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Abstract: Parafoil trajectory directly affects the power generation of a high-altitude wind power
generation (HAWPG) device. Therefore, it is particularly important to optimize the parafoil trajectory
and then to track it effectively. In this paper, the trajectory of the parafoil at high altitudes is
optimized and tracked in a comprehensively parameterized manner. Both the complex dynamic
characteristics of the parafoil and the dexterous demand of the high-altitude controller are considered.
Firstly, the trajectory variables and control signals are parameterized as Lagrange polynomials in
terms of the corresponding values at the selected nodes. Then, the Radau pseudospectral method
(PSM) is employed to reformulate the original dynamic trajectory optimization problem into a
static nonlinear programming (NLP) problem. By doing so, the parameterized optimal trajectory,
which has the maximum net power generation, can be obtained. To attenuate the strong nonlinear,
multivariable and coupling characteristics of the flexible parafoil, a bandwidth parameterized linear
extended state observer (ESO) is used to estimate and reject these dynamics explicitly in a unified
way. Finally, the simulation results demonstrate the effectiveness of the proposed parameterized
trajectory optimization and control strategies. The main contribution of this study is that complicated
nonlinear parafoil dynamics with a complex trajectory can be well regulated by a PID-type linear
time-invariant controller, which is appealing for practitioners.

Keywords: pseudospectral method (PSM); trajectory optimization; nonlinear programming (NLP);
extended state observer (ESO)

1. Introduction

Wind power generation has a long history, and R&D in wind energy technology has
never stopped [1,2]. However, traditional ground-based wind power generation has many
shortcomings. Firstly, conventional wind power is mainly generated below 200 m [3],
where the wind speed is low and turbulent. Secondly, site construction and equipment
installation are complex and expensive, and the cost is proportional to the quintic power
of the blade altitude [4]. Thirdly, a ground generator can only be located in areas with
sufficient perennial wind; therefore, its deployment is limited. Compared with ground
wind, wind at high altitudes has a high speed and a steady direction.

High altitude wind power generation (HAWPG) technology was gradually developed.
Generally speaking, high altitudes are those higher than 200 m in the literature [5]. It is
found that the wind energy density increases by 0.25–0.37 W/m2 per meter in altitude [6].
When the altitude is 500 m, the average wind energy density is twice that of ground
wind energy density. When altitude is 1000 m, wind energy density is about five times
that of ground wind energy density. HAWPG can capture wind energy at high altitudes.
The overall advantages of HAWPG are as follows: (1) a larger wind energy density at
high altitudes; (2) lower land demand and construction costs; (3) mobile deployment and
diversified application scenarios.

HAWPG is a new way to generate electricity, connecting the parafoil with the ground
base station through one or two cables. The parafoil is manipulated at one end of the cable
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to fly along a specific trajectory in order to drive the generator to produce electricity [7].
Wind energy can be collected at different altitudes, mainly dependent on the length of the
cable. HAWPG has many advantages, however, there are still many technical problems to
resolve, such as the parafoil trajectory optimization and control [8], which plays a crucial
role in the economic benefit of this unique generator.

Firstly, the optimal trajectory of the parafoil at high altitudes has an unconventional
shape with sufficiently high degrees of freedom, which have a great influence on power
generation and should be designed carefully and concisely, such that the optimal trajectory
can be conveniently programmed within the embedded microchip. Secondly, the parafoil
at high altitudes has strong nonlinear, multivariable and coupling characteristics, which
imposes a great challenge to accurate tracking. In practice, the parameterized design is ap-
pealing due to its simplification. In fact, the control computer for HAWPG is an embedded
microchip, which has limited computational capability and memory space. Therefore, an
efficient guidance and control algorithm with low computational complexity is urgently
needed to meet the hardware requirements. Therefore, it is particularly important to seek a
comprehensively parameterized trajectory optimization and path tracking control strategy
for HAWPG, to facilitate its implementation.

