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Abstract—This paper proposes a robust damping controller
for a doubly-fed induction generator (DFIG)-based wind turbine
to mitigate system oscillation during frequency response (FR)
and provide robust damping performance considering uncertain
system operating points. Small signal stability results of DFIG
with FR controller in a single machine infinity bus (SMIB)
system and a 4-machine 11-bus (4M11B) system are obtained
which indicate that a new lightly damped oscillation mode is
excited by the FR controller, which will lead system oscillation
and deteriorate system stability. In addition to the new excited
oscillation mode, the system operating points are uncertain due
to power grid strength variation, power system structure change
and etc. Therefore, a robust damping controller is desired and
proposed in this paper for DFIG equipped with FR controller.
A conventional damping controller designed by residue method
is also modelled in this paper. The effectiveness of the proposed
robust damping controller is verified by comparing the small
signal stability analysis results and simulation results to a con-
ventional damping controller. Both small signal stability analysis
results and simulation results indicate that the proposed robust
damping controller shows the robust damping performance and
less frequency deviation under different system operating points.

Index Terms—DFIG, FR, robust controller, damping control.

I. INTRODUCTION

Wind power, as a rapidly developed renewable energy, has
been widely integrated in power systems nowadays [1] [2].
Due to high penetration level of these wind power in power
system, system FR capability is significantly affected as the
variable speed wind turbines are connected to the power grid
through power converters which makes them cannot contribute
to frequency changes like traditional power plants. In order to
improve system FR capability, system operators require the
wind farms to participate in FR [3]. For instance, wind farms
are give specific requirement for power reservation during grid
frequency deviation in the UK and Ireland grid codes [4] [5].

Doubly-fed induction generator (DFIG), as the most com-
mon generator for variable speed wind turbine, has been
widely deployed in wind power generation [6]. Unlike the
synchronous generators, the rotor of DFIG is decoupled from
grid through the back-to-back converter as shown in Fig.
1. When a large amount of power generated by DFIG is
connected to grid, system effective inertia will be reduced
as DFIG cannot contribute to FR. Due to the lack of FR
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capability, FR controllers are designed for DFIG-based wind
turbine to support system frequency. The DFIG-based wind
turbine equipped with FR controller is shown Fig. 1. When a
frequency deviation occurred in the system, the FR controller
will provide auxiliary power Prp to support system frequency.

Many researches have designed FR controller for DFIG-
based wind turbine to support power system frequency [7]
[8]. A hybrid modulated active damping control scheme for
mitigating power oscillations caused by FR controller was
proposed in [9]. To achieve better FR performance for DFIG
based wind turbines, some studies are focusing on FR con-
troller gain optimisation [10] [11] [12] [13] [14]. Throughout
the literature reviews, most researches are focusing on FR
gain optimisation for a better frequency support performance
during DFIG participating in system FR. However, the impact
of FR controller on system stability is not researched in most
references. Although reference [9] and [14] proposed active
power controllers adding at the rotor side converter (RSC) of
DFIG to improve the power system low frequency oscillation
caused by FR controller, these controllers are conventional
damping controllers, which are limited to be designed at
one system operating point. When the system operating point
changes, a conventional damping controller will not be able
to provide sufficient damping. Therefore, a robust damping
controller is desired to be designed to provide robust damping
performance under different system operating points.

In this paper, a robust damping controller is proposed and
designed by H, control method using linear matrix inequali-
ties (LMIs) with regional pole placements [15] [16], which can
provide sufficient damping support during system oscillation
and its damping performance is robust under different system
operating points. As shown in Fig. 1, the proposed robust
damping controller will provide additional damping power
Piamping added to the reference active power provided by
Pyrppr and Prgr. Comparing to the other robust controllers
designed by using LQ and H, method, the H, control method
can achieve its control performance by flexibly choosing its
weighting functions in frequency domain.

This paper is organised as follows. Section II introduces
the frequency response controller. Section III presents the
proposed robust damping controller design. Section IV shows
the small signal stability analysis results, simulation results
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and discussion. Finally, a conclusion is made in Section V.

II. FREQUENCY RESPONSE CONTROLLER

According to reference [7]- [10], the block diagram of
FR controller is shown in Fig. 2. Generally, a FR controller
consists of two parts which are an inertia response (IR) and a
droop controller. The details of IR controller, droop controller
and small signal stability analysis of the DFIG equipped with
FR controller are given in this section.

