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Abstract

This paper investigates the dynamic load alleviation in large and flexible horizontal axis wind

turbine rotors with trailing edge flaps, actuated through a novel proportional-derivative

model-free adaptive control (PD-MFAC) system. First an aeroservoelastic wind turbine model is

developed, which is the combination of a structural model for the tower and blades represented by

geometrically non-linear composite beams, and an aerodynamic model for the rotors using an

unsteady strip-theory airfoil model. Then three independent model-free controllers are developed

to actuate the trailing-edge flaps mounted on three blades, using the blade root-bending moment

(RBM) as control input. Comparison is given by an H-infinity (H∞) reference controller and a

Gain-scheduled proportional-integral (GS-PI) controller. Simulation results show that the MFAC

flap controller provides more effective load alleviation performance in blade root-bending moment

than the H∞ and the GS-PI flap controllers, and it also exhibits marked reductions in blade tip

deflection (BTD), in the presence of external disturbances.

Keywords: Aeroelastic load alleviation, model-free adaptive control (MFAC), wind turbine, smart

rotor

1. Introduction

To mitigate climate change, achieve energy sustainability, and commit a green energy future, wind

power is becoming one of the fastest-growing energy sources in the world and is expected to grow

substantially in the coming decades [1]. To achieve competitive Cost of Energy (COE) levels and

∗corresponding author
Email address: Xiaowei.Zhao@warwick.ac.uk (Xiaowei Zhao )

Preprint submitted to Renewable Energy August 19, 2021



optimise the performance of power generation, the continued increase of average wind turbine5

capacity, rotor diameter, and hub height is a long-term trend [2]. It is known that due to the inflow

turbulence, tower shadow, wind shear and other sources of disturbance, wind turbines are subject

to significant and rapidly fluctuating loads, which may cause structural degradation and failure,

especially in extreme flow conditions [3]. Meanwhile, as the size of wind turbine blades increases,

it is accompanied by an increase in their susceptibility to gravitational effects and in wind speed10

variations across the rotor disk, which in turn increases the difficulty in reducing the fluctuating

loads experienced by flexible blades. New challenges have been brought about in modeling and

control design of wind turbines, among which the development and optimization of various flow-

control devices to mitigate the fluctuating loads, prolong the fatigue life of the wind turbines, and

eventually reduce the COE, is becoming a main research topic in the following years [4].15

In reducing dynamic loads acting on wind turbines rotors, passive and active load alleviation

methods are the two main choices. The control strategies could also be categorized into traditional

blade pitch controller and the new concept of ”smart rotor control”, which denotes the distributed

control surfaces equipped on turbine blades that can be actuated rapidly for a more precise and

responsive turbulence load alleviation of wind turbine blades as a compliment to individual blade20

pitch control (IPC). Table.1 summarizes some state-of-the-art techniques on the load alleviation

of large and flexible wind turbine rotors. In these most recent previous studies, research gaps still

exist.

1. Active IPC is the most widely studied in the past [5, 6, 7, 17]. However, using IPC to

mitigate the blades’ fatigue load is often compensated by an increase in pitch activity, thus25

the design of IPC is a trade-off between the fatigue damage of the blades and blade pitch

actuators [18]. Moreover, in the request for mitigating the high-frequency non-deterministic

loads, e.g. turbulent load, on very large and flexible wind turbine blades, IPC is less effective

due to its reaction speed restricted by the actuator limitations.

2. Passive load alleviation strategies, e.g. a morphing flap with selective compliance from an30

embedded bistable element [8], and mechanical driven flaps [9], have seen success on

simulations. However, such passive load alleviation systems are not as effective as active

ones.

3. Among different types of ’smart rotors’, the actively controlled trailing-edge flaps (TEFs)

are the most widely studied and have demonstrated success in limited load reduction in35
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Authors &
Year

Model Control Method
Control

Algorithm
% rd RMS
RBM

Bernabé et
al., 2020 [5]

NREL’s simulation tools Active IPC

Linear
Parameter

Varying (LPV)
controller is

13.26 %

Abdelbaky et
al., 2020 [6]

BEM-based state-space
model

Active IPC

Fuzzy
model-predictive

controller
(FMPC)

0.79-4.7%

Civelek et al.,
2017 [7]

FAST WT simulator Active IPC

Fuzzy logic
proportional

controller
(FLPC)

38.74 %

Cavens et al.,
2021 [8]

A multifidelity, aeroelastic
tool

Passive
morphing

TEF, 10% and
20% chord, ±10o

An embedded
bistable element

——

Wei et al.,
2019 [9]

UVLM-based modeling

Passive
morphing
TEF, 10%
chord, ±15o

Mechanically
driven flaps

9.38-19.81 %

Gomez
Gonzalez et
al., 2021 [10]

Filed test on SWT-4.0-130
turbine & Modelling on

BHawC (Siemens
Gamesa’s)

Active TEF,
9.44% chord,

±8o

Feed-forward
inflow-based flap

controller
5-10 %

Samara and
Johnson,
2020 [11]

A BEM-based software
PROPID

Active TEF,
4% chord, ±10o

A feedback loop
controller

15 %

Feil et al.,
2020 [12]

A multidisciplinary
modeling environment
combines OpenFAST,

WISDEM, ROSCO, and
XFoil

Active TEF,
20% chord, ±10o

Generic PI
controller

> 6 %

Ai et al.,
2019 [13]

