the damping of the power oscillations.
installation, the role and impact of wind power on poweReferences [11], [13] also report increased damping froen th
system operation is changing. In 2008 in USA alone 8.5 GWFIG machine while [12] notes that the DFIG does not have
of new wind power based generation capacity was installégy significant effect on the damping.
which accounts for over 40 % of the total capacity added In [14] the influence is analyzed of the voltage/VAR control
in USA in 2008 [1]. In grid codes from some transmissiomode of DFIG based WPPs on inter-area oscillations. The
system operators this development is already noted, giveidy found that increasing the penetration of wind power
that large wind power plants (WPP) are termed power pagenerally had a favorable effect, with increased frequemray
modules and must comply with similar requirements to thog@&mping of the inter-area mode between a weak and a stronger
for other generation units. In continuation of this, large RgP system. With the WPP in voltage control mode [14] found
are often equipped with a supervisory voltage and frequeniiat, for some parameter-set, an adverse interaction iiseaiot
controller, i.e. a controller on park level designed to cimate it is, however, noted that these effects can be avoided with
the response of the individual units in the park. The effegppropriate tuning of the voltage controller.
and intention of such supervisory controllers on park level In [15], [16] a generic small-signal stability model is deve
is that the combined responses of the wind turbines (wmped for fixed- and variable-speed WTs with corresponding
evaluated at the interface between the WPP and the poweHector and utility grid where the units are connectede Th
system, are comparable to other power plants. The ability @pproach is based on sensitivity analysis and singularevalu
WPPs to deliver active power reserves are treated in a numgegomposition.
of publications [2]-[5], as well as voltage and reactive pow A few publications have investigated the possibility of
control [6], [7]. In some countries, for instance Denmarkising variable-speed WPPs actively to damp power system
oscillations [17]-[20]. In a recent PhD thesis by Elkington
T. Kniippel is with Siemens Wind Power A/S, DK-7330 Brande, mark iS concluded that DFIG based WPPs can provide a positive

and Centre for Electric Technology, Technical UniversifyDenmark, DK-  contribution to damping of power system oscillations by
2800 Lyngby, Denmark (thyge.knuppel@siemens.com) dding an auxiliary controller [21]
V. Akhmatov, J. N. Nielsen, and K. H. Jensen are with SiemensdWwirf* g y :

Power A/S, DK-7330 Brande, Denmark In this paper the impact of full-load converter interfaced
A. Dixon is with National Grid Electricity Transmission pldlétional Grid), \wind turbines on small—signal stability e.g. participatiin

Warwick CV34 6DA, UK S L . .
J. Dstergaard is with Centre for Electric Technology, TézdinUniversity power system OSCI||a'[I0n.S, 1S mve_SUQatEd' The system is

of Denmark, DK-2800 Lyngby, Denmark analyzed for the WPP with and without WPP voltage con-

I. INTRODUCTION



troller. The analysis is based on a 7 generator network, lwhic The right eigenvectorp,;, describes how the activity of the

illustrates some aspects of the dynamic behavior of the Ukh mode is distributed on the state variables, while the left

power system, namely inter-area oscillations between magigenvectory;, weighs the contribution of the state variables

areas of the system. on theith mode. The entrywise product ¢f and+? is thus
The paper is organized as follows. In section Il the basismeasure of the importance of the states within the indalidu

for the analysis is established with a description of modalodes and is referred to as the participation factors

analysis and power system oscillations. Section Il priesen T

the itudy cage, the yanalyzed WT concept, and tphe base Pi = (b1t G2%biz - Pnithin] ®)

characteristics of the study case, while section IV pres#t® or in compact notation

case studies performed and the results of the analysidlyFina T’

the discussion and conclusion are found in sections V and VI, P=2oxV (@)

respectively. where ® denotes the entrywise product of two equal sized

matrices, and®™*" is the participation factor matrix.
Il. METHOD The eigenvalues provide important information on the dy-

