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Small-Signal Stability Analysis of a DFIG-Based
Wind Power System Under Different
Modes of Operation
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Abstract—This paper focuses on the super/subsynchronous op-
eration of the doubly fed induction generator (DFIG) system. The
impact of a damping controller on the different modes of opera-
tion for the DFIG-based wind generation system is investigated.
The coordinated tuning of the damping controller to enhance the
damping of the oscillatory modes using bacteria foraging technique
is presented. The results from eigenvalue analysis are presented to
elucidate the effectiveness of the tuned damping controller in the
DFIG system. The robustness issue of the damping controller is
also investigated.

Index Terms—Bacteria foraging (BF), control, coordinated
tuning, damping controller, Doubly fed induction generator
(DFIG), small-signal stability, subsynchronous operation, super-
synchronous, wind turbine (WT).

I. INTRODUCTION

IND energy is one of the fastest growing industries
W worldwide. Increasing power generation from renew-
able sources, such as wind, would help in reducing carbon
emissions, and hence, minimize the effect on global warming.
Increasing steps have been taken by the various utilities/states
across the world to achieve the aforementioned goal. Most of
the states in the U.S. have Renewable Portfolios Standard (a
state policy aiming at obtaining certain percentage of the their
power form renewable energy sources by certain date) ranging
from 10% to 20% of total capacity by 2020 [1]. This increasing
penetration of renewable sources of energy, in particular, wind
energy conversion systems (WECS), in the conventional power
system has put tremendous challenge to the power system oper-
ators/planners, who have to ensure the reliable and secure grid
operation. As power generation from WECS is significantly in-
creasing, it is of paramount importance to study the effect of
wind integrated power systems on overall system stability.
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The doubly fed induction generator (DFIG) has been popu-
lar among various other techniques of wind power generation,
because of its higher energy transfer capability, low investment,
and flexible control [2]. DFIG is different from the conventional
induction generator in a way that it employs a series voltage-
source converter to feed the wound rotor. The feedback con-
verters consist of a rotor-side converter (RSC) and a grid-side
converter (GSC). The control capability of these converters give
DFIG an additional advantage of flexible control and stability
over other induction generators.

The decoupled control of DFIG has the following controllers,
namely Pief, Virers Vieref, and geref. These controllers are re-
quired to maintain maximum power tracking, stator terminal
voltage, dc voltage level, and GSC reactive power level respec-
tively. The coordinated tuning of these controllers by hit-and-
trial method is a cumbersome job. The coordinated tuning using
particle swarm optimization (PSO) has been proposed [3], [4].
However, the damping of low-frequency oscillatory modes were
not given due importance.

The impact of wind generation on the oscillatory modes is
presented in [5]-[8]. The auxiliary control loop for oscillation
damping that adjusts the active power command to damp the in-
terarea oscillation is proposed in [5] and [6]. Moreover, a power
system stabilizer (PSS) using a speed deviation is proposed
in [8]. It is reported that the presence of the PSS in the DFIG
system improves the damping of the oscillations in the network.
Nevertheless, it is very important to optimize the controller pa-
rameters of the PSS to achieve the best performance. However,
the coordinated tuning of these controllers is not presented.
Moreover, it is necessary to study the impact of these damping
controllers under super/subsynchronous mode of operation.

In this paper, the auxiliary signal derived from w, is added
to the rotor phase angle control to enhance the low-frequency
damping of the system. This simple proportional—integral (PI)
controller is called damping controller. Moreover, all the DFIG
controllers, namely Pief, Viref, Vicret, and gerer are implemented
in this paper. Hence, the coordinated effect of these controllers
on the system damping is examined. The effectiveness of damp-
ing controller under super/subsynchronous modes of operation
is also investigated. The issue of robustness in the performance
of the damping control is discussed.

The contribution of this paper are to: 1) study the impact of
tuned damping controller on the electromechanical modes; 2)
study its impact under super/subsynchronous mode of operation;
and 3) propose the optimally tuned damping controller which
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Fig. 1. DFIG system.

is effective under variable operating condition. This paper is
structured as follows. Section II presents the modeling of the
DFIG system. The detailed control methodology is discussed
in Section III with special emphasis on damping controller.
Section IV describes the bacteria foraging (BF) algorithm for the
optimization of the controllers parameters. Section V discusses
simulation and results followed by conclusions in Section VI.

II. MODELING OF DFIG

The grid-connected single machine infinite bus (SMIB) sys-
tem is considered and is shown in Fig. 1. The stator and rotor
voltages of the doubly excited DFIG are supplied by the grid
and the power converters, respectively.

Simulation of the realistic response of the DFIG system re-
quires the modeling of the controllers in addition to the main
electrical and mechanical components. The components con-
sidered includes turbine, drive train, generator, and the back-to-
back converter system. These components are well established
in the literature [9]; however, for the sake of completeness of
the paper, they are introduced in brief as shown later.

A. Turbine and Drive Train

The mechanical power input to the WT is considered as con-
stant, i.e., the blade pitch angle do not change during the period
of study. In this paper, the two-mass drive train model [10] is
considered and the dynamics can be expressed by the following
differential equations [11]:

dwt
2H; —— —irm _j;l 1
T I (1)
1 dby
= - r 2
o At e 2)
dw,
2 =Ty — T, 3
g dt h ( )

where T, = P, /w; is the electrical torque, Ty, = K, 6y, is the
shaft torque, H; is the inertia constant of turbine, H, is the
inertia constant of the generator, 6;,, is the shaft twist angle,
wy is the wind turbine (WT) angular speed, w, is the generator
angular speed, wy is the synchronous speed, w1}, is the electrical
base speed, and Ky, is the shaft stiffness.

