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Abstract: Theoretical modeling and the sliding mode control (SMC) of an active trailing-edge
flap of a wind turbine blade based on the adaptive reaching law are investigated. The blade is
a single-celled thin-walled composite structure using circumferentially asymmetric stiffness (CAS)
design, exhibiting displacements of flap-wise/twist coupling. A reduced structural model originated
from the variation method is used to model the structure of the blade, the structural damping of
which is computed. The trailing-edge flap is a rigid structure that is embedded in and hinged to the
blade host structure, and it is driven by two pairs of pneumatic cylinders moving in reverse. Flutter
suppression for the large-amplitude vibration of the blade tip is investigated based on an active
trailing-edge flap structure and SMC algorithm using the adaptive reaching law. The controlled
responses of flap-wise/twist displacements and control inputs (the angles of the trailing-edge flap) are
illustrated, with obvious simulation effects demonstrated. An experimental platform for driving the
pneumatic cylinders verifies the effectiveness of the control algorithm using the adaptive reaching law
and the effectiveness of the selected pneumatic transmission scheme controlled by another adaptive
SMC based on the minimum parameter learning of neural networks.

Keywords: trailing-edge flap; circumferentially asymmetric stiffness; sliding mode control; adaptive
reaching law; minimum parameter learning of neural networks

1. Introduction

Wind turbine blades have always been involved in large-amplitude vibration in the actuation
of unsteady flow states. The large-amplitude vibration of displacements of flap-wise/twist coupling
is an important reason for the fatigue damage of blades. In view of the extensive application of
composite materials in the construction of blade structures, how to effectively model composite
structures for blades of flap-wise/twist coupling and re-strain large amplitude vibration has been
a subject to be further studied.

So far, many thin-walled composite structures have been used for the vibration control of rotating
blades or beams. In early studies, a refined theory of rotary blades, whose model was a thin-walled
composite beam with an arbitrary closed section that contained some nonclassical features, such as
the anisotropy and heterogeneity of the constituent materials, transverse shear, and primary and
secondary warping, was investigated to study free vibration behavior [1]. The forced vibration of
rotating pre-twisted blades modeled as laminated composite hollow uniform box-beams, including
transverse shear flexibility, restrained warping, and centrifugal and Coriolis effects, has been presented
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to analyze the vibration effects [2]. A reduced-order model has been investigated for aeroelastic
analysis using the computational fluid dynamics (CFD) codes named CFL3D, in which the state-space
expression of unsteady aerodynamic forces was combined with a state-space model of the structure to
simulate the aeroelasticity using mATLAB (R2011b, mathWorks, Natick, mA, USA) codes [3]. Various
actuators have also been used as control means to achieve flutter suppression. A general method for
vibration control of a nonlinear rotary beam using an integral sliding mode control (SMC) approach has
been developed. The structural model was modeled as a rotary Euler–Bernoulli beam (EBB) integrated
with a piezoelectric actuator [4]. In addition, the structural modeling of rotary pre-twisted thin-walled
composite beams, with macro fiber composite actuators and embedded sensors, has been investigated
to study vibration analysis and optimal control using higher shear deformation theory [5].

In the last 10 years, various nonlinear theories of composite structure have been successfully used
in vibration analysis and aeroelastic control for beams or blades, and various optimization approaches
using the finite element model (FEM) or various optimization criteria have been used in structural
enhancement or active control to achieve the purpose of improving the aeroelastic behavior of blades.
The vibration analysis of a rotary composite structure using assumptions of Timoshenko beam theory
and exhibiting nonlinear von-Karman strain–displacement relationships has been investigated, with
the three-coupled partial differential equation of vibration motion obtained [6]. Aeroelastic stability
analysis of a full-scale composite blade has been investigated, with the aerodynamic loading determined
using modified Blade Element momentum (BEM) theory and CFD method. Then, a 3D FEM was
built using the iterative approach of fluid–structure interaction (FSI) to investigate the aeroelastic
behavior [7]. After linearizing the nonlinear equations of the wind turbine blades, the active control of
the optimal proportional–integral–derivative (PID) control method and the optimized linear quadratic
regulator (LQR) are proposed to suppress the flap-wise and lead-lag flutter. [8]. A novel method for the
optimization of the blade was developed to eliminate the requirement of stream-tube theory iterations,
the criterion of which is maximization of the lift-to-drag ratio [9].

As for the FSI models, some new FSI models have been investigated in recent years. For instance,
the structural trailing edge modeling method and trailing-edge flow control have been developed
and studied by different scholars to enhance the reliability of the structural performance for blades.
Haselbach proposed an advanced structural modeling method based on a shell element model where the
adhesive bond-line in the trailing edge region was discretized by solid brick elements, which enhance
the reliability of structural predictions for blades [10]. Llorente and Ragni presented an experimental
study focusing on the change of the aerodynamic performance of blades with the employment of
trailing-edge serrations, and they discussed the procedure design and prediction methodology [11].
Qin and Chen reported an investigation into the performance of trailing-edge flow control devices,
including microtabs and microjets installed (near the trailing edge) by solving the three-dimensional
Reynolds averaged Navier–Stokes equations (NSE) [12]. Huang et al. used the trailing-edge flap
and mid-span flap (deflected in opposite directions such that the root bending moment of the blade
remains almost unchanged) to excite the unstable modes of the tip vortex system of blades to
investigate the mechanism of how and to what extent the deflection of the flaps influences the tip
vortex system [13]. Thakur et al. investigated the load mitigation effects using blade trailing-edge flaps
subjected to turbulent wind, with the BEM theory used to obtain the aerodynamic loads by modeling
in a multi-body framework while the hydrodynamic and geotechnical analysis were performed in
a FEM framework [14]. Another trailing-edge-based literature, in which the modeling of an aeroelastic
system of a blade section based on a trailing-edge flap using a new proposed aerodynamics model
has been investigated, demonstrated vibration analysis of the blade section exhibiting flap-wise/twist
displacements and performed flutter suppression by equivalent SMC [15].

