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ABSTRACT This paper considers the power capture control problem of variable-speed wind tur-
bine (VSWT) systems with flexible shaft. The control objective is to optimize the capture of wind energy
by tracking the desired power output. A novel command filter based adaptive power signal feedback (PSF)
control method is proposed to design the PSF controller for the non-affine nonlinear VSWT systems with
a two-mass model for which the parameters are totally unknown. A compensation dynamic with adaptable
parameters is designed to compensate the errors caused by command filtering and the unknown control gains.
The unavailable aerodynamic torque is approximated by introducing fuzzy rules emulated networks (FRENs)
and estimations of the unknown parameters and their learning laws are established to derive the virtual and
actual control laws. Meanwhile, it is proved that all the signals in the closed-loop system are uniformly
ultimately bounded (UUB) via Lyapunov synthesis. Finally, the feasibility of the proposed controllers is
demonstrated on a 5-MW variable-speed wind turbine.

INDEX TERMS Adaptive control, fuzzy rules emulated networks, nonlinear control systems, wind energy
generation.

I. INTRODUCTION
With the growing atmospheric pollution and the energy crisis
caused by the shortage of traditional fossil fuels, the use of
clean and renewable energy sources, such as wind energy,
has received widely attention. Wind Energy Conversion Sys-
tems (WECSs) convert wind energy into electricity and their
main components are wind turbines. Wind turbines include
fixed speed wind turbines (FSWT) and variable speed wind
turbines (VSWT). When the wind speed is less than the rated
wind speed, the VSWT is able to vary the turbine rotational
speed along with the wind speed changes, obtaining the
maximum possible power. Since wind turbines operate below
rated wind speeds for a significant portion of their service
life, the VSWT system captures a significant amount of
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additional energy. As a result, most new installations are of
the variable speed type ( [1]).

The wind turbine drive train dynamic consists of com-
ponents that convert the rotational kinetic energy driven by
the wind into electrical energy, which is the component
with highest failure rates in wind turbines. Therefore, ensur-
ing the reliability of the drive train is critical to reduce
wind turbine downtime. As the power and size of a wind
turbine increases, so does the force and torque required,
resulting a greater torsional behaviour in the driveline. Most
existing dynamic models consider concentrated single-mass
drive-train dynamics, ignoring the effects of all torsional
behaviour on the turbine dynamic responses. To this end,
a two-mass model with flexible shaft is considered in [2]–[4]
to describe the drive train dynamic of the wind turbines for
explaining the overall dynamic response of the wind turbines,
as well as the design and maintenance of its internal driveline
components.

VOLUME 9, 2021
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ 91377

https://orcid.org/0000-0003-2166-1804
https://orcid.org/0000-0001-5398-2384


M. Huang et al.: Command Filter Adaptive Power Capture Control Based on FRENs for VSWT

The maximum power point tracking (MPPT) problem is
to maximize the wind energy capture when a VSWT system
is operating in the lower speed band (i.e., between the cut-in
wind speed and the rated wind speed) and is a critical control
issue for improving wind energy capture efficiency using a
VSWT such as [5]–[9]. Commonly used control methods are:
Tip Speed Ratio(TSR) control, Optimal Torque(OT) control,
Power Signal Feedback(PSF) control and Perturb and Obser-
vation (P&O) methods. PSF control is developed on the basis
of OT control, the main different from PSF with OT is the
feedback signal and reference signal are the active power
instead of the torque.

Conventional PSF controllers designed in [10]–[14] usu-
ally use look-up tables or data-driven methods to achieve the
maximum energy extraction. However, these methods require
accurate mathematical models or large amounts of field data
and are difficult to implement. [15], [16] try to enhance
the transient and steady-state performances by feedback lin-
earization and error transformation methods, respectively.
Nevertheless, these methods are designed for concentrated
single-mass transmission system dynamics, dynamic effects
of the PSF method on the flexible shaft driven VSWT system
have not been addressed in existing literature.