A. IR controller

The IR controller is used to emulate the inertia response of a
synchronous generator, which can limit the rate of frequency
change when the power generated and load consumption is
not balanced [7]. Thus, the power generated by IR controller
should be negative. Equations (1) and (2) are used to express
the working principle of an IR controller, which are obtained
from swing equations of synchronous generators.

dwg
PIR = Kinertia X E (1)
d
PIR = Kinertia X fgtcc (2)

where Prg is the output power from IR controller, w, and
fpcc are the synchronous generator speed and frequency at
the point of common coupling (PCC) of wind turbine connec-
tion. fpcc is calculated using the phase angle measured by
phase-lock-loop (PLL). Kertiq 1S the IR controller gain. In
this paper. the most appropriate IR controller gain proposed
in [10] is used and calculated by equation (3), where H is the
wind turbine inertia.

Kinertia =1.85H (3)

TABLE I
NEW EXCITED OSCILLATION MODES OF DFIG WITH FR CONTROLLER

Oscillation frequency (Hz)
1.0671
1.1987

Damping ratio
0.034
0.048

Installed system
SMIB
4MI11B

B. Droop controller

The droop controller can restore the frequency after the
frequency deviation occurred [9] [10]. Hence, the power
generated by the droop controller should be positive. fr..7 in
Fig. 2 is the nominal system frequency which is set as 50
Hz in this paper. Equation (4) is used to express the working
principle of a droop controller.

Pdroop = % = Kdroop X (fref - fPCC) (4)

In equation (4), K4p00p is the droop control gain and R is
the wind turbine droop characteristic parameter. In order to
optimise the droop control performance, a time-variant droop
gain is used in this paper [11]. The linear time-variant droop
gain can be calculated by using rotating speed as shown in
equation (5).

Kdroop(wr) = Alinear X wy + Blinear (5)

Alinear = 28.5714 and Bjjneqar = —17.1428 are calculated
by the method used in reference [11]. Finally, the sum of the
power generated by both the IR and droop controller is used
as auxiliary power and is added to the wind turbine MPPT
power.

C. Small signal stability analysis of the DFIG with FR con-
troller

Through the small signal stability analysis of DFIG with FR
controller installed in a SMIB system and a 4M11B system
at different wind speeds, it can be found that the worst case
is occurred when the wind turbine is operated at rated wind
speed. For simplicity, the worst case small signal stability
analysis results are provided here. Table I shows that a new
oscillation mode is excited for the DFIG with FR controller
installed in both systems. As seen in Table I, it can be seen
that the new excited oscillation mode has low damping ratio.
Analysing participation factors of the new excited mode, it
can be found that state variables of FR controller dominate
the new excited mode. Therefore, in order to mitigate system
oscillation of DFIG with FR controller under different system
operating points, a robust damping controller is need to be
designed, which is introduced in the next section.

III. ROBUST DAMPING CONTROLLER DESIGN
A. Proposed robust damping controller

H ., mixed-sensitivity control method is achieved by min-
imising the H,, norm of a certain closed loop transfer function
considering uncertainties using LMIs, where the H,, norm
can measure the worst-case of system gain [15]. H,, mixed-
sensitivity design formulation is expected to achieve output
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disturbance and optimise control effort simultaneously [16]. It
can be described as minimising the H,, norm of sensitivity
function S, which represents the transfer function between the
disturbance input and measured output. In addition, the control
effort optimisation can be achieved by minimising ||K.S|| .
Since the output disturbance is normally occurred at low
frequencies and control action is required at high frequencies.
Appropriate weighting functions can be selected to achieve
two minimisation problems over the frequency range.

Fig. 3 shows the diagram for the mixed-sensitivity damp-
ing controller configuration. The input and output of robust
controller are selected using observability, which is PCC fre-
quency deviation and DFIG active power. d is the disturbance
input. 27 and zo are the outputs to be regulated, which
represents the impact of disturbance on system output A fpoc
and control effort, respectively. Weighting functions W (s)
and Ws(s) are selected as a low pass filter and a high pass
filter, respectively. Wi (s) is chosen for output disturbance
rejection. Wa(s) can be selected to reduce the control effort
at high frequencies [16]. Equation (6) shows the weighting
function chosen for designing the robust controller. In addition
to achieving robustness, regional pole placement is also added
to ensure a minimum 0.15 damping ratio using a conic sector.
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The full order of DFIG-based wind turbine equipped with
FR controller is 17th order. Large calculation time will be
required and complex controller will be designed if the plant
order is high. In addition, only few states contain the interested
system characteristics. Hence, the Schur method was used for
model truncation [17]. According to the frequency responses
of the full order and reduced order systems at different order,
it can be found that the system order for more than 8th order
can maintain the similar frequency response as the full order
system in the interested frequency range. Hence, an 8th order
reduced model is selected to design the controller. The transfer
function of the 8th order reduced model is shown in the
following equations.

