
 
Journal of Advanced Research in Applied Sciences and Engineering Technology 56, Issue 5 (2026) 110-129 

 

110 
 

 

Journal of Advanced Research in Applied 
Sciences and Engineering Technology 

 

Journal homepage: 
https://semarakilmu.com.my/journals/index.php/applied_sciences_eng_tech/index 

ISSN: 2462-1943 

 

Enhanced Polynomial Interpolation-Based SVPWM Control for A PMSG 
Horizontal Axis Wind Turbine under Varying Operating Conditions 
 
Omar Stihi1, Reda Dermouche2, Boudjema Fares1, Mohamed Tadjine1, Nadjet Zioui3,* 
 

1 École Nationale Polytechnique, 10 Rue des Frères OUDEK, El Harrach 16200, Algiers, Algeria 
2 École Nationale Supérieure des Technologies Avancées, Bordj El Kiffan, Algiers, Algeria 
3 Université du Québec à Trois-Rivières, 3351 Bd des Forges, Trois-Rivières, QC G8Z 4M3, Canada 
  

ARTICLE INFO ABSTRACT 

Article history: 
Received 1 January 2026 
Received in revised form 20 January 2026 
Accepted 25 January 2026 
Available online 23 February 2026 

This study presents an improved control strategy for a 5.5 kW horizontal-axis wind 
turbine. The control schemes are initially developed using state-feedback and 
backstepping techniques, then improved using polynomial interpolation technique. The 
control objectives were defined according to distinct wind speed regions. The 
interpolation-based approach is proposed to determine the pitch angle variations as a 
function of wind speed, ensuring maximum power extraction even under abrupt wind 
fluctuations. A second interpolation is employed to compute optimal voltage references 
for different wind speeds, enabling fast and effective system response under rapidly 
varying wind conditions. These voltage references are implemented using space vector 
pulse width modulation (SVPWM), which is well known for its superior performance in 
terms of energy quality, noise reduction, and harmonic distortion, compared to other 
modulation techniques. The proposed control strategy mitigates power peaks and 
irregular transient behavior during transitions between operating regions. Unlike most 
of the works found in the literature, the proposed strategy is evaluated across all four 
operating zones rather than focusing only on maximum power point tracking (MPPT) or 
limiting the maximum extracted power. Additionally, wind gusts are incorporated into 
the simulation tests to reflect more realistic operating conditions. The simulation results 
demonstrate that the proposed approach effectively manages wind gusts and 
operating-zone transitions with stable and robust performances across all four regions. 
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1. Introduction 

 
In recent years, wind turbines (WTs) have attracted increasing research interest, driven primarily 

by the pursuit of greater energy autonomy and the reduction of carbon emissions using clean energy 
sources [1-3]. Consequently, the development of improved WT designs and the enhancement of 
energy production using advanced control techniques remain active and timely research areas [4-6]. 

In a comparative analysis, Ramadan et al. (2025) introduced advanced control approaches aimed 
at improving wind turbine blade pitch systems [7]. Their study evaluated the harmony search 
algorithm and the exponential distribution optimizer for tuning PID controllers across a range of 
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operating conditions, demonstrating that the latter achieved superior performance, particularly in 
enhancing wind turbine operation under dynamic environmental conditions. 

Other widely adopted control approaches include learning-based methods [8, 9], predictive 
model–based strategies [10, 11], and fractional-order control techniques [12- 15]. Another stream of 
research focuses on inertia- and frequency analysis–based methods aimed at reducing speed 
deviation magnitude and settling time in wind turbines, while ensuring coordination between 
mechanical load control and primary frequency control [16- 18]. Additional approaches involve 
probabilistic techniques for forecasting energy production or disturbances [19, 20]. Most control 
strategies rely on the blade or pitch angle as the primary control variable [21, 22], whereas a smaller 
number of studies employ the yaw angle for power control [23- 25]. Additionally, space vector pulse 
width modulation (SVPWM) continues to be one of the most widely used modulation strategies in 
power-electronics-based wind energy conversion systems (WECS), due to its efficient DC-bus 
utilization, reduced harmonic distortion, and ease of digital implementation [26- 30]. 

