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Abstract: On-shore horizontal-axis wind turbines (HAWTs) provide a cost-effective solution
for low carbon electricity generation. However, public acceptance is still a problem. A possible
alternative to a HAWT is a vertical-axis wind turbine (VAWT), which is more visually appealing
and less noisy. Furthermore, the inherent omni-directionality of VAWTs makes them suitable for
installation in urban environments where the turbulence levels are high, and the wind direction
variations are significant. However, the variation with the azimuth angle of the blade-effective
wind speed and the angle of attack makes VAWT performance difficult to predict. This study
proposes a wind speed estimator for a VAWT to address this challenge and to exploit knowledge
of the blade-effective wind speed for load reduction control strategies. An Unscented Kalman
Filter is used to solve the blade-effective wind speed estimation problem and is applied to a
realistic 1.5 m two-bladed H-Darrieus VAWT model, for which the aerodynamic characteristics
are determined using an actuator cylinder model. The system performance is evaluated using
different wind speed variation scenarios. Overall, good agreement between the reference and
estimated blade-effective wind speed is found both in terms of trend and absolute values.

Keywords: Blade-effective wind speed, Wind speed estimation, Vertical-axis wind turbine,
Kalman filtering, Wind energy

1. INTRODUCTION

The increase in global energy consumption and the need
to reduce greenhouse gas emissions have driven the shift
from a fossil-fuel-based to a renewable energy-based soci-
ety. With year-on-year growth of 12% in installed power
capacity, wind plays a key role in the global energy
framework (Lee and Zhao, 2022). Offshore wind power
capacity in particular has grown rapidly in recent years.
The favourable wind resource can be exploited by large
offshore wind farms, with an average size of 493MW (Lee
and Zhao, 2022). Onshore sites are still important for
future wind power exploitation (Bianchini et al., 2022).
Onshore horizontal-axis wind turbines (HAWTs) are a
cost-effective solution, however, public acceptance is still
a problem (Petrova, 2013).

A promising alternative is a vertical-axis wind turbine
(VAWT). A VAWT is intrinsically omni-directional and
does not require a yawing system. Also, the location of the
generator on the ground leads to easier access and, con-
sequently, lower maintenance costs (Eriksson et al., 2008).
Furthermore, VAWTs are visually more appealing and
less noisy, making them suitable for installation in urban
areas (Graham and Pearson, 2022). The main drawback

is their intrinsic three-dimensional aerodynamics due to
the variation with the azimuth angle of the blade-effective
wind speed (BEWS) and the angle of attack (Simão Fer-
reira et al., 2009). These periodic and nonlinear system
characteristics make the VAWT performance and the wind
speed acting on the rotor and blades challenging to pre-
dict, especially in urban environments where the turbu-
lence levels are high and the wind direction variations are
high (Eriksson et al., 2008).

More accurate wind speed information could facilitate
an advanced control algorithm for better load reduction
and/or power regulation (Brandetti et al., 2022). In the
absence of model uncertainty, the power performance of a
1.5m two-bladed H-Darrieus VAWT can be maximized by
employing a so-called combined wind speed estimator tip-
speed ratio (WSE-TSR) tracking controller. This control
scheme estimates the rotor-effective wind speed (REWS)
based on an extended Immersion and Invariance (I&I)
estimator with a Proportional and Integral (PI) correction
term (Liu et al., 2022). The REWS estimate is used to
estimate the TSR, which in turn is employed as a feedback
signal to close the loop by the TSR tracking controller.
By acting on the error between the optimal TSR and the
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TSR estimate, this controller computes a generator torque
demand to track the point of maximum power extraction.
On the other hand, Individual Pitch Control is a viable
solution to minimize the loads on a VAWT’s blade (Huijs
et al., 2018). With the inclusion of the BEWS estimate,
further improvement in load mitigation could be achieved
via a feedforward disturbance rejection control paradigm
similar to the one developed by Selvam et al. (2009) for a
HAWT.

To the authors’ knowledge, no BEWS estimation solu-
tions have been proposed for a VAWT. However, based
on the one-to-one relation between the blade loads and
the BEWS, a load-sensing approach can be developed to
estimate this quantity. As demonstrated by Bottasso et al.
(2018), knowledge of the out-of-plane bending moments
can be exploited to locally estimate the REWS over the
rotor-swept area. In this approach, an Extended Kalman
Filter (EKF) is applied as a wind speed estimation solu-
tion since it allows the use of the linear Kalman Filter
equations by linearizing the nonlinear wind turbine dy-
namics (Soltani et al., 2013).