B. Generator

The most common way of representing DFIG for the pur-
pose of simulation and control is in terms of direct and

quadrature axes (dgq axes) quantities, which form a reference
frame that rotates synchronously with the stator flux vector
[9]. The various variables are defined as: e, = Ky ws¥ar,
e:is = _Km’r'rws'(/)qr’ Li = Ls.s - (L%n /L'r"r'), Tr' = L'r’r'/Rr’
Kmrr = Lm /L'I‘T’ We = WelhWs, R? = K,Z,W,Rr, and Rl =
R, + Ry. Here, L, is the stator self-inductance, L, is the
rotor self inductance, L,,, is the mutual inductance between ro-
tor and stator, R, is the rotor resistance, and R, is the stator
resistance.

For balanced and unsaturated conditions, the corresponding
p-u. DFIG model can be expressed as [9]

wy L/ digs . I Wr !
R e Tt e
s T Ugs + Kmrrvqr (4)
ws L dig, . . Wy 1
:ue s dt* = 7R11ds — wsL;’qu + JLGIdS —+ me’qs e
s —Ugs + Kmrrvdr (5)
1 de ) 1 w
;e d;s = Roigs — T, 6:15 + (1 - w:) 6115 — Ky rrVar
(6)
1 de, ) 1 w
R el () L
(7N

where e, and e;; are d- and g-axis voltages behind transient
reactance, respectively, 1, and 1), are d- and g-axis rotor
fluxes, respectively, and ¢4, and 7., are d- and g-axis stator
currents, respectively.

C. Converter Model

The converter model in DFIG system comprises of two
pulsewidth modulation invertors connected back to back via
a dc link. The RSC and the GSC act as a controlled voltage
sources. The RSC injects an ac voltage at slip frequency to the
rotor, whereas the GSC injects an ac voltage at power frequency
to the grid and maintains the dc-link voltage constant. The power
balance equation for the converter model can be written as

P, =Py + Py ®)

where P, P, and Py, are the active power at RSC, GSC, and
dc link, respectively, which can be expressed as follows:

P =vgriar + Uqriqr ©

P, = v44idg + Vggiqq (10)
dvgc

Pdc = VUdclde = Cvdc% (11)

where v, and v, are d- and g-axis stator voltages, respectively,
i4r and i, are d- and g-axis rotor currents, respectively, ¢4, and
144 are d- and g-axis currents of the GSC, respectively, vq, and
Vg4 are d- and g-axis voltages of the GSC, respectively, vg4, and
vgr are d- and g-axis rotor voltages, respectively, vq. and iqc
are the voltage and current of the dc-link capacitor, respectively,
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Fig. 2. Phasor diagram illustrating the operation of DFIG system [8].

and C is the capacitance of the dc capacitor. The direction of
the currents and power flow is shown in Fig 1.

The details of converter controllers are elaborated in the fol-
lowing section.

III. CONTROLLERS FOR DFIG

This section describes the controllers used for the DFIG sys-
tem. As mentioned earlier, there are two back-to-back convert-
ers; hence, we need to control these two converter sides. Pri-
marily, these controller are known as RSC and GSC controllers.
This section also introduces a new auxiliary control signal that
is added to the angle control in the RSC to enhance the damping.
This is known as damping control.

A. RSC Controllers

The phasor diagram in Fig. 2 describes the control scheme
[based on flux magnitude angle control (FMAC)], for the RSC
controller.

The magnitude of the ¢;,, internally generated voltage vector
in the stator, depends on the magnitude of the rotor flux vector
1,. This flux can be controlled by V., the rotor voltage. The
angle 6;,, between the voltage vectors e;, and V (stator terminal
voltage and hence g-axis of the reference frame), is determined
by the power output of the DFIG. Since vector ¢;, is orthogonal
to 1., the angle between d-axis and v, is also given by d;,. The
adjustment of the magnitude of the rotor voltage vector, |V, |
and its phase angle, d,, is employed for the control of terminal
voltage and electrical power, respectively [8].

The configuration of the feedback controllers for the DFIG
system is shown in Fig. 3. The RSC controller is shown in
Fig. 3(a). One part aims at controlling the active power so as to
track the P,.¢, while the second part is to maintain the terminal
voltage.

