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Abstract. Vertical-axis wind turbines (VAWTs) are considered promising solutions for urban wind energy gen-
eration due to their design, low maintenance costs, and reduced noise and visual impact compared to horizontal-
axis wind turbines (HAWTs). However, deploying these turbines close to densely populated urban areas often
triggers considerable local opposition to wind energy projects. Among the primary concerns raised by commu-
nities is the issue of noise emissions. Noise annoyance should be considered in the design and decision-making
process to foster the social acceptance of VAWTs in urban environments. At the same time, maximising the
operational efficiency of VAWTS in terms of power generation and actuation effort is equally important. This
paper balances noise and aero-servo-elastic performance by formulating and solving a multi-objective optimisa-
tion problem from a controller calibration perspective. Psychoacoustic annoyance is taken as a novel indicator
for the noise objective by providing a more reliable estimate of the human perception of wind turbine noise than
conventional sound metrics. The computation of the psychoacoustic annoyance metric is made feasible by inte-
grating it with an accurate and computationally efficient low-fidelity noise prediction model. For optimisation, an
advanced partial-load control scheme — often used in industrial turbines — is considered, with the K > controller
as a baseline for comparison. Optimal solutions balancing the defined objectives are identified using a multi-
criteria decision-making method (MCDM) and are subsequently assessed using a frequency-domain controller
analysis framework and mid-fidelity time-domain aero-servo-elastic simulations. The MCDM results indicate
the potential application of this controller in small-scale urban VAWTS to attain power gains of up to 39 % on
one side and to trade off a reduction in actuation effort of up to 25 % at the cost of only a 2 % power decrease
and a 6 % increase in psychoacoustic annoyance on the other side compared to the baseline. These findings
confirm the flexible structure of the optimally calibrated wind speed estimator and tip-speed ratio (WSE-TSR)
tracking controller, effectively balancing aero-servo-elastic performance with noise emissions and marking the
first instance of integrating residential concerns into the decision-making process.
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1 Introduction

The transition from fossil fuels to sustainable energy sources
is motivated by the escalating demand for energy and the im-
perative to curtail greenhouse gas emissions. In this context,
wind energy is vital, accounting for 906 GW of global in-
stalled capacity as of 2022, with an annual growth rate of
9 % (Hutchinson and Zhao, 2023). Projections for the next
5 years anticipate 680 GW of new installed capacity with an
annual growth rate of 13 %, considering both onshore and
offshore locations. The offshore wind sector has garnered
significant attention, primarily due to its abundant wind re-
sources, which can be harnessed by large-scale wind turbines
with an average rated output of around 8 MW connected to
the grid (Ramirez, 2023). However, it is worth noting that
offshore wind installation is often associated with high costs
in both construction and grid connection, hindering its rapid
expansion compared to onshore wind projects (Veers et al.,
2019).

Onshore wind sites remain critical for the exploitation
of wind energy (Watson et al., 2019). While most of this
energy is generated from large-scale turbines (Veers et al.,
2019), there is a growing interest in small-scale turbines
due to their potential applications in urban environments
(Bianchini et al., 2022). Potential integration of small ro-
tors on tall buildings might address local renewable energy
demands, complementing the push for sustainable building
design (Balduzzi et al., 2012). Moreover, the importance of
small-scale wind turbines extends to future distributed en-
ergy networks, especially when effectively combined with
energy storage systems (Papi et al., 2021).

In this context, vertical-axis wind turbines (VAWTSs)
present an attractive opportunity to harness urban wind con-
ditions, characterised by low average wind speeds and high
turbulence levels, because of their ability to receive wind
from any direction without requiring a yaw mechanism
(Mertens et al., 2003), their simple blade design leading to
cost-effective maintenance (Howell et al., 2010), and their
reduced visual impact (Dayan, 2006; Khan et al., 2017) com-
pared to the horizontal-axis wind turbines (HAWTs) domi-
nating the urban wind energy market.

