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Abstract

In this study, an auxiliary damping controller based on a robust controller considering the active and reactive power
control loops for a doubly-fed induction generator for wind farms is proposed. The presented controller is able to improve
the inter-area oscillation damping. In addition, the proposed controller applies only one accessible local signal as the
input; however, it can improve the inter-area oscillation damping and, consequently the system stability for the various
working conditions and uncertainties. The oscillatory modes of the system are appointed using the linear analysis. Then,
the controller’s parameters are determined using the robust control approaches (H_, /H,) with the pole placement and
linear matrix inequality method. The results of the modal analysis and time-domain simulations confirm that the control-
ler develops the inter-area oscillation damping under the various working conditions and uncertainties.

Keywords Doubly-fed induction generator - Robust controller - Inter-area oscillations - Power system stability

1 Introduction

The increasing development of the wind energy-based
applications imposes new challenges on the stability and
performance of the power systems. Nowadays, among
the various wind turbine topologies, the variable-speed
wind turbines with the doubly-fed induction generators
(DFIGs) are preferred due to its capability in maximum
power tracking also grid side converter facilitates the
power exchange through the rotor converter, in addition
provides additional reactive power support [1]. Most of
the electromechanical oscillations arise from the synchro-
nous machines [2]. Physically, these oscillations result from
the interaction between the turbine-to-rotor mechanical
torque and the stator-to-rotor electrical torque. In the local
modes, one generator may oscillate dissimilarly toward the
other ones. This oscillation affects both the generator and
the transmission line. So that, the neighboring groups of
generators may oscillate in different manners. It is because

of the fact that there is a low power-transmission capabil-
ity between the groups of generators.

In fact, the shaft speed of the generators is different
from the speed of the rotating field (caused by three-
phase mains voltages) and fluctuations. If the shaft speeds
of a group of generators close to each other do not fluctu-
ate relative to each other, and a group of other generators
do the same, then the shaft speeds of the generators of
these two groups fluctuate relative to each other, this phe-
nomenon is called interregional fluctuations.

The high penetration levels of the wind power can
affect the dynamic behavior of the system’s electrome-
chanical oscillations. Also, the control capability of the
wind turbines can be applied to improve the stability
of the power systems oscillations. In this case, besides
improving the dynamic behavior of the wind turbine,
increasing the capability of the power system oscillations
damping is considered in the control process of the wind
turbine.
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The power control of the constant-speed wind tur-
bines is performed mechanically. But, in the variable-
speed ones, it is performed both mechanically and elec-
trically. Therefore, the oscillation damping is expected
to be carried out both mechanically and electrically. The
DFIG wind turbines have two converters (one on the
rotor side and the other on the grid side). The produced
real and reactive powers are controlled using the rotor-
side converter. Applying some modifications on rotor-
side converter, the oscillations of the power system are
able to be damped.

The mechanical damping controllers manipulate the
pitch angle, so that the output power of the wind genera-
tor is changed and also it robusts to the power oscillation
of the system. A fuzzy proportional-integral-derivative
(PID) power system stabilizer is proposed in [2] that applies
the grid frequency and the pitch angle as its inputs. In [3],
an oscillation damping controller of the power system is
presented based on the fuzzy logic considering the non-
linear aerodynamic parameters. The major drawback of
the proposed controllers is that they are often utilized
in the constant-speed wind generators and have a slow
time response. On the other hand, the electrical damping
controllers are usually implemented on the variable-speed
wind generators.