Despite significant progress, a clear research gap remains. Most existing studies rely on 
simulation-based validation using idealized or simplified wind-speed profiles. In addition, some 
reported results lack physical realism, such as inconsistencies in the signs of torque and power that 
imply the wind turbine operates as a power consumer rather than a generator. Furthermore, 
although an increasing number of studies in recent years have successfully implemented SVPWM, 
the majority focus primarily on optimal power point tracking or maximum power extraction 
configurations. In fact, only a limited number of studies have addressed WT control across all 
operating zones within a single framework. Even fewer have considered the impact of wind gusts in 
the speed profiles. Consequently, a promising research direction would be the development of a 
comprehensive control strategy that manages all operating zones with smooth and appropriate 
transitions. This approach should also be validated under realistic conditions, including scenarios with 
gusty wind profiles. 

This study presents the design and implementation of an SVPWM-based backstepping state-
feedback control scheme for a horizontal-axis wind turbine. The proposed approach is implemented 
and evaluated under realistic wind conditions, covering all operating regions. The test scenarios 
include diverse wind speed profiles that induce severe transients, as well as optimal and maximum 
operating conditions of the wind turbine. In contrast to previous studies, this work introduces an 
enhanced strategy based on polynomial interpolation to mitigate transient disturbances during 
transitions between operating regions and to improve robustness under gusty wind conditions. 

The remainder of the document is organized as follows: Section 2 describes the tools and 
methods, including the WT model, SVPWM, state feedback, and backstepping techniques, along with 
the structure of the proposed control solution. Section 3 presents and analyzes the results, and 
Section 4 concludes the document, offering suggestions for future research directions. 
 
2. Tools and methods 
2.1 Wind turbine model 
2.1.1 Aerodynamic model 
 

Wind first flows through the blades of a horizontal axis wind turbine (HAWT), starting the energy 
conversion process. Blade element momentum theory (BEM) is often used to model rotor 
aerodynamics. BEM combines blade-element and momentum theories. The mechanical power 𝑃! 
that the rotor captures is [31]: 

 
𝑃! =

"
#
𝜌𝐴𝑣!$𝐶%(𝜆, 𝛽) (1) 
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𝜌 is the air density 
𝐴 is the area swept by the rotor (𝐴 = 𝜋𝑅#) 
𝑅 is the rotor radius 
𝑣! is the wind speed, 
𝐶%(𝜆, 𝛽) is the power coefficient that depends on the tip-speed ratio (𝜆 = &!"'

(#
) and the blade 

pitch angle 𝛽. 
𝜔)* is the angular speed of the rotor of the turbine. 

The expression of the power coefficient 𝐶%(𝜆, 𝛽) is provided in equation (2) [32]. 

/
𝐶%(𝜆, 𝛽) = 𝑐" 1

+$
,%
− 𝑐$𝛽 − 𝑐-3 𝑒𝑥𝑝 1−

+&
,%
3 + 𝑐.𝜆

𝜆/ = 1 "
,01.134

− 1.1$5
4'0"

3
6"
																															

 (2) 

𝑐" to 𝑐. are constant parameters of the model. 
The power extracted by the WT is constrained by the Betz limit to around 59.3% of the kinetic 

energy of the wind [33]. 
The mechanical torque 𝑇7 on the rotor shaft of the turbine is determined using the following 

expression: 
𝑇7 = 8#

&!"
 (3) 

 
2.1.2 Mechanical transmission 
 

In many systems, there is a mechanical transmission, between the turbine rotor and the 
generator, including a potential gearbox, that adapts the low-speed, high-torque output of the 
turbine rotor to the high speed required by the generator. This coupling is modeled so that the 
generator angular speed 𝜔9:; is related to the turbine speed 𝜔)* by the gear ratio 𝑘9< such as 𝑘9< =
&()*
&!"

