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Necessary Condition to Utilize Adaptive Control in
Wind Turbine Systems to Improve Power System
Stability
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Abstract—The global capacity of wind power has dramatically
increased in recent years. Therefore, improving the technology of wind
turbines to take different advantages of this enormous potential in the
power grid, could be interesting subject for scientists. The doubly-fed
induction generator (DFIG) wind turbine is a popular system due to its
many advantages such as the improved power quality, high energy
efficiency and controllability, etc. With an increase in wind power
penetration in the network and with regard to the flexible control of
wind turbines, the use of wind turbine systems to improve the dynamic
stability of power systems has been of significance importance for
researchers. Subsynchronous oscillations are one of the important
issues in the stability of power systems. Damping subsynchronous
oscillations by using wind turbines has been studied in various research
efforts, mainly by adding an auxiliary control loop to the control
structure of the wind turbine. In most of the studies, this control loop
is composed of linear blocks. In this paper, simple adaptive control is
used for this purpose. In order to use an adaptive controller, the
convergence of the controller should be verified. Since adaptive
control parameters tend to optimum values in order to obtain optimum
control performance, using this controller will help the wind turbines
to have positive contribution in damping the network subsynchronous
oscillations at different wind speeds and system operating points. In
this paper, the application of simple adaptive control in DFIG wind
turbine systems to improve the dynamic stability of power systems is
studied and the essential condition for using this controller is
considered. It is also shown that this controller has an insignificant
effect on the dynamic stability of the wind turbine, itself.

Keywords—Almost strictly positive real, doubly-fed induction
generator, simple adaptive control, subsynchronous oscillations, wind
turbine.

[. INTRODUCTION

DAPTIVE control is a control that changes towards

optimized performance in response to process dynamics
and confusion. The aim of using adaptive control is that the
controller be able to respond appropriately towards slight
changes in the system and also modeling errors [1]. Simple
adaptive control has the same structure as the common
Proportional-Integral (PI) controller, but an adaption
mechanism tends the PI parameters to optimum values. The
difference between adaptive control and resistant control is that
an adaptive control does not require knowing the system’s
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working period or level of parameter error [2].

Using an adaptive controller in order to improve the system’s
dynamic performance has been studied in various research
efforts. In [3], an Improved Simple Adaptive Controller (ISAC)
has been used in the AVR of the system synchronous generator
in order to improve the networks small-signal stability. It has
been shown that this controller has better performance in
various system operating conditions, compared to common
linear PSS. In [4], adaptive control has been used in the
synchronous generator AVR system in order to increase the
steady state stability of France’s network.

Although this control has its advantages, there are
restrictions on the use of simple adaptive control. For example,
the necessary condition for the convergence of simple adaptive
control is that the system should be Almost Strictly Positive
Real (ASPR). It has been proven that if the controlled system be
ASPR, SAC will be convergent. The sufficient condition for
being ASPR is that all zeroes and poles of the system should be
at the left-hand side of the imaginary axis [5]. The test system
used for the simulations in this paper does not qualify this
condition, but, it is shown that by utilizing a parallel
feedforward compensator, this condition can be satisfied. Case
studies are used to evaluate the impact of this additional block
parameter on the dynamic performance of the wind turbine and
its contribution to network subsynchronous damping.

Subsynchronous resonance (SSR) is one of the undesirable
and detrimental dynamic phenomena in power networks [6].
These oscillations are the result of energy conversion between
the turbine-synchronous generator system and the electrical
network in one or a number of frequencies, and they have the
ability to damage the rotor of synchronous generators. SSR
usually occurs in series capacitor compensated networks and is
addressed in three categories according to IEEE standards as:
induction generator effect, torsional interaction effect, and
torque amplification [7].

With regard to the damaging effects of SSR in power
systems, various methods have been proposed for a reduction
of SSR in power systems to date. As an example in [8], [9],
implementation of the Static synchronous series compensator in
reducing the networks SSR is evaluated, and in [10] it is shown
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that HVDC converters can be controlled to improve the network
subsynchronous oscillations.

With increasing wind power penetration in power networks,
research on the effect of wind farms on the dynamic stability of
power systems is of great significance. The doubly-fed
induction generators (DFIGs) are more popular compared to
other wind turbines due to their flexible control system [11].
With regard to the high influence and increasing trend of these
turbines in the network and also with regard to their flexible
controllability, the application of these turbines in improving
dynamic conditions of the power system have been extensively
studied.