In addition, other flap structures have also been used by different scholars to reduce the loads of
the blades and enhance the aerodynamic performance. For example, a gurney flap (GF) placed at the
pressure side of the trailing edge of an airfoil and perpendicular to the chord line can enhance lift in
wind turbine blades and enhance the aerodynamic performance of airfoils, making it generate more
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lift and delaying the onset of stall [16–18]. Bianchini presented numerical analysis using CFD with the
aim of evaluating the potential of using GFs for the power augmentation of Darrieus turbines [16].
Zhang et al. presented a computational investigation on the effects of two configurations of GFs on the
aerodynamic performance with the computational method applied in the investigation solving the
Reynold-averaged NSE with a multiple reference frame approach, which models the rotating turbulent
flow over the rotor [17].

As everyone knows, strong winds severely endanger the structural integrity of wind turbines,
especially when extreme winds are raging. A particular focus of high-amplitude vibration was placed
on the effect of strong wind speed and a large change of wind direction on tower collapse and blade
fracture [19]. The application of a morphed trailing-edge flap can significantly reduce the excessive
loads that cause the damage of blades and surrounding components in wind turbines, and reduce
the vibration amplitude of the blade tip [20]. meanwhile, the adaptive trailing-edge flap control has
been proven to be able to play a continuous optimized motion process during the aircraft continuous
operation, where the adaptive process was implemented by a Shape memory Alloy rotary actuator
that integrated into the hinge line of a small flap on the trailing edge [21].

In the present study, the theoretical modeling and SMC of an active trailing-edge flap of a composite
blade based on the adaptive reaching law are investigated. The blade is a single-celled thin-walled
composite structure using CAS configuration, exhibiting displacements of flap-wise/twist coupling.
To study the structural modeling and vibration control of CAS-based composite blades, the following
two aspects can be considered. The first aspect focuses on precise structural modeling; hence, structural
nonlinear and geometrically nonlinear might be considered in theoretical modeling as well, due
to the completeness of the structural model. Second, focusing on accurate aerodynamic analysis,
the accuracy and completeness of the aerodynamic data obtained are of great significance to the
analysis of the dynamic behavior of wind turbine blades, since the aerodynamic characteristics of an
airfoil along the spanwise direction are the basis of the aerodynamic performance design of a blade.
For instance, an excellent nonlinear beam theory using the weak-form quadrature element method [22]
was proposed for the analysis of composite blades. The theoretical novelty was characterized by
extending EBB theory to a generalized Timoshenko beam. meanwhile, mechanics-based variables were
used to describe finite rotation [22]. In view of this, in the present study, an alternative scheme for
structural modeling and a novel and accurate description of aerodynamics are applied to the blade.
The main contributions can be outlined as: (a) a refined variation method model is used to model the
structure of a composite blade, integrated with structural damping, which has been is rarely studied.
(b) The active trailing-edge flap that is used is a rigid structure instead of a conventional flexible
structure, with a novel aerodynamic model acting on the cross-section of an airfoil. (c) The active
trailing-edge flap is driven by pneumatic cylinders using a pneumatic transmission scheme instead of
conventional mechanical or hydraulic driving excitation. (d) The adaptive SMC algorithm used for
stability control is based on the adaptive reaching law, the control inputs of which are ladder signals
that can exactly match the performance requirements of pneumatic cylinders driven by pneumatic
transmission. (e) An adaptive SMC algorithm based on the minimum parameter learning of neural
networks is investigated to control the pneumatic transmission system so as to accurately drive the
action of the active trailing-edge flap structure. (f) Owing to the large wind power system being mostly
controlled by Programmable Logic Controller (PLC), some intelligent control algorithms cannot be
implemented in PLC hardware because of their complexity. The purpose of the experimental platform
in the present study is to verify the feasibility of the theoretical control algorithms that can run perfectly
in the actual PLC control hardware.



Energies 2020, 13, 1029 4 of 21

2. Aeroelastic Equations

2.1. Equations of motions

Figure 1 shows the CAS-based blade system with the rigid trailing-edged flap structure. Figure 1a
shows the single-cell thin-walled blade system and the displacements; Figure 1b shows the actual
cross-section in position l1, with the middle-line equation (the green dotted line) of the section fitted in
terms of NACA 6315 profile and expressed as specific equations [23]; Figure 1c shows the equivalent
cross-section with parameters at position l1.

In Figure 1a, the blade length is L = L1 + L2 + L3 = 1.5 m, with the wedge length being
L0 = 0.1 m. The length of the rigid trailing-edged flap is L/4, which is located in the center of the
anterior half of the blade span (near the tip of the leaf). The displacements are denoted by flap-wise
bending z (perpendicular to the rotating plane) and twist angle θ.

In Figure 1b, P and Q are two pneumatic cylinders located in position l1 in Figure 1a. Two piston
rods of the two cylinders are connected to the fixed joint P2 (in the rigid trailing-edged flap) through
two connecting rods. P1 is another hinge point, which is connected to the host structure of the blade
through a shaft. The position point P1 is above the midline of the blade section with slight deviation so
that the swing angle of trailing-edge flap β is within the range of –15 to 18 degrees. When the two
piston rods synchronously move, in reverse, the trailing-edge flap structure can deflect. Note that the
other two cylinders with the same function are installed in position l2.

The structural parameters of the equivalent section of blade in Figure 1c are as follows: the wind
inflow angle is ψ decided by wind velocity U = 10 m/s, rotating speed Ω, and sectional position.
The aerodynamic forces consist of Lift F and moment M. The rotor rotating speed is Ω = λU/(L + L0),
where the tip speed ratio λ = 1. The variable chord length c can be fitted as the form of Fourier
Series models according to an optimization design for the blade [24]. The composite properties are as
follows: the sectional thickness is h; the ply thickness is 6.35 × 10–4 m; the ply angle is denoted by θp;
the sectional element mass is mb decided by density ρb = 1672 kg/m3; and the other elastic parameters
are marked as G12 = 3.5GPa, E1 = 24.8 GPa, E2 = 8.7 Gpa, and v12 = 0.34.