For a VAWT, using the EKF can lead to complex estima-
tion schemes for the BEWS because the turbine presents
highly nonlinear dynamics due to the azimuthal variation
of its main parameters. For instance, the loads experience a
one-per-revolution periodicity due to the change in BEWS
over a rotation. If the assumption of local linearity is
violated, the linearisation in the EKF may lead to highly
unstable filters (Julier and Uhlmann, 1997). Furthermore,
deriving the Jacobian matrices for such complex systems is
rather cumbersome. Compared to the EKF, an Unscented
Kalman Filter (UKF) can yield equivalent Kalman Filter
performance without the linearisation issue (Julier and
Uhlmann, 1997).

To this end, the current research aims at BEWS estimation
for VAWTs by applying a UKF (Julier and Uhlmann,
1997). Thereby, the main contributions of this paper are:

(1) adapting the WSE-TSR tracking controller presented
in (Brandetti et al., 2022) to include the azimuthal
variation of the power coefficient by adding the az-
imuth angle as input of the scheme;

(2) deriving an augmented state-space model for a VAWT
that makes use of the blade loads information and
employing this as an internal model in the UKF to
estimate the BEWS for a VAWT;

(3) assessing the validity of the estimator under different
wind speed variation scenarios.

The remainder of this paper is organized as follows: Sec-
tion 2 provides the assumptions required to apply the
WSE-TSR tracking controller and the UKF. Section 3
briefly introduces the VAWT model in which the rotor
and blade dynamics are elaborated. The blade-effective
estimation problem is addressed and formulated in Sec-
tion 4, together with the modified WSE-TSR tracking
controller. In Section 5, simulation results of the UKF
estimator under different wind conditions are presented.
Conclusions are drawn in Section 6.

2. ASSUMPTIONS

The first step is formulating the assumptions under which
the blade-effective estimation problem is formalized.

Assumption 1. Throughout this work, the pitch angle
β is assumed to be zero as the analysis of the Unscented
Kalman Filter is conducted in the below-rated region,
where the pitch actuator is inactive.

Assumption 2. The azimuth angle θ, the rotor speed
ωr and the normal load on each blade per unit span Fn,i

are assumed to be measurable. No measurement noise is
considered for the azimuth angle.

Assumption 3. For simplicity, process and measurement
noise w(k) and v(k) are considered uncorrelated zero-mean
Gaussian white sequences.

3. VERTICAL-AXIS WIND TURBINE MODEL

This section derives the vertical-axis wind turbine model
used for the formulation of the blade-effective estimation
problem. To this end, the two-bladed H-Darrieus Pitch-
VAWT turbine is considered, as shown in Fig. 1. To
minimize blade deflection, two horizontal struts are used
for each blade and are located at approximately 25% and
75% of the blade length. The blades have a NACA 0021
profile and a chord of cb = 0.075m, while the struts have
a NACA 0018 profile with a chord of cs = 0.060m. The
diameter of the VAWT is D = 1.48m. The span s and
the height H of the VAWT are both equal to 1.5m. The
set-up specifications are summarized in Table 1. More de-
tailed information about the design of the PitchVAWT can
be found in previous work (LeBlanc and Simão Ferreira,
2021), in which the turbine was experimentally investi-
gated.

Fig. 1 presents the turbine coordinate system. It is a
Cartesian coordinate system with the origin at the turbine

Table 1. PitchVAWT design specifica-
tions (LeBlanc and Simão Ferreira, 2021)

Parameter Value

Number of blades (Nb) 2
Span (s) 1.5m
Height (H) 1.5m
Diameter (D) 1.5m
Blade chord (cb) 7.5× 10−2 m
Strut chord (cs) 6× 10−2 m
Rated power (P ) 6× 102 W
Generator efficiency (µ) 1
Gearbox ratio (N) 1
Rotor inertia (J) 1.5 kgm2
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Fig. 1. (a) PitchVAWT geometry and dimensions (b) Co-
ordinate system and definition of the blade-effective
wind speed adapted from (De Tavernier, 2021).
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TSR estimate, this controller computes a generator torque
demand to track the point of maximum power extraction.
On the other hand, Individual Pitch Control is a viable
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violated, the linearisation in the EKF may lead to highly
unstable filters (Julier and Uhlmann, 1997). Furthermore,
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Uhlmann, 1997).
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for VAWTs by applying a UKF (Julier and Uhlmann,
1997). Thereby, the main contributions of this paper are:

(1) adapting the WSE-TSR tracking controller presented
in (Brandetti et al., 2022) to include the azimuthal
variation of the power coefficient by adding the az-
imuth angle as input of the scheme;

(2) deriving an augmented state-space model for a VAWT
that makes use of the blade loads information and
employing this as an internal model in the UKF to
estimate the BEWS for a VAWT;

(3) assessing the validity of the estimator under different
wind speed variation scenarios.

