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ARTICLE INFO ABSTRACT

Keywords: Wind energy is a key renewable resource for sustainable power generation, with small-scale Wind Energy
Power control management Conversion Systems (WECS) playing an increasingly important role in distributed generation. This paper presents
MPPT

a novel sensorless, voltage-based power control strategy for small wind turbines equipped with Permanent
Magnet Synchronous Generators (PMSG), enabling operation in different modes: Maximum Power Point
Tracking (MPPT) or dynamic power curtailment. The proposed method uses predefined Lookup Table (LUT)-
based characterization, mapping wind speed, generator voltage, and power output, allowing real-time selection
of the optimal voltage reference depending on the controller's mode. The control is implemented through a
cascaded PI-based structure, regulating power delivery by adjusting the generator's electrical load via a DC-DC
boost converter. The system supports three modes for variable wind speed: (1) extracting maximum available
power (MPPT), (2) maintaining a percentage of power reserve, or (3) regulating active power delivery. This
flexibility enables the system to adapt to external demands, whether for grid support or standalone operation.
The method is validated through simulation and experimental testing, demonstrating stable operation, fast
response to setpoint changes, and scalability to higher power levels. These results confirm the feasibility of
integrating small wind turbines into ancillary services, enhancing their role in grid-support applications.
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1. Introduction

Wind energy has become one of the leading renewable electricity
sources worldwide. In 2024, renewables accounted for 46.9 % of the
European Union's electricity generation, with wind power contributing
39 % of this renewable share [1]. This progress aligns with the European
Union's climate objectives and the targets set within the 2030 Agenda
for Sustainable Development, which promote the large-scale integration
of clean energy [2]. This sustained growth is supported by technological
advances and policy incentives, encouraging deployment from large
offshore projects to distributed generation. Altogether, these de-
velopments underline the increasing relevance of wind power as a key
pillar in the global energy transition.

Within this landscape, small wind turbines (SWT) (<100 kW) are
gaining traction, particularly in distributed generation and remote ap-
plications [3-5]. For instance, rural electrification projects in Northern
Europe and hybrid renewable systems in isolated islands or farms
increasingly rely on SWTs to complement solar generation, reducing
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diesel dependency and improving local energy autonomy [6]. Recent
reports from the U.S. Department of Energy estimate that distributed
wind installations surpassed 1.1 GW of cumulative capacity in 2023 [7],
with small wind systems representing a growing share of new projects.
These systems offer advantages such as reduced transmission losses and
enhanced local energy resilience, making them an attractive option for
decentralized energy solutions. However, effective grid integration of
SWTs. requires advanced control strategies that optimize power
extraction while ensuring system stability [8].

This paper presents a sensorless voltage-based control strategy for
small wind turbines, enabling both Maximum Power Point Tracking
(MPPT) and dynamic power curtailment. The approach provides an
efficient framework for regulating power extraction in grid-connected
and standalone modes, facilitating the integration of SWTs into
distributed and ancillary service applications. Simulation and experi-
mental validation confirm its simplicity, adaptability, and effectiveness
for small-scale renewable systems.

1.1. State of art

Control strategies in Wind Energy Conversion System (WECS) can be
broadly classified based on their regulation approach, which may focus
on either Maximum Power Point Tracking (MPPT) [9-12] or power
curtailment management [13-15], depending on operational objectives.
These control methods rely on three main techniques: (i) Pitch angle
control [16], which adjusts the blade orientation to regulate aero-
dynamic efficiency [17]—widely used in large-scale turbines but often
impractical in small-scale systems due to cost and mechanical con-
straints; (ii) Torque control [18,19], which modifies the generator's
electromagnetic torque to regulate rotational speed and optimize energy
extraction, commonly implemented in both large and medium-scale
wind turbines; and (iii) Converter-side control [20,21], where power
electronics—such as DC-DC converters or back-to-back AC-DC-AC con-
verters—adjust the electrical operating point to achieve the desired
power regulation.

While large-scale wind turbines can implement MPPT and power
reserve strategies through any of these control techniques, SWTs are
typically limited to converter-side control due to their fixed-speed and
direct-drive configurations [22]. Among these, Permanent Magnet
Synchronous Generators (PMSG) are widely adopted in SWTs [23,24]
due to their high efficiency and reliability, but their lack of active me-
chanical control necessitates power regulation exclusively through
electrical means. Although MPPT strategies are extensively studied,
power curtailment control in SWTs remains underexplored, despite its
growing importance for grid integration and ancillary services.

Since SWTs rely solely on (iii) Converter-side control, power
regulation is typically managed through cascaded PI/PID controllers,
which remain the standard choice due to their simplicity, robustness,
and ease of implementation in both grid-connected and standalone
configurations [25]. However, in pursuit of greater adaptability and
improved disturbance rejection, alternative strategies have been
explored. Among them, fuzzy logic control [26] has gained attention for
its ability to handle nonlinearities without requiring an explicit math-
ematical model, though at the cost of extensive parameter tuning.
Similarly, sliding mode control [27] offers strong robustness against
uncertainties but tends to introduce high-frequency switching effects,
which can be detrimental in power electronics applications. A more
predictive approach can be found in model predictive control [28,29],
which dynamically adjusts control actions by forecasting system
behaviour, optimizing performance in real time. While this method is
highly effective, its computational burden often makes it less practical
for SWTs with limited processing resources. Ultimately, the choice of
control strategy depends on the specific operational constraints of the
system, balancing complexity, responsiveness, and efficiency.