During the past decade, lots of nonlinear control meth-
ods have been proposed and applied to the electrical power
systems ( [17]–[21]). To solve the complexity explosion prob-
lem caused by the repeated differentiation of the virtual con-
trol signal in back-stepping control methods, dynamic surface
control involves a first-order filtering for the virtual control
input to substitute the differential of the virtual control input
at each step of the back-stepping design( [22]–[26]). On the
basis of the dynamic surface control methods, back-stepping
control schemes based on command filtering are proposed,
which introduce a set of dynamic compensation signals to
reduce the errors caused by the filtering ( [27]–[35]). In [34],
fuzzy logic systems are employed to approximate nonlin-
ear uncertainties, which has been used for reference in this
paper.

In this paper, we propose a novel command filter based
adaptive PSF control method for flexible shaft driven
VSWT systems with totally unknown parameters to deal
with the power capture control problem. To compensate the
command filtering error and unknown control gains, a com-
pensation dynamic with adaptable parameters has been estab-
lished. Meanwhile, fuzzy rules emulated networks (FRENs)
have been introduced to estimate the unavailable nonlinear
dynamics in controller design. The main contributions of this
article are listed as follows:
• Comparing with the current results on command filter
adaptive control method proposed by [27]–[32], [34]
which are designed for affine nonlinear systems, the pro-
posed control method can deal with the non-affine non-
linear VSWT systems.

• Unlike [27], [29]–[31] require known control gains,
the virtual and actual control gains of the considered sys-
tems are totally unknown, so a new error compensation

dynamic has been established with the estimation of the
virtual control gain.

• FRENs established by [36] are firstly utilized in
continuous-time command filter adaptive control sys-
tems to approximate the unavailable aerodynamic torque
without assuming its boundedness or it satisfied the
Lipschitz condition, which are required in [27], [29],
[30], [33].

The remainder of this paper is organized as follows.
Section II describes the dynamics of VSWT and formulates
the control problem. In Section III, the detailed command
filter adaptive controller design method with FRENs is pro-
vided. Section IV presents the stability analysis and the uni-
formly ultimately boundedness of the proposed closed-loop
system is proved. Simulation results for a 5-MW VSWT
with applying the proposed controller are given in Section V.
Finally, some conclusions are given in the last section.

II. PROBLEM STATEMENT
The VSWT systems considered here are composed of a direct
drive generator and a wind turbine as depicted in Figure 1.
The excitation of common generators is replaced by the per-
manent magnet in permanent magnet synchronous generators
which have the advantages of simple and reliable structure,
lower excitation power and higher power generation effi-
ciency. To improve the efficiency and the power density,
as well as reduce maintenance requirements of the system,
a design without a gearbox which has a high pole-number
and enables wind turbines to rotate at 20-40r/min has been
applied. However, this paper does not specify a particular
generator technology.

FIGURE 1. Drive train dynamics.

Considering that the turbine and the generator are
connected by a flexible shaft and their lumped inertias
are separated, the two-mass model presented by [2] has
been firstly introduced to describe the drive-train dynamic.
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The system dynamic is given by

ω̇g =
Ksh
Jg
θsh −

1
Jg
Tg (1)

θ̇sh = ωt − ωg (2)

ω̇t = −
Ksh
Jt
θsh +

1
Jt
Tt (3)

Pg = Tgωg (4)

where the state variables ωt , θsh and ωg represent the rota-
tional speed of the turbine, the torsional displacement of
the shaft and the rotational speed of the generator, respec-
tively. Tg denotes the electromagnetic torque of the generator.
Ksh is the shaft stiffness constant, Jt and Jg denote inertias
of the turbine and generator, respectively. The output power
available from the generator is defined as Pg. The aerody-
namic torque of turbine Tt is a nonlinear function specified
by

Tt =
1
2
ρCp(λ, βλ)πR5

1
λ3
ω2
t , λ =

ωtR
v

(5)

where ρ and R are the air density and the radius of the turbine
blade. v denotes the wind velocity. Cp is the power coeffi-
cient, depends on the blade pitch angle βλ and the tip-speed
ratio λ. The power coefficient surfaces for the wind turbine
considered in this work are obtained using the blade-element
moment theory implemented in a wind turbine performance
code (WT-PERF [37]) developed by NREL.
Remark 1: In [38], six-mass, three-mass, and two-mass

drive-train models are adopted to analyze the transient behav-
ior of VSWT systems. The two-mass model is reduced from
the six-mass model in which the friction forces of individ-
ual masses are considered. In the process of simplification,
the friction forces between the hub and blades, the shaft
and the generator, the shaft and the turbine are neglected.
The conclusion is given that the two-mass shaft model is
sufficient, with reasonable accuracy, for the transient stability
analysis of VSWT systems.