Filed test on a rotating test
rig with a morphing TEF

Active TEF,
20% chord, ±5o

Azimuth-based
and inflow

angle-based flap
controller

11-12 %

Sun et al.,
2017 [14]

CFD-based FAST/Aerodyn
modeling

Active TEF,
20% chord, ±5o

Gain scheduling
PI controller

5.48-19.51 %

Ng et al.,
2017 [15]

UVLM-based modeling
Active TEF,

10% chord, ±10o H∞ controller 4.68-13.2 %

Zhang et al.,
2017 [16]

4 errors9 warnings
BEM-based integrated

aeroservoelastic numerical
platform

Active TEF,
10% chord, ±15o PID controller < 30 %

Table 1: A tabular comparison of state-of-the-art techniques on the load alleviation of large and flexible wind turbine
rotors. IPC = individual pitch control; TEF = trailing edge flap; rd = reduction; RMS = root mean square; RBM
= root-bending moment.
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wind turbines [10]. Most of the existing active TEF control schemes for horizontal axis wind

turbines (HAWTs) are model-based, examples including model predictive control (MPC) [19],

H∞ [15], linear–quadratic–Gaussian (LQG) [20] and linear-quadratic regulator (LQR) [21].

However, due to the presence of uncertainties, unmodelled dynamics, and limitations on

the number of states used in control design, the performance of a model-based controller is40

inherently limited [22].

4. Most of the models applied in the full simulation systems of wind turbines are based on

the blade element momentum (BEM) theory (e.g. the NREL’s simulation tool, FAST) or

the unsteady vortex lattice method (UVLM). These models either need a range of empirical

corrections or assume the flow is attached. However, the actual flow field of very large and45

flexible wind turbines is very complicated with flow separations.

Considering the above research gaps in control, it is of great importance to explore the merit of

novel model-free control algorithm actuated smart rotors. Hou [23] proposed a Model-Free adaptive

Control (MFAC) approach, which has seen satisfactory development in control designs for nonlinear

systems and wide applications in various industrial fields [24]. With the introduction of pseudo50

partial derivative (PPD) based on three different dynamic linearization techniques, compact-form

dynamic linearization (CFDL), partial-form dynamic linearization (PFDL) and full-form dynamic

linearization (FFDL), three different MFAC approaches were proposed respectively. In this work,

we only consider the PFDL-MFAC algorithm since the stability and robustness analyses of FFDL-

MFAC systems remains to be studied before its application and CFDL-MFAC is a special case of55

PFDL-MFAC. Thus, hereinafter, MFAC refers to PFDL-MFAC only. For a general discrete-time

single-input single-output (SISO) nonlinear system, PPD is used to build an equivalent dynamical

linearized model along the dynamic operation points of the close-loop system and it is estimated

by using only the real-time input/output (I/O) data measured from the controlled plant. However,

the above mentioned MFAC method cannot be directly applied in the control design of our wind60

turbine model since the condition that the sign of PPD remaining unchanged is not satisfied.

In this work, to fill in the research gaps in the modeling and control of large and flexible wind

turbines, (I) a nonlinear model for the simulation of the HAWT actuated with the smart rotor is

designed, which has the potential to incorporate the detailed flow field with flow separations; (II)

the merit of novel model-free control algorithm actuated smart rotors is explored by employing the65

proportional-derivative MFAC (PD-MFAC) scheme developed in Qi and Zhao [25]. The original

4



MFAC method is extended herein by introducing the necessary damping effect to remove the

strong condition on the PPD sign to design our TEF controllers. The PD-MFAC offers improved

performance and applicability. In the PD-MFAC flap controller design, the characteristics of the

aeroservoelastic HAWT smart rotor system, such as the time-varying nonlinear aerodynamic and70

structural characteristics, and their coupling effects, are integrated into an estimated PPD of the

equivalent online data model. In this way, the possible performance degradation or the potential

for unstable response in traditional model-based control design due to the reduced order

mathematical model/control synthesis could be avoided. It also has strong robustness against

plants with highly complex system dynamics; (III) Simulation results based on the nonlinear75

aeroservoelastic model developed in this paper using the proposed PD-MFAC system are

compared with those using a baseline H∞ controller and those with a GS-PI controller. Here the

H∞ control system is designed based on a linear reduced-order model of the nonlinear

aeroservoelastic model around a specific operating point. The PD-MFAC controller shows more

satisfactory performance than the H∞ controller, which demonstrates the advantage of the80

developed model-free control method over the traditional model-based robust control method in

handling the modeling uncertainties and errors inherent in highly complex dynamical systems like

large and flexible wind turbines. The PD-MFAC controller also shows better performance than

the traditional model-free GS-PI controller. (IV) The probability density distribution and the

power spectral density of the loads and deformations of the wind turbine rotors are studied85

quantitatively to further show the effectiveness and the superiority of the proposed PD-MFAC.

The structure of this paper is as follows: Section 2 describes the coupled wind turbine model

of structural dynamics and unsteady aerodynamics with the inclusion of flap dynamics, Section 3

presents the design process of the MFAC flap controller, an H∞ controller and a GS-PI controller as

comparisons. Section 4 demonstrates the effectiveness of MFAC scheme through simulation studies,90

which is followed by the conclusion in Section 5.

