
Received 29 November 2023, accepted 8 January 2024, date of publication 10 January 2024,
date of current version 19 January 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3352546

Output Regulation-Based Optimal Control System
for Maximum Power Extraction of a Machine-Side
Power Converter in Variable-Speed WECS
BAYANDY SARSEMBAYEV 1,2, NURKHAT ZHAKIYEV 1,3,4, ALMAN KUSHEKKALIYEV3,
KORHAN KAYISLI 4, (Senior Member, IEEE), AND TON DUC DO 5, (Senior Member, IEEE)
1Department of Science and Innovation, Astana IT University, Astana 010000, Kazakhstan
2Department of Aerospace and Environment Engineering, School of Engineering and Digital Sciences (SEDS), Nazarbayev University,
Astana 010000, Kazakhstan
3Department of Physics, West Kazakhstan University, Uralsk 090000, Kazakhstan
4Department of Electrical-Electronic Engineering, Engineering Faculty, Gazi University, 06560 Ankara, Turkey
5Department of Robotics and Mechatronics, School of Engineering and Digital Sciences (SEDS), Nazarbayev University, Astana 010000, Kazakhstan

Corresponding author: Korhan Kayisli (korhankayisli@gmail.com)

This work was supported by the Ministry of Science and Higher Education, Kazakhstan, under Grant AP09261258. The work of
Nurkhat Zhakiyev and Korhan Kayisli was supported by the Scholarship Programme from the Islamic Development Bank
under Grant 2021-588606.

ABSTRACT In this study, the integral linear quadratic regulator (LQR) with servomechanism for
machine-side power converter in PMSG-based variable-speed wind energy conversion systems (WECSs)
has been proposed. The solution of the algebraic Riccati equation (ARE) has been found for the extended
dimension of the state space equation of the system. The state vector has been extended with the integral of
the angular shaft speed of the permanent magnet synchronous generator (PMSG) to penalize the errors. The
maximum power tracking point (MPPT) algorithm is achieved by minimizing tracking errors between the
angular shaft speed reference based on wind speed estimation and its actual values in the variable speed
WECS. Also, the estimated aerodynamic torque is used to define the reference electromagnetic torque.
This is possible when WECS is partially loaded and pitches angles are fixed at the position to generate
maximum power. The mean absolute percentage error of the angular shaft speed of the PMSG-based WECS
has been reduced by more than 71% under model uncertainty and noise presented case than in the traditional
disturbance observers-based compensation scheme. While the disturbance observers for estimation model
uncertainty are eliminated, the use of the high order disturbance observer for aerodynamic torque estimation
proved to be necessary to enhance the reliability of wind speed sensors and hence the whole WECS.

INDEX TERMS Wind energy conversion system (WECS), permanent magnet synchronous generator
(PMSG), linear output feedback controller, integral servomechanism-based control, linear quadratic reg-
ulator (LQR), optimal tip speed ratio (TCR), maximum power point tracking (MPPT).

I. INTRODUCTION
Wind power has the growing potential to be converted from
rotating mechanical energy into electricity. Wind energy con-
version systems (WECSs) have great potential for growth
in electric power generation among other renewable energy
sources in Kazakhstan. The directly connected variable-speed
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WECS configuration can produce more power whereas the
pitch angles of the blades are fixed at zero degrees. However,
the control system’s performance of the machine-side power
converter can deteriorate due to model uncertainty in PMSG,
modeling errors in WECS, and external disturbance caused
by wind speed variation [1], [2], [3]. The external distur-
bances in WECS are associated with wind speed, viscous
frictions, and other mechanical factors whereas model uncer-
tainty is associated with mechanical and electrical parameter
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variations. In real-time applications, unmodelled dynamics
are associated with noise and offsets from the measur-
ing apparatus such as current and voltage sensors, position
encoders, torques transducer, as well as generator’s body
structure induced torque, dead-time effects in the power con-
verters. The design of a control system for a machine–side
converter with the ability to facilitate minimum angular shaft
speed tracking error under disturbance effects for maximizing
power extraction in WECS is an important task.