Power system oscillations are inherent in interconnectegmics of the system, i.e. the frequency and damping of any
power systems based on synchronous generators [22]. Povstillations. If theith eigenvalue is given ag; = a + jb,
system oscillations and the application of eigenvalueyaial the natural frequency,,, the damped frequencys,, and the
as means of analysis are well described in the literatuggamping ratio(, are defined as
e.g. [10], [23]. Another approach is to base the analysis on
signal processing of measured data [24]-[26]. When analyzip,, = v/ a2 + b2 {md} . wg=Db {md] , (= -« -]
very large systems this measurement based approach has the Sec Sec Wn
advantage that it is not dependent on the accuracy of a lag@m classical control theory of continuous time systerns, i

dynamic model. is given that mode\; is asymptotically stable only if < 0.
It should be remembered that power systems in general
A. Eigenvalue Analysis are nonlinear while the modal analysis is based on a linear

The analysis is based on the nonlinear set of Syst(_ﬂ.nproach. Thus, the results from the modal analysis are only

equations, dynamic relations as well as network equatiof&/id in grommﬂy of thhe Il?eﬁrlzatlon point and bShr?um beh
which are linearized in an operating point to obtain a line&€'c€lved as a snapshot of the dynamic system behavior. The
system in the classical state space form method of normal forms offer a framework for extending
) the modal analysis to include higher order terms and thereby
x = Ax+ Bu (1) capture dynamics not captured by a linear model [27], [28].
y = Cx + Du This method is especially important for stressed, highlg-no
wherex"*1 is the state vecton’*! the input vectory™*! linear power systems which are not accurately described by
the output vectorA™<" is the system State matrisB"<" the linear approximation in (1). Other means of ensuring the
the in Bt matrix C™*" the out ﬁt matrix. and>™<" the validity of the linear analysis is to complement with noelam
P - P ' tipe-domain simulations after which the dynamic resposse i
feed forward matrix. To analyze the dynamic performance 9l Jluated
the system in (1) it is often useful to perform a similarity s I . . .
. i . . To gain deeper insight into the dynamic behavior of the
transformation to diagonalize\, i.e. decouple the system ; -
dynamics system, a series of modal analysis is often conducte_d where
' certain system parameter(s) are gradually changed. Ainglyz
Ap;, =N\, fori=1,2,....n (2) the movement of the eigenvalues in the complex plane reveals
: . . the influence of the varied parameter to overall system dynam
where the eigenvalue\;, is found as the solution of ics and small-signal stability.
det(A — \I) =0 3)

and whereI" " is the identity matrix andp?*! the right B- Power System Oscillations

eigenvector for théth eigenvalue, also commonly referred to In an interconnected power system the speed of the syn-
as the mode-shape for thlh mode. Similar to the formulation chronous generators will constantly adjust according eédrifn

in (2), the left eigenvector is defined as balance between generation and demand, where a production
surplus will cause overspeeding of the generators; and vice

Vil =i, fori=1,2,....n ) versa. It must be noted that the applied governor contra is t
whereq,b}xn is the left eigenvector for théh eigenvalue. keep the synchronous speed, i.e. the nominal grid frequency
In compact notation for alk eigenvalues, the right and leftwithin a required narrow range of operation.
eigenvector matrices are defined as Power system oscillations are typically divided into three
T o7 T groups depending on its global (or local) scale.
=[f142 . du] V=419 . %] () « inter-area oscillations where a group of generators in one
Further, for power system studies the eigenvector matdoes area oscillates against a group of machines in another

usually scaled to satisff® = 1. area, typicallyf € [0.1 0.3] Hz



« intra-area oscillations where a group of generators in oire Fig. 2 and further described in [29]. A block diagram
area oscillates against a group of machines in the sast@wing the overall connections is shown in Fig. 3. The
area, typicallyf € [0.4 0.7] Hz applied model is kindly provided by Siemens Wind Power

« local-area or intermachine oscillations involve genera/S being a key market player of such variable-speed WTs.
tors which are located close to each other, typically
f €10.72.0] Hz. This includes adverse interaction be-
tween equipment control systems.

Many factors, beside the frequency of oscillation, do, have
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. Case Network

The study is based on the 18 node, 7 generator system
depicted in Fig. 1, which furthermore consists of 6 loads] an
an aggregated WPP with corresponding collector grid. The
system represents a large network that has been reduced to
a small number of nodes. In TABLE VIIl the generator ratFig. 2. Wind turbine concept used in the analysis, i.e. thdid converter
ings, transformer reactances, and load distributions Eeng ™erfaced WT-
while the synchronous machine dynamic data and the network

parameters are given in TABLE IX and XI, respectively. Taw Tue

The network model has been developed in collaboration Wit | acodymmical | o | Mechanical | | Electical
with National Grid as an extension of the three generator sys model model J model
tem presented in [11] to achieve a higher level of flexibidityd A richanep r, T /
numerical stability. The network model is tuned for a lighe.dl o o p Wind urbine ‘
situation and the distribution of load and generation iempli fe

+V|1<\ 5 Qrec

a southbound power flow of approximately)00 MW. Note

that the model does not accurately represent particulacssp e
of the UK network, and hence should not be used to draw
conclusions regarding the performanc_e qf this network. T _%. 3. Overall block diagram of the WT model.
developed model does, however, assist in the understanding

of power oscillations between major areas of the UK POWer 1 q applied model includes:

system.