The circumferentially asymmetric stiffness (CAS) figuration of the composite structure is designed
by two assumptions: (a) The spanwise stiffness is far greater than those of vertical/twist directions;
the effect of the axial inertia term is much smaller than others and can be ignored. (b) The CAS
ply-angle distribution uses the ply-angle law [θp]6 in the top (above the chord and perpendicular to
the chordwise direction) flange and [–θp]6 in the bottom flange.
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Figure 1. The circumferentially asymmetric stiffness (CAS)-based blade system with the rigid
trailing-edged flap: (a) The CAS-based blade system with the trailing-edged flap; (b) The actual
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As mentioned above, the structural nonlinear and geometrically nonlinear might be considered
in theoretical modeling as well due to the completeness of the structural model. However, in our
previous work, we found that after the linear modeling is integrated with composite structural
damping, its vibration characteristics, such as fundamental frequencies, are very close to those of the
actual composite structure in experiment; that is to say, it can also be equivalent as another complete
description of the composite structural model. Hence, in the present study, a refined thin-walled
beam theory focused on the CAS situation and subjected to bending–twist coupling is investigated
and integrated with structural damping [23,25]. Consider the reduced CAS-based configuration in
Reference [26], the independent bending–twist coupling displacement equations are displayed based
on a composite cantilever structure. Therefore, after considering the dynamic rigidity effects caused by
rotation, the equations of motions of the rotating blade section can be approximatively expressed as
follows:

[C22 +
1
2

mcΩ2K2
A

(
(L + L0)

2
− x2

)
]θ′′ + C23z′′′ − mcΩ2K2

Axθ′ − I
..
θ− mcΩ2

(
K2

m2 −K2
m1

)
θ = mθ (1)

C23θ
′′′ + C33z′′′′ + mc

..
z−

1
2

mcΩ2
[
z′′

(
(L + L0)

2
− x2

)
+ z′(−2x)

]
= Fz (2)

where parameters Ci j are the stiffness coefficients that are composed of reduced axial stiffness A(s),
coupling stiffness B(s), and shear stiffness C(s), respectively, which can be found in Reference [26].
The other parameters are depicted as:

K2
m1 =

1
mc

x
ρbz2dydz, K2

m2 =
1

mc

x
ρby2dydz, K2

A

x
dydz =

x (
y2 + z2

)
dydz,

I =

∮
ρb

(
y2 + z2

)
hds, mc =

∮
ρbhds

and the aerodynamic force Fz and moment Mθ on the right-side of Equations (1) and (2) can be written
as follows [15]:

Fz =
1
2
ρa

πb[V0
(..
z/V0 −

.
θ
)
−

b
..
θ
2
] + 2π

.
z + 2πV2

0

Clβ

Clα
(Ψ + 1)β− 2πV2

0

Clβ

Clα
θ− 2πbV0

.
θ

 (3)

Mθ = ρab
[
−πbV0

(..
z/V0 −

.
θ
)
/4 + πbV0

.
θ/4 + 3πb2

..
θ/16

]
+ ρaπV2

0

Cmβ

Cmα
β (4)

where β is the controlled angle of the trailing-edge flap; and the related aerodynamic coefficients are as
follows: Clα = 6.28, Cmα = (0.5 + c/6)Clα, Clβ = 3.358, and Cmβ = −0.635.
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It should be stated that the expressions of aerodynamic force Fz and moment Mθ are a novel
set of quasi-steady-state hydrodynamic equations, which are suitable for the analysis of the rigid
trailing-edge flap behavior of the rotating blade. In particular, for the length lr of the trailing-edge
flap in the spanwise direction, it is exactly a specified value lr = c/6. In addition, the expressions of
Lift Fz and moment Mθ in Equations (3) and (4) are only used for the aerodynamic calculation of
the trailing-edge flap structure, while the Beddoes–Leishman model based on fitted aerodynamic
coefficients [23] is used to calculate the stall-induced aerodynamics of the other structural parts along
the spanwise direction in this study.

To solve Equations (1)–(4), modal approximation based on Galerkin approach [23] is applied.
It might be assumed that:

z(x, t) = ZT(x)qz, θ(x, t) = ΘT(x)qθ (5)

ZT(x) = [z1, z2, . . . , zN], ΘT(x) = [θ1,θ2, . . . ,θN] (6)

where qz and qθ are the N × 1 mode vectors (N = 5 is considered sufficient to meet the accuracy
requirements of the series in the present study); ZT(x) and ΘT(x) are the 1 × N vectors of the shape
functions, respectively.

Substitute Equations (5), (6) into Equations (1)–(4) with the Galerkin method applied, and assume

X =
[
qθ

∣∣∣T
N×1, qz

∣∣∣T
N×1

]T
, in the integral process of the Galerkin method along the direction of blade

extension, the integral and sum of the three lengths of L1, L2, and L3 are performed respectively.
It results in:

MM
..
X + CM

.
X + KMX = QMβ (7)

where MM, CM and KM are 2N × 2N matrices, and QM is the 2N × 1 matrix.

2.2. Calculation of Structural Damping

By removing the aerodynamics and rotation effects from Equations (1) and (2), only the free
vibration equations (FVE) of cantilever structure are considered. To investigate the vibration of the
slender cantilever blade, a method using the modal damping ratio η and sectional stiffness matrix Ks in
FVE is deduced to compute the structural damping [23]. Structural damping matrix Cs, which originated
from the structural parts of the free vibration equations of the cantilever section in Equations (1) and
(2), can be depicted as:

Cs = (η/ω1)Ks =

[
Cs11 Cs12

Cs21 Cs22

]
= (η/ω1)

 C22
[
ΘT(x)

]
′′

C23
[
ZT(x)

]
′′′

C23
[
ΘT(x)

]
′′′

C33
[
ZT(x)

]
′′′′

 (8)

whereω1 and η are the first-order natural frequency and modal damping ratio. For subsequent research,
we define as = η/ω1 as the corresponding modal damping factor. Note that structural damping is
a characteristic of the structure itself, so Equation (8) does not contain rotational effects.

The modal damping ratio η in Equation (8) can be defined as the ratio of dissipation (damping)
energy and maximum strain energy in each vibration period [27]:

η =
{Xm}

TC{Xm}

2π{Xm}
TKM0{Xm}

(9)

where {Xm} is the modal vector, and matrices C and KM0 are the equivalent damping matrix and
stiffness matrix. Herein, {Xm} and KM0 satisfy the characteristic equation of the composite thin-wall
beam: (

KM0 −ω
2MM0

)
{Xm} = 0 (10)

where KM0 and MM0 are the matrices KM and MM in Equation (7), from which the rotation effect and
the hydrodynamic effect are eliminated. Herein, ω is a natural frequency. The expression of C is the
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same as KM0, but the terms A(s), B(s), and C(s) in KM0 must be replaced by similar parameter terms
Ad(s), Bd(s), and Cd(s) in C, respectively [25].