Another key area in converter-based power control is the develop-
ment of grid-support strategies that enhance the stability and reliability
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of the electrical system. These methods regulate power output based on
frequency stabilization, power factor correction (P/Q control) [30], or
active/reactive power dispatch [31], ensuring better integration of
WECS into modern grids. Among these, Direct Power Control [32] reg-
ulates instantaneous active and reactive power without requiring mod-
ulation, offering fast dynamic response but at the expense of higher
implementation complexity. Virtual inertia emulation enables WECS to
mimic the inertial response of conventional synchronous generators [33,
34], helping stabilize grid frequency by dynamically adjusting power
injection based on grid fluctuations. While these techniques enhance
grid stability and support ancillary services, they become ineffective in
isolated systems where frequency regulation is not a priority or when
there is no external grid reference. In standalone applications, power
control shifts towards load-following strategies, where the turbine's
output is adjusted based on local demand rather than external frequency
or power factor constraints [35]. This fundamental difference highlights
the need for the proposed adaptable control methodology that can
operate both in grid-connected and isolated scenarios, ensuring reliable
power management across different network configurations.

A few studies have explicitly explored power control strategies
operating beyond MPPT in SWTs. In Ref. [36], the authors propose an
inverter-based control strategy incorporating battery storage as backup,
which adds complexity and cost—an aspect not required in the present
work. Another method, presented in Ref. [37], merges converter and
inverter control to regulate injected power but lacks experimental
validation and requires a dedicated inverter for each pgrid generator
system.

Table 1 summarizes that most existing studies on SWT control focus
solely on MPPT operation or rely on inverter-based curtailment
requiring auxiliary hardware. In contrast, the present work provides a
unified, sensorless, experimentally validated voltage-driven approach
achieving both MPPT and power curtailment using only a boost con-
verter, enhancing practicality and reproducibility.

To conclude, this state-of-the-art review has identified the following
research gaps.

- Lack of control methods that enable both MPPT and power curtail-
ment management by dynamically selecting the operating mode
based on grid or system requirements. Existing approaches often
focus exclusively on one objective.

- Power control strategies remain largely validated through simula-
tion, with limited experimental verification in real SWTs, especially
for power curtailment control.

- Existing methods often require non-standard SWTs topologies,
relying on additional equipment such as sensors or auxiliary power
converters.

These research gaps have been addressed by the contributions of this
work, as presented in the next section.

Table 1
Comparison of related works on power control in SWT.
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1.2. Work contributions

Compared with previous studies, the contributions of this work are
summarized below.

- A novel sensorless control methodology was developed that enables
both MPPT and power curtailment operation based on an external
command from the grid, user installation, or any upper control layer.
The strategy allows seamless mode selection within a unified control
framework while maintaining compatibility with existing control-
lers, without requiring additional power electronics or storage
systems.

- A predefined lookup table (LUT) method was introduced to deter-

mine the reference voltage based on wind speed and power demand.

This approach enables real-time voltage setpoint selection without

requiring real-time learning, making it reproducible for other SWTs

configurations.

Design and implementation of a boost converter using a commer-

cially available Half-Bridge IGBT module for SWTs applications.

1.3. Paper organization

The remainder of this paper is structured as follows. Section 2 in-
troduces the WECS model, detailing the wind turbine, generator, and
power electronics used in the study. Section 3 presents the proposed
power control strategy, explaining the voltage-based regulation method
and the implementation of the control system. Section 4 describes the
simulation and experimental platforms developed for validation. Section
5 analyses the results obtained from both simulation and experimental
tests, highlighting the system's performance and discussing its limita-
tions. Finally, Section 6 summarizes the main conclusions and outlines
potential future research directions.

2. Wind energy conversion model

The SWTs considered in this study (Fig. 1) consists of a wind turbine,
a PMSG, a passive diode bridge rectifier, a DC-DC boost converter, and a
DC bus. This configuration, based on a direct-drive topology with high
power-electronic penetration, is widely adopted for small-scale systems
due to its simplicity, low maintenance, and controllability.

The following subsections present the wind turbine, generator, and
power converter models, establishing the theoretical basis for the pro-
posed control strategy.