In the past two decades, tentative investigations have been conducted on trajec-
tory optimization and path tracking for HAWPG. Lord [9] derived an analytical formula
for cable tension and analyzed the power generation of a kite with a circular motion.
Zgraggen [10,11] investigated the sensitivity of the traction force to the path parameters
and proposed a novel path optimization algorithm, wherein the characteristic parameters
could be tuned using experimental data, in order to maximize power generation with
limited wind information. Williams [12] optimized the trajectory of the parafoil for power
generation and obtained the relationship between cable tension and the wind. Here, two
cases were analyzed; one is the fixed rope length, the other is the varying rope length
in a controlled manner within specified limits. The application of the nonlinear model
predictive control (NMPC) method on parafoil trajectory optimization is quite appeal-
ing [13,14], due to its unique capability of dealing with multiple constraints within an
optimization framework. However, an explicit solution cannot be obtained via NMPC,
which is a prerequisite condition for programming the optimal trajectory in an embedded
microchip. Therefore, the application of the NMPC on the parafoil remains unclear.

In recent years, many methods of trajectory optimization have emerged [15]. For
example, the pseudospectral method (PSM) has been widely used in trajectory optimiza-
tion [16,17]. In the PSM, the unknown state variables and control signals are parameterized
on a series of Legendre–Gauss–Radau (LGR) points, and the Lagrange interpolation poly-
nomials are used to approximate the real state variables and control signals. Then, the
PSM can reformulate the original dynamic trajectory optimal problem into a static non-
linear programming (NLP) problem. Finally, the parameterized optimal trajectory can
be obtained.

Elnagar [16] was the first to apply the PSM to optimal control, and he proved the feasi-
bility of the transformation from an optimal control problem (OCP) to an NLP. The PSM has
been applied well in trajectory optimization, such as in aircraft trajectory optimization [18],
anti-swing trajectory planning [19], UAV formation trajectory optimization [20], and so
on. Besides trajectory optimization, the path tracking control for HAWPG is also a great
challenge. Erhard [21] proposed a cascade controller and demonstrated its effectiveness
through flight tests. Fagiano [22] proposed a control method based on the wing velocity
angle, which has few parameters to tune and does not require wind speed; this method
was also demonstrated by experiments.

Li [23] designed a Lyapunov-based rotational nonlinear controller to achieve parafoil
trajectory tracking. The control objective is to track a constant attack angle of the parafoil.
Jiang and Hamid developed adaptive laws by taking advantage of the lower and upper
bounded slowly varying time-delay information for the unknown nonlinearities [24].
These tracking strategies can be applied to the parafoil; however, the complexity of these
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algorithms should be further reduced to match the microchip capacity and the dependence
on the model dynamics should be weak to enhance robustness. This requires us to consider
additional factors, other than the strong nonlinear and coupling characteristics, such as the
remarkable uncertainties of the aerodynamics and external environment.

In practice, a model-free framework of the parafoil path tracking strategy is needed,
which should be similar to the traditional proportional-integral-derivative (PID) controller
because the practitioners are quite familiar with this. Han [25] proposed active disturbance
rejection control (ADRC), which does not rely on a refined dynamic model. By making use
of the linear gains, Gao [26] developed a concise linear ADRC which has fewer parameters
and can be easily tuned in practice. Several breakthroughs for the control of nonlinear
uncertain systems, made possible by ADRC, are discussed by Huang and Xue [27]. The
essence of the ADRC is a linear extended state observer (ESO) which can extract the
entire dynamic of the plant, with the exception of the control term as the total disturbance.
According to the characteristics of the ESO, it is also expected to achieve satisfactory path
tracking performance for the parafoil.

The main contribution of this paper is the path optimization and tracking of HAWPG
in a comprehensively parameterized manner. The Radau PSM is used to obtain the optimal
parafoil trajectory with the maximum net power generation and the trajectory can be
realized with 41 LGR sampling points, which can meets the microchip requirement. Then,
the parameterized ESO is used to estimate and reject the uncertain dynamics of the parafoil,
such that accurate tracking can be achieved in the absence of precise model information in
the control design.

The rest of this paper is organized as follows: the dynamic model of HAWPG is
introduced in Section 2. Section 3 presents the parameterized trajectory optimization based
on PSM. In Section 4, the parameterized ESO of the parafoil trajectory tracking control is
provided. Section 5 provides the results of several simulations, including Monte Carlo tests.
The concluding remarks are given in Section 6.

2. Parafoil Model and Problem Formulation
2.1. Model Establishment

The parafoil model nomenclature is given in Table 1.
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Table 1. Nomenclature.

