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Oscillatory Stability and Eigenvalue Sensitivity
Analysis of A DFIG Wind Turbine System

Lihui Yang, Zhao Xu, Member, IEEE, Jacob @stergaard, Senior Member, IEEE,
Zhao Yang Dong, Senior Member, IEEE, Kit Po Wong, Fellow, IEEE, and Xikui Ma

Abstract—This paper focuses on modeling and oscillatory stabil-
ity analysis of a wind turbine with doubly fed induction generator
(DFIG). A detailed mathematical model of DFIG wind turbine
with vector-control loops is developed, based on which the loci of
the system Jacobian’s eigenvalues have been analyzed, showing
that, without appropriate controller tuning a Hopf bifurcation can
occur in such a system due to various factors, such as wind speed.
Subsequently, eigenvalue sensitivity with respect to machine and
control parameters is performed to assess their impacts on system
stability. Moreover, the Hopf bifurcation boundaries of the key
parameters are also given. They can be used to guide the tuning
of those DFIG parameters to ensure stable operation in practice.
The computer simulations are conducted to validate the developed
model and to verify the theoretical analysis.

Index Terms—Doubly fed induction generator (DFIG), eigen-
value sensitivity, Hopf bifurcation, stability.

I. INTRODUCTION

OUBLY fed induction generator (DFIG) is a popular wind
D turbine system due to its high energy efficiency, reduced
mechanical stress on the wind turbine, and relatively low power
rating of the connected power electronics converter. The DFIG is
also complex involving aerodynamical, electrical, and mechan-
ical systems. With increasing penetration level of DFIG-type
wind turbines into the grid, the stability issue of DFIG is of
great importance to be properly investigated.
A DFIG system, including induction generator, two-mass
drive train, power converters, and feedback controllers, is a
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multivariable, nonlinear, and strongly coupled system. Bifurca-
tion phenomena in such a nonlinear system may occur under
certain conditions, leading to oscillatory instability. Therefore,
practical analysis of DFIG stability will have to involve the bi-
furcation phenomena. In recent years, some researchers studied
stability of industrial motor drives with a wealth of nonlinear dy-
namics according to the bifurcation and chaos theories [1]-[4].
However, earlier studies mainly deal with dc and simple ac mo-
tor drives. The stability analysis of DFIG from a bifurcation
perspective is absent.

Eigenvalue analysis of the DFIG wind turbine system has
been discussed in [5]-[8], where the participation factor, fre-
quency, and damping ratio analysis are focused. The compre-
hensive analysis of eigenvalue locus and the eigenvalue sen-
sitivity, which can provide useful guidance in tuning system
parameters, have not been carried out earlier.

The Yang et al. have investigated the Hopf bifurcation in a
vector-controlled DFIG with one-mass drive train [9]. The main
purpose of this paper is to study the oscillatory stability of a
DFIG system with respect to varying wind speed, and to ana-
lyze the eigenvalue sensitivity as well. A more comprehensive
system model, incorporating two-mass drive train, pitch con-
trol, etc., is developed. Based on this model, the eigenvalue
loci are analyzed, revealing that with inappropriate controller
parameters, Hopf bifurcation is likely to happen in the system
under certain conditions, such as variation of wind speed. Then,
eigenvalue sensitivity analysis is carried out to identify possible
sources of instability, as well as the key influential parameters
with respect to system oscillatory stability. Furthermore, in or-
der to obtain the overview of system oscillatory stability, Hopf
bifurcation boundaries with regard to some key parameters are
analyzed, in order to facilitate optimal design of the DFIG wind
turbine system. This paper focuses on the small-signal-stability
analysis of the DFIG wind turbine system itself. The impact of
the DFIG on the power system stability will be considered in
our future research.

II. MODELING OF DFIG WIND TURBINE SYSTEM
FOR OSCILLATORY STABILITY ANALYSIS

As shown in Fig. 1 [10], the DFIG system utilizes a wound ro-
tor induction generator in which the stator windings are directly
connected to the three-phase grid and the rotor windings are
fed through three-phase back-to-back bidirectional pulsewidth
modulation (PWM) converters. The back-to-back PWM con-
verters consist of two three-phase six-switch converters, i.e., the
rotor- and the grid-side converter, between which a dc-link ca-
pacitor is placed. For the wind turbine control level, two stage

0885-8969/$26.00 © 2011 IEEE
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Fig. 1. Schematic diagram of DFIG wind turbine system.

control strategies, based on the electric power versus wind speed
curve, are used for DFIG wind turbines: power optimization
strategy below rated wind speed and power limitation strategy
above rated wind speed [10]. For the DFIG control level, vector
control is used for both the rotor- and the grid-side converters
to achieve decoupled control of active and reactive power.

It is recognized that the wind power generations involving
DFIG often experience different oscillations resulted from the
DFIG and its auxiliary systems [9], [11]. In order to study the
oscillatory behavior of the system, small-signal-stability analy-
sis, especially the Hopf bifurcation, is needed. The modeling of
DFIG has been studied in [5]-[13]; however, there is currently a
lack of a systematic comprehensive modeling approach suitable
for small-signal stability. In the following section, we develop a
comprehensive model for the DFIG wind turbine system. This
model particularly enables small-signal-stability analysis of the
overall system.

A. Generator

According to the voltage- and flux-linkage equations of the
induction generator [13], [14], the differential equations of the
stator and rotor circuits of the induction generator with stator and
rotor current as state variables can be given in a d—q reference
frame rotating at synchronous speed (we define this reference
frame as the generator reference frame in this paper) as follows:

digs . . .
di = D[Rerst + (Ws - wv‘)L%L lgs — wsLerqu
*Rer idr - wT‘LT Lm iqr - Lruds + Lm udr]
diqs 92 . . .
dt = D[—(ws — wT)Lm tgs +wsLsLyigs + RsLyigs
+w7’Lr Lm idr - RTLIH, iqr - Lruqs + Lm Uqr]
didr . . .
W = D[_RsLm 1ds + wTLsLm lgs + Rr Lszdr
+w5L3rziq7' — (ws —wr)Ls Lyigr + Linuas — Lsuay]
dig, ) ) 5 .
dt = D[_wr‘LsLmst - RsLmzqs - wsLm Ydr

+(Ws - W'r’)Leridr + Rr'Lsiqr + Lm,uqs - Lsuqr]
(D

where iy = iqs + jigs and i, = iq, + jig are the stator and
rotor current vectors, respectively; uy = ugs + juys and u, =
Uq, + jug, are the stator and rotor voltage vectors, respectively;
D =wy/(L,,%> — L,L,). This paper adopts the motor convention
meaning that stator and rotor currents are positive when flowing
into the generator. The quantities in the system model are in per
unit except the time ¢.