In reference [4], a controller for the DFIG wind turbine is
proposed to damp the power system oscillations. The con-
troller works based on the flux and pitch control. Its main
advantage over other generator stabilizers is that it does not
affect the performance of the voltage control. Although the
authors have demonstrated the effects of the damping con-
troller on improving the oscillation suppression, they have
only studied the local oscillations rather than the inter-area
ones. The effects of increasing the wind power penetration
level on the oscillations damping have been studied in refer-
ence [5], where it has been shown that DFIG has a general
tendency to damp the oscillations. This is while the oscilla-
tion damping may decrease due to some specific penetra-
tion levels. A damping controller with a special structure is
proposed in [6]. This controller applies the nonlinear mul-
tivariable optimization methods and uses the DFIG speed
and the stator power as its inputs. The results indicate that
the proposed controller reduces both the electromechanical
oscillations of the power system and the torsional oscilla-
tions. The authors of the references [7, 8] showed that it is
possible to considerably suppress the inter-area oscillations.
It is possible by designing the DFIG controller using the root
locus method. In long transmission lines, these outcomes
become even more important. The relative differences
between the rotor angles of two generators in two different
areas are the inputs of the proposed controller. However, this
controller only improves one oscillatory mode and for cover-
ing more modes, a more complicated controller is required.
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The uncertainties of the system involve the modeling
and linearization, and approximation errors in eliminat-
ing the high frequencies, the working point changes,
variations in the wind speed, and the grid faults lead-
ing to the line disconnection. As a result, in the present
work, the controller is designed using the robust control
approaches. Here, the controller is designed using the fre-
quency responses, so that the system exhibits an accept-
able performance under the allowable variations of the
uncertainty parameters. Also, it remains stable and has
the nominal and robust stability together with the nomi-
nal and robust performance [3, 9]. In references [10, 11],
a remote-control block and a dynamic stabilizer which
improve dynamic oscillation damping have been pro-
posed; however, in these studies, only effects of faults are
considered and uncertainties including different operation
points are not investigated. In paper [12], an auxiliary con-
troller has been added to the active power control loop
which is called the virtual inertial controller and improves
the damping of between area oscillations in a system
where the inertia of the machines is variable; but, does not
take into account different operation points and events.
Due to the fact that the inter-area modes are a result of
the inter-area transmitted power, the input signal of the
controller might be chosen so that it depends on the trans-
mitted power (e.g. the generator speed, or the rotor angles
with respect to each other). Then, the control signal works
as an input to the DFIG control loop; consequently, the
inter-area modes can be affected. The main contributions
of the paper are summarized as bellow:

« Designing the auxiliary controller based on robust
control on DFIG power control circuit to develop damp-
ing of inter-zone oscillations.

+ Combining H,/H,, robust control approaches to
design the controller in order to enhance the final and
transient responses of the system.

- Creating a robust system to various disturbances using
the controller design with LMI method and creating a
hybrid objective function.

The rest of this paper is organized as follows: Section
Il discusses the DFIG modeling; Section Il describes the
proposed auxiliary robust controller. The presented sys-
tem and the controller design are developed in Section IV.
Finally, the conclusion is drawn in Section V.

2 DFIG modeling

Figure 1 depicts the schematic view of DFIG generators,
where, the stator is directly connected to the grid, but the
rotor is connected via the power electronic converters. These
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converters consist of two back-to-back pulse width modula-
tion (PWM) converters; one on the rotor side (RSC) and the
other on the grid side (GSC). Controlling the grid-side con-
verters (GSCs) will result in controlling the DC voltage link
and the input reactive power. The real and reactive powers
produced by the turbine are controlled by the rotor-side
converter (RSC). The model of the DFIG-based wind power
stations consists of the models for the aerodynamics, speed
control of the wind turbine, DFIG, machine dynamics, tur-
bine shaft dynamics, DC link dynamics, and converters’ con-
trol systems.

2.1 DFIG generator model

The dynamic equations of DFIG with a 3-phase transmission
to the reference frame are presented in Eq. 1 and Eq. 2 [7].

d
qus = _rsldqs + ws/lqu + Eﬂ'dqs (M

d
qur = _rrldqr + (ws - wr)ws)”qdr + E’{dqr (2)

where, /,v,i and r denote the flux linkage, voltage, cur-
rent, and resistance, respectively. . and w, are the angu-
lar velocities of the synchronous reference frame and the
rotor, respectively.

