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Abstract—In this paper, control of inter-area oscillation in
power systems with high wind power penetration is achieved via
doubly fe%ginduction generator (DFIG). The DFIG is modeled
in Matlab~/Simulink. A two-area system is investigated with a
wind farm connected in the area that exports power. Control
schemes for active power and reactive power regulation are
designed firstly. The paper finds that without active power and
reactive power regulation, it is impossible to design an effective
inter-area oscillation damping controller through DFIG machine
side inverter. An auxiliary control loop for oscillation damping
that adjusts the active power command can help damp the
inter-area oscillation. Time domain simulations demonstrate the
effectiveness of the control.

Index Terms—Wind Generation, Doubly Fed Induction Gen-
erator, Inter-Area Oscillation

I. INTRODUCTION

HE demand for renewable energy increases day by day
for the apparent concerns of energy shortage and global
warming. In Europe and US, legislative acts have been en-
forced for renewable energy usage. Wind generation is one
type of renewable energy resource that has been the focus of
renewable energy profile in states with strong wind resources.
California and Texas are the leading states to use wind energy
and other states follow up. In Minnesota, 25% of renewable
power penetration has been required by the state by 2025 [1].
Based on the electrical topology, wind turbine generators
can be grouped into four categories [2]:

1) fixed-speed squirrel-cage induction generators

2) variable-slip (wound rotor) induction generators with
variable rotor resistance

3) variable-speed doubly fed asynchronous generators

4) variable-speed generators with full converter interface

Compared with variable-speed wind generators, the fixed-
speed type has both advantages and disadvantages. The key
advantage of the variable-speed generator is its ability to
extract maximum electric power at various wind speed via
rotor speed adjusting. The variable speed generator reduces
the mechanical stress imposed on the turbine. The fixed-speed
generator has no ability to vary the rotor speed. Though it
requires no complex power electronics interface, the fixed
speed induction generator has low efficiency of wind power
conversion and no ability to provide reactive power support. It
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also imposes tense mechanical stress on turbines and requires
complex pitch control to maintain a constant rotor speed.

The doubly fed induction generator (DFIG) is the most
popular type of variable speed generator and it is currently
used in about 25% of wind turbine generation that are op-
erating in the world. A detailed full-order DFIG model is
necessary when the alternating rotor current considered in
simulation [3]. In this paper, the full-order DFIG and the
wind turbine with maximal power extracting capability will be
modeled in Matlab®/Simulink. Furthermore, the DFIG-based
wind generation will be modeled in a two-area four-machine
test power system. The wind power penetration is assumed to
be 20% in the area considered.

While long-distance power transfer requires sufficient re-
active power, it could also cause inter-area oscillations. In
real wind generation interconnection studies in upper midwest
region, instability due to oscillation has already been observed.
This paper will design the control of DFIG to provide damping
of the inter-area oscillations. Due to the wind fluctuation,
the power transfer levels and terminal voltages will vary.
The robustness of the controller will be analyzed under wind
fluctuation.

The paper is organized as follows. Section I is the intro-
duction and the research objective of the paper. Section II
describes the wind generation model. Section III presents the
configuration of the test system. Section IV presents the diffi-
culty of inter-area oscillation damping control without proper
internal DFIG control and also introduces the control schemes
for active power and reactive power regulation and inter-area
oscillation damping. Section V presents the simulation results
and discussion. Section VI concludes the paper.

II. THE WIND GENERATION MODEL

The configuration of a grid-tied system with a DFIG and
wind turbine is shown in Fig. 1. In the following subsections,
the dynamic model and the steady state model of the wind
turbine and the DFIG are expressed in mathematical form.

A. Wind Turbine Model

The dynamic output mechanical torque of the wind turbine
is expressed [4], [5] as:

1
T = 5pARC,,Vj//\ (1)

where, p is the air density, A is the blade sweep area, R is
the rotor radius of wind turbine, and V,, is wind speed. C,, is
the power coefficient of the blade which is a function of the
blade pitch angle 6, and the tip speed ratio as:
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Fig. 1. Grid-tied DFIG wind turbine system.
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where (2 is the mechanical angular velocity.

Fig. 2 illustrates the relationship of the power coefficient C,,,
the tip speed ratio A and the blade pitch angle 6 in Eqn. 2. It is
seen that to extract the maximum power from the wind turbine,
the turbine speed has to be adjusted according to the wind
speed. Therefore, it is energy efficient to use variable speed
generators. The DFIG is one type of variable speed generator.
For power system simulations involving grid disturbances, it

0.6

Fig. 2. Power coefficient versus speed.

is reasonable to assume that the wind speed remains constant
for 5 to 30 seconds typical of such cases.