The operating state of the turbines can be divided into
two major regions. In Low speed region, the wind speed v
satisfies vrated > v ≥ vcut−in and the turbine power is lower
than the rated power. In High speed region, it has vcut−off >
v ≥ vrated and the turbine power equals the rated power,
where vcut−in, vcut−off and vrated represent the cut-in, the cut-
off and the rated wind speed, respectively.

The control problem concerned in this work is to maximize
the turbine power in Low speed region. The mechanical
power extracted by the turbine from wind is a function of Cp:

Pa =
1
2
ρπR2Cp(λ, βλ)v3. (6)

Since for any tip-speed ratio λ, Cp(λ, βλ) is maximize when
it has βλ = 0 deg in Low speed region and for a fixed βλ,
there exists an optimal tip-speed ratio λopt corresponding to
a unique maximum Cpmax of Cp(λ, βλ). Therefore, the maxi-
mum amount of the energy a turbine can capture in the wind

can be obtained as

Pamax =
1
2
ρπR2Cpmaxv3. (7)

In application, the grid frequency control requires an
energy buffer to cope with sudden consumption changes, so it
is preferable to operate the turbine at a power which is slightly
lower than the maximum. Therefore, the control objective of
this work is to design the generator torque Tg so that the
output power Pg of the generator can track the reference
power Pd = npPamax , 0 < np < 1, in the situation that all the
parameters in the system are unknown and ensure that all the
signals in the closed-loop are uniformly ultimately bounded.
The definition of uniformly ultimately bounded is presented
as follows which is given by [39]:
Definition 1: Let V (x) be a Lyapunov candidate function

and suppose that the set S is compact. The solutions of ẋ =
f (t, x) are uniformly ultimately bounded (UUB) if there exist
β and γ and for every 0 < τ < γ and δ = δ(τ, β) ≥ 0 such
that ‖x(t0)‖ ≤ τ ⇒ ‖x(t)‖ ≤ β,∀t ≥ t0 + δ. Then, there
exists V (x) which satisfies V̇ (x) ≤ −ε‖x‖2, where ε > 0.

III. CONTROLLER DESIGN
In this section, an adaptive PSF controller based on the com-
mand filter back-stepping control method is design to adjust
the output power Pg to track the reference power Pd . The
controller design process is divided into two parts. Firstly,
the command filter and error compensation dynamic are
defined. Secondly, the back-stepping controller with adaptive
parameters is derived. The details of each part are as follows.

A. COMMAND FILTER AND ERROR COMPENSATION
DYNAMIC
To trace the reference signal Pd , coordinate transformation is
required. Let z1 = Tgωg − Pd , z2 = Tgθsh − ᾱ2 and z3 =
Tgωt − ᾱ3. ᾱi is the output of the first-order command filter
with respect to the virtual controller αi, i = 2, 3, which are
defined as

ε2 ˙̄α2 + ᾱ2 = α1, (8)

ε3 ˙̄α3 + ᾱ3 = α2, (9)

ᾱi(0) = αi−1(0), (10)

where εi are positive constants to be designed.
According to the system dynamic (4), the dynamic of the

state vector z = [z1, z2, z3]T can be derived.

ż1 = Ṫgωg + gz2 + g(ᾱ2 − α1)+ gα1 −
T 2
g

Jg
− Ṗd (11)

ż2 = θshṪg + Tg(ωt − ωg)− ˙̄α2
= θshṪg − Tgωg + z3 + (ᾱ3 − α2)+ α2
− ˙̄α2 (12)

ż3 = Ṫgωg + Tgω̇t − ˙̄α3

= Ṫgωt − Tg
Ksh
Jt
θsh +

TgTt
Jt
− ˙̄α3. (13)
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where g = Ksh
Jg

, which is a unknown control gain. Let ĝ ∈ R
is the estimated parameter of g.
Remark 2: It can be seen that the transformation

dynamic (11)-(13) doesn’t satisfy the affine nonlinear form
such as ż = f (z) + g(z)u, in which the primary term of the
control signal must be separated from the states.