The tip-speed ratio (TCR), perturbation and observation
(P&O), and optimal relationship-based (ORB) approaches
are mainly used to extract maximum power in WECS appli-
cations. While in the P&O-based maximum power point
tracking (MPPT) algorithm, the golden section searchmethod
or hill climbing search methods can be used for perturba-
tion and measurement of the generator’s speed for search
peak output power [4], the ORB-based MPPT algorithm is
operated with optimum relations between the different sys-
tem parameters pre-calculated in advanced and stored in the
look-up tables [6]. The TCR-based MPPT is based on prior
acquired wind speed information and has a comparatively fast
response whereas the straightforward method is to achieve
optimal output power with partially loaded WECS [7]. The
MPPT control algorithm relies on the accurate measure-
ment of the effective wind speed blowing to the blades of
the WECSs. However, these measurements are disturbed by
turbulent wind induced by the turbine’s blades. Moreover,
the wind sensors might have faults, which also adds to the
cost of the overall system. While the wind speed can be
measured with cap anemometers, it also can be estimated
via linear and nonlinear disturbance observers (DOs) with
the Newton-Raphson search method solved numerically. The
perturb and observe (PO) is another method with a hill climb-
ing search algorithm that does not require a plant model.
The nonlinear Tagaki-Sugeno observer is another approach
proposed to estimate wind speed to guarantee improved per-
formance and robustness in the presence of uncertainties [8].
This observer is based on a reduced-order model of the
WECS.

The proportional-integral (PI) controllers-based WECSs
are straightforward due to the simplicity of the algorithms
but are sensitive to parameter variations and disturbances.
This requires tuning the PI gains again or designing adaptive
gains under certain conditions. In this regard, many control
approaches are developed to compensate for disturbances
in the WECS in feedforward and feedback schemes. The
disturbance observer-based controls (DOBCs) use sophisti-
cated disturbance observers such as sliding mode observer
(SMO) [9], high-order disturbance observer (HODO) [10],
[11], [12], [13], extended state observer (ESO) [14], [15],
[16], [17], in feedforward scheme along with base feedback
controller. While HODO synthesized with linear [12], [18],
[19], and nonlinear [10], [11], [20], feedback controllers are
associated with DOBC, the ESO synthesized with feedback
controllers are called active disturbance rejection control

(ADRC) [14], [15], [16], [21] which has shown its superiority
over field-oriented (FOC) approach [17]. These approaches
compensate for the disturbances in the feedforward scheme
with model-based baseline controllers, others suppress the
lumped disturbances with pre-trained or online intelligent
feedback controllers only [9], [21], [22], [23], [24], [25].

The DOBC technique is one way to reduce the impact
of disturbances and model uncertainty on the performance
of WECS. The linear and nonlinear feedback control sys-
tems are synthesized with high-order disturbance observers
(HODOs) where the uncertainties are compensated via feed-
forward parts of the proposed schemes. While the external
disturbance and model uncertainty are estimated with non-
linear HODOs, the feedback control parts’ approaches have
been improved to suppress the disturbances in these stud-
ies [12], [18]. Particularly, the ISMC with a linear feedback
controller as a nominal part has been proposed to reduce
tracking errors and hence maximize power extraction in
the WECS [10], [11]. The state-dependent Riccati equation
(SDRE) based ISMC to account for the nonlinear multi-
variable structure of the system has been proposed in the
study. The large gain selection, for ensuring the reaching
sliding mode amplifies the chattering inherited from tradi-
tional SMC, the integral slidingmode control (ISMC)method
can be used to eliminate the reaching mode in the sliding
variable. The integral-based sliding variables have eliminated
the reaching phase and chattering has been reduced sig-
nificantly with continuous approximation in the switching
function of the control law. In these control systems, the
external disturbance and model uncertainty have been esti-
mated via HODOs. While HODO assumes the aerodynamic
torque and uncertainties are smooth enough for estimations,
the requirement for slow-varying disturbance assumption has
been removed [12]. Moreover, the sensorless approach with
HODO for the estimation of aerodynamic torque eliminates
reliance on the wind sensors.