2. Methodology

The state-space aeroservoelastic model of a wind turbine with controllable TEFs will be developed

in this section by adapting and extending a very flexible lifting surface model originally designed

for the simulation of flexible aircraft in [26]. The wind turbine will use the parameters of the NREL95

5MW wind turbine [27]. The coupled aeroelastic solver has been extensively verified in previous

5



works for flexible aircraft [26, 28]. The aircraft wing was modelled by a single beam structure

in [26] while in the present paper the developed smart rotor wind turbine model has a coupled

combination of four beams representing three blades and a tower respectively. In addition, we

replace the aerodynamic matrix data for the control surface of the aircraft with the extended thin100

airfoil theory derived here for the aerodynamics of the TEF of the wind turbine blade.

2.1. Aeroservoelastic Model
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Figure 1: (a) Multi-body configuration of the wind turbine and associated structural dynamic quantities. The symbol
a indicates the inertial frame (’a-frame’); (b) Multi-body structural model of the HAWT.

The structural model for smart rotor wind turbine used here is developed by extending and

adapting a very flexible lifting surface developed in [26]. The new model contains a full

geometrically-nonlinear 6-degree of freedom (DOF) Euler-Bernoulli beam solver and is capable of

modeling the in- and out-of-plane bending, torsion, extension, and shear deformations of the wind

turbine blade and tower with large displacement and rotations. In this formulation, each
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Figure 2: Configuration of flap on the wind turbine blade. Flap occupies 20% span, 10% local chord and is located
at a mean position of 80% span.

rigidly-connected part of the structure (the tower and the blade assembly) is defined as a

collection of geometrically-nonlinear composite beams whose equations of motion are described by

the intrinsic beam theory. The geometric configuration of a typical wind turbine is depicted in

Fig.1, consisting of three blades, hub, and tower, represented by beam elements and connected via

rigid body connections. Between the tower and the hub assembly, the shaft is modelled as flexible

in torsion and rotating at a constant speed at the tower side. The deformation at each point on

the structure is described in terms of the local frame of each element denoted as ’T ’ in Fig.1,

relative to the ground frame (inertia frame) denoted ’a’. At position s along the beam reference

line, the structural properties are defined using beam-equivalent sectional mass and compliance

matrices Ms(s) and Cs(s). The intrinsic states are sectional force and moment vectors fs(s, t) and

ms(s, t) together with local velocity and angular velocity vectors vs(s, t) and ωs(s, t), where each

variable is expressed in the elemental local frame of reference. The structure is subject to

distributed external force fA(s, t). On the basis of Hamilton’s principle, the closed-form intrinsic

beam formulation takes the form of Ms 0

0 Cs

 ẋ =

 −L1(x1)Ms
∂
∂s + E− L2(x2)Cs

∂
∂s −E> L>1 (x1)Cs

x−

 fA

0

 , (1)
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where the state variables at location s is x = [ x>1 x>2 ]> = [ v>s ω>s f>s m>s ]>. The linear

functions L1 and L2 transform a 6-element state vector into a matrix as

L1


 a

b


 =

 b̃ 0

ã b̃

 , L2


 a

b


 =

 0 ã

ã b̃

 , (2)

and E = L1([ 1 0 0 0 0 0 ]>) is a constant matrix. The tilde symbol here is the cross-

product operator for a 3-element vector that transforms it into a 3×3 matrix, such that ãb = a×b.

The nodal position and rotation relative to inertial frame are described by the position vector

r(s, t), and rotation matrix T(s, t), respectively. They are expressed as an integration of the intrinsic

states as

ṙ = Tvs, (3a)

Ṫ = Tω̃s. (3b)

The aerodynamic formulation is a 2D unsteady strip-theory based on a state-space105

implementation of Wagner’s function, with the solution modified to fit the parameters of the wind

turbine blade shape. For an aerofoil of chord 2b moving with free-stream velocity V∞ in a fluid of

density ρ, the aerodynamic lift LAE , drag DAE and moment MAE at the aerodynamic centre are

expressed as a function of the heaving ḣ and pitching ωp velocity:

LAE =
1

2
ρV∞ · 2b(CLα(

1

2
(−ḣ+ bωp + V∞

∑
j

2AAEj bAEj λj)) + V∞(CL0 + CLδδ)), (4a)

DAE =
1

2
ρV 2
∞ · 2bCD0, (4b)

and

MAE =
1

2
ρV∞ · 2b · 2b(CLαbωp/8 + V∞(CM0 + CMδδ)). (4c)

Here CLα, CL0, CLδ, CD0, CM0 and CMδ are the aerodynamic coefficients of the aerofoil section110

used, δ is the control surface deflection angle and λj are the aerodynamic states accounting for the

time-dependent lift response, whose dynamics are given by constants AAEj and bAEj . The Wagner’s
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function can normally be evaluated using a 2-state approximation (jmax = 2), with constants

AAE = [0.165, 0.335] and bAE = [0.0455, 0.3].

The effects of the control surfaces (the trailing edge flaps shown in Fig. 2) are modeled by

modifying the local aerodynamic coefficients of the lifting surface by CLδ and CMδ derived from

the thin airfoil theory:

CLδ = 2(π − θ + sinθ) (5)

and

CMδ = −(
1

2
sinθ − 1

4
sin(2θ)) (6)

where θ = arccos(2e − 1) and e is the percentage of the trailing edge flap over the whole chord115

length.