B. Drive Train

When studying the stability of DFIG wind turbine, the two-
mass model of the drive train is important, as the wind turbine
shaft is relatively softer than the typical steam turbine shaft in
conventional power plants [15]. The equations, which represent
the two-mass model of the drive train, are expressed as follows:

dw, 1

= — Ty, — T, — Bw, 2
dt 2Hg ( sh e wr) ( )
do
dftt = wp(wr —wr) 3
dwt o 1
E - TI_It(CTm - Tih) (4)

where wy, w,, and w; are the base, generator, and wind turbine
speeds, respectively. H, and H; [SI unit(s)] are the generator
and turbine inertias, respectively. 6, is the shaft twist angle.
The electromagnetic torque T, the shaft torque 7j},, and the
mechanical torque 7;,,, which are the power input of the wind
turbine, are as follows:

T, = L, (idsiqr - Z‘qsidr) (5)
T = Kshat + Dgpwy (wt - wr) (6)
2 3
T — 0.5pmR*C, (A, B)V,) @
Wt

where C), is the power coefficient as follows:

116
C, =0.22 <
Py

~0.46 — 5> e 120/ M ®)

1
M = 10 1 0.088) = 0.035/(F 1 1)

where A = w;R/V,, is the blade tip speed ratio. C, (%, 3) has a
maximum C;'** for a particular tip speed ratio Aot and pitch
angle (,,¢. The aim for variable wind turbine at wind speeds
lower than rated value is to adjust the rotor speed at varying wind
speeds; therefore, A and C), are always maintained at the opti-
mal and maximum value, respectively. The speed control of the
DFIG is achieved by driving the generator speed along the opti-
mum power-speed characteristic curve [10], which corresponds
to the maximum energy capture from the wind. In this curve,
when generator speed is less than the low limit or higher than
the rated value, the reference speed is set to the minimal value
or rated value, respectively. When generator speed is between
the lower limit and the rated value, the rotor speed reference can
be obtained by substituting A = w;R/V,, into (7) as follows:

(C))

T,
Kopt

(10)

Wref =
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Fig. 3. Control scheme of the rotor-side converter.
T RG C ]l;\ ax . .
where K, = ——5%— is the optimal constant of wind tur-

bine. Equation (10) ig'an easy and direct way to get w,.r from
the academic perspective while it implies the mechanical torque
observer is needed. Although mechanical torque observation is
not popularly used in industrial application, due to some en-
gineering problems, it is available in practice and can obtain
improved optimum operating point tracking [16], [17].

C. Pitch Control

The pitch angle of the blade is controlled to optimize the
power extraction of wind turbine as well as to prevent overrated
power production in strong wind. The pitch servo is modeled as
follows:

dp

L (11)

IZ} (6ref - ﬁ )
For the sake of simplicity, the reference of the pitch angle S,
is kept zero when wind speed is below rated value. When wind
speed is higher than rated value, the power limitation is active by
adjusting the pitch angle using the pitch-control scheme shown
in Fig. 2 [10], and

ﬂref = KP{?(Pg - Pref) + xj3
(12)

D. Rotor-Side Converter

The generic control scheme of the rotor-side converter is il-
lustrated in Fig. 3. In order to decouple the electromagnetic
torque and the rotor excitation current, the induction generator
is controlled in the stator-flux-oriented reference frame, which
is a synchronously rotating reference frame, with its d-axis ori-
ented along the stator-flux vector position [17]. The typical
proportional—integral (PI) controllers are used for regulation in
both the rotor speed and the terminal voltage (outer) control loop
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Fig. 4. Control scheme of the grid-side converter.

and the rotor current (inner) control loop. In Fig. 3, superscript
o denotes the variable is in the stator-flux-oriented reference
frame.

Based on the stator-flux orientation, the stator flux can be de-
scribed as ¥, = ¥, and Ygs = 0 [17]. Accordingly, the rotor-
voltage equations can be expressed as follows:

oL, dif,

R Lr i . — W, T dr

udr Zd? Zq7 (w( w ) W dt
o . Lnl O—LT' dilp’/‘
uf, = Rif, + <0Lr25r + I. \IIS> (ws —wy) + o di
(13)

where 0 = 1 — (L2, /LsL,) is the leakage factor.

Usually, the bandwidth of the inner current-control loop is
much wider than the outer speed-control loop [17]. Hence, the
fast dynamics of the current-control loop does not affect the
low-frequency oscillations. On account of this, we assume that
the rotor current can well track the reference current, and thus,
omit the dynamics of the rotor current-control loop. Under this
assumption and according to the control scheme of the rotor-
side converter shown in Fig. 3, the equations with respect to the
control of the rotor-side converter become

. Kp,
Ty = T (Wref — wy)
Fus = 2P (7 - 1)
Trus (14)
Z.?;r = ijrref = Kpus(Usret — Us) + Tus
i, = 1t = e (K p (et — ) + 2]
el T LW

where Kp, and T}, are the proportional gain and the integral
time constant of the rotor-speed controller, respectively.
The rotor voltage in the generator reference frame can be

derived by the following: [18]
Ugy cosp —sing] [uf,
{uqr} N [sinw cos ¢ ] [u;°,. ]
where ¢ = arctan(t,s /1) is the angle between the stator-
flux vector and the d-axis of the generator reference frame.

5)

E. Grid-Side Converter

Fig. 4 shows the control scheme of the grid-side converter.
In order to obtain the independent control of active and reactive
power flowing between the grid and the grid-side converter, the



YANG et al.: OSCILLATORY STABILITY AND EIGENVALUE SENSITIVITY ANALYSIS

converter control operates in the grid-voltage-oriented reference
frame, which is a synchronously rotating reference frame, with
its d-axis oriented along the grid-voltage vector position [17].
Similarly, the typical PI controllers are used for regulation in
both de-link voltage (outer) control loop and grid-side inductor
current (inner) control loop. In Fig. 4, superscript € denotes the
variable is in the grid-voltage-oriented reference frame.

Under the grid-voltage-oriented reference frame, the equa-
tions of the grid-side converter are given by [17] the following:
L di
ujy = Us = Ruigy + -~k

—wsLigp + ug,
(16)

-c

dig
dt

where i, = iqr, + ji,r, is the grid-side-inductor-current vector,
and u, = ug4, + juy, is the grid-side converter voltage vector.

Similar to the derivation of the rotor-side controller, based on
the same simplification, which omits the fast dynamics in the
inner current-control loop, and according to the control scheme
of the grid-side converter shown in Fig. 4, the equations with
respect to the control of the grid-side converter are described as
follows:

) L . .
Ugs :O:RLzzL—l—w—b +wsLigy + g,

i = KPU
v =
TIU

(Udcref - Udc )

Qg = LgLvet (17)

\/\gfn[KPﬂ (Ud(:rcf - Udc) + Iu]

where Kp, and 77, are the proportional gain and the integral

time constant of the dc-link voltage controller, respectively.
The relationship between the generator reference frame and

the grid-voltage-oriented reference frame can be given by [18]

the following:

e _ € _
tar = YdLret =

331

where ¢ = arctan(u,s/uqs) is the angle between the grid-
voltage vector and the d-axis of the generator reference frame;
V' can be the variable of voltage v or current i.