While the extracted power generated by WECS can be
impacted by disturbance, the quality of power flowing
between it and the grid also can be affected. The extended
state observer (ESO) is the core of the ADRC approach
for estimating lumped disturbances. The multi-loop ADRC
scheme with ESOs has been proposed to regulate flows
of active and reactive power in the speed and current
loops [2]. Later they updated the design with the two-degree-
of-freedom internal model controller (TDFIMC) approach
to improve the quality of the power [14]. The set-point and
filter parameters are regulated to improve the active and
reactive power generated by the WECS. The model-assisted
sensorless ADRC with a nonlinear Kalman filter for esti-
mation of the angular speed has been proposed to improve
the tracking performance of the WECS [21]. The IC tech-
nique intends to enhance MPPT control due to changes in
the initial characteristics of WECS which can be degraded
over time or under operational conditions. The Q-learning
method-based reinforcement learning (RL) algorithm has
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been proposed to train artificial neural networks (ANN)
online [26]. Once the controller is trained with RL, it can
switch to optimal relationship-based MPPT control. How-
ever, these methods are complicated and their algorithms
require following complex mathematical rigor. Moreover, the
online control methods based on ANN require large memory
for computations and a long training procedure with data
before the use of the controller [26].

Recently, the linear output regulation method with a
servomechanism-based technique has been applied to the
missile autopilot system to improve its tracking perfor-
mance [27]. Particularly, the servomechanism-based state-
dependent Riccati equation (SDRE) control approximated
with Taylor series expansion has been proposed to account for
nonlinearities in the internal dynamics of the PMSG. In the
control design, the multivariable nonlinear structure is cap-
tured with the SDRE method transforming it into pointwise
linear dynamics [28]. While servomechanism has been incor-
porated into the SDRE approach, it has not been thoroughly
tested with a linear quadratic regulator (LQR). Moreover,
the study has demonstrated a slight improvement in track-
ing performance. Therefore, a comprehensive analysis of the
closed-loop stability is also aimed in this study.

In this study, a servomechanism-based optimal controller
with linear output feedback is proposed to maximize power
extraction in the variable speed WECS under nominal
parameters and parameter perturbations. Unlike to conven-
tional approach to estimating uncertainties with disturbance
observers, the lumped disturbances are suppressed with
the proposed servomechanism-based linear feedback control
regardless of the presented nonlinear multivariable structure
of the system and model uncertainty. The optimal gain matrix
for augmented state space equations is obtained by solving
offline the linear quadratic regulator (LQR) problem as in
the conventional one. The HODO observer is utilized for
wind speed estimation to enhance the reliability of the whole
system. It is assumed the DC-link voltage is assumed to be
fixed to assess the efficiency of the proposed control system
for the machine-side converter.

The paper is organized as follows: the second section will
detail the PMSG-based WECS model, followed by the con-
trol system design and its stability analysis. The comparative
simulation results of the proposed control system will be
presented in the third section. Finally, concluding remarks
will be provided in the fourth section.

II. WIND ENERGY CONVERSION SYSTEM
A. WIND TURBINE MODELING
The back-to-back (B2B) power converter is usually used to
regulate the power flow between a WECS and grid [29].
The machine-side power converter of the back-to-back (B2B)
converter is depicted in Figure 1. The full-rated B2B power
converter is separated by two converters with a DC-link
capacitor. by two, namely and grid-side converters.24 While
the machine-side converter is responsible for extracting

FIGURE 1. Machine-side part of the back-to-back power converter for
WECS.

maximum power from wind power, the grid-side converter
feeds this power to the connected grid at stable constant
power and synchronous frequency.

The available aerodynamic power is a function of power
coefficient, Cp(λ , β), WT’s dimensions (rotor radius), air
density, ρ, and cubic wind speed,

Pa =
1
2
ρπR2Cp

(
λ , β

)
v3 (1)

The power coefficient depends on the tip speed ratio (TCR),
λ , and pitch angles of the blades, β if they are controllable.