2.2 Turbine model

The dynamics of the turbine’s driving parts is presented by
the two-mass model in the stability studies as follows (the
turbine is connected to the generator via a gear box):

de,,,
dt

d
2m7%£=nn—kaw—c

Fig. 1 A schematic view of
DFIG

do de
2H,a£=—n+kmw+cd? 3)
ldetw oo
w, dt to

Te = Lm(’quds - Iqsldr)

where, H, and H, represent the inertia of the turbine and
generator, respectively. , is the turbine’s angular velocity,
o, shows the base electrical angular velocity, ¢,, desig-
nates the shaft’s torsion angle; finally, k and c are the stiff-
ness and damping coefficients, respectively.

A turbine converts the wind kinetic energy into the
mechanical energy. The wind turbine mechanical torque
is calculated as follows.

prD*C,U3

8w,

m 4
where, p is the air density, D denotes the rotor diameter,
C, represents the wind turbine power coefficient as pre-
sented in Eq. 5 (it indicates how the wind energy affects
the turbine) [13], and U, denotes the wind speed. Fig-
ures 2 and 3 show pitch angle control and RSC control,
respectively.
C, =022 x (% —-04p - 5) * exp (—%);a = ZDTa:
(5)
where, #is the pitch angle and a is a definition parameter
thatis defined in Eq. 5.

2.3 Control model of converters

If the terminal voltage of the generator is rotated on
new coordinates so that all the voltage lies on the g axis
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Fig.2 Pitch angle control
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(V, = 0), then the active power relies on Iq and the reac-
tive power depends on /, [13]. The RSC controls the rotor
voltage so that the active and reactive power of DFIG are
controlled. As can be seen from the Fig. 3, two Pl control-
lers are employed to make the DFIG power comparable
with the reference power. They also specify the reference
current for the rotor. The rotor current is then compared to
the reference current, after that, the rotor voltage is deter-
mined by a Pl controller.

The grid-side converter should allow the rotor active
power and the RSC power to be passed through it, so
that the DC link voltage remains unchanged. The reactive
power of this converter is controllable and it is usually
assumed to be zero in order to reduce the costs and the
converter volume.

In the following sections, the robust control and H, /H_,
method will be presented, and based on them, a controller
will be proposed.

3 Using H,/H_ Robust control in DFIG
to enhance system oscillation

Maintaining and improving the system stability against
the modeling errors and uncertainties is the main objec-
tive of the robust control [14]. A robust controller should
guarantee the stability and performance of a system under
all states and uncertainties. These are the requirements for
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a closed-loop system known as the robust stability and
the robust performance. The authors of reference [14]
discussed the relationship between H_ and the stability.
The H,, method employs a proper weight function and it
is designed in the frequency domain; while the H, design
method improves the system performance in the time
domain (i.e., it deals with the transient behavior of the sys-
tem) [15]. In the past decades, the power system stabilizers
were designed based on the robust control principles, only
deal with the modeling error and uncertainties and they
are single-objective. In the real-world systems; however,
the H_, controller cannot provide all designing specifica-
tions like the noise or random errors as the H, controller
does. On the other hand, the H, controllers do not guar-
antee some features like the robust stability and perfor-
mance. As a result, the present work tries to combine these
methods, so that their advantages could be utilized [15].
The controller input is the generator rotor speed difference
between two areas and the controller output apply to the
active and reactive power references of DFIG.

3.1 The proposed damping controller

The multi-objective configuration of the damping control-
ler for the power system stabilization is proposed in Fig. 4.

Gy (s) is the system state space model and K(s) is the
controller state space model. In fact, norm 2 represents
the signal energy, and infinite norm indicates the gain of
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the system or its stability. For this reason, a combination of
the two has been used in the design of the controller. The
method of obtaining the system parameters is based on
the equations of state space and linearization around the
working point and G,(s) has been obtained.