Using DFIG-based wind turbines to damp power system
subsynchronous oscillations has been the subject of recent
researches. In [12] the performance of the Fuzzy Logic
Damping Controller (FLDC) and Conventional Damping
Controller (CDC) have been compared as extra controller loops
in DFIG for damping system subsynchronous oscillations. In
[13], a supplementary control loop has been used in the grid
side convertor of the DFIG to damp system Subsynchronous
oscillations. In [14], in addition to studying the potential of SSR
damping by DFIG convertors, selecting the appropriate
feedback-signal has been discussed.

Whereas the network dynamic conditions change constantly
(with regard to various system operating conditions) and with
regard to the fact that the DFIG rotor’s speed changes at a wide
range (with regard to changes in wind speed), using a linear

control loop in the DFIG structure cannot guarantee optimum
performance in reducing the network SSR at all wind speeds
and all network operating conditions; since linear control is
designed at one specific point.

In this paper, adaptive control theory is used to design an
auxiliary control loop for DFIGs, to damp system
subsynchronous oscillations. Since the adaptive control
parameters have the tendency towards optimum values with
changes in system conditions, this controller provides
optimized performance in various system operating conditions
and wind speeds.

II.STUDY SYSTEM AND MODELING OF DFIG

In this section the study system will be initially introduced
and then modeling of the DFIG wind farm will be presented.

A. Introduction of the Study System

In this paper, the IEEE first benchmark model for computer
simulation of subsynchronous resonance was chosen as the
study system [15]. This system includes a transmission line
which connects an 892.4 MVA synchronous generator to an
infinite-bus. Fig. 1 presents the single line diagram of this
system. In this figure, the per-unit impedances are in the MVA
base of the generator.

The generator’s mechanical system includes a four stage
steam turbine, a generator, and an excitation system. The
parameters of this network have been introduced in [15].

\ 005 001 003

Fig. 1 IEEE first benchmark model for evaluating SSR

B. Modeling the Wind Farm

It is assumed that a 350 MW DFIG-based wind farm is
connected to the network. Various studies have shown that to
study the effect of wind farms on the network dynamics, the
aggregated model can be used for the wind farm [16], [17]. The
aggregated model of the wind farm used in this study is depicted
in Fig. 1 (impedances are presented in per-unit on the base of
wind farm capacity) [18].

C.Modeling DFIG Turbine
Modeling the DFIG turbine includes modeling the turbine,

DFIG generator and turbine controllers.

Turbine: Wind turbines convert kinetic energy in the wind
into mechanical power. The mechanical torque generated by the
turbine is calculated by [19]:

_prDCV, )
2e

where, Tr, is the turbine’s mechanical torque, p is the wind

density, D is length of the turbine blade, C, is the power

coefficient, V,, the wind speed, o is the rotor torsional speed.

T

m
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In this study, in order to model the power coefficient of the
turbine, the model used in [20] has been applied. In this
reference, the turbine power coefficient has been modeled as:

C, =022(116/A-048-5)exp(-125/2)  (2)

In which, A=Dw,/V, is the tip-speed ratio and f is the blade
pitch.

Generator: The dynamic equations of the doubly fed
generator have been modeled by transferring equations of three-
phase voltage to a synchronous d-q axis [21].

Drive Train System: In order to model the drive train system
of the wind turbine, a two-mass model has been used (one mass
for the turbine and one mass for the generator) [22].

Turbine Controllers: The DFIG wind turbine controller is
comprised of two separate sections:

v Wind turbine controller: with the aim of absorbing the most
wind power, by controlling the pitch angle and also
limiting the turbine power at high wind speeds.

v Generator Controller: with the aim of controlling the real
and reactive power generation of the generator and also
limiting the voltages and currents of the generator. The
generator controllers are comprised of two controllers; the
Grid Side Convertor (GSC) and the Rotor Side Convertor
(RSC) [12].

In variable speed wind turbines, the pitch control strategy is
commonly used in order to maximize the turbine power
generation at low and average wind speeds, and protect the
turbine at high wind speeds [23]. While the blade pitch is equal
to zero, the highest energy absorption is obtained. By increasing
the blade pitch, wind absorption power is decreased. In Fig. 2
(a), the block diagram of blade pitch control and its interaction
with the turbine-generator system is depicted [24]. According
to this figure, the blade pitch is controlled using a PI controller,
such that the generator rotor speed tracks the reference rotor
speed in steady state. In this figure, K and K¢ are control gains
and T, shows the step motor delay used for changing the
turbines blade pitch. In this figure, Vy, is wind speed, B is blade
pitch, Py, indicates turbine mechanical power, P. is the generator
electrical power, o, is the rotation speed of generator, « is the
turbine rotation speed, and .r is the reference generator speed.