The remainder of this paper is organized as follows: Sec-
tion 2 provides the assumptions required to apply the
WSE-TSR tracking controller and the UKF. Section 3
briefly introduces the VAWT model in which the rotor
and blade dynamics are elaborated. The blade-effective
estimation problem is addressed and formulated in Sec-
tion 4, together with the modified WSE-TSR tracking
controller. In Section 5, simulation results of the UKF
estimator under different wind conditions are presented.
Conclusions are drawn in Section 6.
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The first step is formulating the assumptions under which
the blade-effective estimation problem is formalized.

Assumption 1. Throughout this work, the pitch angle
β is assumed to be zero as the analysis of the Unscented
Kalman Filter is conducted in the below-rated region,
where the pitch actuator is inactive.

Assumption 2. The azimuth angle θ, the rotor speed
ωr and the normal load on each blade per unit span Fn,i

are assumed to be measurable. No measurement noise is
considered for the azimuth angle.

Assumption 3. For simplicity, process and measurement
noise w(k) and v(k) are considered uncorrelated zero-mean
Gaussian white sequences.

3. VERTICAL-AXIS WIND TURBINE MODEL

This section derives the vertical-axis wind turbine model
used for the formulation of the blade-effective estimation
problem. To this end, the two-bladed H-Darrieus Pitch-
VAWT turbine is considered, as shown in Fig. 1. To
minimize blade deflection, two horizontal struts are used
for each blade and are located at approximately 25% and
75% of the blade length. The blades have a NACA 0021
profile and a chord of cb = 0.075m, while the struts have
a NACA 0018 profile with a chord of cs = 0.060m. The
diameter of the VAWT is D = 1.48m. The span s and
the height H of the VAWT are both equal to 1.5m. The
set-up specifications are summarized in Table 1. More de-
tailed information about the design of the PitchVAWT can
be found in previous work (LeBlanc and Simão Ferreira,
2021), in which the turbine was experimentally investi-
gated.

Fig. 1 presents the turbine coordinate system. It is a
Cartesian coordinate system with the origin at the turbine

Table 1. PitchVAWT design specifica-
tions (LeBlanc and Simão Ferreira, 2021)
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Number of blades (Nb) 2
Span (s) 1.5m
Height (H) 1.5m
Diameter (D) 1.5m
Blade chord (cb) 7.5× 10−2 m
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Fig. 1. (a) PitchVAWT geometry and dimensions (b) Co-
ordinate system and definition of the blade-effective
wind speed adapted from (De Tavernier, 2021).

center. To further help in the interpretation of the results,
the blade orbit is divided into two regions:

• upwind: 0◦ ≤ θ < 180◦;

• downwind: 180◦ ≤ θ < 360◦;

with θ being the blade azimuthal position and θ = 90◦

and θ = 270◦ being, respectively, the most upwind and
downwind positions. The azimuthal position is defined
with respect to blade 1; therefore, blade 2 lags behind
blade 1 by θ = 180◦.

By looking at the 2D blade element in Fig. 1, the BEWS
for each blade is defined as:

Ui = V +Urot +Uind , (1)

where i ∈ Nb = {1, 2} is the blade index for the VAWT
under study, V is the vector for the REWS, Urot is the
rotational velocity of the VAWT, which results from the
product of the rotational speed ωr and the radius of the
turbine R, and Uind is the induced velocity, caused by the
force field that the turbine generates during the rotation.
The interested reader can find a complete derivation of the
BEWS in (De Tavernier, 2021).

To solve the blade-effective estimation problem, a first-
principle model of the vertical-axis wind turbine is derived
in the following subsections by addressing the rotor and
blade dynamics.