Regarding the controller design, the components of
matrix A of the controller mode space are defined as the
optimization variable; then, it is optimized using the objec-
tive function mentioned in Eq. 6, and the optimal control-
ler is obtained which means that, the controller is defined
with the initial variables and the outputs are obtained;
then, the norm 2 and their infinity are calculated, and the
corresponding value is calculated according to Eq. 6. In
the same way, the best answer will be found with the LMI
optimization algorithm.

As can be seen from the Fig. 4, the output channels
of Z_ and Z, are associated with the H_ and H, perfor-
mances, respectively. W,(s) is a low-pass filter on the H,
output channel. This filter aims to enhance the system’s
transient behavior. W,(s) is a high-pass filter or a small con-
stant value on the output channel of the H, controller and
its purpose is to minimize the noise effect on the control-
ler's output. W;(s) is a high-pass filter on the H_ controller’s
output. It tries to maintain the system stability under the
various uncertainties. All weights are chosen based on the
system nature. In other words, they are acquired empiri-
cally or by several trail-and-errors.

3.2 Linear matrix inequality (LMI) method
in designing a hybrid Robust controller
considering the pole placement zone

The LMI method is recently proposed to solve the H_
problem. The numerical analyses with the LMI formulation
provide several advantages. They prevent the pole or zero
elimination and accept different constraints for different
objectives [16]. This technique has also been employed
to design the power system damping controllers in [2].
The LMI method in designing the hybrid H, /H_ controllers

Fig.4 The proposed multi-
objective controller

++T

with the distinct poles was explained in [4]. Figure 5 shows
a closed-loop system with a controller. It is assumed that
T,(s) and T_(s) are the closed-loop transformation func-
tions from w to Z, andZ_, respectively. @ in Fig. 5 repre-
sents the speed difference of the generators.

Now, the multi-objective problem of the controller
design with an output feedback is emerged to satisfy the
following qualities:

e The infinity norm of T_(s) (the gain) should be held
smaller than the pre-determined value such that the
robust stability and performance are obtained.

e The 2-norm of T, (s) has to be lower than a pre-specified
value to improve the system’s transient behavior.

e The cost function of Eq. 6 should be minimized and its
terms have to be weighted with respect to their signifi-
cance.

a|Ta[I% + AU I3 6)

e aand f are the coefficients that specify the significance
of each objective.

e The poles are to be placed at the proper locations.
When the closed-loop poles are in the specified area,
it ensures the minimum damping ratio, the minimum
rate of decay, and acceptable controller gains. In this

e, T
L 7

i
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| o |

Fig. 5 A closed-loop system with a controller
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case, the transient response of the system is improved.
While placing the poles, other control objectives (such
as the robust performance, robust stability, overshoot
level, rise time and so on) should also be satisfied [17].

If zdenotes the closed-loop poles, then the pole place-
ment should be done under the following constraint. This
constraint is applied when the objective function is being
optimized (re(z) < —6):"re” is real part of the closed-loop
poles.

Z+zZ+256<0 (7)

4 Controller design and simulation

The solution method of the proposed model is as follows:
1- Appling power flow and obtaining the steady state
working points for all state variables. 2- Linearization of
the system around the specified working point and reduc-
tion of the system order. 3- Designing the auxiliary control-
ler based on the robust control. 4- Implementation of the
controller on the main nonlinear system. 5- The test of the
system with the designed auxiliary controller and without
the controller in different working points and events.
From Fig. 6, the simulations are carried out for a 2-area
system with four machines. The grid specifications are pre-
sented in [18]. This grid consists of two areas; each with
two generators. The produced power of each synchronous
generator is about 700 MW. The synchronous generators
are assumed to be ideal and equipped with the Automatic
Voltage Regulator (AVR). Their model is nonlinear and
third-order; it does not consider the transformer voltages.