Network

A A

interface

WTG trafo.

« Aerodynamic model. A variable wind speed aerodynamic

| 1 - model which includes power coefficient with pitch angle
z — and tip-speed ratio.
)0 YOO

| LT ‘ o Shaft model. Implements a two-mass model of rotor,
1 | @ Q gearbox, and generator.
* * | Wind Power Plant | o Converter system. The WT converter system comprises a

generator side and a network side converter including all
required control of the injected active and reactive power

s In the study, an aggregated WT model is used and the

analysis thus only considers the main interaction betwhen t
power system and the WPP.

@A s E as well as DC link voltage control.
T | L, o DC link. Implements the link, including the DC ca-
4 47 hl . . f
@ pacitance, between the machine and the network side
. T, @ converter.
= Is « Fault ride through. Monitors for system faults and shapes
@@ ler the current injection into the grid upon detection.

Ls T6

Fig. 1. Single-line diagram of the analyzed case network.

C. Wind Power Plant Collector Grid
_ The collector grid is modeled as a T-equivalent with the
B. Wind Turbine Technology entire capacitance lumped as a shunt and with half the in-

The WT concept for this study is a variable-speed, pitaiuctance and half the resistance as a series impedance on
controlled, full-load converter interfaced WT and is illieged each side. FolPypp = 180 MW the network parameters are



given in TABLE X. The collector grid parameters are scaled Reference voltages Bus voltage

1.04 1.04 — - — Gy term.

according to the size of the WPP such that the same voltage I
profile is achieved, i.e. 102 ———, Lo2p WPP term.

Vret [pul
V [py]

B [ PO ]
Sbase

B L
Zscale = S R = zscaiel? SN
base,WPP 0.98 0.98
B 38 40 42 44 38 40 42 44
B C Ti.mc, t[s] Time, ¢t [3]
XL = ZSC{:“EXL BC = Active Power 04 Reactive power
Zscale 1 N
. . . 095 = T T 0.2 CLETnT
where the superscripf refers to the values in TABLE X with = =
o . = 0 [ e
BPypp = 180 MW. n 00 S
0.85 [ — i ™ e —0.2f e e
0.8 -0.4
38 40 42 44 38 40 42 44
D. Wind Power Plant Voltage Controller Time, t [s] Time, ¢ [

The WPP voltage controller is an _OUter’ corrective Contm"%i . 5. Time simulation showing the response of the WPP voltagéraller
that controls the voltage at the point of common connectig§ia step on the voltage reference 6a. Pupp = 504 MW.
(PCC) at the interface to the power system. The WPP voltage
controller distributes voltage set-points to the indiatWTs
based on the conditions at the PCC, where the WT voltage Generator Models
controller controls the voltage at the WT terminals accaydin ¢ synchronous generators are modeled as round rotor
to its set-point. machines using the standard RMS model. The generators are
The block diagram of the WPP voltage controller is Showﬂggregated machines, each representing several smatler an
in Fig. 4 and the relation to the WT system is shown in thl%rger generation units; the total capacity for each urgfiven
block diagram in Fig. 3. The droop controller prevents ah@si j TABLE VIII and the parameters for the dynamic model in
of adjacent units both controlling the voltage by dividingraABLE X,
the responsibility between the units. Furthermore, theopro  parameters for the synchronous machines with correspond-
controller ensures that a predictable amount of reactiveepo jng exciter- and PSS models are selected to represent the
is delivered for a given deviation from the nominal voltag&jominant unit type in each area. Furthermore is each gener-
The applied model of the WPP voltage controller has begfor equipped with a standard IEEEGO governor. Parameters,

kindly provided by Siemens Wind Power for this analysissxciter- and PSS models have kindly been provided by Na-
although Siemens Wind Power does not necessarily applynal Grid for this study.

exactly the same control.