However, three main challenges remain for the urban de-
ployment of small-scale VAWTSs. The first revolves around
the need to foster community engagement and social accep-
tance (Watson et al., 2019; Bianchini et al., 2022). Noise
annoyance significantly contributes to the local opposition
against urban wind energy projects (Klok et al., 2023). Mea-
sures taken to mitigate such concerns result in reduced power
capture efficiency, adversely impacting revenue generation,
particularly if the turbines are required to cease operation
during nighttime hours (Merino-Martinez et al., 2021). To
reduce the impact of such measures on the VAWT perfor-
mance, an accurate prediction of the wind turbine noise im-
pact on nearby residents is essential. This task is complex
due to the influence of various factors, such as wind speed,
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direction, distance, and background noise (Poulsen et al.,
2019). Commonly used time-averaged metrics, such as the
A-weighted sound pressure level or the day—evening—night
level (Lgen), may not fully capture the sound properties re-
sponsible for noise annoyance (Pieren et al., 2019). There-
fore, recent efforts have focused on the auralisation of envi-
ronmental acoustic scenarios. Similar to its visual counter-
part, this technique allows for the artificial reproduction of
audible situations using numerical data (Vorldander, 2008). A
notable contribution to this topic comes from the work of
Merino-Martinez et al. (2021), who proposed a novel holis-
tic approach based on synthetic sound auralisation and psy-
choacoustic sound quality metrics to evaluate the annoyance
caused by wind turbine noise.

Turning to the second and the third challenges, optimising
the controller to ensure an optimal and reliable estimation of
the performance of small-scale VAWTs in turbulent and fluc-
tuating wind conditions is paramount (Eriksson et al., 2008;
Watson et al., 2019; Bianchini et al., 2022). The combined
wind speed estimator and tip-speed ratio (WSE-TSR) track-
ing controller (Bossanyi, 2000) has been successfully applied
to maximise the energy capture of VAWTs (Eriksson et al.,
2013; Bonaccorso et al., 2011), demonstrating good dynamic
performance in tracking the optimal operating point in tur-
bulent wind conditions and in predicting the turbine perfor-
mance. This control scheme ensures that the wind turbine
operates at the maximum power coefficient associated with
a particular tip-speed ratio and pitch angle (Burton et al.,
2001). To track the optimal operating point and extract the
maximum power, the estimated rotor-effective wind speed
(REWS) (@stergaard et al., 2007; Soltani et al., 2013) is used
to compute the desired rotor speed reference.

However, the optimal calibration of the WSE-TSR track-
ing controller is a crucial and nontrivial task due to the con-
troller’s non-linearity and high dependence on a priori model
information. The first effort in providing insights into the
complex dynamic of the scheme is the derivation of a linear
frequency-domain framework in Brandetti et al. (2022). The
work also reveals that the system is ill-conditioned, meaning
that the scheme is unable to uniquely provide a wind speed
estimate from the product with other internal model param-
eters. While the frequency-domain framework provides in-
sights for analysing turbine controllers in terms of band-
width, relating the linear framework to practically meaning-
ful performance metrics (e.g. energy capture and actuation
effort) remains an intricate task.

To this end, a recent study by the same authors (Brandetti
et al., 2023b) focused on finding the optimal calibration of
the WSE-TSR tracking controller in a multi-objective set-
ting (Odgaard et al., 2016; Moustakis et al., 2019; Lara et al.,
2023a) with power maximisation and actuation effort min-
imisation as conflicting objectives. The set of Pareto optimal
solutions is then evaluated with a frequency-domain frame-
work to relate performance metrics to controller insights.
Results obtained using the NREL 5 MW reference HAWT
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(Jonkman et al., 2009) under realistic turbulent wind condi-
tions show that when compared to the baseline Kw? con-
troller, an optimally calibrated WSE-TSR tracking control
strategy does not enhance power capture; however, it does
enable the reduction of torque actuation effort with a minor
decrease in power production. This finding contradicts the
expectations from the existing literature, which claimed en-
ergy capture benefits of 1 % to 3 % when applying a manu-
ally calibrated WSE-TSR tracking controller (Holley et al.,
1999; Bossanyi, 2000). It should be noted that these conclu-
sions were made more than 2 decades back and were based
on the application of wind turbines that are much smaller
than the NREL 5 MW turbine.

Hence, validating the above-mentioned hypothesis on a
small-scale wind turbine, like an urban VAWT, holds sig-
nificant interest. In the existing body of literature, numer-
ous studies have investigated the multi-faceted aspects of
small-scale turbine optimisation, particularly concerning the
trade-off between minimising noise emissions and maximis-
ing power performance on HAWTs (Clifton-Smith, 2010;
Sessarego and Wood, 2015; Pourrajabian et al., 2023). De-
spite this interest, there is a distinct lack of corresponding
studies addressing these aspects in the context of VAWTs.
Therefore, this paper tackles the multi-objective optimisa-
tion problem from a control perspective by balancing aero-
servo-elastic turbine performance (power capture and actua-
tion effort) with noise (psychoacoustic annoyance) for an ur-
ban VAWT. Finding a balance between these objectives will
further promote the application of VAWTSs in urban environ-
ments.