Pyt is determined by the WT power speed characteristic
(Cy — X curve) for maximum power extraction [10]. Under nor-
mal operating condition, the active power set point Pt for the
RSC s defined by the maximum power tracking point, whichis a
function of optimal generation speed. Mathematically, the afore-
mentioned concept can be expressed by the set of differential

anm/
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Fig. 3. Control scheme for the DFIG system. (a) RSC. (b) GSC. (c) Damping
controller.

equations as follows:

duy

= [re —P 12
7 f (12)
uy = Kp1 (Pret — P) + Kpniug (13)
du,
= Ot +u2 =8, (14)
Uy = Kp3 (‘/;rof - ‘/9) + KIS“FJ (15)
d’LL5
— — Vsre _V; 16
7 f (16)
duG
W = (|eig‘ref + Uy — ‘6ig|) (17)
AV, = Kps(leig,op + us — leig]) + Kraug (18)
d
Z;Q = Wrref — Wy (19)
u13 = p7(wrref - wr) + K]7’LL12 (20)
A6y = (Kp2(0e,, ret +us — 0c,, ) + Kousz) — w1z (21)

where K,; and K7; are the proportional and integral gain con-
stant respectively for ith PI controller. The internal generated

\/€3. + €2, and the an-

voltage vector, e;, is given by, |e;,| = s

gle is defined as 6, = tan™" (el /el ).
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B. GSC Controllers

The GSC controller scheme is represented in Fig. 3(b). The
reference signal for the dc voltage V. er 1S set to a constant
value independent of the wind speed, and V. is regulated by
the following equation:

d‘/dc _ 1

a m (Variar + Vgrigr — Vagiag — Vgglqg) (22)

du

~ = Vaeset = Vae (23)
ug = Kps(Vicret — Vae) + Krsus. 24

The reactive power set point gc.f 1S set to zero in order to reduce
the GSC power rating. This implies that GSC only exchanges
active power with the grid, and hence, the reactive power trans-
mission to the grid by DFIG is only through the stator

duyg
dt

Ul = KPG (qcref -

= {cref — qc (25)

qc) + K. (26)

The inphase and quadrature component of the GSC voltage is
modified by

Vginphase = Uginphaseref + U1 Tg — (Vercf - Vvs) (27)
Vgquad = Vgquadref — U9Ttg (28)
where Vginphaseref = V; + Z‘cgquarhrof * Tig and Vgquad =

leginphaseref * Ttg, and x4 is the three-winding transformer
reactance between GSC and the stator terminal. 4cginphaseret and
legquadref are the inphase and quadrature component of GSC
current to the stator terminal voltage defined as 7 4inphaseref =
P7/‘/s and Z‘(‘,gquadrcf = (Urls * iqg — Uygs * ng)/‘/s

The corresponding GSC control scheme is implemented in
this paper.

C. Damping Controller

Damping controller is employed in the RSC by (20), as shown
in Fig. 3(c). The auxiliary signal u; 3 is added to the angle control
of the RSC controller to enhance the damping of low-frequency
angular oscillations. The auxiliary signal helps in increasing the
damping torque by controlling the angular position of the rotor
flux vector with respect to the stator flux vector.

The change in the wind speed is sensed by a sensor and
then “w,of” is determined by the maximum power tracking
from C, (%, B) curve. For a constant “A,” the ratio, w, /V,,, is
constant, as a result

Wriref  Wraref  Wriref _ Vil
V1 B Vw2 Wr2ref B V2
(1 —s)ws Vi1
(1 - 52)"‘}5 B Vo
(1 —pr1/ps1) _ YV (29)
(1 —pra/ps2)  Vao

where s denotes the slip, p, and p, are rotor and stator power
before losses. However, as the losses are very small, the values
of p, and ps can be approximately equal to P, and P;. This is

important as the application of the damping controller in DFIG
should also ensure that the maximum power is extracted from
the wind.

Thus, in summary, the state equations of the DFIG are (1)—(7),
while RSC and GSC controller state equations are (12), (14),
(16), (17), (22), (23), and (25). The damping controller state
equation is (19). Hence, there are total 15 states of the DFIG
system including the damping controller.

IV. BF FOR THE OPTIMAL CONTROL OF DFIG SYSTEM

The idea of BF is based on the fact that, natural selection tends
to eliminate animals with poor foraging strategies and favor the
propagation of genes of those animals that have successful for-
aging strategies since they are more likely to enjoy reproductive
success. After many generations, poor foraging strategies are ei-
ther eliminated or reshaped into good ones. The Escherichia coli
bacteria that are present in our intestines also undergo a forag-
ing strategy. The control of these bacteria is basically governed
by four processes, namely chemotaxis, swarming, reproduction,
elimination, and dispersal [12].

A. Chemotaxis

This process is achieved through swimming and tumbling.
Depending upon the rotation of the flagella in each bacterium
it decides whether it should move in a predefined direction
(swimming) or an altogether different direction (tumbling), in
the entire lifetime of the bacterium. To represent a tumble, a
unit length random direction, say ¢(j), is generated; this will
be used to define the direction of movement after a tumble. In
particular

0'(j+1,k,1) = 6'(j, k. 1) + CL(i)(j) (30)

where 07 (j, k, 1) represents the ith bacterium at jth chemotactic
kth reproductive and Ith elimination and dispersal step. C1(%) is
the size of the step taken in the random direction specified by
the tumble (run length unit).