. Mechanical dynamics can be modeled by a mass-spring-damper system. Therefore, the 

mechanical model including the shaft and rotor can be modeled using the fundamental dynamics 
equation as the following [33]: 
𝐽 =&!"

=*
= 𝑇7 − 𝑓𝜔)* − 𝑇:>  (4) 

𝑇:>  is the electromagnetic torque. 
𝑓 is the viscous friction coefficient of the rotor. 
𝐽 is the total inertia that merges the WT and hub inertia 𝐽!* and the electrical generator rotor 
with the shaft’s inertia 𝐽9:;, such as 𝐽 = ?#"

@(+
+	𝐽9:;. 

 
2.1.3 Permanent Magnet Synchronous Generator (PMSG) 
 

In the electrical part of the wind energy conversion system, the captured mechanical power is 
converted into electric power by a Permanent Magnet Synchronous Generator (PMSG). For modeling 
the PMSG, the standard approach is to use the synchronous-rotating reference 𝑑 − 𝑞 frame to 
express the stator voltage and flux equations derived from the electrical scheme of the PMSG 
depicted in Figure 1. The stator voltage equations can be written as follows [34]: 

/
𝑣= = 𝑅A𝑖= + 𝐿A

=/,
=*
− 𝐿A𝑖B𝑝𝜔!*																							

𝑣B = 𝑅A𝑖B + 𝐿AB
=/-
=*
+ 𝐿A𝑝𝜔!*𝑖= + 𝜑7𝑝𝜔!*

 (5) 
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𝑣=  and 𝑣B are the stator voltages in 𝑑 and 𝑞 axes, respectively 
𝑖=  and 𝑖B are the stator currents, expressed in the 𝑞 and 𝑞 axes, respectively. 
𝑅A is the stator resistance 
𝜑7 is the flux due to permanent magnets 
𝐿A is the inductance. 

 

Fig. 1. The PMSG equivalent electrical scheme 

From the voltages equations the electromagnetic torque’s expression can be derived as follows: 
𝑇:> =

$
#
𝑝𝜑7𝑖B (6) 

𝑝 is the number of pole pairs. 
In surface mounted PMSG machines, the inductances of the 𝑑 and 𝑞 axes are close, which 

simplifies the torque’s expression to (6). 
 
2.1.4 Power converter 
 

To interface the PMSG with the grid, modern WECS often use a full-scale back-to-back (B2B) 
converter. A B2B converter typically consists of two three-phase voltage-source converters (VSCs) 
connected back-to-back, sharing a common DC-link with capacitor, as depicted in Figure 2. One of 
the converters, that is the machine side converter (MSC) is located on the generator side, the other, 
namely the grid converter side (GSC) is on the grid side [35]. 

 

Fig. 2. Diagram of the B2B converter used in the PMSG based WT 

The MSC is a rectifier. It converts the PMSG’s three-phase AC output to DC, feeding the DC-link. 
The GSC converts from DC to three-phase AC under grid frequency, injecting power into the grid. This 
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decoupling via DC-link allows variable-speed operation of the PMSG while still delivering fixed-
frequency AC to the grid [35]. 

The MSC then uses PWM switching signals to generate the required inverter voltages which 
represent the references for 𝑣=  and 𝑣B. The MSC control often adjusts the generator rotor speed or 
the electromagnetic torque to match a given reference [35]. 

The GSC uses the DC-link voltage and injects three-phase AC to the grid. The control objectives 
are to regulate DC-link voltage, deliver active power to the grid, and manage reactive power [35]. 

Considering the switching functions 𝑆",…, 𝑆. for the MSC and 𝑆′",…, 𝑆′. for the GSC, 𝑆/ = 1 or 
𝑆′" = 1 means the 𝑖*C switch is ON. Otherwise, the switch function’s value is 0. The converter phase 
to neutral voltages 𝑣DE, 𝑣FE, 𝑣GE, 𝑣′DE, 𝑣′FE, and 𝑣′GE can be expressed as in relationships (7) and 
(8) for the MSC and GSC, respectfully [36]. 