The modal damping factors (as) versus ply angles, ranging from 0◦ to 90◦, are displayed in
Figure 2.
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Figure 2. Damping parameter factors (as) vs. ply angles.

Integrate Cs into Equation (7) and implement the indicated integration in the Galerkin method,
resulting in the matrix equations of motions:

MM
..
X + CSM

.
X + KMX = QMβ (11)

where

CSM = CM +

[ ∫
Cs11z jdx

∫
Cs12z jdx∫

Cs21θ jdx
∫

Cs22θ jdx

]
2N×2N

.

3. Vibration Control based on Adaptive SMC

To continue the subsequent implementation, transform Equation (11) into the state-space
expression:

.
Y = A0Y + B0β (12)

where

A0 =

[
0N×N IE(N×N)

− m−1
M KM − m−1

M CSM

]
, B0 =

[
0N×1

M−1
M QM

]
.

To carry on furthermore solving by discrete SMC, Equation (12) can be transformed into the
discrete state-space as follows:

Y(k + 1) = A1Y(k) + B1β(k). (13)

In recent years, SMC approaches integrated with the Lyapunov method [28,29] have been
successfully used in position control for high-performance real-time applications of rotary machines.
A more refined discrete equivalent SMC algorithm was used to realize vibration control by adjusting
the angle of the trailing-edge flap [15], whereas the angle adjusting was treated as a theoretical
time-dependent external input. In the present study, vibration control of the aeroelastic system
Equation (13) using SMC has potentially ruled out the physical effect of the entity system that
performed external control; otherwise, the external entity system will affect the equations of the
structural model in Equations (1) and (2). Hence, the actual driving of the trailing-edge flap here is
preferably also a time-independent process using a practical time-dependent external input.
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However, for the physical driving system of the trailing-edge flap, the driving based on
a mechanical structure system (MST) or hydraulic transmission system (HTS) is bound to directly
affect the modeling of the structure. At the same time, as the mathematical model of mST or HTS of
the high-order system itself, it should also be introduced into the aeroelastic system of Equation (11),
which greatly increases the complexity of system analysis and control. Therefore, in the present study,
a pneumatic transmission instead of hydraulic transmission or mechanical process is introduced into
the control process of the trailing-edge flap. Since the pneumatic transmission system is installed in
the hub and the weight of the connecting parts is almost negligible, the pneumatic transmission itself
does not affect the structural modeling of the blade, and it is really a time-independent process.

Pneumatic transmission is fast and its impact is exactly suitable for the angle control of
a trailing-edge flap, which requires the control input of the SMC algorithm to have the characteristics of
a ladder signal or step signal. many SMC algorithms can effectively alleviate the chattering phenomenon
and suppress the instable vibration. However, there are very few discrete SMC algorithms that not
only satisfy the control effect but also have the control inputs similar to ladder signals. The SMC based
on the adaptive reaching law is one of these algorithms [30]. It is based on an improvement discrete
exponential reaching law. The sliding mode variable structure control law of the discrete system is
designed by using the original discrete reaching law, which has many advantages, but due to the
influence of the parameters of discrete reaching and the sampling period of the discrete time system,
the system will have great chattering.

3.1. Theory of Discrete Exponential Reaching Law

The original discrete exponential reaching law is as follows [30]:

s(k + 1) =

1− qT −
εT∣∣∣s(k)∣∣∣

s(k) = ps(k) (14)

where s(k) is the sliding mode function; the sampling time T � 1, p < 1, and for ε, q, each is an
empirical positive parameter. Then, Equation (14) can be deduced as:

∣∣∣p∣∣∣ =

∣∣∣s(k + 1)
∣∣∣∣∣∣s(k)∣∣∣ , p = 1− qT −

εT∣∣∣s(k)∣∣∣ . (15)

For Equation (14), the following three cases are analyzed:

• when
∣∣∣s(k)∣∣∣ > εT

2−qT , we can obtain

p > 1− qT −
εT(2− qT)

εT
= 1− qT − (2− qT) = −1

then, if
∣∣∣p∣∣∣ < 1, we can obtain

∣∣∣s(k + 1)
∣∣∣ < ∣∣∣s(k)∣∣∣, and it is a decreasing sequence.

• when
∣∣∣s(k)∣∣∣ < εT

2−qT , we can obtain

p < 1− qT −
εT(2− qT)

εT
= 1− qT − (2− qT) = −1

then, if
∣∣∣p∣∣∣ > 1, we can obtain

∣∣∣s(k + 1)
∣∣∣ > ∣∣∣s(k)∣∣∣, and it is an incremental sequence.

• when
∣∣∣s(k)∣∣∣ = εT

2−qT , we can obtain

p = 1− qT −
εT(2− qT)

εT
= 1− qT − (2− qT) = −1

then, if
∣∣∣p∣∣∣ = 1, we can obtain

∣∣∣s(k + 1)
∣∣∣ =

∣∣∣s(k)∣∣∣, and it is in an oscillatory state.
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It can be seen from the above analysis that the necessary and sufficient condition for s(k)
decreasing is ∣∣∣s(k)∣∣∣ > εT

2− qT
. (16)

Hence, when k→∞ , the steady-state oscillatory amplitude of sliding mode motion is as follows

h0 =
εT

2− qT
. (17)

3.2. Theory of SMC based on Adaptive Reaching Law (SMC/ARL)

In the discrete approach law shown in Equation (14), the parameter ε plays a very important role.
The ε value is small, which can reduce the buffeting of the system. However, if the ε value is too small,
it will affect the approaching speed of the system to the switching surface. At the same time, due to
technical factors, the sampling period T cannot be very small. Therefore, the ideal ε value should be
time-varying; that is, the ε value should be larger at the beginning of the system motion, and it should
decrease gradually with the increase of time.