F. Characteristics of Case Network

Ve ref
A list of dominant eigenvalues is given in TABLE |. Three
Qrec * - Vi lightly damped inter-area modes are present in the system,
. - A1_3; the modal characteristics are given in TABLE Il and the
Vece . mode shapes in Fig. 6. Furthermore are three voltage ctartrol
modes selected for closer attention, ¢, as the analysis will
show that these modes are sensitive to the size of the WPP.
Fig. 4. Block diagram of the WPP voltage droop controller. LBw-Pass

filter, PI: Pl-controller. TABLE |
QUALITATIVE DESCRIPTION OF DOMINANT EIGENVALUES.

The operation of the WPP voltage controller is dependent X, Tnter-area mode betwead; 5 andGa_7
on the strength of the grid and the controller must be cdseful X2 Inter-area mode betwee®, 7 and G5_g
tuned for the conditions at the PCC. For this analysis, a 4 % A3 Inter-area mode betweefl, and Gy

. _ : 4 Voltage controller common modé&;, G2, WPP
droop, i.e.Ky = 0.04, is used and the WPP voltage controller Xs \Voltage controller common modé;s. WPP

is tuned to deliver 90 % of its response within 1 second in a X¢ Voltage controller common mod€&;s, WPP
well-damped manner [30].
A simulation is presented in Fig. 5 where a step-change is

applied to the set-point of the exciter of the nearby geoerat TABLE I

CHARACTERISTIC FOR THREE INTERAREA MODES IN BASE CASE

G>. The shown step-response is withypp = 504 MW. As WITHOUT WIND POWER.
shown in Fig. 4 the WPP responds in a fast and well-damped

manner, delivering the scheduled reactive power withinct se # A :_Td ¢
ond. The set-point change &t, inflicts a perturbation in N _0275&]43'10 5_429]3 OEJ]SS
the electromagnetic torque &t,, noticed by the swing in Ay —0.658 +6.26  0.997  0.105
delivered active power. For the WPP the reactive power output Az —0643+£;883 141  0.073

is increased without affecting the delivery of active pawer



Southbound power flow on line l4g
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Fig. 6. Mode shape for generator speed states for threedrgarmodes for Fig. 7. Active and reactive power flow on lings after a short-circuit on
the system with no wind power connected. one of thelyg lines.

In TABLE IIl are the participation factors for the inter-generators in Fig. 8 where the generator rotor speeds are
area modes shown for the generator rotor angle states. THeited, cf. mode shape plot in Fig. 6.
mode shape for three inter-area modgs, 3, are given in

Fig. 6 where the characteristit30° displacement between 1004 Generator rotor speed
oscillating groups of generators is seen. The charadterief
the inter-area modes given in TABLE | are determined from 1oosk
the participation factors in TABLE IIl and the mode shapes in
Fig. 6. - 1.002}
B
TABLE I % 1001l
NORMALIZED ROTOR ANGLE PARTICIPATION FACTORS FOR THE f
INTER-AREA MODES A\1_3 FOR THE SYSTEM WITH NO WIND POWER %
CONNECTED =ar
State variable  [p;] ;2] [p;s] 0.999
5 (Gh) 0.21 <1072 <107 %
§ (G2) 0.11 <1072 <1074
5 (G3) <1072 0.01 0.01 0.998% 5 n o s 0
5 (Ga) 0.03 0.28 0.07 Time, ¢ |4
5 (Gs) 0.04 0.02 <1072
5 (Ge) 0.08 0.18 <1072 i - )
5 (G 0.01 0.02 0.42 Fig. 8. Generator rotor speeds after a short-circuit on drteenlsg lines.

The modal analysis is a linear method and it should thus
be complemented with dynamic simulations on the nonlinear
system. In Fig. 7 and 8 the dynamic response is shown after a’he aim of the study is to analyze the influence of increased
three-phase short-circuit at lidgs. For now, there is no wind wind power penetration on power oscillations in the system,
power in the system. The fault is applied midway betweenith emphasis on the previously mentioned inter-area modes
the busses, on a single circuit, and it is cleared after 140 msTwo cases with a varying penetration of wind power are
Fig. 7 shows the active and reactive power flow on the doubfevestigated and compared to the base case with only syn-
circuit I45 during and after the short-circuit. From the dynamichronous generation
response the damping rati, and the damped frequency of 1) Py, of G5 is reduced as penetration of wind power is