If the stator leakage reactance is neglected, it can be shown
that the active power of the DFIG (P) is proportional to the q-
axis rotor current; and its reactive power (Q) is proportional to
the d-axis rotor current. That is, the turbine active power can be
controlled by iq and its reactive power can be controlled by ig.
This can be implemented by two PI controllers. On the other
hand, it can be shown that iy can be controlled by the g-axis
rotor voltage (ug) and igr can be controlled by the d-axis rotor
voltage (u4r), which can be implemented by two PI controllers
[21]. This control strategy is shown in Fig. 2 (b). In this figure,
P* and Q* are active power and the reactive power reference
signal, respectively, and Ky, Kii, .... Kis are the rotor side PI
gains. Also in this figure, PWF and Qwr are the active and
reactive power of the wind turbine.

Whereas voltage control mode is common in wind farms
with high capacity, only this mode has been modeled in this

study. In this control mode, the reference voltage (u* in Fig. 2
(b)) is determined by the operator. In this diagram, Tr, Ts and
T. are signal transmission and implementation delays, Kis and
Kps are the PI gains to regulate wind farm voltage and ureg is
the voltage of the voltage-control-bus. Pgsac is the
supplementary control loop output that will be presented in the
next part.
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Fig. 2 (a) Block diagram of Blade pitch control, (b) Block diagram of
rotor side convertor control, (c¢) Block diagram of the grid side
convertor control, (d) Block diagram of the DC link

The grid side convertor is modeled as a voltage source. In
this convertor, the aim is to regulate the DC link voltage and set
the consumed reactive power of the convertor equal to zero (in
order to reduce the convertor size) [25]. Fig. 2 (c¢) shows the
block diagram of the grid side convertor control [26]. In this
figure, Q, is the convertor reactive power, upc is the DC link
voltage, upc* and Qg*are the reference signal of the DC link
voltage and the convertor reactive power, igz is the d-axis
current of the Gsc, iqg i the g-axis current of the GSC, ug, and
ug, are d-axis and g-axis voltage of the GSC, respectively, while
K7, Ki7, ... Kiio are GSC PI control gains.

The DC link can be modeled by (3). In this equation, the g
and r index indicate parameters related to GSC and RSC,
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respectively; and upc and C indicate voltage and capacitance of
the DC link capacitor, respectively. Fig. 2 (d) shows the block
diagram of the DC link.

d
Cupe —Upe =P, =P,

dt 3)
Pr :uquqr +udr|dr
Py =Uggleg TUggl g

Supplementary Controllers: If the supplementary control is
added to the active power control loop in RSC, the active power
modulation is obtained, while adding it to the reactive power
control loop leads to reactive power modulation [27]. Previous
research studies indicate that both modulations are effective and

have acceptable effects on the damping of various
subsynchronous oscillations [28]. In this paper only active
power modulation is carried out.

Selecting the appropriate feedback signal for the
supplementary control loop has an important role in designing
damping control loops [29], [30]. Also, its proven that
synchronous-generator rotors speed includes almost all
torsional modes of system and in most of the articles published
in this field, the rotor speed deviation is used as the input signal
of damping controller [31]-[33]. Therefore, this signal is chosen
as the input for the supplementary control loops.

Using the supplementary controller in the DFIG control
structure and its interaction with the system has been shown in
Fig. 3 (a). The structure of this supplementary controller and its
design are introduced in the following chapter.
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III. DESIGN OF SUPPLEMENTARY CONTROL LOOP
In this paper, simple adaptive controller (SAC) is used which

System

___(c_,_). s

Fig. 3 (a) Block diagram of supplementary control loop, (b) Block diagram of SAC, (c) Block diagram of feed-forward compensator

is in fact a simplified version of the model reference adaptive
control (MRAC) which is designed based on the command
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generator tracker theory (MRAC-CGT) [34]. This control
system is used to control a system described as:

X, (1) = A X, (1) +Bou (t)
Y, (1) =C %, () )

where X,(t) is the state vector, up(t) is the command vector and
yp(t) is the output vector of the system. A, B, and C, are the
matrices with appropriate dimensions. The equations of the
reference model can be described as:

X () = AnX, (O + By, (t)

(%)
yI'T'I (t) = CI'T'l xm (t)
where X (t) is the state vector, um(t) is the command vector and
ym(t) is the output of the reference model. Ay, Bim and C,, are
the matrices with appropriate dimensions. The output tracking
error can be defined as:

&)=Y, (O-y,® (6)

By using the adaptive control mechanism defined in (7), the
control vector of the controlled system (uy(t)) is produced such
that without knowing the exact matrices A,, B, and Cp; the
controlled system output (yy(t)) tend to the reference model
output (ym(t)), and thus the error value (e,(t)) will be the least
possible [34]. In (7), K, Ky, and K, are feedback-error gain,
feedback-reference state gain and feedback-reference input
gain, respectively.