The dynamics of the aerodynamic states are written as

bλ̇j + bAEj V∞λj = −ḣ+ bωp. (7)

Upon transforming into the elemental local reference frame, the aerodynamic model is coupled as

an external force onto the structural model, written as

fAE = ρb(A1(x1)x1 + V∞A2x1

∑
j

2AAEj bAEj λj +A3(x1)x1δ) (8a)

λ̇j = κ>AEx1 − bAEj V∞λj/b (8b)

Finally, the total external force fA in (1) is given as a combination of the aerodynamic and

gravity forces,

fA = fAE + fG, (9)

in which the distributed gravity force is

fG = T>M · [ 0 0 −g 0 0 0 ]> (10)

where g = 9.81m/s.

The intrinsic state variables in the structual model are expressed using the Galerkin projection

9



as a set of structural modal basis functions

x1 =
∑
j

ψ1j(l)q2j(t), (11a)

x2 =
∑
j

ψ2j(l)q2j(t), (11b)

where (ψ1, ψ2) are basis functions for the structural normal modes and q1, q2 are the modal120

amplitudes in the sectional velocities and the load resultants. The nonlinear dynamic equations of

the full modal aeroservoelastic system is obtained by a Galerkin projection of the structural and

aerodynamic model of the wind turbine dynamics (described by equations (1), (3), (8), (9) and

(10)) onto a set of modal basis, and takes the form of

q̇s = Asqs + Γ(qs)qs +Hg(qs)T0 + (H1(q∗s ) + V∞H2(qa) +H3,d(q
∗
s )δd)q

∗
s (12a)

q̇a = P1q
∗
s − V∞P2(qa) (12b)

Ṫ0 = T0N1(qs) (12c)

ṙ0 = T0N2(qs) (12d)

where the full set of states consist of the structural stares qs, the aerodynamic states qa, the rigid125

body orientation T0 and the displacement vector r0 in the inertial frame of reference. q∗s = qs+qturb

where qturb is the modal amplitudes of turbulent velocity projections. The coupled aeroelastic solver

used in this work integrates the full systematical equations in time using a backwards-Euler implicit

time-marching scheme.

2.2. Wind turbine parameters and the operating conditions130

The aeroelastic description derived above is used to model the NREL 5-MW reference wind

turbine [27] in this paper. The parameters for the reference wind turbine system is shown in Table

2, while the detailed structural and aerodynamic properties for the main blade sections (CLα, CL0,

10



CD0 and CM0) can be found in the referenced work [27].

Variables Symbol 1 Symbol 2
Rotor, Hub Diameter Dr, DH 126 m, 3 m
Blade Length Lb 61.5 m
Hub Height H 90 m
Rated Rotor Speed ω 12.1 rpm
Rated Tip Speed Ratio λ 7.0175
Rotor Mass mr 110,000 kg
Nacelle Mass mn 240,000 kg
Tower Mass mt 347,460 kg
Flap mass per unit length mβ 11.39 kg/m
Resonant frequency of the flap ωβ 76 rad/s

Table 2: Physical parameters of the NREL 5MW wind turbine equipped with trailing-edge flaps

The NREL-5MW wind turbine considered here has a rated wind speed of 11.4 m/s, and we135

choose the mean wind speed of 11m/s and 14m/s for the following simulation to cover both the

regular operating condition and a slightly overrated condition. The wind turbine is assumed to

operate in a turbulent wind field with the turbulence inflow data wδ generated by TurbSim, a

popular open-source stochastic inflow turbulence tool developed by National Renewable Energy

Laboratory (NREL) in the US. The turbulent wind field is in accordance to the International140

Electrotechnical Commission (IEC) standard 61400-1 [29]. We choose the von Karman turbulence

model and the IEC turbulence type Normal Turbulence Model (NTM) with different turbulence

seeds to include the influence of turbulent incoming wind on the wind turbine loads. According to

Kawashima & Uchida (2017) [30], the turbulence intensity at the mean wind speed of 11 -14 m/s

ranges from 5% to 20%. Thus we choose three typical turbulent intensities 6%, 10% and 17.5%145

from this range.

3. Control system design

In this section, a PD-MFAC control system for trailing edge flap control of wind turbine model

developed in Section 2 is designed. Its objective is to minimize the root bending moment (RBM)

on each blade. The RBM on each blade will also be used as the input data of the PD-MFAC150

controller. Flap pitch angle will be usd as the control output of the PD-MFAC controller.
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3.1. PD-MFAC Preliminaries

A brief introduction of the PD-MFAC algorithm is presented in this subsection following [25].

Consider a discrete-time nonlinear SISO system written as follows:

y (k + 1) = f
(
y (k) , ..., y

(
k − ny

)
, u (k) , ..., u (k − nu)

)
, (13)

where u (k) is the system input and y (k) is the system output of the nonlinear SISO system155

represented by the nonlinear function f at discrete time k. The positive integers ny and nu are

unknown orders.

Assumption 1: The partial derivatives of function f with respect to the control input

u(k), ..., u(k−L+1) are continuous, and system (13) satisfies the generalized Lipschitz condition:∣∣∆y(k+1)
∣∣≤ b∥∥∆UL(k)

∥∥ for any k and ∆UL(k) 6= 0. Here, b is a positive bounded constant and160

‖.‖ is the Euclidean norm of a vector.