3.1 Rotor dynamics

The wind turbine rotor dynamics are given by

θ̇ = ωr , (2)

Jω̇r = Tr − TgN , (3)

where J is considered at the low-speed shaft (LSS) and
is obtained from the relation J = JgN

2 + Jr, in which
Jg and Jr are the inertias of the generator and rotor,
respectively, and N := ωg/ωr represents the gearbox ratio
of the transmission with ωg being the generator speed.
According to Assumption 1, the aerodynamic rotor torque
is given by

Tr :=
1

2
ρArot

V 3

ωr
Cp(λ, θ) . (4)

Here the power coefficient Cp is a nonlinear mapping as a
function of the tip-speed ratio and azimuth angle

λ :=
ωrR

V
. (5)

Fig. 2 showcases the Cp curves of the considered VAWT,
resulting in the nonlinear and periodic behaviour of the
aerodynamic torque. The presented mapping is obtained
from steady-state wind turbine simulations for a wind pro-
file with a constant velocity of 4m/s at a range of operating
points. As a result of having a two-bladed VAWT, the Cp

exhibits a twice-per-revolution (2P) periodicity (Lao et al.,
2022).

3.2 Blade dynamics

For a vertical-axis wind turbine, the normal load on the
blade per unit span is defined as:

Fn,i =
1

2
ρcbU

2
i Cn,i(λ, θi) , (6)

with Ui being the magnitude of the BEWS for each
blade. The normal load coefficient is represented by Cn,i

Fig. 2. Power coefficient for the PitchVAWT model for a
uniform constant wind speed of 4m/s.

Fig. 3. Normal load coefficient for blade 1 of the Pitch-
VAWT model for a uniform constant wind speed of
4m/s.

and is a nonlinear function of the tip-speed ratio and
azimuthal position of blade i. Note that Cn,i is also a
function of the blade pitch angle βi, however, in accordance
with Assumption 1, βi is assumed to be constant and
equal to 0◦ throughout this study. Fig. 3 illustrates the
Cn,1 curve for the VAWT model, which is obtained from
steady-state wind turbine simulations for a wind profile
with a constant velocity of 4m/s. A maximum normal
load can be recognized at around θ = 90◦, where
blade 1 is upwind. Blade 2 is omitted since it shows
similar behaviour. The resulting load dynamics varying
through the rotation demonstrate the presence of a once-
per-revolution periodicity (1P) on Cn,i. These periodic
dynamics motivate the use of UKF for BEWS estimation
since the algorithm is capable of handling nonlinearity up
until a third-order Taylor series expansion (Wan and Van
Der Merwe, 2000).

In the current work, the aerodynamic data for the look-
up tables of Cp and Cn,i are obtained using an actuator
cylinder model (Madsen, 1982). Based on the defined rotor
and blade dynamics, the BEWS estimator problem is
formalized in the following.

4. BLADE-EFFECTIVE WIND SPEED ESTIMATOR

This section formulates the blade-effective estimation
problem by providing an overview of the general frame-
work and a detailed description of the estimator. As il-
lustrated in Fig. 4, the framework consists of the wind
turbine analyzed in Section 3, the modified combined wind
speed estimator and tip-speed ratio (WSE-TSR) tracking
controller, and the blade-effective wind speed estimator.
According to Assumption 2, the red box highlights the
real wind turbine system with the generator torque control
input, Tg, a disturbance input V , and with five outputs:

the measured θ, ω̃r, F̃n,1 and F̃n,2, and the derived λ.
The measured Tg, θ and ω̃r are used in the WSE-TSR
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Fig. 4. Block diagram of the blade-effective estimator.
The red box contains the wind turbine (i.e. the
real system) with azimuth angle θ, tip-speed ratio
λ, rotor speed ω̃r and normal loads on the blades
F̃n,1 and F̃n,2 corrupted by measurement noise as
outputs, and subjected to a REWS disturbance V and
a torque control input Tg computed with the modified
WSE-TSR tracker controller (cyan box). The signals

θ, Tg, V̂ , ω̃r, F̃n,1 and F̃n,2 are used as inputs in the
Unscented Kalman Filter (purple block) to make an
estimate of the rotor speed ω̂r and of the BEWS of
both blades Û1 and Û2.

tracking controller to estimate the REWS V̂ and the tip-

speed ratio λ̂. In the following subsections, the azimuth
extension to the WSE-TSR tracking control scheme, the
nonlinear model of the wind turbine and the UKF are
presented in detail.

4.1 WSE-TSR tracking controller

This section focuses on modifying the WSE-TSR tracking
controller to include the azimuthal variation of the power
coefficient. Therefore, only the relevant equations will be
provided. The interested reader can find more details on
the control scheme in (Brandetti et al., 2022).