E
𝑣DE
𝑣FE
𝑣GE

F = H./
$
E
2𝑆" − 𝑆$ − 𝑆5
2𝑆$ − 𝑆" − 𝑆5
2𝑆5 − 𝑆$ − 𝑆"

F (7) 

H
𝑣′DE
𝑣′FE
𝑣′GE

I = H./
$
H
2𝑆′" − 𝑆′$ − 𝑆′5
2𝑆′$ − 𝑆′" − 𝑆′5
2𝑆′5 − 𝑆′$ − 𝑆′"

I (8) 

Both MSC and GSC shar the DC capacitor. The model representing the dynamic of this DC-bus is 
as follows [35]: 
=(./
=*

= "
G./

J𝑖IG9:; − 𝑖IG9)/=K (9) 

𝑖IG9:; and 𝑖IG9)/=  are the DC currents from the MSC and GSC, respectfully. They can be computed 
using the phase currents of the MSC (𝑖D, 𝑖<, and 𝑖G) and the GSC (𝑖′D, 𝑖′F, and 𝑖′G) as the following: 

L
𝑖IG9:; = 𝑆"𝑖D + 𝑆$𝑖F + 𝑆5𝑖G 									
𝑖IG9)/= = 𝑆′"𝑖′D + 𝑆′$𝑖′F + 𝑆′5𝑖′G

 (10) 

In the following, the control of the DC link is supposed to be achieved, and the focus will be on 
the MSC side for power control. 
 
2.2 Control method 
2.2.1 Control objectives 
 

The control of the WT depends on the wind speed which defines four operating zones: 
- Zone 1 (0 ≤ 𝑉! < 4𝑚/𝑠): The WT is off service while keeping the pitch angle 𝛽 at zero. 
- Zone 2 (4 ≤ 𝑉! < 12𝑚/𝑠): The WT is on service while keeping the pitch angle 𝛽 at zero. In this 
operating zone, the speed is controlled to meet the optimal tip speed ratio using the control signal 
𝑣B. 
- Zone 3 (12 ≤ 𝑉! < 25𝑚/𝑠): The WT is on service while keeping the speed at its maximum value 
using the control signal 𝑣B. The pitch angle 𝛽 is used to keep the electrical power at its maximum 
value. 
- Zone 4 (𝑉! > 25𝑚/𝑠): The WT is off service while keeping the pitch angle 𝛽 to its maximum value 
to protect the mechanical structure of the turbine. 
In the four zones, the 𝑑-component of the current is controlled to be zero for a maximum torque 
control strategy as the electromechanical torque depends on the 𝑞-component of the current. 

For the studied WT, the expression of 𝛽 in Zone 3 was determined empirically based on the 
measurement presented in Figure 3 that can be approximated by the following formulas. 
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L𝛽 = −0.9197	𝑉!# + 	24.6297	𝑉! − 163.0055																			𝑖𝑓	0 ≤ 𝛽 ≤ 13		
𝛽 = 0.0080	𝑉!$ − 0.6012	𝑉!# + 16.2524	𝑉! − 125.5				𝑖𝑓	13 ≤ 𝛽 ≤ 25

 (11) 

 
Fig. 3 The variations of the pitch angle with the 
wind speed in the third zone 

 
Therefore, the control strategies developed in the following are valid for both second and third 

zones. Only the references and use of the pitch angle are different. Figure 4 illustrates the control 
objectives by operating zone. 

 

 
Fig. 4 The control objectives for each operating zone 
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2.2.1 State feedback control 
 

State feedback control is based on the Lyapunov convergence criteria. Where a positive definite 
Lyapunov candidate function is defined such that the controller archives a negative definite 
derivative of this candidate function. The candidate function is usually based on the tracking errors 
of the state of the system, which requires rewriting equations (4) and (5) in terms of tracking errors 
as the following. 