B. Swarming

During the process of reaching toward the best food location
it is always desired that the bacterium which has searched opti-
mum path should try to attract other bacteria so that they reach
the desired place more rapidly. Swarming makes the bacteria
congregate into groups and hence move as concentric patterns
of groups with high bacterial density. Mathematically, swarming
can be represented by

Z
S P
Z [ attract €XP (wflttmc‘r Z (0 O;Ln) >‘|

i=1 m=1
repellant exp ( Zn >] (31)

Joe (0, P(j, K,1)) (6,6'(j, k, 1))

+
M(lﬁ

Wrepellant § m

m=1

i=1
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where J,..(6, P(j, k,1)) is the cost function value to be added to
the actual cost function to be minimized to present a time varying
cost function. Then, Jg,, = J + J.. is calculated, where “.J” is
the actual cost function to be minimized, “S” is the total number
of bacteria, “p” is the number of parameters to be optimized that
are present in each bacterium, “6,,” is the global best parameter
available during that iteration, “P(j, k,1))” is the last value
of 6 stored for the next iteration, dattract> Wattracts Mrepellants
and wyepellant are different coefficients that are to be chosen
judiciously, d.ttract 1 the depth of the attractant released by the
cell and sets the magnitude of secretion of attractant by a cell,
and watiract 18 the width of the attractant signal and determines
the chemical cohesion signal diffusion (smaller value makes it
diffuse more). Here, hycpelant 18 the height of the repellant effect
and Wyepellant 18 the measure of the width of the repellant that
controls the tendency to repel other cells.

The magnitude of dattract and Arepellant should be same [13].
It is so that there is no penalty added to the cost function when
the bacterial population converges, i.e., J.. of (27) will be 0.
Their numerical value should be decided based on the required
variation in the magnitude of the actual cost function “J” to
obtain a satisfactory result. The value of wyiiract and wrepellant
should be such that if the euclidian distance between bacteria is
large, the penalty J.. is large.

C. Reproduction

The least healthy bacteria die and the all other healthier
bacteria split into two bacteria, which are placed in the same
location. This makes the population of bacteria constant. In-
stead of taking the average value of all the chemotactic cost
functions, the minimum value is selected for deciding the
health of the bacteria [14]. Mathematically, for particular kth
and [th, the health of the ith bacteria would be given by,

Jﬁealth = jg{lr;{l{lN‘}{sz (iaja k, l)}

D. Elimination and Dispersal

It is possible that in the local environment the life of a popula-
tion of bacteria changes either gradually (e.g., via consumption
of nutrients) or suddenly due to some other influence. Events
can occur such that all the bacteria in a region are killed or a
group is dispersed into a new part of the environment. They
have the effect of possibly destroying the chemotactic progress,
but they also have the effect of assisting in chemotaxis, since
dispersal may place bacteria near good food sources. From a
broad perspective, elimination and dispersal are parts of the
population-level long-distance motile behavior. It helps in re-
ducing the behavior of stagnation (i.e. being trapped in a prema-
ture solution point or local optima) often seen in such parallel
search algorithms. This section is based on the work in [15]. The
detailed mathematical derivations as well as theoretical aspect
of this new concept are presented in [12]-[17].

In this paper, optimization using BF scheme is carried out to
find the optimal controller parameters of the DFIG system. The
algorithm is presented in the flowchart, as shown in Fig. 4.

Start

Initialization of
variables @
’l Cost function

Elimination & evaluation

¢

Dispersal J o) =J )+ (6, )
I=1+1
T
Yes K No
<>
y No
Reproduction Y
k=k+1 [ | Yes
‘ y
Yes Swim
m=m+1
No I‘
@_> Chemotactic @ N‘,O
J=J+1
Tumble
No ‘

? Yoo
®

Fig. 4. Flowchart summarizing the BF algorithm for the optimization of con-
troller parameters.

V. SIMULATION AND RESULTS

The aforementioned optimization technique is applied to a
SMIB DFIG system. The DFIG system with controllers can be
represented by the set of differential and algebraic equations
(DAEsS) as

= f(z,y,u)
0=g(x,y,u) (32)

where x, y, and u are the vectors of DFIG state, algebraic and
control variables respectively. The state vector is defined by

. . / /
T = [Zq57ld57eqsaeds7wr79wt7'H

o33

"'7wtuvdc7u17u37u57u67u87u107u12] . ( )

Linearizing the previous DAE about an operating point
(20, Y0, up) (which is obtained by the load flow at a particu-
lar wind speed), the system matrix Agys can be calculated as
follows:

A = AgoAu. (34)

The parameters of the DFIG system is given in Appendix.

A. Objective Function

The parameters of DFIG controllers are selected so as to
minimize the following objective function:

1
(H\%n Gi)

where (; is the damping ratio of the ith eigenvalue of the system.
This objective function makes sure that the minimum damped
eigenvalue is heavily damped and the system small-signal sta-
bility is ensured. The controller parameters are optimized with
the previous objective function and the performance of the al-
gorithm is shown in Fig. 7 in the Appendix.

J = (35)
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TABLE I
DIFFERENT MODES OF OPERATION OF DFIG-BASED WT SYSTEM
Mode of Operation || Power from Power from Total Power
(Wind Speed) Stator (Ps) Rotor (Pr) (P = Pr + Ps)
Normal Mode 1.1562 -0.024 1.1322
(8 m/sec)
Super-synchronous 1.8017 0.4096 22113
(10 m/sec)
Sub-synchronous 0.6565 -0.1789 0.4776
(6 m/sec)
TABLE II

SELECTED EIGENVALUES OF THE WT SYSTEM WITHOUT ANY CONTROLLERS
AT WIND SPEED OF 8 M/S

Mod H Eigenvalue ‘ Freq H Damp H Participation
No. A (Hz) (%) factor (%)

1 -38.22£j504.77 80.33 7.55 145(49.2%), 145 (48.2%),
e, (1.2%)

2 -4.80+£j53.41 8.5 8.95 €45 (47.6%), wr (47.9%),
1qs(1.9%)