E. DC-link Capacitor

The equation, which describes the energy balance of the dc-
link capacitor can be expressed as follows:
Cdc Udc dUdc o
a

— Pr
w

= i(udaZdL + Ugalql — Udrldr — uqr'zqr') (19)

where Uy, is the dc-link voltage, and p, and p, are the powers
supplied to the grid-side converter and the rotor circuit, respec-
tively.

From (1)-(19), we can obtain a set of state equations to present
the DFIG wind turbine system. They can be written in a compact
form as follows:

x = f(x,u)
where x and u are the vectors with respect to the state and the
input variables, which are defined as x = [t iy iqr igr wr Ugce
Ty Xy Ht wi ﬂxuﬁ xﬁ]T’ u= [uds Ugs Iquef Ud(:ref Vw ﬂref]T‘

(20)

III. SMALL-SIGNAL-STABILITY ANALYSIS

A DFIG wind turbine system, modeled by (1)—(19) or sim-
ply (20), can be linearized to form the linear model around an
equilibrium point for small-signal-stability analysis.

A. System Jacobian

The Jacobian matrix is of great importance to stability anal-
ysis of dynamical systems. In order to analyze the Jacobian
matrix, the equilibrium point X, of the system needs to be cal-
culated by solving equation f(z, u) = 0. With X, the Jacobian

[Vda ] _ [COS € —sine ] |:‘/(1Ea ] (18) matrix of the system evaluated at thfa equilibrium point is given
Vi sine  cose Ve, in (21), shown at the bottom of this page, where {J; ;} (i =
T Ju i Jis Juu Ju 0 Jiz 0 Jig Jio Jin Juz 0]
Jor oo Joz Jag Jas O Jor O Jog Jorg Jorn Jorz O
Js1 Js2 Jzz Jsa Jzs 00 Jyr 00 Jo Jsio Jzin Jzie O
Jun Ji Jiz Ju Jis 00 Jir 00 Jyo Juo Jan Juz O
Js1 o Js2 Jsz Jsa S 0 0 0 Jso  Js10 0 0 0
of Joo Je2 Jes Jos Jes Jee Jor Jes  Jeo Jero Jenn Jerz O
J(Xp)=A= 9z . 0 0 0 0 J7s 0 0 0 0 Jrio Jma 0 0
e 0 0 0 0 0 Js O 0 0 0 0 0 0
0 0 0 0 Jos 0 0 0 0 Jo1o 0 0 0
0 0 0 0 Jios O 0 0  Jiog Jiowo Jiorn O 0
Jiior Jiro2 0 0 0 Jig 0 Jug O 0 Jiiir 0 Jis
0 0 0 0 0 0 0 0 0 0 0 0 0
L Jisi Jizz 00 0 Jizse 0 Jizg O 0 0 0 0

@)
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1,2,...,4and j =1, 2,..., 13) represents the linearized dy-
namics of the generator from (1); {J; ;} (: = 5,9, 10 and j
=1,2,...,13) represents the linearized dynamics of the drive
train from (2)-(4); {J; ;} (1 =6,7,8,12and j = 1,2,..., 13)
represents the linearized dynamics of the dc-link capacitor and
controllers of the back-to-back converters from (14), (17), and
(19); {J;;} (¢ =11, 13 and j = 1, 2,..., 13) represents the
linearized dynamics of the pitch control from (11) and (12). The
elements of the Jacobian matrix are given in the Appendix.

In this paper, we focus on the oscillatory stability analysis
of the DFIG itself, the studied DFIG is directly connected to
the infinite bus and the dynamic behavior of the grid is not
concerned. Therefore, in (14), we have U; = Ug,.., and the dif-
ferential equation associated with the voltage-control loop can
be omitted. Under this assumption, 12th row and 12th column
of the Jacobian matrix can be removed. When wind speed is
lower than the rated value, the power limitation is not active;
therefore, 13th row and 13th column of matrix J(Xj), which
are associated with pitch-control loop, can be deleted.

B. Hopf Bifurcation

This paper concentrates on the analysis of local bifurcations,
particularly Hopf bifurcation that can occur in a DFIG system.

Hopf bifurcation corresponds to emergence of a periodic so-
lution from an equilibrium point of (20); in this way, the HFB
is responsible for system oscillatory behavior. According to the
Hopf bifurcation theorem [19], a HFB can be supercritical or
subcritical. A supercritical HFB has the initially stable periodic
solution branch and will result in a smooth transition to oscil-
lations. On the other hand, a subcritical HFB is associated with
an unstable periodic solution branch and will lead to a hard
transition to large amplitude oscillations.

The DFIG wind turbine system works in power-optimization
operation mode at most of the time. Under this operation mode,
the rotor speed of DFIG usually changes along with the vari-
ation of wind speed [10]. We will consequently focus on the
effect of the variation of wind speed as well as rotor speed on
the dynamical behavior of DFIG under the power optimization
operation mode in the following section.

C. Eigenvalue Sensitivity

Eigenvalue sensitivity, defined as the rate and direction of
eigenvalue movement in the s-plane due to the variation in
system parameters is an efficient tool for designing the control
system and parameterizing the system, especially for the higher
order systems. Two types of eigenvalue sensitivities are studied:
eigenvalue sensitivity with respect to the entry of system state
matrix and system parameter.

The participation factor is a special group of eigenvalue sen-
sitivity with respect to the system states [20] as follows:

o\
Py —
M Dark

, M) (22)

= upivpi (i, k=1, 2, ..
where ay, is the kth row and kth column of A, w;,v;, € R”
denote the normalized right and left eigenvectors corresponding
to X;, respectively.
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TABLE I
SYSTEM PARAMETERS USED IN SIMULATIONS

Parameters Descriptions Values
R, Ly Stator resistance and leakage inductance 0.0076 II: '1111" 0.171
R, Ly Rotor resistance and leakage inductance  0.005 p.u., 0.156 p.u.
Ly, Stator and rotor mutual inductance 35pu.
ny Number of pole pairs 3
Us Peak amplitude of stator voltage 1pu
ws Stator angular frequency Ipu
H, Inertia constant of generator 0.5s
B Friction coefficient of generator 0.01 p.u.
H, Inertia constant of wind turbine 4s
Kopt Optimal constant of wind turbine 0.579
T Time constant of the pitch servo 025s
Jwitch Switching frequency of the PWM converters 2 kHz
Cye DC-link capacitance 0.06 F
R L Resistance and .inductance of grid side 0.003 p.u., 03 p.u.
inductor
Uleret DC-link voltage reference 1200 V
Praed Rated power 1.5 MW
Wrated Rated rotor speed of generator 1.1 pu.
Virated Rated wind speed 12 m/s
Wy Base angular frequency 314 rad/s
Sy Base power 1.5 MW
Uy Base voltage S75V
TABLE II