In the original MFAC scheme by Hou [23], if system (13) satisfies Assumption 1, then it can be

equivalently described by the following PFDL data model,

∆y (k + 1) = φφφL (k) ∆UL (k) (14)

where φφφL (k) = [φ1 (k) , ..., φL (k)] is the original PPD vector andUL (k) = [u (k) , ..., u (k − L+ 1)]T

is the vector of all the historical control inputs within the chosen time window [k − L+ 1, k], with

L defined as the linearization constant. The original MFAC algorithm for nonlinear SISO system

is given in the following form

u(k) = u(k − 1) +
ρ1φ̂1(k)(yref (k + 1)− y(k))

λ+
∣∣∣φ̂1(k)

∣∣∣2 −
φ̂1(k)

∑Lc

i=2 ρiφ̂i(k)∆u(k−i+1)

λ+
∣∣∣φ̂1(k)

∣∣∣2 , (15a)

φ̂φφL(k) = φ̂φφL(k−1) + η∆UL(k−1) ∗ (∆y(k)−φ̂φφ
T

L(k−1)∆UL(k−1))

µ+
∥∥∆UL(k−1)

∥∥2 , (15b)

φ̂φφL(k) = φ̂φφL(1), if
∥∥∥φ̂φφL(k)

∥∥∥ ≤ ε, or
∥∥∆UL(k−1)

∥∥ ≤ ε, or sign(φ̂1(k)) 6=sign(φ̂1(1)), (15c)

in which the controller algorithm (15a) is derived from minimizing the weighted one-step-ahead

12



cost function of tracking error and control input rate,

J(u(k))=
∣∣yref (k+1)−y(k+1)

∣∣2+λ
∣∣u(k)−u(k−1)

∣∣2,
while the PG estimation algorithm (15b) is derived similarly by minimizing the weighted cost

function

J(φφφ(k))=

∣∣∣∣∆y(k)−φ̂φφ
T

L(k)∆UL(k−1)

∣∣∣∣2+µ
∥∥∥φ̂φφL(k)−φ̂φφL(k−1)

∥∥∥2.
The reset algorithm (15c) is added to facilitate the PPD vector estimation algorithm (15b) to track

time-varying parameters. ρi ∈ (0, 1] and ζ ∈ (0, 2] are the step factors, and λ > 0, µ > 0 are the165

penalty factors. φ̂φφL(k) is the estimated value of the original PPD vector φφφL(k).

Based on the MFAC algorithm (15), Qi and Zhao [25] proposed the PD-MFAC algorithm to

extend the applicability of original algorithm by introducing necessary damping effect. As shown

in Fig. 3, The PD-MFAC algorithm can be equivalently regarded as a cascade of original MFAC

algorithm and PD control, in which a virtual control input is defined as

u∗ (k) = u (k) +K1y (k) +K2
∆y (k)

∆t
, (16)

where K1 and K2 are constant control parameters, ∆y (k) = y (k) − y (k − 1) is the respective

change of the system output, and ∆t is the sampling time of the control system.

Following a similar procedure to minimize the weighed cost functions corresponding to the

controller algorithm (15a) and the PPD estimation algorithm (15b), respectively, the PD-MFAC

algorithm can be derived as

u(k) = u(k − 1) +
ρ1φ̂
∗
1(k)(yref (k + 1)− y(k))

λ+
∣∣∣φ̂∗1(k)

∣∣∣2 −
φ̂∗1(k)

∑L
i=2 ρiφ̂

∗
i (k)∆u∗(k−i+1)

λ+
∣∣∣φ̂∗1(k)

∣∣∣2
− sign

(
φ̂∗1 (1)

)(
K1∆y (k) +K2∆

(
∆y (k)

∆t

))
, (17a)

φ̂φφ
∗
L(k) = φ̂φφ

∗
L(k−1) + η∆U∗L(k−1) ∗ (∆y(k)−φ̂φφ

∗
L
T (k−1)∆U∗L(k−1))

µ+
∥∥∆U∗L(k−1)

∥∥2 , (17b)

φ̂φφ
∗
L(k) = φ̂φφ

∗
L(1), if

∥∥∥φ̂φφ∗L(k)
∥∥∥ ≤ ε, or

∥∥∆UL(∗k−1)
∥∥ ≤ ε, or sign(φ̂∗1(k)) 6=sign(φ̂∗1(1)), (17c)

13



+- MFAC +- Plant f

PD-MFAC

 *u k  u k  y k

 y k

 1refy k 

1K
2K

t 

Damping

Figure 3: Control structure of the PD-MFAC system.

where φ̂φφ
∗
L (k) is the estimated value of PPD vector φφφ∗L (k), which satisfies

∆y (k + 1) = φ∗L (k) ∆U∗L (k) . ∆U∗L (k) = U∗L (k) − U∗L (k − 1) is the respective change of170

historical control input with the vector of virtual control input defined as

U∗L (k) =
[
u∗ (k) , ..., u∗ (k − L+ 1)

]
.

The stability analysis of the PD-MFAC algorithm was shown in [25], which followed from the

proof of Theorem 3 and Theorem 4 in [23].

3.2. Flap angle controller design175

Three independent TEF controllers actuated by either PD-MFAC controllers, H∞ controllers,

or GS-PI controllers are designed here to reduce the vibration of the RBM on three blades. The

simplified closed-loop block diagram of the whole simulation and control system is illustrated in

Fig.4.

For the three identical PD-MFAC flap angle controllers (17), the measured RBM on each blade180

is used as control input. The parameters of the PD-MFAC is designed as follows: L = 3, k1 =

2.24 × 10−7,K2 = 9 × 10−8, λ = 1 × 105, ρ = 4.26 × 10−8, η = 1 × 10−2, µ = 8 × 10−6,φ∗L (0) =

[6.83× 105, 6.83× 105, 6.83× 105]T . The flap angle is used as the control output, and a saturation

14
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Figure 4: Fluid-structure coupling in the aeroelastic model and the closed-loop block diagram.

is applied to make sure that |β| ≤ 15o. A flowchart is depicted in Fig.5 to indicate how these three

PD-MFAC flap angle controllers work to actuate the TEFs mounted on the three rotor blades,185

using the blade root-bending moment (RBM) as control inputs.