The wind turbine (WT) can operate at partial load and full
load modes. While at partial load pitch angles can be set at
zero degrees to facilitate less resistance from the blades, the
pitch angles can be regulated such that they resist air flowing
to limit the rotating speed of the shaft hence limiting overrated
power extraction β [30].
Assumption 1: The given WECS is operated under partial

load mode, therefore pitch angles are not regulated to limit
power.

The TCR directly relates to WT’s angular shaft speed, ωt
and versa proportional to wind speed [11]

λ =
ωtR
v

(2)

The rotating speed of the shaft of the WT is a function of
optimal TSR, λopt unless it corresponds to the upper or lower
rotating speed limits of WT. Therefore, its form operated
in partial load with fixed blades’ pitches angles will be
following [12]

ωt,d =
λoptv
R

(3)

Similar to the aerodynamic power, the aerodynamic torque
is the function of quadratic wind speed and torque
coefficient [13]

Ta =
Pa
ωt

=
1
2
ρπR3Cq

(
λ , β

)
v2 (4)

where Cq
(
λ , β

)
= Cp

(
λ , β

)/
λ is the torque coefficient.

8424 VOLUME 12, 2024



B. Sarsembayev et al.: Output Regulation-Based Optimal Control System for Maximum Power Extraction

B. PMSG MODEL IN A D-Q REFERENCE FRAME
Let’s consider the dynamic system’s equations of the PMSG
in the WECS in the d-q reference frame where electromag-
netic torque is the function of quadrature current [28],

dω
dt

=
1

Jngb
T
a
−
B
J
ω −

1
J
Te

dTe
dt

= −PKωid −
Rs
L
Te −

ψmPK
L

ω +
K
L
Vq+dq

did
dt

=
1
L
Vd −

Rs
L
id +

P
K
ωT e + dd

(5)

where ω is the angular shaft speed of PMSG, id is the d-axis
stator current, and Vd and Vq present the stator voltages on
the d-axis and q-axis, respectively; Rs is stator resistance;
L is stator inductance; B is viscous friction coefficient; ψm
denotes magnetic flux linkage; J presents rotor inertia; P is
pole pairs, and Te is electromagnetic torque.

Te = Kiq (6)

where, K = 3/2(ψmP).
The d-q disturbances presented in the system are [11],

dq =

(
Rs
L

−
Rs +1Rs
L +1L

)
Te +

(
1
L

−
1

L +1L

)
ψmPKω

+

(
1
L

−
1

L +1L

)
KVq + dqn (7)

dd =

(
Rs
L

−
Rs +1Rs
L +1L

)
id +

(
1
L

−
1

L +1L

)
Vd + ddn

(8)

where1Rs and1Ls are uncertainties due to electrical param-
eter variations of the PMSG, and dqn and ddn are the noise
associated with sensor accuracy and modeling errors from
hardware apparatus.

C. CONTROL SYSTEM DESIGN
In this section, the conventional LQR-based feedback control
will be transformed into the proposed servomechanism-based
linear feedback control law. To facilitate the optimal work
of the variable speed WECS via the MPPT algorithm, the
HODO structure with its main features will be presented as
well.

1) SERVOMECHANISM-BASED LINEAR FEEDBACK CONTROL
LAW DESIGN
Let’s take the performance index of the linear quadratic reg-
ulator problem for its minimizing with input u [11].

Min J (u) =
1
2

∫
∞

0
xTQx + uTRudt (9)

where Q and R are semi-definite state and control input
weighting matrices, Q ≥ 0 and R > 0 with corresponding
dimensions to the state variables of x
Let’s take a time-invariant linear state space model of the

system

˙̃x = Āx̃ + B̄u. (10)

The state-space model of the system has to be extended by
the penalty state, and the partition of the extended state and
control matrices will be presented as follows, [28]

Ā =

[
0 I
A 0

]
, B̄ =

[
0
B

]
(11)

The error of each state variable can be found as

ω̃ = ω − ωd , ωd = ωt,d · ngb =
λopt

R
ϑ · ngb,

T̃e = Te − Ted ,Ted =
1
ngb

Ta − Bωd − J ω̇d (12)

The state vector is formed as x̃T =
[ ∫

ω̃dt ω̃ T̃e ids
]
, and

the control vector is uT =
[
VqVd

]
=

[
ufbqufbd

]
.