θ
Spherical coordinate in

Figure 1. [◦]

ϕ
Spherical coordinate in

Figure 1. [◦]

r Cable length in Figure 1. [m]
.
r Cable changing rate [m/s]
..
r Cable acceleration [m/s2]

eθ Coordinate axis in Figure 1. [−]
eϕ Coordinate axis in Figure 1. [−]
er Coordinate axis in Figure 1. [−]
e0 = er × ew [−]

ew = Wp
e /
∣∣∣Wp

e

∣∣∣ [−]
A Parafoil area [m2]

Ac
Area of the line on the

effective wind [m2]

m Parafoil mass [kg]
ρ Air density [kg/m3]
ρc Cable density [kg/m3]
dc Cable diameter [m]
H Parafoil actual height [m]

Href Reference altitude [m]
Wref Reference wind velocity [m/s]
CL Parafoil coefficient of lift [−]
CD Parafoil coefficient of drag [−]

Cc,D Cable coefficient of drag [−]
E = CL/CD [−]

∆l
Cable length difference at the

two ends of the traction
parafoil in Figure 2.

[m]

d Length of the wingspan in
Figure 2. [m]

ψ = arcsin(∆l/d) in Figure 2. [◦]

∆α
Angle between the effective

wind velocity and the
(
eθ , eϕ

)
plane

[◦]

We Effective wind speed [m/s]

Wp
e

Projection and unit vector of
the effective wind speed on

the
(
eθ , eϕ

)
plane

[m/s]

Xw Wind coordinate axis [−]
Yw Wind coordinate axis [−]
Zw Wind coordinate axis [−]

Fgrav Parafoil and cable weight [N]
Faer Parafoil aerodynamic force [N]

Fc,aer Cable aerodynamic force [N]
Fapp Apparent force [N]
Fc,trc Cable traction force [N]
Faer

L Aerodynamic lift force [N]
Faer

D Aerodynamic drag force [N]
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Figure 2. Roll angle ψ.

The kinematic model of the parafoil is established as shown in Figure 1. In the ground
coordinate system, the angle between the cable and the Z axis is θ, the angle between the
projection of the cable on the XY plane and the X axis is ϕ, and the length of the cable is r,
then the parafoil velocity

.
P in the coordinate system is:

.
P =


.
θr

.
ϕr sin θ

.
r

 (1)

The spherical coordinate system is introduced to facilitate the force analysis of the
parafoil. The transformation from the ground coordinate system to the spherical coordinate
system is:

( eθ eϕ er ) =

 cos θ cos ϕ − sin ϕ sin θ cos ϕ
cos θ sin ϕ cos ϕ sin θ sin ϕ
− sin θ 0 cos θ

 (2)

The aerodynamic force of the parafoil is mainly related to the relative speed and
direction of the wind; therefore, it is necessary to establish the wind coordinate system.
The wind speed Wh can be approximated as:{

Wh = −Wref

(
H

Href

)n

H = r cos θ
(3)

where n = 1/7 is given by ITTC [28]. To calculate the parafoil aerodynamic force, the
effective wind speed is used. To simplify the calculation, we assume that the wind direction
is in the negative direction of the X axis. The effective wind speed is:

We = Wh −
.
P (4)

The projection and the unit vector of the effective wind speed on the
(
eθ , eϕ

)
plane is:

Wp
e =

 1 0 0
0 1 0
0 0 0

We (5)

and

ew =
Wp

e∣∣∣Wp
e

∣∣∣ (6)
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respectively. The parafoil wind coordinate is:
Xw = − We

|We|

Yw = −ew

(
er ·We

|Wp
e |

)
sin ψ + e0 + er sin ψ

Zw = Xw × Yw

(7)

The traction parafoil is inflated as shown in Figure 2.
The forces acting on the parafoil can be projected in three directions: eθ , eϕ and er. Each

such projection can be further decomposed into four parts according to its originality, that
is the cable and parafoil gravity Fgrav, the aerodynamic force Faer, the cable aerodynamic
resistance Fc,aer, and the apparent forces Fapp. In addition, there is cable traction Fc,trc. In
the spherical coordinate system, these terms can be written as:

Fθ = Fgrav
θ + Faer

θ + Fc,aer
θ + Fapp

θ
Fϕ = Fgrav

ϕ + Faer
ϕ + Fc,aer

ϕ + Fapp
ϕ

Fr = Fgrav
r + Faer

r + Fc,aer
r + Fapp

r − Fc,trc
(8)

1. The parafoil and the cable gravity is:

Fgrav =

 Fgrav
θ

Fgrav
ϕ

Fgrav
r

 =


(

m + ρcπd2
c r

4

)
g sin θ

0

−
(

m + ρcπd2
c r

4

)
g cos θ

 (9)

2. The parafoil aerodynamic force (the forces acting on the parafoil in motion relative to
the air, which includes aerodynamic lift Faer

L and aerodynamic drag Faer
D is:

Faer =

 Faer
θ

Faer
ϕ

Faer
r

 = −1
2

CD Aρ|We|2Xw −
1
2

CL Aρ|We|2(Xw × Yw) (10)

3. The cable aerodynamic resistance is:

Fc,aer =

 Fc,aer
θ

Fc,aer
ϕ

Fc,aer
r

 = −1
8

ρCc,D Ac cos(∆α)|We|2Xw (11)

∆α is the angle between the effective wind velocity We and the
(
eθ , eϕ

)
plane (in Figure 3) as:

∆α = arcsin
(

er ·We

|We|

)
(12)

4. Apparent forces.



Energies 2021, 14, 7460 7 of 20

Energies 2021, 14, x FOR PEER REVIEW 7 of 23 
 

 

aer

2 2aer aer
D e w L e w w

aer

1 1 ( )
2 2

r

F

F C A C A

F

θ

ϕ ρ ρ

 
 

= = − − × 
  
 

F W X W X Y   (10)

3. The cable aerodynamic resistance is: 

c,aer

2c,aer c,aer
c,D c e w

c,aer

1 cos( )
8

r

F

F C A

F

θ

ϕ ρ α

 
 

= = − Δ 
  
 

F W X   (11)

αΔ  is the angle between the effective wind velocity eW  and the ( ),e eθ ϕ  plane (in 
Figure 3) as: 

e

e
arcsin rα

 ⋅
Δ =   

 

e W
W

  (12)

αΔ

wZ

wX

wY

 
Figure 3. Definition of αΔ . 
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In addition, the particular force dependent on the considered parafoil generator
configuration should also be included. For example, the apparent force defined as the
centrifugal inertial force is represented as:

Fapp =

 Fapp
θ

Fapp
ϕ

Fapp
r

 =


m(

.
ϕ

2r sin θ cos θ − 2
.
r

.
θ)

m(−2
.
r

.
ϕ sin θ − 2

.
ϕ

.
θr cos θ)

m(r
.
θ

2
+ r

.
ϕ

2 sin2 θ)

 (13)

5. The cable traction force is shown in Figure 4:
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According to Figure 4, the aerodynamic lift force, Faer
L , the aerodynamic drag force,Faer

D ,
and the cable traction, Fc,trc, satisfy the Pythagorean theorem. Therefore, the cable traction
can be derived from the aerodynamic lift and drag forces as:

Fc,trc =

√(
Faer

L
)2

+
(

Faer
D
)2 (14)

Combining (14) with Equation (10) yields:

Fc,trc = −
(
− 1

2 ρA|We|2
√

CL
2 + CD

2
)

= 1
2 ρA|We|2CL

√
1 +

(
CD
CL

)2

= 1
2 ρA|We|2CL

√(
E2+1

E2

) (15)

where E = CL/CD is the lift-drag ratio.
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There are eight state variables and three control signals in the parafoil model, ex-
pressed as:

x = [x1, x2, x3, x4, x5, x6, x7, x8]
T = [θ, ϕ, r,

.
θ,

.
ϕ,

.
r, CL, ψ]

T

and,

u = [u1, u2, u3]
T =

[..
r,

.
CL,

.
ψ
]T

.

In summary, the parafoil model can be written as:

.
x(t) =



.
θ
.
ϕ
.
r
Fθ
mr
Fϕ

mr sin θ
Fr
m.