It can be seen from Equation (16) that only by making
∣∣∣s(k)∣∣∣ > εT

2−qT , s(k) will decrease,

which requires qT + εT
|s(k)|

< 2; that is, ε should satisfy:

ε < (2− qT)
∣∣∣s(k)∣∣∣/T. (18)

Let us assume ε =
∣∣∣s(k)∣∣∣/2, if T satisfies T < 4/(1 + 2q), then Equation (18) can be confirmed

and satisfied.
Considering Equation (14) and Equation (18), an improved adaptive reaching law can be obtained:

s(k + 1) − s(k) = −qTs(k) −
∣∣∣s(k)∣∣∣Tsgn(s(k))/2. (19)

Assuming that the ideal values of the controlled displacements and their first derivatives are zeros
(i.e., the position command and speed command of the blade tip are both zeros), the corresponding
sliding mode function s(k) can be defined as s(k) = CeY(k); then, for discrete system Equation (13),
the related control law can be described as:

u(k) = β(k) = −(CeB1)
−1[CeA1Y(k) − (1− qT)s(k) +

∣∣∣s(k)∣∣∣Tsgn(s(k))/2 (20)

where the adjustment matrix Ce is deduced in the form of a quadratic-feedback-based matrix as follows.
To facilitate the realization of adaptive computation, a quadratic-feedback method is used to

obtain the adjustment matrix Ce. The system Equation (13) can be transformed as:

Y(k + 1) = AY(k) + B1ue(k) (21)

where A = A1 − B1Ce. The adjustment matrix Ce is the feedback controller in LQR design, and A
satisfies Hurwitz stability.

Firstly, suppose that the Lyapunov function V and mode function s(k) are as follows

V(k) = YT(k)PY(k), s(k) = BT
1 PY(k)

Then, there exists:

V(k + 1) = 2YT(k)PY(k + 1) = 2YT(k)PAY(k) + 2YT(k)PB1ue(k)
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Due to the existence of a certain moment k, satisfy s(k) = 0; then, sT(k) = YT(k)PB1 = 0,
and then

V(k + 1) = 2YT(k)PAY(k) = YT(k)
(
PA + A

T
P
)
Y(k).

To ensure that V(k + 1) < 0, we should prove that PA + A
T

P < 0.
Due to the linear matrix inequality design [27], when P is a symmetric positive definite matrix, we

can obtain:
Ce = R−1BT

1 P (22)

where the weighting coefficient R = 0.01 is designed in the LQR controller.
The stability analysis of the sliding mode approach law shown in Equation (16) is as follows:

(s(k + 1) − s(k))sgn(s(k)) =
(
−qTs(k) − |s(k)|Tsgn(s(k))

2

)
sgn(s(k)) = −(q + 0.5)T

∣∣∣s(k)∣∣∣ < 0 (23)

(s(k + 1) − s(k))sgn(s(k)) =
(
(2− qT)s(k) − |s(k)|Tsgn(s(k))

2

)
sgn(s(k)) = (2− qT − 0.5)

∣∣∣s(k)∣∣∣ > 0. (24)

The sliding mode approach law shown in Equation (19) satisfies the conditions of existence and
arrival of discrete sliding modes; hence, the designed control system is stable.

4. Analysis and Discussion

The related parameter values of the large-amplitude vibration of the blade system, including
the structural parameters and external motion parameters, follow the values given in Section 2.
Figure 3 shows the uncontrolled twist (θ)/flap-wise (Z) displacements under conditions of ply angles
θ0 = π/6,π/4,π/3,π/2, respectively. With respect to the distance L + L0 = 1.6 m from the
blade tip to the hub, when θ0 = π/6, the twist displacement exceeds 1.6 rad, which is merely
a theoretical simulation, and this is not possible in practice, since the twist displacement may lead to
a failure of the blade when the value of twist displacement is up to 1.6 rad. Furthermore, the flap-wise
displacements in the cases of various ply angles are more than 2.5 m, which is also impossible
relative to the total length of blade, and it may also directly lead to the failure of the blade in practice.
The following control algorithms and processes in the present study are designed to solve this kind of
large-amplitude vibration problem. Due to the physical limitations of the trailing-edge flap structure,
the twist displacements of the blade itself cannot be too large, so this requires that we should select
a larger layer angle as the actual ply angle of the blade, since the twist displacements exhibit a linearly
decreasing state as the layer angles increase (see Figure 3). However, because the excessive ply angle
will inevitably lead to the increase of the lead-lag displacement in the y direction (due to the physical
orthogonality of the y direction and the z direction), the influence of the lead-lag displacement coupling
cannot be ignored; hence, in this study, the cases of θ0 = π/4,π/3 are especially taken for study.

To realize the simulation, the situational parameters are as follows. The initial conditions are
Y0(k) = 0.1; the sampling time T = 0.001 s; the simulation Solver is ODE45, and the desired
position signals are Yd(k) = 0, which is a 20-element zero vector. The controller parameters are
q = 30, Max(ε) = 5.
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Figure 3. The uncontrolled twist/flap-wise displacements under conditions of ply angles
θ0 = π/6,π/4,π/3,π/2, respectively: (a) The uncontrolled twist displacement; (b) The uncontrolled
flap-wise displacement.

4.1. The Controlled Displacements and Control Signals

Figure 4a shows the controlled twist (θ)/flap-wise (Z) displacements under conditions of ply
angles with θ0 = π/4,π/3, respectively. The SMC/ARL algorithm is very effective in vibration
amplitude control. Even at a large wind speed U = 10 m/s, the displacement fluctuations for both the
twist direction and flap-wise direction are within an acceptable range. Compared with the amplitudes
in Figure 3, those are greatly suppressed. Figure 4b shows the control inputs (trailing-edge flap
angles β) and sliding mode functions (s). The range of the control input signals is within −10o to 12o,
which is exactly consistent with the limited range of the physical pendulum angles mentioned
above. The control input signals are exactly the ladder signals mentioned above, which are not only
a performance embodiment of the adaptive reaching law, but they are also suitable for the control
requirements of the subsequent pneumatic transmission of the air cylinders. Figure 4b also shows the
related sliding mode functions which fluctuate smoothly within a moderate range. The sliding mode
functions are accompanied by the steady-state oscillatory amplitudes h0 (denoted by blue lines, which
are also within reasonable ranges of fluctuations) of sliding mode motions.
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Figure 4. The controlled displacements and control signals: (a) The controlled displacements under
conditions of ply angles with θ0 = π/4,π/3, respectively; (b) The control inputs (trailing-edge flap
angles) and sliding mode functions.