N(s)
D(s)

Hsystem(s) - (7)
N(s) = —8.5287 x 107 °s% — 0.00885" — 0.06415°
— 3.5872s% — 6.4373s* — 1.268s — 0.0122s> (8)
—2.3071 x 10™%s 4 6.0208 x 1078

Paminv

Fig. 4. Block diagram of Robust damping controller

D(s) =s% + 3.8106s" 4 437.6901s° + 1.0399 x 10%s°
+9.7706 x 10%s* + 1.9363 x 10*s3 9)
+4.3192 x 103s% + 53.2105s + 0.8958

Using the reduced order model and selected weighting func-
tions, the linearised model considering the effect of weighting
function can be obtained. Since the system order of the re-
duced order system model considering the weighting function
became 10th-order, the current model can be further truncated
to a 4th-order. The robust controller can be calculated using
hinfmix function in MATLAB LMI Control Toolbox. The
transfer function of the designed robust controller is given in
equations (10)-(12). The block diagram of the proposed robust
damping controller is shown in Fig. 4.

N.(s
Hrobust(s) - D ES; (10)
N.(s) =1.1449 x 10%s* + 9.9789 x 10%s* an
+4.4635 x 10%s 4 1.9263 x 10°
D.(s) =s* +1.7811 x 10%s® + 9.0086 x 107 s> a2

+4.7058 x 10%s + 1.6973 x 10*

B. Conventional damping controller

A conventional damping controller, which is designed by
the residue method, is also provided in this paper to compare
the robustness of proposed damping controller. The details of
conventional damping controller design can be found in [18].
The feedback transfer function of the conventional damping
controller can be expressed by equation (13).

_ Tw (1+T18
T 14 Tys 1+ Tys

The compensation constants 77 and 75, are calculated as
T1 = 0.1048s and T5 = 0.0811s. The gain K is set as 10.
The time constant T, is set as 10 s. Based on the design of
a damping controller, the limitation is that it was designed
based on the system linearisation results at one operating
point. When the system operating point changes, such as the
connected power grid changing from a strong grid to a weak
power grid, the conventional damping controller will not be
able to provide sufficient damping performance for the new
system operating point. Therefore, a robust damping controller
is desired for dealing with uncertain system operating points.

2 13)

Hconventional (3>

IV. PERFORMANCE EVALUATION
A. A SMIB system

1) Small signal stability analysis: Table II and III show the
new excited oscillation mode of DFIG connected to a strong
and a weak power grid with a conventional and the proposed



TABLE II
NEW EXCITED OSCILLATION MODE OF DFIG CONNECTING TO A STRONG
POWER GRID

4

Controller type

Oscillation frequency (Hz)

Damping ratio

NEW EXCITED OSCILLATION MODE OF DFIG CONNECTING TO A WEAK

POWER GRID

Conventional 1.6828 0.1158
Robust 1.6649 0.1906
TABLE III

Controller type

Oscillation frequency (Hz)

Damping ratio

Conventional

1.0611

0.0476

Robust

1.0528

0.1719
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Fig. 6. A 4M11B system with DFIG-based wind power system
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TABLE IV
NEW EXCITED OSCILLATION MODES OF THE 4M11B SYSTEM WITH A
CONVENTIONAL DAMPING CONTROLLER FOR DIFFERENT TIE-LINE POWER

robust damping controller. Comparing the small signal stability
analysis results in Table I to Table II and III, it can be found
that adding a damping controller can improve the damping
ratio of the new oscillation mode for both a strong and weak
grid connection.

Comparing the small signal stability analysis results in Table
I to III, it can be found that the damping performance of the
new excited oscillation mode with the proposed damping con-
troller is robust against power grid strength change. However,
a conventional damping controller cannot ensure sufficient
damping performance for different power grid strength.