CL.
ψ


(16)

2.2. Problem Formulation

The objective of the trajectory optimization for HAWPG is to obtain the maximum
power generation. The parafoil power generation is just the multiplication of the cable
changing rate

.
r and the cable tension Fc,trc as:

P =
.
rFc,trc (17)

In a period of T, the generation power can be given as:

W(T) =
∫ T

0
P(t)dt (18)

The average power is usually used to measure the amount of power, which can be
written as:

P = W(T)
T

= 1
T
∫ T

0 P(t)dt
= 1

T
∫ T

0
.
r(t)Fc,trc(t)dt

(19)

The cost function to be minimized is:

J = − 1
T

∫ T

0

.
r(τ)Fc,trc(τ)dτ (20)

2.3. OCP Formulation

The optimization problem of HAWPG is described as:

min J

s.t.


∀t ∈ [0, T] :

.
x(t) = f (x(t), u(t), t)

∀t ∈ [0, T] : g(x(t), u(t), t) ≤ 0
∀t ∈ [0, T] : r(x(0), x(T)) = 0

(21)
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where,

f (x(t), u(t), t) =



.
x1.
x2.
x3.
x4.
x5.
x6.
x7.
x8


=



x4
x5
x6
Fθ
mr
Fϕ

mr sin θ
u1
u2
u3


(22)

Additionally g(x(t), u(t), t) is an inequality constraint, including xmin ≤ x ≤ xmax,
and umin ≤ u ≤ umax. r(x(0), x(T)) is the boundary condition which ensures that the
whole power generation process is repetitive, which satisfies x(0) = x(T).

3. Parameterized Trajectory Optimization

In this section, the PSM is used to optimize the trajectory. The unknown state variables
and control signals are parameterized in a series of LGR points, and the Lagrange inter-
polation polynomials are used to approximate the real state variables and control signals.
Then, the PSM can be reformulated from the original dynamic optimal trajectory problem
into a static NLP problem. Finally, the parameterized optimal trajectory can be obtained.
The PSM can be divided into the following four parts:

1. Time domain conversion:

For HAWPG, the initial time is t0 = 0 and the terminal time is tf = T, in a given period.
The t ∈ [0, T] in the original problem can be mapped onto the time interval [−1, 1] as:

τ =
2t

T − 0
− T + 0

T − 0
(23)

where τ ∈ [−1, 1]. At this time interval, the above problems can be transformed into a
standard Bolza problem as:

min J = Φ(x(−1), x(1), 0, T) + T−0
2

∫ 1
−1 L(x(τ), u(τ), τ)dτ

s.t.


dx
dτ = T−0

2 f (x(τ), u(τ), τ; 0, T)
xmin ≤ x ≤ xmax, umin ≤ u ≤ umax

x(0) = x(T)

(24)

2. Calculation of the distribution nodes:

The LGR point is the zero of the PN−1(τ) + PN(τ), where PN(τ) is the Legendre
polynomial order N as:

PN(τ) =
1

2N N!
dN

dτN

[
(τ2 − 1)

N]
(25)

There are N − 1 such points that are in the interval [−1, 1], and the endpoint −1 is
also such a point.

3. State and control variables parameterization:

The state variables xi and the control signals ui are the values at the LGR points τi,
i = 1, 2, . . . , N. The Lagrange interpolation polynomials are used to approximate the state
and control curves as:

x(τ) ≈ X(τ) =
N
∑

i=1
Li(τ)X(τi)

=
N
∑

i=1
Li(τ)Xi

(26)



Energies 2021, 14, 7460 10 of 20

and

u(τ) ≈ U(τ) =
N
∑

i=1
Li(τ)U(τi)

=
N
∑

i=1
Li(τ)Ui

(27)

where Li(τ) is the Lagrange interpolation base function:

Li(τ) =
N

∏
j=1,j 6=i

τ − τj

τi − τj
(28)

4. Elimination of the dynamic equations.

In the above-mentioned optimal control problem, the state equations have derivative
forms, while the cost function is in the integral form with respect to the time variables,
respectively. However, we must resort to the static optimizer to solve this dynamic problem.
Therefore, a reformulation should be conducted by using the LGR nodes. The derivative
operation can be eliminated according to the following steps:

.
x(τ) ≈

.
X(τ) =

N

∑
i=1

.
Li(τ)Xi =

N

∑
i=1

Dk,iXi (29)

and
N

∑
i=1

Dk,iXi =
T − 0

2
f (Xk, Uk, τk; 0, T) (30)

where D is the matrix with dimension (N − 1)× N, which is called the state differential
matrix. The integral operation can be approximated as∫ 1

∑ 1 L(x(τ), u(τ), τ; 0, T)

≈
N−1
∑

k=1
ωkL(x(τ), u(τ), τ; 0, T)

=
N−1
∑

k=1
ωkL(Xk, Uk, τk; 0, T)

(31)

where ωk =
∫ 1
−1 Li(τ)dτ, is the integral weight.