To eliminate the effect of the errors (ᾱi − αi−1), i = 2, 3
introduced by the command filter in (8)-(10), define
signals ξi, i = 1, 2, 3 as follows:

ξ̇1 = −l1sign(ξ1)− k1ξ1
+ ĝ(k) (ξ2 + (ᾱ2 − α1)) (14)

ξ̇2 = −l2sign(ξ2)− k2ξ2 + ᾱ3 − α2 + ξ3 (15)

ξ̇3 = −l3sign(ξ3)− k3ξ3 (16)

ξi(0) = ξi0, i = 1, 2, 3, (17)

where li > 0, ki > 0, i = 1, 2, 3 are the designed parameters,
ξi0 are the initial conditions.

Define the compensated tracking errors as

si = zi − ξi, i = 1, 2, 3. (18)

By plugging (11)-(13) and (14)-(15) into (18), we have

ṡ1 = Ṫgωg + gz2 + g (ᾱ2 − α1)+ gα1 + l1sign(ξ1)

−
T 2
g

Jg
− Ṗd − ĝξ2 − ĝ (ᾱ2 − α1)+ k1ξ1

= Ṫgωg + gs2 − g̃ξ2 − g̃(ᾱ2 − α1)+ gα1

+ l1sign(ξ1)+ k1ξ1 −
T 2
g

Jg
− Ṗd (19)

ṡ2 = θshṪg + Tgωg + z3 − ξ3 + (ᾱ3 − α2)+ α2 − ˙̄α2
− (ᾱ3 − α2)+ k2ξ2 + l2sign(ξ2)

= θshṪg + Tgωg + s3 + α2
− ˙̄α2 + k2ξ2 + l2sign(ξ2) (20)

ṡ3 = Ṫgωt − Tg
Ksh
Jt
θsh +

TgTt
Jt

−˙̄α3 + k3ξ3 + l3sign(ξ3), (21)

where g̃ = ĝ− g is the estimation error of ĝ.

B. ADAPTIVE BACK-STEPPING CONTROLLER DESIGN
WITH FRENs
The control design divides in 3 steps.
Step 1: It is obvious that applying aerodynamic torque Tt

formed by mechanism modelling to controller design for an
actual turbine will increase uncertainty.

Moreover, from the definition of Pd , we have Ṗd =
3
2npρπR

2Cpmaxvv̇, which means that the measurement of
v̇ should be implemented when the explicit form of Ṗd is
applied to the controller. It will obviously lead to the incre-
ment of the cost and additional measurement noise.

To overcome this drawback, ANNs based estimator was
implemented to approximate Tt and Ṗd in [16]. However,
the ANNs’ structure and adjustable parameters are usually
set up randomly. In this work, Tt and Ṗd are referred as

unknown terms to be estimated by FRENs whose structure
and adjustable parameters are designed in the sense of engi-
neering not in the random aspect( [40]).

To this end, the unknown Tt and Ṗd are approximated with
idea parameters and rewritten as

Tt = βTT ϕT (22)

Ṗd = −βTd ϕd (23)

where ϕT ∈ RmT and ϕd ∈ Rmd are regression vectors and
βT ∈ RmT and βd ∈ Rmd are unknown parameters of the
regression vectors. In this work, the regression vectors will
be established by a set of membership functions of FRENs
to cover operating range of s1 and s3 with the numbers of
membership mT and md for Tt and Ṗd , respectively.

Let T̂t = β̂TT ϕT and ˆ̇Pd = β̂Td ϕd be the estimations of Tt
and Ṗd , where β̂T ∈ RmT and β̂d ∈ Rmd are the adjustable
parameter vectors and their learning law will be designed
below.
Example 1: The following is an example of using the

IF-THEN rules to establish the estimation of Tt when mT are
both set up to 7.
IF s1 is NL THEN T̂t1 = β̂T1µNL(s3)
IF s1 is NM THEN T̂t2 = β̂T2µNM (s3)
IF s1 is NS THEN T̂t3 = β̂T3µNS (s3)
IF s1 is Z THEN T̂t4 = β̂T4µZ (s3)
IF s1 is PS THEN T̂t5 = β̂T5µPS (s3)
IF s1 is PM THEN T̂t6 = β̂T6µPM (s3)
IF s1 is PL THEN T̂t7 = β̂T7µPL(s3)
The estimation of Tt (·) can be obtained as

T̂t =
7∑
i=1

T̂ti = β̂TT ϕT , (24)

where β̂T = [β̂T1, · · · , β̂T7]T is the adjustable parameter
vector, ϕ = [µNL , µNM , µNS , µZ , µPS , µPM , µPL]T and
µNL , µNM , µNS , µZ , µPS , µPM , µPL are membership func-
tions of s3. The architecture of T̂t shows in Figure 2.