U, = K. (0,0 + KO x,O+K,Ou,0 @
u, (t) = K(t).rt

In this equation, feedback gains (K(t)) and inputs (r(t)) are
defined as:

K(t) =[K, ), K, 1).,K, 1)

(®)

r(t) = le, (0., ().u, ()]

Equation (9) explains the process to determine the time

varying values of the feedback-gains (K(t)) in SAC. According

to this equation, (K(t)) is itself comprised of two sections
including a proportional gain (Kp) and an integral gain (Kj).

K1) =Ko (O +K, (1)
Ke®) =e,t)r' )k,

. ©
K, () =e,(t).r () k, —o.K, (t)

In this 0 is introduced so that divergence of integral gains
during turbulence is prevented. k, and k; are also the positive
definite and positive semi-definite adaptive gains. Appropriate

values should be selected for 0, k, and k; by the designer.

While our aim of employing SAC is damping out (or on other
word vanishing) the subsynchronous oscillations, the reference
model should actually be zero in our case. In this situation, (9)
will be shortened as (10).

K®) =K (1) + K, (1)
Ko(t)=¢, )k,
K, (t)=¢, )k —o.K,(t) (10)

Fig. 3 (b) shows the modeling of the adaptive control loop
with regard to (4)-(10).

IV. EVALUATING CONVERGENCE OF THE ADAPTIVE
CONTROLLER

As mentioned in the introduction, if the controlled system be
Almost Strictly Positive Real (ASPR), SAC will be convergent
and sufficient condition for being ASPR is that all zeroes and
poles of the system to be at the left-hand side of the imaginary
axis. By evaluating the zeroes and poles of the system, it was
noticed that the one pair of the system zeros are placed at the
right-hand side of the imaginary axis and therefore the control
system is not ASPR.

It can be proven that if the system is not ASPR, by using a
parallel feed-forward compensator the system can be altered to
an ASPR system [5]. Fig. 3 (c) shows the block diagram of the
feed-forward compensator and its arrangement. The transfer
function of the feed-forward block is simply considered as a
gain (Kg) and a delay (Tg). In the event that the first-degree
transfer function is not able to transform the system to ASPR, a
higher degree transfer function should be used (which in our
case was not necessary).

Fig. 4 shows the zeroes and poles of the system before and
after using the feed-forward compensator at the wind speed of
12.5 meter per second (m/s) as an example. As it can be seen in
this figure, the study system has a pair of zeroes at the right-
hand side of the imaginary axis, which will be transferred to the
left-hand side by using the feed-forward compensator in the
system, and therefore the system becomes ASPR.

The parallel feed-forward block gains (K¢ and Tgr) should be
selected such that the system will remain ASPR in all of its
working conditions. To do that, the values of these two
parameters were changed from 0 to large amounts and the
system’s poles and zeros were calculated for three different
wind speeds 11 m/s, 12.5 m/s, and 19 m/s; (corresponding to
the subsynchronous, synchronous and super-synchronous
operation modes of the DFIG wind turbine, respectively). Fig.
5 shows the permissible region to select the values of these two
gains (Kgand T).

Fig. 3 (a) shows the arrangement of SAC, parallel feed-
forward compensator and their relationship with the DFIG
turbine and power system. The wash-out filter blocks the low-
frequency variations of generator-rotor speed to enter to the
SAC, so that the SAC operates only for subsynchronous
oscillations and does not operate in steady state. In this figure,
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the feed-forward compensator is used in order to authenticate ~ the ASPR conditions.
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Fig. 4 System zeroes and poles at wind speed 12.5 m/s: (a) Without feed-forward compensator, (b) With feed-forward compensator
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Fig. 5 The permissible region to select the feed-forward compensator gains

The feed-forward compensator gains (K and Tyr) along with V.SIMULATION RESULT
SAC gains (ky, ki and 6) should be selected properly, so that The MATLAB/Simulink software was used for modeling the
while the SAC damped out the network subsynchronous  pFyG turbine and simulation of the subsynchronous oscillations

oscillations, it does not negatively affect the dynamic , the network. Simulations were carried out in wind speed of
performance of the wind turbine itself. In this work, these gains {7 5 eter per second.

are selected by trial and error. In order to evaluate the network’s subsynchronous
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oscillations, a three-phase short circuit was implemented at the
infinite-bus at t=.01 for three cycles. Then the effect of the SAC
controller on damping the network subsynchronous oscillations
was evaluated.