Through the above steps, the original problem can be reformulated into a static NLP as:

min J = Φ(X0, 0, XN , T) + T−0
2

N−1
∑

k=1
ωkL(Xk, Uk, τk; 0, T)

s.t.


N
∑

i=1
Dk,iXi =

T−0
2 f (Xk, Uk, τk; 0, T)

Xmin ≤ Xk ≤ Xmax, Umin ≤ Uk ≤ Umax
X(0) = X(T)

(32)

Then, the problem can be solved directly by using the optimizer of the PSM. There-
fore, the parameterized optimal trajectory of the parafoil under multiple constraints can
be obtained.

4. Trajectory Tracking Control

When the optimal trajectory of HAWPG is obtained, the next step is to design an effec-
tive tracking method to realize it. Here, a linear controller is proposed and a parameterized
observer is used to estimate and compensate these complicated dynamics explicitly.
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The kinematic model of the parafoil is:{ ..
θ = Fθ

mr..
ϕ =

Fϕ

mr sin θ

(33)

In the trajectory tracking design, the pitch and yaw angles are selected as the regulated
outputs. The parafoil dynamics can be regarded as second-order nonlinear plants, which
have the forms of { ..

θ = f1(·) + b1(t)u1(t) + b4(t)u2(t)..
ϕ = f2(·) + b2(t)u2(t) + b3(t)u1(t)

(34)

where f1(·) and f2(·) are the combined nonlinear dynamics, bi(t), (i = 1, . . . , 4) are the
control gains, u1(t) is the lift coefficient, and u2(t) is the roll angle, respectively. By defining
x11 = θ, x12 =

.
θ, x21 = ϕ, x22 =

.
ϕ, Equation (36) can be represented as:

.
x11 = x12.
x12 = x13 + b1u1.
x13 = f1
y1 = x11

(35)


.
x21 = x22.
x22 = x23 + b02u2.
x23 = f2
y2 = x21

(36)

where f1 and f2 contain the major dynamic uncertainties, which should be attenuated to
enhance robustness. It should be noted that f1 and f2 have no explicit physical meanings,
and they are just the remaining parts, except for the direct control terms. These variable
states x13 and x23 are defined as extended states [25] because they are not the original states
of the dynamics. A straightforward philosophy would be to reject it, such that integrator
chains can be achieved to employ mature linear controllers. However, these states cannot
be measured or calculated directly. Therefore, an appropriate estimation is necessary. To
obtain the estimation of this state, two observers can be designated as:

e1 = z11 − θ
.
z11 = z12 − 3ωo1e1.
z12 = z13 − 3ω2

o1e1 + b01u1.
z13 = −ω3

o1e1

(37)


e2 = z21 − ϕ
.
z21 = z22 − 3ωo2e2.
z22 = z23 − 3ω2

o2e2 + b02u2.
z23 = −ω3

o2e2

(38)

where [z11, z12, z13]
T are the estimations for [x11, x12, x13]

T . Similarly, [z21, z22, z23]
T are the

estimations for [x21, x22, x23]
T . Because the extended states are estimated through these

observers, they are called the extended state observers (ESO) [25]. Here, ωo1 and ωo2 are
the observer bandwidths. The controllers can then be designated as:{

u1 = u01−z13
b01

u2 = u02−z23
b02

(39)

where u01 and u02 are the control variables. Hence, the original plant can be reformulated as:{ ..
θ = u01..
ϕ = u02

(40)
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Because the regulated variables are the pitch and yaw angles, we can design two
proportional-derivative (PD) controllers for u01 and u02 as:{

u01 = kp1(θr − z11)− kd1

( .
θr − z12

)
u02 = kp2(ϕr − z21)− kd2

( .
ϕr − z22

) (41)

where θr and ϕr are the references for the pitch and yaw angles, respectively, kp1, kd1,
kp2, kd2 are the controller parameters and