The 1.5m two-bladed H-Darrieus VAWT (LeBlanc and
Simao Ferreira, 2021) is chosen as a case study in the cur-
rent work. The selection of this specific turbine is motivated
by the availability of experimental aerodynamic data and its
suitability for rooftop integration (Balduzzi et al., 2012). The
psychoacoustic annoyance value needed for the optimal con-
troller calibration is computed by coupling the perception-
based approach proposed by Merino-Martinez et al. (2021)
and the low-fidelity noise prediction model developed and
validated against high-fidelity simulations by Brandetti et al.
(2023a). As experimental acoustic VAWT data are unavail-
able, the aforementioned model is applied, providing the esti-
mated noise spectra for the small-scale VAWT. These signals
are subsequently auralised and assessed with psychoacoustic
sound quality metrics to estimate the psychoacoustic noise
annoyance.

The optimisation process explores the parameter space
of the considered WSE-TSR tracking controller through a
guided search procedure. Optimal solutions are identified to
form the Pareto front, balancing power maximisation, actua-
tion effort minimisation, and psychoacoustic annoyance min-
imisation. These optimal results are then evaluated by a linear
frequency-domain system and controller analysis framework
(Brandetti et al., 2023b) for comparison to the baseline K w?
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controller. Therefore, the main contributions of this paper are
as follows:

— integrating perception-based psychoacoustic sound
quality metrics with a low-fidelity noise prediction
model to accurately predict and characterise the acous-
tic emissions of a small-scale VAWT in terms of psy-
choacoustic annoyance

— presenting an architecture for implementing torque con-
trol strategies in small-scale VAWTs with the mid-
fidelity software QBlade (Marten, 2020) to conduct re-
alistic aero-servo-elastic simulations of an urban VAWT

— formulating and solving a multi-objective optimisation
problem for finding the optimal calibration of the WSE—
TSR tracking controller as a trade-off between acoustic
and aero-servo-elastic performance for an urban VAWT
and for the first time taking into account residential con-
cerns in the decision-making process.

The paper is structured as follows: Sect. 2 derives the
model for the wind turbine under study. Section 3 presents
the two considered torque control strategies, namely the
WSE-TSR tracking controller and the baseline K w? con-
troller. Section 4 describes the combined noise prediction
model and psychoacoustic annoyance model. The architec-
ture for implementing the considered torque control strate-
gies in QBlade and their calibration by means of multi-
objective optimisation are provided in Sect. 5. The optimally
calibrated WSE-TSR tracking control scheme is compared
to the baseline for its performance in Sect. 6 using both the
frequency-domain framework and the time-domain simula-
tions performed with QBlade. Section 7 offers a summary of
the key findings and proposes directions for future work.

Notations

This section outlines the notations used in the paper. The
notations (T) and (%) indicate estimated quantities and time
derivatives, respectively. The symbol (-) represents values
corresponding to a specific operating point but also a mean
value, whereas (-), denotes values indicating the intended op-
timal or reference parameters.

2 Vertical-axis wind turbine

In this section, the model for the VAWT is presented.
Specifically, a two-bladed H-Darrieus turbine is considered,
for which experimental aerodynamic data are available, as
shown in Fig. la. To minimise blade deflection, two hor-
izontal struts are used for each blade, located at approxi-
mately 25 % and 75 % of the blade length. The blades have a
NACA 0021 profile with a chord length ¢, = 7.5 x 1072 m,
while the struts have a NACA 0018 profile with a chord
length ¢s = 6 x 1072 m. The diameter of the VAWT is D =

Wind Energ. Sci., 9, 471-493, 2024
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Figure 1. (a) Vertical-axis wind turbine (VAWT) geometry and dimensions. The turbine is a two-bladed H-Darrieus VAWT, with diameter
D, span s, and height 4 of dimensions equal to 1.5m. (b) Coordinate system and definition of the rotor-effective wind speed (REWS) V,
the blade-effective wind speed (BEWS) V;, and the normal load acting on the blade per unit span Fy, ; vectors adapted from De Tavernier
(2021). The coordinate system is Cartesian, with the origin at the turbine centre. The blade azimuthal position 6 is defined with respect to
blade 1 and is considered positive in the counterclockwise direction. The vector of the BEWS V; for the blade i results from the summation
of three vector components: the REWS V, the rotational velocity Vot of the turbine, and the induced velocity Vj,q. The normal force Fy, ;

per unit span has a positive sign when the vector points inwards.