4.2. Pneumatic Transmission System

The pneumatic transmission system to drive the two pneumatic cylinders, located in position of l1
in Figure 1a, is mainly composed of a gas source processing unit, two proportional valves, a set of
pneumatic pipeline systems, a four-bar linkage mechanism, and two pneumatic pressure cylinders.
Please refer to the experiment section in the present study. It can be modeled as a fifth-order transfer
function [31]; then, the Optimal Hankel Norm [32] is used to make a model reduction, so a reduced
second-order model can be obtained, and with the Laplace Inverse Transform applied, the equation of
the pneumatic driving behavior can be deduced as:

..
β + 3.1

.
β + β = uI (25)

where uI is the current intensity to control the pneumatic proportional valve.

4.2.1. Adaptive SMC based on minimum Parameter Learning of Neural Networks

For a long time, fuzzy control and neural network control have played an important role in the
process optimization [33] and parameter optimization [34] of a rotating mechanical system. To make
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the change of β track the control input signal of the SMC/ARL algorithm displayed in Figure 4b,
another algorithm of adaptive SMC based on the minimum parameter learning of neural networks
(ASMC/MPLNN) is investegated. It uses parameter estimation instead of neural network weight
adjustment, and the adaptive algorithm is simple and convenient for practical engineering application.

Rewrite the Equation (25) as:

..
β = −3.1

.
β− β + uI = f + uI. (26)

The location instruction βd is exactly the control input signal displayed in Figure 4b. The error
signal is e = β − βd. The switching function s in the SMC algorithm, whihc is composed of e and
controller parameter c0, is expressed as:

s =
.
e + c0e (27)

where c0 > 0, then
.
s =

..
e + c0

.
e = f + uI −

..
βd + c0

.
e. (28)

Since f in Equation (28) is uncertain, it is impossible to design the control law directly, and it
needs to be estimated approximately. Adaptive SMC control based on an Radial Basic Function (RBF)
network approximation can be expressed as follows: h j = exp

(
−
‖n−c j‖

2

2b2
j

)
, j = 1, 2, . . . , m

f = WThR(n) + ε
(29)

where n is the input signal of the network; j is the number of nodes in the hidden layer of the network;
hR = [h1, h2, . . . hm]

T is the output of the Gaussian basis function; W is an ideal weight; and ε is the
approximate error of the neural network.

According to the expression of f , the input signal is designed as n =
[
e

.
e
]T

; then, the output of
the RBF network is [30]

f̂ (n) = ŴThR(n). (30)

To realize minimum parameter learning, one might design ∅ = ‖W‖2 as well. If ∅̂ is an estimate
of ∅, then ∅̃ = ∅̂−∅. The control law can be devised as:

u = −0.5s∅̂hT
RhR +

..
βd − c0

.
e− ηsgn(s) − µs (31)

where the learning rate η > ε and the controller parameter µ > 0.
Define the Lyapunov function as:

Lv = 0.5s2 + 0.5∅̃2/γ (32)

where the positive adaptive parameter γ = 0.05, then

.
Lv = s

.
s + ∅̃

.
∅̂
γ

≤ 0.5s2∅hT
RhR + 0.5− 0.5s2∅̂hT

RhR + εs− η|s| + ∅̃
.
∅̂
γ − µs2

≤ ∅̃
(
−0.5s2hT

RhR +
.
∅̂
γ

)
+ 0.5− µs2

(33)

Assume the adaptive law is:

.
∅̂ = ∅̃

(
s2hT

RhRγ/2
)
− τγ∅̂ (34)
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where τ > 0, then
.
Lv ≤ −τ∅̃∅̂ + 0.5− µs2

≤ −0.5τ
(
∅̃2
−∅2

)
+ 0.5− µs2. (35)

Let τ satisfy τγ = 2µ, then

.
Lv ≤ −

µ∅̃2

γ
− µs2 +

(
τ∅2

2
+ 0.5

)
= 2µLv + Q (36)

where Q = τ∅2

2 + 0.5, then solving inequality in Equation (36), it can be obtained:

.
Lv ≤

Q
2µ

+

(
Lv(0) −

Q
2µ

)
e−2µt (37)

then

lim
t→∞

Lv =
Q
2µ

=
∅2

2γ
+

1
4µ

. (38)

In this design, there is no need for a complex training process in the minimum parameter learning
of neural networks. In the derivation of Equations (32) to (38), we have adopted the following
two conclusions:

(1) s2∅hT
RhR + 1 = s2

‖W‖2hT
RhR + 1 = s2

‖W‖2‖hR‖
2 + 1 = s2

‖WThR‖
2 + 1 ≥ 2sWThR

(2) Since
(
∅̃ + ∅

)2
≥ 0, then ∅̃2 + 2∅̃

(
∅̂− ∅̃

)
+ ∅2

≥ 0, i.e., 2∅̃∅̂ ≥ ∅̃2
−∅2.

It converts the neural network weight Ŵ into the unit parameter ∅̂ and accelerates the solution of
the adaptive law shown in Equation (34). This is exactly what the minimal parameter learning means.
Since the upper bound of the neural network weight is used as its estimate value and the inequality is
used to enlarge it, it is a conservative but fast algorithm.

Figure 5 shows the real-time tracking of trailing-edge flap angles and the real-time diaplacements
controlled by pneumatic cylinders under conditions of θ0 = π/4,π/3, respectively. The real-time
values of the trailing-edge flap angles (denoted by red lines in Figure 5a) are the driving results of
the pneumatic transmission system based on the ASMC/MPLNN algorithm. The theoretical values of
the trailing-edge flap angles are denoted by blue dot lines, which are exactly the results in Figure 4b.
From the tracking results of real-time values to theoretical values, it can be seen that the motions of the
pneumatic cylinders can match the change of angles perfectly, and only small overshoots occur where
the changes of ladder functions occur.