⎩
⎪
⎨

⎪
⎧𝑒̇= = − '0

J0
𝑖= + 𝑝𝜔!*𝑖B −

=/,!
=*

+ "
J0
𝑣= 																									

𝑒̇B = − '0
J0
𝑖B − 𝑝𝜔!*𝑖= −

"
J0
𝑝𝜑7𝜔!* −

=/-!
=*

+ "
J0
𝑣B

𝑒̇& =
"
?
1$
#
𝑝𝜑7𝑖B − 𝑇7 − 𝑓𝜔!*3 −

=&#"!
=*

																		

 (12) 

𝑒= = 𝑖= − 𝑖=), 𝑒B = 𝑖B − 𝑖B), and 𝑒& = 𝜔!* − 𝜔!*)  are the tracking errors for 𝑖=, 𝑖B, and 𝜔!* and 
𝑖=), 𝑖B), and 𝜔!*)  are the corresponding references. 
 
2.2.3 Control of the d-component of the current 
 

The application of the state feedback control to the 𝑑-component of the current of the PMSG 
considers the following Lyapunov positive definite function. 
𝑉= =

"
#
𝑒=# (13) 

Its derivative is as follows: 
𝑉̇= = 𝑒=𝑒̇= = 𝑒= 1−

'0
J0
𝑖= + 𝑝𝜔!*𝑖B −

=/,!
=*

+ "
J0
𝑣=3 (14) 

The following control signal will ensure that 𝑉̇=  is negative definite: 
𝑣= = 𝑅A𝑖= − 𝐿A𝑝𝜔!*𝑖B + 𝐿A

=/,!
=*

− 𝐿A𝐾=𝑒=  (15) 
𝐾=  is a positive constant that determines the dynamic of convergence of the tracking error 𝑒=  to zero. 
 
2.2.4 Backstepping control for the speed and q-component of the current 
 

The backstepping controller is often used for multiple integrator-like systems. In the case of 
PMSG control, the approach uses 𝑖B to control the speed 𝜔!* and the voltage 𝑣B to control the 
current 𝑖B. This goes through two steps: 
Step 1: Use of 𝑖B to control the speed 𝜔!*. 

To achieve this first step of control, the following Lyapunov candidate function is defined: 
𝑉& =

"
#
𝑒&# (16) 

Its derivative is as follows: 
𝑉̇& = 𝑒&𝑒̇& = 𝑒& c

"
?
1$
#
𝑝𝜑7𝑖B − 𝑇7 − 𝑓𝜔!*3 −

=&#"!
=*

		d (17) 

The following reference for 𝑖B will ensure that 𝑉̇& is negative definite: 
𝑖B) =

#?
$%K1

1𝑇7 + 𝑓𝜔!* + 𝐽
=&#"!
=*

− 𝐾&𝑒&3 (18) 

𝐾& is positive constant that determines the dynamic of convergence of the tracking error 𝑒& to zero. 
Step 2: Use of 𝑣B to control the current component 𝑖B. 

To achieve this second step of control, the following Lyapunov candidate function is defined: 
𝑉B =

"
#
𝑒&# +

"
#
𝑒B# (19) 

Its derivative is as follows: 
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𝑉̇B = 𝑒&𝑒̇& + 𝑒B𝑒̇B 																																																																															

= 𝑒& c
"
?
1$
#
𝑝𝜑7𝑖B − 𝑇7 − 𝑓𝜔!*3 −

=&#"!
=*

		d																							

+𝑒B 1−
'0
J0
𝑖B − 𝑝𝜔!*𝑖= −

"
J0
𝑝𝜑7𝜔!* −

=/-!
=*

+ "
J0
𝑣B3

 (20) 

The following expression for 𝑣B will ensure that 𝑉̇B is negative definite: 

𝑣B = 𝑅A𝑖B + 𝐿A𝑝𝜔!*𝑖= + 𝑝𝜑7𝜔!* + 𝐿A
=/-!
=*

− J0
?
$
#
𝑝𝜑7𝑒& − 𝐿A𝐾B𝑒B (21) 

𝐾B is positive constant that determines the dynamic of convergence of the tracking error 𝑒B to zero. 
This constant must be selected higher than 𝐾& so the error 𝑒B converges faster than 𝑒&. 
 