2.1. Wind turbine model

Wind turbines convert kinetic energy from wind into mechanical
power, which is then transformed into electrical energy by the gener-
ator. The total wind power (P,) available for extraction is given by
Ref. [39]:

Ref. Control Control Complexity ~ Validation Type Extra Hardware
Objectives Method requirements”
MPPT  PC" Simulation  Experimental

This v v cascaded PI control with LUT-based voltage reference Low v v None

work

[9] v b ¢ P&O Lox v v Active Rectifier

[11] v X Theoretical SWT model Medium v v None

[36] X v Hierarchical control with PI-based cascaded voltage/current loops and High v v Inverter

droop control for reactive power
[37] v v Direct power control with adaptive PI Medium v b 4 Inverter
[38] v v Sliding-mode control High v X None

2 Power Curtailment.

b Extra hardware requirements to archive the power control compared to the proposed work.
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Fig. 1. Complete SWTs framework of this paper: wind turbine, PMSG, rectifier, DC/DC converter, DC bus and the power controller.

1
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Where S is the surface area swept by the turbine blades, p is the density
of the wind, and vy, is the wind velocity. However, only a fraction of this
power can be effectively captured, defined by the power coefficient (Cp):

Py =Py-Cp(4,) 2)
Where Cp(4, ) depends on the tip speed ratio 4 and the pitch angle . The
tip speed ratio is defined as [39]:

Rb W
Vw

A 3

Where wp, is the rotor speed and R, the radius of the blades.

The optimizing of turbine efficiency is now contemplated in terms of
maximising Cp by orienting the blades for each velocity of the wind. In
SWTs, this feature () is established by the manufacturer and is invari-
able [40]. This reason leads to carry out a power control from the power
electronic side, as explained in the state of art.

The turbine design determines Cp(4, ). Fig. 2 shows typical
manufacturer-based power curves, where the red-shaded area illustrates
the feasible power-regulation range below the maximum output for each
wind speed.

The resulting mechanical power is:

Posiblepower
A regulation

100 = = = = = = = = = —

RatedValue
of Electric
Power output

(%)

e o ————

|

0 T >
f WindSpeed(m/s)
Cut-in Cut-off
Rated
Speed Speizd Speed

Fig. 2. Power coefficient and Power output for a standard small wind turbine.

1
P =5p R, Gy (4, ) “

and the torque develop by the wind turbine is determined as follows:

p
Tp=—" 6))
WOm
In the presented wind conversion system, the torque generated by
the wind turbine is directly transferred to the generator shaft, due to the

absence of gearboxes or other transmissions mechanisms.
2.2. Permanent magnet synchronous generator model

In order to describe and model the PMSG electrical behaviour, the
equations in the rotor d-q reference frame [41] are expressed as:

is = Ly — R+ Baper
dtdide de LdP mld

R

6
o 1, ©
at? L)L

PpOn
Lq

+Ld [0}
Lqp mtd

Where vq4 , V4 iy and ig, are the voltages and currents in the d — q
reference frame, R and L characterize the resistance and inductance of
the stator winding (in axes d and q), ¢ is the magnitude of the flux
generated by the rotor's permanent magnets in the stator phases. The
electromagnetic torque (T.) can be determined and simplify as follow
[41]:

T, =1.5pAig + 1.5pigiq (Lg — L) — Te = 1.5pAi, )

T, can be simplified since the reluctance effect is negligible (Lq ~ L).
The fundamental equation of dynamics for an electromechanical
system can be now presented by putting to use equations (4), (5) and (7):
do 1prR*VC,

T =T Te=2

— 1.5pai, ®)
where Tj, is the mechanical torque and J is the total moment of inertia of
the rotating mases.

Equation (7), accompanied by (6), describes the electromechanical
interaction between the wind turbine and the generator, establishing a
direct link between wind power extraction, generator speed, and elec-
trical torque. This formulation supports the proposed voltage-based
power regulation approach by providing an analytical framework to
verify the steady-state power output for each imposed voltage reference,
ensuring consistency with the experimental LUT-based control strategy
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proposed in this work.

Since the system lacks active mechanical control, power regulation is
achieved by modifying the generator load via the power converter. This
influences the rotor speed (wn,), affecting the generated voltage:

Vgenerator

Vgenerator =k- ¢ wn— = const )

m

Where Vgenerator is the voltage generated by the machine, k is a constant
related to generator properties. The simplification done in (10) can be
assumed because during the regular operation of the machine k and ¢
remain constant. This relationship enables voltage-based control, where
power extraction is regulated through the converter, eliminating the
need for direct speed measurement. Hence, the proposed method
operates in a fully sensorless manner with respect to the electrome-
chanical subsystem, relying solely on electrical variables available at the
converter terminals. The next section details the boost converter's role in
implementing this strategy.

2.3. Power converter model

The power electronic interface between the generator and the DC bus
consists of a boost converter, which regulates the rectified generator
voltage (Vi, Fig. 1) to match a reference voltage (V) defined by the
control system. The boost converter follows the standard steady-state
voltage relationship:

Vi

1-D (10)

Ve bus =

where D is the duty cycle and define the fraction of time the switching
device remains ON. Since Vpc s is externally imposed and constant, the
control variable is Vi,, which is set according to the reference voltage
Vres. Given equation (10) and the fact that:

Vin= Vgenemtor =K-op (1 1)

The voltage reference V;s is determined from a LUT based on the
desired power extraction level, that will be explained in the next section.
Finally, the required duty cycle is computed as:

(12)

By dynamically selecting V., the converter adjusts the electrical load
seen by the generator, allowing power regulation without requiring
additional mechanical control elements.