Let β̂1 be the estimation of the unknown parameter vector
β1 = [− 1

Jg
, βTd ]

T and ϕ1 = [T 2
g , ϕ

T
d ]

T . To derive the virtual

control signal, we define a quadratic function V1 = 1
2 s

2
1 +

1
2r1
β̃T1 β̃1 +

1
2rg
g̃2, where β̃1 = β̂1 − β1 is the estimation

error of β̂1, r1 and rg are the designed positive constants. The
derivative of V1 is given as

V̇1 = s1
(
Ṫgωg + gs2 − g̃ξ2 − g̃(ᾱ2 − α1)+ gα1

+ l1sign(ξ1)+ k1ξ1 + βT1 ϕ1
)
+

1
r1
β̃T1
˙̂
β1 +

1
rg
g̃ ˙̂g

≤ s1
(
Ṫgωg + gs2 + gα1 + βT1 ϕ1 + k1ξ1 + l1sign(ξ1)

)
− s1 (g̃ξ2 + g̃(ᾱ2 − α1))+

1
r1
β̃T1
˙̂
β1 +

1
rg
g̃ ˙̂g

≤ s1
(
Ṫgωg + ĝs2 + ĝα1 + k1ξ1 + β̂T1 ϕ1 + l1sign(ξ1)

)
− s1g̃ (z2 + ᾱ2)− s1β̃T1 ϕ1 +

1
r1
β̃T1
˙̂
β1 +

1
rg
g̃ ˙̂g. (25)
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FIGURE 2. The architecture of FRENs T̂t .

Design the update law of the estimated parameters ĝ and
β̂1 as follows:

˙̂g = −rgĝ+ rgs1 (z2 + ᾱ2) , ĝ(0) = ĝ0 (26)
˙̂
β1 = −r1β̂1 + r1s1ϕ1, β̂1(0) = β̂10. (27)

where k1/2 > rg > 0, r1 > 0 are positive design parameters,
ĝ0 ∈ R and β̂10 ∈ Rmd are the initial values of ĝ and β̂1. Let
the virtual control signal α1 satisfy

α1 = −
ĝ(k)01

rg +
∥∥ĝ(k)∥∥2 , (28)

where 01 = k1z1 + β̂T1 ϕ1 + l1sign(ξ1). Therefore,

V̇1 ≤ s1Ṫgωg + ĝs1s2 − ϒ1s21 + ϒg0
2
1 − β̃

T
1 β̂1 − g̃ĝ,

(29)

where ϒg =
2rg

(rg+‖ĝ(k)‖2)2
> 0 and ϒ1 = k1 − 2rg > 0.

Step 2:
Let V2 = V1 + 1

2 s
2
2 and derivative of V2 can be given by:

V̇2 = V̇1 + s2ṡ2
≤ s1Ṫgωg + ĝs1s2 − ϒ1s21 + ϒg0

2
1

− β̃T1 β̂1 − g̃ĝ+ s2
(
θshṪg + Tgωg + s3 + α2

−˙̄α2 + k2ξ2 + l2sign(ξ2)
)

≤ s1Ṫgωg + s2Ṫgθsh − ϒ1s21 + ϒg0
2
1

+ s2
(
α2 + k2ξ2 + Tgωg + ĝs1 − ˙̄α2

+ l2sign(ξ2))− β̃T1 β̂1 + s2s3 − g̃ĝ. (30)

Let

α2 = −k2z2 − Tgωg + ˙̄α2 − l2sign(ξ2)− ĝs1. (31)

Inequality (30) can be reduced to

V̇2 ≤ s1Ṫgωg + s2Ṫgθsh + s2s3 −
2∑
i=1

ϒis2i

− β̃T1 β̂1 − g̃ĝ+ ϒg0
2
1 (32)

where ϒ2 = k2.