2.2.5 Proposed improvement of the control strategy 
 

Due to transition issues, specifically between the first and second zones as well as the transition 
between zones 2 and 3, and improved controller is suggested in this section based on the empirical 
observation of the behavior of the WT in the second zone. This method is based on using the control 
strategy defined in the previous sections and defining the control signals formula based on the wind 
speed according to the desired objectives. A polynomial interpolation is then proposed to express 
the 𝑑 and 𝑞 voltages to smoothen the several curves while ensuring the tracking objectives Figures 5 
depicts the 𝑣=  and 𝑣B acquired voltages as well as the corresponding interpolated curves. The 
variations of 𝑣B shows a straight-line curve that can be interpolated using a first order polynomial, 
whereas 𝑣=  shows a third order polynomial behavior. The two voltages can be represented by the 
following formulas. 

L𝑣= = 0.0227	𝑉!$ + 0.0013	𝑉!# − 0.0191	𝑉! + 0.0432
𝑣B = 16.0607	𝑉! + 1.2663																																																			

 (22) 

 
Fig. 5 Variations of the voltages with the wind speed 

 
2.2.6 SVPWM 

 
The implementation of the control strategy requires the use of a pulse width modulation (PWM) 

technique. Space vector pulse width modulation (SVPWM) is an advanced technique used to control 
the output voltage of a three-phase inverter where the goal is to create a three-phase AC voltage 
with a specific amplitude and frequency. The technique provides better voltage use and less 
harmonic distortion compared to traditional modulation techniques. It controls the switching of the 
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inverter’s switches in such a way that it generates the desired output voltage waveform while 
minimizing the harmonic content [36]. 

The technique considers the space vector diagram of the inverter’s output voltages. The space 
vector is a representation of the output voltage in a two-dimensional complex plane, where the 
voltage vectors are spaced 60° apart. The technique involves switching between different voltage 
vectors to generate the desired reference voltage [37]. 
The output of the three-phase inverter can be represented as a combination of 8 possible voltage 
vectors in the plane, with each vector corresponding to one of the 8 switching states of the inverter. 
These 8 voltage vectors are 6 active vectors (V1 to V6) that represent the voltages when two switches 
are ON, and one is OFF and vice versa, and 2 zero vectors (V0 and V7) that represent situations where 
all the upper or lower switches are simultaneously OFF or ON [37]. 
The space vector diagram results in a hexagon where the six active voltage vectors are positioned 
around the perimeter. The zero vectors are positioned at the center of the hexagon as depicted in 
Figure 3. 

The three-phase voltages can be expressed in the 𝛼 − 𝛽 frame through the Clarke transform 
using the following relationship [36]: 

1
𝑣L
𝑣43 =

#
$
f
1 −1/2 −1/2
0 √3/2 −√3/2

hE
𝑣DE
𝑣FE
𝑣GE

F (23) 

The desired reference vector can be expressed as the following: 

𝑣):M = i𝑣L# + 𝑣4# (24) 

The module of the reference vector 𝑣):M specifies the control of the output voltage waveform. With 
the value of the DC-bus voltage 𝑣IG , it is also used to determine the modulation index 𝑚 as in 
equation (25). 
𝑚 = $

#
(!)2
(./

 (25) 

Figure 6 illustrates the location of the reference voltage 𝑣):M in the first sector of the 𝛼 − 𝛽 frame. 

 

Fig. 6. Location of the reference in the space vector hexagon [36] 
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The reference voltage vector is decomposed into a combination of two adjacent active vectors 
and the duration of time each active vector needs to be applied. The reference vector lies between 
two of the active vectors in the space vector diagram, or sector. By calculating the time duration for 
each active vector and zero vector, the inverter switches in such a way that the resulting voltage 
approximates the reference. 