EIGENVALUES OF DFIG WIND TURBINE SYSTEM (V,, = 12M/s, Kp, = 1)

21.2 )‘3 4 /15.6 /17.8
A=otjw -6.84+7314.0 -2.76+/58.8 -5.47429.41  -0.164+71.43
Ay Ao Al
l=otw -34.1 -14.1 -4.00

The first-order sensitivity of an eigenvalue A; with regard to
a system-operating parameter o can be given by the following:
o ul (0A/0a)v;
— =t (23)
Jda ul'v;
The magnitude and the sign of the real part of the eigenvalue
sensitivity S();'” are defined as the size and direction of move-
ment of eigenvalue A; in the horizontal direction in the s-plane
due to the small perturbation of a general parameter «, respec-
tively, whereas the imaginary part of the eigenvalue sensitivity
Si‘*“ are associated with the movement of eigenvalue A; in the
vertical direction.

IV. THEORETICAL SYSTEM EIGENVALUE ANALYSIS

Using the Jacobian matrix derived in Section III, eigenvalue
analysis of the DFIG wind turbine system is given in this section.

A. Eigenvalue Loci

The system parameters, set as the standard value from MAT-
LAB vR2007b Demo, are detailed in Table I. Using the Jacobian
matrix (21), eigenvalues of the DFIG system can be calculated.
All the eigenvalues at rated wind speed (V,, = 12 m/s, w, =
1.1 p.u,, Kp, = 1) are listed in Table II. The eigenvalue loci of
corresponding oscillatory modes are plotted in Figs. 5 and 6.

Fig. 5(a)-(d) shows the eigenvalue loci of A1 2, A3 4, A5 ¢, and
A7 as wind speed increases when Kp,, = 60. The arrows in
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K p,, increases from 1 to 50 (V,, = 12 m/s) for (a) A1 2, (b) A3 4, (c) A5 ¢, and
(d) A7 s.

the figures indicate the directions of the eigenvalue movement
as V,, increases from 8 to 15 m/s. When V), is higher than
the rated value, the power and generator speed limitation are
activated, resulting in slower movement of all the eigenvalues.
As shown in this figure, A1 » move to the imaginary axis and the
oscillation frequency is increased as V,,, increases. For A3 4, they
move away from the imaginary axis. The oscillation frequency
increases up to a point (V,, = 9 m/s), then decreases again. For
A5 6, they move to right and the oscillation frequency decreases
up to a point (V,, = 10.2 m/s), then suddenly moves toward
left. When V,, is higher than the rated value, they move to right
from a new position, which is far away from imaginary axis.
For A7 g, they move to left up to a point (V;, = 11 m/s), then
they move toward right. The oscillation frequency is decreased
as V,, increases. When V, is higher than the rated value, they
move to left from a new position close to imaginary axis.

TABLE III
EIGENVALUES FOR VARIATION VALUE OF V,, AND w, (K p, = 70)

Ve (pu) o (pu) Eigenvalues Remarks
o s APROSTIMOO et
1.056 1.06 -6.39+313.0, -56.7427.0, 0.0038+19.6, Unstable

-7.754j9.53, -34.1, -14.1, -4.00

Fig. 6(a)—(d) shows the eigenvalue loci of A2, Az4, A5
and A7 g as the proportional gain of rotor speed controller K p,,
increases from 1 to 50, respectively. A1 2 and A5 ;¢ move toward
the imaginary axis, while A3 4 and A7 g move away from the
imaginary axis as K p,, increases. The oscillation frequencies of
A1,2,A3,4,and A5 ¢ are decreased, while the oscillation frequency
of A7 g is increased as K p,, increases.

The aforementioned analyses show that the operation stability
of a DFIG wind turbine system can vary very much due to
reasons, such as varying wind speed and control parameters.
For the studied wind turbine, it is observed that as wind speed
varies, A1 2 and A5 ¢ tend to move to the right half of the s-
plane, if Kp,, is inappropriately selected above a critical value.
This indicates that they are the key modes for inducing the
oscillatory instability, especially when wind speed is lower than
rated value. Moreover, it is obvious from the results in Fig. 5 that
the system is more stable and oscillation can hardly happen when
the wind speed is higher than the rated value due to activeness
of the power limitation. Therefore, the oscillatory instability
and eigenvalue sensitivity at higher wind speed will not been
analyzed in the following section.

B. Hopf Bifurcation

Table III shows the effect of V,, and w, variations on the
eigenvalues of the studied system when Kp,, is set improperly
(Kp, = 70). It shows that there totally exist four pairs of
complex conjugate eigenvalues and two real eigenvalues, as
V., and w, vary. When w, is around the synchronous speed,
all these eigenvalues have negative real parts. As w, increases
at a critical value (w, = 1.0564 p.u.), a simple pair of pure
imaginary eigenvalues A5 ¢ = 0 £ j19.4 of around 3 Hz ap-
pears, while other eigenvalues remain in the left half plane, and
((dRe[r()])/dp) ], < 0.

A supercritical HFB, therefore, occurs and a stable limit cy-
cle emerges, leading to a smooth transition to time-periodic
oscillations in the studied DFIG [19]. As w, increases further,
the real part of the complex eigenvalues changes to positive,
so the system loses stability and oscillates periodically. When
w, decreases at a critical value (w, = 0.9593 p.u.), a simple
pair of pure imaginary eigenvalues A5 ¢ = 0 & j16.7 of around
3 Hz appears, while other eigenvalues remain in the left-half
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TABLE IV
EIGENVALUES AND PARTICIPATION FACTORS (V,, = 12 m/s, Kp, = 1)

Eigenvalue
iz -6.844314.0
A3a -2.76+758.8
Ase -5.47%j29.41
A1g -0.164+51.43

Participation factors (%)
Pig=26%, Piqs=26%, Pigu=24%, Piy=24%
Pig=10%, Pig=11%, Pw,=36%, PO=39%
Pig=24%, Pi=24%, Pia=26%, Pi=26%

Px,;=46%, Pw=42%

2o -34.1 PUs=T1%, Px,;=29%
Ao -14.1 PUs=29%, Px,=71%
A -4.00 Pp=100%

plane, and ((d(Re[A()])/d))|,. < 0. Therefore, a supercrit-
ical HFB occurs. As w, decreases further, the real part of the
complex eigenvalues changes to positive and the system loses
stability with periodical oscillation.

The analysis reveals that the Hopf bifurcation can happen
in a DFIG wind turbine with inappropriate tuning of control
parameters. For this studied system, this is essentially caused
by the shift of the real part of A5 ¢ from negative to zero.