The measured Tg, ω̃r and θ are used in the extended I&I
estimator with a PI correction term (Liu et al., 2022) to
estimate the REWS as


J ˆ̇ωr = T̂r − TgN
ϵωr

= ω̃r − ω̂r

V̂ = Kp,wϵωr +Ki,w

 t

0
ϵωr(τ)dτ

, (7)

with t indicating the present time, τ the variable of inte-
gration and Kp,w and Ki,w the proportional and integral
estimator gain, respectively. Under Assumption 1, the es-
timated aerodynamic torque is defined as

T̂r =
1

2
ρArot

V̂ 3

ωr
Ĉp(λ̂, θ) , (8)

where the estimated power coefficient Ĉp is a nonlinear

function of λ̂ := (ω̃rR)/V̂ and θ. Thus, it is clear that
in this modified form, the WSE-TSR tracking controller
allows the 2P periodicity of the Cp in a VAWT to be taken
into account.

4.2 Nonlinear state-space model

The wind turbine is represented mathematically by a
discrete-time nonlinear state-space model with additive
noise,

x(k + 1) = f(x(k),d(k),u(k)) + q(k) , (9)

y(k) = h(x(k),d(k),u(k)) + r(k) , (10)

where k is the time index, x ∈ R is the system state,
d ∈ R2 is the disturbance, y ∈ R3 are the measured
outputs of the system, u ∈ R3 are the controllable inputs
while q ∈ R and r ∈ R3 represent the process noise that
drives the system dynamics and the measurement noise,
respectively (Wan and Van Der Merwe, 2000). The system
dynamic model f and h are known according to the above-
mentioned dynamics.

For the case under study, the state is defined as x = ωr,
the disturbance is d = [U1, U2]

T, the input consists out

of u = [θ, Tg, V̂ ]T and the output is y = [ω̃r, F̃n,1, F̃n,2]
T

(Assumption 2).

By applying a forward Euler technique to (3), the discre-
tised drivetrain dynamics are obtained as follows

ωr(k + 1) = ωr(k) +


1

J
Tr(k)−

1

J
NTg(k)


∆t+ qp(k) ,

(11)
where ∆t is the sampling time and qp is the process noise
for the rotational speed.

It is assumed that the BEWS varies according to the
following random-walk model

Ui(k + 1) = Ui(k) + qu,i(k) , (12)

in which qu,i is the process noise for the BEWS of each
blade.

Using (3) to (12) and applying Assumption 2, the dynam-
ics of the VAWT are represented by

xa(k + 1) = f(xa(k),u(k)) + q(k), (13)

y(k) = h(xa(k),u(k)) + r(k), (14)

in which xa is the augmented state including the distur-
bance d, and is defined as

ωr(k + 1)
U1(k + 1)
U2(k + 1)


=


ωr(k) +

�
1
J Tr(k)− 1

JNTg(k)

∆t

U1(k)
U2(k)




+


qp(k)
qu,1(k)
qu,2(k)


.

(15)

The output equation is written as


ω̃r(k)

F̃n,1(k)

F̃n,2(k)


 =




ωr(k)
1
2ρcbU

2
1 (k)Cn,1(λ, θ1(k))

1
2ρcbU

2
2 (k)Cn,2(λ, θ2(k))


+


rω(k)
r1(k)
r2(k)


,

(16)
where rω, r1, r2 are the measurement noise for ωr and for
the normal load of each blade, respectively.

By applying Assumption 3, the covariance of the noise
signals can be written as diagonal matrices
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Fig. 4. Block diagram of the blade-effective estimator.
The red box contains the wind turbine (i.e. the
real system) with azimuth angle θ, tip-speed ratio
λ, rotor speed ω̃r and normal loads on the blades
F̃n,1 and F̃n,2 corrupted by measurement noise as
outputs, and subjected to a REWS disturbance V and
a torque control input Tg computed with the modified
WSE-TSR tracker controller (cyan box). The signals

θ, Tg, V̂ , ω̃r, F̃n,1 and F̃n,2 are used as inputs in the
Unscented Kalman Filter (purple block) to make an
estimate of the rotor speed ω̂r and of the BEWS of
both blades Û1 and Û2.

tracking controller to estimate the REWS V̂ and the tip-

speed ratio λ̂. In the following subsections, the azimuth
extension to the WSE-TSR tracking control scheme, the
nonlinear model of the wind turbine and the UKF are
presented in detail.