3 -0.26£j3.36 0.53 7.9 01 (48.03%), w:(49.7%),
eg5(1.96%)

B. Performance of DFIG-Based WT System Under Different
Modes of Operation

It is important to emphasize the steady-state operation of the
DFIG-based WT system under different modes of operation.
Based on the average wind speed in the particular area, the WT
(blade radius) can be designed to operate DFIG near the syn-
chronous speed. The near synchronous speed would be desired
by the manufacturer so as to extract maximum power from the
stator and hence put less burden on rotor convertors. This would
help the rotor current to not exceed RSC and GSC thermal rating
in the event of wind speed variation. Hence, this would enhance
the life cycle of the convertors. From the operation point of view,
the additional rotor power at increased wind speed would give
some reserve which can be added to the grid.

With the given WT rating (in the Appendix), DFIG operates
at supersynchronous mode when the wind speed (V,,) is more
than 8 m/s and at subsynchronous mode at lower wind speeds.
Table I shows different modes of operation of the given DFIG
WT system. At supersynchronous mode, the power is supplied
by stator as well as rotor, whereas rotor absorbs power at sub-
synchronous mode of operation. The power coming in to the
RSC and going out of GSC is considered positive, as shown in
Fig 1.

C. Need of Damping Controller

The eigenvalues of the WT system without any control at
wind speed of 8 m/s is shown in Table II. The system looks
stable with well damped eigenvalues. The first mode is stator
or electrical mode and the second is electromechanical mode,
which can be identified by looking at the participation factors.
As electrical state (e ) and mechanical state (w, ) participates in
the second mode, hence this mode is electromechanical mode.
The stator mode has the lowest damping ratio but its frequency
is high and hence out of the range of interest. The low-frequency
mode, i.e mechanical mode (0.53 Hz) is well damped. However,

the application of controllers (necessary to enhance the perfor-
mance of the DFIG system) affects its damping, as shown in
Tables ITI-V.

Initially, the Piet, Viret, Vderet, and geref are implemented
in the DFIG system. The parameters of these four controllers
are optimized using BF algorithm for a wind speed of 8 m/s
(normal mode of operation). It is observed from Table III that
mode# 3 is unstable at higher wind speed (supersynchronous
mode of operation). With the implementation of the optimized
damping controller (using BF and keeping all other controller
parameter as constant), the system is stable. The further detailed
discussion can be found in [18].

However, the closer look at the eigenvalues gives a new di-
mension to the whole problem. The damping controller en-
hances the damping at normal and supersynchronous mode of
operation, but at lower wind speeds (subsynchronous opera-
tion), mode# 2 becomes unstable. This mode remains unstable
even after the implementation of damping controller, as shown
in Table III. This requires further investigation as to how this
mode is excited and what can be done to make the system
stable.

The Wind speed is seldom constant and hence there is a need
for a robust damping controller which can perform well under
various operating conditions. Therefore, to further investigate
the impact of damping controller at different operating condi-
tions, the DFIG system is studied for supersynchronous and
subsynchronous modes of operation.

D. Optimal Tuning of DFIG Controllers

The robust performance of DFIG controllers is desired at
all modes (normal and super/subsynchronous) to ensure the
stable operation of the WT under stochastically varying wind
speed. Hence, it is necessary to find the optimal parameters of
all the controllers (including damping controller) for the stable
operation under changing wind speeds. Usually, the wind speed
varies in the range of 6-14 m/s. However, these extreme wind
speeds are rare and hence the speed of 8 m/s is selected for
the near synchronous or normal mode of operation (it depends
on turbine manufacturer and the average wind speed selection).
For the optimal performance, controllers should be optimized at
the speed near to the rated/normal speed. Therefore, the DFIG
controllers are optimized at three different wind speeds (V,,),
i.e., 8 m/s (normal), 8.5 m/s (supersynchronous), and 7 m/s
(subsynchronous). This is shown in Tables III-V.

When the controllers are optimized for V,, =8 m/s, the sys-
tem is stable for normal (V,, =8 m/s) and supersynchronous
(Vy, > 8 m/s) mode of operation. However, at subsynchronous
(V,y < 8 m/s) mode of operation, mode# 2 becomes unstable, as
shown in Table III. It is interesting to observe that the damping
controller still works well at this mode of operation, as mode#
3 is stable with damping controller. However, mode# 2 has be-
come unstable because the participation of the mechanical state
(w;) has been reduced and that of electrical states (e, e, )
have increased at the subsynchronous mode of operation, which
can be seen from Table III. This suggests that the system is not
small-signal stable at subsynchronous mode of operation, if the
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TABLE III
SELECTED EIGENVALUES OF THE WT SYSTEM