Step 3:

Let β2 = [−Ksh
Jt
,
βTT
Jt
]T , ϕ2 = [θshTg,TgϕTT ]

T , β̂2 ∈ RmT+1

be the estimation of β2 and β̃2 = β̂2 − β2 ∈ RmT+1 be the
estimation error. Define V3 = V2 + 1

2 s
2
3 +

1
2r2
β̃T2 β̃2. Then,

V̇3 ≤ s1Ṫgωg + s2Ṫgθsh + s3Ṫgωt

+ s3
(
s2 − ˙̄α3 + βT2 ϕ2 + k3ξ3 + l3sign(ξ3)

)
−

2∑
i=1

ϒis2i − β̃
T
1 β̂1 +

1
r2
β̃T2
˙̂
β2 − g̃ĝ+ ϒg02

1

≤ s1Ṫgωg + s2Ṫgθsh + s3Ṫgωt −
2∑
i=1

ϒis2i − β̃
T
1 β̂1

+ s3
(
s2 − ˙̄α3 + β̂T2 ϕ2 + k3ξ3 + l3sign(ξ3)

)
+ϒg0

2
1 − s3β̃

T
2 ϕ2 +

1
r2
β̃T2
˙̂
β2 − g̃ĝ. (33)

Let the dynamics of ˙̂β2 and control signal Tg be designed
as

˙̂
β2 = −r2β̂2 + r2ϕ2s3, β̂2(0) = β̂20 (34)

Ṫg = −
δu02

ru + ‖δu‖2
,Tg(0) = Tg0 (35)

where δu = s1ωg + s2θsh + s3ωt and 02 =

s3
(
s2 − ˙̄α3 + z3k3 + β̂T2 ϕ2 + l3sign(ξ3)

)
+ ϒg0

2
1 , r2 > 0,

ru > 0 are design parameters. β̂20 ∈ Rmt+1 and Tg0 are the
initial values of β̂2 and Tg.
Then, we have

V̇3 ≤
3∑
i=1

(
−ϒis2i

)
− β̃T1 β̂1 − β̃

T
2 β̂2 − g̃ĝ

+ϒu0
2
2 + 2ru. (36)

where ϒ3 = k3 and ϒu =
2ru

(ru+‖δu‖2)2
> 0.

In summary, the dynamics of virtual control signal
αi, i = 1, 2 and control signal Tg are generated by (28),
(31)and (35), and rewritten as follows

α1 = −
ĝ(k)(k1z1 + β̂T1 ϕ1 + l1sign(ξ1))

rg +
∥∥ĝ(k)∥∥2 , (37)

α2 = −k2z2 + Tgωg + ˙̄α2 − l2sign(ξ2)− ĝs1, (38)

Ṫg = −
δu

ru + ‖δu‖2

(
s3
(
s2 − ˙̄α3 + z3k3 + β̂T2 ϕ2

+ l3sign(ξ3))+ ϒg02
1

)
. (39)

where δu = s1ωg+ s2θsh+ s3ωt ,ϒg =
2rg

(rg+‖ĝ(k)‖2)2
> 0 and

01 = k1z1 + β̂T1 ϕ1 + l1sign(ξ1).
The structure of the proposed close-loop control system is

given by Figure 3.

VOLUME 9, 2021 91381



M. Huang et al.: Command Filter Adaptive Power Capture Control Based on FRENs for VSWT

FIGURE 3. The structure of the proposed control system.

IV. STABILITY ANALYSIS
Proposition 1: Signals ξi(t), i = 1, 2, 3 defined in

(14)-(16) are asymptotically convergent, if |ᾱj − αj−1| ≤
ηj−1, j = 2, 3 and the estimation parameter ĝ is bounded,
where ηj−1 > 0.
proof 1: Construct the following Lyapunov function

V4 =
3∑
i=1

1
2
ξ2i . (40)

Taking the derivative of V4, we have

V̇4 = ξ1ξ̇1 + ξ2ξ̇2 + ξ3ξ̇3
= ξ1

(
−l1sign(ξ1)− k1ξ1 + ĝ (ξ2 + (ᾱ2 − α1))