This model is usually employed in the simplified stabilizing
studies [19].

In order to confirm the effectiveness of the proposed
controller, we assume that no station possesses PSS. A
DFIG-based wind farm is connected to the grid viaa 10 km
transmission line. The parameters for DFIG and its control
system are presented in [20]. Normally, the wind farm sup-
plies a power of 150 MW to the grid, and nearly 400 MW is
transmitted from the area 1 to the area 2.

4.1 Linearization at the working point

In this part, the simulations are performed assuming that
the generators 1 and 3 adjust their bus voltages as 1.03 per
unit (p.u.) and the generators 2 and 4 are tuned with 1.01
p.u. The DFIG reference active power is 150 MW and the
reference reactive power is considered to be zero.

Assuming two inputs of the active and reactive refer-
ence power for DFIG and one output of the angular veloc-
ity difference in the generators 2 and 3, the linearization
is performed in the MATLAB software. The effects of the
oscillatory modes on the state variables are studied given
the system state matrix and the contribution factor. The
results for the electromechanical oscillatory modes with
no controller are given in Table 1.

First, the system is linearized around the operating
point, then by calculating the system state matrix, eigen-
values and their eigenvectors are calculated, and conse-
quently, by calculating the participation coefficients, the
degree of participation of state variables in eigenvalues
(system oscillation modes) is investigated. The low fre-
quency oscillation mode in which the generator speed of
one area and the generator speed of the other area are
more involved, is the interregional oscillation mode. The

Fig. 6 The proposed case study
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participation coefficients are presented in the reference
[19].

In the system state matrix, 4; are the system eigenval-
ues, x; are the system state variables, ¢, are the right eigen-
vectors of the state variables, @, are the left eigenvectors of
the state variables, and a,; are the row element k and the j
column of the matrix A. In this regard, we have:

Ap; = A

dA do; _ dii do,

— . +A—L ="+ 41—

day; i da,;  day i 'day; ®

Since ¢;p; = 1and ¢;(A — 4;/) = 0, Eqg. 8 will be simpli-
fied as follow

dA , — 9,
dag '~ day”

dA .
—m = 0mn # kj .
day; dAi
d:mkln _ —i  da. ay = P ;i 9)

Now, by forming the above matrix, we can analyze the
degree of participation of each of the state variables in
each oscillation mode.

The results show the negligible damping in the electro-
mechanical oscillations. This can be attributed to the zero
Ky and absence of PSS. The oscillatory mode of the pitch
control has a low frequency. Since there is a considerable
damping in this mode, its low frequency causes no major
problem. The main objective of this paper is to increase
the inter-area oscillatory mode damping.

4.2 Design of the auxiliary robust controller

Itis hard to design a controller for the high-order systems.
In order to do this, the order of the system is reduced.
Order reduction is performed via the MATLAB software.
First, the contribution of the modes that have a noticeable
influence on the output, is measured in MATLAB. These
modes have a considerable energy. In the present work,
the order of the system is reduced from 31 to 6. At last, the
controller isimplemented on the intact nonlinear system.

Table 1 Electromechanical oscillatory modes without a controller

Mode Eigenvalue Damping ratio Frequency
Inter-area 2.839j-0.0408 144 0.4518
Area 1 5.612j-0.0654 1.116 0.8932
Area 2 6.498j-0.142 2.19 1.034

Section Il presented the detailed specifications of the
design. a and g are chosen to be 0.9 and 0.1, respectively.
ais larger than g due to the significance of the robust per-
formance and control. Note that the model of system is
approximated and has numeral uncertainties. Due to the
fact that the controller should exhibit an appropriate per-
formance under all conditions, the robust performance
and stability seems to be more important.

As previously explained in the Section lll, the weight
factors are specified via the numeral simulations and trial-
and-errors. The suggested values for the weight factors
are as follows.