3. SWTs characterization based on LUT

To implement the control proposed, a characterization of the wind
turbine is required [42]. Experimental measurements of power genera-
tion at different wind speeds and imposed voltages are used to construct
a LUT, as shown in Table 2. This LUT provides a direct correlation

Table 2
Look-up table: active power corresponding to different wind
speeds and imposed voltages.

Wind speed (m/s)

V1 V2 U3 Vs Un
= Vi Pyq Py, Py3 Py PvlvN
o Va| P | Pua | P | Py Py
% Vi | Ps Ps; P33 Py Pyy
> : : : : :

Vn | Puyv, | Puyw, | Pyyws | Py, T
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between wind speed, generator voltage, and output power, enabling
real-time selection of the reference voltage (V).

Py, shown in Table 2 is the output electrical power by the wind
generator with the wind speed

vy and the voltage imposed Vy as reference (V).

Since the dataset is obtained through discrete measurements, a
polynomial approximation is employed to ensure a continuous mapping
of wind turbine behaviour. Using the polyfit function in MATLAB, a
third-order polynomial function is fitted to the experimental data for
each tested wind speed. This allows for the derivation of an analytical
voltage-power relationship at each discrete wind speed.

The fitting degree was selected based on the minimum root mean
square error (RMSE) across all data points.

For wind speeds not directly tested, interpolation methods are
applied using the griddata MATLAB function. Among the available op-
tions, cubic interpolation was selected, as it produced smoother transi-
tions and minimized discontinuities in the V., surface, as verified
through visual inspection of the 3D power surface (Fig. 3).

Fig. 3 provides a 3D surface representation of the LUT dataset.

For a given wind speed v,, imposing a voltage V, results in a power
output of P,, corresponding to MPPT operation. However, for power
curtailment operation, the reference voltage Vg is selected, reducing
power extraction to Pg as dictated by the upper-layer power control
manager.

4. Power control strategy

The power control strategy regulates the SWTs operation by
dynamically adjusting the input voltage of the boost converter, thereby
modifying the generator's electrical load. This approach enables both
MPPT and power curtailment control, ensuring adaptability in grid-
connected and standalone (isolated) operation.

e In grid-connected mode, the system adjusts power injection based on
grid requirements, supporting ancillary services by modulating
active power output.

e In standalone mode, the control strategy ensures that the load de-
mand is met, regulating power extraction accordingly.

The control methodology follows three main stages.

4.1. Operation mode selection
The controller can operate under three distinct modes.

1. Mode 1: Extracting the maximum power available in the wind for
any value of wind speed (variable speed), imposing the corre-
sponding optimal voltage. This mode is known as MPPT.

2. Mode 2: Maintaining a predetermined percentage of power curtail-
ment for any wind speed. This mode ensures always a power
availability when required.

3. Mode 3: Regulating the active power delivered by the generator for
any wind speed, provided that the requested power is available. This
mode enables precise power control, allowing the system to adapt
to external power demands.

The selection of the controller's operating mode is determined by the
percentage of power reserve (%reserve) Set by the upper-layer power
control (Pyax), see Fig. 4. If %oreserve = 0, the system operates in Mode 1
(MPPT), extracting the maximum available power from the wind. If
Yoreserve 1S constant, the system maintains a fixed power reserve, corre-
sponding to Mode 2. In contrast, if %resre varies dynamically based on
the maximum power reference (Ppax), the system operates in Mode 3,
continuously adjusting power output according to external demands.
This dynamic selection mechanism ensures flexibility in adapting to
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Fig. 3. Surface plot from SWTs characterization example.
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Fig. 4. Power controller structure.

different operational requirements. Fig. 4 illustrates the controller
architecture.

4.2. Voltage reference calculation, Vi,

The reference voltage Vs is dynamically determined based on the
desired power extraction level. This process relies on the previously
characterized LUT which correlates incident wind speed, generator
voltage, and output power. By selecting an appropriate operating point,
the system ensures compliance with either MPPT or power curtailment
operation, depending on external control requirements.

Mathematically, V.. is a function of the measured wind speed v,, and
the desired power curtailment percentage:

Vref :f (VW7 %reserve)

The calculated Vs defines the input voltage of the boost converter,
thereby indirectly regulating the electrical load seen by the generator.
This control mechanism leverages Pulse Width Modulation (PWM) to

13)

adjust the duty cycle D (Equation (12)), modifying the energy transfer
process and ensuring that the generator operates at the imposed voltage
reference.

4.3. Controller implementation

The implemented controller consists of two cascaded proportional-
integral (PI) controllers, as illustrated in Fig. 4. The outer voltage loop
regulates Vi, to match Vs, while the inner current loop enhances the
dynamic response by controlling the inductor current (I,). The control

structure is defined by the following equations:
e1(t) = Vi — Vin(t)

14

w(t) = Knex(t) + Ka / e (t)dt as

where e; (t) represents the voltage error, and u; (t) is the control output
from the outer loop, which acts as a reference for the inner loop.
The inner loop is responsible for current regulation:
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ex(t) = —u (t) — In(t)

le(t) = Kpgez(t) + Kj» /eg(t)dt (15)

Where e;(t) denotes the current error, and u(t) is the modulating signal
used to generate the PWM signal that drives the boost converter switch
at the stablished switching frequency. Moreover, K, and K; are the
proportional and integral gain for each PI.