As a comparison to the proposed PD-MFAC controller, a traditional H∞ loop-shaping flap

angle controller is designed for each single blade under a wind speed of 14m/s and then applied

to the whole turbine model at different wind speeds. Here the H∞ controller is designed based on

a simplified linear mathematical model of order 9, which is obtained from the original full model

developed in Section 2 through system identification with the help of Matlab command ’n4sid’.

The Matlab command ’loopsyn’ is used for the design of this H∞ controller and a particle swarm

optimization (PSO) algorithm is used here to determine the optimal loop shape

Gd =
w2
n

s2 + 2ςwn + w2
n

,

where wn = 7.11657 and ς = 0.38872.

A GS-PI controller (which is model-free and adaptive) is also designed here as comparison to

15



Start: initial structural states 
and aerodynamic states

Structure 
model

Aerodynamic 
model

Turbulence     w

Aerodynamic
forces

y1 = RBM1

PPD vector 2 

Condition 
(17d) ？

Assign PPD 
vector 2 to 
initial value

TEF2 angle

PPD vector 1 

Condition 
(17d) ？

Assign PPD 
vector 1 to 
initial value

TEF1 angle

PPD vector 3 

Condition 
(17d) ？

Assign PPD 
vector 3 to 
initial value

TEF3 angle

y2 = RBM2 y3 = RBM3

Yes Yes Yes

NoNoNo

Update 
Aerodynamics

Output the results: RBM, 
RTM, BTD, etc.

|TEF1|<15 
deg？

|TEF2|<15 
deg？

|TEF3|<15 
deg？

TEF1 = 
sign(TEF1)*15deg

TEF2 = 
sign(TEF2)*15deg

TEF3 = 
sign(TEF3)*15deg

Yes Yes Yes

NoNoNo

u1 = TEF1 u2 = TEF2 u3 = TEF3

PD –MFAC1 PD –MFAC2 PD –MFAC3

Figure 5: Flowchart for the PD-MFAC control strategy. PD-MFAC (proportional-derivative model-free adaptive
control); PPD vector( pseudo partial derivative vector); TEF (trailing edge flap); the numbers 1,2,3 denote three
independent controllers respectively.

16



the proposed PD-MFAC scheme. The proportional and integral terms KP and KI of the GS-PI

controller is designed and tuned here to be

KP (y) = − 2.4243e− 05

1 + (y − yref )/3e06
, KI(y) = − 1.7857e− 07

1 + (y − yref )/3e06
,

where y is the system output, which is chosen to be the flapwise RBM in this work.

4. Numerical Results

In this section, the performance of the PD-MFAC flap controller is tested on the NREL 5-190

MW reference wind turbine. The dynamic responses of the wind turbine are simulated in the

Matlab environment using the aeroelastic coupling method in Section 2. As illustrated in Fig.4,

H∞ controllers and GS-PI controllers are also tested here as comparisons to our designed MFAC

control scheme.

The main goal of the trailing edge flap controller is to reduce the fluctuations of the flapwise195

blade root bending moment (RBM) of each blade. Three flap controllers are deployed and

function independently on three blades. As feedback control approaches, the RBM of each blade

are measured in real-time and taken as control input for both PC-MFAC controllers, H∞

controllers, and GS-PI controllers. Note that a high-pass filter is applied on the measured RBM

signals before they are used as control inputs since the very low frequency fluctuating loads are200

normally dealt with by standard IPC, which is out of the scope of this work. This paper focuses

on the reduction of fluctuating loads of very large and flexible wind turbines with a high

frequency, e.g, caused by turbulence, through flap control.

The simulations were conducted for 200 seconds (40.33 cycles), with a stable rated rotating

speed of 12.1 rpm and a time step of 0.1 second. The simulation results in a flow velocity of 11m/s205

and turbulence intensity of 6% are shown in Fig.6, which demonstrates the time simulations of

several key indexes for the performance of the controllers, including flapwise root bending moment

(RBM), root torsion moment (RTM), flap angle and blade tip deflections (BTD). In Fig.6, results

for the open-loop simulation, the H∞ controller, and the GS-PI controller are shown as solid black

lines, solid red lines, blue dashed lines, and green dashed lines, respectively. From Fig.6(a), we can210

see that both PD-MFAC flap controller and H∞ flap controller have suppressed the fluctuation of

RBM to a great extent, while the GS-PI controller only slightly alleviates the fluctuation of RBM.
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Figure 6: Open-loop and closed-loop time simulation results of (a) root bending moment; (b) root torsion moment;
(c) flap angle and (d) blade tip deflection, at a flow velocity of 11m/s and turbulence intensity of 6%.
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The RBM curve for MFAC is smoother than that for the other two, which could be explained by

Fig.6(c) that the flap angle actuated by MFAC works with a larger range of frequencies than that

actuated by the other two. All these three controllers have a small influence on RTM (as shown in215

Fig.6(b)) and slightly suppress the oscillation of BTD (as shown in Fig.6(d)).
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Figure 7: Open-loop and closed-loop time simulation results of (a) root bending moment; (b) root torsion moment;
(c) flap angle and (d) blade tip deflection, at a flow velocity of 11m/s and turbulence intensity of 10%.