4.1 WSE-TSR tracking controller

This section focuses on modifying the WSE-TSR tracking
controller to include the azimuthal variation of the power
coefficient. Therefore, only the relevant equations will be
provided. The interested reader can find more details on
the control scheme in (Brandetti et al., 2022).

The measured Tg, ω̃r and θ are used in the extended I&I
estimator with a PI correction term (Liu et al., 2022) to
estimate the REWS as


J ˆ̇ωr = T̂r − TgN
ϵωr

= ω̃r − ω̂r

V̂ = Kp,wϵωr +Ki,w

 t

0
ϵωr(τ)dτ

, (7)

with t indicating the present time, τ the variable of inte-
gration and Kp,w and Ki,w the proportional and integral
estimator gain, respectively. Under Assumption 1, the es-
timated aerodynamic torque is defined as

T̂r =
1

2
ρArot

V̂ 3

ωr
Ĉp(λ̂, θ) , (8)

where the estimated power coefficient Ĉp is a nonlinear

function of λ̂ := (ω̃rR)/V̂ and θ. Thus, it is clear that
in this modified form, the WSE-TSR tracking controller
allows the 2P periodicity of the Cp in a VAWT to be taken
into account.

4.2 Nonlinear state-space model

The wind turbine is represented mathematically by a
discrete-time nonlinear state-space model with additive
noise,

x(k + 1) = f(x(k),d(k),u(k)) + q(k) , (9)

y(k) = h(x(k),d(k),u(k)) + r(k) , (10)

where k is the time index, x ∈ R is the system state,
d ∈ R2 is the disturbance, y ∈ R3 are the measured
outputs of the system, u ∈ R3 are the controllable inputs
while q ∈ R and r ∈ R3 represent the process noise that
drives the system dynamics and the measurement noise,
respectively (Wan and Van Der Merwe, 2000). The system
dynamic model f and h are known according to the above-
mentioned dynamics.

For the case under study, the state is defined as x = ωr,
the disturbance is d = [U1, U2]

T, the input consists out

of u = [θ, Tg, V̂ ]T and the output is y = [ω̃r, F̃n,1, F̃n,2]
T

(Assumption 2).

By applying a forward Euler technique to (3), the discre-
tised drivetrain dynamics are obtained as follows

ωr(k + 1) = ωr(k) +


1

J
Tr(k)−

1

J
NTg(k)


∆t+ qp(k) ,

(11)
where ∆t is the sampling time and qp is the process noise
for the rotational speed.

It is assumed that the BEWS varies according to the
following random-walk model

Ui(k + 1) = Ui(k) + qu,i(k) , (12)

in which qu,i is the process noise for the BEWS of each
blade.

Using (3) to (12) and applying Assumption 2, the dynam-
ics of the VAWT are represented by

xa(k + 1) = f(xa(k),u(k)) + q(k), (13)

y(k) = h(xa(k),u(k)) + r(k), (14)

in which xa is the augmented state including the distur-
bance d, and is defined as

ωr(k + 1)
U1(k + 1)
U2(k + 1)


=


ωr(k) +

�
1
J Tr(k)− 1

JNTg(k)

∆t

U1(k)
U2(k)




+


qp(k)
qu,1(k)
qu,2(k)


.

(15)

The output equation is written as


ω̃r(k)

F̃n,1(k)

F̃n,2(k)


 =




ωr(k)
1
2ρcbU

2
1 (k)Cn,1(λ, θ1(k))

1
2ρcbU

2
2 (k)Cn,2(λ, θ2(k))


+


rω(k)
r1(k)
r2(k)


,

(16)
where rω, r1, r2 are the measurement noise for ωr and for
the normal load of each blade, respectively.

By applying Assumption 3, the covariance of the noise
signals can be written as diagonal matrices

Q(k) = cov(q(k)) =



σ2(qp(k)) 0 0

0 σ2(qu,1(k)) 0
0 0 σ2(qu,2(k))


 ,

(17)

R(k) = cov(r(k)) =



σ2(rω(k)) 0 0

0 σ2(r1(k)) 0
0 0 σ2(r2(k))


 ,

(18)
in which σ(·) is the standard deviation of the signal. Note
that the mean of the process and measurement noise are
indicated as q̄(k) and r̄(k), respectively.