)
+ ξ2 (−l2sign(ξ2)− k2ξ2 + ᾱ3 − α2 + ξ3)

+ ξ3 (−l3sign(ξ3)− k3ξ3))

≤ −k1ξ21 + ĝξ1ξ2 + ξ1ĝ (ᾱ2 − α1)− l1|ξ1|

− l2|ξ2| − k2ξ22 + ξ2 (ᾱ3 − α2)

+ ξ2ξ3 − k3ξ23 − l3|ξ3|

≤ −
(
k1 − |ĝ/2|

)
ξ21 −

(
k2 − |ĝ/2| − 1/2

)
ξ22

− (k3 − 1/2) ξ23 − (l1 − |ĝη1|)|ξ1|

− (l2 − η2)|ξ2| − l3|ξ3| (41)

Let k1 − |ĝ/2| > 0, k2 − |ĝ/2| − 1/2 > 0, k3 − 1/2 > 0,
l1 − |ĝη1| > 0 and l2 − η2 > 0. Then, by integrating the left
and the right sides of (41) on [t0, t), we can obtain

lim
t→∞

V4(t) ≤ V4(t0) <∞. (42)

Moreover, together with the boundedness of signals ξi(t) and
(ᾱi−αi−1), it is easy to show that ξ̇i are also bounded. In view
of the Barballat Lemma [41], one can verify that

lim
t→∞

ξi = 0, i = 1, 2, 3 (43)

that is, the asymptotic convergence is achieved. This com-
pletes the proof.

Theorem 1: For the uncertain VSWT system charac-
terized by (1)-(4), if the adaptive controller composes of
the virtual control laws (28) and (31), the actual control
law (35), the command filter (8)-(10), the error compen-
sation dynamic (14)-(16) and the update laws of adaptive
parameters(26), (27) and (34). Then, all signals of the
closed-loop system are UUB.
proof 2: By the definitions of β̃j, j = 1, 2 and g̃ completing

the squares, one has

−β̃Tj β̂j = −β̃
T
j

(
βj + β̃j

)
= −β̃Tj β̃j − β̃

T
j βj ≤

βTj βj

4
, (44)

−g̃ĝ = −g̃ (g+ g̃) = −g̃2 − g̃g ≤
g2

4
. (45)

Thus, by substituting(44) and (45) into (36), one can get

V̇3 ≤ −
3∑
i=1

ϒis2i +
2∑
j=1

βTj βj

4
+
g2

4
+ ϒu0

2
2 + 2ru

≤ −

3∑
i=1

ϒis2i +1, (46)

where1 =
2∑
j=1

βTj βj

4 +
g2

4 +ϒu0
2
2+2ru. Let ε ≤ ϒ is a positive

constant, where ϒ = min{ϒ1, ϒ2, ϒ3}. Then, it follows that

V̇3 ≤ −ϒ
3∑
i=1

s2i +1 ≤ −ε
3∑
i=1

s2i ≤ 0, (47)

when si ≥
√

1
ϒ−ε

.

Hence, V̇3 will become negative if

si /∈ �s =

{
s | |s| ≤

√
1

ϒ − ε

}
, i = 1, 2, 3. (48)

According to the standard Lyapunov extension theorem [42],
we can conclude that si,= 1, 2, 3, β̂j, j = 1, 2 and ĝ are UUB.
Further, Tg, αj−1, j = 2, 3 and zi, i = 1, 2, 3 are bounded

owing to the boundedness of si, β̂j, j = 1, 2 and ĝ. Therefore,
the boundedness of ᾱj, j = 2, 3 are obtained from the com-
mand filter (8)-(10). In consequence, |ᾱj−αj−1| are bounded.

Then, the conditions of Proposition 1 are all satisfied and
signals ξi are asymptotically convergent. In conclusion, all
signals of the closed-loop system are UUB.

V. SIMULATION RESULTS
Numerical simulations have been performing on a 5-MW
wind turbine whose data are given in Table 1. The proposed
command filter based adaptive control method has been
applied to verify the system performance. The considered
VSWT work at realistic wind profile case has been consid-
ered in this section. The environmental parameters of the
simulation are set to ρ = 1.225 Kg/m3, Cpmax = 0.449
and np = 0.9 and the initial values of the system are
ωg(0) = 400, θsh = 1 and ωt (0) = 400.
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TABLE 1. Wind turbine characteristics.