Simulation results for the same flow velocity (11m/s) with higher turbulence intensities of 10%

and 17.5% are shown in Figs.7 and 8. Similar conclusions could be drawn as those from Fig.6.

Moreover, for all the three control strategies demonstrated here, the higher the turbulence intensity

is, the less effective the controllers are in suppressing the fluctuation of the RBM. Simulation results220

for the flow velocity of 14m/s with different turbulence intensities of 6%, 10% and 17.5% are shown
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Figure 8: Open-loop and closed-loop time simulation results of (a) root bending moment; (b) root torsion moment;
(c) flap angle and (d) blade tip deflection, at a flow velocity of 11m/s and turbulence intensity of 17.5%.
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in Figs.9, 12 and 13, respectively. Comparing the results at a flow velocity of 14m/s with those at

a flow speed velocity of 11m/s, we can see that the lower the flow speed is, the more effective the

controllers are in suppressing the load fluctuation.
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Figure 9: Open-loop and closed-loop time simulation results of (a) root bending moment; (b) root torsion moment;
(c) flap angle and (d) blade tip deflection, at a flow velocity of 14m/s and turbulence intensity of 6%.

Figure 10 (a) and (b) show the probability density plots of RBM and BTD, respectively, for225

flow velocity of 14 m/s and turbulent intensity of 6%. From Fig. 10, more centralized density

bars for both RBM and BTD are found in controlled cases than those in the open-loop case,

indicating a reduction in the standard load and deformation deviations via the TEF controllers.

More centralized density bars for the MFAC than the GS-PI shows that our proposed PD-MFAC

has better performance than the traditional model-free control strategy (GS-PI).230
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For a typical case of the flow velocity of 14 m/s and turbulent intensity of 6%, the flapwise

blade root bending moment and the blade tip deflection are also analyzed in the frequency domain

using discrete Fourier transformation. The results are shown in Fig.11. From the comparison of

the power spectral density (PSD) of RBM and BTD for different controllers and the open-loop

simulation, we can see that all these three control strategies reduce the 1-P vibration (0.2Hz). The235

H∞ controller suppresses the low-frequency load to a great extent, however it is doesn’t reduce the

higher frequency loads, which is the target of this work, caused by the turbulence. The proposed

PD-MFAC and GS-PI controller have similar performance in terms of low-frequency loads, while

PD-MFAC has a distinct advantage over the traditional GS-PI controller for higher frequencies (0.2

- 2Hz). From Fig.11 we can also see, the slight drawback of our designed PD-MFAC is that it brings240

new high frequency (2 - 3 Hz) oscillations of both RBM and BTD. However, from the time domain

plots, we could see these oscillations are of subtle amplitude and do not contribute to the fatigue

loads.

Figure 10: Probability density plot of (a) root bending moment (RBM); (b) blade tip deflection (BTD), at a flow
velocity of 14m/s and turbulence intensity of 6%.

To further demonstrate the advantage of this novel PD-MFAC, Tables 3, 4 and 5 compare the

closed-loop alleviation of blade loads under the cases of different flow velocity and turbulence245

intensity, with flaps actuated by PD-MFAC controller, H∞ controller, and GS-PI controller,

respectively. The negative sign implies an increase in load fluctuation. It can be observed from

these tables that MFAC has a distinct advantage over both the model-based H∞ controller and
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Figure 11: Power spectral density (PSD) of (a) root bending moment (RBM); (b) blade tip deflection (BTD), at a
flow velocity of 14m/s and turbulence intensity of 6%.

MFAC Flow TI % rd rms % rd rms % rd rms
Cases (m/s) (%) RBM RTM BTD
1 14 17.5 24.67 -0.25 10.24
2 14 10.0 36.66 -3.32 13.18
3 14 6.0 46.29 -6.01 20.66
4 11 17.5 31.16 -4.76 16.69
5 11 10.0 44.78 -6.53 18.90
6 11 6.0 46.46 -6.89 18.18

Table 3: Closed-loop alleviation of blade loads under the cases of different flow velocity and turbulence intensity with
flaps actuated by PD-MFAC. Negative sign implies an increase. The abbreviations are: RMS (root-mean-square);
rd (reduction); TI ( turbulence-intensity); RBM (root-bending moment); RTM (root-torsion moment); BTD (balde
tip deflection).
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Figure 12: Open-loop and closed-loop time simulation results of (a) root bending moment; (b) root torsion moment;
(c) flap angle and (d) blade tip deflection, at a flow velocity of 14m/s and turbulence intensity of 10%.

H∞ Flow TI % rd rms % rd rms % rd rms
Cases (m/s) (%) RBM RTM BTD
1 14 17.5 13.35 -1.72 10.13
2 14 10.0 24.97 -5.26 20.36
3 14 6.0 41.22 -10.86 33.18
4 11 17.5 17.89 -8.69 14.52
5 11 10.0 28.28 -7.83 21.83
6 11 6.0 44.74 -9.48 28.47

Table 4: Closed-loop alleviation of blade loads under the cases of different flow velocity and turbulence intensity with
flaps actuated by the H∞ controller. Negative sign implies an increase. The abbreviations are: RMS (root-mean-
square); rd (reduction); TI ( turbulence-intensity); RBM (root-bending moment); RTM (root-torsion moment); BTD
(blade tip deflection).
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Figure 13: Open-loop and closed-loop time simulation results of (a) root bending moment; (b) root torsion moment;
(c) flap angle and (d) blade tip deflection, at a flow velocity of 14m/s and turbulence intensity of 17.5%.