4.3 Unscented Kalman filter

The following describes the UKF applied to solve the
BEWS estimation problem. The Kalman Filter (KF) is
used to estimate the state vector of a system using noisy
measurements. The UKF is considered an extension of
the KF for nonlinear systems and an improvement on
the EKF since no linearization is needed (Wan and Van
Der Merwe, 2000). The UKF is based on the Unscented
Transformation (UT), which uses a set of chosen weighted
points, the so-called sigma points, to parameterise the
mean and covariance of the probability distribution (Julier
and Uhlmann, 1997). With this approach, the UKF can
achieve a third-order (Taylor series expansion) accuracy
in estimating the posterior mean and covariance, while
the EKF only has first-order accuracy (Wan and Van Der
Merwe, 2000).

To implement the UKF, the discrete augmented nonlinear
system defined in (13) and (14) is used. The first step
in the UKF is the initialization of the mean state vector
x̄a(0) and covariance P(0) of the augmented state xa with
dimension L = 3.

Then, the state is approximated by 2L + 1 sigma points
Xj with corresponding weights Wj , defined as




X0 = xa

Xj = xa +


(L+ γ)P

j

for j = 1, 2, . . . , L

Xj = xa −


(L+ γ)P

j−L

for j = L+ 1, L+ 2, . . . , 2L

, (19)



Wm

0 = γ/(L+ γ)

W c
0 = γ/(L+ γ) +

�
1 + ϕ− α2


Wm

j = W c
j = 1/2(L+ γ), j = 1, 2, . . . , 2L,

, (20)

where γ = α2(L+ κ)− L is a scaling parameter, α = 0.001
determines the spread of the sigma points around x̄a, κ = 0
is a secondary scaling parameter, and ϕ = 2 includes the
prior knowledge of the distribution of xa.

Follows the time update, in which the sample point, the
predicted state mean and covariance, and the outputs are
predicted by

Xj(k + 1|k) = f(xa(k + 1|k),u(k)) + q̄(k) , (21)

x̂a(k + 1|k) =
2L
j=0

Wm
j Xj(k + 1|k) , (22)

P(k + 1|k) =
2L
j=0

W c
j (Xj(k + 1|k)− x̂a(k + 1|k))

×(Xj(k + 1|k)− x̂a(k + 1|k))T ,

(23)

Yj(k + 1|k) = h(xa(k + 1|k),u(k)) + r̄(k) , (24)

ŷ(k + 1|k) =
2L
j=0

Wm
j Yj(k + 1|k) , (25)

The last step is the measurement update, in which the
state x̂a and covariance P are estimated as

x̂a(k + 1) = x̂a(k + 1|k) +K (y(k)− ŷ(k + 1|k)) , (26)

P(k + 1) = P(k + 1|k)−KPy,yKT , (27)

where K is the Kalman gain defined as

K = Px,yP
−1
y,y , (28)

with

Px,y =

2L
j=0

W c
j (Xj(k + 1|k)− x̂a(k + 1|k))

×((Yj(k + 1|k)− ŷ(k + 1|k))T ,

(29)

Py,y =

2L
j=0

W c
j (Yj(k + 1|k)− ŷ(k + 1|k))

×((Yj(k + 1|k)− ŷ(k + 1|k))T .

(30)

It can be seen, no explicit calculation of the Jacobians is
needed to implement the UKF, which motivates its use for
the considered BEWS estimation problem (Wan and Van
Der Merwe, 2000). Following the derived steps, the next
section will show the results of the UKF applied to the
studied VAWT.

5. RESULTS AND DISCUSSIONS

This section presents the simulation results obtained by
applying the UKF under different environmental condi-
tions. The framework presented in Section 4 is imple-
mented in Simulink. To evaluate the performance of the
estimator, three different case studies are simulated: an
ideal constant wind profile, a step-wise increasing wind
speed and a realistic turbulent wind field. The process
and measurement noise covariances are treated as tuning
parameters and summarized in Table 2, together with the
other tuning variables used in the UKF. The I&I REWS
estimator gains are calibrated as Kp,w = 2 and Ki,w = 5,
resulting in satisfactory estimator performance. The TSR
tracking gains Kp,c = −10 and Ki,c = −0.5 are tuned to
achieve a balance between the performance and robustness
of the PI controller. Only the results for blade 1 are
presented as blade 2 shows similar behaviour.