Without Damping Controller

[ With Damping Controller |

Mode of Operation Mod Eigenvalue Freq | Damp | Participation Mod Eigenvalue Freq | Damp | Participation
(Wind Speed) No. A (Hz) (%) factors No. A (Hz) (%) factors
1 -42.114£j509 81.1 8.22 lgs,tds 1 -42.05+j509 81.1 8.22 lgs,tds
Normal operation 2 -15.03£j64.6 10.2 22.6 €5 Wr 2 -13.93+£j64.9 10.3 20.9 € e Wr
(8 m/sec) 3 -0.98+j3.53 0.56 26.9 Otw, eqs 3 -0.97+j3.34 0.53 27.8 wt, Otw
4 -0.014+£j0.04 | 0.006 31.8 Ui, us 4 -0.714+£j0.319 | 0.05 91.2 u12, U
1 -26.93+j469 74.7 5.7 lgs,tds 1 -27.50+j468 74.6 5.85 lgs, tds
Super-Synchronous operation 2 484261 | 4156 | 182 | e ens.ids 2 45.73£j261 | 4165 | 172 [ el eny ids
(10 m/sec) 3 0.61+j11.1 1.76 -5.4 Otw, e;s 3 -1.35+j12.82 2.04 10.52 | wy, Oy, e;s
4 -0.46+£j0.259 | 0.04 87.1 Ve, us 4 -0.41+j1.82 0.29 21.8 wt, U
5 -0.12+£j0.04 | 0.007 93.7 uz, Ul 5 -0.54+£j0.016 | 0.002 99.9 U, U
1 -50.33£j590 93.9 8.4 lds, igs 1 -49.214£j590 93.9 8.3 lgs, tds
Sub-Synchronous operation 2 3.82+j219 | 349 | -17 €ysrCus 2 4.82+j219 348 | 22 €15 Cas
(6 m/sec) 3 -0.60+j11.1 1.76 54 Otw, eqs 3 -2.82+j12.7 2.03 21.5 wr, Otw, e;s
4 -0.18+j0.06 0.01 942 Ui, us 4 -0.46£j1.90 0.30 234 wt, U
The controllers are optimized at the rated wind speed of 8 m/s.
TABLE IV
SELECTED EIGENVALUES OF THE WT SYSTEM
[ | Without Damping Controller i With Damping Controller |
Mode of Operation Mod Eigenvalue Freq | Damp | Participation Mod Eigenvalue Freq | Damp | Participation
(Wind Speed) No. A (Hz) (%) factors No. A (Hz) (%) factors
1 -39.50+£j507 | 80.7 7.76 igs,lds 1 -39.06£j507 | 80.7 7.6 igs,tds
Normal operation 2 -5.09+j53.55 | 8.52 9.4 €gs> Wr 2 -4.87+j54.2 | 8.62 8.95 Wr, €4,
(8 m/sec) 3 -0.34+j3.67 | 0.58 9.42 Otw,wt, e;S 3 -0.41+j3.57 | 0.56 114 wt, Oty
4 -0.61£j4.94 | 0.78 12.3 ug, Ve 4 -0.61£j4.94 | 0.78 12.3 ug, Ve
5 -0.02+j0.07 0.01 36.6 up, wt 5 -1.I5£j1.00 | 0.16 75.4 Ug, U2
1 -30.69+£j463 | 73.7 6.6 lgs,ds 1 -38.85+tj461 | 73.4 8.3 igs,ids
Super-Synchronous operation 2 -38.06+tj149 23.8 | 24.64 e:is, €gs>Wr 2 -11.924j164 | 26.1 7.25 €451 Cqsr Wr
(10 m/sec) 3 1.56+£j10.42 | 1.65 | -14.8 Otw, e;S 3 - - - -
4 -0.63£j5.06 | 0.80 12.3 Ve, us 4 -0.54+£j4.99 | 0.79 10.9 Vacus
5 -0.32+j0.574 | 0.09 493 Wi, UL, U 5 -0.86+j2.69 | 0.42 30.6 wt, Oty
1 -45.48£j557 | 88.8 8.12 gs, tds 1 -37.03£j557 | 88.8 6.6 s, ds
Sub-Synchronous operation 2 221136 | 217 [ <16 | el e, wr 2 14.97£j135 | 215 | -11.6 [ ey, e,  wr
(6 m/sec) 3 -1.61+j10.47 | 1.66 15.2 Otw, eqs 3 - - - -
4 -0.56+j4.80 | 0.76 11.6 Ve, us 4 -0.65+j4.87 | 0.77 13.3 Ve, us
5 -0.25+£j0.198 | 0.03 78.7 Wi, UL, UG 5 -0.85+j2.98 | 0.47 274 | wt, O, ui2

“The controllers are optimized at supersynchronous wind speed of 8.5 m/s.

controllers are optimized at near synchronous (normal) wind
speed.

In the next step, the controller are optimized at wind speed
(V) of 8.5 m/s. Again the system is unstable at subsynchronous
mode of operation. This can be illustrated from Table IV. As
shown in Table IV, the optimization at supersynchronous speed
would help in eliminating the electromechanical mode (mode#
3). But on the downside, the system has an additional mode,
mode# 4, associated with state V., voltage across the dc-link ca-
pacitor. This can have detrimental effect on the system stability
if not properly damped. Moreover, it affects the convertor rating
and therefore the oscillations of this kind should be damped
if the controllers are optimized for this operating condition.
Mode# 2 is still unstable at lower wind speeds (subsynchronous
operation).

Lastly, the controllers are optimized at lower wind speeds, i.e.,
V., =7 m/s, and the eigenvalues of the system with the different
controllers are shown in Table V. The system is stable for all the

operating wind speeds. To further verify this, the controllers are
optimized at V,, =7.5 m/s and V,, = 6.5 m/s. Table VI summa-
rizes the variation of mode# 2 when controllers are optimized
at different wind speeds. It is observed that all the modes are
stable if controllers are optimized at any subsynchronous speed.
Again, the speed depends on the rating of the DFIG WT. For
example, if the installed WT has near synchronous operation at
V., = 8 m/s, then the controllers can be designed at any sub-
synchronous speed (V,, < 8 m/s). This would ensure the stable
performance of DFIG system across the wide range of wind
speed from subsynchronous (V,, < 8 m/s) to supersynchronous
(Vy > 8 m/s) mode of operation.