Despite the widespread use of cascaded PI controllers in power
electronics applications, this control structure remains well-suited for
the proposed strategy. The novel contribution of this work lies in the
methodology for dynamically selecting the desired power output by
adjusting the voltage reference through a pre-characterized LUT. Given
that the system operates under a well-defined and stable dynamic
response, the PI-based architecture ensures a sufficient balance between
implementation simplicity, robustness, and control accuracy, without
necessitating more complex nonlinear or adaptive control techniques.

The PI controller parameters (Kp1, Ky, Kp2, Kpp) were initially
determined analytically based on the small-signal model of the boost
converter. The voltage and current loops were designed using the clas-
sical frequency-response method, setting the inner current loop band-
width approximately one decade higher than that of the outer voltage
loop to ensure proper dynamic decoupling. The proportional and inte-
gral gains were then fine-tuned empirically through simulation to
minimize overshoot. The final tuned values used in both the simulation
and experimental platforms are listed in Tables 5 and 6 of the Appendix.

5. Simulation and experimental platforms

The proposed control strategy has been validated through both
simulation and experimental implementation. Initially, the system was
tested using MATLAB/Simulink to assess its theoretical performance.
Subsequently, a laboratory prototype was developed to experimentally
validate the control methodology under real operating conditions. The
details of each implementation are presented in the following
subsections.

Discrete
5e-06s.

% Power
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5.1. Simulation platform

The simulation platform was built in MATLAB/Simulink, as illus-
trated in Fig. 5, following the wind turbine model and power converter
topology previously described. A 3 kW horizontal-axis small wind tur-
bine has been modelled based on reference [43], with its nominal pa-
rameters summarized in Table 3.

The wind turbine characteristics follow the same power curve rep-
resentation as Fig. 2, ensuring consistency with real operational
behaviour. Since the pitch angle is fixed by the manufacturer, the tur-
bine inherently operates at maximum aerodynamic efficiency (MPPT
mode) unless an external power curtailment is imposed. Thus, the pro-
posed control strategy allows for selective deviation from MPPT to meet
external power dispatch requirements.

To simulate the electrical generator behaviour, Simulink's PMSG
block has been employed, parameterized using the default configuration
corresponding to: “02: 1.7 Nm, 300 Vdc, 3750 RPM - 1.7 Nm.”

A universal bridge rectifier is used to model the diode bridge recti-
fication stage, with a capacitor placed to smooth voltage ripples. The
boost converter is implemented using an inductor (L), an IGBT as the
switching device controlled by the signal [u], and a capacitor (C). The
values for L and C are detailed in Table 5 (Appendix). The system is
connected to a DC bus maintained at 350 V, ensuring a stable operating
environment for the power electronics.

Table 3

Nominal parameters of the wind turbine used in the simulation platform.
Datasheet Characteristics Value Unit
Prom 3000 w
Cpmax 0.41 -
Vnom 12 m/s
Veutin 2 m/s
Veutoff 15 m/s

Voltage ref

Reserve

-

Wind Speed

Setpoint Vrer =f(v,,,%,)
\Calculator

PID >
ul(t) e e2(t) © u2(t) /\A_FD_' @
9kHz

Rectifier
Turbine

<Electromagnetic torque Te (N*m)>

<Rotor speed wm (rad/s)> Crip

PWM Generator

Boost Converter

D
L
I

Vdiode D

DCBUS
350V

Vdc_out

()
) M

Fig. 5. Simulation platform developed to validate the control system.
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5.2. Experimental platform

The experimental validation was performed using a hardware
implementation of the complete SWTs, following the same system ar-
chitecture as Fig. 1. The laboratory setup, depicted in Fig. 6, employs a
commercial small wind turbine (FM910-4 MARLEC) manufactured by
Rutland Windcharger. The turbine characteristics align with those
described in Fig. 2, with cut-in and cut-off wind speeds of 3 m/s and 20
m/s, respectively. The maximum laboratory power output does not
exceed 17.2 W. The nominal parameters of the turbine are provided in
Table 6 (Appendix).

To emulate variable wind conditions, a motor-driven centrifugal fan
controlled by a frequency converter was used. This setup allows for
precise control of the incident wind speed on the turbine, enabling
reproducible experimental conditions. For AC-to-DC conversion, a
three-phase full-wave rectifier is employed, followed by a capacitor Cy, .

A modular IGBT power stack was integrated to built the boost con-
verter, the internal scheme of this device is represented in Fig. 7 a) and
its external appearance in Fig. 7 b). As can be observed from the avail-
able details, the power module incorporates the IGBT switch T1 always
open is used as diode and IGBT switch T2 driven by the controller signal.
Moreover, the module brings built-in the capacitor C. The parameters
are shown in Table 6 of the appendix.