Considering the state variables defined in equation (12)
with the integral of error of angular shaft speed acting as a
penalty function, the generator’s dynamics will be as follows,

∫
ω̃dt = 0

dω̃
dt

= −
B
J
ω̃ −

1
J
T̃e

dT̃e
dt

= −PLω̃id −
Rs
L
T̃e −

ψmPK
L

ω̃ +
K
L
Vq

dids
dt

=
1
L
Vd −

Rs
L
id +

PL
K
ω̃T̃ e

(13)

The extended states and control matrices are

Ā =


0 1 0 0
0 −

B
J −

1
J 0

0 −
ψmPK
L −

Rs
L 0

0 0 0 −
Rs
L

 , B̄ =


0
0

0
0

K
L 0
0 1

L

 (14)

Let’s define the ARE LQ problem as

ĀT P̄+ P̄Ā− P̄B̄R−1B̄T P̄+ Q = 0 (15)

where P̄ is the positive definite matrix, the solution of ARE
which drives the cost function (9) to a minimum.

The optimal control gain matrix is

u = −R−1B̄T P̄x̃ = −K̄ x̃ (16)

The algorithm of implementation of the proposed
servomechanism-based linear feedback control for maxi-
mizing power extraction by machine-side power converter
in the WECS under presence of the external and internal
disturbances is presented in Figure 2.
In the proposed servomechanism-based LQR problem, the

controller gains are determined by solving the extended ARE
associated with the optimal control problem. The solution to
this equation yields the feedback gains or the control gains
that are used to compute the control law for the system.The
controller gains in this problem are selected to minimize a
quadratic cost function, which includes the weighted sum of
the state and control input quadratic terms. The state weight-
ing matrix includes an additional dimension for the integral
of the error angular shaft speed which is typically the unity
factor.
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FIGURE 2. The algorithm of implementation of the proposed
servomechanism-based LQR.

2) STABILITY ANALYSIS
The state vector x̃T =

[ ∫
ω̃dt ω̃ T̃e ids

]
of the system

under the proposed control would converge exponentially to
the origin.

Let’s take Lyapunov function [11]

V (x̃) = x̃T P̄x̃ (17)

By combining the equations (10) and (18), it can be shown
that the time-derivative of V (x̃) is positive-definite,

V̇ (x̃) =
d
dt
x̃
T
P̄x̃ = 2x̃T P̄

(
Ā+ B̄K̄

)
x̃

= 2x̃T P̄
(
Ā− B̄R−1B̄T P̄

)
= x̃T P̄

(
ĀT P̄+ P̄Ā− 2P̄B̄R−1B̄T P̄

)
x̃ ≤ −x̄TQx̄

(18)

The inequality (18) demonstrates that time derivatives of
V (x̃) are negative, therefore, it can be concluded that the
value of state vector x̃ converges to the origin exponentially.

D. AERODYNAMIC TORQUE ESTIMATION
The reliance on wind sensors is eliminated with the use of
HODO for estimation of the aerodynamic torque which is
proportional to the square of wind speed and coefficient kopt
will be obtained. The HODO can estimate fast-varying dis-
turbance unlike to linear disturbance observer which requires
the first derivative of disturbance to be zero [31]. In case
of a fault in traditional anemometers, this fault-ride-through
mechanism enhances the reliability of the whole system.
Assumption 2: The assumption is that the aerodynamic

torque (Ta) is fast-changing but smooth enough to be esti-
mated. The higher than third-order derivatives of Ta could be
ignored due to the insignificance impact on the estimation.