2) Simulation results: Fig. 5 shows the simulation results
of system frequency response during power grid strength
variation. The power grid strength is changed from a weak
grid to a strong grid at 0.5 second and the grid strength is
changed back to a weak grid at 15 seconds. According to
the simulation results shown in Fig. 5, it can be found that
the damping performance of the proposed damping controller
is robust in regardless of the power grid strength change.
The oscillation is mitigated within 5 seconds. However, the
damping performance of a conventional damping controller
for the case of changing the power grid strength from a
strong grid to a weak grid at 15 seconds cannot meet the
oscillation settling time requirement, where oscillations should
be settled within 12-15s [16]. The oscillation takes more than
15 seconds to be mitigated, whereas the oscillation for the
case of changing the power grid strength from a weak grid
to a strong grid at 0.5 second can be mitigated within 10
seconds. The simulation results obtained is consistent to the
small signal stability results shown in Table II and III.

T T
- - -Conventional damping controller|
—Robust damping controller

noaa

Tie-line power | Oscillation frequency (Hz) | Damping ratio
200MW 1.2452 0.0691
300MW 1.2226 0.0646
400MW 1.1919 0.0584
500MW 1.1433 0.0485

B. A 4M11B system

Fig. 6 shows the single line diagram for integrating the
DFIG-based wind farm in a 4M11B power system, the gen-
erators, loads and line impedance parameters are set as [19],
which are provided in Appendix B. The synchronous genera-
tors G1-G4 are installed with PSS to damp the system inter-
area oscillation mode. Comparing to the classic 4M11B system
provided in [19], the DFIG-based wind farm is connected to
the system at node 8 through a long transmission line, which
will be supposed to connect wind farm to a weak grid, the short
circuit ratio at point 12 is less than 3. The nominal operating
point is selected as 400 MW tie-line power flow between two
areas. The output power of wind farm equals to 504 MW for
15% wind power penetration level.

1) Small signal stability analysis: The small signal stability
analysis results comparing the damping performance of a
conventional and a robust damping controller in a 4M11B
system with different tie-line power flows between two areas
are given in Table IV-V. Comparing the results shown in Table
IV-V, it can be found that the robust damping controller can
always provide the sufficient damping performance when the
tie-line power flows are changed. A minimum 0.15 damping
ratio of the new excited mode can be maintained by using the
proposed robust damping controller, whereas the damping ratio
of new excited mode using conventional damping controller
cannot meet the damping ratio requirement.

In addition, the small signal stability analysis results of new
excited mode for high DFIG penetration levels are given in

TABLE V
NEW EXCITED OSCILLATION MODES OF THE 4M11B SYSTEM WITH A
ROBUST DAMPING CONTROLLER FOR DIFFERENT TIE-LINE POWER

15 20 25
Time (s)

Fig. 5. System frequency response with grid strength change

Tie-line power | Oscillation frequency (Hz) | Damping ratio
200MW 1.2231 0.1659
300MW 1.2004 0.1622
400MW 1.17 0.1568
S00MW 1.123 0.1505




TABLE VI
NEW EXCITED OSCILLATION MODES OF THE 4M11B SYSTEM WITH A
CONVENTIONAL DAMPING CONTROLLER

DFIG penetration level | Oscillation frequency (Hz) | Damping ratio
15% 1.1919 0.0584
20% 1.0507 0.0628
25% 0.8909 0.0792
30% 0.7205 0.1198
TABLE VII

NEW EXCITED OSCILLATION MODES OF THE 4M11B SYSTEM WITH A
ROBUST DAMPING CONTROLLER

DFIG penetration level | Oscillation frequency (Hz) | Damping ratio
15% 1.17 0.1569
20% 1.0356 0.16
25% 0.88 0.1721
30% 0.7263 0.1763

Table VI and VII, where a high wind power penetration level
means that more than 10% load consumption is provided by
wind power [20]. Comparing the damping ratio of the new
excited mode for using a conventional and a robust damping
controller, it can be concluded that the damping performance
of the proposed damping controller is robust for different wind
power penetration levels. A minimum 0.15 damping ratio of
new excited mode can also be ensured for different wind power
penetration levels. However, the damping performance of the
conventional damping controller is varied when the DFIG
penetration level changed.