IV. SELECTED CASES

oscillation,w, are computed as increased while the MVA rating is maintained
1294 — 1150 2) MVA r(_';\ti_ng of G4 is r_educed as pene_tration of_ wind
§=4+ln (11811150) = 0.5119 power is increased while the loading@%, is maintained
5 In all cases and for all wind power penetration levels, &ctiv
(= ——=10.081 power production is shifted between onfy, and the WPP
V6% + (2m)? and the power flow in the system is thus unchanged.
Wy = (%(7_523 — 1.391))‘1 =0.49 In case 1 the introduction of wind power does not displace

any conventional units and only the active power set-pant i
The short-circuit excites inter-area oscillation between reduced to accommodate the power produced by the WPP.
G1-2 and G3_7, which is noted by the grouping of theWhile in case 2, the wind power displaces conventional units



and the MVA rating of(z, is reduced accordingly. In each case

A1

3.4

6.27

the size of the WPP is varied linearly frod6 to 1 000 MW _ . H%
in 10 steps. 532 st 6.26 o
6.25
-0.285-0.28 -0.275 -0.27 ~0.67 —-0.66 —-0.65
A. Local WT \oltage Control - e ] "

When only local voltage control is employed in the WPP, _ T,

. . < 8.8275 / 4.5 N%{ ﬁ
the WTs control to achieve a voltage of 1 pu at the terminals. @

The modal characteristics of the three selected inter- R YRy T ——
area modes, \;_3, are presented in TABLE IV for " e X Case 1
Pwpp = 1000 MW. When compared to the modal character- - e oh |~ Case?
istics of the base case in TABLE Il it is clear that the three 5 185 jiﬁ 208 /R ‘
inter-area modes are largely unaffected by1be0 MW WPP. e 202 >

-6 -5.5 -5 -4.5 -5 -4.5 -4

CHARACTERISTICS FOR THREE INTERAREA MODES A1_3 WITH

TABLE IV

1000 MW OF WIND POWER

# A wq ¢

[ [Hz] []
Casel A1 —0.280=£43.13 0.498 0.089
Casel Ao —0.663£6.26 0.996 0.105
Casel A3 —0.644 +458.83 1.40  0.073
Case 2 A1 —0.287£33.24 0.516 0.088
Case 2 X2 —0.666 £ j6.27 0.997 0.106
Case 2 A3 —0.644 £ j8.83 1.41  0.073

Fig. 10. Comparison of selected system eigenvalues.

factors for the WPP mechanical states are orders of magnitude
smaller than those of the synchronous generators; hereby
implying that the WPP does not participate in the oscillation

TABLE V
COMPARISON OF SELECTED PARTICIPATION FACTORS FOR INTERREA
MODE, A1, FOR CASE1 AND 2. FOR THE WPPPARTICIPATION FACTORS

An overview of the complex plane with system eigenvalues
. . . . . . ARE SHOWN FOR MECHANICAL GENERATOR, ROTOR- AND SHAFT-ANGLE
as the WPP penetration increases, is depicted in Fig. 9 for botstares aND THE MAXIMUM PARTICIPATION OVER ALL WPPSTATES.
cases. A comparison of the selected eigenvalues in TABLE | Bypp = 1000 MW.

is given in Fig. 10. From Fig. 9 and Fig. 10 it should be noted

that the inter-area modes;_s, only exhibit little movement Stage(‘gf')ab'es |pﬂé s 1 ‘pﬂol o= 2
in the complex plane, whereas the movement of the common 5 (G2) 0.10 0.05
voltage controller modesy,_g, is more significant. 0 (G3) <1072 <1072
5 (Gq) 0.03 0.03
5 (Gs) 0.04 0.03
- - 5 (Ge) 0.08 0.07
x Casel 5(G7) 0.01 0.01
20r Wf& ’ 5y (WPP) <1077 <1077
5 (WPP) <107° <107°
oo §s (WPP) <107° <107°
o e max(|p1|) (WPP) < 1072 <1072
5 10¢ ® o ¢ For case 1 withRypp = 1000 MW, the mode shapes are
A given in Fig. 11 for the generator speed states for the three
sl o Qo . inter-area modes);_s. The inter-area characteristics in terms
¢ o o ¢ of generator grouping are not significantly changed by the
§><> ' D% WPP. Similar mode shapes are obtained for case 2.
o omeme e ife wudp |
-3 -2 -1 0