1 . 3
= —, =10 , =
1= 5702 “3= $180

(10)

where, S represents the Laplace variable.

The transient pole zone should be specified so that
the transient behavior of the system is enhanced and the
robust performance is maintained. According to the simu-
lations, the left side of the imaginary axis, X=-0.4, was
determined as the pole placement zone (i.e., the damping
is more than 0.4).

According to the Section llI, the controller is imple-
mented on the system with the unknown state space
parameter and the suggested configuration. Using
the information presented in the previous section, the
unknown parameters are obtained by the LMI optimiza-
tion algorithm embedded in the MATLAB software. Once
the controller is designed and the simulations are carried
out, the state space parameters of the controller are speci-
fied. The resulting controller has the order Eq. 11 which is
considerably high for such a controller. Therefore, consid-
ering the system order, its order will be reduced to Eq. 6.
The state matrices of the controller are presented in Egs.
(11-14).

After distributing the initial load and linearizing the sys-
tem around the operating point, the system state equa-
tions are extracted. Then, using the LMl linear optimization
method [21] and given the objective function of Eq. 6, also
considering the parameters of the proposed controller
state matrices as optimization variables, the output of the
optimization is described in the following matrices.

—0.1227 —6.152 —-1.952 8.644  386.74 0.508
—8.046 —299.5 —85.088 325.78 28643 110.39

A = —-296 -1046 -309 1178 101064 39.6
K=l 1207 5486 1485 -624.01 -52485 -195.6
2000 7710 21225 -—-87830 —7432590 —27980
1493 3979 1197 =372 —-4418 -64.54

(1

By = [-2.64 —115.258 —46.91 167.45 24435 30.16|"
(12)
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o _[ 3015 1873 537 —s48 —7622 -313

K= |_1504 —116.1 1228 143 3404 —157| (13)
T

Dy = [-3.049 —2.74 | (14)

4.3 The effects of the controller on the oscillatory
modes of the linearized system

After applying the designed controller to the main system,
the system is linearized again around the working point
and local and interregional oscillation modes are identi-
fied using the participation coefficients. Table 2 shows
the controller effects on damping the electromechanical
oscillations. The results show a 22-time larger damping in
the inter-area oscillatory modes. The local oscillation mode
of the area in which DFIG is located has a damping ratio
of 14 times larger than the uncontrolled case, but that
of the farther area remains approximately unchanged. It
is possible to make the oscillation damping even more,
but it degrades the system robust performance against
unwanted errors. The main reason due to which the con-
troller has been incapable of affecting the local oscillation

Table2 The electromechanical oscillatory modes in the presence
of a controller

damping of the farther area is that the aforementioned
local oscillation occurs in the area 2 and it is not either
observable or controllable from the area 1 where DFIG
exists. In the next sections, the performance of the control-
ler is investigated under the high-amplitude disturbances.

4.4 Performance of the controller in the time-based
simulations under different conditions

In this section, different working points and disturbances
are applied to the system and the controller performance
is evaluated in the time-domain simulations. Several
alphabetically ordered scenarios (from a to e) are defined
as follows:

a- In this case, the system works at the normal working
point; then, the controller performance is observed when a
short circuit happens for 0.1 s in the bus 5. The angular and
rotational speed differences of the generators 2 and 3 are
depicted in Fig. 7, where, the controller has an acceptable
performance. Figures 8, 9 and 10 illustrate the active and
reactive power of DFIG, d- and g-axis voltages applied to
the rotor, and the pitch angle of the DFIG turbine, respec-
tively. The figures reveal that DFIG has to change its output
active and reactive power in order to reduce the inter-area
and local oscillations. On the other hand, the rotor voltage
should be controlled so that the desired power is tracked;
this can also be done by manipulating the pitch angle. The
simulations show that DFIG utilizes both the rotor voltage
and the pitch angle to reduce the system oscillations.