C. Eigenvalue Sensitivity

The eigenvalues and participation factors of the studied sys-
tem when w, = 1.1 pu. (V,, = 12 m/s, Kp, = 1) are shown
in Table IV. We can see that A o are associated with the stator
flux; A3 4 are associated with the rotor and turbine mechanical;
A5, are associated with the rotor flux; A7 g are associated with
rotor and turbine mechanical; Ag and A,y are associated with
dc-link voltage; A, is associated with dynamics of pitch angle.
The first-order eigenvalue sensitivities with respect to some ma-
chine and control parameters at different rotor speeds are listed
in Table V. As the required perturbed parameters appear explic-
itly in state matrix A, the analytical approach can be applied to
compute the eigenvalue sensitivities [21].

Itis obvious from Table V that a DFIG parameter differs much
in their sensitivities to different eigenvalues. Furthermore, the
sensitivities also vary at different rotor speeds. This observation
implies that simply adjusting only one DFIG parameter can-
not ensure damping enhancements of several critical eigenvalue
pairs at different rotor speeds. Correspondingly, the coordinated
tuning of system parameters using advanced optimization tech-
nique should be considered to improve system stability in future
work.

For A; », the most sensitive parameters are R, L;5, and L;,
as the real part of the sensitivities of A; » with respect to R,
L, and L;. are larger than the others. The increase in R,
and decrease in L;; and L; make ;o move toward left in
the s-plane. For A3 4, the most sensitive parameter is H,. A
small positive perturbation in H, makes A3 4 shift toward the
imaginary axis. However, as A3 4 are not the key modes for the
oscillatory stability of the studied system, the increase in H,, will
not deteriorate the system stability. For A5 ¢, the most critical
parameters are R, R,, L;s, and L;.. The increase in R, and
decrease in L;; and L;, will lead to A5 ¢ moving toward left in
the s-plane. The decrease in R, at subsynchronous speed, while
increase at synchronous and supersynchronous speed makes
As.6 shift toward leftin the s-plane. For A7 5, only at synchronous
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speed, A7 g is sensitive to the variation of R, and L;;. For Ag
and Ajg, the most sensitive parameters are R,.. The increase in
R, leads to Ag shifting toward right and A, moving toward left
in the s-plane. A1 is insensitive to all these parameters listed in
Table V.

V. COMPUTER SIMULATION STUDY

The preceding section presents theoretical analysis based on
the mathematical model. In this section, we will present a series
of computer simulations to verify the theoretical analysis. In
particular, we will focus on the qualitative change of dynamics
as V,, is varied, as analyzed in Section [IV. MATLAB/Simulink is
used to establish the simulation model of DFIG system described
in the foregoing section. All the components of the simulation
model are built with standard electrical component blocks from
the SimPowerSystems block set in MATLAB/Simulink library.

A. Stable Operation

Fig. 7(a)—(f) shows the time-domain waveforms of rotor speed
w;-, dc-link voltage Uy, active power P, reactive power @), stator
current of phase A i5, and rotor current of phase A 7,, when
wind speed V,, = 11.1 m/s, rotor speed set point w.f = 1.015. It
is shown that w,., Uy., P, and @) are nearly constant, i, and i,
are sinusoidal. The system is stable and there is no oscillatory
behavior.

B. Oscillatory Instability

When V,, varies above a critical value, oscillatory behavior
can occure in the studied system. Fig. 8 shows the corresponding
steady-state time-domain waveforms, after a step increase of
0.9 m/s (8.1%) is applied to V,, (V,, = 12 m/s, wyer =~ 1.1).
It is shown that w,, Uy, P, and ) are no longer constant,
but oscillate around the frequency of 3 Hz. iy, and ¢,, are no
more sineusoidal. In Section III, the nature of such oscillation is
analyzed from a Hopf bifurcation perspective. It can be observed
that Hopf bifurcation takes place at approximately the same
wind speed condition as it does in our theoretical analysis, and
the simulated periodic oscillations also match the earlier Hopf
bifurcation analysis.

C. Hopf Bifurcation Boundary

The analysis in Section IV already shows that the oscillatory
instability is essentially Hopf bifurcation induced one, through
the eigenvalues A5 . Sensitivity analysis also indicates the pa-
rameters, which have significant effects on the movement of
A5, are R, R, L, and L;.. In this section, the stability
boundary curves with respect to those critical parameters within
the space of Kp,, versus w,, where the conjugate eigenvalues
A5 intersecting with the imaginary axis are mapped, which
corrospond to the occurence of Hopf bifurcation. The Hopf
bifurcation boundaries can be readily obtained by using the an-
alytical means described in the earlier section. On the other
hand, the boundaries obtained from simulations performed in
MATLAB/Simulink are also given to verify the results from the
theoretical analysis.
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TABLE V
FIRST-ORDER EIGENVALUES SENSITIVITIES GIVEN DIFFERENT ROTOR SPEED: (A) w, = 0.9 SUBSYNCHRONOUS SPEED;
(B) w, = 1 SYNCHRONOUS SPEED; (C) w, = 1.1 SUBSYNCHRONOUS SPEED

A
Al 2 134 AS6 /178 /19 /110 x11
R -107+j14.7 -0.203+j1.67 91.84j12.0 -0.103+j0.0256 0 0 0
R, 0.0843+j26.9 -0.209+j1.66 -984.6+j28.2 -9.05¢7+j0.0837 10.5 -4.131 0
Lis 25.54j0.749 0.0625+j0.887 11.740.425 0.0256+j0.00871 0.115 -0.0451 0
Ly 23.44j0.757 5.11e*+j0.0123 13.34j0.716 2.53¢°£j0.000736 0 0 0
Ly 0.0444+j0.00382 0.227+j0.363 -0.102+j0.167 -0.0931+j0.0106 0.363 -0.142 0
H, -4.84¢7+j0.0432 6.43+j66.8 0.0253+j0.0144 0.0348+j0.160 0 0 0
H, 0 0.0412+j0.660 -0.0137+j0.00152 0.0354+j0.161 0 0 0
Kp, 1.69¢+j0.0168 -0.585+j0.0664 0.0623+j0.00124 -0.104+j0.712 0 0 0
T; 5.32¢74j5.61¢* -0.0134+j0.892 4.58¢7+j0.00483 3.47¢°47.23 0 0 0