Table 2. Unscented Kalman Filter settings

Parameter Value

Process covariance of ωr (σ2(qp(k))) 1× 10−3 rad2/s2

Process covariance of U1 (σ2(qu,1(k))) 1× 10−6 m2/s2

Process covariance of U2 (σ2(qu,2(k))) 1× 10−6 m2/s2

Measurement covariance of ωr (σ2(rω(k))) 1× 10−7 rad2/s2

Measurement covariance of Fn,1 (σ2(r1(k))) 1× 10−5 m2

Measurement covariance of Fn,2 (σ2(r2(k))) 1× 10−5 m2

Tuning parameter (α) 1× 10−3

Tuning parameter (κ) 0
Tuning parameter (ϕ) 2
Sampling time (∆t) 1× 10−3 s
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Fig. 5. Estimation results for blade 1 for an ideal constant
wind speed of 4m/s: (a) blade-effective wind speed,
(b) relative estimation error, (c) normal load.

5.1 Constant wind case

Since loads on the VAWT vary considerably over a sin-
gle rotation, it is necessary to present the data in the
azimuthal domain to assess the estimator’s performance.
Fig. 5 illustrates the BEWS, the relative estimation error
(i.e. U1 − Û1) and the normal load on blade 1. Overall,
the UKF correctly predicts the BEWS on blade 1 in
terms of trend and absolute values. However, significant
differences can be noticed at θ = 0◦ and θ = 180◦, which
represent crucial locations for the VAWT performance. For
the former angle, the BEWS has a higher value because
the REWS and the Urot are in the same direction. For the
latter, the BEWS is minimum because the REWS and the
Urot are in opposite directions. As described in Section 3,
the normal load Fn,1 also varies over the rotation, assum-
ing positive values upwind and negative values downwind,
with its maximum value at θ = 90◦. At this location, the
UKF slightly overestimates the normal load on the blade
due to the overestimation of the BEWS(see (6)).

5.2 Step-wise wind case

In this case, a wind profile with a step-wise increasing
wind speed from 4m/s to 5m/s is considered. The step
occurs at 200 s. Results for the BEWS and the relative
estimation error (i.e. U1 − Û1) are illustrated in Fig. 6. At

(a)

(b)

Fig. 6. Estimation results for blade 1 for a step-wise
increasing wind speed from 4m/s to 5m/s: (a) blade-
effective wind speed, (b) relative estimation error.

the transition of a different wind speed step, the BEWS
experiences a high overshoot. The UKF is able to follow
this change in speed and to reduce the estimation error
close to zero in less than 5 s.

5.3 Turbulent wind case

In this case, the wind turbine operates under a realistic
turbulent wind field with a mean wind speed of 4m/s
and a turbulence intensity of 20% for 600 s. Due to the
large oscillations induced by the intrinsic periodicity of
the turbine, only two small portions of the simulation are
presented here. The analysed time frames are emphasised
in Fig. 7, where zoom-ins on the estimated REWS are
provided together with the corresponding estimations for
the BEWS. As can be seen, the trend of the BEWS is
correctly estimated with a slight inaccuracy for the critical
points previously discussed.

6. CONCLUSION

This study proposes an Unscented Kalman filter-based
blade-effective wind speed estimation for a vertical-axis
wind turbine. The WSE-TSR tracking controller provides
the torque control signal to the turbine and is modified to
consider the azimuthal variation of the power coefficient in
the VAWT. A first-order nonlinear model was designed to
estimate the performance of a realistic 1.5m two-bladed H-
Darrieus VAWT. It is shown that the estimator correctly
predicts the blade-effective wind speed of a VAWT under
different wind speed variation scenarios, proving that the
UKF is able to handle the intrinsic nonlinearity of the
VAWT. Due to the one-to-one relationship between the
blade-effective wind speed and the blade loads, future
work will take advantage of the knowledge of the esti-
mated blade-effective wind speed to develop load reduc-
tion strategies for VAWTs by means of Individual Pitch
Control.
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blade-effective wind speed estimation for a vertical-axis
wind turbine. The WSE-TSR tracking controller provides
the torque control signal to the turbine and is modified to
consider the azimuthal variation of the power coefficient in
the VAWT. A first-order nonlinear model was designed to
estimate the performance of a realistic 1.5m two-bladed H-
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UKF is able to handle the intrinsic nonlinearity of the
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work will take advantage of the knowledge of the esti-
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tion strategies for VAWTs by means of Individual Pitch
Control.

(a)

(b)

(c)
Fig. 7. Estimation results for a realistic turbulent wind

profile with a mean wind speed of 4m/s and a tur-
bulence intensity of 20%: (a) time traces of the esti-
mated rotor-effective wind speed, (b) and (c) blade-
effective wind speed for blade 1 for two different time
frames.
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