[
kp1, kd1

]
=
[
ω2

c1, 2ωc1
]
,
[
kp2, kd2

]
=
[
ω2

c2, 2ωc2
]
,

where ωc1 and ωc2 are the controller bandwidths. In summary, the control law for the pitch
and yaw angles becomes:  u1 =

kp1(θr−z11)−kd1

( .
θr−z12

)
−z13

b01

u2 =
kp2(ϕr−z21)−kd2(

.
ϕr−z22)−z23

b02

(42)

These controllers are based on ESO and are completely linear; thus, they are called
linear active disturbance rejection controllers (LADRC) [26]. The entire control configura-
tion is shown in Figure 5. The dynamics of the parafoil demonstrate strong nonlinearity.
Traditionally, a complicated nonlinear controller is needed for this case. Here, LADRC
is a linear control but its design concept is totally different from that of classical linear
controllers and it can be applied to nonlinear, time-varying, and uncertain processes with
very little model information. This is because the conventional linear controllers are gen-
erally based on a linearized model of nonlinear dynamics and they are model-based. By
contrast, LADRC can be derived straightforwardly from nonlinear dynamics, and it treats
nonlinear dynamics as a signal rather than a model. Then, there is no difference between
linear and nonlinear dynamics when using ESO. Therefore, we can extend the application
range of the linear controller to a wider kind of nonlinear dynamics. This is quite appealing
for practitioners.
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5. Optimization and Simulation Results

In this section, the effectiveness of the proposed method will be validated through
a numerical example. The computer configuration is: Windows 10, 64-bit; Intel (R) Core
(TM) i7-9750H CPU; the dominant frequency is 2.60 GHz; memory space is 16 GB; and,
Matlab 2020b is used for the simulation. The characteristic parameters of the parafoil are
shown in Table 2, while the state and control constraints are shown in Table 3.

Table 2. Parafoil model parameters.

m 850 Kite mass [kg]
A 500 Characteristic area

[
m2]

ρ 1.23 Air density
[
kg/m3]

ρc 970 Line density
[
kg/m3]

dc 0.056 Line diameter [m]
Cc,D 1 Line drag coefficient
Href 100 Reference altitude [m]
Wref 10 Reference wind velocity [m/s]

g 9.81 Gravity acceleration
[

m/s2]
Table 3. Constraints of the states and controls in the trajectory tracking by PSM.

Constraint Condition Constraints Range of the Constraints

State constraints

θ [25, 80]
ϕ [−30, 30]
r [1428, 1500]
ψ [−16, 16]
.
θ [−3, 3]
.
ϕ [−1, 1]
.
r [−15, 15]

CL [0.1, 1.5]

Control constraints

..
r [−25, 25]
.
CL [−2, 2]

.
ψ [−1, 1]

5.1. Optimization Results

The optimization objective is specified as the maximization of the net power genera-
tion in an operation cycle, as shown in Equation (20). We specify the generation period
as T = 20 s. The parameterized optimal trajectory can be obtained by using the Gauss
pseudospectral optimization software (GPOPS), and the optimized trajectory can be real-
ized with 41 LGR sampling points. The optimal values for the states and controls at the
specified LGR sampling points can be illustrated in Figures 6 and 7. The complete control
and state curves can then be established using the Lagrange interpolation of Equations (28)
and (29) directly according to these collocation points.

The optimal trajectory of a period is shown in Figure 8. As can be seen from Figure 8a,
the optimal parafoil trajectory is approximately a figure eight. The three trajectory coordi-
nates are shown in Figure 8b with smooth changes, which is convenient for subsequent
path tracking. The eight states are shown in Figure 9a–h, respectively. The three control
signals are shown in Figure 10. The boundary condition ensures that the whole power
generation process is repetitive. The initial and terminal values of the lift should be equal,
CL(0) = CL(T). The power maximization attempts to achieve maximum cable traction
by changing the lift coefficient in the early stage of optimization. Therefore, there will be
spontaneous changes in the lift coefficient.
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Figure 8. Optimal trajectory of the parafoil by PSM. (a) Three-dimensional trajectory; (b)
Trajectory coordinates.
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Pitch angular rate. (f) Yaw angular rate. (g) Cable velocity. (h) Lift coefficient.
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Figure 10. Control signals’ optimization results by PSM. u1 is the cable acceleration
..
r, u2 is the aerodynamic coefficient rate

of change
.
CL, u3 is the roll angle rate

.
ψ.