(B)
A2 X34 256 ax: A9 Ao 11
R -978.4+j16.8 -0.255+j0.335 -2.05+j14.2 -0.0169+j0.0188 0 0 0
R, 0.2214§22.2 0.0795+j0.822 -984.1+j22.5 -0.936+j2.35 14.2 -5.58 0
Lis 23.2+j0.731 0.0795+j0.984 12.94j0.547 1.14+4j0.169 0.0100 -0.00394 0
Ly 21.34 0.728 -3.04¢7+j5.80¢ 15.54j0.677 0.0123+ 0.0374 0 0 0
Ly 0.0396+j0.00371 -0.0279+j0.273 0.3034j0.642 -0.239+j0.0188 -0.0391 0.0154 0
H, -6.88¢7+j0.0396 6.47+j66.8 -0.01104j1.00¢™i 0.0353+j0.164 0 0 0
H, 0 0.0387+j0.661 -0.0103+j1.00e™ 0.0359+j0.166 0 0 0
Kpe 2.49¢°+j0.0153 -0.571+j0.0588 0.0443+j3.30e* -0.101+j0.732 0 0 0
T; 4.87e°+j8.25¢* 1.09¢+j0.891 0.0349+j0.0344 -0.0409+j7.29 0 0 0

©
A1z A34 15.5 A1 Ao Ao Al
R -900.2+j17.4 -0.358+j0.800 -80.34j15.1 0.0908+j0.0211 0 0 0
R, 0.2734j18.7 0.7534j1.76 -985.74j17.3 -0.0254+j0.0663 18.9 -1.47 0
Lis 21.34j0.695 0.234+j1.81 15.741.26 0.0403+j0.0159 -0.307 0.121 0
Ly 19.54j0.684 -0.0168+j0.0470 17.34j0.611 -1.86¢7+j0.00160 0 0 0
Ly 0.0353+j0.00351 -0.437+j0.321 0.3734j0.0127 0.1054j0.00833 -0.606 0.239 0
H, -9.29¢7+j0.0365 6.43£j66.8 0.0266+j0.0252 0.0368+j0.159 0 0 0
H, 0 0.0418+j0.660 -0.0135+j 0.00107 0.0373+j0.161 0 0 0
Kp, 3.43¢74j0.0142 -0.588 45 0.0473 0.0623+j0.00943 -0.103£j0.712 0 0 0
T 4.50e°+j0.00113 0.0121+j0.892 -4.83¢+0.00201 -0.0118+j 7.24 0 0 0
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Fig. 9(a)-(d) shows the Hopf bifurcation boundaries in the
parameter space of Kp, versus w, under different values of
R, R, L5, and Ly, , respectively, which clearly illustrates the
effect of those sensitive parameters on the Hopf bifurcation
boundaries. Area below the curves corresponds to stable opera-
tion and above that to unstable operation. On top of these curves,
the system loses stability via Hopf bifurcation.

As shown in Fig. 9, the simulation results agree well with the
analytical results. Also, we can generally observe that around
synchronous speed, the critical value of Kp,, is the largest, and
does not change so significantly in different system parameter
conditions. When w, is away from synchronous speed (e.g., in
0.7-0.9 or around 1.1), the critical value of Kp,_ decreases as
the value of w, increases, and Hopf bifurcation boundaries have
considerable changes in different system parameter conditions.
The point marked with “x is the stable operating point before
the bifurcation occurs. At subsynchronous speed, the Hopf bi-
furcation margin becomes smaller as R increases. While at
supersynchronous speed, the Hopf bifurcation margin becomes
larger as R increases. For all studied region of rotor speed, the
Hopf bifurcation margin becomes larger, as R, increases, while
L, and L;, decrease.

D. Discussion

The simulation results have confirmed the theoretical analy-
sis based on derived model and Jacobian matrix. The simulation

results show that the oscillatory behavior with the nature of
Hopf bifurcation can happen due to reason like varying wind
speed. The observed oscillation is primarily due to the vary-
ing electromagnetic torque, since the mechanical one is fixed.
Such oscillation of the electromagnetic torque is related to the
variations of the magnitude and direction of the stator and rotor
flux-linkage vectors [22], [23], which is not focused herein, but
will be investigated in our future scope.

Besides the wind speed and control parameters, Hopf bifurca-
tion is also sensitive to other system parameters, and the impact
of different parameters on the Hopf bifurcation margin at dif-
ferent rotor speeds is different. For the studied system, Hopf
bifurcation boundaries for the eigenvalues A5 ¢ show that such
bifurcation can happen particularly when Ry, L;s, and L;, in-
crease, while 12, decreases at subsynchronous speed. At super-
synchronous speed, the increase of L;s and L;,, while decrease
of R, and R, may lead to such Hopf bifurcation. Hence, simply
increasing R, cannot enhance the Hopf bifurcation margin at
different rotor speeds, and it is recommended to choose large
value of R, , while small value of ;s and L;, to enlarge such
Hopf bifurcation margin. These are the important characteristics
for a DFIG wind turbine system, and very useful for the oper-
ators of such system to be careful in situations, where critical
parameters may be changed. Hopf bifurcation boundaries for
other eigenvalues have also been studied. Though different bi-
furcation boundaries will be exhibited for different eigenvalues,
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in general, a varying style along with rotor speed can be clearly
observed.

When the wind speed is higher than the rated value, the power
limitation is activated. It is obvious from the results in Fig. 5 that
the system is more stable and Hopf bifurcation can hardly hap-
pen. Therefore, the bifurcation boundary at higher wind speed
has not been analyzed in this paper.

VI. CONCLUSION

DFIG has been one of the popular types for high-power ap-
plications of wind power generation. However, the detailed
nonlinear dynamics of this system, so far, has not been thor-
oughly investigated. In this paper, a detailed DFIG wind turbine
model including two-mass drive train, pitch control, induction
generator, back-to-back PWM converters, and vector-control
loops was developed. The Jacobian matrix was also derived for
small-signal-stability analysis purpose. Bifurcation and eigen-
value sensitivity analysis based on both theoretical analysis and
computer simulations showed that DFIG wind turbine can loose
stability via a Hopf bifurcation. Further analysis showed that the
impact of different DFIG parameters on different critical eigen-
value pairs at different rotor speeds was different. The most
sensitive parameters to the Hopf bifurcation of a DFIG wind
turbine system can be identified through eigenvalue sensitivity
analysis. Moreover, the Hopf bifurcation boundaries with re-
spect to those critical parameters have also been analyzed that
can facilitate parameterizing the DFIG wind turbine system to
ensure stable operation. The analyses in this paper provide in-
sights into DFIG oscillatory stability that can be important for
both manufacturer and system operators in designing or practi-
cally operating such wind turbines concerning their impact on
power system small-signal stability.