Fig. 6 shows the active power generation of the synchronous
generator (Psg) with and without using SAC. This figure well
depicts SSR damping, in the active power of the synchronous
generator after using SAC.

o8 - e Witheut PSS

—— With SAC-P5SS

896

ol iz .3 Hid s Tia 7 1.8 .y

Time (s)

Fig. 6 Psc with and without using SAC

Fig. 7 shows the active power variations (Pprig) of the DFIG
wind farm before and after using SAC. As it can be seen, using
the SAC at the control structure of the DFIG turbine has a
negligible effect on the dynamic performance of the DFIG
itself.

o e Withrout PSS
—— With SAC-PSS

005 ar oIy 2 0.25

Time(s)

Fig. 7 Poric with and without using SAC

VI. CASE STUDIES: THE EFFECT OF SELECTING SAC GAINS

In this section, the effect of selecting SAC gains on the
dynamic performance of both the study system and DFIG
turbine is study. For this purpose, various amounts are assigned
to the five main parameters of the designed adaptive control
loops and simulations were carried out once more. The values
of K¢ and Tyt are selected such that the system remains ASPR
(with regard to Fig. 11).

Fig. 8 shows the effect of parallel feed-forward compensator
gain (Kg) and the parallel feed-forward compensator time
constant (Tg) on the network subsynchronous oscillations and
Fig. 9 shows their effect on the wind turbines dynamic
performance.

Considering the results of Figs. 8 and 9, the following results
are concluded:

e  The best value for K and Ty is approximately 1. Selecting
these two parameters has a significant effect on how the
SAC controller influences the network subsynchronous
oscillations.

e Even though a decrease in K¢ from 1 and an increase of Ty
from 1 results in improving the network’s subsynchronous

oscillations, at the same time it causes a negative effect on
the dynamic performance of the wind farm.
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Fig. 8 Synchronous generator active power generation for various
values of Ksr and Trr
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003 i nis 1% 025
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Fig. 9 Wind farm active power generation for various values of K¢t
and Tir

Figs. 10 and 11 shows the effect of proportional gain (kp),
integral gain (k;) and © on the dynamic performance of
synchronous generator and wind farm active power generation,
respectively. Considering these figures, it can be concluded
that:

e  Selecting the value of k, on SAC performance practically
has minor effect.

e Increasing the amount of k;j results in improving network
Subsynchronous oscillations. This is while changes in k;
practically have minor effect on the wind farm dynamic
performance.

e Decreasing 6 up to .01 results in improving sub-
synchronous resonance. This is while changes in ©
practically have minor effect on wind farm dynamic
performance.
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Fig. 11 Wind farm active power generation for various values of kp,
ki, and 6

VII. CONCLUSION

This paper studied the necessary condition to utilize adaptive
control in wind turbine systems to improve power system
stability.

This was done by damping of the power network
subsynchronous oscillations using a DFIG-based wind farm
with adding a control loop to the rotor side convertor of the
DFIG turbine. This control loop was designed by adaptive
control theory. Using the adaptive controller resulted in the
wind farm being more effective in enhancing damping of the
network’s subsynchronous oscillations in various operating
conditions and different wind speeds.

The IEEE first benchmark model for evaluating
subsynchronous resonance was used as the study system. It was
assumed a 350 MW DFIG-based wind farm was connected to
this network. The MATLAB/Simulink software was used for
modeling the wind farm and simulating the network
subsynchronous oscillations. Simulations were carried out in
wind speed of 12.5 meter per second.

The condition for SAC convergence is that the control
system should be ASPR. This is while the study system was not
ASPR. In order to make the system to ASPR, a feed-forward
compensator block is added to the system in parallel form and
its parameter values are determined such that the system
remains ASPR during various DFIG operating modes. Next, the
adaptive control block is implemented and added to the active
power control loop of rotor side controller in DFIG turbine. The
generator-rotor speed variations were used as the input signal
for the auxiliary control loop, as it has high participation in
network SSR modes.

Synchronous generator and DFIG active power generation
were simulated. It was noticed that using SAC in the DFIG-
based wind turbine noticeably increase the damping of network
subsynchronous oscillations at all the wind speeds.

In this paper, selection of adaptive controller parameter gains
was done by trial and error. By considering an objective
function, in which increasing of network SSR damping and
improvement of dynamic performance of the wind farm was
taken into consideration, optimum values of adaptive control
parameters could be obtained using optimization methods. Also
in this paper, only modulation of the active power of the rotor
side convertor was evaluated. Modulation of the reactive power
of the rotor side convertor or modulation of grid side convertor
could be considered, which are currently being researched by
the authors of this paper.
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