The modulation strategy involves calculating how long each of the active and zero vectors 
should be applied. The two active vectors contribute to most of the reference voltage, and the zero 
vectors are used to balance the power and reduce harmonic distortion. 

The switching times can be calculated geometrically by finding the time duration for each of 
the active vectors using the projection of the reference vector onto the adjacent active vectors in the 
space vector diagram. This will result in the following switching time formula [36]: 

⎩
⎪
⎨

⎪
⎧𝑇" = √3𝑇A

H!)2
N./

𝑠𝑖𝑛 1	O
$
− 𝜃3														

𝑇# = √3𝑇A
H!)2
N./

𝑠𝑖𝑛 1𝜃 − (𝑛 − 1) O
$
3

𝑇1 = 𝑇A − (𝑇" + 𝑇#)																											

 (26) 

𝑇" and 𝑇# are the times for the application of the first and second adjacent active vectors, 
respectfully. 𝑇1 is the time of application of the zero vector and 𝑇A is the switching period. The integer 
𝑛 = 1,… ,6 is the sector number and 𝜃 the angular position of 𝑣):M. 
 
3. Results and discussion 
3.1. Simulation results 
 

The simulations were carried out using MATLAB Simulink R2023b. Figure 7 illustrates the 
schematics of the program. 

 
(a) 
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(b) 

 
(c) 

 
(d) 
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(e) 

Fig. 7 The WT model and control strategy: (a) 
Aerodynamical model, (b) PMSG model, (c) The control 
signals, (d) The references, (e) The zone selection 

 
The considered WT is rated 5.5 kW with maximum power of 6.5 kW. The parameters of the 

turbine are presented in Table 1 and the parameters of the PMSG in Table 2. The controller’s 
parameters are 𝐾= 	= 	10000, 𝐾& 	= 	30, and 𝐾B 	= 	10000. 

 
Table 1 
The WT parameters 

Parameter 
(unit) 

Value 

𝜌	(𝑘𝑔/𝑚$) 
𝑅*	(𝑚) 
𝜆P%* 
𝐶%_P%* 
𝑐" 
𝑐# 
𝑐$ 
𝑐- 
𝑐5 
𝑐. 

1.225 
2.5 
8.1 
4.8 

0.5176 
116 
0.4 
5 

21 
0.0068 

 
 
 
 
 
 
 
 
 
 



Journal of Advanced Research in Applied Sciences and Engineering Technology 
Volume 56, Issue 5 (2026) 110-129 

122 
 

Table 2 
The PMSG parameters. 

Parameter 
(unit) 

Value 

𝑅A	(Ω) 
𝐿𝑠	(𝐻) 
𝜑7	(𝑉. 𝑠) 
𝐽	(𝑘𝑔.𝑚#) 
𝑓	(𝑁.𝑚. 𝑠) 

𝑝 

0.0918 
0.001 

0.1688 
0.003945 

0.0004924 
4 

𝐺 7.5 

 
Figure 8 depicts the electrical power resulting from the wind speed profile presented in Figure 

9. This wind speed profile has been chosen to cover the four operating zones of the WT. 

 
Fig. 8 Electrical power resulting from a ramp 
wind speed profile 

 
Fig. 9 Ramp wind speed profile 
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Figures 10 to 12 depict the currents, wind speed and the voltages profiles for the ramp test. 

 
Fig. 10 The 𝑑 and 𝑞 components of the current 

 
Fig. 11 Angular velocity results 

 
Fig. 12 The 𝑑 and 𝑞 voltages (control signals) 
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The improved strategy for the second zone resulted in the results presented in Figures 13 to 16 
for the electrical power, currents, speed, and voltages, respectively. 

 
Fig. 13 Electrical power using the improved strategy 

 
Fig. 14 The currents with the improved strategy 

 
Fig. 15 The angular velocity with the improved strategy 
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Fig. 16. The voltages using the improved strategy. 