The output of the converter is connected to a battery that imposes a
voltage of 350 + 0.5 V. The battery has been emulated using a bi-
directional source of direct current in battery-emulator Li-lon mode,
model PSB 9000 3U develop by the company EA Elektro Automatik. This
has been the method to emulate a DC bus in lab.

By emulating the DC bus in this way, versatility, control, repeat-
ability, and safety are achieved, which justifies its use in technical
experiments.

The control strategy is implemented using an Arduino-based plat-
form, following the architecture described in Fig. 4. The input voltage
and current to the converter are measured using a dedicated PCB. The
measurement setup involved the utilization of a non-invasive current
sensor (LEM LA 55-P) and a voltage sensor (LV 25-P), and their

.\ Wind Turbine
1 i

& Inductance L

ol |

|
R

Wind-generator

Y

Anemomete
[ 4
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)
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respective signals were fed into the controller. The PWM generated by
Arduino is the signal that govern T2, Fig. 7 a).

6. Results of the proposed power control strategy

Once the systems used for simulation and experimentation have been
presented, this section analyses the substantial results in detail, those
that serve to validate the control system proposed in this paper. The
limitations and differences between models will also be discussed.

6.1. From simulation

From the simulation results, the key aspects analysed were the
impact of voltage regulation on power extraction and the stability im-
provements provided by the closed-loop control.

The system was tested under varying wind speeds to analyse the
relationship between imposed voltage and power curtailment levels.
Fig. 8 shows, for each tested wind speed v,, the power reserve
P reserve (Vrefs Vi) = P(Vref, Vi) /Pmax(Vw) as a function of the imposed
generator voltage V.. This ratio, expressed as a percentage, represents
the fraction of the maximum available power extracted at each oper-
ating voltage. Each colored curve corresponds to a different wind speed
(see legend). These curves confirm that by decreasing the reference
voltage, the extracted power is reduced, demonstrating the feasibility of
the LUT-based power regulation strategy described in previous sections.
By interpolating the power curtailment across different wind speeds, the
simulation framework allows us to predefine the voltage reference V.
required to meet a specific power curtailment setpoint.

Beyond confirming the effectiveness of voltage-based power regu-
lation, the simulation study also evaluates the role of closed-loop control
in stabilizing the system's electrical behaviour. Fig. 9 compares the input
current waveforms obtained under two control schemes: Open-loop
control, where only the reference voltage is imposed without feedback
regulation and Closed-loop control, using a cascaded PI controller to
regulate the generator voltage dynamically.

The open-loop configuration exhibits significant current oscillations,

Modular IGBT

cks

PWM signal

L, I .'l ; Vdiode D

Iu

Fig. 6. The complete experimental SWTs.
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Fig. 7. DC/DC boost converter: a) structure, b) appearance.
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Fig. 8. Power reserve Preserve(Vref,Vw) = P(Viet, Vw) /Pmax(Vw) (%) obtained from simulation tests for v, = 8,9,10,11,12, and 13 m/s. Each curve represents a

different wind speed.

leading to inefficient power conversion and a highly unstable electrical
response. Conversely, the closed-loop PI controller mitigates these
fluctuations, ensuring a smoother current profile and improving overall
system robustness. These results highlight the necessity of implementing
a feedback control loop, particularly when operating under variable
wind conditions where power fluctuations are inevitable.

6.2. From experimental

The experimental validation aimed to confirm the feasibility of the
proposed voltage-based control strategy in a real-world setting.

The power-voltage curves obtained from the experimental platform
are presented in Fig. 10. These 2D curves represent the generated power
as a function of the imposed generator voltage for different wind speeds.
The results were obtained following the same LUT-based characteriza-
tion methodology described previously in Section 3.1. The trends

confirm that: for each wind speed, there exists an optimal voltage at
which the maximum power is extracted. Moreover, when reference
voltage is different from that optimal voltage, the extracted power de-
creases, validating the control principle behind the LUT approach.

Fig. 10 also includes two X-axes: the lower axis corresponds to the
generator voltage, whereas the upper axis represents the rotor speed. As
previously established in Equation (9), the voltage is directly propor-
tional to the rotor speed in a PMSG, meaning that controlling the
generator voltage effectively governs its mechanical speed.

To extend this characterization and enable real-time power regula-
tion, the power-voltage relationship was reconstructed as a 3D surface,
illustrated in Fig. 11. This surface presents the active power supplied by
the generator for each wind speed and imposed generator voltage,
serving as the reference framework for the Arduino-based controller.

The evaluation of the controller under operating Modes 1 and 2 is
shown in Fig. 12. In Mode 1 (MPPT), Fig. 12 a), the system adjusts the
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generator voltage to follow the maximum power curve for any incident
wind speed, confirming the correct tracking of the optimal voltage
000 reference. In Mode 2, Fig. 12 b), the controller maintains a fixed per-
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centage of power reserve, operating below the maximum power tra-
jectory according to the imposed curtailment level.