Figures 7,8, 9 and 10 are related to the simulation results
of case (a). As shown in the Fig. 7, the attenuation of the
speed difference and rotor angle difference signals of the
generators 2 and 3 contain the oscillating modes of the

With control

Mode Eigenvalue Damping ratio Frequency
Inter-area 2.8j-0.64 22.86 0.45
Area 1 5.56j-0.81 14.54 0.892
Area 2 6.5j-0.144 2.2 1.034
Fig. 7 Angular and rotational 10
speed differences in the simu-
lation Case a
o
™
o
-30
0.01
g 0.005
& 0
Ee]
3
o -0.005
w
-0.01
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Fig. 8 DFIG active and reactive 10 . T T T T T T T T
power in the simulation Case a — \With control
----- Without control ||
_5 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
time
=
£
- ]
1 1 1 1 1
5 6 7 8 9 10

Fig.9 Rotor voltage (p.u.) in
the Casea

——— With control *

===== ffithout control

5 -
=]
[wu)
[{m]

system without the auxiliaries controller that are high,
and the dampers are slowly died out, but these oscilla-
tion modes are increased and died out rapidly because of
auxiliary controller which is added. Figure 7 is proved the
performance of the auxiliary controller.

As can be seen from the Fig. 7, the oscillations of the
rotor angle difference between two generators in two
different regions, which represent the same inter-region
mode fluctuations, In the case where the auxiliary control-
ler is not added, it is still not damped after 15 s, but with

10
1 1 1 1 I
3 g 7 & 5 10

the addition of the auxiliary controller, these oscillations
are completely damped after 5 s. Figure 8 shows the DFIG's
active and reactive power in the simulation case a.

As can be seen from the Fig. 8, the input signal of the
DFIG’s active and reactive power adjustment control
loops is a constant signal against disturbances in the
absence of auxiliary controller. When, there is an aux-
iliary controller, if any disturbances are entered to the
system, DFIG power controller input signals are mixed
with the auxiliary controller output signals. As a result,
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Fig. 10 The rotor speed and
the pitch angle in the Case a

speed rotor (pu)

—— With control
Without control

1.05 L L
0

3 4 5 6 7 8 9 10

beta angle
o

— With control
------ Without control ]

the damping oscillation is improved as well by chang-
ing the active and reactive power temporarily. Figure 9
displays the rotor voltage (p.u.) in the case g, and Fig. 10
depicts the rotor speed and the pitch angle in the case a.

The input changes of the active and reactive power of
the control loops that are created by the proposed aux-
iliary controller against disturbances, are made in two
ways by DFIG. As shown in the Fig. 9, part of the power is
compensated by the inverter and converter in the rotor
side with voltage variations. Another part of the power is
generated by the torsion angles variation of the turbine
blades as can be seen in the Fig. 10.

Figures 11, 12, 13, 14 are shown the oscillation of speed
difference and rotor angle difference of generators 2 and
3 against different types of disturbances. As can be seen,
the auxiliary controller is increased the damping between
the zones and even, the unstable system in the simulation
of scenario e has been stabilized by addition the auxiliary
controller and the unstable poles of the system are within
the specified polarization range.

b-The system operates at its normal working point, but
the wind speed becomes 10 times larger for a period of 2 s.

c-One line between the buses 7 and 8 is disconnected
and the system undergoes a short circuit problem in the
bus 5 for 0.1 s.

Fig. 11 Angular and speed
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Fig. 12 Angular and speed
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Fig. 13 Angular and speed 0 r T
differences for the generators 2
and 3 in the simulation Case d
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d-The active power of the load 2 is increased by
150 MW and a short circuit occurs in the bus 5 for 0.1 s.

e-The load 2 is increased by 150 MW and the power
arrangement of the generators gets changed (the power
of generators 2 and 3 is increased by 100 MW and that of
the generator 4 is decreased by 100 MW). This implies an
uncertainty in the working point. Then, the wind speed
gets 0.2 times of its previous amount; also, the DFIG's
active and reactive power become zero (the uncertainty
in the wind speed and DFIG power). In addition, a short
circuit problem occurs in the bus 5 for 0.1 s.