Figure 5 also shows the real-time diaplacements controlled by pneumatic cylinders under
conditions of θ0 = π/4,π/3, respectively. Compared with the theoretical diaplacements controlled by
the SMC/ARL algorithm in Figure 4a, the twist (θ) amplitudes of the real-time controlled diaplacements
in Figure 5b reflect almost the same amplitude of theoretical diaplacements, which shows a good
real-time control effect. The flap-wise (z) amplitudes of the real-time controlled diaplacements are
almost twice those of the theoretical diaplacements, which demostrates that the real-time control effect
is somewhat inferior to the theoretical control. However, compared with the uncontrolled effect in
Figure 3, it still embodies the reasonable control effect, which in turn confirms the effectiveness of the
theoretical control algorithms. In addition, compared with the theoretical diaplacements controlled
in Figure 4a, the fluctuations of the real-time displacements in Figure 5b have great sudden changes
within the time range of 10 s to 20 s, which are probably caused by the overshoots produced in the
process of angle tracking in Figure 5a. However, the displacement amplitude of this kind of large
sudden fluctuation still does not exceed the fluctuation range of the displacement amplitude under
theoretical control in Figure 4a, which further confirms that the maximum overshoot in the process of
angle tracking is reasonable, thus verifying the effectiveness of the ASMC/MPLNN algorithm.
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Figure 5. The real-time tracking of trailing-edge flap angles and the real-time diaplacements controlled
by pneumatic cylinders under conditions of θ0 = π/4,π/3, respectively: (a) The real-time tracking of
trailing-edge flap angles; (b) The real-time diaplacements controlled by pneumatic cylinders.

It should be stated that the comparison case here is not a performance comparison between two
sliding-mode algorithms. The two sliding mode algorithms deal with different objects separately.
The first sliding mode algorithm SMC/ARL, which was used to solve the aeroelastic system shown in
Equation (13), is independent of the pneumatic transmission system, and it only calculates a theoretical
angle of the trailing-edge flap structure. The second sliding mode algorithm ASMC/MPLNN, using
the pneumatic transmission system in Equation (25) to track the above theoretical angle and produce
a tracking angle, is independent of the elastic system. The contrast in Figure 5 shows the theoretical
angle and the real-time tracking angle, as well as the corresponding theoretical displacement and the
real-time displacement due to the real-time angle control.

To sum up, the objectives of control include the following:
(1) Through the SMC/ARL algorithm, the theoretical trailing-edge flap angle is obtained, and the

trailing-edge flap structure swing within this angle-range can fully restrain the large displacements of
bending–twist coupling;

(2) By means of the ASMC/MPLNN algorithm, the pneumatic transmission system can drive the
trailing-edge flap structure effectively, which makes the actual pendulum angle match and fit with the
theoretical pendulum angle.
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4.2.2. The Superiority of ASMC/MPLNN Algorithm

For the second-order system of pneumatic transmission, there are many algorithms to track the
output ladder signals in real-time control, so the advantages of the ASMC/MPLNN algorithm need to
be further discussed. In view of the effectiveness of the optimal PID (OPID) theory in the real-time
tracking process [32], Figure 6 illustrates the real-time tracking of trailing-edge flap angles and the
real-time diaplacements controlled by pneumatic cylinders using OPID theory.

From the fluctuations of real-time tracking curves of trailing-edge flap angles, the real-time
tracking performance of OPID theory is poor, and both the rising time and the steady-state time are
too large. The amplitudes fluctuations of the controlled displacements are also large compared with
those in Figure 5. Especially for the fluctuations of the flap-wise displacements (z), the maximum
amplitudes have exceeded 0.8 m, which may lead to the fracture failure of the blade under the actual
working condition (compared with the blade length of 1.6 m). The superiority of the ASMC/MPLNN
algorithm can be affirmed.
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Figure 6. The real-time tracking of trailing-edge flap angles and the real-time displacements controlled
by pneumatic cylinders using optimal proportional–integral–derivative (OPID) theory: (a) The real-time
tracking of trailing-edge flap angles; (b) The real-time displacements controlled by pneumatic cylinders.

In addition, the trailing-edge flap control (TFC) method mentioned above can not only effectively
control the vibration amplitudes of blade-tip displacements, but it can also have an effect on other
parameters of the wind turbine, such as the energy efficiency, life cycle, aerodynamic noise, and so on.
Of course, it also includes very few negative effects.

Let’s start with energy efficiency and the life cycle. The control target of TFC mainly focuses on
the control of unstable aeroelastic behavior, rather than trying to obtain the maximum energy efficiency.
As a result of the compromise between efficiency and stability, its essence is to reduce energy efficiency.
According to the actual wind speed and the divergent degree of the unsteady movement of the blade
tip, the energy efficiency can be reduced by 10% to 30%, and the greater the degree of instability of
the blade, the more energy efficiency will be reduced with the increase of utility of vibration control.
In contrast, the life cycle of the blade is extended greatly because the efficiency is reduced and the
stability is ensured. In team members’ estimates, the blade life cycle can last at least 50% longer.

There are other beneficial effects, such as noise control. The aerodynamic noise is caused by
the motion of the impeller and the air when the turbine is rotating normally, which produces pressure
reactions and swirls to the air. An aerodynamic noise test was performed on a wind turbine with
a rated power of 50 kW (which here refers to the case without a trailing-edged flap), compared to the
test result after the trailing-edged flap was added. The sound sensor is placed in the center of the hub,
and Figure 7 shows the noise contrast results measured by the sensor. It can be seen that with the
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increase of wind speed, the noise in both cases shows an increasing trend, but under the controlled
cases using TFC, the noise level decreases obviously compared with the uncontrolled cases without
a trailing-edge flap structure. As the wind speed increases, the distribution of the two kinds of noise
appears to be close, which may be due to the increase of the mechanical noise brought by the control
process of TFC, which affects the measurement results.
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Figure 7. The noise contrast results: sound pressure level of noise between uncontrolled cases and the
controlled cases with trailing-edge flap structure.