E. Super/Subsynchronous Mode of Operation

It is interesting to observe the change in the frequency of os-
cillations of different eigenmodes under super/subsynchronous
operation of DFIG. The eigenvalues of the DFIG-based WT
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TABLE V
SELECTED EIGENVALUES OF THE WT SYSTEM

Without Damping Controller

i With Damping Controller |

Mode of Operation Mod Eigenvalue Freq | Damp | Participation || Mod Eigenvalue Freq | Damp | Participation

(Wind Speed) No. A (Hz) (%) factors No. A (Hz) (%) factors

1 -39.13+£j504 80.3 7.73 s, ds 1 -39.08£j504 | 80.3 7.72 lgs;lds

Normal operation 2 -7.014j56.14 8.93 124 Wr, e:h 2 -6.161+j56.97 | 9.05 10.7 Wr, €4

(8 m/sec) 3 -0.45+j3.38 0.53 13.3 Otw,wt; e 3 -0.431+j3.38 | 0.53 12.8 wt, Otw

4 -0.005+£j0.03 | 0.005 14.3 ui, U3 4 - - - -

1 -37.14£j499 79.4 7.4 lgs, ids 1 -37.53£j499 | 79.4 7.5 lgs,lds
Super-Synchronous operation 2 -15.37+£j140 22.4 10.8 €4ss 8;5, wr 2 -9.06£j141 22.5 6.3 €4sr €qs Wr
(10 m/sec) 3 0.86+j10.4 1.65 -8.2 Otw, eqs 3 -3.79+j9.56 1.52 36.8 wr, Otw, e;s

4 -0.02+j0.417 0.06 6.03 Ui, U3, Ug 4 -0.58+j1.16 0.18 448 ug, Wt

1 -41.83+£j505 80.5 8.2 s, ds 1 -40.54+£j506 | 80.5 7.9 lgs;lds
Sub-Synchronous operation 2 -7.5+j146 23.3 5.1 €gs>€4q Wr 2 -2.44+j145 23.2 1.6 s> €ger Wr
(6 m/sec) 3 -1.65+j10.51 1.67 15.5 Otw, €qs 3 -9.51+j7.96 1.26 | 76.65 | wr,bOrw,eqs

4 -0.134+j0.23 0.03 51.2 UL, Us 4 -1.044j1.17 0.18 66.2 wt, U5

The controllers are optimized at subsynchronous wind speed of 7 m/s.
TABLE VI

BEHAVIOR OF MODE# 2 WHEN THE CONTROLLERS ARE OPTIMIZED AT DIFFERENT WIND SPEEDS

Wind Speed at Without Damping Controller With Damping Controller

Mode of Operation which Controllers are Eigenvalue Freq | Damp Eigenvalue Freq Damp
(Wind Speed) optimized (m/sec) N (Hz) (%) \) (Hz) (%)

8.5 -5.10 +j53.55 8.52 9.48 -4.87 £54.21 8.63 8.96

Normal operation 8.0 -15.04 £j64.62 10.28 | 22.67 -13.93 £64.95 10.34 | 20.98

(8 m/sec) 7.5 -10.95 £j59.93 9.54 17.97 -10.17 £60.51 9.63 16.57

7.0 -7.02 £j56.15 8.94 12.40 -6.17 £56.98 9.07 10.76

6.5 -5.33 £j55.24 8.79 9.61 -5.18 £55.33 8.81 9.33

8.5 -38.07 +j149.69 | 23.82 | 24.65 -11.93 +j164.01 | 26.10 7.25

Super-Synchronous operation 8.0 -48.41 £j261.14 | 41.56 | 18.23 -45.74 £j261.70 | 41.65 17.22
(10 m/sec) 7.5 -28.16 +j202.55 | 32.24 | 13.77 -25.29 £j203.09 | 3232 | 12.36

7.0 -15.37 £j140.75 | 22.40 | 10.86 -9.07 £j141.71 | 22.55 6.38

6.5 -14.17 £j115.86 | 18.44 | 12.14 -12.61 £j116.10 | 18.48 | 10.80
8.5 2.21+j136.37 21.70 | -1.62 14.98 +j135.32 | 21.54 | -11.00

Sub-Synchronous operation 8.0 3.83+j219.40 3492 | -1.74 4.82+j219.13 3488 | -2.20
(6 m/sec) 7.5 -1.77 £j193.83 | 30.85 0.91 -0.19 £j193.47 | 30.79 0.10