The angular (in degrees) and the speed differences (p.u.)
between the areas are illustrated in Figs. 11,12, 13 and 14.

In all simulation cases, the controller has an acceptable
performance in the presence of various uncertainties. Also,
in the simulation Case e, the controller stabilizes the instable
system.
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Fig. 14 Angular and speed

differences for the generators 2
and 3 in the simulation Case e
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5 Discussion

In this research, the proposed method and the designed
controller have the ability to function properly and quickly
against various system disturbances. The simulated sce-
narios confirmed that the implementation of the pro-
posed controller has sufficient efficiency and performance
against changes in the operating point and various distur-
bances in the system.

The methods presented in recent papers are based on
the geometric location [8] of the poles or fuzzy control [3,
171, which only consider improving the damping of inter-
regional oscillations, and do not guarantee the proper
performance of the designed controller in different oper-
ating conditions and turbulence. Whereas, the proposed
controller considering H_, to enhance stability and H, to
improve transient response, which given both appropriate
velocity and performance against perturbations.

In [22], the main focus of the controller design was on
the speed of the auxiliary controller; however, the effi-
ciency and robustness of the controller in various operat-
ing conditions and disturbances have not been investi-
gated. But in this paper, the proposed approach has been
considered and simulated in various scenarios. In [23], the
design of the controller was based on the improvement
of the location of eigenvalues (Root Locus), which this
method did not have the proper performance in different
working points and disturbances. Also in [24], the control-
ler was designed as a parallel two-channel, which has two
major problems, first one, it slows down the performance,
and the other is that it is not able to stabilize the unstable
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system, which in turn, it cannot to function properly at
different working points. In [25], the designed controller
was slightly more stable against disturbances; however,
there was no discussion on the performance of the auxil-
iary controller at various working points.

6 Conclusion

In this paper, an auxiliary controller for DFIG based on
robust control was designed based on the H, /H_, hybrid
control method. Compared to other methods of controller
design in recent research, the proposed method has the
advantages of improving transient behavior and better
damping of inter-regional fluctuations and having effi-
ciency, robustness and stability to various uncertainties
in the system. Also, in the proposed method, uncertain-
ties, due to change of operating point and variety in wind
speed and network changes, are considered. After apply-
ing the designed controller, its optimal effect on the sys-
tem poles related to electromechanical oscillations was
investigated. The results illustrated that this damping con-
troller increased the inter-region oscillations by almost 22
times and the local oscillation damping by approximately
16 times the local generators. In addition to quenching
inter-zone oscillations, this means that the wind generator
with auxiliary controller can also suppress the local oscil-
lations of the generators around it. The main idea of this
controller is to use both active and reactive power modula-
tion by a controller with two outputs that affects the DFIG
electrical control. The proposed method improved the
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damping of fluctuations with appropriate changes in the
rotor voltage, even if DFIG is not able to produce active
power. One of the issues that can be considered in future
research is to work on designing an auxiliary controller
using DFIG controller to improve the transient stability
of the system, or designing the same controller for other
types of wind generators. Furthermore, the efficiency of
the suggested method can be implemented on a real-time
“hardware experiment” such as DSP/FPGA boards in the
future works.
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Appendix

DFIG specifications (pu) are as follows.

r, = 0.00488, r, = 0.00549, X,, = 3.9530, X, = 4.045, X,, = 4.052
H, = 4335, H, = 0625, k=1.11,c = 1.5, T, = 025, kys = 700
ki = 500, ky; = 0.6, kyy = 0.1, k3 =0.012; k,y = 0.1; k;; = 3.2
kiy = 10, kiy = 0.3, ki = 2, Voo = 35KV, Spaee = 150MW
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