Each test was performed under controlled wind conditions generated
by the laboratory fan, with the incident speed varying between 13.5 m/s
and 18 m/s according to the sequence indicated in the figures. In Fig. 12

V. =17.5m/s
w

V. =16m/s
w

V. =15m/s
w

V. =14m/s
w

(a), corresponding to Mode 1 (MPPT), the generated electric power
follows the variations in wind speed, showing four operating intervals at
approximately 15 m/s, 16 m/s, 17.5 m/s and 15 m/s. A detailed view
highlights the highest transient produced by the change from 16 m/s to
17.5 m/s, where the power signal reaches steady state after approxi-
mately 4.32 s. Fig. 12 (b) represents the operation in Mode 2, where the
system was commanded to maintain fixed curtailment levels of 50 % and
20 % with respect to the maximum theoretical power. The complete
experiment lasted about 510 s, with successive wind speed changes
introduced to verify the controller behavior under the same environ-

o
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Fig. 10. Curves obtained from the experimental platform.
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Fig. 12. Experimental results of the voltage-based control under different operation modes: a) Mode 1 — MPPT operation and b) Mode 2 — Constant power-

reserve operation.

regulating the power reference dynamically. This test was selected as it
represents the most demanding scenario, requiring the system to pre-
cisely regulate power output despite variations in the imposed setpoints.

The graphics results, presented in Fig. 13, demonstrate that the
controller successfully tracks the imposed power levels (dashed lines in
Fig. 13), with the power response aligning with the expected setpoints
derived from Fig. 11.

The analytical results corresponding to this test are also presented in
Table 4, where the response time/stability is explicitly calculated.
Voltage reference, power delivered and the corresponding power
curtailment (%) are also indicated for each set point value. The longest
response time, 8.663 s, corresponds to the transition from 14.9 W to 8.4
W, primarily influenced by the combined effect of controller transients
and turbine inertia.

The Time Response values in Table 4 represent the duration required
for the output power to settle around the new reference level after each
command issued by the upper-layer controller. Once the steady state is
reached, small oscillations are observed in the measured power signal
due to both the intrinsic dynamics of the PI controller and the aero-
dynamic fluctuations of the turbine.

The amplitude of these oscillations depends on the imposed

Table 4
Experimental SWTs response Fig. 13 (vy, = 17.5 m/s).

Electric power Voltage reference Power curtailment Time Response

Praxpept =17W  Vigy =158V %opr = 0% At; =7.454s
P = 112W Viefs = 9.46 V %opr = 34.1% At, = 6.385s
Pz =149 W Vs =126 V %pr = 12.3% At; = 3.566 s
Py =84 W Vigs =86V %pr = 50.5% Aty = 8.663 s

operating voltage, as the converter exhibits slightly different dynamic
behaviour at each voltage level. In all tested cases, the steady-state de-
viation with respect to the commanded reference remains below +3 %.
A moderate overshoot can be observed in the transient intervals. This
behaviour is consistent with the selected PI tuning, which prioritizes fast
dynamic tracking over overshoot minimization. The resulting transient
performance represents a practical balance between response speed and
voltage stability, depending on the desired control objectives.

T T T T T T
25 o Order issued by the -
grid supervisor
22.5 - Atz N
P —
20 N
= P
5 17.5 max| ref 1
2 e — A YR i . g S
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ref 3
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Fig. 13. Time response and stabilization of the voltage-based control to different % of power curtailment under mode 3 operation in a constant wind speed of 17.5

m/s.
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6.3. Discussion and limitations

The experimental results are consistent with the simulation out-
comes, reinforcing the feasibility of the proposed voltage-based control
strategy. The tested WECS can operate at any desired point, whether at
the maximum power point or a reduced power setpoint. Additionally,
the implemented controller supports multiple operating modes, making
the WECS highly versatile. Depending on the circumstances of its
installation and operational requirements, the system can function in
MPPT mode (Mode 1) to extract maximum power, in power curtailment
mode (Mode 2) to ensure a controlled energy reserve at all times, or in
grid-support mode (Mode 3) to regulate power delivery to the grid or a
standalone load. This flexibility is particularly relevant in the context of
modern power systems, where SWTs can provide ancillary services by
dynamically adjusting their output based on grid demands.

However, some differences were identified between the simulation
and experimental platforms, primarily due to the intrinsic differences
between a modelled system and real-world conditions.

6.3.1. Discussion

One of the main discrepancies stems from the fact that the wind
turbines used in simulation and experimentation have different power
and speed characteristics. Consequently, their respective voltage, speed,
and power curves exhibit notable variations. This divergence, however,
does not undermine the validity of the study. The simulation was
designed to validate a specific set of theoretical assumptions and control
interactions, whereas the experimental validation sought to assess
practical feasibility under real-world conditions. These complementary
steps are essential for the progressive verification of the proposed con-
trol strategy.