9 -8 -7 -6 -5 -4
R(A)

B. Wind Power Plant Voltage Controller

The modal characteristics of the three selected inter-
area modes, \;_3, are presented in TABLE VI for
The participation factors measure the participation oheadypp = 1000 MW and with WPP voltage controller. When
state variable in the eigenvalues and thus how each modedsnpared to the modal characteristics of the case with only
shaped. In TABLE V selected participation factors are tistdocal WT voltage control in TABLE 1V, it is clear that the three
for inter-area mode);; namely, generator rotor angle stategter-area modes are largely unaffected by the WPP voltage
and WPP mechanical generator, rotor, and shaft states gfurtigontroller.
more is the largest participation over all WPP states given.A comparison of the eigenvalue movement as the wind
The maximum WPP participation is in both cases found imower penetration increases frdd6 to 1 000 MW is given in
the reactive power controller. Note that only the partitigp;a Fig. 12; again only limited movement of the three inter-area
factors for mode),; are given, however, similar results aranodes are noticed. The mode shapes for the generator speed
obtained forAs_3. It should be noticed that the participatiorstates for the three inter-area modes are given in Fig. 13 for

Fig. 9. System eigenvalues in the complex plane.



Fig. 11. Mode shape for the generator speed state for threedrea modes. Fig. 13. Mode shape for the generator speed state for threedarea modes.
The presented mode shapes are for case 1 Rjjpp = 1000 MW

TABLE VI
CHARACTERISTICS FOR THREE INTERAREA MODES A\1_3 WITH
1000 MW OF WIND POWER ANDWPPVOLTAGE CONTROLLER.

# A wq ¢
[l [HZ] []
Casel X; —0.278+;3.13 0.499 0.088
Casel X2 —0.663+36.26 0.996 0.105
Casel A3 —0.644+;883 140 0.073
Case2 XA —0.287+33.25 0.517 0.088
Case 2 )Xo —0.668+£76.27 0.997 0.106
Case2 A3 —0.644+;8.83 140 0.073
A1 Az
34 6.27
97«*%%
T332 %N\N:?; 6.26 S
= 6.25
—0.285 -0.28 -0.275 -0.27 -0.67 —-0.66 -0.65
Az A4
8.83 5
8.826 - 4
-0.6445 -0.644 -0.6435 -0.643 -2.5 -2 -15 -1
16 s 22 Ao Case 1
O——0—- 0000 —4— Case 2
15 e 21 M/@;’WW
14 20 —
-6 -5.5 -5 -4.5 -5.5 -5 -4.5 -4
ROV ROV
Fig. 12. Comparison of selected system eigenvalues with WRRgen

controller.

The presented mode shapes are for case 1 Ritbp = 1000 MW and with
a WPP voltage controller in service.

TABLE VII
COMPARISON OF SELECTED PARTICIPATION FACTORS FOR INTERREA
MODE, A1, FOR CASE1 AND 2. FOR THE WPPPARTICIPATION FACTORS
ARE SHOWN FOR MECHANICAL GENERATOR, ROTOR- AND SHAFT-ANGLE
STATES, AND THE MAXIMUM PARTICIPATION OVER ALL WPPSTATES.
Pwpp = 1000 MW.

State variables  [p;1] case 1 [p,1] case 2
5 (Gh) 0.22 0.28
5 (G2) 0.10 0.04
5 (G3) <1072 <10~2
5 (Ga) 0.03 0.03
5 (Gs) 0.03 0.03
5 (Ge) 0.08 0.07
5 (Gr) 0.01 0.01

§g (WPP) <1077 <1077
5 (WPP) <1075 <1075
5s (WPP) <107° <1075

<1072 <1072

max(|p1[) (WPP)

V. DISCUSSION

This paper presents a modal analysis of full-load converter
interfaced WTs. Focus of the work is the impact increased
wind power penetration has on power system inter-area-oscil
lations. The study is based on a 18 node, 7 generator power
system model to which the WPP is connected. The system
model represents a large network with a reduced number of
nodes and has been developed in collaboration with National
Grid to assist in the understanding of power oscillations
between major areas of the UK power system. The attached
WPP is modeled as an aggregated machine which includes
all grid significant components [29]. The WPP is furthermore

case 1 withRypp = 1000 MW. Similar results are obtained equipped with a voltage controller that controls the vaitadg
for case 2 wherér, is gradually displaced.