To estimate the aerodynamic torque of the WECS angular
shaft speed motion equation in (5) is recalled

dω
dt

=
1

Jngb
T
a

B
J
ω −

1
J
Te (19)

TABLE 1. The proposed linear feedback control system’s parameters.

Then, the angular shaft speed-based HODO structure of the
aerodynamic torque estimator is

Żω = −ngb (Bω + Te)+ T̂a
T̂a = L01g01 + L11g11 + . . .+ Lk11gk11
ġ01 = Jngbω − Zω
ġ11 = g01
ġ21 = g11
...

gk11 = g(k1−1)1,

(20)

where
(
·̂
)

denotes the estimated variable, and ( ˙· · ·) is
the derivative of the argument functions, respectively,
L01,L11,Lk11 are adjustable gains for the HODO.

Combining (3) and (20) the estimated reference PMSG’s
rotor speed will be as [10]

ω̂d =

√
T̂a
kopt

, (21)

where kopt =
ρπR5Cpmax
2λ

3
optn

2
gb

is the optimal coefficient of TSR

under Assumption 1.

III. SIMULATION RESULTS
In this section, the simulation results of the proposed
servomechanism-based linear feedback controller to extract
maximum power from wind in small-power WECS are pre-
sented. The given WECS parameter are following: rated
power Prated = 5 kW ; Rs = 0.3676 Ohm; L = 3.55mH ;
ψm = 0.2867V·s

rad ; J = 7.856kg·m2; P = 14;B =

0.002 kg·m2

s ; rotor radius, R = 1.84 m; ρ = 1.25 kg
m3 . The

selected gains for the proposed feedback controller are pre-
sented in Table 1. The optimal TCR value, λopt = 8.1 with
pitch angles of the blades of the WT are fixed at zero degrees
to maximize power extraction during its partial load opera-
tion, therefore power coefficient, Cmax

p is obtained as 0.411.
The dynamic behavior of wind speed is converted to rota-
tional mechanical energy (Figure 3). The model uncertainty
of the generator is associated with the stator’s windings’
resistance parameters and inductance, Rs, and L are increased
by 20% and 1% respectively [10], [11], [28]. The noises
presented in both control channels associated with sensors
are sine functions of time, and high magnitudes, dqn =

105 sin (t) and ddn = 103 sin (t). By solving extended ARE
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FIGURE 3. Wind speed profile with a mean value of 12.13, m/sec [28].
Copyright permission provided.

TABLE 2. The servomechanism-based optimal control system’s
performance.

equation (16) with selected state and control input weighting
matrices the optimal gains matrix, K̄ can be obtained using
build-in Matlab’s care or lqr functions. While the gain of
the error angular shaft speed is chosen as 10,000, its integral
is one. The gain for error of the electromagnetic torque is
selected as 1,000, and the direct current gain is one(Table 1).
In the diagonal control input weighting matrix, the gains are
selected as 0.0005 to reduce steady-state error.

The performance of the proposed servomechanism-based
linear feedback control has been compared with conventional
LQR control synthesized with the HODOs-based feed-
forward compensation technique. The nominal parameters
operation and parameters perturbation and noise presented in
the system scenarios were assessed to reduce angular shaft
speed tracking errors for maximizing power extraction of the
variable-speed WECS.

Mainly, the mean absolute percentage error (MAPE) of the
generator’s angular shaft speed |ω̃|, MAPE of electromag-
netic torque

∣∣∣T̃e∣∣∣, the mean absolute error (MAE) of direct

FIGURE 4. The presented control and conventional LQR angular shaft
speed tracking (scenario 1) [32]. Copyright permission provided.

FIGURE 5. The presented control and conventional LQR angular shaft
speed tracking errors (scenario 1).