Table 1. PitchVAWT design specifications (LeBlanc and
Simaéo Ferreira, 2021).

Parameter Value

Number of blades (Ny) 2

Span (s) 1.5m

Height (h) 1.5m
Diameter (D) 1.5m

Blade chord length (cp) 7.5 X 1072Zm
Strut chord length (cs) 6x1072m
Rated power (P) 600 W
Generator efficiency (u) 1

Gearbox ratio (N) 1

Rotor inertia (J) 1.5kg m?

1.5m, with a span s and a height A, both equal to 1.5m.
These specifications are summarised in Table 1, and more
detailed information about the VAWT design can be found
in previous work (LeBlanc and Simdo Ferreira, 2021), where
the turbine was experimentally investigated.

Figure 1b shows the turbine Cartesian coordinate system
with the origin at the turbine centre. To aid in the interpre-
tation of the results, the blade rotation is divided into two
regions: the upwind region, where 0° <6 < 180°, and the
downwind region, where 180° <6 < 360°. The blade az-
imuthal position 6 is defined with respect to blade 1, and
6 =90° and 6 = 270° represent the most upwind and down-
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wind positions, respectively. Blade 2 lags behind blade 1 by
0 = 180°.

By examining the two-dimensional blade element depicted
in Fig. 1b, the vector of the blade-effective wind speed
(BEWS) is defined for each blade as follows:

Vi = V+VI'0T+Vil’ld7 (1)

where i € Ny = {1, 2} is the blade index for the VAWT under
study; V denotes the vector for the REWS; V. represents
the vector of the tangential velocity of the rotor, resulting
from the cross-product of the vectors of the rotational speed
and the radius of the turbine; and Vj,q is the vector of the
induced velocity, caused by the force field that the turbine
generates during the rotation. A detailed derivation of the
BEWS can be found in De Tavernier (2021) for interested
readers. In the following, the italicised notations V and V;
denote the scalar representation for the REWS and BEWS
vector quantities V and V, respectively.
The wind turbine rotor dynamics are given by

Jor =T, — TyN, )
0= w,, (3)

where J is the effective low-speed shaft inertia and is de-
rived from the relation J = J; + JoN 2 in which J; and Jg
are the inertia of the rotor and generator, respectively; T is
the generator torque; and N := wg/w; represents the gearbox
ratio of the transmission, with wg and w; being the generator
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and the rotor speed, respectively. Assuming a pitch angle
constant at an angle of 0°, a value that maximises the aerody-
namic efficiency for the below-rated region, the aerodynamic
rotor torque can be formulated as

1 V3
T: = _PArot_Cp()\v 0), 4)
2 Wy
with p and A,y being the air density and the rotor area, re-
spectively. In contrast to a HAWT, the power coefficient Cp
for a VAWT is a non-linear mapping in terms of azimuth an-
gle and tip-speed ratio,

_ worR

ri== 5)

where R represents the rotor radius. This dependency arises
from the VAWT operation as the BEWS, and the angle
of attack varies with the azimuth rotation angle, resulting
in intrinsic three-dimensional aerodynamics (Simdo Ferreira
et al., 2009). These periodic and non-linear system charac-
teristics are reflected in the dynamics of the VAWT, as illus-
trated in Eq. (3) and Fig. 2, where the C,, curves of the VAWT
under study are plotted. The power coefficient mapping ex-
hibits a periodicity of twice per revolution (2P) due to the
turbine having two blades (Lao et al., 2022).

For a VAWT, the normal load acting on the blade per unit
span, shown in Fig. 1, is defined as follows:

1
Foi= Epcbvl?cn,i(x, 6:), (©6)

where V; represents the magnitude of the BEWS for each
blade. The normal load coefficient, denoted as Cy, ;, is a non-
linear function that depends on the tip-speed ratio and az-
imuthal position of blade i. It should be noted that C,,; also
varies with the blade pitch angle g;. However, B; is consid-
ered constant throughout this study, maintaining a value of
0°. Figure 3 illustrates the Cy | curve for the VAWT. Notably,
a maximum normal load occurs at approximately 6 = 90°,
corresponding to blade 1 being upwind. Blade 2 exhibits sim-
ilar behaviour, although with a 180° shift. The variations in
load dynamics throughout the rotation demonstrate the pres-
ence of a once-per-revolution periodicity (1P) in Cy ;.