B. Wound Rotor Induction Generator

The DFIGs are wound rotor induction generators in which
controllable rotor voltages can be injected. The injected rotor

voltage has a variable frequency w,,. This AC voltage will
generate a flux linkage with frequency w,,, if the rotor is stand
still. When the rotor is rotating a speed of w,., the final flux
linkage generated by the rotor and the injected rotor voltage
will have a frequency of w, + w,, [6]. We want the final flux
linkage to have a frequency of 60 Hz. From the relationship
diagram of maximum power coefficient versus turbine speed
and wind speed, we can find the desired rotor speed given a
wind speed. Therefore, we can determine the frequency of the
voltage to be injected as a function of the wind speed.

The voltage equations of an induction machine in the arbi-
trary reference frame can be written in terms of the currents as
shown in Eqn. 4 [7]. The model of a wound rotor induction
generator is different from that of a squirrel cage induction
generator in which V,, and Vj,. are zero. In the case of a
DFIG, the two variables V. and Vj,. are controllable via the
rotor side inverter.

In Eqn. 4, w is the rotating speed of an arbitrary reference
frame. If we select w = wy, that is, the rotating speed of the
reference frame is same as 60 Hz, then this reference frame
is called a synchronously rotating reference frame.

Assume that the reference frame is synchronous reference
frame and that all quantities are in per unit value. Eqn.
4 can be further written into X = AX + BU , where

X = [iqm idsa iOS7 i;m iiir’ i()r}T-
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The swing equation is
T, =2HW, + T, (7)
The torque equation is
T = Xum (iqsi:jr - idsi;r) 3

C. Initialization of DFIG

To initialize the DFIG model for time domain simulation,
we only need to know the initial wind speed or wind torque.
The initialization is actually simpler than the initialization of
a squirrel cage induction machine. In the case of a squirrel
cage induction generator, the initial condition of the induction
machine such as the rotor speed w, and absorbed reactive
power () should be computed from the known variables: active
power P and terminal voltage phasor V. The rotor speed can
be calculated by Newton-Raphson method [8].

The steady state equivalent circuit of an induction machine
is shown in Fig. 3.

Given the initial wind speed, we can obtain the optimal
rotor speed w, from turbine speed versus maximum electric
power relationship. We should also know the initial active
power and reactive power scheduling P and @) as well as
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the initial terminal voltage V;. Therefor, the rotor side voltage
phasor should be

Vr/s == V:e - Is(Rs +]Xl9) + IT’(RT/S +]Xlr)
where s = (wp — wy)/wp, wp is the nominal speed at 60 Hz,

_P—jQ

I, =
&

and )
V's - IS(RS +.7Xls)

JXm
Compared with squirrel cage induction generator initializa-

tion, here no iteration is needed and can directly compute V.
and Vy,.

I =1 +

III. CONFIGURATION OF TEST SYSTEM

The test system shown in Fig. 4 is based on the classic
two-area four-machine system developed in [9] for inter-area
oscillation analysis. In Area 1, a wind farm is connected to
the grid. The wind farm penetration is assumed to be 20% of
Area 1.

Area 1 has two synchronous generators, each with 835 MW
rated power. Gen 1 exports 700 MW and Gen 2 exports 560
MW. The exporting power level of the wind farm is 240 MW
- about 20% of 1260 MW. Area 2 also has two synchronous
generators, each with 835 MW rated power. All four syn-
chronous generators are identical. In this paper, the full-order
model of synchronous generator is used. The parameters of the
steam turbine generators come from Krause’s classic textbook

wind farm
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Fig. 4. One-line diagram of two-area system with wind generator.

Analysis of Electric Machinery [7]. The parameters are also
shown in Table II in Appendix.

The inter-area oscillation is characterized as the swing of
the generators in Area 1 against the generators in Area 2 and
the frequency of the oscillation is about 0.72 Hz or 4.53 rad/s.

IV. CoNTROL OF DFIG

Without any internal mode control, such as PQ tracking,
the DFIG model is actually not stable [10], [11]. This can
also be confirmed from the root locus diagram in Fig. 5.
The input of the open loop system is the g-axis rotor voltage
Var. The output of the open loop system is the rotor angle
difference between the synchronous generator 2 and 3. This
output signal should have a good observability of the inter-
area oscillation mode between the two areas [12]. The angle
difference signal can be obtained through state-of-art Phasor
Measurement Unit technology. In this paper, we assume that
the angle difference signal is available. From the root locus
diagram, we can observe that there are poles and zeros at right
half plane (RHP). It is very difficult to design controller using
the input/output pair due to the RHP poles and zeros.
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Fig. 5. Root locus diagram of the open loop system.

Instead, the first step of damping controller design should
make the internal DFIG model stable. This can be achieved
by PQ tracking. Active power and reactive power tracking
can be achieved by PI controller. Federal Energy Regulatory
Commission (FERC) Orders 661 requires wind plants to have
the capability to control their reactive power within 0.95
leading to 0.95 lagging range [2]. Therefore the capability of
PQ tracking is necessary.
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Fig. 6. Control of PQ tracking.