7.0 -7.51 £j146.49 | 2331 5.12 -2.44 £j145779 | 23.20 1.67

6.5 -6.84 £j119.73 19.06 5.70 -5.58 £j119.50 | 19.02 4.66

system is observed under super/subsynchronous mode of op-
eration. It is observed that the frequency of mode# 2 has
increased from ~10 Hz (normal operation) to ~40 Hz (su-
per/subsynchronous operation) when the controllers are opti-
mized at 8 m/s. Mode#2 has become electrical mode from elec-
tromechanical mode. This can be easily verified by the partic-
ipation factor analysis, as shown in Table III. Moreover, when
controllers are optimized for the wind speed of either 8.5 or
7 m/s, the frequency of mode# 2 changes to ~20 Hz for su-
per/subsynchronous operation, as shown in Tables IV and V.
Therefore, it is still electromechanical mode but have more par-
ticipation of electrical states (e];,,e; ) than mechanical state
(wy). The damping of mode# 2 is observed when the controllers
are optimized at different wind speeds, as shown in Table VI. Itis
observed that damping is negative under subsynchronous mode
of operation (wind speed is 6 m/s) when controllers are opti-
mized at 8.5 and 8 m/s. However, when optimized at 7.5, 7, and
6.5 m/s, mode# 2 is stable. This confirms that the system stability
can be ensured at all wind speeds if the controllers are optimized
at any subsynchronous speed.

E. Nonlinear Simulations

The nonlinear simulation of the DFIG system is observed to
validate the efficacy of the damping controller and its perfor-
mance under variable wind speeds. The optimized controller
parameters at different wind speeds are used and the system
is simulated in MATLAB using ODEI15s. The efficacy of the
optimization procedure is observed.

The system is subjected to a small perturbation by a small
change in the wind speed at 1.0 sec. It amounts to 5% decrease
in electrical torque. The system torque returns to its original
value after 200 ms. The response of the DFIG system with and
without damping controller is shown for supersynchronous and
subsynchronous mode of operation in Figs. 5 and 6, respec-
tively. The controller parameters are optimized at V,, =7 m/s.
As expected from the eigenvalue analysis, without damping
controller, the system is unstable for supersynchronous mode of
operation (wind speed is 10 m/s) because of negative damping
of mode#3.The system is very well behaved if the optimized
damping controller is used. Under subsynchronous mode of
operation (wind speed is 6 m/s), the system is stable with and
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Fig. 7. Performance of BF algorithm for V,, =7.5 m/s.
TABLE VII
OPTIMIZED CONTROLLER PARAMETERS FOR DIFFERENT WIND SPEEDS
speed Kpm m=1to7
or
(m/sec) Kirm 1 I 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7
8.5 Kpm 434 | 4952 | .022 | .006 | .011 249 | 16.11
Kim 261 4632 | 171 159 236 123 | 42.30
8 Kpm 496 | 4949 | 48 | 496 | 468 | 275 1.6
Kim 105 | 447 384 | 440 | 249 179 | 19.74
75 Kpm 234 | 4112 | 277 | 492 | 453 | 138 | 1.285
Kim 130 | .1657 | 181 | 451 | .358 | .073 | 0.018
7 Kpm 049 | .0017 | .022 | .493 | .159 | .446 1.6
Kim 122 | 1998 | .149 | .192 | .351 493 | 2.304
6.5 Kpm .003 | .0015 | .089 | .21 013 | .082 | 0.418
Kim 044 ] 3052 | .100 | .113 | .307 | .015 | 0.002

without damping controller. The active and reactive power avail-
able at the GSC is also presented. It can be seen that the GSC
reactive power variation is well damped. Similar consistent ob-
servations are made for other set of wind speeds and optimized
controller parameters.

VI. CONCLUSION

The damping controller gives promising results in damping
out the low-frequency oscillations and hence improves the sys-
tem stability of the grid-connected DFIG system. The tuning
of the controllers is emphasized to ensure the stable operation
under variable wind speed. The supersynchronous, normal, and
subsynchronous mode of operation of DFIG-based WT is thor-
oughly investigated. It is observed that when the tuning of the
controllers is done at any subsynchronous speed, the system is
stable for all modes of operations. The change in the frequency
of the electromechanical modes under super/subsynchronous
operation is presented. This study would help in understanding
the interaction of the oscillatory modes of DFIG-based WT with
other components of power systems. Further, it would also help
in proper tuning of the DFIG controllers to enhance the system
small-signal stability.

With the increasing penetration of DFIG-based wind farms
into the grid, it is important to study the implications of large
scale DFIG systems on grid stability. As this study is based on
SMIB DFIG system, conclusions of this paper should not be

extended to multimachine DFIG-based WT system. Neverthe-
less, this paper does provide a good initial study of the DFIG
system with controller. Computations with multimachine DFIG
system will be required to confirm the obtained results and de-
termine if its possible to quantify the impact of DFIGs on power
system stability.

APPENDIX

A. Parameters of the SMIB DFIG System (p.u.)

H,=4; H,=04; X,, =4; L,, =4; x;, =0.55; C=0.01;
z. =0.06; Lss =4.04; L., =4.0602; R, =(X,,/800); R, =
1.1*R;.

B. Parameters Used for the Optimization (BF Algorithm)

S=4; C1=0.07; dattract = 1.9; wattract =0.1; hrepellant =
dattracts Wrepellant = 10.

The earlier values of BF algorithm parameters are used for
optimizing the controller parameters. First, all the six controller
parameters (i.e., six pairs of Kp,, and Ky, ) are optimized and
then the damping controller (Kp7; and K77) is optimized for a
given wind speed. This process is repeated for different wind
speeds. Fig 7 shows the performance of the algorithm for a
particular wind speed. Table VII shows the optimized controller
parameters using BF algorithm for different wind speeds.
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