Through the optimization solution, the cable traction force and the power generation
can be seen from Figures 11 and 12. According to Figure 12, the parafoil is at the production
stage before 12 s, then, the cable is pulled back at the energy consumption stage. Electricity
generation is significantly greater than energy consumption in this period. Thus, the
parafoil can obtain a considerable amount of electricity by repeating this movement at high
altitudes.
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Figure 11. The change of cable traction force in trajectory optimization.
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5.2. Tracking Control Results

According to the above-mentioned results, the pitch and yaw angles obtained during
optimization are specified as control commands. The control parameters are tuned as
shown in Table 4.

Table 4. Control parameters of the pitch and yaw angle channels.

Control Parameters Pitch Angle Channel Yaw Angle Channel

ωo 4 10
KP 15 12
Kd 2.9 9
b −11 13

The simulation results are shown in Figures 13–15. According to Figures 14 and 15,
the optimal trajectory can be tracked efficiently with sufficient accuracy. This can demon-
strate that the parameterized observer can estimate and reject the complicated nonlinear
dynamics effectively.
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5.3. Perturbed Cases and Monte Carlo Simulation

The uncertainties are considered to evaluate the robustness of the proposed method.
In HAWPG, the uncertainties in the aerodynamic coefficients are the most important factors.
There are three uncertain coefficients: CL, CD and Cc,D. In practice, 10% is the traditionally
used uncertain range of the aerodynamic forces. We evaluate the robustness with perturba-
tions shown in Table 5, and Table 6 shows the variation of the power generation outputs in
a Monte Carlo simulation.

Table 5. Uncertain coefficients in Monte Carlo simulation.

CL CD Cc,D

±10% ±10% ±10%

Table 6. Generation power in Monte Carlo simulation.

Parametric Perturbation (%) Generation Power (×107J) Power Variation Rate (%)

CL : 0
CD : 0

Cc,D : 0

8.82 0.00

CL : +10%
CD : +10%

Cc,D : +10%

7.27 17.52

CL : +10%
CD : +10%

Cc,D : −10%

10.7 −21.28

CL : +10%
CD : −10%

Cc,D : −10%

8.52 3.42

CL : −10%
CD : −10%

Cc,D : −10%

9.84 −11.54

CL : −10%
CD : +10%

Cc,D : +10%

4.34 50.81

CL : −10%
CD : −10%

Cc,D : +10%

8.02 9.06

CL : +10%
CD : −10%

Cc,D : +10%

12.22 −38.39

CL : −10%
CD : +10%

Cc,D : −10%

7.67 13.05

The Monte Carlo simulation results of the pitch and yaw angles are shown in Figures 16 and 17,
respectively. It can be observed that all the variables are within reasonable ranges with
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smooth shapes. This is an illustration of the dynamic robustness to diverse uncertainties
and the adaptability to attenuate disturbances.
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6. Conclusions

In this paper, the trajectory of the parafoil at high altitudes was optimized and tracked
in a comprehensively parameterized manner. The PSM was employed to reformulate the
original dynamic trajectory optimization problem into a static NLP problem, which could
be solved by using an efficient sequential quadratic problem solver. The constraints of
the state variables, control signals and boundary conditions were considered to make the
optimized trajectory reasonable and smooth. The mature and reliable toolbox of Matlab
can be used to solve the PSM optimization problem directly. The parameterized results can
then be obtained, which is easy to code. To facilitate the implementation, a PID type linear
time-invariant controller based on an extended state observer was developed to deal with
the strong nonlinear dynamics directly.By doing so, there is no difference between linear
and nonlinear dynamics when using this type of observer. Therefore, we can extend the
application range of linear controllers to a wider kind of nonlinear dynamics. This is quite
appealing for practitioners. The simulation results demonstrated the effectiveness of the
proposed comprehensive optimization and control schemes.
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