The PQ tracking controllers are PI controllers shown in Fig.
6. We adjust V;,. based on P and adjust Vj;, based on Q). After
PQ tracking, the root locus diagram is shown in Fig. 8. There
is no RHP poles and zeros. It is now possible to design a
controller based on the root locus diagram. In this case, we
can place a zero on the left real axis to attract the root locus
from the the dominant mode with 4.3 rad/s frequency. We
should also place a pole on the left real axis to make the
controller proper, which means the number of poles is greater
than or equal the number of the zeros. The controller has the

following transfer function:
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Damping control scheme.
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Fig. 8. Root locus diagram of the system with PQ tracking.
With this controller, the damping of the inter-area oscillation
is improved.

V. SIMULATIONS AND DISCUSSION

Simulations are performed on the test system. The system
will operate under steady state for 1 second. The power
transfer between the two areas is 400 MW. A temporary
three-phase fault occurs at Bus 3 and is cleared after 0.3
second. Fig. 9 and Fig. 10 show the dynamic responses of the
synchronous generators and the DFIG. In Fig. 9, the relative
angle differences, rotor speeds and electric power exporting
levels are plotted. In Fig. 10, the DFIG rotor speed, DFIG
mechanical torque, electric torque and terminal voltage are
plotted. It is to be noted that the mechanical torque is adjusted
by pitch control.

Fig. 11 and Fig. 12 are simulation plots when PQ tracking
controllers are available. These controllers are PI controllers.
It is found that with PQ tracking control, the DFIG rotor speed
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Fig. 10. Dynamic responses of the DFIG with no control.

is kept to the original operating condition after the fault. Also
the oscillation observed in the synchronous generator relative
angle has been suppressed.

Fig. 13 and Fig. 14 show the dynamic responses of the
synchronous generators and the induction generator with the
auxiliary damping control added to DFIG rotor voltage.

Due to the difference in scale, it is difficult to observe
the difference between the relative angle dynamic responses.
Hence the dynamic responses of the rotor angle of Gen 3
relative to Gen 1 are plotted together for the three scenarios:
1) constant V., Vg, or no control; 2) PQ tracking; 3) PQ
tracking and damping control. The plots are shown in Fig.
15. From the plots, we can tell without PQ tracking control,
the original operating condition cannot be recovered. Besides
the swing magnitude of the system without DFIG control is
much greater than the swing magnitude of the system with PQ
tracking. It is also found that the auxiliary damping control
loop can enhance the inter-area oscillation damping.

The corresponding eigenvalues of the inter-area oscillation
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Fig. 11. Synchronous generator dynamic responses with PQ tracking.
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at two scenarios (Case 1: with PQ tracking only; Case 2: with
PQ tracking and damping control) are listed in Table 1.

VI. CONCLUSION

In this paper, the control of the machine side converter of
DFIG based wind turbine generation is designed to improve
inter-area oscillation damping in a high-penetration power
system scenario. The DFIG and the wind turbine are modeled
in Matlab\>/Simulink. A two-area system is investigated with
a wind farm connected in the area that exports power. Control
schemes for active power and reactive power regulation and

TABLE I
INTER-AREA OSCILLATION MODE IN TWO SCENARIOS
Case Eigenvalue Frequency(Hz)  Damping
Case |  —0.4745 + j4.5312 0.7212 10.41%
Case 2 —0.8069 + 55.1737 0.8234 15.41%

[11]

TABLE I
SYNCHRONOUS GENERATOR PARAMETERS

Rating: 835 MVA
Line to line voltage: 26 kV
Power factor: 0.85
Poles: 2
Speed: 3600 r/min
Combined inertia of generator and turbine: H = 5.6 s
rs = 0.00243¢2,0.003 pu
X5 = 0.153842,0.19 pu
Xq =1.457Q,1.8pu
1,1 = 0.00144Q,0.00178pu
Xlkq1 = 0.6578%2,0.8125pu
T;ﬂﬂ = 0.006812,0.00841pu

X/}og2 = 0.076029,0.0939pu

X4 =1.457€,1.8pu
74 = 0.00075, 0.000929pu
X4 = 0.1165Q,0.1414pu
7} 4 = 0.01080%2,0.01334pu
X/, 4 = 0.06577€2,0.08125pu

inter-area oscillation damping are designed. Time domain
simulations demonstrate the effectiveness of the control.

APPENDIX

The synchronous generator parameters of the test system
are listed in Table II.

The induction generator parameters are: H = 5s, ry =
0.00059pu, X»;s = 0.4161pu, r. = 0.00339pu, X,
0.0135pu, X;, = 0.0075pu.
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