The wind turbine can be linearised around a specific oper-
ating point with the definition of the rotor and blade dynam-
ics at hand. Firstly, the non-linear formulation of the aero-
dynamic rotor torque from Eq. (4) is combined with Eq. (2).
The resultant expression is then linearised concerning the ro-
tor speed state, wind speed disturbance input, and generator
torque control input. The outcome is represented by

iy =G(V)wy+H(V)V + ET,. 7

The original variables express the values perturbed
around their operating points to ensure conciseness, while
G(V), H(V), and E represent partial derivatives defined as
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G(V) 1 07T; 1 A
== = == PArot
J 8(()1- (Er’V) 2J
V3 V2R dCplwy, V
(——chwr, v>+—M) )
(,()I. [ a)\ (EI-,V)
HV) 10T; 1 A
= == = = PArot
Jov @ V) 2J
3v?2 dCp(wy, V
( Cplwr, V) — VR&> ,
a)r 3)» (Er’V)
N
E=——. 9
7 )

The variable V is introduced to conveniently define
estimator-based expressions for G and H in a subsequent
section, but it is excluded in the following terms.

The time-domain form of Eq. (7) is then Laplace trans-
formed to give the transfer functions from wind speed and
generator torque inputs to rotor speed as output:

H E
Qu(s) = EV(S)‘FEE(S), (10)

where s represents the Laplace operator. The variables 2, V,
and 7, indicate the frequency-domain representation of the
rotational speed, wind speed, and generator torque, respec-
tively.

3 Theory and derivations of wind turbine controllers

The Kw? controller is an effective and widely used ap-
proach for maximising energy capture in partial-load oper-
ation. However, the control strategy is limited in balancing
power and actuation effort objectives for large-scale wind
turbines. To address this issue, the more advanced WSE-
TSR tracking scheme offers greater control flexibility. The
current study aims to evaluate these findings for small-scale
wind turbines, particularly VAWTs, which are promising so-
lutions for urban environments.

This section derives the complete and non-linear represen-
tations of both the WSE-TSR tracking controller and the
baseline Kw? used for comparison. This process involves
identifying the essential component building blocks for each
scheme. Subsequently, a linear frequency-domain framework
is formulated to analyse the controllers and closed-loop sys-
tems. This framework was derived in Brandetti et al. (2023b),
and the main results are given here; the interested reader is
referred to the referenced work for a detailed derivation. The
subscripts (-)x and (-)rsr differentiate between the transfer
functions for the K> and WSE-TSR control schemes, re-
spectively.

The two torque control strategies applied to the VAWT are
formalised in the following based on the defined wind turbine
dynamics. First, the complete and non-linear formulation of
the K w? controller is obtained, followed by the derivation of

Wind Energ. Sci., 9, 471-493, 2024
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I

270 360
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Figure 2. Power coefficient Cp, as a function of the tip-speed ratio A and azimuth angle 6, for the two-bladed H-Darrieus VAWT. The
maximum values for the Cp are observed at 6 = 90° and 0 = 270°, as they correspond to the most upwind locations for blade 1 and blade 2,
respectively. Due to the presence of these two blades, the twice-per-revolution (2P) periodicity of Cp is evident, especially at high values of

A

Tip-speed ratio, A [-]

0 90 180
Azimuth angle, 6 [°]

Normal load coefficient, Cn 1 [-]

Figure 3. Normal load coefficient mapping Cy, 1, as a function of the tip-speed ratio A and azimuth angle 0, for blade 1 of the H-Darrieus
VAWT. It is evident that the normal blade force varies over the rotation, being positive upwind (0° < < 180°) and negative downwind
(180° < 6 < 360°), with its maximum value at an azimuth angle & = 90°. These dynamics demonstrate the presence of a once-per-revolution

periodicity (1P) on the Cy, ;.

the WSE-TSR tracking controller. An overview of the con-
trol frameworks is provided in Fig. 4 to facilitate the com-
parison between the two schemes. As can be observed, both
controllers aim to maximise the power production of the ur-
ban VAWT by using the reference tip-speed ratio A, and the
measured rotor speed w; as inputs. A more detailed descrip-
tion of each block diagram is given in the sub-sections below.