Another significant factor influencing the results is the presence of
non-idealities in the real system, such as voltage and current ripple,
which are absent in the idealized simulation model. Additionally, the
experimental turbine's power output was significantly lower than what
would be expected under real outdoor conditions. This is primarily due
to the artificial wind conditions in the laboratory environment, where
the airflow is weaker, less stable, and subject to unwanted disturbances
such as reflections and turbulence. In contrast, outdoor conditions
typically provide a stronger and more stable wind flux. Nevertheless,
these differences do not affect the validity of the control approach, as the
study is fundamentally designed to compare different operating condi-
tions rather than evaluate absolute energy yields.

Despite these differences, the fundamental principle of the proposed
control strategy remains valid. The results confirm that SWTs can be
effectively integrated into power curtailment strategies by utilizing a
voltage-based control approach. The ability to impose a voltage refer-
ence to control power output ensures that the system can dynamically
adapt to varying grid conditions and external demands, making it a
valuable tool for renewable energy integration.

Regarding long-term operation, factors such as blade ageing, dirt
accumulation, or aerodynamic degradation may slightly alter the power
curve of the turbine. Since the proposed strategy operates as a voltage-
driven loop, the system remains stable under these conditions. The
controller will continue to enforce the reference voltage from the LUT,
and while the operating point might slightly deviate from the theoretical
new Maximum Power Point due to the curve shift, the system ensures
continuous and safe operation without instability.

6.3.2. Limitations

The proposed control strategy is specifically designed for WECS that
operate with PMSG, where the operating voltage is directly linked to the
generated electromotive force. However, this approach would not be
applicable to synchronous electromagnet generators, where voltage is
regulated through an excitation current rather than being inherently
tied to generator speed. In such cases, an entirely different control
methodology would be required.
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Although the generator tested in the laboratory operates at a low
power level, the proposed control methodology remains fully scalable to
higher power systems. The limiting factor in power scalability is not the
generator itself but rather the power converter and its switching capa-
bilities (i.e., the power—frequency constraints of the semiconductor de-
vices). Given that the control system relies on fundamental machine
principles, the proposed LUT-based methodology and control law
remain unchanged and can be directly applied to larger WECS that
maintain the same topological configuration (Fig. 1) tested in this work.
Therefore, scaling up primarily involves adapting the converter hard-
ware — including ratings, switching and thermal limits, and protection
design — while the proposed control approach remains fully valid for
higher power levels.

It is also noted that the transient response of the control system will
vary depending on the rotational inertia of the wind turbine employed.
Higher inertia generally results in smoother dynamic transitions and
slower responses, while lower inertia yields faster but potentially more
oscillatory behaviours. This effect can be accounted for during the
control design phase to achieve a suitably damped and smooth transient
response in each specific implementation.

Long-term effects such as ageing, dirt accumulation, or partial blade
deterioration may slightly modify the turbine's aerodynamic charac-
teristics. However, these variations can be detected through online
monitoring and corrected by periodic recharacterization or control
retuning, as discussed in Ref. [44].

7. Conclusions

This paper presents the development and implementation of a
voltage-based power control strategy for small-scale wind turbines,
allowing dynamic power adjustment between Maximum Power Point
Tracking (MPPT) or power curtailment management. The method relies
on a predefined Look-Up Table (LUT) to characterize the wind turbine's
behaviour, establishing a direct correlation between wind speed,
generator voltage, and electrical power output. This enables real-time
selection of the optimal voltage reference based on the controller's
operating mode to extract the desired power.

The proposed control strategy introduces three distinct operating
modes: (1) MPPT mode, where the system extracts the maximum
available power from the wind, (2) power curtailment mode, which
maintains a predetermined percentage of power reserve, and (3) active
power regulation mode, where the system dynamically adjusts power
output based on external demands. The selection of these modes is
dictated by the upper-layer power control, highlighting the adaptability
and practical feasibility of the approach for different operational re-
quirements, whether for grid support or standalone applications.

Both simulation and experimental validation confirm the feasibility
and reliable performance of the proposed method. The results demon-
strate that the system achieves fast and stable responses to power set-
point changes, ensuring smooth power regulation without the need for
additional storage components. The cascaded PI-based control structure
provides a simple yet robust mechanism to regulate power delivery by
dynamically adjusting the boost converter's input voltage.

Future work will focus on developing predictive control techniques
to enhance the dynamic response, as well as conducting extended out-
door validation to assess the system's robustness under stochastic wind
conditions through statistical performance analysis.
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Parameters of the SWT simulation model

PMSG

1.7 Nm 300 Vdc 3750 RPM - 1.7 Nm
(Default Simulink Model)

Rectifier

Crip 16.7 mF

DC-DC Boost Converter

L 83.3 mH

C 70.4 pF

Controller parameters

K 0.5

Ka 0.15

Kp2 0.7

Kiz 0.05
Table 6

Parameters of the experimental SWT

Wind Turbine

No, of blades
Blades diameter
Armature resistance
Stator inductance
No, of poles

Rated power
Rectifier

6

910 mm
242Q
0.0218 H
4

160 W

Crip
Diode Voltagethreshold
Controller parameters

99.25 mF
0.635V

Kpn
Ki
Kp2
Kiz

0.3
0.0012
0.23
0.01

Data availability
Data will be made available on request.
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