 
Figure 17 presents the power resulting from the presence of gusts in the wind speed profile 

depicted in Figure 18. 

 
Fig. 17 The electrical power with gusts in the wind 
speed profile 

 
Fig. 18 Wind speed profile including the scenario of 
gusts 
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3.2. Discussion 
 
For the ramp wind speed test, the WT goes through the first zone from 0 to 2 seconds. The 

electrical power profile shows that the WT is in its OFF mode with 0 Watts production since in this 
first zone the mechanical power in the wind is not sufficient to generate significant electrical power. 
Moreover, the angular speed is that low that physical variables such as torque and tip speed ratio are 
not defined. 

The second zone is located between 2 and 4 seconds. Electrical power shows a growing tendency 
with the increasing wind speed. The power is under the maximum value, but it meets the optimal 
value that can be generated by the WT. 
From 4 to 8.3s the wind speed goes from 12 to 25 m/s which falls within the third zone. The wind 
speed is strong enough to generate high values of the power that go beyond the rated maximum 
power of the machine. Therefore, the power is limited to its maximum value that can be seen through 
the curve at around 6.5 kW. The power falls to 0 W in the last zone as the wind is too strong, where 
the WT is put out of service. 

The current results in Figure 10 show that the first control strategy allows the current to follow 
their references except in the second zone and more specifically around the transition between zone 
1 and 2. The speed does not accurately follow its reference either in the second zone as can be 
observed in Figure 11. Figures 14 and 15 show how the proposed strategy improved the tracking 
performance for the currents and the angular speed offering better transitions between the zones. 
The test of the WT under gusts effects is performed with the wind profile presented in Figure 18. The 
gusts are introduced at 2 and 6 seconds with 2 m/s amplitude and 1Hz of frequency, which is realistic 
considering real gusts that are usually located between 0.1 to 1 Hz. The electrical power curve 
presented in Figure 17 shows that power remains closely stable even with the presence of gusts 
showcasing the efficiency of the control strategies. 

Although the proposed technique demonstrates promising performance and improved power 
quality and control signals, the study was conducted under certain limitations. These include residual 
peaks and disturbances during transitions between the wind turbine’s operating zones, as well as 
under uncertain and varying wind conditions. Moreover, the proposed method has been evaluated 
only for a single wind turbine considering a specific type and rated power. The extension of the 
proposed technique to multi-turbine configurations in wind farms has not yet been investigated. 
Furthermore, the state feedback and back stepping methodologies reply on the model’s parameters 
which needs more robust components to be included in the control strategy. Finally, the results are 
derived from MATLAB/Simulink simulations using realistic wind profiles. Experimental validation 
remains unexplored. 
 
4. Conclusion 
 

This work has examined the control of horizontal-axis wind turbines under challenging and 
variable conditions due to the presence of wind gusts in the wind speed tested profiles. The work 
highlights the critical role of the state feedback and Backstepping controllers in ensuring the 
achievement of the control objectives. By addressing the dynamic interaction between the turbine 
dynamics and control actions, the study demonstrates that effective gust mitigation can significantly 
maintain power extraction close to optimal levels in the second zone and maximal power in the third 
zone. The results underline the importance of the proposed improved control scheme that efficiently 
responded to transient wind events thanks to the polynomial interpolation technique. The SVPWM 
on the other hand contributed to delivering smoother control signals to the generator. These findings 
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are important as these scenarios are becoming increasingly relevant with the growth of turbines and 
their deployment in more complex atmospheric environments. Despite all contributions, several 
avenues for future research remain open. Future work may include further improvement of power 
quality in the transitions between the wind turbine’s operating zones by integrating high-fidelity wind 
field estimation, perception-based and more robust techniques to enhance anticipated reactions and 
model parameters variations. Additionally, the development of data-driven and learning-based 
controllers might enhance adaptability under uncertain and varying wind conditions. Finally, 
extending the research effort to include multiple turbines cases in wind farms with experimental 
validation or field-scale testing would strengthen the practical applicability of the proposed 
approaches. 
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