3.1 Baseline K@? controller

The Kw? controller is widely used for the operation of a
small-scale VAWT. As Haque et al. (2008) demonstrated,
this controller effectively maximises turbine power produc-
tion by measuring the rotor speed and determining the refer-
ence torque. However, no comparison with a more advanced
controller is provided. This study employs the K * control
law as a baseline, deriving the equations characterising its
performance. The block diagram of the controller, shown in

Wind Energ. Sci., 9, 471-493, 2024

Fig. 4a, includes the wind turbine and the controller. It be-
comes evident that the controller operates as a static non-
linear function, generating the control signal for the genera-
tor torque using the rotor speed. The control signal is given
by

w2

- an

T.xk =K
gK N

where the torque gain K (Bossanyi, 2000) is determined at
the low-speed shaft side of the drivetrain as

K = )OArotR3Cp,*()¥>k)

TE (12)

The optimal power coefficient for maximum energy extrac-
tion and the associated optimal tip-speed ratio are Cp « and
A, respectively.
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Figure 4. Block diagram for (a) the K w? and (b) the WSE-TSR tracking control frameworks. In both schemes, the wind turbine system,
highlighted in the red box, has two inputs (the wind speed, V, and the generator torque, Tg x and Ty TSR, respectively, if the K w? or the

WSE-TSR tracking controller is applied) and two outputs (the tip-speed ratio, A, and the rotational speed, wy). In (a) the K w? block diagram,
the controller (cyan box) uses the measured wr and the optimal tip-speed ratio, A, as inputs to compute Tg x. On the other hand, for (b)
the WSE-TSR tracking controller, the cyan box encompasses the estimator (purple box) and the TSR tracker controller (green box). The
estimator block applies the measured T TSR and wy to estimate the rotor-effective wind speed V and to calculate an estimate of the tip-speed

ratio, A. The controller operates on the difference between A and the optimal tip-speed ratio, A, to determine the torque control signal Tg TSR-

3.2 WSE-TSR tracking controller

The WSE-TSR tracking control scheme illustrated in Fig. 4b
comprises an estimator and a tip-speed ratio tracking con-
troller and has been shown to optimise the turbine perfor-
mance of VAWTS in turbulent wind conditions (Eriksson
et al., 2008; Bonaccorso et al., 2011). The estimator employs
the measured output of the real system, control signal, and
a non-linear wind turbine model to compute an estimate of
the REWS using the immersion and invariance (I&I) esti-
mator (Ortega et al., 2013) with an augmented integral cor-
rection term (Liu et al., 2022). Assuming the measurement
of the generator torque control input and the turbine’s rota-
tional speed and considering the REWS to be an unknown
positive disturbance input to the plant, the formulation of the
estimator is as follows:

Jo =T, — Tg,TSRN
€p, = Wr — Wr

. t , (13)
V = Kpwéo, + Kiw [ €0 (1)dT
0
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where V represents the estimated REWS; K, and Ky, are

the proportional and integral estimator gains, respectively; ¢

denotes the current time step; and t is the integration vari-

able. The estimated aerodynamic torque is defined as

L V3. .

T, = _pArot_Cp()L): (14)
2 wr

with ép being the estimated power coefficient, a non-linear
mapping of the estimated tip-speed ratio A=wR / V. Also,
in this case, the pitch angle 8 is constant and equals 0°.

Then, the proportional and integral (PI) controller in the
WSE-TSR tracking scheme operates on the difference be-
tween the estimated and reference tip-speed ratio .. The re-
sulting error is utilised to determine Ty TSR, being the gener-
ator torque demand, forcing the turbine to track the reference
as

t

Tg1sR = Kpc€i + Kic / e (t)dr, (15)
0
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Figure 5. Block diagram illustrating the universal framework em-
ployed for the controller analysis (Brandetti et al., 2023b). The wind
turbine system is represented with the red box having the genera-
tor torque, Tg, and the wind speed, V, as inputs and the rotational
speed, wr, and the tip-speed ratio, A, as outputs. The feedback term,
Kw,—>Tg , and the reference shaping term, K, _, Ty» used in the anal-
ysis framework are included in the cyan box, symbolising the con-
troller with two inputs (w; and the tip-speed ratio set point, A,) and
one output (7).

in which €, is the tip-speed ratio error, K is the propor-
tional controller gain, and Kj is the integral controller gain.

3.3 Analysis framework

The universal analysis framework proposed in Brandetti et al.
(2023b) is used to evaluate the characteristics of the de-
scribed control strategies and closed-loop systems. Only the
main results are given in this section; the reader is referred
to the referenced work for a more extensive derivation and
explanation of the framework. The framework is depicted in
Fig. 5, where the controllers are represented as one block
with the rotor speed and the reference tip-speed ratio as in-
puts and the generator torque control signal as output. Each
control scheme i