5. Experimental Platform based on Pneumatic Transmission and Control System

Owing to the large wind power system being mostly controlled by PLC hardware, some intelligent
control algorithms cannot be implemented in PLC hardware because of their complexity. For the
purpose of engineering application, it is necessary to discuss the physical application of SMC/ARL and
ASMC/MPLNN algorithms in Programmable Logic Controller (PLC) hardware and further confirm the
physical effect of real-time control driven by pneumatic transmission. Figure 8 shows the experimental
platform used for project implementation, with only the pneumatic unit at position l1 illustrated.
The platform consists of Siemens PLC controller hardware system and the execution unit of pneumatic
driving. The PLC system is composed of a CPU module, an analog module, a Human machine Interface
(HMI), and displacement sensors. The pneumatic execution unit in position of l1 is composed of a gas
source processing unit, two proportional valves, a pneumatic pipeline system, pneumatic cylinders,
and other accessory valve structures. The implementation scheme of the project is as follows:

(1) After starting the pneumatic pressure system, the CPU module (CPU 224XP) of PLC detects
the two displacement signals of piston rods and the actual wind speed signal (in an AIW6 Channel)
through the analog module (EM235), so as to determine the telescopic positions of the piston rods of
the two pneumatic cylinders. The two actual displacement signals and wind speed signal are directly
sent to computer via an Object Linking and Embedding for Process Control (OPC) technology using
a PC/PPI (Personal Computer based on Point to Point Interface) cable [23]. This technology is exactly
the virtual simulation technology; that is, it is an interactive simulation of PLC hardware and mATLAB
software through an OPC Server.

(2) The aeroelastic equation of Equations (12) to (13) is modeled in mATLAB environment in
a computer. The two adaptive SMC algorithms mentioned above run completely in PLC hardware.
The results of variable execution and the calculated value of driving current uI are still transmitted to
or from the PLC system through the OPC Server run on a computer.

(3) Signal interaction and variable transmission continue to occur periodically through the OPC
Server. The spools of proportional valves move left and right continuously with the fluctuation
of control currents uI, thus driving the piston rods of pneumatic cylinders to move continuously,
synchronously, and reversely, so as to realize the control of angles of the trailing-edge flap.
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(4) The driving currents of the two proportional valves are output by two different channels of the
PLC system. One channel is provided by the analog output port of EM235 and the other is provided
by the analog output port of the CPU224XP. The real-time values of the trailing-edge flap angles are
reflected by the displacement values detected by sensors. There is an approximately proportional
relationship between the angles and the displacements of piston rods, and the relationship coefficient
is determined by the four-bar linkage mechanism. The displacement values of piston rods detected by
sensors are displayed by HMI in time. The HMI device is connected to the 485 port of the CPU module.
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Still, take the previous case for real-time tracking of trailing-edge flap angles under condition of
θ0 = π/3 in Figure 5a for example; Figure 9 shows the HMI interface and the physical displacements
of piston rods detected by the sensor after the gain conversion in HMI, which represents the actual
trailing-edge flap angles. The transverse coordinates in Figure 8 are time coordinates. Figure 9 shows
only four frames of dynamic change of the trailing-edge flap angles with the change of time.

Compared with the waveform of the real-time curve under θ0 = π/3 in Figure 5a, the waveform
of the physical trailing-edge flap angle (the control input β) detected by sensors in Figure 9 shows perfect
consistency. The initial fluctuations of curves and the values of current time are displayed accordingly.
The curves of dynamic change and tracking, and fluctuations of data values, are demonstrated in time.
The maximum overshoot of real-time is displayed in the right place. The tracking effect of the ladder
signal matches perfectly with that shown in Figure 5a. Compared with the real-time curve in Figure 5a,
there are some subtle differences in the physical curve in the experiment. The differences are caused by
the sampling time of the PLC hardware and HMI hardware. For instance, the value of the maximum
overshoot in the experiment is smaller than that in Figure 5a due to the sampling time T = 0.3 s,
omitting some actual data, but there is no deviation in the position of the overshoot.

The purpose of Figure 9 is to verify the feasibility of the theoretical control algorithms that can
run perfectly in the actual PLC control hardware. In view of the specific requirements in this design,
the aeroelastic model is completely running in the computer, and the operator only needs to detect
the actual trailing-edge flap angle through the equivalent sensors in Figure 8. In addition, compared
with the theoretical control input signal shown by Figure 4b under θ0 = π/3, the experimental
result shown by Figure 9 is closer to that of Figure 4b, which further illustrates the effectiveness of the
experimental scheme.

The consistency of the experimental results can confirm the following conclusions:
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(1) The two adaptive SMC algorithms are effective.
(2) The two adaptive algorithms are feasible to be run in a PLC system, which lays a foundation

of application for practical engineering problems.
(3) The driving planning of pneumatic transmission is feasible, which creates a new idea and

control method for driving the trailing-edge flap.
(4) The reduced-order model is effective, which not only verifies the effectiveness of the

Optimal Hankel Norm method, but also provides an effective way to deal with similar high-order
physical systems.
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6. Conclusions

The sliding mode control of an active trailing-edge flap for the large-amplitude vibrations of
a CAS-based composite blade based on the adaptive reaching law and pneumatic transmission scheme
is investigated. Some results are outlined as follows.

(1) The CAS-based composite blade, exhibiting displacements of flap-wise/twist coupling,
is embedded in a rigid trailing-edge flap structure. The motion equations are solved using the
Galerkin algorithm with the large amplitude vibration illustrated using time-response analysis.

(2) a refined thin-walled beam theory focused on CAS configuration and subjected to bending–twist
coupling is investigated, with structural damping computed. If the structural damping is calculated,
the high-frequency vibration of composite beams will be greatly suppressed (which is not specifically
studied in this paper) and even show rapid convergence; however, the large-amplitude phenomenon
in the vibration process will still occur. The control of this large-amplitude vibration is the purpose of
this study.
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(3) The active control of the trailing-edge flap is realized using the SMC/ARL algorithm based
on an improvement adaptive discrete exponential reaching law. The execution results of the
SMC/ARL algorithm can exactly match the control process of the pneumatic cylinders driven by
pneumatic transmission.

(4) The pneumatic transmission system is a high-order system, which is transformed into
a second-order system by the model reduction method. To make the change of the trailing-edge
flap angles track the control input signals of the SMC/ARL algorithm, the ASMC/MPLNN algorithm
is investegated to control the second-order system, so as to drive the action of the trailing-edge
flap structure.

(5) The real-time realization of the two adaptive SMC methods is illustrated using the experimental
platform via OPC technology. The remarkable effects of the physical tracking of the angles of the
trailing-edge flap are illustrated by HMI in an experimental platform, which furthermore confirms the
effectiveness of the control algorithms and the feasibility of the pneumatic transmission system.
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