2) Simulation results: The simulation results for the DFIG
installed in a 4M11B system are provided for investigating
the robustness of the proposed damping controller. A three-
phase short circuit fault at node 9 is added at 0.5s and
cleared at 0.6s. Fig. 7 shows the simulation results of system
frequency under nominal operating condition. According to
the simulation results in Fig. 7, it can be found that the robust
damping controller provides better damping performance and
less frequency deviation than a conventional damping con-
troller. Frequency oscillation can be mitigated within 6 seconds
with the proposed robust damping controller, whereas the
conventional damping controller takes more than 20 seconds
to mitigate the oscillation.

Due to the space limitation, only the simulation results
of 5S00MW tie-line power flow are provided in Fig. 8 for
comparison. As the system operating point is changed by
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Fig. 7. System frequency response for 400MW tie-line power flow and 15%
wind penetration level in a 4M11B system
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Fig. 9. System frequency response for 30% wind penetration levels in a
4M11B system

increasing the tie-line power flow from 400 MW to 500 MW,
it can be seen that the oscillation can still be mitigated within
6 seconds for using a robust damping controller. Based on
the simulation results, it can be concluded that the proposed
damping controller can provide robust damping performance
during tie-line power flow variation. However, for the conven-
tional damping controller, it can be found that the damping
performance is different in Fig. 7 and 8 for different tie-
line power flows. The simulation results in Fig. 7 and 8 are
consistent to the small signal stability results provided in Table
IV and V.

Considering the limited space, the simulation results of 15%
and 30% wind power penetration levels are selected in this
paper for comparing the damping performance of the proposed
robust damping controller and conventional damping controller
under wind power penetration level variation. Since the nom-
inal operating condition is for 15% DFIG penetration levels
in a 4M11B system, the system frequency response is already
given in Fig. 7. Fig. 9 shows the system frequency response
with 30% DFIG penetration levels. Comparing the results in
Fig. 7 and 9, it can be concluded that the robust damping
controller can still provide sufficient damping performance and
less frequency deviation for different wind power penetration
levels. It can also be observed that the damping performance of
using a conventional damping controller is varied. The small
signal stability analysis results shown in Table VI and VII are
verified by system frequency response shown in Fig. 7 and 9.

Throughout the small signal stability analysis results and
simulation results provided, it can be found that the damping
performance of a conventional damping controller is varied for
different system operating conditions. A conventional damping
controller cannot provide sufficient damping performance in
some operating points. As for the proposed robust damping
controller, the damping performance was almost unchanged



under different system operating points. Therefore, it can
be concluded that the proposed robust damping controller
can mitigate system oscillation caused by FR controller in
regardless of uncertain system operating points.

V. CONCLUSION

In conclusion, as the grid codes required, widely employed
DFIG-based wind turbine are required by system operators
to participate system FR when the grid frequency deviation
occurs. However, it can be found that a new lightly damped
oscillation mode was excited when the DFIG was equipped
with FR controller. Considering uncertain system operating
points of DFIG-based wind turbine, a robust damping con-
troller was proposed to provide robust damping performance
for the new lightly damped oscillation mode. The robust
damping controller was designed based on H, control method
using LMIs with regional pole placement. In order to verify
the robustness of proposed damping controller, a conven-
tional damping controller based on residue method was also
modelled. The robust damping performance of the proposed
damping controller is verified by installing DFIG with FR
controller in a SMIB and 4M11B system using both small
signal stability analysis results and simulation results under
different system operating points. Results indicated that the
proposed damping controller can provide robust damping
performance under different system operating points and also
less frequency deviation.

APPENDIX A
DFIG PARAMETERS

The parameters of the 1.5 MW DFIG are: R=35.25m, ky;, =
1.11, Dy, = 0.01, Hy = 3s, Hy = 0.55,L,;, = 2.9p.u., L, =
3.06p.u., Ly = 3.08p.u., Ly = 0.03p.u., Ry = 0.003p.u.,

Kp,pLL =30 and Ki,PLL =1.

APPENDIX B
4M11B SYSTEM PARAMETERS

The parameters of generator units G1-G4 under normal
operation are: Pg1 = 900 MW, Qg1 = 245 MVAr, Pgo = 615
MV, Qa2 = 241 MVAr, Pgz = 665 MW, Qg3 = 76 MVAr,
Pgy = 665 MW and Q4 = 11 MVAr. For the parameters of
loads at buses 8 and 9 are: Prg = 1380 MW, Q0.5 = 900 MVAr,
Prg = 1770 MW and Qg9 = 250 MVAr. Other parameters
can be found at [19].
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