YANG et al.: OSCILLATORY STABILITY AND EIGENVALUE SENSITIVITY ANALYSIS

APPENDIX

JACOBIAN MATRIX

Dids

8ud,

Ju=D (RSLT 4 Lm%) Jiiy = DL, Ltr

Jio =D (w —w,o)Lm wsLgL, + L,, —— ):|

Diys

J13 =D (Rer + Lm %)

) aid’r'
Quay
Ju =D [—wroLer + Ly ﬂ
Oigr
9 Ougy
Jis =D LmIqsO L, LmImO + Ly —— ) )
Wy
aUdr audr
Jir=DL,,—— Jig=DL,,
7 8% aaw
Oug, Ougy
J = DLm —_— J - DLm “aas
110 aWt 111 8/8
Ougr
Jo1 = D | —(ws 7W'F0)L771 +wsLs Ly + Lip —-— i
ds

Joo = (R L.+ L, auqr)
Digs

Ouyy
J23 - |:wr0L Lm +L1n 1’.['(1 ):|

8'Ldr
gy ou,,
Jas = ( oLy + Ly 5" ) Jyr = DLy 58
Tgr ox,
ou
Jog = DL, -
a0,
J25 B |:L7n Idéo + L LmI(hO + Lln 8uq7 ):|
Ow,
ou ou
Joo = DL, —~  Jo, = DL,, —&=
210 awt 211 — 8ﬁ
ou Oug,
J212 = DLm 81'_;2 J31 = D(_RsLm - Ls 82_58)
Olgy
Jso =D |:wr0LsLm — L a_(h):|
igs
Js3 = D (RTLS ~L 8?“”)
Oigr
J3y =D wngn - (ws - wT())LSLT - L a’l{'dr)
Oigr

Oug,
Jis =D |:LsLmIqSO + LSLTI(]T‘O — L a_d):|

Wy
8ud, 8ud,
Jy; = —-DL,—— J3g = DL,
3T 5‘% 80w
Jyro = —pL, 2 g — _pp, Qv

Owy ©0p

5‘:z:u B

ﬂ

337
Oy, Dy
Js12 = —DL, 2" Jy = D —woLy Ly, — Ly 22
895“5 azds
i — D(—RsLm 1, %) Ju =D (Rr L, — L, a‘.‘f”)
Oigs Oigr

8 qr
Jus =D [—wstn + (ws - WrO)Ler — L Y ):|

aidr

dugy
Jis = D [—LsLmIdSO — Ly L, Ij — L2 )]

Ow,
Jiz = —DLSZL;; Jyo = —DLS%
Jio = —DLs 681::1: Jii1 = —DLg agg"
Ji19 = —DLSgZ—Z: Jsp = _QL?mquro
J5o = ;?mgldro J53 = ;ngquo Jsy = _ﬁldso
Jo2 = _50 (Idr() (?;;Lj: + Iqro?:.—::)
s =gy (Vo G+ )
T = 7Gi0 (Uqro + Laro a@?j: + Iqrog?_—::)

Go 8 r 6(.«.)7«
T = Wy oG ow
T TG 0U. T GodUy,
- 1 audr 8uqr
J67 - GO (Idr() axw + Iqr()%)
o WG oW
G2 0x,  Gooux,
1 8ud7 ou r
= — 1 I,,—
Jo9 Go(d089w+q089w>
1 Ouy ou
- I r d I T 4
Jo10 = Go<d08wt+q03wt>
1 Ouy ou
1, DT —
Jo11 N (drO a3 + 140 8ﬁ>
1 3’114(]74 auqr
J612 N <Idr0a » + Igro 3xu5>
Jor — Kp, J _ Kp, T, 00 8ﬂn
oo 09T, \ Ko Oy



338

J o _KP’U KPw Tm 05 8/I’m
0 TIU e 2T1w Kop‘r 35
Jos = —wp  Jo10 = wy
J _ Dgywy _ _Ksh
105 2, 109 2,
1 (0T, 1 9T,
J — Dgy, J _—
1010 2H, (&Ut st wb) 1011 2H, 90
1 aﬁref 1 aﬁref
J — J ——
1101 T Din 1102 T aiqg
1 aﬁref 1 aﬁref
Jig = Jiig =
116 T; U4 118 T, oz,
1 1 aﬂref
J =—— J = —
1111 T, 1113 T, 0z,
Tt — Kps OF, J Kpg OF,
131 = Tis Din 132 = ;s 32(”
J _Kpﬁ 8Pg _Kpg&Pg
136 = 75—~ 5 U4 138 = Tis oz,
2C4. 2LKp,
where G = Ca Udc — \/_—sz,L
3wy \/gmwb )
\/ELKPW
W =15, |Us — Rpi; — ——————— (Ugeret — Ude
dL{ : LiqL \/gmwaIU( deref — Ude)

(1]

(2]

(3]

(4]

(5]

(6]

(71

(8]

[91

[10]

+ ws LIquef:| - Iquef (RL Iquef + wq LZZL)

- (ud’ridr +u rZ r)
qrvq

REFERENCES

J. Nagy, L. Matakas, and E. Masada, “Application of the theory of chaos in
PWM technique of induction motors,” in Proc. Int. Conf. Power Electron.,
1995, pp. 58-63.

J. H. Chen, K. T. Chau, and C. C. Chan, “Analysis of chaos in current-
mode-controlled dc drive systems,” IEEE Trans. Ind. Electron., vol. 47,
no. 1, pp. 67-76, Feb. 2000.

Z.Li, J. B. Park, Y. H. Joo, B. Zhang, and G. R. Chen, “Bifurcation and
chaos in a permanent-magnet synchronous motor,” IEEE Trans. Circuits
Syst. I, Fundam. Theory Appl., vol. 49, no. 3, pp. 383-387, Mar. 2002.

Y. Gao and K. T. Chau, “Hopf bifurcation and chaos in synchronous
reluctance motor drives,” IEEE Trans. Energy Convers., vol. 19, no. 2,
pp. 296-302, Jun. 2004.

F. Mei and B. C. Pal, “Modal analysis of grid-connected doubly fed induc-
tion generators,” IEEE Trans. Energy Convers, vol. 22, no. 3, pp. 728736,
Sep. 2007.

F. Wu, X. P. Zhang, K. Godfrey, and P. Ju, “Small signal stability analysis
and optimal control of a wind turbine with doubly fed induction generator,”
IET Gen. Trans. Distr., vol. 1, no. 5, pp. 751-760, 2007.

C. Wang and L. Shi, “Small signal stability analysis considering grid-
connected wind farms of DFIG type,” in Proc. IEEE Power and Energy
Soc. Gen. Meeting, Jul. 2008, pp. 20-24.

G. Tsourakis, B. M. Nomikos, and C. D. Vournas, “Effect of wind parks
with doubly fed asynchronous generators on small-signal stability,” Electr.
Power Syst. Res., vol. 79, pp. 190-200, 2009.

L. Yang, X. Ma, and D. Dai, “Hopf bifurcation in doubly fed induc-
tion generator under vector control,” Chaos, Sol. Fract., vol. 41, no. 5,
pp. 2741-2749, 2009.

A. D. Hansen, P. Sgrensen, F. lov, and F. Blaabjerg, “Control of variable
speed wind turbines with doubly-fed induction generators,” Wind Eng.,
vol. 28, no. 4, pp. 411434, 2004.