In TABLE VII the participation factors are given for inter-

the interface to the external grid.
To accommodate the production from additional generation

area mode\; for case 1 and 2. Similar results are found founits, assuming that load and power transfer to neighboring
inter-area modes\,_3. As noted in section IV-A the WPP systems does not increase, the production from the existing
participation in the oscillation is orders of magnitude #ara units should decrease accordingly to keep the power balance
than for the synchronous machines. The largest partiopatiTwo ways this can happen ai® all units stay connected but
factor for both case 1 and 2 is for the input filter for thevith reduced active power output, @ a proportion of the
PCC voltage measurement which is slightly larger than fexisting units are taken out of service to ensure good atibn

the reactive current controller.

of the units in service.



. . . TABLE IX
Three inter-area modes are monitored as the penetrationyacyine PARAMETERS FOR ALL SYNCHRONOUS GENERATORS ON

of wind power increases, and both with and without WPP MACHINE BASE.
voltage controller the inter-area modes seem largely engtl

by the increased capacity of the WPP. Comparing the inter G Go  Os  Oi  Cs  Co G

Yy €d capacity - paring S 8] 4237 4464 4358 5562 5474 4879 4.066
area characteristics in TABLE I, IV, and VI it is noted that D [s] 0 0 0 0 0 0 0
the damping of the three inter-area modes is almost cor,lstangs [[IOU]] 8-22? 8-23% 8-2(15(7’ 8-22& 8-225 g-gg(l) 8-83%

. R . . 1 [pu . . . . . . .

whlle the freq.uency of oscillation, especially fay, increases Xg[pul | 2360 2116 2.001 2470 2235 2158 2510
slightly. For inter-area mode\; the damped frequency of X, [pu] | 2.261 2.043 1.937 2301 2113 2069 2447
oscillation increases by 4 % in case 2 where the synchronou§ [pul | 0297 0312 0293 0278 0269 0300 0313

o Y [pu] | 0.297 0312 0293 0278 0.609 0.300 0.313
generator(s», is being displaced by the WPP. 7pu] | 0209 0.250 0219 0203 0198 0227 0.226

The WPP voltage controller does not significantly changeﬁz' [pu] | 0.209 0.248 0.227 0.248 0209 0.237 0.226
the modal properties of the system. A comparison of the tesul Tt;o [s] | 0.692 1008 0.933 0721 1.002 1.004 0.691
in section IV-A and IV-B shows a large degree of uniformity, 53,0 E% 8'32% é'ggg 8'832 8'33 é'ggg é'ggg g'ggé
with the trajectories in the complex plane in Fig. 10 and 12ng [s] | 0031 0064 0040 0020 0047 0071 0026
being almost identical.

The degree of interaction of the WPP in the power sys- TABLE X
tem oscillations is evaluated with the aid of participation WPPCOLLECTOR NETWORK PARAMETERS FORwpp = 180 MW

factors. The participation in the system oscillations o th

. . Network Park trafo.

WPP mechanical system are orders of magmpude smgller than R X, Bo X7

those computed for the synchronous machines. This could [Q] (2] [1S] [%]
imply a decoupling between the grid dynamics and the WPP 0.086  0.070  3219.7 12.2

mechanical system by the full-load converter.
TABLE XI|
NETWORK PARAMETERS

V1. CONCLUSION R X Bc

; . . [ [ [1S]

In this paper a modal analysis is presented where the im- T1s 0 4.00 0
pact of full-load converter interfaced wind turbines on pow log 0 32.00 0
: i ) luated. Th sis | d las | 11.93 114.64 0
system oscillations is evaluated. The analysis is repefaﬂe_ lis | 647 6437 1189.91
various wind power penetration levels, two different sigies ls4 | 0.40 491 1007.73
for accommodating the wind energy, and with and without a laz | 0.09 128  902.17
ind lant voltage controller 7 | 235 30.20 1512.05
wind power p g | : ler | 0.38 488 1502.76
The study found that the inter-area modes were largely ls¢ | 170 2617 1475.95

unaffected by the increased capacity of the wind power plant

The damping of three selected inter-area modes was almost

unchanged for the analyzed cases while smaller increases, REFERENCES
< 4 %, were seen in the damped frequency of oscillation.
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