To test the performance of the proposed method under
realistic turbulent conditions, a wind profile with stochastic
variations around an average wind velocity of 7 m/s is gener-
ated by the Kaimal turbulence model, shown in Figure 4.

FIGURE 4. The realistic wind profile.

The parameters and initial conditions of the proposed con-
troller are set as Table 2.

TABLE 2. Parameters and initial conditions of the proposed controller.

Furthermore, the proposed scheme is compared with a slid-
ingmode controller, which is implemented as Ṫg = B+5

ωt

e
|e|+1 ,

where the update law of B is Ḃ = 100|e|. Figure 5 shows
the comparison result of the output power trajectories of the
generator for the proposed command filter adaptive control
system and the sliding mode control system. Figure 6 shows
the torques of the generator of the two systems. The tracking
errors of the two control systems are given in Figure 7.

FIGURE 5. Generator output power for the case with the realistic wind
profile.

FIGURE 6. Generator torque Tg for the case with the realistic wind profile.

The result of the estimator for g is given by Figure 8. The
membership functions for ϕT and ϕd in (22) and (23) are
defined as Figure 9 and Figure 10, respectively, which intends
the operating range to be ±1MW . Figure 11 shows β̂1ϕ1 and
β̂2ϕ2, the outputs of the FRENs.
Given the above, the estimation errors and tracking error

of the proposed control system are bounded and converge
to a small neighborhood of the origin, which confirms the
theoretical analysis. The mean square errors (MSEs) of the
proposed control system and the sliding mode control system
are 1.9918× 10−4MW and 0.0124MW , respectively, which
implies that the advantage of the proposed control method in
control accuracy.
Remark 3: Without loss of generality, the un-modeled

effects in the output equation (4) of the two-mass model
can be assumed as Gaussian noises, they can be estimated
together with the unknown Ṗd . To illustrate the effectiveness
of the proposed control method, the Gaussian noises with the
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FIGURE 7. Tracking error for the case with the realistic wind profile.

FIGURE 8. The estimation errors g̃ for the case with the realistic wind
profile.

FIGURE 9. Membership functions of Tt .

standard deviation (SD) of 0.1-0.8 are added to the simulation
respectively and the corresponding MSEs of the proposed

FIGURE 10. Membership functions of Ṗd .

FIGURE 11. The estimations of β1ϕ1 and β2ϕ2 for the case with the
realistic wind profile.

control systems are listed in Table 3. Desired-trajectory-
based adaptive laws which are proposed in [43], [44] can
also be synthesized to compensate the model uncertainties
and improve the tracking performance of adaptive control
systems.
Remark 4: The system parameters listed in Table 1 are

setting according to the actual parameters of a 5MW wind
turbine given by [2]. The initial conditions are selected near
the zero equilibrium point of the system. Cpmax is obtained
from the performance code developed by NREL( [37]). np is
chosen the same as [16]. The control parameters are designed
by the engineering experience or by many experiments. In the
tuning process, one parameter will be adjusted first, while the
other parameters are set to fixed values. Then, other control
parameters can be adjusted one by one in the same way.
The intelligent optimization algorithms can also help to guide
the design parameters selection which can be regard as a
multi-objective optimization problem discussed by [45].
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TABLE 3. The MSEs of the proposed control system with output
uncertainties.

VI. CONCLUSION
In this paper, the maximum power capture problem for the
VSWT system with flexible shaft in Low-speed region is
considered. A command filter adaptive PSF controller has
been designed to cope with the non-affine nonlinear VSWT
systems. The effects of unknown control gains and com-
mand filter has been minimized by implementing an adaptive
error compensation dynamic. FRENs have been incorporated
to approximate the unavailable aerodynamic torque of the
VSWT system. The UUB of the proposed closed-loop system
has been proved by Lyapunov synthesis and the feasibility of
the controller has been demonstrated by extensive simulation
studies on a 5-MW wind turbine.

Future research directions will be focused on the following
points: firstly, the MPPT scheme designed to extract the
maximum power in the presence of input disturbances and
measurement noises, secondly, the decoupling problem of
the UUB and the unknown control gain g and the unknown
parameters βj, j = 1, 2.
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