FIGURE 6. The presented control and conventional LQR electromagnetic
torque tracking (scenario 1) [32]. Copyright permission provided.

axis current
∣∣∣ĩd ∣∣∣, and MAPE of the aerodynamic torque esti-

mation
∣∣∣T̃a∣∣∣ have been evaluated (Table 2). The performance

of the WECS operation with nominal parameters, scenario
1 depicted in Figures 4-10, and the performance of its oper-
ation with parameters perturbation and noise, scenario 2
are presented in Figures 11-17. The disturbance associated
with model uncertainty in the quadrature and direct control
channels are quantified which are introduced in scenario 2
(Figure 18 and 19).

TheMAPE of PMSG’s angular shaft speed |ω̃| is improved
by 71.25% in scenario 1 and by 71.03% in scenario 2 respec-
tively. In both scenarios, the MAPE of aerodynamic torque
estimation errors

∣∣∣T̃a∣∣∣ have been reduced by 7.22% and 6.12%

VOLUME 12, 2024 8427
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FIGURE 7. The presented control and conventional LQR electromagnetic
torque tracking errors (scenario 1).

FIGURE 8. The presented control and conventional LQR direct current
response (scenario 1).

FIGURE 9. The presented control and conventional LQR aerodynamic
torque estimation with HODO (scenario 1).

FIGURE 10. The presented control and conventional LQR aerodynamic
torque estimation errors (scenario 1).

respectively. This might be the effect of the overall reduction
of the PMSG’s angular shaft speed tracking errors. However,

FIGURE 11. The presented control and conventional LQR angular shaft
speed tracking (scenario 2) [32]. Copyright permission provided.

FIGURE 12. The presented control and conventional LQR angular shaft
speed tracking errors (scenario 2).

FIGURE 13. The presented control and conventional LQR electromagnetic
torque tracking (scenario 2) [32]. Copyright permission provided.

FIGURE 14. The presented control and conventional LQR electromagnetic
torque errors (scenario 2).

theMAPE of electromagnetic torque
∣∣∣T̃e∣∣∣ is slightly increased

by 0.3% and 0.45% in both scenarios respectively. Similarly,
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FIGURE 15. The presented control and conventional LQR direct current
response (scenario 2).

FIGURE 16. The presented control and conventional LQR aerodynamic
torque estimation with HODO (scenario 2).

FIGURE 17. The presented control and conventional LQR aerodynamic
torque estimation errors (scenario 2).

FIGURE 18. The quantified disturbance in the quadrature axis
(scenario 2) [28]. Copyright permission provided.

the MAE of the direct axis current
∣∣∣ĩd ∣∣∣ is slightly more than

0.85 A under the proposed control whereas it is more than

FIGURE 19. The quantified disturbance in the direct axis (scenario 2) [28].
Copyright permission provided.

4.92×10−5 A under conventional control algorithm. This
might be the result because of the high tunning gain for Te
which was chosen as 1000 (Table 1). Choosing higher gains
for Te and id reduces the tracking accuracy of the angular
shaft speed of the PMSG.

IV. CONCLUSION
The servomechanism-based linear feedback controller with
LQR for the generator-side power converter is proposed
to maximize power extraction of the direct-driven variable-
speed WECS. To improve its performance the servomech-
anism technique is adopted and acts as a penalty state to
reduce the angular shaft tracking error. The conventional
state-space model was extended with the integral of the gen-
erator angular shaft speed error. The tuning gains of extended
performance matrices are chosen to obtain satisfactory track-
ing performance not only under nominal parameters but
also under model uncertainty and noise presented scenario.
The positive-definite solutions of extended ARE have been
obtained offline. Particularly, the MAPE of angular shaft
tracking reduced significantly, and the MAPE of electro-
magnetic torque and MAE of direct axis current slightly
increased in both scenarios. The presented control technique
demonstrates superior performance over the HODOs-based
conventional LQR with the feedforward compensation tech-
nique. The HODO has been solely utilized to estimate the
aerodynamic torque to adjust the reference angular shaft
speed to the wind speed in the WECS application. The
closed-loop stability of the presented control technique syn-
thesized with HODO has been proven. The experimental
validation of the proposed control is going to be next step
to validate the proposed control scheme in the WECS appli-
cations.
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