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 26, NO. 1, MARCH 2011

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

C. W. Liu, H. Q. Weng, X. D. Sun, and F. H. Li, “Research of stability of
double fed induction motor vector control system,” in Proc. 5th Int. Conf.
on Electr. Machines Syst., Aug. 2001, vol. 2, pp. 1203-1206.

P. Pourbeik (convener), WG C4.601, “Modeling and dynamic behavior
of wind generation as it relates to power system control and dynamic
performance,” CIGRE, Paris, France, Tech. Brochure 328, Aug. 2007.

L. Rouco and J. L. Zamora, “Dynamic patterns and model order reduction
in small-signal models of doubly fed induction generators for wind power
applications,” in Proc. IEEE PES Gen. Meeting, 2006, pp. 1-8.

P. C. Krause, O. Wasynczuk, and S. D. Sudhoff,, Analysis of Electric
Machinery and Drive Systems.  Piscataway, NJ: IEEE Press, 2002.

V. Akhmatov, Induction Generators for Wind Power. ~ Brentwood, Essex,
U.K: Multi-science Publ. Co. Ltd, 2005.

R. Cardenas, “Control of wind turbines using switched reluctance gener-
ators,” Ph.D. thesis, Univ. Nottingham, U.K., 1996.

R. Pena, J. C. Clare, and G. M. Asher, “Doubly fed induction generator
using back-to-back PWM converters and its application to variable speed
wind-energy generation,” in Proc. Inst. Elect. Eng. Electr. Power Appl.,
May 1996, vol. 143, no. 3, pp. 231-241.

P. Ledesma and J. Usaola, “Doubly fed induction generator model for
transient stability analysis,” IEEE Trans. Energy Convers., vol. 20, no. 2,
pp- 388-397, Jun. 2005.

Z.Y. Dong, “Advanced methods for power system small signal stability
and control,” Ph.D. thesis, Sydney Univ., Sydney, Australia, 1999, pp. S4—
S57.

J. Ma and Z. Y. Dong, “Eigenvalue Sensitivity Analysis for Probabilistic
Small Signal Stability Assessment,” presented at the IET APSCOM’06,
Hong Kong, China.

Z.Y. Dong, C. K. Pang, and P. Zhang, “Power System Sensitivity Anal-
ysis for Probabilistic Small Signal Stability Assessment in a Deregulated
Environment,” Int. J. Control, Automat. Syst., vol. 3, no. 2, pp. 355-362,
Jun. 2005.

M. Alakula, B. Peterson, and J. Valis, “Damping of oscillations in induc-
tion machines,” in Proc. 23rd Annu. IEEE Power Electron. Spec. Conf.,
Jun. 1992, vol. 1, pp. 133-138.

J. Zhang, M. F. Rahman, and L. Tang, “Modified direct torque controlled
induction generator with space vector modulation for integrated starter
alternator,” in Proc. 4th Int. Power Electron. Motion Control Conf., Aug.
2004, vol. 1, pp. 405-408.

Lihui Yang received the Ph.D. degree in electrical
engineering from Xi’an Jiaotong University, Xi’an,
Shaanxi, China, in 2010.

During 2008-2009, she was a Visiting Ph.D. Stu-
dent at the Center for Electric Technology, Technical
University of Denmark. She is currently an Assistant
Professor at Xi’an Jiaotong University. Her research
interests include stability and control of wind power
generation.

Zhao Xu (S’00-M’06) received the Ph.D. degree
in electrical engineering from The University of
Queensland, Australia, in 2006.

From 2006-2009, he was an Assistant at the Cen-
ter for Electric Technology, Technical University of
Denmark, where he became an Associate Professor.
Since 2010, he has been with Hong Kong Polytechnic
University, Kowloon, Hong Kong. His research in-
terests include demand side, grid integration of wind
power, electricity market planning and management,
and Al applications.



YANG et al.: OSCILLATORY STABILITY AND EIGENVALUE SENSITIVITY ANALYSIS 339

Jacob @stergaard (M’95-SM’09) received the
M.Sc. degree in electrical engineering from the Tech-
nical University of Denmark, Lyngby, Denmark, in
1995.

He is currently a Professor and the
Head of the Center for Electric Technology,
Department of Electrical Engineering, Technical Uni-
versity of Denmark. His research interests include
integration of renewable energy, control architecture
for future power system, and demand side.

Prof. @stergaard is engaged with several profes-
sional organizations, including the EU SmartGrids Advisory Council.

Zhao Yang Dong (M’99-SM’06) received the Ph.D.
degree from The University of Sydney, Sydney,
Australia, in 1999.

He was engaged in various academic positions at
The University of Queensland, Australia and National
University of Singapore. He is currently engaged
at Hong Kong Polytechnic University, Kowloon,
Hong Kong. He is also engaged in various indus-
trial positions with Powerlink Queensland, Virginia,
and Transend Networks, Tasmania, Australia (both
are transmission network service providers in corre-
sponding states). His research interests include power system planning, power
system security assessment, power system stability and control, power system
load modeling, electricity market, and computational intelligence and its appli-
cation in power engineering.

Kit Po Wong (M’87-SM’90-F’02) received the
M.Sc., Ph.D., and D.Eng. degrees from the Institute
of Science and Technology, University of Manch-
ester, Manchester, U.K., in 1972, 1974, and 2001,
respectively.

From 1974 to 2004, he was at The University
of Western Australia, Perth, Australia, where he is
currently an Adjunct Professor. He was the Head of

. the Department of Electrical Engineering, The Hong

F ik . Kong Polytechnic University, Kowloon, Hong Kong,

where he has been the Chair Professor, since 2002.

His research interests include computation intelligence applications to power
system analysis, planning and operations, as well as power market analysis.

Prof. Wong received three Sir John Madsen Medals (1981, 1982, and 1988)
from the Institution of Engineers, Australia (IEAust), the 1999 Outstanding
Engineer Award from IEEE Power Chapter Western Australia, and the 2000
IEEE Third Millennium Award. He was a Co-Technical Chairman of the IEEE
International Conference on Machine Learning and Cybernetics (ICMLC) 2004
and the General Chairman of IEEE/CSEE PowerCon2000. He was an Editor-in-
Chief of IEE Proceedings in Generation, Transmission and Distribution and the
Editor (Electrical) of the Transactions of Hong Kong Institution of Engineers.
He is a Fellow of the Institution of Engineering and Technology (IET), the Hong
Kong Institution of Engineers (HKIE), and the IEAust.

Xikui Ma received the B.E. and M.Sc. degrees in
electrical engineering from Xi’an Jiaotong Univer-
sity, Xi’an, China, in 1982 and 1985, respectively.

In 1985, he joined the Xi’an Jiaotong Univer-
sity as a Lecturer, where he has been a Professor,
since 1992. His current research interests include
electromagnetic field theory and its application, nu-
merical methods, modeling of magnetic components,
chaotic dynamics and its applications in power elec-
tronics, and applications of digital control in power
electronics.

S

-