GS − PI Flow TI % rd rms % rd rms % rd rms
Cases (m/s) (%) RBM RTM BTD
1 14 17.5 21.47 -2.24 5.84
2 14 10.0 23.48 -3.55 7.57
3 14 6.0 30.69 -5.86 12.39
4 11 17.5 28.18 -5.34 14.47
5 11 10.0 21.57 -3.54 5.58
6 11 6.0 30.25 -4.27 12.43

Table 5: Closed-loop alleviation of blade loads under the cases of different flow velocity and turbulence intensity with
flaps actuated by the Gain-scheduled PI controller. Negative sign implies an increase. The abbreviations are: RMS
(root-mean-square); rd (reduction); TI ( turbulence-intensity); RBM (root-bending moment); RTM (root-torsion
moment); BTD (blade tip deflection).
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the model-free adaptive GS-PI controller in the alleviation of flapwise RBM for both designed

conditions and off-design conditions. This advantage increases with increasing turbulence250

intensity. An rms RBM reduction of 24.67 - 46.46% is achieved using our PD-MFAC, which is

promising. It can be also observed from the tables that the H∞ controller outperforms the MFAC

controller and the GS-PI controller with evident alleviation of BTD as a bonus apart from the

main goal. There is an inevitable increase in the fluctuation of blade RTM for all of the three

controllers due to the additional moment imposed by trailing edge flap deflection. Note that a255

large increase in rms RTM has also been found in the simulation results given by Ng et al. [31].

The MFAC controller has slightly smaller increases in rms RTM than the classical H∞ controller,

while the GS-PI controller has a similar performance as the MFAC controller regarding this.

5. Discussion

We have developed an aeroservoelastic wind turbine smart rotor model with a novel model-free260

PD-MFAC controller. The simulation results in Section 4 indicate that the PD-MFAC controller

achieved appreciable reductions on the fluctuation of the flapwise RBM and the BTD, over the

classical model-based and model-free controllers. They demonstrate the feasibility and effectiveness

of this novel model-free control strategy to be used in the wind turbine smart rotor, which has laid

the foundation for more effective control of larger and more flexible wind turbines.265

The limitation of our model is the assumption of attached flow. But it is eligible in this work,

whose main purpose is to study the feasibility of the model-free control strategy in the regular

operating condition of a wind turbine. Since normally the angle of attack on most part of the

blade is small (except for the inner part of the blade which have a negligible effect on the structural

dynamics of the wind turbine) and we limit the angle of the trailing-edge flaps, the system does270

operate in the attached flow regime.

A future research direction is to study the case of larger TEF angles, which may cause flow

separation but possibly offer additional control benefits. Although the aeroservoelastic model

developed in this work has similar fidelity as an existing model using a linear vortex panel method

(VPM) [31], it can be easily coupled with nonlinear aerodynamic models (e.g. the vortex force [32]275

and moment [33] map methods developed by us for load estimation in unsteady separating flows)

to cope with flow separations while the VPM model in [31] couldn’t allow this extension.
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6. Conclusions

This work has studied the load alleviation strategies of large and flexible wind turbine rotors with

controllable flaps driven by a novel model-free adaptive control algorithm. An aeroservoelastic280

model has been developed to simulate the reference HAWT numerically. This new model is the

combination of a structural model for the tower and blades represented by geometrically non-linear

composite beams, and an aerodynamic model for the rotors using a linearized airfoil model coupling

with TEFs described by the thin airfoil theory. Subsequently, a novel PD-MFAC scheme for the

flap angle control system has been designed for the dynamic load alleviation of flapwise RBM on285

the wind turbine blades. Comparing to traditional algorithms, the presented PD-MFAC has several

distinct benefits as follows.

1. Compared with a traditional H∞ flap controller and a GS-PI flap controller, our proposed

PD-MFAC flap controller showed more effective load alleviating performance not only in blade

RBM but also in BTD, in the presence of external disturbances. An rms RBM reduction of290

24.67 - 46.46% is achieved using our PD-MFAC.

2. The proposed PD-MFAC smart rotor controller substantially reduced the load fluctuation

caused by turbulence, which is not convenient to be dealt with via traditional pitch controllers.

3. In contrast with the model-based control schemes and the classical model-free control methods

to control a complicated system, the PD-MFAC flap controller only depends on the system295

input and output data, thus it could be easier to implement in real applications and get better

performance in off-designed cases.

In a nutshell, simulation results show a satisfactory performance of load alleviation through our

PD-MFAC in various cases. In comparison to the traditional algorithms (e.g. H-infinity, GS-PI

controller), the MFAC strategy more effectively reduces the RBM and BTD, which could prolong300

the fatigue life of the wind turbine. In addition, the quantitative analysis on the probability

density distribution and the power spectral density of the loads (RBM) and deformations (BTD) is

presented herein to validate the effectiveness of the proposed PD-MFAC. Furthermore, the control-

oriented wind turbine simulation model developed in this work has a great potential to couple with

nonlinear aerodynamics including separating flows. In our future work, we will extend this model305

into a higher fidelity model to test the model-free control methods.

27



Declaration of competing interest

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

Acknowledgements310

This work has received funding from the European Union’s Horizon 2020 research and innovation

programme under the Marie Sklodowska-Curie grant agreement No.765579.

References
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